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Foreword 

The Symposium on Residual and Unspecified Elements in Steel was held on 11-13 Nov. 1987 
at Bai Harbour, FL. The symposium was sponsored by ASTM Committee A-1 on Steel, Stain- 
less Steel, and Related Alloys. Albert S. Melilli, Raytheon Company, and Edward G. Nisbett, 
Consultant, served as chairmen of the symposium and are editors of the resulting publication. 
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Overview 

It has been generally accepted practice when writing material specifications to indicate limits 
or ranges, or both, of individual elements in the tables of chemical compositions. Normally, 
only those elements pertinent to a particular alloy designation or grade of material were listed 
with appropriate limitations. 

There existed a general understanding among knowledgeable producers and users of steel 
products that there would always be present some minute levels of trace, residual, or unspeci- 
fied elements orginating from the basic ores during melting and from additions during the sub- 
sequent metal refining processes. ASTM Methods, Practices, and Definitions for Chemical 
Analysis of Steel Products (A 751) addressed the permissive reporting analyses of these elements 
as well as the impracticality of establishing limits for all possible elements. 

ASTM held its first symposium on the subject of residual elements in 1966. Effects of  Resid- 
ual Elements on the Properties of  Austenitic Stainless Steel (Special Technical Publication 
[STP] 418) contains the papers presented at the symposium. There were a combination of influ- 
encing factors taking place in the steel industry resulting in an increasing interest in the subject 
of residual and unspecified elements at this time. First, there was the proliferation of steel al- 
loys, grades and specifications. Not only were these new alloys being specified in standards 
writing bodies, but also, corporate and government specifications were equally being devel- 
oped. Second, within these new specifications were narrower and more restrictive limitations on 
certain elements to satisfy the end product-oriented needs of the user. Third, steelmaking 
changes were taking place not only aimed at satisfying the new requirements but also aimed at 
improving efficiency of operations brought on by competitive pressures. 

One of the first technical subcommittees of ASTM Committee A-I on Steel, Stainless Steel, 
and Related Alloys to address the subject of residual and unspecified elements originating in 
1968 was Steel Forgings. When it was brought to the attention of the subcommittee, certain 
ASTM standards have tables of chemical composition wherein not all the elements have limita- 
tions specified, it may be construed that those unspecified elements may be present in any 
amount or they are neither permitted nor prohibited. This was certainly not the intent since the 
specification addressed only those elements pertinent to the grade of steel. Other technical sub- 
committees soon initiated task groups to discuss residual and unspecified elements, for exam- 
ple, Steel Castings, Pressure Vessel Plates, Valves, Fittings and Bolting, Pipe and Tubular 
Products, Bar, Stainless Steel and Structural Steel. 

Acknowledgment of the contribution by Mr. Vernon W. Butler, who deceased during the 
preparation of this volume, is particularly noted for his leadership on residual and unspecified 
elements as Subcommittee Chairman of Boiler and Pressure Vessel Steel Plates. 

As the interest in residual and unspecified elements in steel grew among the various technical 
subcommittee, so did an interest in Committee A-1 to sponsor a symposium to address the 
concerns of those producing, specifying, designing, manufacturing, testing, examining, joining 
and evaluating the properties of steel products. 

In this volume of the papers presented at the symposium, are technical examples of the broad 
range of interest in the subject of residual and unspecified elements in steel. Raw materials used 
in steelmaking were covered by the scrap metal industry indicating how that industry has taken 
steps to segregate raw materials for the steel producers to improve their chemical composition 
requirements. Steel producers presented papers detailing the progress that has been made in 
their internal manufacturing processes for controlling residual and unspecified elements not 
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2 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

only to meet specification requirements but also for economic advantages. How the steelmaking 
industry has responded to the challenges of controlling residual and unspecified elements is well 
exemplified by these papers. 

Not only were the controls for residual and unspecified elements covered, but also papers in 
this volume addressed very low, or ultra-low, levels of certain elements. Steel manufacturing 
technology, mechanical property effects, and metal joining characteristics of steels with ex- 
tremely low levels of certain elements have been included. 

Machinability of steels as affected by individual and combined effects of certain residual and 
unspecified elements was also addressed by authors in this volume. Microstructural constitu- 
ents and inclusion morphology examples were presented. 

There were quite a few papers presented by authors interested in the effects of residual and 
unspecified elements on specific material behavior characteristics. Covered in this volume are 
properties, such as temper embrittlement, corrosion resistance, elevated temperature creep- 
rupture strengths, fracture toughness, and room-temperature tensile strengths. Some of the 
papers dealt with steels in nuclear applications. 

Welding processes and post-weld heat treatments affected by residual and unspecified ele- 
ments were discussed by several authors. Not only were the base materials of concern but also 
the welding consumables. 

In summary, this volume treats the broad spectrum of residual and unspecified elements in 
steel from the raw materials used for steelmaking through machining and welding to the long- 
term effects on properties. Very specific technical data are included for future reference by 
those concerned from all phases of the steel industry. 

ASTM Committee A-I has already reflected many of the issues presented in this volume 
through its published books of standards. Residual and unspecified elements in steel is a dy- 
namic subject and will continue to be evaluated by the ASTM technical committees as the need 
arises. 

A l b e r t  S .  M e l i l l i  

Raytheon Company: Lowell. MA 01853; sym- 
posium chairman and editor. 
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George J. Schnabel  1 

Service Experience Related to 
Unspecified Elements 

REFERENCE: Schnabel, G. J., "Service Experience Related to Unspeeifled Elements," Residual 
and Unspecified Elements in Steel, ASTMSTP 1042, A. S. Melilli and E. G. Nisbett, Eds., Amer- 
ican Society for Testing and Materials, Philadelphia, 1989, pp. 5-25. 

ABSTRACT: Over the past 50 years the anomalous behavior of steels has not always been consis- 
tent. Part of the inconsistency can be attributed to transient or other conditions that exceeded 
design conditions. Another part can be attributed to unspecified elements. Conversely, some steels 
have proven exceptionally capable to withstand their service conditions. Some of the more generic 
problems were serious enough to generate cooperative group actions to resolve them. Graphitiza- 
tion, weldability, low creep resistance, stress corrosion, caustic embrittlement, poor fracture 
toughness, shifting nil-ductility transition temperatures, and low upper shelf impact resistance 
have been some of the more notorious problems. 

Until recently there was little attention given to the buildup of residuals (or unspecified ele- 
ments) in steels where scrap steels were recycled into new product forms. Copper, chromium, 
cobalt, zinc, tin, nickel, and nitrogen have all influenced the behavior of steels. In some cases they 
could be beneficial. However, without a clear understanding of their synergistic behavior, it is 
difficult to predict their service behavior. If our industry potential is to remain strong in its world 
position, it will be necessary to develop more specific information on materials. We look forward 
to the successful implementation of the National Materials Properties Data Network (NMPD) to 
provide the data base from which the generation of new or more specific data will provide more 
confidence for the least cost. 

KEY WORDS: steels, unspecified elements, graphitization, weldability stress corrosion, caustic 
embrittlement 

Over the past 50 years the anomalous behavior of materials used in Power Plant operation has 
been inconsistent. Since all failures are directly related to materials, it is imperative that  an 
understanding,  or at least an appreciation, of the causes of anomalous behavior be pursued.  It 
can be generalized that  there are three major contributors to failures. These are best repre- 
sented by a Venn type diagram, more recognizable as the Ballentine logo, in which three inter- 
secting circles depict the three conditions for failure. One circle represents force, which we term 
as stress, a second represents the environment to which the material is subjected, and a third 
represents the condition of the material.  The area of intersection portrays the severity or the 
probability of failure. 

It is natural  for the control responsibility for one of these factors, that  is, stress, environment,  
or material condition, to be more dominant  than the other two. However, it has been well docu- 
mented that  all three usually have a part  in the failure mode. 

Time will not permit  disclosure of the myriad of isolated failures that  have occurred, but  there 
are sufficient generic problems to illustrate that  unspecified elements can and do contribute 
significantly to anomalous behavior in service. Some of the more serious problems have gener- 
ated group actions to resolve or mitigate future faults. Typical of these are caustic embrittle- 

~Consulting mechanical engineer, retired from Public Service Electric and Gas Company, 80 Park Place, 
Newark, NJ 07102. 
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6 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

ment, hydrogen embrittlement, graphitization, sigmatization, poor weldability, low creep resis- 
tance, low fatigue resistance, corrosion, stress corrosion, inadequate fracture toughness, high 
nil ductility transition temperatures, and low upper shelf impact resistance. 

As noted before, failures are usually caused by a combination of conditions and most post 
mortem analyses are hampered by difficulty in ascertaining the initiating condition leading to 
eventual failure. Furthermore, the multitudinous activities between production, forming, fabri- 
cation, erection, and operation of these materials can all be suspect. We are suspicious that the 
buildup of residuals or unspecified elements are becoming more influential in their effect on 
materials when recycled into new product forms via the scrap route. 

Many years ago caustic embrittlement was a real concern for the drum steels in low-pressure 
boilers. Initially it was found that variable sensitivity appeared to be associated with an unspeci- 
fied copper content in carbon steels, that is, the higher the copper content the less serious the 
attack. This caustic cracking problem was eventually mitigated by establishing a more specific 
feedwater chemistry control. Similarly, when graphitization of carbon and carbon molybdenum 
piping was a serious problem with the weld heat affected zones and cold bends of piping, it was 
found that materials with up to 0.25% chromium exhibited a significant resistance to graph- 
itization. This problem was subsequently mitigated by establishing proper heat treatments after 
bending or welding. 

When austenitic Type 347 stainless steel became popular for high temperature steam service, 
it was necessary to add or maintain some ferrite to perform hot working or welding to minimize 
fissuring. Too much ferrite accelerated the formation of the Sigma phase, which increased 
hardness and reduced ductility. This challenged the ductility desired to accommodate thermal 
and pressure shocks. Close compositional control of ferrite and austenite formers reduced this 
tendency, but control was difficult to maintain. Another problem with the austenitic Type 347 
and 321 stainless steels was the variability in hot shortness, which made sound casting and 
welding nearly impossible to predict. Efforts to establish proper ratios of specified elements did 
not produce consistent results. Reduction of unspecified elements, such as boron, tantalum, 
copper, tin, and so forth, as well as reducing phosphorus, silicon, and sulfur did not produce 
the desired results either. 

A concerted effort was made to provide suitable specifications for heavy walled piping by 
introducing ASTM A376 and A430 for Central Station high temperature steam piping. In- 
cluded in these specifications was a supplementary test called The Hot Ductility Test to prede- 
termine the materials behavior during a welding cycle. Unfortunately, it could only be used for 
informational purposes and was never pursued to determine how to assure weldability with good 
hot ductility. Subsequently, heavy walled Type 347 and 321 stainless steels were outlawed for 
high-temperature service use because of unpredictable weldability. Recently both the German 
and Japanese steel producers have indicated a willingness to supply these materials with war- 
ranted hot ductility properties. 

Type 316 was used to replace 321 and 347. As more service experier.ce accrued, this material 
also exhibited poor weldability but not as serious as the previous grades. It was also found that 
the unstabilized Type 316 suffered a loss in ductility and structural stability by a carbide precip- 
itation mechanism which occurred at the l l00~ (593~ operating temperatures. 

For operating temperatures at 1000 to 1050~ (538 to 566~ the use of Type 304 for heavy 
wall main steam piping was made possible by the increased American Society of Mechanical 
Engineers (ASME) Boiler and Pressure Vessel Code allowable stresses for this material. There 
was no real change in the specifications, which supported the higher allowable stresses for Type 
304, other than more recent test data that indicated that it was justified. This disturbed the 
utilities since the premature creep-rupture failures in the fine grained type 321 superheater 
tubes had been costly to rectify. Subsequent laboratory investigations of new and old heats of 
Type 304 uncovered a marked increase in nitrogen (unspecified) content, which was a result of 
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SCHNABEL ON SERVICE EXPERIENCE 7 

the notable increase in manganese content from less than 1.00% to an average of about 1.30~ 
thereby increasing the affinity for nitrogen during the melting process. 

Efforts to establish a nitrogen requirement for the "H" grades in the ASTM standards were 
not successful, and the utilities had to write this requirement into their own specifications. 

During production of materials with specific nitrogen additions, remarkable improvements 
in strength were noted with no other apparent problems. Hence, the introduction of a new "N" 
Grade of Austenitic materials. This grade has been used for nuclear grade piping in lightwater 
reactors that operate at temperatures below 600~ (565~ This has been a particularly impor- 
tant consideration because of sensitization of austenitic stainless steels at the weld-heat affected 
zones promoting the onset of intergranular stress corrosion cracking. Hence the introduction of 
another new nitrogen enhanced extra-low carbon grade (ELC) grade with nitrogen added to 
maintain the desired strengths. However, strict control is needed to avoid fissuring and 
nitriding. 

Pursuit of successful operation necessitates control of the environment to which the material 
will be subjected. Consequently a significant effort has been exerted to provide a rigorous water 
chemistry control as well as matching materials to the service conditions. This includes an in- 
depth understanding of the specified and the unspecified elements. 

Successful operation of pressurized water reactors mandates strict control of materials and 
water chemistry. Corrosion and wastage of tubes and supports in steam generators has made it 
necessary to reduce the ionic form of copper and nickel as much as possible. Both the boiling 
water reactor (BWR) and pressurized water reactor (PWR) operation requires the lowest 
achievable oxygen to inhibit corrosion. The elimination of copper alloys and the introduction of 
hydrogen to scavenge oxygen in the feedwater circuit are corrective actions that have been insti- 
tuted to accommodate material behavior in existing nuclear power plants. Eventually it will be 
necessary to develop alloys that will be more tolerant of the nuclear system environment. 

Fracture toughness has now become much more important to assure safety and reliability of 
nuclear power plant operation. Copper in carbon and low alloy steels has a marked effect on the 
fracture toughness of reactor pressure vessel steels when subjected to a high neutron fluence. 
The upward shift of the nil-ductility transition temperature and the lowering of the upper shelf 
Charpy impact values have been associated with increasing copper contents in reactor pressure 
vessel steels and their weldments. This is of particular concern for pressurized thermal shock. It 
is also of concern for water hammer. 

Not new but of increasing importance is the resistance of carbon steels to the erosion-corro- 
sion of these materials in the feedwater, extraction steam, and main steam piping for power 
plants. Investigations have shown that small amounts of chromium, and to a lesser extent cop- 
per, have provided significant resistance to erosion-corrosion in feedwater and wet steam piping 
systems where high fluid velocities have reduced wall thicknesses to the point of failure. It has 
been well documented since 1948 that chromium can increase the resistance of carbon steels 
dramatically with additions of > 0.25~ 

Recently a relatively new problem called microbial corrosion has become a dominant factor in 
the service life of piping and pressure vessel components of cooling water systems for power 
plants. This appears to be associated with a reactivation of marine life and the lack of suitable 
chemical control of algae and marine organisms that attack the inner surfaces of these systems 
with subsequent failures. This will also demand corrective actions with more emphasis on the 
control of unspecified elements in materials. 

Service experience cannot be related to static components only. There has been and continues 
to be a need to understand the high cycle fatigue characteristics and the recognition of what 
controls it. Rotating machinery, such as fans, motors, pumps, and turbines, have all been sub- 
ject to sudden and complete failures because of crack initiation, growth, and eventual loss of 
mechanical stability. Efforts to produce improved steels for rotors, discs, retaining rings and 
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8 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

blades must be increased as well as methods to inspect and categorize flaws. These flaws, occa- 
sioned by surface or subsurface separations can grow by creep-fatigue or pure fatigue because of 
cyclic stresses in operation. Here again the level of impurities or unspecified elements appear to 
be a dominant factor in the service behavior of these materials. 

Improvements in inspection equipment and analytical capability have increased our knowl- 
edge and recognition of the condition of the faults. However, increased awareness must be gen- 
erated to reduce the initiation of faults. Better steel production methods and more attention to 
unspecified elements in steel will be needed if we are to move forward. 

Last but not least is the current activity of life extension for current power plants. Increasing 
the useful life of fossil fueled power plants from 25 to 50 years and from 30 to 60 years for 
nuclear power plants is an ambitious goal. It is necessary and has been economically justified 
because of the rapid increase in capital costs and the lack of environmentally suitable sites for 
new plants. However, investigations of the suitability for materials to be used safely and reliably 
must include careful considerations of the existing properties. Knowledge of unspecified ele- 
ments will be an important part of these investigations. 

There is no doubt that we have learned a lot about materials in the past 50 years. We have 
also found that we need to learn a lot more. As difficult as it is to account for all of the variables 
contributing to premature failures, we must apply our energy toward producing materials that 
will withstand the intended service conditions with the recognition and allowances for the dy- 
namics that will occur during transients. 

If our industrial potential is to remain strong in its world position, it will be necessary to 
develop more specific information on materials. This should also include the study of materials 
removed from service. Furthermore we must increase the accessibility to this information. The 
successful implementation of the National Materials Properties Data Network (MPDN) should 
provide the base from which the generation of new or more specific data will provide more 
confidence for the least cost. 
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Daniel A.  Pf laum l 

Residual Problems and the Scrap 
Industry 

REFERENCE: Pflaum, D. A., "Residual Problems and the Scrap Industry," Residual and Un- 
specified Elements in Steel, ASTM STP 1042, A. S. Melilli and E. G. Nisbett, Eds., American 
Society for Testing and Materials, Philadelphia, 1989, pp. 11-25. 

ABSTRACT: Purchased scrap is generally accepted as a major source of residual and unspecified 
elements in steel. Current trends in the steel industry will precipitate a more important role for 
scrap as a raw material. A principal factor in minimizing residual elements is the monitoring and 
control of this nonhomogeneous, nonmanufactured product by scrap processors and steel pro- 
ducers. By examining the variation in scrap grades through computer analysis and by integrating 
various techniques such as material segregation, inspection, and statistical process control proce- 
dures, more predictable and potentially lower residual levels can be achieved. 

KEY WORDS: purchased scrap, nonhomogeneous, nonmanufactured, steel producers, scrap 
suppliers, examined variations, control procedures, more predictable, lower residuals 

Trends in the Steel Industry 

In 1970, 30 tons (27.23 metric tons) of scrap were purchased for every 100 tons (90.78 metric 
tons) of steel produced. In 1986, that ratio increased to 48 tons (43.57 metric tons) of scrap for 
every 100 tons (90.78 metric tons) of steel. Moreover, many factors currently affecting the steel 
industry indicate that the ratio of scrap melted to ton of steel produced should continue to 
increase in the future (Fig. 1). 

Some of the key technological shifts contributing to scrap's expanded role in steelmaking are 
as follows. 

Electric Furnace Steel  Product ion 

In the United States, the percentage of steel produced by electric furnaces grew from approxi- 
mately 6% of total production in 1954 to roughly 15~ in 1970. A steeper growth curve followed 
with electric furnaces supplying 36.4% in 1986 (Fig. 2). 

Continuous Casting 

The growth of continuous casting in the U.S. steel industry has been astronomical. Continu- 
ous casting has risen from less than 7% of steel produced during the industry's record produc- 
tion year, 1973, to 54% in 1986 and has increased to more than 60% in 1987. According to 
estimates, three-quarters of the steel made in this country will be continuous cast by 1990 
(Fig. 3). 

A direct result of the conversion to continuous casting has been a sharp reduction in inter- 
nally generated scrap, which, in turn, has decreased the amount  of home scrap available for 
melting (Fig. 4). 

~Quality manager, David J. Joseph Company, 300 Pike St., Cincinnati, OH 45202. 
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12 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 
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14 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

Advanced Furnace Procedures 

Numerous technological advances in the last 30 years have increased the capacity of basic 
oxygen furnace (BOF) vessels to melt additional tons of scrap and boosted the productivity of 
scrap-based electric furnace shops. Ladle metallurgy, oxy-fuel burners, scrap preheating, and 
other rapid melting techniques have increased the tons/h of arc furnaces. Post combustion, 
hydrocarbon fuels, and new blowing techniques have led to an alphabet soup of BOF variations, 
Q-BOP, K-OBM, LBE, KMS, KS, and so on, which are intended to homogenize the melt, 
maximize a mill's supply of hot metal, and, in many cases, increase cold scrap charges. 

Scrap will, therefore, continue to be a vital raw material in iron and steel production. 

Sources of Scrap 

In any discussion concerning the ferrous scrap industry, a key principle to establish is that 
scrap is an involuntary product. Scrap is either a by-product of manufacturing processes or a 
result of obsolescence. The approximate breakdown of scrap purchased by steel mills and 
foundries is (1) 40% industrial scrap, a by-product of stamping, drilling, and other manufac- 
turing processes; (2) 20% generated from the 7 to 9 million cars and trucks scrapped in the 
United States each year; (3) 5~ from the 65 to 70 000 railroad cars retired annually; and (4) the 
remaining 35% from obsolete iron and steel products, such as structural steel, farm and con- 
struction tractors, water pipes, and kitchen sinks. 

Scrap from these various sources finds its way into processing yards, of which there are ap- 
proximately 3000 in the United States, where it is sorted, sheared, shredded, and prepared for 
sale and shipment to melting facilities. Therefore, scrap often exhibits significant variations 
from region to region, depending on the characteristics of each processor's operation, metal- 
working facilities, geographic location, and requirements of each scrap consumer. The Institute 
of Scrap Recycling Industries publishes approximately 40 specifications for non-alloy steel 
scrap grades and about 20 specifications for iron scrap grades. Scrap material actually shipped 
under a certain grade specification can vary extensively from one processor to another. 

The Challenge 

The paradox to resolve is how best to use this increasingly important raw material that is not 
homogeneous and control the residual and unspecified elements in the steel produced. The 
inherent variability of scrap requires that several methods be employed to regulate accurately its 
quality. The critical quality parameters that can affect the residual elements in steelmaking are 
given below. 

Melting Yield 

Melting yield is largely dependent on nonmetallic content, for example, wood, rubber, and so 
on, and oxidation losses due to the melting operation or initial rust. Low yields can affect the 
melt chemistry by altering heat weights, and, consequently, the corresponding percentages of 
the nonvolatized residual elements. For example, with no change in the quantity of each ele- 
ment charged, a 3% reduction in yield can equate to a 0.01% increase in the melt-in copper, 
nickel, and molybdenum percentages. 

Size and Density 

The specified size and density are functions of handling practices, type and size of furnace, 
and melt rates. Locating scrap with the proper chemistry that is too large or lacks the density to 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



PFLAUM ON SCRAP AND RESIDUALS 15 

make the melting operation practical is of little benefit. Also, material with a high surface area 
to volume ratio, that is, small pieces or light gauge, will have a lower yield due to higher oxida- 
tion rates during melting. 

Chemistry 

The acceptable chemistry of each grade is dictated by the charge mix designed to achieve the 
desired final melt chemistry. Determining the representative chemistry for each grade, sup- 
plier, or both is the most important and difficult segment of the program. 

Scrap Versus Other Raw Materials 

In analyzing the problems associated with scrap, reviewing other raw materials that steel 
producers have successfully controlled with regard to cost and quality is helpful. Examples are 
refractories, ferroalloys, and electrodes. Vital factors in achieving quality control of these items 
are: 

(1) An accurate, applicable specification that defines the necessary requirements of the 
product, for example, 24 in. (60 cm) electrodes, 70% alumina ladle brick 9.5 by 9.5 by 12 in. 
(24 X 24 • 30 cm); 

(2) Supplier or source identification; as these materials are put into service, melt shops know 
which electrode supplier they are using, which ladle or furnace brick supplier is in production, 
and so on; and 

(3) Methods of monitoring material performance by supplier are established, for example, 
Supplier A's electrodes 10.5 lb/ton, Supplier B's electrodes 9.7 lb/ton, or Supplier X's bricks 
70 heats/ladle, Supplier Y's bricks 63 heats/ladle. 

Using these techniques, steel producers can monitor the performance of each supplier's prod- 
uct, accurately assess its value, qualify suppliers, and improve control of the effect on the manu- 
facturing process. Drastically simplified, these methods, that is, specifications, supplier identi- 
fication, and a monitoring system, can effectively be applied to scrap with similar results. The 
following is a review of how scrap consumers can and are dealing with this problem of scrap 
quality. 

Specifications 

Scrap specifications for each purchased grade must be designed to address the four parame- 
ters most often considered measures of scrap quality: melting yield, density, size, and chemis- 
try. Emphasis should be placed on determining the role of each grade in the scrap mix, conse- 
quently writing the specification to achieve this objective and incorporating consistency within 
each item. In designing a specification, specifying what is not acceptable in each grade is often 
valid, for example, rebar, pipe, and chain are not acceptable in plate and structural. This speci- 
fying is practical information that the scrap processor can use. Writing specifications is an im- 
portant first step, but monitoring conformance and maintaining supplier identity are key ele- 
ments in a quality program. 

Inspection 

Visual inspection, although the oldest method of control, is still a valuable tool in evaluating 
scrap cleanliness, nonmetallics content, and size. However, this procedure should be taken a 
step further by establishing a quantitative rating system for size, nonmetallic material, nonfer- 
rous material, and consistency. Calculating bulk densities, using car and truck weights and 
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16 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

volumes, adds an objective measure of scrap quality and consistency. Table 1 shows a typical 
daily inspection report used in a rating system. In this example, scrap is rated on a scale of 0 for 
rejectable, 1 for acceptable, 2 for good, or 3 for very good, for each of the indicated categories. 

Table 2 describes the ratings within each category of Table 1. The ratings are accumulated, 
averaged, and recorded for each month according to supplier and scrap grade. Armed with this 
report, scrap consumers can begin to determine not only who the poor quality suppliers are and 
what problems exist with each, but, just as important, who the higher quality suppliers are. 

An intensified inspection program improves the predictability of melting yields by reducing 
the inclusion of nonferrous, nonmetallic, undersized, and excessively oxidized material in the 
scrap grades. As previously explained, this factor is important in producing less heat chemistry 
variation. Also, by detecting the obvious contaminates, for example, electrical motors, alumi- 
num parts, alloy gears, and shafts, this program is capable of reducing off analysis heats due to 
scrap related residuals. 

Scrap Chemistries 

One of the most difficult problems in controlling scrap quality is determining how to obtain a 
representative chemistry for each grade and supplier. For some industrial grades, such as bush- 
eling, turnings, borings, and Number 1 bundles, a statistical sampling program based on pur- 
chase volumes can be very effective in establishing chemical profiles. However, less homoge- 
neous grades require multiple linear regression analyses of melt chemistries versus charge mixes 
to produce useful information by grade or supplier or both. 

To achieve the regression analysis, scrap must be identified and recorded during the charging 
operation. Scrap taken directly from incoming railroad cars is tied to a specific supplier, 
whereas scrap from outside inventory or material trucked directly into the charging aisle main- 
tains only grade identity. The melt-in chemistry and any alloys charged into the furnace are also 
recorded. Linear regression of this data establishes and quantifies the relationship between the 
weight of each scrap grade and the heat chemistry, and, through this calculation, produces the 
predicted chemistry of the scrap categories. 

Table 3 is an example of the results of a regression analysis of the copper content for one 
month's melt shop production. The X coefficient is the calculated copper content for each 
grade, for example, Number 1 bundles contain 0.02% copper, busheling contains 0.03% cop- 
per, and so on. The standard error of deviation of the coefficient measures the range of the 
calculated chemistry for each scrap grade. For example, in Table 3, the X coefficient of Number 
2 steel computed an average of 0.236% copper plus or minus the standard error of 0.115, which 
indicates a range of 0.121 to 0.351%. This assumes a normal distribution, when in actuality the 
variability of residuals in scrap is skewed to the high side, that is, 0.121% copper in Number 2 
steel is unlikely whereas 0.35% can be expected. 

Regression analysis of individual suppliers often yields unreliable data due to the large num- 
ber of scrap sources involved. However, information similar to the example in Table 3, calcu- 
lated periodically, is useful in determining residual suspect grades and can be applied to indi- 
cate chemistry trends. Once a sufficient data base has been established, scrap consumers can 
also compare predicted melt chemistries versus the actual analysis for each heat. Reviewing 
the charging data for those heats outside the predicted or allowable limits may offer clues about 
the origin of the increased variability. Suppliers that consistently have material in these off 
analysis heats can be highlighted for more detailed inspection and monitoring. In this fashion, 
the computer study of the scrap charge can supply the inspector with valuable knowledge of 
where to concentrate his efforts. Therefore, over a period of time, scrap grades and, eventually, 
suppliers contributing to residual problems can be determined and corrective action taken 
accordingly. 
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PFLAUM ON SCRAP AND RESIDUALS 19 

TABLE 3--Regression output: Copper content. 

Constant 0 
Standard Error of Y 
Est 40.9816711 
R Squared 0.7981965 
No. of Observations 124 
Degrees of Freedom 117 

#1 
Parameter Bundles Bushelings #2 Stl #1 Stl Turn Pit Home 

X Coefficient(s) 0.021772 0.032023 0.236009 0.117396 0.063043 0.073536 0.070654 
Standard Error of 0.011609 0.013608 0.115005 0.005389 0.057209 0.071130 0.008735 

Coefficient 

Material Segregation 

Once a quantitative rating program and regression and off grade chemistry analyses are gen- 
erating information about the quality level of various suppliers, material segregation can be 
implemented to improve control of residual elements. The goals of material segregation are to 
increase supplier accountability and optimize the use of certain grades or suppliers or both to 
reduce the variability of the melt chemistries. For example, very low residual busheling segre- 
gated from the normal busheling material can be applied to the more critical heats. More pre- 
dictable chemistries and lower scrap costs can be achieved as demonstrated in Table 4 versus 
Table 5. In this example, use of identified low residual busheling and shredded resulted in 
$2.00/ton savings and reduced copper, chromium, and nickel by 0.006, 0.02, and 0.02%, re- 
spectively. Figure 5 shows a substantial decrease in off analysis melts at a steel mill by separat- 
ing busheling sources. 

Achieving source separation of large volume grades may not be practical due to the number of 
suppliers and amount of material involved. In this situation, a statistical sampling program 
may be feasible where, on a random basis, an individual supplier's scrap is inventoried sepa- 
rately for a period of time and examined. Efforts are made to charge this scrap with known 
analysis material to check the chemistry and yield by back calculations. Use of low cost scrap 
grades such as Number 2 heavy melt, turnings, and Number 2 bundles can drastically lower 
material charge costs. These grades also have higher variability in quality, particularly chemis- 
try. Some high quality steel producers efficiently consume limited quantities of these grades by 
segregating each by source. Supplier identity is maintained throughout inspection procedures, 
statistical sampling, and charging resulting in improved traceability, and also consistent, pre- 
dictable material. Which scrap grades are segregated is a function of finished product specifica- 
tions, scrap availability, and melt shop logistics. Yet, the practice of material separation is an 
integral part of a scrap quality program. 

Results 

Standard X and R statistical process control charts plotting melt chemistries are largely used 
to monitor residual levels. These charts demonstrate that steel producers obtain better residual 
level control through inspection, material segregation, quantitative rating systems, statistical 
sampling, and regression analysis. Figures 6 and 7 show one mill's reduction in melt copper and 
missed heats using these techniques. Similarly, the decreases in the average copper values of 
purchased scrap grades at a mill are shown in Table 6. 
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20 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

TABLE 4--Scrap. without segregation, low residual 
heat. 

Code Name Weight, lb" 

BNDI I #1 Bundles 80000.0 
BUSH I Bushelings 100000.0 
HOME I Home Scrap 20000,0 
SHRD I Shredded 20000.0 

Total Weight Charged 220000.0 
Total Weight Recovered 203200.0 

Scrap Cost $130.00/NT 

Predicted Chemistry 
Element Lb ~ % Max 

Cu 152.8 0.0752 0.0800 
Cr 146.4 0.0721 0.0800 
Ni 126.2 0.0621 0.0800 
Mo 20.1 0.0099 0.0100 
Sn 14.7 0.0073 0.0100 
P 42.0 0.0207 0.0250 
S 49.6 0.0244 0.0250 

~1 Ib = 0.454 kg. 

TABLE S--Scrap, with segregation, low residual heat. 

Code Name Weight, Ib ~ 

BND1 I #1 Bundles S0000.0 
LRBU I Low Residual Bushelings 100000.0 
LRSD I Low Residual Shredded S0000.0 
HOME I Home Scrap 20000.0 

Total Weight Charged 
Total Weight Recovered 

Scrap Cost 

Predicted Chemistry 
Element Lb ~ % Max 

220000.0 
202300,0 

$128.00/NT 

Cu 139.1 0.0688 0.0800 
Cr 100.4 0.0496 0.0800 
Ni 87.1 0.0431 0.0800 
Mo 19.2 0.0095 0.0100 
Sn 18.7 0.0093 0.0100 
P 26.2 0.0130 0.0250 
S 41.0 0.0203 0,0250 

~1 lb = 0.454 kg. 
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HEAT CHEMISTRY SUltRY HEAT CHEMISTRY SUMMARY 
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F I G .  S--Heat chemistry summary, before segregating busheling and after segregating busheling. 
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FIG. 7--Percentage of heats exceeding residual specification. 

TABLE 6--Decreases in average 
copper values of purchased scrap grades. 

Grade % Cu 

Prior to Scrap Quality Program 
Shredded 0.23 
#1 Heavy Melt 0.24 
#2 Heavy Melt 0.46 
Turnings 0.29 
#2 Bundles 0.S1 

After Scrap Quality Program 
Shredded 0.16 
#1 Heavy Melt 0.19 
#2 Heavy Melt 0.37 
Turnings 0.18 
#2 Bundles 0.42 

Scrap Suppliers 

As these types of controls are implemented at the consumer level, the downstream effect is 
that suppliers are beginning to be more conscious of the material's quality that they are ship- 
ping. These changes are occurring in the scrap industry as statistical process control methods 
and other improvements are being employed at scrap processor facilities. 

At a Joseph Company shredder operation, the density, nonmetallics, and copper content are Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
Downloaded/printed by
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FIG. 8--Control chart for copper of shredded scrap (X chart). 
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FIG, 9--Control chart for density of shredded ~crap (X chart). 

checked on a daily basis and plotted on X and R charts as shown in Figs. 8 and 9. Copper levels 
have been reduced from 0.23 % to an average of 0.13%. The density has improved from 70 to an 
average of 90 lb/ft a (1121 to 1441 kg/m3). This change has improved the predictability and 
productivity and reduced the cost of melt shop operations. 

Scrap suppliers are beginning to segregate and control material from a chemistry standpoint 
in other grades, such as busheling and turnings. Recently, the Joseph Company has undertaken 
a program to analyze various scrap sources, storing this information on a computer file so that 
material can be applied more accurately and efficiently based on customers' specifications. 
Grade segregation in railroad scrap is also being implemented where the high residual railroad 
car sides are being separated from the cleaner, denser railroad wheels, trucks, and axles. This 
type of segregation once again improves a melt shop's predictability. Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
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24 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

Summary 

As this type of work continues, melt shops can take advantage of their own knowledge and 
supplier's abilities to improve the quality and, in some cases, reduce their scrap costs. This is 
not to say that items, such as pig iron, direct reduced iron (DRI), and other virgin low residual 
materials will not play an important role in the future of the steel industry. These grades are not 
a competitor of scrap, but a complement to this type of quality program. 

In conclusion, this paper has demonstrated that scrap quality, and, therefore, residual and 
unspecified elements can be controlled by using the following procedures: 

(1) Designing scrap specifications to set material standards; 
(2) Obtaining supplier identity as the scrap is received, maintaining this during the charging 

operation when practical, and implementing material segregation; and 
(3) Establishing an accurate monitoring system with a quantitative rating program, regres- 

sion analysis of melt data, review of off analysis heats, and statistical sampling. 

There is no magic in the scrap industry where one can wave a wand or perform some chemical 
wizardry to improve the quality and consistency of the scrap grades. What is required is hard 
work, effective use of manpower, computerization, and ingenuity to take full advantage of the 
increased control and savings to be realized in scrap. 

DISCUSSION 

H. V. Makar I (written discussion)--In a slide to illustrate the importance of specifying to the 
scrap supplier what is not wanted in the scrap as well as what is wanted, the example given was 
that galvanized steel and piping were not wanted. This example created some confusion regard- 
ing whether these items were not desired at all or just for plate and structural grades of scrap. 
Some clarification on this might be helpful. Also, can you comment on why galvanized scrap is 
undesirable? 

D. A. Pflaum (author's response)--The inclusion of galvanized material in any grade of scrap 
is a function of the scrap consumer's specifications. The ability to use galvanized material 
largely depends on the product specification and melting method at the foundry or steel mill. 
Therefore, it is important for scrap consumers to specify the acceptability of galvanized mate- 
rial in each of their scrap grades. 

G. P. Simkins 2 (discussion question)--With improved scrap processing techniques, the resid- 
ual level of high residual scrap will tend to increase rapidly. Are there sufficient customers for 
this material, or will some material become contaminated beyond use? 

D. A. Pflaum (author's response)--To date, sufficient customers have been found for most 
higher residual scrap, and, in some cases, scrap melters can benefit from the alloy content of 
this type of material. 

~U.S. Department of the Interior, Bureau of Mines, 2401 E St., NW, Washington, DC 20241. 
2Westinghouse Plant Apparatus Division, P.O. Box 425, Pittsburgh, PA 15234. 
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F. M. Harris 3 (written discussion)--The Department  of Defense now has identified a serious 
problem with counterfeit bolts. There has been much publicity about the counterfeit Grade 8 
t, olts problem. After legal retention of stocks are satisfied, the Defense Logistics Agency will sell 
as scrap several tons of bolts with head markings showing Grade 8, per the Society of Automo- 
tive Engineers specification, that are made from the boron steel required for Grade 8.2 bolts. 
The bolts will be sold only to scrap melters with a requirement for government witness of mate- 
rial being loaded into furnaces. Congress has virtually mandated we sell only to scrap melters 
and witness melting. My questions are as follows. 

1. Should we continue with current plans to maintain segregated scrap sales offerings? 
2. What  are realistic limits for the maximum scrap weights that we can expect a scrap melter 

to handle at one time? 
3. Will someone in ASTM provide answers or point me to the right area for assistance? 

D. A. Pflaurn (author's response)--I am not familiar with the specific circumstances con- 
cerning the counterfeit Grade 8 bolts. However, I would suggest that  scrap segregation be main- 
tained so that better chemistry control of the melt and verification of melting can be established. 
The maximum scrap weights that can be melted at one time may vary significantly for each 
melting operation, and therefore, it is best to discuss this with the scrap consumers on an indi- 
vidual basis. 

3Chief, Engineering Programs Division, Defense Logistics Agency, Technical and Logistics Directorate, 
Cameron Station, Alexandria, VA 22304-6100. 
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ABSTRACT: With the increasing use of electric arc furnaces (EAF) for the production of carbon 
and alloy special quality engineering bar steels, controlling and restricting residual elements have 
become an increasingly significant economic component of steelmaking. This paper reviews the 
trend in EAF production and discusses the various types of scrap used in EAF steelmaking and the 
formulation of scrap charges to achieve residual control. Reasons for specifying residual restric- 
tions and some rational alternatives are presented. 

KEY WORDS: residual elements, electric furnaces, continuous casting, scrap, copper, hot short- 
ness, formability, hardenability 

Controlling residual elements in engineered bar products essentially means, to the producer, 
controlling the copper, nickel, chromium, and molybdenum content of his product. Since these 
elements are for all practical purposes not removable from steel during melt, controlling their 
levels of occurrence relies on the ability of the producer to control the raw materials of steelmak- 
ing. Ideally, this could be accomplished by knowing the residual content of all raw materials 
and selecting them accordingly. While this method may have been a practice and a practical 
solution at one time, it is now neither a practical nor economical reality to do so. In order to 
understand the reasons driving this change one must necessarily understand some of the signifi- 
cant transitions that have occurred in the steel industry in recent years. 

In the last ten years there have been substantial changes in the industry in terms of composi- 
tion, capacity, and productivity of the producers, and the increasing adaptation and application 
of technology to steel processing. This discussion will show how these changes have impacted 
the ability of producers to control residual elements, and the economic interdependency that  
has been created because of the various aspects of change that  have occurred. 

The Advent of Electric Furnace Steelmaklng 

To appreciate fully the issue of residual control in engineered bar products it is necessary to 
review some of the transitions that have taken place in the steel industry as a whole. To begin 
with, raw steel production capability in the United States over the last ten years has declined 
from approximately 160 million tons to less than 135 million tons (Fig. 1) [1]. At the same time, 
the method of melting this steel has undergone a substantial change as well. In 1976, electric 

1Manager of product development, LTV Steel Bar Division, LTV Steel Company, 410 Oberlin Ave., 
S.W., Massillon, OH 44646. 
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FIG. 1--U.S. raw steel capability. 

furnace steelmaking represented less than 20% of total steel production. As shown in Fig. 2 
[1.2], during this same time, electric furnace steelmaking has nearly doubled. The significance 
of this transition relative to residual element control is that a much more substantial percentage 
of steel is now being produced by electric furnace melting, a scrap intensive process, and scrap 
is the principal source of residual elements. 

While these figures (Figs. 1 and 2) from the American Iron and Steel Institute accurately 
portray the change in the steel industry as a whole, the transition is even more pronounced when 
viewed from the perspective of engineered bar products alone. Today, while electric furnace 
melt accounts for approximately 36% of total steel production, it accounts for an extraordinary 
estimated 79% of the melt devoted to the production of engineered bar products. The impor- 
tance of this last statement is that iron ore based low residual products are not widely available, 
and residual element control in nearly 80% of the bar products produced in the United States is 
dependent on the consistency, quality, and management of the primary raw material of electric 
furnace steelmaking--scrap. 
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FIG. 2--Percent of U.S. production by furnace type. 
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The Growth o| Continuous Casting 

Just as increased electric furnace steelmaking created increased usage and demand for scrap 
on the part of steel producers, the advent of continuous casting, curiously enough, had a similar 
effect. As can be seen in Fig. 3 [1], over the same time during which electric furnace production 
doubled, continuous casting increased four fold. The influence of continuous casting on scrap 
consumption and scrap availability is somewhat less apparent than that caused by electric fur- 
nace production. 

Continuous casting is a more efficient process than the ingot casting process that it replaces. 
As such there is a higher yield of usable product from molten metal and therefore less primary 
scrap produced for recycling in the melt facility. In addition, continuous cast product is gener- 
ally higher in quality than ingot cast product. This manifests itself in less in-process steel plant 
scrap generation during subsequent processing to final product, as well as less in-process scrap 
generation as a result of material quality failures in customer manufacturing operations. The 
"loss" of scrap generated internally creates increased external replacement demand from the 
melt facility, while the "loss" of scrap in the manufacturing sector decreases its availability. 

Increased use of the continuous casting process has not only affected scrap availability, but 
also scrap quality available to bar producers. The predominant growth of continuous casting 
has occurred in flat rolled production and in that segment of the industry scrap replacement 
demand has been created. Since flat rolled product is the principal source of low residual high 
quality scrap, flat rolled producers are also the principal consumers of low residual high quality 
scrap. Due to the enormous volume of flat rolled production compared to bar production, the 
vast majority of available low residual scrap is being consumed in flat rolled operations, thus 
creating a shortage for bar producers. 

So, as is apparent, the increased use of continuous casting as a method of manufacturing has 
had a dramatic effect on both scrap quality and availability. 

Scrap--The Variable Constant 

Familiarization with scrap, its characteristics, sources, uses, and ramifications for steel pro- 
duction has been reserved for a relatively limited audience for a variety of reasons, not the least 
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of which perhaps is that the subject is not particularly glamorous. Therefore, a little back- 
ground information and a brief primer is probably in order. 

Scrap, as it is used in steelmaking, is thought of in two general categories, revert scrap and 
purchased scrap. Revert scrap, as the name implies, is a by-product of the steel production 
process and includes such things as rolling mill discards as well as in-process rejects. When 
properly managed scrap can be fairly well characterized in accordance with alloy content. Pur- 
chased scrap, on the other hand, is more diverse. 

Purchased scrap has a revert scrap counterpart called prompt industrial scrap, which, as the 
name implies, is the by-product of industrial manufacturing much the same as revert scrap is 
the by-product of steel production. Prompt industrial scrap is comprised principally of No. 1 
bundles ana busheling, which, similar to revert, can also be fairly well characterized by (low) 
alloy content. Most other No. 1 scrap cannot be characterized by alloy content due to the vari- 
able sources from which it is derived and the general inability of suppliers to reliably segregate it 
into separable entities. 

The other classification of purchased scrap generally used in steel production is called obso- 
lete scrap. The composition of obsolete scrap is lesser known or controlled, and its sources 
include such familiar origins as old automobiles, appliances, and components of demolished 
buildings. 

In addition to origin, purchased scrap is also classified in accordance with composition, size, 
and shape, all of which bear on productivity and manufacturing costs in the melting facility. 
The variability and complexity of purchased scrap can be best appreciated by referring to Ta- 
ble 1, which lists and describes 30 different types of steelmaking scrap classified by the Institute 
of Scrap Iron and Steel. 

Of importance to this discussion of purchased scrap, in addition to its diversity, is residual 
alloy content control through either specification or selection. 

For specification purposes, scrap is considered by the Institute of Scrap Iron and Steel [3] to 
be "free of alloys" when the residual alloying elements do not exceed the following percentages: 

(1) Nickel 0.45%; 
(2) Chromium 0.20%; 
(3) Molybdenum 0.10%; and 
(4) Manganese 1.65%. 

Notably absent from the list above is copper. 
For comparative purposes, commercially produced engineered bar products are generally 

produced to the following maximum levels of residual content when not otherwise restricted by 
the consumer: 

(1) Nickel 0.25%; 
(2) Chromium 0.20%; 
(3) Molybdenum 0.06%; and 
(4) Copper 0.35%. 

Since, as previously stated, these residual elements are essentially not removable from steel 
during melt, scrap that is to be purchased as "free of alloys" must often be diluted with scrap of 
known low residual content to ensure compliance with the above maximum levels. This is ex- 
actly the type of scrap, No. 1 bundles and busheling, that the increased use of electric furnace 
melting and continuous casting has caused to be both in short supply and of premium price. 
The proper selection of scrap for the purpose of controlling residual elements by accurately 
predicting residual levels and thus reducing the need to dilute scrap charges with expensive 
No. 1 bundles and busheling, has therefore become one of the most important economic aspects 
of steelmaking and melt shop management. 
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Scrap Management for Residual Control 

When dealing with the issue of residual element control, scrap management today is based 
upon using the lowest cost mix of scrap to achieve the desired residual level. Considering the 
number of combinations of scrap types and options available this is not a simple task. The task 
is further complicated by the limited predictability of the residual levels of the various scrap 
types with the possible exception of No. 1 bundles. While this scrap is the most dependable and 
consistent type of low residual scrap, it is also the most expensive, and as shown in Fig. 4, is 
currently escalating in price at an unprecedented rate.: Unwarranted use of this type of scrap 
will impose an economic burden for the producer that is unsustainable. 

Residual control begins with formulating standard charges of various scrap types, which are 
based upon historical data and updated on an ongoing basis. Figure 5 shows the composition of 
three such scrap charges used to produce carbon steels with various maximum residual levels. 
Twelve different types of scrap are used to formulate these charges; some are dictated by oper- 
ational and productivity criteria, others based on residual control. Figure 6 shows the relative 
cost of these three charges using the conventional residual charge as the base. One sees that the 
cost of restricting residuals from a conventional level to a restricted level can be quite substan- 
tial, in these cases approximately 15%. 

Restriction of residuals has not solely been confined to carbon steels. Restricting one or more 
residual elements in alloy steels can also be very expensive. First, if the restriction is severe, the 
steelmaker will be required to use a carbon steel based scrap charge to avoid exceeding the 
specified element level. As demonstrated above this goal can only be accomplished using expen- 
sive No. 1 bundles and busheling. Second, in doing so the recapture of alloy content normally 
found in alloy scrap is prevented. This alloy deficiency must then be made up by adding expen- 
sive virgin alloys to the melt. Figure 7, based on scrap charges similar to those shown previously 
for carbon steels, shows the relative additional scrap cost incurred when the residual content of 
alloy steels is restricted from conventional levels. The economic penalty is on the order of 20 to 
25% depending upon the level of restriction. These figures do not include the expense of adding 
virgin alloys to make the required analysis. 
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Why Restrict Residuals? 

Having thus demonstrated the economic penalties associated with the restriction of residual 
elements, for those faced with the high cost and limited availability of low residual scrap review- 
ing some of the reasons given for restricting residual elements and reassess the efficacy of doing 
so seems prudent.  While discussing all of the reasons for restricting residuals is not possible, an 
attempt will be made to review some of the more common ones. 

Restrletlng Copper to Avoid Hot Shortness? 

Perhaps the element most frequently restricted in steel is copper. When restrictions of copper 
residuals are subject to close examination they are frequently found to stem from some general 
misunderstanding of copper 's  effect on steel and from some historically derived " t ru ths"  that  
have been passed down over the years. The most frequently cited reason for restricting copper is 
that it causes hot shortness in steel. In a pure sense copper can cause hot shortness, but  the 
mechanisms of this effect, while well understood and controllable, are apparently less well 
known. 

Copper in iron or steel forms a solid solution with ferrite in amounts up to about 0.8% [4]. 
When a relatively pure iron-copper alloy is exposed to the atmosphere at hot working tempera- 
tures for extended periods of time, the iron oxidizes preferentially to form scale, leaving a very 
thin and imperceptible layer of liquid copper on the surface between the scale and the metal 
substrate. The liquid copper film attacks the grain boundaries of the underlying metal and, 
through the mechanism of liquid metal embritt lement,  leads to intergranular cracking, com- 
monly referred to as hot shortness [5]. 

While this phenomenon is observed in a relatively pure iron-copper alloy, it is conspicuously 
absent when the nickel-copper ratio in the steel is 1 : 3 or more. In this case, when the surface of 
the steel is oxidized during heating, the nickel-copper solid solution, which has a higher melting 
point than pure copper, remains as a solid component of the scale along with the iron oxide and 
the mechanism of liquid metal embrit t lement is avoided [5]. 

At this juncture,  remember  that the maximum nickel-copper ratio of unrestricted engineered 
bar steels at 25 : 35 is well in excess of the 1 : 3 ratio required to assure good hot workability. 
Furthermore, the nickel-copper ratio of steel is known at the time the steel is in the molten state 
and, should an unfavorable ratio be encountered, the corrective action of adding a small quan- 
tity of nickel or changing to an alternate grade with a favorable nickel-copper ratio is a relatively 
simple matter. Avoiding unfavorable situations such as this for the consumer is part of the value 
provided by an engineered bar producer. 

Therefore, as shown in Table 2, with reasonable care copper related hot shortness can be 
easily avoided. The causes are rather straightforward and relatively easy to avoid or control 
without great difficulty or economic penalty. It might be recalled that there are entire families of 
weathering resistant steels [ASTM Specification for High-Strength Low-Alloy Structural Steel 
with 50 ksi (345 MPa) Minimum Yield Point to 4 in. thick (A 588) and ASTM Specification for 
High-Strength Low-Alloy Structural Steel (A 242)], to which about 0.50% copper is intention- 
ally added and which are widely produced and fabricated on a regular basis without incident. 

TABLE 2--Factors favorably affecting hot 
workability of copper containing steels. 

�9 Fast heating rates 
�9 Reduced time at temperature 
�9 Limited scale formation 
�9 Nickel : copper ratio greater than 1 : 3 
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Copper in steel, when properly managed, is not necessarily a negative. But unduly restricting 
its occurrence causes the steel producer added expense without adding value. The practice of 
restricting copper should be reviewed. 

Restricting Residuals to Enhance Cold FormablHty? 

Another reason frequently given for restricting residuals in carbon steels is that they nega- 
tively effect cold formability. This is another "truth" worth exploring a little deeper. There has 
been a lot of experimental work done over the years to evaluate the effects of alloy content on 
cold formability. Several references are given at the end of the text [6-9]. The net result of this 
work has been an advance in the state of the art and understanding of cold forming, culminat- 
ing in a large number of double and triple alloy steel parts being made by cold forming pro- 
cesses today. These steels contain alloy levels far in excess of the conventional residual levels 
encountered in unrestricted carbon steels. From this work one could reasonably conclude that 
carbon steels with normal residual levels are indeed cold formable. Reason not withstanding, 
some quantification of residual alloy effect is probably worth recording. 

One of the most important factors to the cold former is forming pressure. In addition to the 
mechanical factors of die configuration and lubrication, material strength is also a component 
of the forming pressure equation. This component has been quantified by several investigators 
relative to the alloy content of the material. The following equations summarize the alloy con- 
tent related aspects of some of their findings: 

Backward extrusion pressure (tons/in. 2) = 

Compressive stress at 0.2 strain (ksi) = 

46.52 + 2.73(%Mn) + 16.14(%Si) 
+ 0.95(%Cr) + 6.0(%Mo) 
+ 3.52(%Ni + %Cu) + 0.33(%pearlite) 
+ 0.26(ferrite grain size) -1'2 
+ 0.018 (mean free ferrite path) -L [6] 

47.8 + 70.0(%C) + 30.5(%Si) 
+ 16.2(%Mn) + 11.2(%Mo) + 8.1(%Cr) 
+ 6.5(%Ni + %Cu*) [7] 

Focusing on the residual elements of copper, nickel, chromium, and molybdenum, within 
their range of occurrence as residuals, their coefficients of effect are relatively small when com- 
pared to those of other elements and other equation components. For example, in the extrusion 
pressure equation, decreasing the copper content from 0.35 % to 0.15 %, the nickel from 0.25 % 
to 0.15%, and the chromium from 0.20% to 0.10% will reduce the extrusion pressure by 15.2 
kPa (2.2 ksi) out of 896 kPa (130 ksi) on the average for the materials evaluated. This difference 
is well within the range of normal variation experienced between die sets or material lots, but as 
demonstrated earlier would increase by 15 to 25% the cost of the scrap charge required to 
achieve this reduction. If indeed necessary the same result could be achieved, for example, by 
reducing the silicon content by 0.07%, at essentially no cost--a far more practical solution. 

A similar case can be made using the compressive stress equation. Here, the effect of reduc- 
ing the residual elements on the compressive strength at 0.2 strain is less than 21 kPa (3 ksi). 
Once again, both are well within the range of normal variation and of limited significance rela- 
tive to improving formability. 

Another material based factor that often comes to the forefront when discussing cold form- 

*Modified from original investigator's finding to include copper. 
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ability is the strain hardening exponent. No correlation has been shown between the strain 
hardening exponent and composition [8]. 

There appears to be very little evidence, empirical or otherwise, to warrant unduly restricting 
residual alloy content as a means of improving cold formability. In fact, one could argue that 
there is evidence to the contrary. More facile solutions such as principal element control, hard- 
ness, or thermal treatment control should be considered. 

Restricting Residuals for Hardenability Control? 

Just as modern steelmaking has caused changes in prime scrap availability and residual ele- 
ment profiles, it has also made possible substantial improvements in hardenability control. His- 
torical practices of hardenability control need to be re-examined to capitalize on this change 
and once again avoid unnecessary costs. 

Since as early as 1935 and before, engineers and metallurgists have been attempting to pre- 
dict the hardenability of steel from its composition. In 1942, Grossman [10] proposed a method 
of hardenability calculation (DI) that was based upon carbon content, grain size, and a series of 
multiplying factors that represented each element's contribution at a specific level toward in- 
creasing hardenability. During the period 1942 through 1946, many investigators [11] modified 
and improved on the accuracy and predictability of his concept, and as an engineering concept 
it is still widely accepted today. 

In 1938, Jominy and Boegehold [12] introduced the end quench hardenability test. which is 
familiarly known as the Jominy test after one of its inventors. This test, which correlates cooling 
rates in a test sample with cooling rates in various size steel bars, has been adopted as what 
might reasonably be called the "standard" way of measuring and specifying hardenability and 
is in fact used throughout the world. 

As might be expected, considering the ingenuity of the technical mind, over a period of time 
many investigators developed correlations between the calculated D~ and the measured Jominy 
test, and prediction of Jominy test results became plausible. Within certain constraints these 
methods of hardenability specification can be used interchangeably [11]. In other words, know- 
ing the Dl makes possible calculating or specifying the Jominy hardenability or knowing the 
Jominy hardenability makes possible calculating the D~. 

In our current era, with the availability of computers and the ability to manipulate and ana- 
lyze large volumes of data through regression analyses and other methods, these correlations are 
not only plausible but much more accurate [11]. Their accuracy has been largely achieved 
through the enhanced ability to compute the multiplying factors associated with each element of 
composition used to calculate the D~. One series of D~ calculations is contained in ASTM 
Method for End-Quench Test for Hardenability of Steel [A 255-67 (1979)]. 

In carbon steels, hardenability control is frequently given as the reason for restricting residual 
elements. If hardenability control is the sought-after end point, it stands to reason that harden- 
ability limits might be a more appropriate point of control. The question, however, frequently 
arises as to how to specify the hardenability. The answer has been provided by Grossman and 
his successors. 

The predominant influence on hardenahility is exerted by the predominant elements in car- 
bon steel, carbon and manganese, and these should be the main elements of concern. But, since 
hardenability is influenced, as discussed above, by the total chemical content, all elements must 
be taken into consideration. The DI concept accomplishes this. With Dt control in the offing 
allowing the steelmaker the option of total chemistry control rather than just residual control 
seems appropriate. 

There is a dividend here for the consumer, which is brought into play by technology. Steel- 
makers today, through the use of modern steelmaking methods and ladle metallurgy, have the 
ability to control accurately the additive elements of carbon, manganese, and silicon within 
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relatively narrow ranges. This ability offers exceptional assurance that the hardenability control 
desired, which is readily calculated from the ladle analysis, will be met on a repetitive and con- 
sistent basis without unnecessarily or uneconomically restricting residual elements. 

Summary 

The changing profile of the steel industry has resulted in a substantial increase in the cost of 
making steel to standards that  were developed based on entirely different methods of manufac- 
ture than those existing today. Just as open hearth furnaces replaced the bessemer converter, 
and the basic oxygen process replaced the open hearths, the character of the steel produced in 
electric furnaces is different than that of its predecessors. For the health of our manufacturing 
sector we absolutely must re-examine the reasons for restricting residual elements and the costs 
of doing so. We must assure ourselves that  these restrictions are functional necessities and not 
just characterization of products of an era gone by. The price to be paid by our society to pre- 
serve that era without proper cause and justification may potentially result in curtailing our 
industrial base by rendering our products non-competitive in world markets. That  certainly is 
not in our best interest and any factors hinging on that possibility need to be reviewed, Restric- 
tion of residuals is one such factor. 

This review is of necessity brief and could well encompass the content of several volumes; it is 
intended as food for thought and to foster a re-examination of specifications and ordering prac- 
tices in light of changing technology and economic realities. 
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ABSTRACT: Investigations carried out by several institutions under Projects RP559, RP2060, 
RP1403, RP2741 for the Electric Power Research Institute, Palo Alto, CA, resulted in a 3.5% 
NiCrMoV steel completely free from temper embrirtlement as a material for low pressure rotors 
but also for combination proberty rotors, for example, integral high-pressure low-pressure (HILP) 
rotors for future steam plants. This steel contains very low percentages of residual elements in- 
cluding sulfur and phosphorus, and its contents of aluminum, silicon, and manganese are also 
very low. 

The main problem in producing such a steel on an industrial scale is gaining a sufficiently low 
oxygen content as a precondition for successful desulfurization and high cleanliness. This situa- 
tion is only possible by applying ladle refining techniques. Two model rotors of this "super clean 
steel" were produced and tested. The tests proved complete resistance to temper embrittlement. 

As an approach for further process development and for the economic production of "super 
clean steels," the mechanism governing the deoxidation was investigated in detail by means of 
trial heats. The influences of the composition of process slags and the influence of the ladle linings 
were examined. The deoxidation was found mainly to be based on steel-slag reactions. The mini- 
mum oxygen content achievable in the steel is limited by interactions between ladle linings and 
melt, which create a dissociation of the linings and an oxygen supply to the liquid steel. 

KEY WORDS: forging, steam turbine, melting, temper embrittlement, 3,5% NiCrMoV steel, 
turbine rotor forging, ladle refining, slags, ladle linings, desulfurization, deoxidation 

Modern  ladle refining processes, using a combina t ion  of ladle furnace and  vacuum degass- 
ing, are a powerful tool to meet  steadily increasing requi rements  for chemical  composi t ion and  
cleanliness of special steels. Therefore,  these processes are a field of steady development  a iming 
at an  increase in the reproducibi l i ty of exist ing processes and  new or improved produc t  proper-  
ties [1], for instance,  be t ter  mechanica l  properties,  h igher  cleanliness, or be t ter  corrosion 
resistance. 

An example is the development  of a process for the product ion  of the so-called " supe r  c lean"  
rotor. To increase the the rmal  efficiency of s team turb ines  in the future,  increasing the operat-  
ing t empera tu re  of the low pressure rotor  f rom today's  350~ up to 400 to 450~ will be neces- 
sary. But,  because of isothermal  t emper  embr i t t l ement ,  conventional  3 ,5% NiCrMoV steels 
cannot  be used within this t empera tu re  range.  Investigations recently conducted for the  Electric 
Power Research Insi tute  (EPRI)  by several universities and  companies  resulted in the  develop- 
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ment of a super clean 3,5% NiCrMoV steel for low pressure rotors free from temper embrittle- 
ment. This steel contains very low percentages of aluminum, silicon, manganese, phosphorus, 
and sulfur [2-6]. Its aim composition is shown in Table 1. To prove the production capability 
and to verify the laboratory results on a production scale, Vereinigte Edelstahlwerke (VEW) 
fabricated and tested a 23 metric ton model rotor. The actual composition of this trial rotor is 
also given in Table 1. An extensive test program was carried out with material from this forging 
[2, 7]. The results of step cooling and lengthy ductility tests proved a complete resistance to 
temper embritt lement.  In other words, the first 3,5% NiCrMoV rotor without any tendency to 
temper embrit t lement was produced. The fabrication of a second rotor confirmed the applied 
refining process and the results with respect to temper embrit t lement to be reproducible. 

Although successful, the melting and refining procedure for the production of the first super 
clean rotors was mainly developed empirically. The objectives of the work presented in this 
paper were (1) to understand better the theoretical background of the process, (2) to develop a 
tool to improve the reproducibility of the results, and (3) to lower the production process cost by 
shortening refining time. 

The main problem in refining such steels is to adjust a sufficiently low oxygen content, on the 
one hand to have a good precondition for desulfurization, and on the other hand to get a steel 
with high cleanliness without using silicon, manganese, or aluminum. Therefore, the produc- 
tion of super clean steel for the melting metallurgist is mainly a problem of deoxidation. So, the 
subject of this research and development work is finally to understand and improve the deoxida- 
tion process under the discussed preconditions. 

Experiments 

All experiments were carried out on production heats. The equipment  used and the produc- 
tion step sequence are shown in Fig. 1. 

The electric arc furnace has a power supply of 25 to 30 MVA and a capacity of SS metric tons. 
The ladle furnace is equipped with a 6-8 MVA power supply. Stirring is done by an electromag- 

TABLE 1--Aim and actual chemical composition of  
the first super clean prototype rotor. 

Element Aim, % Actual, % 

c 0.27 0.30 
Si 0.02 0.03 
Mn 0.02 0.02 
P 0.002 0.0024 
S 0.001 0.001 
Cr 1.65 1.68 
Mo 0.45 0.41 
Ni 3.50 3.44 
AI <0.005 0.005 
As < 0.002 0.0024 
Cu <0.05 
N 0.0050 0.0044 
Sn < 0.002 0.0032 
V 0.10 0.09 
W <0.01 
O 0.~25 0.0027 
Sb < 0.002 < 0.005 
H (ppm) 0.S 0.7 
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electric arc furnace tadle furnace vacuum tank 

induction porous plug 
coil 

forging ingot 

i 

FIG. 1--Equipment and sequence of procedures used for the production of "superclean steel" heats. 

netic stirrer. Reheat ing rates of S ~  can be achieved. A vacuum t ank  is used for vacuum 
t rea tmen t  of the l iquid steel in the  ladle. Here the  melt  is st irred by argon gas in t roduced  
through a porous plug in the  center  of the  bo t tom of the  ladle. The m i n i m u m  pressure t ha t  can 
be achieved in the t ank  is 102 Pa. 

The  applied procedure  consists of mel t ing down and  dephosphor iza t ion  in the  electric arc 
furnace with subsequent  t app ing  and  heat ing  in the ladle furnace under  a special process slag. 
Dur ing this  step, the  mel t ' s  oxygen activity and  the  slag's iron oxide content  are r emarkab ly  
reduced.  Dur ing  the  second step of the ladle refining procedure,  the  vacuum t rea tment ,  a fur- 
ther  decrease of the  mel t ' s  oxygen activity takes place connected with a desulfurizat ion of about  
70% [8]. Sometimes an  addi t ional  heat ing  is necessary, bu t  normal ly  the  hea t  is ready af ter  
vacuum t rea tment .  

The results presented in this  paper  were ob ta ined  from 3,5 % NiCrMoV steels as well as f rom 
similar types of heat  t rea tab le  steels. All melts  used for the trials were s tar ted wi thout  manga-  
nese, silicon, and  a l u m i n u m  addit ions.  After having ob ta ined  the  desired low sulfur and  oxygen 
contents  the  melts  were normal ly  alloyed and  bo t tom poured.  

After t app ing  the  heat  f rom the electric arc furnace  several t imes dur ing  ladle heat ing,  before 
and  after vacuum t rea tment ,  oxygen activity was de te rmined  by means  of E M F  measurement .  4 
Simultaneously,  steel and  slag samples  were taken  out  of the ladle for chemical  analysis. For the  
trials, bo th  dolomite and  a lumina  lined ladles were used. 

4This measurement is carried out by immerging an EMF probe, fixed on the tip of a lance, in the liquid 
steel. This probe consists of a solid-state electrolyte with a reference substance (that is, a substance with a 
defined oxygen potential, in our case a mixture of chromium and chromium oxide) and a molybdenum pin 
providing an electrical contact to the melt. According to the oxygen activity and temperature of the liquid 
steel, a voltage between liquid steel and reference substance occurs and is measured by means of a recorder. 
This way of oxygen determination is state of the art. EMF probes are supplied by several producers. 
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R e s u l t s  a n d  D i s c u s s i o n  

As shown in Table 1 the super clean rotor contains only 0.005% of aluminum. Nevertheless, 
there exists a theory [9] that even this low aluminum content is responsible for the deoxidation 
of such steels. It is argued that steels, after treatment in the ladle furnace, always contain some 
calcium so that deoxidation products are not pure alumina, but calcium aluminates. In case of 
calcium-aluminate formation the equilibrium oxygen-aluminum is shifted towards lower oxy- 
gen content in the melt as shown in Fig. 2. This figure shows the deoxidation constant against 
temperature according to several authors. The full lines are the deoxidation constants measured 
by several authors for pure alumina formed after deoxidation [10-13]. The dashed lines are 
values for the case that calcium aluminates are formed, evaluated by Schwerdffeger [14] and 
Turkdogan [9]. The deoxidation constant is lowered considerably and, therefore, oxygen activ- 
ity below the normal aluminum deoxidation equilibrium should be possible. This occurrence is 
only possible if both the slag and the ladle linings consist of components with sufficiently low 
alumina activity. 

Therefore, the composition of the slag used during the ladle refining process obviously is of 
outstanding importance. To evaluate this influence of the slag on the refining process, trials 
with three different slag types according to Table 2 were carried out. 

Fig. 3 shows the results of these trials [15]. The representation used for this figure has the 
advantage that it makes possible the comparison of the deoxidation effect in melts even with 
different aluminum contents. In the as-tapped condition all trial heats had high oxygen activity 
and low aluminum contents. After the ladle heating period, in most cases the equilibrium line 
was passed and oxygen activity under the normal aluminum oxygen equilibrium was estab- 
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FIG.  2--Deoxidation constant for aluminum and calcium-aluminum deoxidation according to difJerent 
authors [9-14]. 
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TABLE 2--Chemical composition of applied slag types. 

Slag Type % CaO % AlzO 3 % MgO % SiO2 % CaF, 

1 46 to 60 18 to 28 S to 13 2 to 15 l to 3 
2 49 to 55 7 to 16 7 to 14 7 to 14 6 to 15 
3 47 to 54 4 to 7 7 to 10 6 to 16 18 to 27 
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FIG. 3--1nfluence of a lime-alumina (Type l), a lime-alumina-fluorspar (Type 2) and a lime-fluorspar 
refining slag (Type 3) on the effect of  the ladle refinbzg process. 

lished. No significant difference between the three slag types was observed. This changed after 
the vacuum treatment.  Nearly no deoxidation effect took place in melts treated under slag Type 
2. A slight deoxidation effect was found in melts treated under pure lime fluorspar slags (Type 
3); the most effective deoxidation was observed under calcium aluminate slags (Type 1). Ac- 
cording to the theory discussed before [91, in most of these heats oxygen activity below the nor- 
mal aluminum-oxygen equilibrium was found. Because of these results, all further trials were 
carried out only with calcium aluminate slags. 

If indeed the deoxidation by aluminum is the governing process, lowering the oxygen activ- 
ity should not be possible after having established a value according to the aluminum-oxygen 
equilibrium (full line in Fig. 3) when alumina lined ladles are used. Surprisingly, even under 
such conditions a further decrease of oxygen activity can be obtained by further heating or 
vacuum treatment,  but this decrease always entails an increase of a luminum content in the melt 
(Table 3). 

This increase of the a luminum content can only be caused by dissociation of the alumina in 
the ladle lining, because such aluminum pickup is not observed in heats refined in dolomite 
lined ladles under the same slag type. Furthermore,  dissociation of the ladle lining also entails a 
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TABLE 3--Increase of  aluminum content during the refining process in 
alumina-lined ladles. 

43 

AI (actual), AI (computed acc. to 
T, ~ a o, ppm % the equilibrium), % 

After tapping 1650 113 <0.003 0.0007 
After ladle heating 1690 112 0.003 0.002 
After vacuum treatment 1615 22 0.006 0.005 

supply of oxygen to the melt as shown schematically in Fig. 4. A precondition for the progress of 
this reaction is that the oxygen activity of the melt is lowered to or under the oxygen-aluminum 
equilibrium by another mechanism. This figure also demonstrates that even dolomite linings 
will dissociate. But in this case, because of the high vapor pressure and the low solubility of 
calcium and magnesium in liquid iron, only the increase of oxygen and a slight increase of 
calcium can be detected [16-18].  This result happens at lower oxygen content of the liquid steel, 
to a lesser extent. Therefore, lower oxygen activity in dolomite-lined ladles can be obtained, 
which can be seen from the results shown in Fig. 5. 

These results are of outstanding importance for discussing the mechanism governing the de- 
oxidation. They indicate that a reaction other than a precipitation deoxidation by aluminum, 
specifically an interaction between steel and slag, is responsible for the oxygen content decrease 
during the ladle refining process for producing super clean steel. 

Figure 4 also indicates the basic reaction of this deoxidation by steel-slag reaction (diffusion 

ladle 
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FIG. 4--Scheme of  reactions discussed�9 
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deoxidation), which is the adjustment of an equilibrium between the iron oxide activity of the 
slag and oxygen activity in the steel. 

The equilibrium constant K o  for this reaction is equal to the saturation oxygen activity in an 
iron melt under a pure iron-oxide slag. Its value is given by Taylor and Chipman [19] 

6320 
= - -  + 2743 (1) Log [ao~. t] T 

[aoso,] = K o 

On the assumption that an inert melting pot is used (that is, there are no interactions between 
linings and liquid steel) and without taking into account kinetic effects, the iron oxide activity 
aFeo. of the slag can be computed from Eq 2 

[ao] 
(aveo,,) -- l%~ 

(2) 

where ao is the oxygen activity of the melt. 
The iron oxide content of the slag, %FeOo, can be determined by chemical analysis. It is 

linked with the iron oxide activity via the activity coefficientf according to Eq 3 
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(aFeo,,) ---- f (%FeO.)  (3) 

Equation 4 gives the resulting relation between ao and %FeO, 

[ao] = [ao,,,]f (%FeO,) (4) 

For the slag system in question, the value o f f  was evaluated by Gaye and Coulombet by means 
of thermodynamic calculations [20]. 

In Fig. 6 the results of our own measurements are compared with the theoretical function 
according to Eq 4, considering the results of Gaye and Coulombet. For slags with an iron oxide 
content between 1 and 1007o, a rather good correlation between the results of measurements and 
the theoretical function is evident. But, there is a sudden change if the iron oxide content in the 
slag is lowered under 1~ As Fig. 6 shows, a further reduction of the slag does not lead to the 
low oxygen activity that one would expect according to Eq 4. In some cases, even a slight in- 
crease can be observed. Apparently the activity coefficientf increases with decreasing iron oxide 
content in the steel melt. In processes taking place in alumina lined ladles, this increase is more 
distinct than in those performed in dolomite ladles. In discussing this effect one must necessar- 
ily take in consideration (1) the above discussed equilibrium between steel and slag, (2) the 
interactions between steel and ladle lining, and (3) kinetic aspects of the transportation of oxy- 
gen in the slag layer. 

As shown above, a decreasing oxygen activity in the melt creates an increasing oxygen supply 
rate to the steel originating from the dissociation of the linings (Fig. 4). This oxygen supply at 
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least has to be compensated for, but preferably exceeded by, the transportation rate of oxygen 
from the melt to the slag to achieve or maintain the desired low oxygen activity in the liquid 
steel. 

A model for the oxygen transportation mechanism in the slag was evaluated by Engell [21], 
and Schwerdffeger and Seshadri [22] for the oxidation of the steel in the open hearth furnace, 
and it is based on the oxidation of bivalent iron ions in the slag to trivalent ones. We propose to 
apply this model also on the deoxidation of steels by steel-slag reactions as indicated in Fig. 4. 
This implies that a decreasing amount of iron oxide ions in the slag diminishes the portion of 
trivalent ions and consequently the rate of oxygen transportation remarkably [21]. So there are 
two opposing reactions: (1) for thermodynamic reasons a low iron-oxide activity in the melt is 
necessary due to the desired low oxygen activity in the steel, and (2) for kinetic reasons a certain 
iron-oxide content in the slag is wanted due to a high transportation rate of oxygen ions in the 
slag layer. 

Therefore, under highly reduced slags, an oxygen activity in the melt on a higher level than 
expected according to Eq 4 is established. For the approach in question, this entails a fictitious 
increase of the activity coefficientf and a slowing down or stopping or both of the deoxidation 
process. For steels free from aluminum and silicon, this will take place at an oxygen activity of 
about 35 ppm in alumina lined ladles and at about 10 to 15 ppm in dolomite lined ladles. 

General Conclusion 

The deoxidation of super clean 3,5% NiCrMoV steel is based on steel-slag interactions. Ac- 
cording to the thermodynamic equilibrium, even very low oxygen activities should be expected 
under highly reduced slags. In practice, the deoxidation effect is limited by interactions between 
ladle linings and melt, which create a dissociation of the linings and an oxygen supply to the 
liquid steel. This oxygen supply has to be exceeded by the transportation rate of oxygen through 
the slag. The finding that under highly reduced slags only a poor deoxidation effect takes place 
is explained by the model applied on the transportation of oxygen through the slag. This model 
is based on the presence of iron-oxide ions in the slag. So the iron-oxide content in the slag has 
to be carefully adjusted in the range of 0.8 to 1% to meet both the thermodynamic and the 
kinetic preconditions for a successful deoxidation. 
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DISCUSSION 

Harry W. Wolverton t (discussion question)--What was the  process pr ior  to the  ladle 
furnace? 

Wilfried Meyer (author's response)--The process was arc furnace.  

Harry W. Wolverton (discussion question)--What kind of dolomite ladle l ining was used? 

Wilfried Meyer (author's response)--A tar  bonded  with chromium magnesi te  in the  slag line 
used. 

G. S. Hartman z (written discussion)--The very low levels reported,  phosphorus  0 .002%,  sul- 
fur  0 .001%, residuals as t in and  arsenic below 0 .002%,  and  low silicon level, mus t  have re- 
quired extensive ladle deoxidat ion and  refining cycles. Did you remove the phosphorus  on the 
ARC furnace or ladle furnace  and  by what  technique?  Did you have to recarbur ize  or how did 
you pick up the extra ca rbon  content?  W h a t  was the total  ladle furnace t ime and  what  was your 
scrap to hot  metal  steel yield? 

Wilfried Meyer (author's response)--Removai of phosphorus  was carr ied out  in the  arc fur- 
nace by applying conventional  dephosphor iza t ion  practice.  As ment ioned  in the presenta t ion  it 
is necessary to adjust  a low level of FeO in the slag. For tha t  reason the slag was deoxidized by 
means of carbon powder, which finally caused a ca rbon  pick up in the melt.  These problems are 
meanwhile  settled. The  total  ladle furrlace t r ea tmen t  takes now about  2 h. The  scrap to hot  
metal yield is about  92%.  

~Quamex--MacSteel, P.O. Box 1101, Jackson, MI 49204. 
2A. Finkl and Sons Company, Chicago, IL 60614. 
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Effect of Total Residual Content 
(Cu+Cr+Ni)  on the Machinability of AISI 
1215 Steel 

REFERENCE: Yaguchi, H., Bhattacharya, D., and Yanase, M., Effect of Total Residual Con- 
tent ICu-t-Cr-t-Ni) on the Machlnabillty of AISI 1215 Steel, Residual and Unspecified Elements in 
Steel, ASTM STP 1042, A. S. Melilli and E. G. Nisbett, Eds., American Society for Testing and 
Materials, Philadelphia, 1989, pp. 51-66. 

ABSTRACT: The effect of total residual content (Cu+Cr-I-Ni) on the machinability of American 
Iron and Steel Institute (AISI) 1215 (UNS G12150) low carbon resulfurized free-machining steel 
was investigated jointly between Inland Steel Company in the United States and Nippon Steel 
Corporation in Japan. Three different machinability tests were used. At Inland, the automatic 
screw machine test using a modified version of the test method outlined in ASTM Method for 
Evaluating Machining Performance of Ferrous Metals Using an Automatic Screw/Bar Machine 
(E 618-81) was used. At Nippon, the automatic screw machine test with its own methodology and 
the cyclic plunge test were used. Three levels of total residual contents were obtained through 
addition of copper, chromium, and nickel in ingots. The amounts of these three elements were 
changed simultaneously to simulate practical conditions. The total residual contents obtained 
were 0.07, 0.20, and 0.28 wt%. The automatic screw machine test at Inland revealed that rough 
form tool life, based on part growth, deteriorates slightly when residual content is high. Poor 
surface finish is occasionally observed in medium and high residual content heats in the automatic 
screw machine tests carried out both at Inland and Nippon. On the other hand, no deterioration of 
surface finish was observed in the cyclic plunge test. Overall, the authors conclude the machinabil- 
ity of AISI 1215 steel deteriorates slightly when the total residual content becomes very high; how- 
ever, it is not affected significantly within the range of normal total residual contents observed in 
these steels made in the BOF, that is, 0.05 to 0.12%. 

KEY WORDS: machinability, free-machining steel, residual elements, chromium, copper, nickel 

Residual contents  such as copper,  ch romium,  nickel and  molybdenum in the Amer ican  Iron 
and  Steel Inst i tute  (AISI) 1200 series f ree-machining  steels are de te rmined  by the s tee imaking 
practice, especially by the a m o u n t  of scrap used. Thus ,  there  is likely to be different residual 
contents  in steels made  at different shops such as BOF or electric furnace.  This  s i tuat ion indi- 
cates the  necessity of knowing the effect of residuals on machinabi l i ty  in order  to compare ,  
without  any ambigui ty,  the machinabi l i ty  of steels made  at different shops and,  in par t icular ,  to 
optimize machinabi l i ty .  

There  is only a l imited n u m b e r  of investigations reported in the l i terature on the effects of 
residuals on the machinabi l i ty  of steel, except for some reports  on the  effect of copper.  Unfor tu-  
nately, however, the effect of copper is not  conclusive. Improvement  of machinabi l i ty  by add ing  
copper has  been  repor ted in AISI 1213 (UNS G12130) steel [I], in med ium ca rbon  steels [2,3] 

~Senior staff engineer and section manager, respectively, Inland Steel Company, Research Laboratories, 
E. Chicago, IN. 

2Researcher, Nippon Steel Corporation, Muroran Research and Development Laboratories, Muroran, 
Hokkaido, Japan. 
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52 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

and in sintered iron [4]. On the other hand, there are some reports indicating a negative effect 
of copper in AISI 12L14 steel [5]. 

The effect of other residual elements such as chromium, nickel, and molybdenum has been 
generally considered in terms of solid-solution hardening of steel [6]. The effect on machinabil- 
ity may be estimated using equivalent carbon content for hardening. Thus, residuals are ex- 
pected to improve machinability when equivalent carbon content is low but deteriorate when it 
exceeds the optimum content [6]. However, no experimental evidence has been reported on the 
machinability of low carbon free-machining steel except a short statement indicating a deterio- 
rative effect without showing experimental data [5]. 

In summary, no clear understanding of the effects of residuals on the machinability of low 
carbon free-machining steels has been obtained yet. Consequently, this investigation was car- 
ried out as part of a joint project between the Inland Steel Company in the United States and the 
Nippon Steel Corporation in Japan. 

Residual Levels Investigated 

To decide the residual levels to be investigated, the residual levels in recently analyzed pro- 
duction heats were compared. Table 1 summarizes the average contents of copper, chromium, 
nickel, and molybdenum and the sum of these four contents, standard deviation and number of 
heats observed. The steels included are those made at the No. 2 BOF shop and those at the No. 1 
electric furnace shop, both at Inland, and those at the BOF shop at Nippon's Muroran Works. 
All residuals in the steels made at the No. 1 electric furnace shop except molybdenum can be 
seen to be significantly higher than those in the other two. Between the steels made at BOF 
shops at Inland and Nippon, total content is similar, however, steels made at Nippon have 
higher chromium and nickel but lower copper than those made at Inland. The differences are 
statistically significant with more than 95% confidence for the three elements mentioned above. 
The molybdenum content is constant in all the heats analyzed. At this point, discussing the role 
of nitrogen is important. While the authors recognize that nitrogen has a significant effect on 
machinability and that the nitrogen content of steel made in an electric furnace in general are 
considerably higher than steels made in BOF, this investigation was especially directed at study- 
ing the effect of the residuals Cu+Cr+Ni.  Hence, nitrogen has not been included as a variable 
in this investigation. 

In this investigation, the authors decided to be pragmatic and study the effect of total residual 
content rather than the effects of individual elements. The content of each residual element is 

TABLE 1--Residual contents in production heats (wt%). 

Product Parameter Cu Ni Cr Mo Total 

Inland average 0.024 0.015 0 . 0 3 9  0 . 0 1 0  0.088 
BOF 0.008 0 . 0 0 5  0.010 0 0.016 

standard deviation 11 11 11 11 l 1 
number 

Nippon average 0.011 0 . 0 2 0  0 . 0 5 0  0 . 0 1 0  0.093 
BOF 0.003 0 0.013 0 0.013 

standard deviation 12 14 14 14 12 
number 

Inland Electric average 0.103 0 . 0 4 9  0 . 0 7 1  0 . 0 1 0  0.228 
Furnace standard deviation 0.042 0 . 0 0 8  0.020 0 0.047 

number 5 5 5 5 5 
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changed simultaneously. Three residual levels are included: the first sample contains the low 
residual level observed in steels made at the No. 2 BOF shop at Inland; the sample having the 
highest residual contents contains typical levels in steels made at the No. 1 electric furnace; and 
the sample with the medium level contains residual contents in between the above two. Since 
molybdenum does not vary significantly in the mill, it is not varied in this investigation. Nitro- 
gen is not varied for the reason mentioned above. 

Experimental Procedure 

Three levels of residual contents were obtained at the No. 2 BOF shop at Inland through the 
addition of chromium, copper, and nickel in ingots from an identical parent heat of AISI 1215 
(UNS G12150) steel having low residual contents. Chromium was added in the form of ferro- 
chrome containing 59% chromium. Copper and nickel were added as pure metals. One billet 
each from a middle ingot cut was hot rolled to 27-mm round bars in coils. The samples were 
then straightened and cold drawn to 25.4-mm round bars. 

Machinability was evaluated by three different tests: two different automatic screw machine 
tests at Inland and Nippon and a cyclic plunge test at Nippon. The automatic screw machine 
test methodology used at Inland is a modified form of ASTM E 618-81 as outlined elsewhere [7]. 
In this test, the rough form tool life based on part growth of 127 p.m or catastrophic tool failure 
was considered to be the major criterion, and finish formed surface finish was the minor crite- 
rion. Surface roughness was measured on six pieces, one from each spindle, and the average was 
calculated. The methodology of the cyclic plunge test developed at Nippon has also been re- 
ported [7]. In this test, machinability was evaluated mainly in terms of surface roughness by 
repeating a 2.8-s cut, followed by a pause of several seconds, repeated 800 times. 

The machine used for the automatic screw machine tests at Nippon was a six spindle 
Mitsubishi-Acme-Gridley machine. The part produced and the tool configurations used are 
shown in Fig. 1. The machining conditions are summarized in Table 2. Surface roughness on 
two rough formed surfaces at the first and second positions and two finish formed surfaces at 
the third and fourth positions were considered the major criterion, and were measured at 250 
part intervals. 

Results and Dlseusslon 

Properties 

Table 3 summarizes chemical analysis results. Chromium, copper, and nickel are noted to 
vary simultaneously as planned. Distribution of these elements was found to be uniform across 
the whole ingot. Total oxygen content is high and constant among the three heats. Figures 2 and 
3 show the effect of the total residual content (Cu+Cr+Ni+Mo) on mechanical properties of as- 
hot rolled bars. Table 4 shows hardness measurement results in cold drawn bars. Strength and 
hardness tend to increase slightly, and reduction in area decreases slightly with increasing total 
residual content. 

Four microsamples were made per each heat from cold drawn bars. No significant differences 
were observed in pearlite structure and grain size among the three heats. Quantitative analysis 
of manganese sulfide (MnS) inclusions was carried out using an optical automatic image analy- 
sis system (OMNICON) in the region 5-mm deep from the surface where a rough form tool in 
the Inland automatic screw machine cut. The results are shown graphically in Figs. 4 and 5. 
There is a trend that inclusion size decreases and aspect ratio increases with increasing total 
residual content. 

Oxide inclusions were observed qualitatively in the scanning electron microscope to detect 
any residual elements. As shown in Fig. 6, chromium is observed occasionally in oxide inclu- 
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FIG. 1--Schematic illustration showing the cutting process used for the automatic screw machine test at 
Nippon Steel 

sions. On the contrary, copper and nickel are not observed in any oxide inclusions. The pres- 
ence of chromium in oxide inclusions may indicate some deoxidation by chromium although the 
total oxygen content is constant among the three heats. Smaller and more elongated inclusions 
in high residual heats support this argument because MnS inclusions are known to become 
smaller and more elongated with decreasing oxygen available during solidification [for exam- 
ple, 8-11]. However, deoxidation effect by chromium, if any, is expected to be small, and the 
effects on machinability might be more complex because chromium is occasionally observed in 
sulfide inclusions. 

Machinabi l i ty  

Table 5 summarizes the automatic screw machine test results obtained at Inland Steel. Fig- 
ures 7 and 8 show the effect of total residual content on tool life. At the cutting speed of 1.29 
m/s, tool life slightly deteriorates in the high residual content" heat, with the other two being 
essentially equal. On the other hand, at 1.44 m/s the medium residual content heat has the best 
results, although they are not conclusive due to the limited number of tests. Figures 9 and 10 
show the effect on finish formed surface roughness measured at the end of tests. Poor surface 
finish is occasionally observed in medium and high residual content heats. 

Observing tool wear and built-up edge (BUE) on the rake face of the form tools after comple- 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



YAGUCHI ET AL. ON MACHINABILITY 55 

TABLE 2--Machining test conditions. 

Inland Nippon 
Automatic Screw Cyclic Plunge Automatic Screw 

Machine Test Test Machine Test 

Tool HSS (AISI-M2) HSS (JIS--SKHS7) 

Cutting speed, 1.29 and 1.44 1.33 
m/s 

Feed, mm/rev 0.074 0.05 

HSS (JlS-SKH57) 

rough (Positions 1 & 2): 1.42 
finish (Positions 3 & 4): 0.90 

rough: 0.05 
finish: 0.03 

Cutting fluid straight oil straight oil straight oil 
no additives Cl: 2.5% 

S: 2.0% 
temperature: 25~176 

Criteria (l) Part Growth surface roughness, Surface Roughness, Rz" 
of 127/~m Rz and tool wear 

After 800 cycles 
(2) Surface 

Roughness, Ra 

Others ASTM E 618 width: S mm 
Part cutting time: 

2.8 s/cut 

~Rz: difference in the third highest peak and the third lowest groove observed within the predetermined 
length of surface. 

tion of each test reveals a very large BUE in one of the tests used for the low residual content 
heat at the cutting speed of 1.29 m/s ,  Test 327. A photomicrograph showing the rake face of the 
rough form tool used for this test and that  for the comparison test (No. 326) are shown in Fig. 
11. Poor rough formed surface finish in Test 327, Table 5, supports the idea that the large BUE 
is not an artifact but existed during machining. Although tool life and finish formed surface 
finish are not affected significantly in this instance, the presence of the large BUE may suggest 
that this steel is too " g u m m y , "  which is detrimental in many instances. 

Figures 12 through 15 show surface roughness measurement results obtained from the Nip- 
pon automatic screw machine tests. On rough formed surfaces at the first and second positions, 
surface roughness is not affected by total residual content. However, on finish formed surfaces 
at the third and fourth positions, elevated residual content heats occasionally show inferior sur- 
face finish. 

Figure 16 shows the cyclic plunge machinability test results. As can be seen, no effect of total 
residual content is observed in this test. 

From the observations mentioned above, we summarize that within the range of normal re- 
sidual contents generally observed in the steels made at BOF shops, that is, 0.05 to 0.12% in 
total content, machinability is not affected significantly. It also appears, however, that the tool 
life of AISI 1215 steel may be improved slightly with increasing residual contents to approxi- 
mately 0.2% in total content, although surface finish would deteriorate occasionally. Further  
increases in total residual contents reduce tool life and occasionally deteriorate surface finish. 

There is a possibility that a slight improvement of tool life can be explained in terms of opti- 
mum equivalent carbon content as reported by Murphy [6]. This explanation is supported by 
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FIG. 2--Ef fect  o f  residuals on tensile strength. 
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TABLE 4--Hardness of samples, HV. 

Distance 
from Center 
edge, mm 1 3 5 7 9 II 12.5 11 9 7 5 3 1 Avg. 

Low 185 182 182 185 183 186 178 188 178 185 186 185 185 184 

Medium 189 187 187 186 186 186 185 182 183 194 187 187 191 187 

High 185 187 183 189 186 188 191 187 179 182 186 189 189 186 
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FIG. 4--Effect of residuals on MnS inclusion size. 

the presence of large B U E  in the low residual content  heat ,  As expected f rom this  theory, a 
fur ther  increase in residual  content  decreases tool life. On the  other  hand ,  deter iorat ion of sur- 
face finish most  likely results f rom some other  factor  such as smaller  and  more e longated sulfide 
inclusions. 

C o n c l u s i o n s  

The effects of total  residual content  ( C o + C r + N i )  on the machinabi l i ty  of AISI 1215 steel 
were investigated using three machinabi l i ty  tests. The  following conclusions can be ob ta ined  as 
a result  of this investigation. 

1. The  au tomat ic  screw machine  test  revealed tha t  rough form tool life based  on par t  growth 
deteriorates when residual content  is high. 

2. Poor surface finish is occasionally observed in med ium and  high residual content  heats in 
the  au tomat ic  screw machine  tests. 
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FIG. 5--Effect of residuals on MnS inclusion aspect ratio. 

FIG. 6--Typical oxide inclusion containing chromium in the steel having medium residual content: (a) 
Optical microscopy, (b) SEM observation. 
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TABLE 5--Machinabili ty test results. 

Rough Form 
Speed Residual Tool Life 

m/s  Content Heat Test Hours 

Rough Formed 
Surface 

Roughness 
Ra, #m 

Finish Formed 
Surface 

Roughness 
Ra, #m 

1.29 

1.44 

Low 46754 327 + 8 
Low 46754 377 + 8 

Medium 46753 326 + 8  
Medium 46753 378 7.9 

High 46755 328 5.8 
High 46755 376 7.7 
Low 46754 380 2.5 
Low 46754 400 4.3 

Medium 46753 379 7.5 
Medium 46753 415 6.0 a 

High 46755 381 5.5 
High 46755 401 3.9 

9.2 
7.4 
6.9 
6.0 
5.5 
6.1 
5.5 
4.7 
6.0 
5.3 
5.7 
5.6 

2.9 
3.1 
4.6 
4.3 
3.1 
4.6 
3.1 
3.1 
2.9 
4.5 
3.8 
3.3 

"Estimate (The test was stopped because of being out of material). 
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FIG. 7--Effect  of  residuals on tool life at the cutting speed o f l . 2 9  m / s  (254 sfm) in the automatic screw 
machine test at Inland Steel. 
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FIG.  8--Ef fect  o f  residuals on tool life at the cutting speed o f  1.44 m / s  (280 sfm) in the automatic screw 
machine test at Inland Steel. 
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in the automatic screw machine test at Inland Steel  
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FIG. lO--Effect of residuals on finish formed surface roughness at the cutting speed of I. 44 m/s (280 
sfm) in the automatic screw machine test at Inland Steel. 

FIG. l l--Rake face of the rough form tools used for the automatic screw machine test at lnland Steel: (a) 
test 327, note a large built-up edge: (b) test 326. 

3. The machinability of AISI 1215 steel is not affected significantly within the range of nor- 
mal total residual contents observed in the steels made in the BOF. 
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test at Nippon Steel. 
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at Nippon Steel. 
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DISCUSSION 

G. S. Hartrnan I (discussion questions)--Does Inland Steel use home scrap as the basic 
charge for the electric furnace (EF)? If so, is this the reason for the very low residual levels 
generally experienced there? Are normal EF residual levels using purchased scrap significantly 
higher? 

H. Yaguchi (author's response)--Yes, Inland Steel uses home scrap for at least 75% of 
charge for the electric furnace, and this is the reason for the low residual contents. 

E. L. Murphy 2 (written discussion)--In my opinion, residual contents of all those heats are 
low, although for this study they are designated low, intermediate, and high. EF steels, espe- 
cially those made mainly with purchased scrap, would probably have much higher total resid- 
uals. I believe the study would be more effective if there were more significant differences be- 
tween the low and high total residual contents. 

1t. Yaguchi (author's response)--This program was initiated to study the effect of residuals 
within the range Inland Steel and Nippon Steel generally produce. One of the major objectives 
was to see whether or not it would be necessary to take into account the difference in residual 
contents to compare the machinability of steels made at different shops at Inland Steel and 
Nippon Steel. 

G. F. Vander Voort 3 (written discussion)--In your initial comparison of BOF and EF steels, 
why wasn't  nitrogen included? The nitrogen content of electric furnaces steels is recognized to 
be about double of that  of BOF steels and, further,  that  nitrogen has a pronounced influence on 
machinability, particularly surface finish. 

11. Yaguchi (author's response)--The purpose of this investigation was to study the effect of 
residuals but  not to compare BOF and EF steels. The effect of nitrogen is fairly well known but 
not the effect of residuals. Further,  the effect of nitrogen is believed to be quite different from 
that of residuals. Thus, this investigation was initiated to study the effect of residuals excluding 
nitrogen. 

~A. Finkl and Sons Company, Chicago, IL 60614. 
2Engineering Materials and Processes, 2112 Poppyfield Place, Encinitas, CA 92024. 
3Carpenter Technology Corporation, Research and Development Center, Reading, PA 19612. 
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B. M. Glasgal 4 (discussion questions)--I have four items to cover; as follows. 

1. Whether  the EF steel was mechanical and evaluated was unclear. Only the base BOF 
material and two treated ingots results were discussed. 

2. If carbon equivalency (CE) is the control parameter for machinability, what CE value is 
now used, and are adjustments made during melt to achieve the CE? How? What  is the control 
range? Might there be more important  parameters? 

3. What  is the CE calculation formula? What  were the CE of the steel evaluated? 
4. The high residual ingot carbon analysis was 0.01% greater than the other two ingots. How 

do you account for this? How do you predict this occurrence if CE control is required? 

H. Yaguchi (author's response)--In response are the following comments. 

1. EF steels were used to determine the contents of residuals to be investigated; they were not 
tested. 

2. No at tempt is made to control CE. Further,  the content of each element is controlled 
individually. What  we have suggested in this paper is that the effect of residuals can be at least 
partially controlled by CE. However, residual contents generally observed in steels made in a 
BOF do not affect machinability significantly. Thus, trying to control residual contents in steels 
made in a BOF is not economical. 

3. The same as comment  2. 
4. The difference in carbon analysis of 0.01% is believed to be within experimental error. 

4LTV Steel, Massillon, OH 44646. 
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Inclusion Control in Calcium Treated 
Steels 

REFERENCE: Saleil, J., Leroy, F., Gaye, H., and Gatellier, C., "Inclusion Control in Calcium 
Trealed Steels," Residual and Unspecified Elements in Steel, ASTM STP 1042, A. S. Melilli and 
E. G. Nisbett, Eds., American Society for Testing and Materials, Philadelphia, 1989, pp. 69-79. 

ABSTRACT: Calcium alloys are widely used for controlling the composition and morphology of 
nonmetallic inclusions (oxides and sulfides). By fine-tuning the calcium treatment, producing very 
clean steels with good fatigue limits is possible, as is improved machinability steels covering a wide 
range of machining speeds from carbide tool machining to ceramic tool machining. When produc- 
ing such steels the steelmaker faces a double problem: adjusting the quantity of calcium to the 
inclusions to be modified, and forecasting the partition of calcium between oxides and sulfides. To 
help the steeimaker, two developments were achieved. First was a thermodynamical model pre- 
dicting the partition of calcium between oxides and sulfides and the compositions of oxides. Sec- 
ond was the analysis of inclusions extracted from steel by nonaqueous electrolyte dissolution to 
check the model and to provide inclusion ratios like (Ca/AI)oxide and Casual to be correlated with 
steelmaking practice or a machinability index. 

KEY WORDS: calcium, cleanness, inclusion, machinability 

Calcium alloys are widely used in steelmaking to control the composition and morphology of 
nonmetallic inclusions (oxides and sulfides). However, this wide experience with calcium in 
steelmaking has shown that both thorough comprehension of how calcium acts in the melt and 
careful and controlled use of calcium bearing alloys are necessary to achieve the aimed metal- 
lurgical goals and avoid possible detrimental effects. This paper will deal successively with: 

(1) Calcium treatment and clean steel, 
(2) Calcium treatment and machinability, 
(3) Predictive model of composition of inclusions in calcium treated steel, and 
(4) Phase analysis of inclusions containing calcium. 

Calcium Treatment and Cleanness 

The reputation of calcium in respect to cleanness is not always very good, especially when 
fatigue life is involved. We intend to show that  such a matter should be carefully considered. 
For a clear understanding of the problem one should probably discriminate, if possible, be- 
tween the effect of composition of inclusions and the effect of size of inclusions. One should 
have in mind that occurrence of large globular inclusions is generally the result of an uncon- 
trolled calcium treatment  [1]. 

L Manager of process research development and manager of laboratory machinability, respectively, Asco- 
metal, Saint Etienne, France. 

2Section manager and researcher, respectively, Intitut de Recherche de la Siderurgie Franeaise, vole 
Romaine-S7210, Maizieres-les-Metz, France. 
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70 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

Calcium and Ball Bearing Steels [American Iron and Steel Institute--Society of 
Automotive Engineers (AISI-SAE 52100 [UNS G52986])] 

The phenomenon is well known, that the higher the tensile strength, the more calcium is 
suspected to be detrimental for fatigue life. This is the case for ball bearing steel with a tensile 
strength _> 2000 MPa. Figure 1 shows that globular calcium aluminate is very detrimental to 
fatigue life, which is partly a problem of size. We face here the difficulty of getting very small 
globular inclusions with calcium in conventional steelmaking. The figure also shows that, even 
if large calcium aluminates are avoided, fatigue life can be reduced by calcium-manganese sul- 
fides, which are at least as harmful as pure alumina. We meet here, for the first time, a perma- 
nent problem of the calcium treatment: the distribution of calcium between sulfides and 
oxides. 

Calcium and Steels for Carbo-Nitriding 

Calcium treatment is also suspected to be detrimental to the fatigue life of steels used for 
gears (Grade 4130 [UNS 641300], for example). The reason is that, after surface treatment, 
such steels have the same surface hardness as ball bearing steel. However, there is a big differ- 
ence: in the case of grades like 4130, surface treatment develops compressive residual stresses 
that can partly balance the effects of inclusions on fatigue life. 

According to this consideration, we designed for such grades a steelmaking process including 
final treatment with calcium. Such a treatment has the following characteristics: 

(1) Use of cored wire as calcium inoculator; 
(2) Use of low calcium containing alloy in the cored wire; and 
(3) Addition of calcium in a melt already as clean as possible, in a quantity proportional to 

the total oxygen content of the melt. 

Table I summarizes the characteristics of such a heat and shows a very good ratio for fatigue 
limit to tensile strength (o D/TS). This ratio is 0.475. If we check the position of the material 
described in Table 1 on the general diagram [2] giving fatigue limits versus tensile strength (Fig. 
2), we find that such heats can be in the upper part of the usual fatigue limits dispersion band. 
Apparently, calcium treatment can be used for highly stressed gear steels. 
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TABLE 1--Fatigue life (rotative bending tests) of 4130 calcium 
treated steel. 

Analytical characteristics l 

Mechanical ] after heat 
characteristic) treatment 
Fatigue life 
test (107 cycle) 

Ca ppm = 6 
S ppm -- 300 

AI ppm = 200 
O r ppm = 15 

T5 = 1690 M P a  
Y S  = 1 5 1 0  M P a  
oD = 8 1 0  M P a  

ao/Ts = 0.475 
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FIG. 2--Fatigue limit versus tensile strength for various steels [2]. 

Calcium and Steel for  Cold Upsetting 

These steels, mainly AISI-SAE 1010 (UNS G10100ob), have generally high aluminum con- 
tents, (0.050 to 0.080%). To present a high capacity of cold deformation they should also have 
[4] extra low sulfur (less than 50 ppm) and high cleanness-they should be free of alumina string- 
ers. A calcium treatment  is well suited for such grades to get rid of alumina stringers, provided 
that large calcium-aluminate inclusions are avoided. This t reatment  can be done with the same 
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72 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

operating practice as above. The above described applications emphasize that clean steel can be 
produced through calcium treatment, provided a very careful control of the treatment is 
performed. 

Calcium Treatment and Machinabillty 

We shall deal with construction steels containing aluminum for grain size control and a sulfur 
content of either 0.020 to 0.040% or 0.080 to 0.100%. Machining with carbide tools will be 
appreciated (with some particular remarks about machining with ceramic tools). 

When machining at high speed with carbide tools, the main factor governing machinability is 
the more or less abrasive nature of inclusions in steel. Alumina stringers are known to be very 
detrimental to machinability. A calcium treatment transforms alumina inclusions into calcium 
aluminates with a lower melting point and much less abrasivity, but the treatment should be 
thoroughly balanced to avoid formation of calcium sulfides or manganese sulfide containing a 
fairly high amount of calcium, which are nearly as abrasive as alumina. 

Figure 3 shows our results for steel having a sulfur content between 0.070 and 0.100%, with 
machinability depending on total aluminum content and the calcium to oxygen (Ca/O) ratio, 
where Ca is total calcium, that is, calcium in inclusions and calcium dissolved in steel, and 
oxygen is total oxygen determined by fusion analysis. With a too low calcium to oxygen ratio 
and high aluminum, inclusions are mainly alumina with a resulting poor machinability. With a 
too high calcium to oxygen ratio, oxides are well transformed but manganese sulfides become 
more substituted with calcium and machinability becomes poor again. With such grades cal- 
cium should be carefully adjusted to oxygen and sulfur content. Table 2 gives typical figures of 
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FIG. 3--Ef fect  o f  aluminum and calcium to oxygen ratio on machinability (construction steels with a 
sulfur level o f  O. 080). 
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TABLE 2--Steel Grade 4140: Sulfur content O. 080% and 
machinability (carbide tool) according to quality of 

Ca treatment. 

Poor Ca treatment (excess of CaS) 
Poor Ca treatment 

(insufficient modification of oxides) 
Optimum Ca treatment 

V2o = 170 m/min 
V2o = 140 m/rain 

V2o : 240 m/rain 

machinability for Grade 4140 (UNS G41400), according to the quality of calcium treatment. 
The results given in terms of V203 show that differences of up to 70% in machining could result 
from calcium treatment control. 

A more complicated situation occurs when maehining with ceramic tools (alumina). The 
same steel as above (4140 ealcium treated with S --- 0.080) with an optimum calcium treatment 
can be machined at a very high speed, up to 600 m/min, with sulfides produeing a lubricating 
layer on the tool. If we select the same kind of steel but with a lower sulfur level (S --- 0.030%) 
and try the same kind of machining with a ceramic tool, we observe even at low speed (250 
m/min) a progressive grooving of the tool: the cutting edge of the tool is progressively destroyed. 
The lower sulfur level probably hinders the formation of the isolating sulfur layer: calcium- 
aluminate inclusions come in contaet with the alumina tool and flux it. With these examples, we 
have demonstrated that with an adjusted calcium treatment at a sulfur level of 0.080% we can 
design a highly performing material in a wide range of machining speeds: from earbide tools to 
ceramic tools (with a lower sulfur level, S = 0.030%, the versatility of material is less with 
respect to machining speed). 

Fundamentals of Inclusion Control in Calcium Treated Steels 

We showed previously, with various examples, that a careful adjustment of the calcium addi- 
tion to the liquid steel was necessary to ensure the proper degree of transformation of primary 
oxide inclusions, and, in some cases, to avoid side reactions (for example, to avoid the precipita- 
tion of calcium sulfide inclusions in resulfurized steels). The main problem was how to predict 
and check the distribution of calcium between oxides and suffides. Methods for predictive cal- 
culations of composition were developed, together with chemical methods of phases analysis on 
inclusions extracted from steel samples. 

The Predictive Mode l  o f  Inclusion Composit ion 

These calculations are based on the most recent data obtained at Institut de Recherche de la 
Siderurjic Fancaise, (IRSID) on solubility products and on a slag model developed to describe 
the thermodynamic properties (component activities and phase diagram) of complex oxide sys- 
tems. The first type of calculation is illustrated in Fig. 4, which represents the computed equi- 
librium diagram for the Fe-AI-Ca-O-S system at 1600~ The right-hand diagram shows the 
composition of oxide inclusions as a function of aluminum and calcium activities in the metal. 
The left-hand diagram shows the conditions for calcium sulfide formation as a function of sul- 
fur activity. Similar diagrams have been drawn for steels containing silicon and manganese, in 
addition to aluminum and calcium. 

A second type of calculation is based on the analysis of a metal sample containing oxide and 
sulfide inclusions (that is, total contents in aluminum, manganese, silicon, calcium, magne- 

~V20 is the speed of the carbide tool machining, which produces a tool wear of 0.4 mm in 20 min. 
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L4 ~JFe 110.10";3 2.10 "a "- 1 0 . ~  "J 6a. l tr~-  t.'~"J ?~ 

FIG. 4--Equilibrium diagram for the Fe-AI-Ca-O-S system at 1600~ 

sium, oxygen, sulfur). The calculation consists of evaluating the composition and amounts of 
residual inclusions that may have been formed at treatment temperature and during subsequent 
cooling until the steel starts solidifying. The method makes use of a recurrent procedure for 
complex equilibria calculation, combining material balances and equilibrium constraints be- 
tween elements dissolved in liquid steel and liquid or solid oxides and sulfides. Although the 
method has been used mostly for calcium treated steels, it can be applied in a wide range of 
situations (for example, for silica-rich inclusions, alumina-silicates). 

Figure 5 shows the various steps of the calculation of inclusion composition. Typical results of 
the calculation for aluminum killed calcium treated steels show that for a given final composi- 
tion of the steel, the higher the treatment temperature, the higher the calcium oxide content of 
inclusions. Inclusions formed during calcium treatment have a substantially higher calcium 
oxide content than the ones precipitated during subsequent cooling from residual dissolved oxy- 
gen or reoxidations (assuming that these new inclusions are not reacting with the high tempera- 
ture ones). 

Some of these results are illustrated in Fig. 6, which shows the computed precipitation path of 
inclusions formed during the calcium treatment and subsequent cooling in a calcium treated 
4130 steel containing 0.02% sulfur. In this figure, the left-hand diagram represents the evolu- 
tion of the distribution, among liquid metal, of the remaining total calcium in oxide and sulfide 
inclusions, analyzed in the cast product. At this moderate sulfur content, calcium sulfide was 
precipitated only during the cooling. The right-hand diagram represents the calcium oxide and 
aluminum oxide contents of the inclusions precipitated at each moment during the treatment 
and cooling (solid lines), as well as the average contents in the inclusion population (dotted 
lines). These inclusions contain, in addition, around 9.5% silicon dioxide and 0.1% manganese 
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FIG. 6--Computed precipitation path of inclusions in a calcium treated 4130 steel. Cast steel composi- 
tion: O. 015% Al-0.38% C-O. 75% Mn-0.02% S-0.25% Si-35 ppm Ca-3O ppmO. Computed average compo- 
sition of oxide inclusions: 9. 4 % Si02-38, 8 % Al203-51.6 % CaO-O. 1% MnO. 
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FIG. 7--Aluminum oxide measured versus calculated. 
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FIG. 9--Calcium sulfide measured versus calculated. 
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oxide. The remaining dissolved oxygen (1.4 ppm at 1500~ would react at lower temperatures 
to form alumina, whereas the remaining dissolved calcium (2.8 ppm) would react to form cal- 
cium sulfide or manganese sulfide or both during steel solidification�9 

Phase Analysis  o f  Inclusions 

A method of extraction of inclusions by nonaqueous dissolution of the metal matrix was de- 
signed [5, 61. The extraction is followed by selective chemical analysis giving identification and 
quantification of the various phases: calcium in oxides; calcium in sulfides; silicon dioxide; 
aluminum in oxides; aluminum in nitrides and so on. The purpose of such a method is twofold. 
The first purpose is to check the validity of the above computation of inclusions compositions. 
Figs. 7-9 show a rather good agreement between chemical determinations (after inclusions ex- 
traction) and calculation for Aloxides, Caoxides , and Casulfides, 

The second purpose is to provide some typical inclusion ratios such as (Ca/Al)oxide and 
Casu~nd~ that could be translated in terms of steelmaking practice or machinability. For exam- 
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pie, Fig. 10 shows calcium sulfide content depending on Catota~ in steel. Such a diagram can be 
used to design a suitable calcium treatment  according to the aimed metallurgical goal. 

Conclusions 

Calcium treatment  is a powerful means to get the right inclusions that will confer high perfor- 
mance on steel. Such a t reatment  should be accurately designed and performed. The predicting 
model of inclusions and electrolytic extraction are two valuable means to secure a correct 
treatment.  
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P. A n d r e  Coulon I 

The Role of Trace Elements in a 
Martensitic 12% Chromium Steel 

REFERENCE: Coulon, P. A., "The Role of Trace Elements in a Martensltie 12% Chromium 
Steel," Residual and Unspecified Elements in Steel, ASTM STP 1042, A. S. Melilli and E. G. 
Nisbett, Eds., American Society for Testing and Materials, Philadelphia, 1988, pp. 83-99. 

ABSTRACT: The comparison of mechanical properties between a "super-clean" heat of a 12% 
chromium steel and a heat with an identical chemical analysis, but "industrially" produced, does 
not yield any definite differences. At most it can be ascertained that the "super-clean" heat dis- 
plays better ductility and impact strength while keeping a comparable strength to that of the other 
heats. 

The comparisons of structures are more interesting and give better results since the study 
showed (1) that trace elements, especially antimony, (comparison between castings 7-8 and 91) 
seem to be responsible for the embrittlement of austenitic intergranular boundaries and (2) that 
no brittle intergranular fracture has been noticed, which distinguishes this superclean heat from 
the others. Besides, the following comments may be made on superclean heat: (1) the carbides 
that are visible under the optical microscope (0.5 to I m) are still heterogeneously distributed and 
(2) few carbides are detected in the platelike crystals of martensite. 

The main characteristic of this clean heat is to provide a good impact energy and a low transi- 
tion temperature. For the more in spite of the very clear and relatively abundant precipitations of 
carbides and carbonitrides in the grain boundaries, no intergranular rupture as shown up during 
the scanning electron microscope (SEM) examination of the fracture surfaces. One can deduce 
from this, that the brittle intergranular ruptures observed in the case of heats 7-8 and similar heats 
are more as a result of the intergranular segregations of trace elements than that of carbides and 
earbonitrides derived from contents of carbon, nitrogen, neon, niobium, vanadium, and so forth, 
since all these steels undergo the same thermal treatments. 

But it clearly appears that the relationship between the content and distribution of these various 
carbides and the mechanical properties measured (creep, impact strength) is of prime interest for 
future research. This paper does not claim to establish this close relationship. Moreover, it is not 
absolutely certain that this study would be interesting to the mechanics specialist. A materials 
specialist might well have an opposed opinion. 

KEY WORDS: martensitic steels, steam turbines, turbine rotors, creep resistance, residual ele- 
ments, carbides 

"Super  critical" s team turbines with one or several super-heating stages use thermodynamic  
cycles with temperatures  of between 550 and 600~ at the high and intermediate pressure mod- 
ule inlets. The traditional low-alloy, chromium molybdenum-vanadium steel has an insufficient 
creep resistance at these temperatures.  Martensitic 12% chromium steels correspond better to 
the properties required for high temperature  rotors. There are certain grades of such steels 
available on the market ,  but  it is impossible to draw conclusions on their properties at the core 
of large forgings (barrel diameter  1400 mm) as such pieces have not yet been manufactured 

[1-71. 
A research program conducted by Alsthom and Creusot-Loire Industrie [8] has made it pos- 

sible to define a steel specifically intended for very large high and intermediate pressure rotors, 

~Research manager, Alsthom, Steam Turbine Department, Belfort, France. 
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84 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

taking into account  the inheren t  problems of the hardenabi l i ty  of such steels and  of their  struc- 
tura l  t rans format ions ;  this  steel nevertheless has  a notable  resistance to long- term creep. 

The objective of f rac ture  at  100 000 h under  a m i n i m u m  load of 180 MPa  at 550~ and  of 
100 MPa  at 600~ [8, 9] was achieved in condit ions s imulat ing the core of a 1400-mm-diameter  
rotor. 

The  steel p roduced  for the  m a n u f a c t u r e  of such pieces, possibly weighing in excess of 
30 tonnes,  should,  in order  to display acceptable  mechanica l  properties,  be derived f rom se- 
lected scrap so as to minimize residual elements  such as sulfur,  phosphorous ,  copper,  t in,  ar- 
senic, and  ant imony.  The  content  of such elements  in the steel should, however, be  "compat i -  
ble"  with industr ia l  know-how and  facilities and  with economic costs [10], the compromise  
lying in low but  not nil residual e lement  contents .  

In order to assess the  influence of such residual elements  a pure  heat ,  t ha t  is to say, virtually 
free f rom trace elements,  was carr ied out  in the laboratory.  This paper  deals with the compara-  
tive propert ies of a " s t a n d a r d "  heat  and  a " p u r e "  heat  for martensi t ic  12% chromium steel 
developed by Als thom and  Creusot-Loire  Indus t r i e  for t u rb ine  rotors  opera t ing  at  h igh 
tempera tures .  

General Research Program Objectives 

These objectives were as follows [8]: 

(1) m i n i m u m  mechanica l  propert ies  at  am b i en t  tempera ture :  tensile s t rength,  e longat ion,  
reduction in area,  impact  s t rength,  t ransi t ion tempera ture :  

(2) m i n i m u m  hot  ins tan taneous  tensile s t rength  at  550 and  500~ and  
(3) long-term creep and  elongat ion characteris t ics  on smooth  and  notched test  pieces at  tem- 

peratures  ranging  f rom 550 to 600~ 

Table  and  Fig. 1 show the  m i n i m u m  levels a imed for. 

TABLE l--Minimum levels aimed for. 

Rotor Barrel Diameter, 1400 mm 
1. On periphery of rotor, radial, and tangential directions 

UTS ~- 870 to 970 MPa 
Yield 0.002 = 670 MPa 
E > 12% 
RA > 32% 
Charpy V 20~ > 20 J ' cm 2 
FATT < +50~ 

2. Along rotor axis, longitudinal direction 
UTS : 890-950 MPa 
Yield ~ 650 MPa 
E > 12% 
RA > 32% 
Charpy V 20~ > 17.5 J-cm -2 
FATT < + 100~ 

3. At 550~ under instantaneous tensile stress 
UTS _> 480 MPa 
Yield 0.002 _> 400 MPa 

4. At 550~ rupture at 100 000 h >_ 180 MPa 
At 600~ rupture at 100 000 h > 100 MPa 
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FIG. l--Improved 12% chromium steel for rotors, lOS-h creep rupture. 

"Pure" Heat Procedure 

Table 2 gives the chemical composition of the "pure" or super clean heating (numbered 91) 
compared to five "standard" heatings (numbered 7, 8, 711, 721, and 731), which fulfill the 
objectives aimed for in Table 1. 

Remarks Concerning the "Super Clean" Heat 

The content at alloying elements "aimed for" (carbon, nickel, molybdenum, vanadium, 
niobium, nitrogen, and boron) corresponds to that of the optimal chemical analysis as defined 
by the program [8]. 

The content of trace elements "aimed for" (sulfur, phosphorus, copper, arsenic, tin, anti- 
mony, and aluminum) corresponds to the manufacturing possibilities of Creusot-Loire, imply 
who produced the steels. 

The silicon and manganese contents were deliberately reduced to very low levels; as for sili- 
cium, experience previously acquired had shown that its absence improved creep resistance. 

The same experiment had shown that steel containing manganese showed a certain sensitivity 
to embrittlement; however, manganese had a positive influence on hardenability over a great 
thickness. 

Program Carried Out 

The heats were produced by Creusot-Loire Industrie imply the resulting ingots were forged in 
2 heating stages at 1200 to 1250~ in bar form. The final coefficient of area reduction was 4, 
identical to that required for the rotor. 

Role of Heat Treatments 

Homogenizat ion Treatment  

Five treatments were tested (variations in temperature and time parameters) followed by cool- 
ing at a controlled rate (different cooling rates were used). 
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The tests were concerned with the following: 

�9 structures by micrographical examination; 
�9 the analysis of precipitates and inclusion by examination with a microprobe; the dissolving 

of vanadium and niobium carbides was quantitatively examined; 
�9 hardness measurements;  
�9 grain size and grain size variations; and 
�9 determination of point Ac3 generally at a temperature greater than 1000~ 

Quenching Treatment 

The following quenching rates were selected: 

�9 fast cooling, 2500~ simulation the outer surface of the rotor and 
�9 slow cooling 25~  air quenching, simulating the rotor core (%0 mm deep). 

The abundance of carbides and more particularly of pearlite in austenitic grain boundaries 
has motivated our search for a more efficient quenching process. Spray water quenching has 
been retained with a min imum cooling rate of 80~  at the core. 

Tempering Temperature 

The tempering procedure (holding for 5 h between 600 and 750~ with steps of 25~ was 
established. 

The examinations focused on the following: 

�9 hardness measurement  and 
�9 structures, using on scanning electron microscope (SEM), with determination of the quan- 

tity of pearlite and ferrite formed and appreciation of the role of their own structures: lamella or 
granular. 

Mechanical Tests 

The mechanical tests were as follows: 

�9 tension test at 500 to 550~ 
�9 tension test at room temperature,  
�9 impact test: impact strength transition curve with examination of fractures under the scan- 

ning electron microscope, and 
�9 selective creep/elongation tests on combined smooth and notched test pieces aiming for 

fracture times less than 20 000 h at temperatures of 550, 575, and 600~ 

Comparison of Results Between Standard and Super-Clean Heat Dilatometry 

Determination of Acl and Ac 3 

The tests were carried out in helium under the following conditions: 

�9 heating at a rate of 150~ -1 up to 1150~ 
�9 no holding at 1150~ and 
�9 cooling in air. 

Acl and Ac3 were determined in the usual way. 
The results (Table 3) do not show any significant differences between the standard castings 

and the super-clean casting. 
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TABLE 3--Transformation temperatures 
during heating. 

Heat Acl, ~ Ac3, ~ 

7 810 875 
8 810 875 

711 800 875 
721 810 880 
731 810 875 
91 820 890 

Determination of Transformation Temperatures During Quenching Isothermal 
Transformation Diagram [ 11] 

Tests Carried Out  

The complete isothermal transformation diagram was plotted from austenitisation of 1 h at 
AC3 q- 50~ To assess the effect of austenitisation temperature,  two test-pieces were austenit- 
ized at a higher temperature:  1 h at 1050~ one cooled at a rate of 25~ �9 h - t ,  and the other 
cooled at a rate of 50~ �9 h -1. 

Dilatometric tests were carried out in helium, and the heating rate V700 was approximately 
1500~ �9 h - I .  They were complemented by 

�9 HV 100 N hardness measurements and 
�9 micrographic examinat ion of structure after polishing and etching with CATELLA's  

reagent. 

Austeni t i za t ion  at "'Ac3'" -t- 50~ 

The main dilatometric test results are given in Table 4. The four diagrams are comparable.  A 
martensitic transformation takes place for very fast rates at approximately 300 to 350~ its 
temperature increases as V70o decreases. A transformation into ferrite + carbide takes place for 
VT00 : 10~  - I ,  the ferrite content is about 10% for Heats 721 and 731 with 0.20% niobium 
and from 40 to 50% for Heats 711 and 91 with 0.128% niobium. The contents of transforma- 
tion products become comparable when VT00 = 25~ "h - I .  

Hardnesses 

The averages of ten measurements taken on each test piece are given in Table 5. For the four 
castings, hardness decreases slowly when the quenching rate varies from 3 • 10 to 470~ �9 h - I .  
As soon as the transformation into ferrite + carbide starts hardness diminishes suddenly. For 
Heats 711 and 91 with 0.128% niobium, hardness tends to stabilize when VToo = 25~ h - I .  
For Heats 721 and 731 with 0.20% niobium, hardness continues to decrease with the quenching 
rate. 

The super-clean heat displays both the greatest hardness after fast quenching and the lowest 
after quenching at a rate of 12.5~ - l .  

Structures of the super-clean heat (91) compared with those of the standard heat (711) of 
comparable chemical composition. 

The following structures were found at the respective quenching rates of 

�9 3 • 10sC'h - I  martensite (Figs. 2a and 3a), 
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�9 470~  - I  martensite or bainite (Figs. 2b and 3b), 
�9 100~ �9 h - t  appearance of ferrite + bainite (Figs. 2c and 3c) 
�9 12 .5~  - I  ferrite + carbide + bainite (Figs. 2d  and 3d). 

All other parameters being equal, the carbonitrides observed in Heats 721 and 731 with a 
higher niobium content are finer and more abundant  than in Heat 711. Moreover, intergranu- 
lar carbonitrides are observed in Heat 731 with a high niobium and nitrogen content. 

The super clean heat (91) differs from the preceding ones by the greater size of niobium and 
vanadium carbonitrides and the lower relative density of these precipitates at quenching rates of 
less than 100~ �9 h -  i. 

At 1/700 = 100~ - h -  l, a fine and more abundant  precipitation is observed than for Heat 711. 
However, at V700 = 12.5~ �9 h -  z, the carbonitrides are coarser and denser grained in the super- 
clean heat than in Heat 711. 

Mechanical Properties of Steels After Quenching and Tempering 

General 

Plates from which the following specimens could be taken have been machined: 

�9 two high-temperature tension test pieces (550~ 
�9 two 20~ tension test pieces (Lo = 4d), 
�9 24 CV impact  strength test pieces of type longitudinal transverse orientation (LT), with 

length of test-piece parallel to length of bar  and notch parallel to transverse length of bar. The 
notch was made on outer surface side. The specimens were subjected to quenching with a hold- 
ing time of 5 h at 1050~ and cooling at a rate of either 2500~ �9 h -  ~, which simulates quench- 
ing at the rotor surface, or 80~ �9 h -n, which simulates quenching at the rotor core. Then they 
were tempered for 5 h at either 675 or 710~ (Table 6). 

The preceding comment  also applies to tension tests at 550~ Only the reduction in-area is 
improved by the absence of trace elements. Indeed, this reduction, which is 50% greater than 
that measured at 20~ is increased by 10%. 

The effect of trace elements is insignificant on ultimate tensile strength (UTS) and yield 
strength (YS) at 20~ very low on elongation at fracture, but may be quantified on reduction 
in-area. Reduction in-area is reduced by approximately 20% in presence of trace elements. 

Impact Test Results/Table 7) 

The improvement on impact  strength is appreciable on the outer surface of the rotor (energy 
at fracture doubled) for the super-clean heat. Likewise, it can be seen that for the same heat, 
fracture appearance transient temperature (FATT) or transition temperature decreases by ap- 
proximately 5 to 10~ Finally, the temperature at which the lateral expansion (LE) is equal to 
0.5 mm on the Charpy V test piece is decreased by 15 to 20~ 

Examination of  Fracture Surfaces under a SEM 

The fracture surfaces of Heats 711, 721, and 731 display the same features, whatever the 
tempering temperature may be. 

No intergranular  fracture was observed on Heating 711 after quenching at a rate of 
800~ �9 h - n  while after quenching at a rate of 2500~ �9 h -n brittle fracture was observed with 
cracks propagating intergranularly and transgranularly with cleavage facets. 

In the case of the so-called "c lean"  Heat 91, brittle fracture is systematically transgranular  
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with cleavage. Ductile fracture is transgranular in all cases. Air inclusions are fine and 
abundant. 

Structural Examination of Impact Test Pieces 

The structures obtained for Heats 711,721, and 731 after quenching at 80 and 2500~ �9 h - i  
differ by the abundance of carbides and carbonitrides in and between grains. A more abundant 
precipitation of fine carbides and carbonitrides occurs in grain boundaries during quenching at 
80~ .h - l  than during quenching at 2500~ "h - l .  However, the matrix of steel quenched at 
2500~ �9 h-1 and tempered has a higher content of fine carbides or carbonitrides. 

As regards Heat 91, grain boundaries are also marked by the precipitation of carbides and 
carbonitrides, whatever the quenching rate may be. The precipitate in the matrix has a much 
lower density than for Heats 711,721, and 731. 

Creep Test Results (Partial) 

Three temperatures were retained: 550, 575 and 600~ with loads ranging between 160 and 
350 MPa. Test pieces of "notched and smooth" type, as shown in Fig. 4, were used. 

The two Heats anterior to Heats 711,721,731, and 91, that is, 7 and 8, which are very similar 
to Heats 711 and 91, reached a potential of 25 000-test-hours on 3/1/1987. Heats 711,721, and 
91 exceeds 16 000 h. 

Extrapolations were performed with the Larson and Miller parameter whose constant was 
chosen as equal to 25 [9,12]. 

Comparing the numerous test results acquired on Heat 7 and the partial ones obtained on 
Heat 711 shows great similarity, and it is even impossible to differentiate between the two. The 
fragmentary results of the "super-clean" Heat 91 seemed slightly greater, 5 to 10%, than those 
measured on 7 and 711 as shown in Table 8. 

Figure 5 reproduces the test results obtained and shows that it is impossible to isolate those 
relating to test pieces that have broken in the smooth section from those relating to test-pieces 
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FIG. 4--Creep test specimen. 
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TABLE 8--Creep resistance: fracture after lO s h at 550, 575, and 600~ 

Heat Range 550~ MPa $75~ MPa 600~ MPa 

Min 190 140 100 7/711 Max 245 170 130 
Min 200 145 110 91 Max 260 180 140 

MPa 

5 0 0  

4 0 0  

3 0 0  

2 0 0  

100  

�9 CASTING 711  �9 SUPERCLEAN CASTING 91 

3 0  

100  2 0 0  3 0 0  4 0 0  4 2 5  4 5 0  4 7 5  5 0 0  5 2 5  5S0  5 7 5  6 0 0  Temperature(~C) 

FIG. S-- Improved 12% chromium steel for  rotors, 105-h creep rupture. Creep test results after 16 000 h 
on Heats 711 and 91. 

that have broken in the notch. It is worth noting that for all the test pieces in the program there 
is a 50% probability of the first fracture occurring in the smooth section (and therefore 50% 
also of it occurring in the notch), and that the fracture time difference, converted into a temper- 
ature difference using the Larson and Miller parameter, does not exceed, under the same load, 
___9~ at 105h, -I-8~ at 104h, and _ 7 ~  at 103h. 

Finally, note the great dispersion of elongation and reduction in area at fracture, these two 
properties seeming to decrease as temperature or fracture time increases. Moreover, there is no 
noticeable difference between the values of ductility measured on the reference and on the su- 
per-clean heats. 

Summary 

The comparison of mechanical properties between a "super-clean" heat of a 12% chromium 
steel and a heat with an identical chemical analysis, but "industrially" produced, does not yield 
any definite differences. At most it can be ascertained that the "super-clean" heat displays 
better ductility and impact strength while keeping a comparable strength to that of the other 
heats. 
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The comparisons of structures are more interesting and give better results since the study 
showed the following: 

�9 that trace elements, especially antimony, are responsible for the embrit t lement of austen- 
itic intergranular boundaries and 

�9 that no brittle intergranular fracture has been noticed, which distinguishes this heat from 
the others. 

Moreover, the following comments may be made on Heat 91: 

�9 the carbides that are visible under the optical microscope (0.5 to 1/zm) are still heteroge- 
neously distributed. 

�9 few carbides are detected in the platelike crystals of martensite. 
�9 four types of carbide have been observed under the scanning transmission electron micro- 

scope with an X-ray analysis device (Table 9). 
�9 inclusions or carbides with a high niobium content, 
�9 Type-1 carbides with a high chromium content, 
�9 Type-2 carbides, coarser grained, with high iron and chromium contents, and 
�9 metastable carbides, with a high iron content that  precipitated during quenching at 

100~ �9 h - I ,  which dissolve by holding above 575~ and which actually are a cementite alloyed 
with chromium. 

It clearly appears that the relationship between the content and distribution of these various 
carbides and the mechanical properties measured (creep and impact strength) is of prime inter- 
est for future research. This paper does not claim to establish this close relationship. Moreover, 
it is not absolutely certain that this study would be interesting to the mechanics specialist. A 
materials specialist might well have an opposed opinion. 
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ABSTRACT: A correlation has been established between the scatter in Charpy and fracture 
toughness results of an ASTM Specification for Quenched and Tempered Vacuum-Treated Car- 
bon and Alloy Steel Forgings for Pressure Vessels (A 508-84a) Class 3 (UNS K12042) pressure 
vessel forging steel and the appearance of intergranular facets on the rupture surfaces of speci- 
mens tested at low temperatures. Extent of the intergranular rupture has been found to increase 
with prolonged aging at S00 to 550~ or following an embrittling treatment known as step cooling. 
Both intergranular rupture and the resultant increase in ductile to brittle transition temperature 
were reduced or eliminated by a de-embrittling treatment at temperatures ranging from 630 to 
660~ with optimum results obtained at 640~ Auger analyses carried out on specimens exhibit- 
ing cleavage and intergranular rupture have shown segregation of carbon, molybdenum, sulfur, 
and, in particular, phosphorus at the grain boundaries. 

A statistical analysis based on a local rupture criterion is used to describe the probability of 
intergranular and cleavage failures. Based on the observations made, the main cause of scatter in 
low temperature results is concluded to be heterogeneous segregation of impurities in thick sec- 
tions with a corresponding shift in ductile to brittle transition temperature. A slight increase in 
austenitization and de-embrittling temperatures is suggested in order to reduce segregation and 
improve toughness. 

KEY WORDS: pressure vessel, forging, plate, pressurized water reactor (PWR), A508-Class 3. 
A533B, temper embrittlement, residual elements, segregation, cleavage, intergranular, Charpy, 
toughness, axisymmetric specimens, auger spectroscopy 

More recent  pressurized water  reactor  (PWR) vessel designs have incorporated extensive use 
of large manganese-molybdenum-nicke l  steel ring forgings [ASTM Specification for Quenched  
and  Tempered  Vacuum-Trea ted  Carbon  and  Alloy Steel Forgings for Pressure Vessels (A 508- 
84a) Class 3 (UNS K12042)] [1-4]. This  use is due to the fact tha t  such designs offer a n u m b e r  of 
advantages  over the  conventional  plate [ASTM Specification for Pressure Vessel Plates, Alloy 
Stee|  Q u e n c h e d  and  Tempered ,  M a n g a n e s e - M o l y b d e n u m  and  M a n g a n e s e - M o l y b d e n u m -  
Nickel (A 533/A 533M-85b), B] designs. Specifically, the designs allow el iminat ion of longitu- 
dinal seam welds, which in tu rn  improves s t ructural  integrity and  ease of service inspection.  
However. with increased size of the  initial ingot (several hund red  tons) and  the subsequent  slow 
cooling imposed by thick sections, there comes inevitably the risk of micro and  macrosegrega-  
tion of some elements  with an  associated variat ion in mechanical  propert ies [5-10]. For in- 
stance, the steel's susceptibili ty to t emper  embr i t t l ement  could increase due to local segregation 
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and buildup of nonmetallic residual impurities such as phosphorus, arsenic, tin, and antimony 
at the grain boundaries [5-12]. As a result, control of minor and residual element concentra- 
tions and their distributions has a significant effect on the mechanical behavior of pressure 
vessels. 

In an earlier work we showed that microsegregation of residual elements, especially phospho- 
rus, was at the origin of the reversible temper embrittlement (RTE) susceptibility of ASTM A 
508-84a, Class 3 [5]. Also, the phenomenon was shown to be more marked in the coarse-grained 
simulated heat affected zones and that it could be deliberately accentuated through an embrit- 
tling treatment known as step cooling. Its main consequences were reported to be a rise in the 
ductile to brittle transition temperature (DBTT) along with a change in the low temperature 
fracture mode from cleavage to intergranular. The reversible nature of the phenomenon RTE 
was demonstrated by reheating above the critical temperature range (>600~ and rapidly 
cooling. This treatment produced a decrease in the DBTT, together with a reversion in the low 
temperature fracture mode from intergranular to cleavage. For more information on RTE and 
the effect of various parameters involved, including chemical composition and microstructure, 
the reader is referred to a recent review carried out by Eyre et al. [9]. 

In the present work we have examined the role of residual elements in a forged vessel steel 
(ASTM A 508-84a, Class 3) exhibiting significant scatter in Charpy and fracture toughness 
results. 3 We have paid particular attention to the rupture mode and have discussed the fracture 
toughness results using a statistical analysis in conjunction with a local criterion for rupture 
[13-16]. 

Materials and Procedures 

Materials 

The main material investigated is an ASTM A 508-84a, Class 3 type steel taken from a nozzle 
cutout of a PWR vessel forging (diameter 1420 mm and thickness 270 mm). Also investigated is 
a commercial ASTM A 533/A 533M-85b, B, plate, which is a similar type of steel. The nominal 
chemical composition of the two steels is presented in Table 1. Both steels satisfy the corre- 
sponding ASTM specifications and have low residual element concentrations. Local variations 
of chemical composition, as obtained with emission spectrometry analysis carried out on several 
specimens and also on through thickness samples, are shown in Table 1. Apart from the arsenic 
concentration, which may be considered high (260-300 ppm), all other values are within the 
specified limits and do not exhibit a marked variation. 

Heat Treatments 

The forged steel was tested in several conditions. They are (see also Fig. l): 

(1) Initial state; austenitized at about 875~ after prior heat treatment at 900-950~ then 
quenched in water followed by temper at 630 to 650~ for 5 h 30 min; 

(2) Step cooled; an embrittling treatment voluntarily applied to intensify the RTE phenome- 
non: 1 h at 600~ h at 540~ h at 525~ h at 500~ h at 470~ 

(3) Aged state; 2000 h at 500-550~ 
(4) De-embrittled state; about 1 h at 620 to 660~ followed by rapid cooling; and 
(5) Reaustenitized at 900~ 

3This study is part of an AIEA sponsored program in which a large number of commercial PWR vessel 
nozzle cutouts have been investigated. 
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FIG. 1--Heat treatments applied to A 508 Class 3, except reaustenitization, which was carried out at 
900~ 

The plate material was investigated only in the quenched and step cooled states. The main 
difference between the two types of product is, apart from their size, a slightly higher austeniti- 
zation temperature (--~ 900~ used for the plate. 

Specimens  and  Mechanical  Tests 

Two types of specimens were used, standard Charpy V and standard compact tension (CT 
25). In addition, a few conventional tensile specimens and axisymmetric notched bars (~ : 18 
mm) with different radii (2, 4, and 10 ram) were tested. The main purpose of these tests was to 
deform plastically a larger volume of the material but also to obtain necessary data used in the 
local rupture criterion approach. Mechanical tests were carried out at temperatures ranging 
from + 100 to --100~ but the bulk of tests were performed at --50~ In general, conven- 
tional properties were recorded or calculated after each test. However, instead of Klc we use Kjc 
in order to account for plastic deformation (Pmax/Pg > 1), of some specimens. Kjc was calcu- 
lated in a similar manner as j.4 

Fractography 

Fractographic observations were carried out using a conventional scanning electron micro- 
scope (SEM). Auger electron spectroscopy (AES) analyses were conducted using an ASC 2000 
type microscope, Model Riber, operating in differential mode d N ( E ) / d E .  The microscope was 
equipped with a cylindrical mirror analyzer and allowed in situ ion sputtering and high vacuum 
(2 to 3, 10 l0 Torr) fracture testing. Primarily, the analysis was restricted to intergranular 
facets (low toughness specimens), although cleavage facets were also examined for comparison. 
All the examinations were conducted on small size samples prepared from CT and Charpy spec- 
imens and broken inside the microscope, except one Charpy specimen whose fracture surface 

4The terms K~c, K+c, and J are used in fracture mechanics and are usually expressed in MPax/m or 
KJ/m 2. Pm~x is the maximum (elastic plus plastic) load recorded during tests while PQ is the maximum 
elastic load. 
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was entirely examined as broken in air. In the latter case, about 20 ,~ of the surface was re- 
moved with ion sputtering to eliminate surface contamination. 

Results 

Figures 2 and 3 show two sets of low temperature Charpy and fracture toughness results 
obtained with the specimens taken from the forged steel. In both cases the results can be divided 
into two groups, one that is situated in the normal range and another that is situated in the low 
toughness range. Fractographic examinations carried out on these specimens revealed that in 
both situations the low toughness values were associated with appearance of intergranular 
facets: see for instance Fig. 4. Specimens tested after step cooling also exhibited a scatter in 
toughness (Fig. 5), but the difference between the two levels was less pronounced. Here also the 
low values coincided with appearance of intergranular facets. However, the most significant 
effect of step cooling was a shift of about 20-30~ in DBTT, Fig. 6. Prolonged aging at 5S0~ 
also resulted in similar effects, occasionally giving rise to significantly low toughness values = 
1,5 J. 

De-embrittling treatment, carried out before or after step cooling or aging, resulted in resto- 
ration of toughness and a net decrease in DBTT (Fig. 6), and in elimination of intergranular 
facets. Optimum results were obtained after treatment at 640~ Fig. 7. Furthermore, reaus- 
tenitization at 900~ followed by a temper at 640~ gave the forging improved toughness, 
which remained elevated after step cooling or aging, Table 2. The beneficial effect of reaus- 
tenitization at 900~ was such that tempering at a lower temperature (625~ followed by pro- 
longed aging at S00~ did not induce severe embrittlement as was the case with initial austeniti- 
zation at 875~ (Table 2). 

There was not a significant difference between tensile properties of step cooled and de-em- 
brittled smooth specimens, except a slight increase in yield strength (YS) and ultimate tensile 
strength (UTS) due to step cooling (Fig. 8). However, some notched specimens exhibited a sig- 
nificant reduction in rupture elongation and average cleavage stress to rupture in the quenched 
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FIG. 2--Variation of  A 508 Class 3 Charpy v notch fracture energy with test temperature showing signifi- 
cant dispersion. 
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FIG. 4--Fraetographic aspects of rupture at --50~ showing (a)presence of intergranular facets in a 
quenched specimen exhibiting low toughness and (b) higher density of intergranular facets in a step cooled 
specimen. 
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and embrittled conditions, Table 3. A 533/A 533M-85b, B plate steel in general exhibited a 
superior toughness at --50~ than A 508-84a, Class 3 forging and was less sensitive to embrit- 
tlement, Table 4. 

Auger analyses showed traces of carbon, oxygen, chlorine (probably due to contamination), 
and molybdenum on the fracture surfaces, but most of all they showed a significant segregation 
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TABLE 2--Effect of reaustenitization and temper on fracture toughness of A 508-Class 3forging. 

Specimen Temperature, ~ Kjc (MPa) Heat Treatment 

607 --50 265 
606 --50 320 

752 --50 127.3 
758 --50 t39.7 
755 --50 103 
753 --50 130.5 

reaustenitized at 900~ ~ quenched in oil --, 
tempered at 640~ -~ step-cooled. 

reaustenitized at 900~ --* quenched in oil --* 
tempered at 625~ --, aged 2000 h at 500~ 
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FIG. 8--Tensile properties in de-embrittled and step cooled conditions. 

of phosphorus in the zones exhibiting intergranular rupture (Fig. 9). Traces of sulfur were also 
detected on the surface of the specimen broken in air. These traces did not disappear until 
sputtering was repeated for several hundred ,~,. In this case also the segregation was more pro- 
nounced at the grain boundaries than at the cleavage facets. For instance, the average ratio of 
S(152 eV)/Fe(631 eV) peak at the grain boundaries were on the order of three times higher than 
those at the cleavage facets. 

Discussion 

A simplified explanation to the observed large differences in toughness values of A 508-84a, 
Class 3 specimens can be given in terms of local variations in transition curves and the changing 
mode of rupture. Indeed, Charpy specimens taken from regions with more pronounced segrega- 
tion had a higher D B T T  and, therefore, when tested at - -50~  broke mainly, if not fully, in 
fragile mode. This was also confirmed by fracture toughness results where Klc  was valid (Ktc  
Kjc that is Pmax/PQ ~ 1). Charpy specimens taken from regions with less segregation had a Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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TABLE 3--Effect of step cooling on average stress and strain to rupture, as well as the critical fracture 
stress, of  notched axisyrnmetrical specimens. 

Temperature, oR oc o~ (corrected) 
Notch/Specimen ~ MPa r.% MPa MPa 

2mm(quenched) --50 1384 41 1633 1330 
2mm/530 --50 1261 27.9 1488 1294 
2mm/528 --50 1156 32.5 1364 1162 
4mm/531 --50 1150 44.3 1426 1142 
4mm/609 --50 1219 28.5 1512 1310 
4mm/611 - 5 0  1210 30.6 1504 1287 
4mm/613 --50 1209 31.1 1499 1284 
4mm/614 - 5 0  1293 16.7 1603 1475 
4mm/612 --50 1235 17.3 1531 1405 
4mm(quenehed)  --80 1283 23.1 1591 1418 
4mm(quenched)  --80 1213 14.5 1504 1400 
4mm/536 --80 1281 26.5 1588 1391 
4mm/618 --80 1186 15.8 1470 1358 
4mm/610 --80 1209 21.7 1499 1345 

TABLE 4--Comparison between Charpy V toughness of forged and plate 
steel at --50~ 

Condition Forged (J) Plate (J) 

As-received (quenched) 27.5 33 
10 24 
8.5 15 

Step cooled 

De-embrittled (1 h at 640~ 

24 28 
14 38 
3 46 

80.5 
48 

128 

lower D B T T  and  therefore when  tested at  - -50~  broke  with some plastic deformat ion .  Like- 
wise for these specimens K l c <  Kjc (Pmax/PQ > 1). On this basis one may assume tha t  if tests 
were carried out  at  h igher  or lower t empera tures  t han  - -50~  (more precisely in the upper  and  
in the lower shelves), the above ment ioned  scatter  will disappear .  

In practice,  some segregation is likely to occur in large ingots and  thick sections, a l though its 
extent  can be reduced by faster  cooling, or using slightly higher  austeni t izat ion and  de-embri t -  
t l ing tempera tures .  Therefore,  one would like to predict  the probabil i ty  of bri t t le  f rac ture  inde- 
penden t  of its nature ,  being inter  or t ransgranular .  Below we apply Weibul l ' s  statistical analysis 
to our  f racture  toughness  da ta  after  a brief  review of Beremin ' s  local criterion for fai lure [13]. 

The notion of critical cleavage stress (see review in [17]) was first proposed by Griff i th 

/ 2Eq~ 

oc = rr(1 --  v2)lo 
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FIG. 9--Auger electron spectroscopy results showing segregation of P at the grain boundaries {above) as 
compared with cleavage facets {below). 
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Here E is Young's modulus, 3' surface energy, v poisson's ratio, and l0 length of a microcrack, 
considered to be coherent with metallurgical features (grains or carbides). Later on, Knott [18] 
and Tetelman [19] calculated oc using the slip line field theory. Ritchie, Knott, and Rice [20] 
subsequently predicted Kic values by assuming that the critical stress is reached at a distance of 
ho from the fissure. 

Finally, the local rupture criterion approach was developed in which ~o was replaced by vol- 
ume analysis. In this approach the stressed volume of the metal V is divided into smaller vol- 
umes V0, chosen to be on the order of several grains. The probability of failure PR of the volume 
V is defined as that of one of the smaller volumes V0. In its simplified form the expression 
derived is [13] 

P R :  1 - -  e x p  - -  [ a ' ]  m 
l_O.d 

where o.. is Weibull's stress s and o. a material constant found to vary with grain size. One can 
see that the probability of rupture will be ---- 63% when a., reaches o,,. A similar equation has 
been proposed by Beremin [13] with o., and a,, being replaced by toughness values. 

We have used as a first approximation Beremin's proposed equation for cleavage fracture of 
nuclear pressure vessel steel. The results obtained are presented in Fig. 10. Here, the curve 
predicting the probability of cleavage fracture (Pn) is given by 
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FIG. tO--Experimental data presented in terms of cumulative probability to J~tilure as a function of K~c 
and compared with predicted curves derived for all data and separated data according to their mode of 
rupture. 

SWeibull's stress is calculated through finite element analysis and its main variables are deformation and 
maximum principal stress in each V0. 
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PR = 1 -- exp -- [~ulKjc 4 

where Ku is the material's constant and it depends on the temperature and represents a rupture 
probability of 63%. Experimental points corresponding to the 29 fracture toughness tests car- 
ried out at --50~ are also shown in this figure. The probabilities of these tests are assumed to 
be 1/29 for the lowest toughness v a l u e . . ,  and 29/29 for highest toughness value. 

In the above equation, the Ku value that fit best with the experimental data was found to be 
125.3 MPaxFm. However, as shown in Fig. 10, the theoretical curve obtained provides a good 
prediction of results in the upper region but fails to follow low Kjc values. For this reason we 
then divided our results into two groups according to their mode of rupture and determined the 
equation's exponent for each set of data through the least square analysis method [log(1/l -- 
PR) versus Kjc  ]. 

Although the number of tests with intergranular facets are small (nine tests), the results are 
satisfactorily represented with an exponent of 8 (Fig. 10) 

//Kjc~ 8 
P~ -- 1 - e x p k ~ -  ) 

X~Xul /  

Kul is calculated to be about 73 MPax/m. Likewise, the 20 tests with cleavage facets can be 
represented with an exponent of 4 

pC : 1 -- e x p \ - ~ c  / 

but with Kuc = 137 MPa~m. Finally, one may combine the two equations to represent the 
probability of rupture in all the population 

: -- [ -- CK'IcI 8 __ ~k/)(Kjc '~ 4] 
P. 1 tX, exp +(1 

In this equation ~,t = 9/29 = 0.31. The equation derived is similar to that of Service et al. [21], 
which has been used for analyzing brittle fracture of ceramic materials with two types of defects. 
However, in our case this assumes that only one of the two modes of rupture, intergranular or 
cleavage, occurs at one time, while in most cases both modes could occur simultaneously. 

Conclusions 

Foregoing results clearly demonstrate that the principal cause of the scatter in toughness of 
the forged steel is local variations in DBTT with a change in low temperature rupture mode 
from cleavage to intergranular. The mechanism involved is reversible temper embrittlement 
caused by heterogeneous segregation of residual elements, in particular P, at the grain bounda- 
ries. A slight increase in the austenitization temperature, from 875 to 900~ or the de-embrit- 
tling temperature, from about 630 to 640~ or both, can significantly reduce temper embrittle- 
ment susceptibility of the steel and consequently reduce variations in toughness. 
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R. Blondeau I (written discussion)--I am not sure that your proposal of changing the temper- 
ing temperature from 630~ to 640~ will be a good one. The industrial furnaces in which the 
shells are treated cannot have the precision of a laboratory furnace on all points. And, you show 
that a 650~ tempering will be detrimental, due possibly to all other embrittling phenomena, 
which is irreversible, and worse. 

A. A. Tavassoli (author's response)--We agree with Mr. Blondeau's remark that tempera- 
ture control in industrial furnaces is more difficult than in laboratory furnaces. Our proposal is 
also intended to guide the furnace operator during his temperature setting. For instance, that 
means that 630~ is better than 630~ - .  

R. L. Bodnar 2 (written discussion)--You indicated that the toughness of A 508-84a Class 3 
forgings could be increased by raising the austenitizing temperature from 875 to 900~ thereby 
increasing the degree of homogenization (eliminating the microsegregation regions) and sup- 
pressing temper embrittlement in the steel. I have an alternative recommendation. I would in- 
crease the normalizing temperature or time of the preliminary heat treatment or both to im- 
prove homogenization. I would also maintain the lower austenitizing temperature of 875~ to 
refine the prior austenite grain size, which would be expected to further enhance toughness. 

A. A. Tavassoli (author's response)--Mr. Bodnar's suggestion is in line with our findings that 
improved homogenization reduces the risk of temper embrittlement. We agree that it is prefera- 
ble, when possible, to achieve this through improved intermediate heat treatment. However, it 
should be recalled that the actual prior heat treatment temperature used in industry is higher 
than the final heat treatment (875~ and is between 900 and 950~ 

W. R. Warke 3 (written discussion)--The onset of temper embrittlement susceptibility 
of 21/4Cr-lMo pressure vessel steels has been successfully related to a factor attributed to 
Watanabe 

J = (Mn + Si)(P + Sn) • 104 

This factor reflects the observation that manganese promotes phosphorus segregation. In view 
of the high manganese content of your steels, I wonder if this factor or a similar one, could be 
used to correlate your data. 

A. A. Tavassoli (author's response)--In order to be able to correlate J values with variations 
in manganese, silicon, and tin contents, a large number of test data obtained from several heats 
are needed, which we do not have. To answer the question, we can add that the current manga- 
nese specification for A 508-84a Class 3 steel is between 1.12 and 1.58% and the steel used in 
our investigation has about 1.36% manganese. Furthermore, the plate material that is used in 
our study has 1.46% manganese and is less sensitive to temper embrittlement than the forged 
material. 

tHead, Materials Research Center, Creusot-Loire Industrie, Le Creusot F.71202, France. 
2Bethlehem Steel Corporation, Building G, Homer Research Laboratories, Bethlehem. PA 18016. 
3Amoco Corporation, P.O. Box 400, Naperville, IL 60566. 
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The Effect of Residual Elements on the 
Tensile Strength of Heavy Carbon Steel 
Forgings, Heat Treated for Optimum 
Notch Toughness 

REFERENCE: Nisbett. E. G., "The Effect of Residual Elements on the Tensile Strength of Heavy 
Carbon Steel Forglngs, Heat Treated for Optlmum Notch Toughness," Residual and Unspecified 
Elements in Steel, ASTM STP 1042, A. S. Melilli and E. G. Nisbett, Eds., American Society for 
Testing and Materials, Philadelphia, 1989, pp. 114-123. 

ABSTRACT: Residual elements are shown to have influenced the tensile strength of large, heavy 
section carbon steel forgings that had been heat treated for optimum Charpy V notch properties. 
The forgings had been made to a specification based on an early revision of ASTM Specification 
for Forgings, Carbon Steel, for Pressure Vessel Components (A 266-84a, UNS K035 06), but with 
several provisions of the more modern ASTM Specification for Quenched and Tempered Vac- 
uum-Treated Carbon and Alloy Steel Forgings for Pressure Vessels (A 508-84a, UNS K13502). 
While not a factor in the particular contract described, the results are also discussed in terms of 
the use of carbon equivalency in the composition control of forgings for weldability purposes. 

KEY WORDS: carbon steel forgings, inter-critical heat treatment, carbon equivalent, negative 
carbon segregation 

A series of large pressure vessel forgings, each consisting of a cylindrical shell with an inte- 
gral flange, was produced to a proprietary specification, which although originally based on 
ASTM Specification for Forgings, Carbon Steel, for Pressure Vessel Components (A 266-84a) 
Class 2 (UNS K03506), actually bore closer relationship to ASTM Specification for Quenched 
and Tempered Vacuum-Treated Carbon and Alloy Steel Forgings for Pressure Vessels (A 508- 
g4a), Class 1 (UNS K13502), particularly in terms of heat treatment,  mechanical test location, 
and the need for Charpy V notch impact testing, as well as nondestructive examination. 

The steel was made by the basic electric furnace process, with vacuum stream degassing. The 
use of a luminum for grain refining purposes was specifically denied by the specification, but a 
small maximum level of vanadium was permitted, as shown in Table 1. 

The forging size, as machined for heat treatment,  is shown in Fig. 1, and had a heat treated 
weight of 21 273 kg, (46 900 lb). Each forging was upset forged from a big end up forging ingot 
with a diameter of 2110 mm, (83 in.) and a gross weight of 80 250 kg, (177 000 Ib). The me- 
chanical test locations for the flange and shell test areas are shown in Fig. 2. 

The melt aim analysis for the steel was intended to optimize the carbon to manganese ratio to 
improve notch toughness such that a low carbon level would be matched with manganese to- 
wards the permitted maximum. Some advantage was also taken of the relatively high maximum 
limits allowed for nickel, chromium, and molybdenum so that these elements in the first heats 
could not be described as residuals. As previously mentioned, vanadium was also added within 
the maximum limit of 0.05% for the product analysis. The melt aim analysis is shown in Table 

~Consultant, 1262 Conewango Ave., Warren, PA 16365. 
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F I G .  l--Sketch of the heat treatment configuration used for the forgings, Prolongations for mechanical 
testing were provided at both ends. 
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FIG. 2--Mechanical test specimen locations and orientation in the heat treated forgings. Note the tan- 
gential orientation at the flange and axial direction for the shell. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



NISBETT ON TENSILE STRENGTH 1 17 

1, together with the specification ranges, mechanical properties, and, for reference, the compo- 
sition limits for ASTM A 266-84a, Class 2, and A 508-84a, Class 1. 

Heat Treatment 

The chosen heat treatment, consisting of normalizing, double quenching, and tempering, 
followed the inter-critical heat treatment cycle, which had been shown [1,2] to enhance the 
Charpy V Notch absorbed energy by grain refinement. Details of the actual cycle used were as 
follows: 

(1) Normalize, 915~ (1680~ 
(2) Austenitize, 843~ (1550~ 
(,3) Water quench; 
(4) Austenitize, 793~ (1460~ 
(S) Water quench; 
(6) Temper, 638~ (l180~ and 
(7) Air-cool. 

The minimum tempering temperature was 593~ (l l00~ and when later in the program 
some low tensile results were obtained, a reduction in the tempering temperature was tried. No 
significant improvement in the tension test results were noted in material tempered at 593~ 
(1100~ as compared with the results obtained after tempering at 638~ (1180~ 

Mechanical Property Test Results 

The mechanical property test results for eight forgings are shown in Table 2, together with the 
calculated carbon equivalent 2 and the grain size. The heat and product analyses for each forg- 
ing are given in Table 3. As shown in Fig. 2 the test specimens from the shell end were located 
25 mm (1 in.) off the bore, 125 mm (5 in.) from the end face, and oriented in the axial direction. 
For the flange location the specimens were taken 25 mm (1 in.) from the end face, and 125 mm 
(5 in.) radially from the outside diameter of the flange. These test specimens were oriented in 
the tangential direction to the flange. Thus for each test area, the test specimens were oriented 
parallel to the direction of maximum working during forging. 

The effect of carbon content on the ultimate tensile strength of Forgings 1 through 6, inclu- 
sive, can be seen in Table 3 through the negative carbon segregation influence at the shell end of 
each forging. The nickel, chromium, and molybdenum levels for these first six forgings were 
fairly close to the aim levels. Vanadium, although present, was generally no higher than 0.04%, 
and probably had little effect on strength. 

A cost savings measure was instituted for the next two forgings, 7 and 8, when the inter- 
critical heat treatment cycle was confirmed to be effective in obtaining the required Charpy V 
notch impact levels. This measure involved removing the lower limits for nickel, chromium, and 
molybdenum, thus making these elements true residuals. The results of this move were surpris- 
ing in terms of the low values obtained for these elements, and disturbing for the effect on the 
tensile strength, which in some tests fell below the minimum of 485 MPa (70 ksi). The Charpy V 
notch absorbed energy was not noticeably affected by the low levels of these elements. 

A final forging, Forging 9, made to higher carbon limits, and with the minimum level re- 
stored for the residuals, gave appreciably higher tensile strength with a very slight loss in impact 
properties. 

2ASTM Specification for General Requirements for Steel Plates for Pressure Vessels (A 20/A 20M-86a), 
Supplementary Requirement $20. Maximum Carbon Equivalent for Weldability. Annual Book of ASTM 
Standards. Volume 01.04. 
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To investigate the  influence of test  specimen location in one of the  low tensile s t rength  forg- 
ings, an addi t ional  series of tests was performed at the shell end test prolongat ion of Forging 6. 
These were located near  the outer  surface, at  mid-wall,  and  at the quar te r  wall th ickness  as 
measured  f rom the  bore.  Some test  specimens were given a s imula ted  stress relief, and  others  
were hea t  t reated.  The  results  are shown in Table  4 together  with  checks on the ca rbon  and  
manganese  contents  at  each location. Apar t  f rom the  lower tensile and  yield s t rength  values for 
the stress relieved I/4 wall test, the ul t imate  tensile s t rength  results appeared  to be influenced 
more by ca rbon  var ia t ion t han  by distance from the quenched  surfaces. 

Carbon Equivalent 

A formula  commonly  used for the calculat ion of the carbon equivalent  for ca rbon  and  low 
alloy steels in some mater ia l  specifications 2 is as follows 

M n  % C r  + % M o  + % V  %Ni + %Cu  
Ceq ~176 + 6 + 5 15 

Using this  formula  the  ca rbon  equivalents  for the  heat  and  product  analyses of the individual  
forgings are shown in Tables  2 and  3, and  are plot ted in Fig. 3. From the da ta  presented in 
Table  2, and  plot ted in Fig. 3, the forging under  discussion evidently did not meet  the m i n i m u m  
tensile s t rength  when  the  ca rbon  equivalent  was less t han  0 .42%.  This  da ta  will be fu r ther  
discussed in connect ion with the use of the  carbon equivalent  for composit ion restr ict ion in 
carbon and  low alloy steel forging specifications. 

TABLE 4--Additional tension test data for Forging 6. 

TESTS A: HEAT TREATED AND WITH SIMULATED STRESS RELIEF AT 607~ (1125~ FOR 18 H. 

UTS Yield .2% El% in. Analysis" 
Location MPa (ksi) MPa (ksi) 50 mm (2 in.) RA% C% Mn% 

Flange 0 ~ 507 (73.6) 346 (50.2) 30.5 64.5 0.24 0.66 
Shell 0 ~ 473 (68.6) 325 (47.1) 34 69.2 0.19 0.64 

25 mm off Bore 
Shell 120 ~ 454 (65.8) 306 (44.4) 33.5 71.1 0.20 0.65 

I/4 Wall off Bore 
Shell 240 ~ 474 (68.7) 303 (44) 34 70.2 0.22 0.66 

Mid-wall 
Shell 0 ~ 514 (74.5) 352 (51) 31.5 69.5 0.25 0.66 

25 mm off O/D 

TESTS B: HEAT TREATED ONLY 

Shell 0 ~ 472 (68.5) 310 (45) 33.5 72.9 
25 mm off Bore 

Shell 476 (69) 321 (46.5) 31 69 
t/4 Wall off Bore 

Shell 481 (69.7) 317 (46) 33 67.8 
Mid-wall 

Shell 514 (74.6) 360 (52.2) 32 66.4 
25 mm off O/D 

"See Table 3. 
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Chemical Composition 

From Table 2 significant negative carbon segregation was clearly present in all of the forg- 
ings. The region corresponding to the bottom of the ingot showed lower carbon levels than the 
flange area, which came from the top of the ingot in each case. The flange composition approxi- 
mated the heat analysis. The phenomenon of chemical segregation in large ingots has been 
widely recognized for many years [3, 4] and constitutes a circumstance that can make composi- 
tion balance difficult for large forgings. 

Discussion 

The data presented demonstrates the influence of relatively narrow composition variations on 
the mechanical properties of large section, heavy carbon-manganese steel pressure vessel forg- 
ings, both within the forgings themselves, and from heat to heat. In terms of the specification, 
the tensile strength was the most seriously affected property since some of the forgings fell below 
the minimum acceptance limit for ultimate tensile strength. The yield strength, while in parallel 
with the tensile strength, was always appreciably higher than the minimum requirement. 

While shortcomings in the heat treatment process itself would often be suspect in mechanical 
property variations, this possibility was significantly reduced by the close observation of the heat 
treatment cycle to document conformance with the written procedure; by the comparison of 
results from reheat treatments; and by the duplication of the full cycle in other heat treatment 
facilities. 

Given this confirmation of the heat treatment process from forging to forging, the influence 
of relatively small amounts of the alloying nickel, chromium, and molybdenum on the strength 
of the forgings is apparent from the tension test results and the product analyses. The sum of 
these elements did not exceed 0.75%, well below a frequently applied limit of 1.0%. 3 If the 
flange locations for Forgings 6 and 7, from Tables 2 and 3, are compared, the carbon values 
were the same for both at 0.24%, and the manganese levels were almost the same at 0.66% for 
Forging 6, and 0.65% for Forging 7. Due to the variation in the alloying elements nickel, chro- 
mium, and molybdenum, the carbon equivalents were 0.44% for the Number 6 flange, and 
0.39% for Number 7. While the tensile strength of the Number 6 flange was acceptable at 507 
MPa (73.6 ksi), the same property for the Number 7 flange failed at 466 MPa (67.6 ksi). With 
similar carbon equivalent values, the shell location for Forging 6 had an ultimate tensile 
strength of the flange of Forging 7. 

The layout for the forging operation, which included an upsetting stage, was such that the 
shell end of the forging was taken from the bottom end of the ingot. The negative carbon segre- 
gation at the bottom of the ingot is evident from results in Table 3. The variation in the carbon 
content through the wall at the shell end, shown in Table 4, is also of interest in the respect that 
the forging was trepanned after forging. 

Although not a part of the original contract for these forgings, carbon equivalency is a fre- 
quently used device 4 to curb the composition of carbon and low alloy steel forgings for weldabil- 
ity reasons. The problem that besets the steel producer and forger alike is that there is limited 
scope to use the composition limits permitted by the specification, bearing in mind that the aim 
chemistry for the heat must be somewhat less than that which the maximum carbon equivalent 
permits. 

-~ASTM Carbon Steel Fittings for Low Temperature Corrosive Service (A 858/A 858M-86), Annual Book 
of ASTM Standards, Vol. 01.01. 

4ASTM Specification for Steel Castings, Ferritic and Martensitic, for Pressure-Containing Parts, Suit- 
able for Low-Temperature Service (A 352/A 352M-85), Supplementary Requirement $23. Carbon Equiva- 
lent. Annual Book of ASTM Standards. Vol. 01.02. ASTM High Strength Butt-Welding Fittings 
of Wrought High Strength Low Alloy Steel (A 860/A 860M-86), Annual Book of ASTM Standards. 
Vol. 01.0l. 
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While the concept of regarding the composition of a steel from the standpoint of weldability 
does have some merit, the imposition of an unrealistic value for a carbon equivalent simply to 
reduce welding costs may tend to result in a general relaxation of welding discipline. For the 
forgings discussed here, for example, a maximum carbon equivalent of 0.45% would be unac- 
ceptable when the required minimum tensile strength would not likely be obtained with a car- 
bon equivalent of 0.42% or less. 

The Charpy V notch impact test results were acceptable because of the heat treatment cycle 
used, and this test was not a factor relative to the composition aspects for these forgings. 

Conclusions 

The residual alloying elements nickel, chromium, and molybdenum have been shown to af- 
fect the tensile strength of large carbon-manganese steel forgings, particularly in the examined 
aggregate range of 0.2 ~ to 0.75 %. The role of the alloy residuals is made more important in the 
presence of negative carbon segregation in large forging ingots. 

The influence of residual amounts of nickel, chromium, and molybdenum on the Charpy V 
notch properties of large carbon-manganese steel forgings is slight when an inter-critical heat 
treatment cycle is used, and this test need not have influenced the choice of a low aim carbon 
content for the modified ASTM A 266-84a, Class 2, material. 

Caution should be exercised when imposing carbon equivalency limitations on either carbon 
or low alloy steel forgings, particularly when large section sizes are involved. 
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DISCUSSION 

R. L. Bodnar  ~ (discussion q u e s t i o n s ) - - W h a t  was the microstructure in your pressure vessel 
steels and did the level of residual elements influence microstructure, for example, hardenabil- 
ity, percentage of ferrite? By which strengthening mechanism(s) did the residual nickel, chro- 
mium, molybdenum, and vanadium influence tensile strength? 

E. G. Nisbet t  (author's response) - -Quant i ta t ive  analysis of the microstructures obtained in 
the forgings, after heat treatment was not done, but the structures from the grain size samples 
were very similar in terms of the relative amounts of ferrite and pearlite. Hardenability studies 
were not done. 

It is believed that solid solution strengthening was the main strengthening effect exerted by 
the alloy residuals, present in the quantities reported in the paper. 

~Bethlehem Steel Corporation, Bldg. G, Homer Research Laboratories, Bethlehem, PA 18016. 
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ABSTRACT: Austenitic stainless steels are used for core component materials in liquid metal 
cooled reactors (LMRs). To extend the lifetime of LMR fuel assemblies, considerable effort was 
expended by the U.S. breeder materials program to find ways to minimize radiation induced di- 
mensional changes (swelling and creep) and to maximize the creep rupture strength. After various 
elements were shown to affect strongly swelling and creep behavior, compositional modifications 
to a commercial grade austenitic stainless steel (American Iron and Steel Institute 316 UNS 
$31600) produced an alloy with significant improvement in swelling resistance over the standard 
300 series alloys. Changes were primarily in the concentrations of chromium, nickel, silicon, and 
titanium. ASTM Specification for Austenitic Stainless Steel Tubing for Breeder Reactor Core 
Components (A 771-83) was approved in 1983 for the new alloy, designated UNS $38660. 

Substantial improvement can be produced in the creep rupture behavior of this alloy. Elements 
such as phosphorus and boron, typically present in trace quantities, have a significant influence 
on the creep strength of austenitic stainless steels. Several heats of alloy $38660 were made that 
systematically varied the phosphorus and boron contents. Uniaxial creep tests were conducted at 
704~ (1300~ to evaluate the effects of these elements on the creep rate and the rupture life. The 
results of these tests were used to guide the production of reactor grade fuel pin cladding for 
further evaluations. Pressurized tube specimens were tested in the laboratory and also in a fast 
reactor. Results of these investigations have shown that the elements phosphorus and boron, 
present in minute but controlled amounts, increase both the in-reactor and ex-reactor rupture life 
and reduce both in-reactor swelling and creep rate. Microstructural evaluations were also con- 
ducted to help ascertain the mechanisms by which the improved properties were obtained. 

KEY WORDS: phosphorus, boron, austenitic stainless steel, titanium stabilized stainless steel, 
swelling, creep, stress rupture, D9, Dgl 

One of the prime objectives in the effort to develop a commercially viable liquid metal reactor 
(LMR) is the development of an alloy that  is resistant to void swelling (radiation induced micro- 
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HAMILTON ET AL. ON PHOSPHORUS AND BORON 125 

scopic pores that cause a macroscopic volume increase) and has the in-reactor mechanical prop- 
erties required for fuel cladding or ducts. The fuel cladding is in contact with flowing liquid 
sodium and has a surface temperature that can vary from 370 to -650~ (700 to - 1200~ 
The duct surrounding each bundle of fuel pins experiences somewhat lower temperatures, rang- 
ing from 370 to - 550~ (700 to - 1020~ These components are also exposed to fast neutron 
fluxes on the order of 10 ~s n cm -2 s -I (E > 0.1 MeV). Current goals for the material chosen for 
cladding and duct applications include the capability of performing adequately to fluences on 
the order of 2 to 3 • 1023 n cm -2 (E > 0.1 MeV). For the range of materials of interest, this 
fluence produces damage levels of 100 to 150 displacements per atom (dpa). 

One of the prime initial candidate alloys for commercial LMR fuel cladding and ducts was 
20% cold worked American Iron and Steel Institute (AISI) 316 (UNS $31600) steel, a solid 
solution strengthened austenitic stainless steel further strengthened by cold work [1-3]. Current 
commercial compositional specifications for nuclear grade 316 stainless steel contain only maxi- 
mum values for impurities such as phosphorus, sulfur, boron, aluminum, niobium, vanadium, 
tantalum, copper, and cobalt. Typical melting procedures for the alloy involve double vacuum 
melting of commercial grade starting materials. This practice results in low levels of the afore- 
mentioned impurities, which may be 10 to 100 times less than the maximum value allowed by 
the specification, depending on the particular impurity. 

The use of conventional AISI 316 as a cladding or duct material is limited, however, since the 
alloy undergoes a high degree of void swelling during extended exposure to fast neutron fluxes 
at LMR operating temperatures. Extensive development efforts aimed at reducing swelling 
were undertaken successfully [4-6], culminating in the definition of a titanium-modified 316 
referred to as D9, with a nominal composition of Fe-13.SCr-15.SNi-2.0Mo-2.0Mn-0.75Si- 
0.2STi-0.04C [2]. Specifications within or changes from the usual 316 composition range were 
primarily in the concentrations of chromium, nickel, silicon, and titanium. ASTM Specifica- 
tion for Austenitic Stainless Steel Tubing for Breeder Reactor Core Components (A 771-83) was 
approved in 1983 for the new alloy, designated UNS $38660. 

The stress rupture behavior of these alloys in fuel pin cladding applications remained, how- 
ever, as one of the major limitations on fuel pin life. There is significant experimental evidence 
that controlled additions of boron and phosphorus significantly improve the mechanical prop- 
erties of austenitic stainless steels at elevated temperatures [7-19]. An examination of the 
ex-reactor rupture data generated on various austenitic alloys during the development of D9 
showed that the rupture strength of these alloys exhibited a linear dependence on the combined 
level of phosphorus, sulfur, and boron (Fig. 1). An experimental program was therefore initi- 
ated to investigate systematically the effect of phosphorus and boron on both the swelling and 
stress rupture resistance of the austenitic stainless steel D9. The program included assessing the 
individual and synergistic effects of phosphorus and boron on rupture life as well as characteriz- 
ing the in-reactor swelling and stress rupture behavior of several heats of steel. Although the 
residual element analysis shown in Fig. 1 considered sulfur, the sulfur content (0.005 to 
0.010%) of the experimental heats was not varied since increased sulfur levels are known to 
cause solidification cracking during welding [20]. 

Experimental Procedures 

Nine 50-1b (22.S-kg) experimental heats of double vacuum melted D9 were procured in which 
the phosphorus and boron concentrations varied as shown in Table 1. Creep rupture specimens 
were fabricated from 23 % cold worked rod stock obtained by cold swaging the as-received bar. 
Intermediate anneals were conducted at about 10S0~ (1920~ resulting in final grain sizes 
that ranged from ASTM 7 to 9 (ASTM Methods for Determining Average Grain Size (E 112)). 
Uniaxial creep rupture tests were conducted in air at 704~ (1300~ according to ASTM Rec- 
ommended Practice for Conducting Creep, Creep-Rupture, and Stress-Rupture Tests of Metal- 
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TABLE 1--Nominal  phosphorus and boron levels in experimental 
heats of  D9 ",b (uniaxial stress rupture tests). 

Weight Percent Boron 
Weight Percent 

Phosphorus < 0.001 0.003 0.008 

HEAT IDENTIFICATION 
<0.01 C43~ C34 C35 

0.03 C36 C38 C39 
0.08 b C37 C33 C40 

"Base composition: Fe-13.6Cr-lS.6Ni-2.2Mn-l.8Mo-0.8Si-0.3Ti- 
0.05C-0.005S. 

bAll compositions fell within 10% of the nominal value, with the ex- 
ception of the nominal value of 0.08 phosphorus, which actually ranged 
from 0.054 to 0.064 phosphorus. 

cRuptured specimens of bold-faced heats were given metallographic 
and microscopic examinations. 

lic Materials (E 139-83) at stresses ranging from 210 to 450 MPa (30 to 65 ksi). Creep strains 
were measured by an extensometer attached to the specimen shoulders. 

Three larger double vacuum melted heats were procured from Teledyne Allvac to gain experi- 
ence in making these heats in typical commercial order quantities. The phosphorus and boron 
levels of the larger "production" heats were specified identically for each heat at estimated 
optimum levels. A nominal phosphorus plus sulfur plus boron level of 0.045% was chosen for 
each heat based on a small experimental welding matrix that had been performed on the experi- 
mental heats to indicate susceptibility to weld cracking. Since this matrix had demonstrated 
that a phosphorus level as high as 0.08% would jeopardize necessary welding operations, the 
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phosphorus  level was kept  at  about  0 .03%,  the in termediate  level of the exper imental  heats.  
Composit ions of the three  heats  are provided in Table  2. Heats A093 and  A094 were p repared  
using selected scrap as the feed stock in a m a n n e r  typical of large orders;  only the molybdenum 
content  was varied to de te rmine  its op t i m um  level. Heat  A095 was p repared  f rom virgin mate-  
rial at  the lower (1 .8%)  molybdenum level to indicate whether  cont inuing the policy of using 
virgin materials  for core componen t  fabr ica t ion  was necessary. Since these par t icular  heats ,  and  
therefore the modified alloy in general ,  were expected to exhibi t  improved stress rup ture  behav-  
ior, they were referred to as " improved"  Dg, or D9I.  

Tub ing  in a 20% cold worked condi t ion was fabr ica ted  f rom each heat  of D9I by Carpen te r  
Technology Corporat ion with interpass anneals  at  1070~ (1960~ Biaxial rup ture  tests were 
performed according to ASTM E 139-83 on 76.2-mm (3 in.)  long sections of the  tub ing  tha t  
measured 5.84 and  5.08 m m  (0.230 and  0.200 in.) on the  outer  and  inner  diameters ,  respec- 
tively. Specimen loading was accomplished by internal  pressur izat ion with argon gas. Ma- 
chined end caps of 316 stainless steel were T I G  ( tungsten inert  gas) welded to one end  of each 
specimen and  a gas inlet  tube  was similarly welded to the  other  end.  Rupture  tests were con- 
ducted at  cons tant  pressure in static argon at t empera tu res  ranging f rom 650 to 760~ (1200 to 
1400~ and  stresses ranging  f rom 75 to 400 MPa  (10 to 60 ksi). The pressure on each specimen 
was checked daily and  adjusted if necessary. Fai lure was detected by a sudden rise in re tor t  
pressure,  which ac tua ted  a solenoid valve, shut t ing off a t imer.  

Optical metal lography,  scanning electron microscopy, and  analytical t ransmiss ion  electron 
microscopy were used to character ize  the  microstructure  of the as-received tubing  and  the mi- 
crostructure and  f racture  behavior  of selected stress rup ture  specimens.  One  uniaxially tested 
specimen f rom each of five heats  was sectioned for microscopy af ter  test ing at  704~ (1300~ 
and  250 MPa  (36.6 ksi). The  five heats examined  were those with a combina t ion  of the  highest ,  

TABLE 2--Composition of  D9I heats used for  biaxial stress rupture tests. 

Heat Compositions 
Nominal 

Element Composition A093 A094 A095 

Chromium 13.5 13.74 13.36 13.52 
Nickel 15.5 15.11 15.31 14.96 
Manganese 2.0 1.89 1.93 1.93 
Molybdenum 1.8 to 2.2 1.82 2.24 1.82 
Silicon 0.8 0.76 0.81 0.80 

Titanium 0.25 0.23 0.26 0.26 
Carbon o 0.041 0.046 0.043 
Nitrogen 0.005 max 0.0052 0.0052 0.0018 

Boron 0.004 to 0.006 0.005 0.005 0.005 
Phosphorus 0.025 to 0.040 0.031 0.031 0.030 
Sulfur 0.005 to 0.010 0.008 0.009 0.008 

Aluminum 0.05 max 0.03 0.04 0.05 
Cobalt 0.05 max 0.04 0.04 0.04 
Copper 0.04 max 0.02 0.02 0.02 
Tantalum 0.02 max 0.04 0.04 0.04 
Vanadium 0.05 max 0.04 0.03 0.02 
Oxygen 0.01 max 0.003 0.002 0.0012 
Zirconium 0.01 max <0.01 <0.01 <0.01 
Iron Bal Bal Bal Bal 

"Adjusted for sufficient stabilization such that Ti/(C + N) = 5. 
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lowest, and intermediate values of phosphorus and boron (Heats C43, C35, C38, C37, and C40 
in Table 1). 

Pressurized tubes were also used to obtain data on the in-reactor stress rupture behavior of 
the production heats (Heats A094 and A095). End caps made of D9 were electron beam welded 
to 25.7-mm (l.01-in.) long sections of the same tubing that was described earlier. Small 
amounts of unique isotopic mixtures of krypton and xenon gases, referred to as "tag" gases, 
were used with helium to fill the specimens to the pressures required to produce the desired 
stresses in the cladding at the intended irradiation temperatures of 400, 490, 550, 605,670, and 
750~ (750, 915, 1020, 1120, 1240, and 1380~ A different isotopic mixture of tag gas was 
used for each alloy and irradiation temperature combination to allow the use of an on-line creep 
rupture detection system based on spectrographic analysis of the tag gas released by rupture 
[21]. Empirical correlations were developed from experimental measurements to relate the fill 
pressure at room temperature to the pressure at the irradiation temperature. After gas filling, 
the specimens were sealed by laser welding the fill hole located in one specimen end cap. Weld 
integrity was then verified using standard helium leak checking techniques. Finally, the speci- 
men preirradiation diameters were measured using a noncontacting laser system prior to being 
loaded into the irradiation vehicle, designated the Materials Open Test Assembly (MOTA). 
Irradiation was conducted in the Fast Flux Test Facility located in Richland, WA. 

During the course of irradiation the specimen temperatures were actively maintained within 
5~ (9~ of the design temperatures, except for brief periods when the canister temperatures 
were reduced by more than 75~ (135~ during the identification of gas releases from other, 
fueled experiments [21]. Spectrographic analysis of gas samples taken when an increased 
gamma signal was detected in the cover gas confirmed the release of tag gas from the creep 
rupture specimens and uniquely identified the alloy and irradiation temperature [22]. The test 
matrix contained eight specimens at different stresses for a given irradiation temperature. For a 
given gas release, the most highly stressed specimen was initially assumed to have failed at the 
irradiation temperature that had been identified. This assumption was later verified by diame- 
tral measurements taken annually during interim examinations of the experiment. 

The swelling resistance of D91 and many related alloys was determined primarily by irradiat- 
ing an extensive matrix of microscopy disks (3-mm diameter by 0.3-mm thick) in the Experi- 
mental Breeder Reactor II and comparing pre- and post-irradiation densities. The nominal disk 
composition was a titanium-modified "high-purity" D9 (Fe-16Cr-14Ni-2.SMo-2.0Mn-0.8Si- 
0.2Ti-0.04C-0.01Zr) with controlled additions of up to 0.08 percent phosphorus. Disks were 
punched from sheet stock in both the annealed and 20% cold worked conditions. They were 
irradiated in sodium filled subcapsules at temperatures ranging from 425 to 650~ (800 to 
1200~ to maximum displacement levels of about 55 dpa, or a fluence of about 11.0 • 102a n 
cm -2 (E > 0.1 MeV). Density was determined using an automated immersion density tech- 
nique accurate to +__0.16% swelling. In addition, swelling data on the D9I production heats 
were obtained from diameter change measurements on unstressed pressurized tube specimens 
included in the irradiation creep experiment. 

Results 

Uniaxial Stress Rupture Behavior 

Uniaxial rupture tests were conducted at 704~ (1300~ and 250 MPa (36.6 ksi) on speci- 
mens prepared from each of the nine experimental heats. Both phosphorus and boron caused 
the rupture life of D9 to increase independently, as shown in Figs. 2 and 3. Figure 2 shows that 
the effect of increasing phosphorus saturated at about 0.03% phosphorus at the lowest boron 
level, but continued, albeit at a reduced rate, at the higher boron levels. A smaller additional 
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increment in rupture life was produced by increasing phosphorus from 0.003 to 0.006% than by 
increasing phosphorus from a trace level to 0.003%. 

Figure 3 illustrates a similar dependence on boron level. Saturation was observed by about 
0.003% boron in the presence of a low phosphorus level, while the strongest effect of increasing 
boron level occurred at a high phosphorus level. A large increment in rupture life was produced 
at the higher boron levels by increasing phosphorus from 0.03 to 0.085%. 

The effects of boron and phosphorus on creep strain are shown in Fig. 4 for the uniaxial tests 
performed at 704~ (1300~ and 250 MPa (36.6 ksi). The combined effect of the solute modifi- 
cation clearly involves not only delaying the onset of tertiary creep but also decreasing the sec- 
ondary creep rate. 

The effect of boron and phosphorus on total elongation in the uniaxial tests at 704~ 
(1300~ and 250 MPa (36.6 ksi) are shown in Figs. 5 and 6. No consistent trends were observed 
with increasing boron or phosphorus levels, although a simultaneous increase of both phospho- 
rus and boron (solid symbols) resulted in a slight decrease in ductility. While these results are 
contrary to the generally accepted effect of increased boron levels in austenitic stainless steels 
[7.11.12.18], which is to increase ductility, the ductility levels in question are still in excess of 
18%, which is more than adequate for LMR applications. 

Figures 7 through 12 show additional data generated in uniaxial tests at 704~ (1300~ on 
the nine experimental heats. They show quite clearly that increasing the level of phosphorus is 
beneficial up to 0.08%, while the beneficial effect of increased boron levels saturates at roughly 
0.003%. 
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FIG. 8--EfJect of  phosphorus on the stress rupture life of  D9 containing 0.003% boron at 704~ 
( / 300~ F). 

Biaxial  Stress R u p t u r e  Behavior  

At least 15 tests have been completed on each of the three larger production heats of D9I for 
times as long as 11,000 h. The data are shown in Fig. 13, which shows rupture life as a function 

of hoop stress and compares the behavior of each heat with that of unmodified D9. It is evident 
that  a significant improvement in stress rupture behavior resulted from the increased phospho- 
rus and boron levels present in D9I. 
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FIG. 9--Effect  of  phosphorus on the stress rupture life o f  D9 containing 0.008% boron at 704~ 
(1300~ F). 
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FIG. lO--Effect of  boron on the stress rupture life o f  D9 containing 0.01% phosphorus at 704~ 
r176 

Mic roscopy  R e s u l t s  on Un i r rad i a t ed  D 9  

Optical photomicrographs are shown in Fig. 14 for specimens prepared from tubing of the 
three D9I production heats in the as-received condition. The transverse sections reveal a micro- 
structure typical of cold worked titanium-stabilized austenitic stainless steel comprising equi- 
axed grains, a low density of mechanical twins, a few large blocky particles, and a uniform 
distribution of smaller particles. Vickers microhardness measurements on the as-received tub- 
ing ranged from 255 to 263. 
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FIG. 12--EJ]'ect of  boron on the stress rupture life of  D9 containing 0.08% phosphorus at 704~ 
H 3OO~ F). 

Longitudinally oriented cross sections through the fractured surfaces of the specimens from 
three of the uniaxial tests are shown in Fig. 15 for tests conducted at 704~ (1300~ and 250 
MPa (36.6 ksi). The three specimens are from heats containing low (C43), intermediate (C38), 
and high (C40) levels of both phosphorus and boron. As the phosphorus and boron levels in- 
crease the degree of grain boundary cavitation also increases, directly reflecting the observed 
increase in matrix strength and the longer time to rupture. Grain elongation was reduced, con- 
sistent with the decrease in elongation obtained with simultaneous increases in phosphorus and 
boron (Figs. 5 and 6). 

These specimens' phase identification was accomplished via X-ray energy dispersion spec- 
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FIG. 13--Stress rupture behavior of improved D9 heats relative to unmodified D9. 

troscopy on extraction replicas. The relative phase fractions were determined by computer anal- 
ysis of the X-ray intensities obtained in broad beam analysis. A summary of the observed pre- 
cipitation behavior in these specimens is provided in Table 3. Quantitative standardless 
composition determinations, accurate to about Vz%, were obtained using accepted techniques 
[231. 

Increased bulk additions of phosphorus and boron enhance the formation of M23C6 and M6C 
at the grain boundaries while the formation of matrix MC on dislocations is progressively sup- 
pressed. Laves was found in all five specimens, primarily at grain boundaries. As the more 
complex carbides developed, however, the relative balance at grain boundaries shifted from 
Laves toward carbides, such as MzaC 6 and M6C, as shown in Fig. 16. Rod-like phosphide forma- 
tion was promoted in the matrix by increased levels of phosphorus. The phosphides were elon- 
gated and were Type M2P. In the specimen with the highest phosphorus and boron levels (Heat 
C40), the phosphides had nearly the composition FeTiP, as shown in Fig. 17. The MC composi- 
tion observed in this specimen is also shown in the figure, but as shown in Table 4, the MC 
composition was sensitive to increases in the bulk phosphorus and boron levels. The small MC 
particles ( < 10 rim) had surprisingly large levels of molybdenum and phosphorus in addition to 
the expected high level of titanium. Of particular significance is the incorporation of large 
amounts of phosphorus into the MC particles as the matrix phosphorus level increased. This 
incorporation occurred at the expense of titanium and molybdenum in the carbide phase, with a 
simultaneous increase in iron and nickel levels. 

In-Reactor Stress Rupture Behavior 

The in-reactor creep behavior of several heats of D9-type alloys is shown in Figs. 18 through 
21 for irradiation temperatures of 400, 490, 600, and 670~ (750, 915, 1110, and 1240~ 
Shaded areas represent the range of data obtained on various heats tested. Significantly lower 
creep strains were exhibited by D9I at all temperatures. In-reactor rupture data are shown in 
Fig. 22 for one heat of D9I (A095) and a very clean heat of unmodified D9 (83508, also referred 
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FIG. 14--As-received condition of transverse sections of tubing from (a) Heat A093, (b) Heat A094, and 
(c) Heat A095. after etchbtg with glyceregia. 

to as D9C1P). The improvement in creep rupture life observed in out-of-reactor tests by con- 
trolled additions of phosphorus and boron is clearly maintained in-reactor for the conditions of 
interest. 

lrradiation-blduced Swelling Behavior 

Unstressed Pressurized Tube Specimens--Swelling data were obtained on unstressed pres- 
surized tube specimens from the production heats irradiated to fluences as high as 16 x 1022 n 
cm -2 (E > 0.1 MeV). Swelling has been shown many times to yield isotropic strains, and volu- 
metric swelling was, therefore, calculated as three times the measured diametral change for the 
low swelling levels of interest here. The swelling data shown in Fig. 23 demonstrate that at low 
temperature, where swelling is typically largest in t i tanium-modified steels [4], the composi- 
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FIG. 15--Optical sections through three uniaxial stress rupture specimens showing degree o f  creep cavi- 
tation in tests at 250 MPa (36.6 ksi) at, d 704~ (1300~ 

TABLE 3--Phase identification in uniaxial stress rupture specimens tested at 704~ and 
250 MPa (1300~ 36.6 ksi). 

Phosphorus, wt% 

Boron, wt% 0.01 0.03 0.08 

0.001 grain--Laves . . .  grain--Laves 
boundary boundary--M6C 

phosphides 
matrix--fine MC 

phosphides 

0.003 

matrix--fine MC 

0.006 grain--Laves 
boundary 

matrix--fine MC 

grain--Laves 
boundary 

matrix--fine MC 
phosphides 

grain--Laves 
boundary--M23C 6, M6C 

phosphides 
matrix--fine MC 

phosphides 
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FIG. 16--Distribution of carbides and Laves in uniaxial stress rapture specimens tested at 704~ 
(1300~ and 250 MPa (36.6 ksi). 

FIG. 17--Microstructure of high phosphorus-high boron heat (C401 and composition of both phosphide 
and MC particles. 
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TABLE 4--Composition of MC precipitates in uniaxial stress rupture 
specimens ~ 704~ 250 MPa (1300~ 36.6 ksi). 

139 

Heat C43 C38 C40 

0.001 B 0.003 B 0.008 B 
Element (wt%) 0.01 P 0.03 P 0.08 P 

Piaosphorus 3.0 3.1 16.0 
Iron 0.6 1.3 8.2 
Nickel 0.2 0.2 3.9 

Niobium 3.9 3.6 1.7 
Molybdenum 26.2 27.3 21.6 
Titanium SS. 2 55.1 35.8 

Chromium 6.8 7.0 7.7 
Silicon 4.0 2.5 5.2 

.As determined by X-ray energy dispersion spectroscopy. Note that 
this technique is not capable of measuring boron levels. 
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FIG. 18--1n-reactor creep behavior of 20% cold worked D9-type alloys at 400~ (750~ Effective 
strains were calculated from diametral strains according to the von Mises criterion. 

t ional modif icat ion delayed the  onset of swelling by roughly 5 • 1022 n cm -2 (E > 0.1 MeV) 
compared  to D9CI P. 

Transmission Electron Microscopy Disks - -The  influence of phosphorus  on swelling and  mi- 
crostructural  evolution dur ing  neu t ron  or ion i r radiat ion has  been studied for a variety of aus- 
tenitic alloys [19.24-30], including an extensive study of improved D9-type alloys [24,26]. In 
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FIG. 19--1n-reactor creep behavior o f  20% cold worked D9-type allovs at 490~ (915~ Effective 
strains were calculated f rom diametral strains according to the yon Mises criterion. 
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strahzs were calculated from diametral strains according to the von Mises criterion. 
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FIG. 22--Larson Miller Parameter (LMP) representation of  in-reactor creep rupture of  modified D9, 
where T is degrees Kelvin and t R is time to rupture in hours. 

general, the results are very consistent. Except at very low total solute levels, the addition of 
phosphorus always tends to reduce swelling [25]. This reduction occurs due to a progressive 
phosphorus induced extension of the incubation period that precedes the onset of steady-state 
swelling. This extension is greatest for higher irradiation temperatures (550 versus 425~ [1020 
versus 795~ for example), and appears to operate on both annealed and cold worked alloys as 
shown in Figs. 24 and 25. Phosphorus additions also suppress the irradiation creep rate of these 
same alloys [24]. Creep suppression is not surprising since the largest component of the irradia- 
tion creep rate is known to be proportional to the instantaneous swelling rate [31]. Quite unex- Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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FIG. 23--Swelling behavior o f  20% cold worked D9. D9CIP is a heat with a ver3., low residual content. 
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FIG. 24--The  influence o f  phosphorus and irradiation temperature on the neutron-induced swelling of  
annealed titanium-modified 316 stainless steel [23]. The composition of  the alloy is given in the box. 
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FIG. 25--The influence of phosphorus and cold work on the neutron-induced swelling of four composi- 
tional variants of Dg-type steels at 540~ HOOS~ [25]. 

pected, however, is the fact that boron exerts only a surprisingly small effect on swelling, with 
additions of 0.005% causing rather small increases or decreases, depending on the composition 
of the alloy [26]. 

Discussion 

Stress Rup tu re  

The uniaxial rupture data given in Figs. 2 and 3 are shown in Fig. 26 as a function of the 
product of boron and phosphorus levels. This representation produces a clearer interpretation 
of the data than that obtained using the approach shown in Fig. 1 (that is, plotting rupture life 
as a function of the sum of the phosphorus and boron levels). This representation illustrates the 
synergistic effect of simultaneous boron and phosphorus additions. Rupture life appears to de- 
pend exponentially on the product of the boron and phosphorus levels. 

The Larson Miller parameter (LMP) is applied in Fig. 27 to the biaxial stress rupture data 
obtained on the production heats of D9I to illustrate more clearly the significant improvement 
in stress rupture behavior that resulted from the increased phosphorus and boron levels. The 
constant in the LMP, 15, was previously selected as the value that best collapsed the extensive 
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FIG. 26--Synergistic effect of phosphorus and boron on the rupture life of D9 at 704~ (1300~ and 250 
MPa (36.6 ksi). 
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FIG. 27--Larson Miller Parameter (LMP) representation of stress rupture data on improved heats of D9, 
where T is temperature in degrees Kelvin and tR is rupture time in hours. 

D9 data base to a single curve. While the behavior of the three improved heats appears to be 
comparable at low temperatures or short rupture times, Fig. 27 shows that Heat A093 was 
stronger at higher temperatures or longer rupture times than either of the other two heats, 
which exhibited roughly comparable stress rupture behavior. This improvement, shown in Fig. 
27 on an LMP basis, corresponds to an improvement of approximately a factor of ten in rupture 
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life for the temperatures of interest. Recall that the strongest heat, A093, was the heat that was 
made from selected scrap with a lower molybdenum content than the other two heats (1.8 versus 
2.2%). Regarding stress rupture behavior, therefore, the data imply that selected scrap should 
be an adequate feed stock and that a choice of 1.8% molybdenum is superior to that of 2.2% 
molybdenum. Based on studies of D9-type alloys, this choice of lower molybdenum levels will 
reduce swelling a small amount [26]. 

In-Reactor Creep 

In-reactor creep behavior is determined by the interaction of two components, namely ther- 
mally activated and irradiation induced creep. At low temperatures, in-reactor creep is domi- 
nated by irradiation induced creep, the largest component of which is directly proportional to 
the swelling rate [31]. Irradiation creep thus displays the parametric sensitivity of swelling as 
demonstrated by comparing the swelling and creep behavior at 400~ (750~ in Figs. 19 and 
24. At high irradiation temperatures, above - 600~ ( - 1110~ in-reactor creep is thought to 
be dominated by thermally activated creep. The improvement in in-reactor creep behavior 
shown in Fig. 22 is therefore consistent with the previously demonstrated improvement in 
ex-reactor stress rupture behavior. 

Effect of Phosphorus and Boron 

There are several conclusions from these studies that support the supposition that phospho- 
rus and boron exert their influence via separate but sometimes synergistic mechanisms. First, 
note that boron influences ex-reactor creep behavior but appears to exert no large influence on 
void swelling. Since the largest component of in-reactor irradiation creep has been found to be 
proportional to the swelling rate [31], boron probably plays no large role in irradiation induced 
creep. Second, the tendency of boron or phosphorus to extend creep rupture life saturates rap- 
idly when either is added separately, while their synergistic effect does not appear to saturate 
from the current data. This suggests that one element tends to compensate for the consequences 
of the other. Third, these and other studies show that the influence of each element is mani- 
fested in a different regime of thermal creep. As shown in Fig. 4, boron additions extend the 
creep rupture life via a delay in the onset of the tertiary stage of creep, rather than through a 
decrease in the secondary creep rate [7,12]. Phosphorus additions, however, exert their primary 
influence by decreasing the secondary creep rate, as demonstrated in this study (Fig. 4) and that 
of Reference 12. 

Since boron is a difficult element to detect, the majority of the "hard" results presented were 
related to the effects of phosphorus. The effect of boron must be ascertained more indirectly. 
The inferred lack of participation by boron in swelling and irradiation induced creep probably 
reflects its tendency to precipitate, particularly on grain boundaries. Swelling is a process that 
occurs in the bulk of the grain and is generally suppressed in the vicinity of grain boundaries, 
which function as strong sinks for radiation produced point defects. Swelling is sensitive to the 
presence of gases such as helium, one source of which is ~~ a)TLi reactions. The cross sec- 
tion for this reaction is rather low in fast reactors, however. Furthermore, the influence of the 
helium extends only to the range of the alpha particles ( -  2 ttm), leaving most of the grain 
unaffected since helium has a very low diffusivity [32-34]. 

Boron's relative lack of influence on swelling may also reflect its tendency to segregate 
to grain boundaries or interfaces and to participate with carbon in the formation of various 
(boro)carbide precipitates. While the onset of swelling is known to be somewhat sensitive to 
elements such as carbon, particularly through the compositional modification of the matrix that 
results from precipitation [311, the precipitation kinetics of these steels will most likely be domi- 
nated by the relatively high tevels of titanium, thus allowing only a small role for boron. 
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Boron does have a significant effect on thermal creep, however. A wide variety of explana- 
tions have been advanced for this, as summarized in Reference 2. In boron-free stainless steels, 
tertiary creep is characterized by the growth of grain boundary cavities and fissures leading to 
intergranular fracture with a relatively small amount of necking. In boron-containing steels, 
rupture life is increased through a delay in the onset of tertiary creep. Most explanations center 
on boron's influence on refining the size and distribution of carbide phases formed during heat 
treatment or early stages of the creep process [7,12], although in this work boron had no effect 
on the already fine distribution of titanium-rich carbide particles. Refinement is also promoted 
by the high dislocation density characteristic of cold worked steels. Refinement of precipitates 
in the matrix delays the recovery of the dislocation structure, while refinement of the grain 
boundary precipitates appears to prevent cavity formation. In stabilized stainless steels, such as 
those considered in this study, dislocation decoration is further enhanced throughout the ma- 
trix, except for well-defined precipitate-free zones at the grain boundaries. Such zones were 
visible in this study only at higher solute levels, as shown in the scanning electron microscope 
photographs in Fig. 28. While such decoration strengthens the grains, the precipitate-free zones 
allow for accommodation of plastic strain near the grain boundary, possibly reducing the for- 
mation of vacancy-fed cavity growth on the boundaries. 

The suggestion has been made that boron-vacancy interactions play an important role in the 
transport of boron to grain boundaries and dislocations as well as in the nucleation of carbide- 
type precipitates [7]. In one study, however, boron was observed to have no influence on the 
equilibrium concentration of vacancies in 316L stainless steel [35]. Phosphorus, on the other 
hand, is relatively soluble in the alloy matrix and has been shown to have a large influence on 

FIG. 28--Precipitate-free zones observed in the D9 alloy having the highest levels of  boron and phospho- 
rus additions. 
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the equilibrium concentration of vacancies [35, 36], exhibiting a very large vacancy binding en- 
ergy of - 0 . 4  eV. The effect of phosphorus in increasing the equilibrium vacancy concentration 
manifests itself in void generation during quenching and aging experiments using phosphorus 
containing steels [37-40]. Such studies confirm that the equilibrium concentration of vacancies 
is increased by orders of magnitude by small amounts of phosphorus. 

The high vacancy concentration is expected to affect precipitation kinetics and distribution of 
carbide phases and support for this was found in this and other studies. Phosphorus promotes a 
finer dispersion of carbide phases and above 0.04% also leads to a very high density of needle- 
like phosphide phases, both of which will impede recovery processes. In addition, the growth of 
brittle Laves phase on grain boundaries appears to be inhibited by phosphorus. 

While one might expect the enhanced vacancy population per se to increase the thermal creep 
rate it must be remembered that most vacancies are strongly bound and probably do not partici- 
pate in the creep process. It has been proposed, however, that the enhanced equilibrium va- 
cancy concentration from the phosphorus in solution strongly reduces the supersaturation of 
vacancies produced during irradiation, thus leading to many orders of magnitude reduction in 
void nucleation rates and an extension of the transient regime of the swelling [24,25]. A reduc- 
tion in instantaneous swelling rate would also dictate a reduced rate of irradiation creep [24, 31]. 
The formation of phosphides also appears to delay not only the recovery process but also the 
radiation induced formation of nickel and silicon-rich radiation-stable precipitates [27], such as 
G phase and gamma prime. These precipitates may cause void nucleation to increase via re- 
moval of particular elements [25]. 

The synergisms exhibited by phosphorus and boron in improving the creep rupture life ap- 
pear to fall into two categories. Both appear to involve precipitation in the matrix and on grain 
boundaries. Precipitation in the matrix affects dislocation recovery, which in turn affects the 
vacancy transport throughout the grain. Precipitation at grain boundaries has a direct effect on 
cavity formation. 

The second type of synergism may rely on the continued hardening of the matrix by the pin- 
ning of the high dislocation density by carbides and especially by phosphides. Phosphorus addi- 
tions and phosphide formation have been noted to delay the radiation induced relaxation of 
dislocation density [27] that is a general feature of fast reactor irradiations of cold worked AISI 
316 conducted above - 500~ ( - 930~ [41]. This shifts the majority of the stress relief process 
to the grain boundaries, producing stress concentrations that favor the formation of creep cavi- 
ties. Since boron tends to reduce cavity formation, a synergistic influence of boron and phos- 
phorus results. 

Conclusions 

Controlled additions of both phosphorus (up to 0.08%) and boron (up to 0.008%) to a tita- 
nium stabilized austenitic stainless steel have been shown to lead to a larger improvement in 
ex-reactor stress rupture behavior than that anticipated from the single addition of either ele- 
ment. The two elements appear to affect stress rupture by different mechanisms. The synergism 
produced by the combined addition appears to be complex and is not well understood, but the 
increase in strength can be attributed in part to precipitation on a fine scale in both the matrix 
and the grain boundaries. The in-reactor creep behavior is also improved by adding phosphorus 
and boron. Irradiation induced swelling and creep are significantly delayed by the addition of 
phosphorus, although the full extent of the delay will not be known until additional data are 
available at higher exposure levels. The improvements in stress rupture, creep, and swelling 
behavior that result from such compositional modifications have culminated in the definition of 
an improved and patented D9 alloy referred to as UNS $38660 or D9I, containing 0.002 to 
0.008% boron and 0.02 to 0.08% phosphorus. Optimum levels of these elements range from 
0.004 to 0.006% boron and from 0.025 to 0.04% phosphorus. 
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The Effect of Boron, Copper, and 
Molybdenum Residuals on the Corrosion 
Resistance of Type 304 Stainless Steel 

REFERENCE: Kearns, J. R., Johnson, M. J., Aggen, G., and Edsall, W. D., "The Effect of 
Boron, Copper, and Molybdenum Residuals on the Corrosion Resistance of Type 304 Stainless 
Steel," Residual and Unspecified Elements in Steel. ASTM STP 1042. A. S. Melilli, and E. G. 
Nisbett, Eds., American Society for Testing and Materials, Philadelphia, 1989, pp. 150-165. 

ABSTRACT: Systematic variations in the chromium, nickel, copper, molybdenum, and boron 
and B contents of American Iron and Steel Institute (AISI) Type 304 stainless steel (UNS $30400) 
were evaluated by electrochemical and immersion corrosion tests in oxidizing, reducing, and chlo- 
ride solutions. In one series of tests, the chromium and nickel alloy contents were maintained 
within the flat rolled product tolerance range (17.8 to 18.0 wt% chromium, 7.8 to 8.0 wt% nickel) 
while the copper and molybdenum alloy contents were increased from a residual level ( < 0.5 wt %) 
to a range from 0.6 to 0.7 wt%. Strip specimens with such compositions performed as well as 
others that had chromium and nickel contents within the specified analytical limits for tubular 
products (18.0-20.0 wt% chromium; 8.0-11.0 wt% nickel) and copper and molybdenum contents 
below 0.5 wt%. The results of an ASTM A01.17 committee interlaboratory program (twelve in- 
dustrial labs testing per ASTM Practices for Detecting Susceptibility to lntergranular Attack in 
Austenitic Stainless Steels (A 262-85a), Practice C, did not reveal any significant difference in the 
intergranular corrosion resistance of the said compositions. None of the compositional modifica- 
tions resulted in increased susceptibility to sensitization as caused by welding or heat treating. 

The effect of residual boron on the carbide precipitation kinetics and intergranular corrosion 
resistance of mill and laboratory produced Type 304 stainless was also evaluated. The corrosion 
rates for fully annealed samples in boiling nitric, phosphoric, acetic, oxalic, and lactic acids were 
not related to alloy boron contents in the range 0.0003 to 0.0056 wt%. The rate of corrosion for 
sensitized (815~ for 24 h) samples in boiling 65 wt% nitric acid declined rapidly with increasing 
boron contents in the range from 0.0004 to 0.0011 wt%. The corrosion rates for sensitized samples 
containing 0.0011 to 0.0056 wt% boron were constant and, on average, 0.6 mm/y (0.002 ipm) 
higher than those for samples in a fully annealed condition. 

KEY WORDS: stainless steel, residual elements, corrosion resistance, sensitization, carbides, 
AISI Type 304, copper, molybdenum, boron 

The quali ty of a conventional  stainless steel is usually evaluated relative to specifications tha t  
have been establ ished by internat ional ly  recognized technical  organizat ions,  for example,  the 
Amer ican  Society for Test ing and  Mater ia ls  (ASTM) and  the Amer ican  Society of Mechanica l  
Engineers  (ASME).  Such specifications are fur ther  refined by metal  producers,  fabricators ,  
and  end users. The lat ter  two groups tend to restrict specified ranges according to the require- 
ments  of a par t icu lar  appl icat ion or product  form. Such restr ict ions often prohibi t  the metal  
producer  f rom opt imizing raw material  and  product ion  costs. For instance,  the ASTM general  
requi rements  for f lat  rolled products  [ASTM Specification for Genera l  Requi rements  for Flat- 
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Rolled Stainless and Heat-Resisting Steel Plate, Sheet, and Strip (A 480/A 480 M-84a)] have 
permitted the use of product analysis tolerances while the ASTM general requirements for tu- 
bular products [ASTM Specification for General Requirements for Specialized Carbon and Al- 
loy Steel Pipe (A 530/A 530M-85b) and ASTM Specification for General Requirements for 
Carbon, Ferritic Alloy, and Austenitic Alloy Steel Tubes (A 450/A 450M-86a)] have not (Table 
1). Consequently, certain strip that is acceptable within the broader flat rolled specification 
cannot be fabricated into tubing. A major concern about resolving the discrepancy between the 
two specifications has been that reducing the proportions of the major alloying elements, chro- 
mium and nickel, might compromise the corrosion performance of the final product, particu- 
larly for compositions containing high levels of residual elements. In the first phase of the 
present study, a typical American Iron and Steel Institute (AISI) Type 304 stainless steel (UNS 
530400) strip composition was modified by increasing the copper and molybdenum residual 
levels (typically 0.2 to 0.5 wt%) to within the range 0.6 to 0.7 wt% and decreasing the chro- 
mium and nickel contents toward the minimum of the specified tolerance allowed by the flat 
rolled product specification (that is, 17.8 to 18.0 wt% chromium; 7.8 to 8.0 wt~ nickel). 

The second phase of the present study was concerned with the effect of boron at levels less 
than 0.01 wt% in Type 304. Small amounts of boron as measured by bulk chemical analysis can 
significantly affect mechanical and corrosion properties. Nevertheless, boron remains an un- 
specified element in most specifications, including ASTM Specification for Heat-Resisting 
Chromium and Chromium-Nickel Stainless Steel Plate, Sheet, and Strip for Pressure Vessels (A 
240-85) and ASTM Specification for Seamless and Welded Austenitic Stainless Steel Tubing for 
General Service (A 269-85). The principal reason for unspecified boron is that, except for cer- 
tain nuclear applications, the control of alloy boron content is most crucial to the metal pro- 
ducer to minimize cracking during hot working operations.The relation of alloy boron content 
to grain boundary precipitates and intergranular corrosion resistance was evaluated in the 
present study. 

Influence of Copper and Molybdenum 

The copper and molybdenum present in the scrap metal in a typical argon oxygen decarburi- 
zation (AOD) charge are retained to a large extent in continuous or ingot cast austenitic stain- 
less steel slabs. The range for copper and molybdenum in Type 304 stainless can typically vary 
from 0.05 to 0.5 wt%. Residual levels of copper have been observed to enhance passivity in 

TABLE 1--ASTM compositional specifications for various Type 304 stainless product 
forms (wt%). 

A 269/A 450 A 312/A 530 A 240/A 480 
(Tubing) (Pipe) (Plate, Sheet, Strip) 

Component Min/Max Min/Max Min/Max Tolerance 

C /0.08 /0.08 /0.08 0.01 
Mn /2.0 /2.0 /0.20 0.04 
P /0.040 /0.040 /0.040 0.00S 
S /0.030 /0.030 /0.030 0.005 
Si /0.75 /0.75 /0.75 0.05 
Cr 18.0/20.0 18.0/20.0 18.0/20.0 0.20 
Ni 8.0/11.0 8.0/13.0 8.0/10.5 0.10 
Mo . . . . . . . . . . . .  
Cu . . . . . . . . . . . .  
N . . . . . . . . . . . .  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  1 3  1 9 : 2 2 : 4 4  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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reducing acids [1] while the principal benefit of molybdenum alloying is enhanced resistance to 
localized corrosion as induced by chlorides. However, associated reductions in weight loss have 
only been observed when copper and molybdenum contents are an order of magnitude or more 
above the residual level [1,2]. Kiefer and Renshaw [3] significantly increased the resistance of 
AISI Type 316 (UNS 531600) (2.44 wt% molybdenum) to sulfuric acid with an alloy addition of 
2.15 wt% copper. Pruger et al. [2] have proposed that the austenitizing power of copper be 
exploited by partially substituting copper for nickel: increasing residual copper to 0.75 wt% 
would permit a decrease of 0.5 wt% nickel. A similar increase in molybdenum residuals was 
also advocated, since no adverse effects on physical properties had been observed. In oxidizing 
acids, copper does not seem to affect corrosion performance while larger amounts of molybde- 
num have been related to increased rates of corrosion [1]. 

Influence of Boron 

The solubility limit of boron in an unstabilized Fe-Cr-Ni stainless steel decreases rapidly from 
0.001 wt% (100 ppm) at the eutectic temperature (approximately 1150~ [4]. Workers at Alle- 
gheny Ludlum Steel [2, 5] did not observe any precipitates in an austenitic stainless with normal 
residual boron contents: 0.0005 to 0.0006 wt% boron. Higher annealing temperatures and 
faster cooling rates were required to produce precipitate free grain boundaries in stainless with 
boron contents of 0.001 wt% and greater [2,5]. Above 0.004 wt% boron, the segregation of 
boron to grain boundaries during cooling not only reduces the total quantity of grain boundary 
precipitation but also replaces chromium carbides with a more corrosion resistant boron-rich 
precipitate. Boron tends to precipitate preferentially at grain boundaries as a boride (M2B) and, 
to a lesser extent, as a borocarbide [Mz3(C,B)6; where M = (Cr,Fe, lesser Ni)] compound; de- 
pending on the alloy boron and carbon contents as well as the heat treatment [4]. These changes 
in the quantity and composition of the grain boundary precipitates during thermal exposure 
have been related to reduced intergranular corrosion rates. 

Several workers [5-8] have found that boron had either no influence or was beneficial to 
intergranular corrosion resistance. Others [2] have concluded that the presence of 0.001 wt% 
boron or more is detrimental to the corrosion resistance of an austenitic stainless steel even in 
the mill annealed condition. Farrell and Rosenthal [8] have found that the corrosion rate for 
sensitized Type 304 in boiling nitric acid decreases with boron contents from 0 to 0.0007 wt% 
and increases (by 0.6 mm/y or 0.002 ipm) from 0.0007 to 0.0037 wt% boron, but concluded 
that boron contents of up to 0.0080 wt% had no significant effect on intergranular corrosion 
resistance. At levels above 0.0030 wt% boron and up to 0.0100 wt% boron, carbide precipita- 
tion was found to be suppressed during sensitizing treatments [8]. Boron-rich precipitates 
would not be expected to form until levels of 0.0030 wt% boron or more were present in the 
steel. Voeltzel and Henry [9] demonstrated that the effect a given amount of boron had on the 
intergranular corrosion resistance of 18Cr-10Ni type stainless depended on the temperature 
and duration of an anneal as well as the titanium and molybdenum contents. These authors 
noted that corrosion rates increased with alloy boron contents above 0.006 wt% and decreased 
when below this figure. Boron contents above 0.01 wt% are generally accepted as reducing 
resistance to corrosion in hot nitric acid solutions. 

Experimental Procedure 

Materials 

Three groups of specimens were obtained from laboratory and commercial production. Final 
cold rolled, annealed, and descated (CRAD) strip from seven commercial heats that had been 
continuously cast from a 90 600 kg (100 ton) AOD vessel was used in two cases, One of the 
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commercial  heats tha t  was chosen represented a Type 304 chemistry with typical levels of resid- 
ual and  unspecified e lements  (Table  2). The  other  six heats  were selected for boron contents  
tha t  varied f rom 0.0003 to 0.0015 wt%.  

Strip f rom the heat  with the typical composi t ion was remel ted in a vacuum induct ion melt ing 
(VIM) furnace. Carbon, nitrogen, and manganese additions were made to compensate for esti- 
mated  losses incurred dur ing  remelt ing.  Molybdenum or copper or bo th  were intent ional ly  
added to the  VIM charge for three  of the five remel ted heats.  The ch romium and  nickel a ims of 
four heats were designed to be below the A269-85 specified min imums  bu t  still within the speci- 
fication tolerance range for A480/A480M-84a .  The  VIM heats were cast into 23 kg ingots. 

For the boron alloy study, electrolytic chromium,  iron, manganese ,  and  nickel and  high pu- 
rity iron silicon (FeSi) went into one mas ter  VIM heat  (in wt%:  0.038 carbon,  1.78 manganese ,  
0.015 phosphorus ,  0.003 sulfur, 0.41 silicon, 18.60 chromium,  8.65 nickel, 0.010 t i t an ium,  
0.0035 nitrogen,  0.0004 boron) .  Sections of the  mas ter  ingot were remel ted with various boron  
addi t ions  to obta in  eleven different boron contents  from 0.0004 to 0.0057 wt%. The remel ted 
material  suffered minor  tungs ten  (0.005 wt% tungsten)  and  carbon (0.002 to 0.004 wt% car- 
bon)  contamina t ion .  

All of the VIM cast ingots were condit ioned,  reheated to 1200~ forged to slab, ground,  
reheated to 1175~ hot  rolled, annea led  at  1065~ water quenched,  pickled, hydroblasted,  

TABLE 2--Chemical compositions of modified Type 304 stainless steel 

Chemistries (wt%) of Cited Alloy Designations 

Lean Cr 
Mill Lab Lean Cr Lean Cr Lean Ni 

Product Control Lean Cr Lean Ni Lean Ni + Cu 
Component (AOD) (VIM) Lean Ni + Cu + Mo + Mo 

C 0.060 0.065 0.060 0.066 0.061 0.061 
Mn 1.83 1.87 1.85 1.87 1.85 1.84 
P 0.036 0.033 0.034 0.037 0.034 0.034 
S 0.008 0.009 0.012 0.010 0.008 0.008 
Si 0.57 0.56 0.55 0.53 0.56 0.55 
Cr 18.38 18.44 17.80 17.85 17.86 17.85 
Ni 8.14 8.13 7.90 7.96 7.99 8.02 
Mo 0.24 0.24 0.24 0.24 0.65 0.66 
Cu 0.25 0.25 0.23 0.65 0.25 0.67 
N 0.063 0.063 0.061 0.063 0.062 0.063 

Active 
Corrosion 
Current 
Density 
(t~a/cm 2) 

Graphic 
Corrosion 
Current 
(/~a/cm 2) 

Calculated 
Corrosion 
Rate 
(mm/y) 

CORROSION CALCULATIONS BASED ON WILDE AND GREEN [lO, ll] 

442 450 1266 520 573 

CORROSION CALCULATIONS BASED oN MORRIS AND SCARBERRY [12J 

0.3 0.3 0.4 0.3 0.4 

0,004 0.004 0.005 0.004 0.00,5 
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cold rolled to a thickness of approximately 0.2 cm, final annealed in an inert gas atmosphere at 
1095~ for 15 min and water quenched. A portion of each group of specimens was welded in a 
gas tungsten arc welding (GTAW) process. The GTA welds were made without a filler metal 
(that is, autogenously) and with pure argon shield and backup gases. Sensitizing heat treat- 
ments were performed for either 1 h at 677~ (1250~ or 24 h at 815~ (1500~ The former 
treatment was performed in a gas fired furnace followed by an air cool and the entire cycle of 
heating and cooling for the latter treatment occurred in argon atmospheres. The faces of the 
welded and heat treated specimens were wire brushed, acid cleaned, and degreased prior to 
immersion and polarization testing. The faces of the VIM specimens used in the boron alloy 
study were ground to a depth of 0.025 cm to remove deboronized surface layers. The edges of all 
blanks were machined to obtain a final specimen size of 2.5 by 5 cm. 

Corrosion Te~ting 

Specimens in both welded and CRAD conditions were evaluated in the following immersion 
tests: 

(1) Oxalic acid etch test [ASTM Practices for Detecting Susceptibility to Intergranular At- 
tack in Austenitic Stainless Steels (A 262-85a), Practice A]; electrolytic 10 wt% oxalic acid 
solution at room temperature; 

(2) Streicher test (ASTM A 262-85a, Practice B); boiling ferric sulfate-sulfuric acid 
solution; 

(3) Huey test (ASTM A 262~ Practice C); boiling 65 wt% nitric acid; 
(4) Pitting test { ASTM Test Method for Pitting and Crevice Corrosion Resistance of Stain- 

less Steels and Related Alloys by the Use of Ferric Chloride Solution [G 48-76 (1980), Practice 
A]}; 6 wt% ferric chloride (10% ferric chloride hexahydrate: 10% FeCl3" 6H20) solution at 
23~ and 

(5) Crevice corrosion test [ASTM G 48-76 (1980) Practice B]; 6 wt% ferric chloride solution 
at 23~ with creviced samples. Immersion tests were also performed according to ASTM Rec- 
ommended Practice for Laboratory Immersion Corrosion Testing of Metals [G 31-72 (1985)] in 
the following environments: 

(1) Boiling 10 wt% sulfuric acid solution; 
(2) 1 N sulfuric solution at room temperature; and 
(3) 10 wt% phosphoric acid, glacial acetic acid, 10 wt% oxalic acid and 50 wt% lactic acid: 

all of the solutions were boiling. 

Potentiodynamic anodic polarization tests were also conducted per ASTM Practice for Stan- 
dard Reference Method for Making Potentiostatic and Potentiodynamic Anodic Polarization 
Measurements (G 5-82) using 1 gl sulfuric acid and 1000 ppm sodium chloride electrolytes at 
room temperature. A Petrolite Potentiodyne@ M4100 Analyzer was used in conjunction with 
the electrochemical cell described by Johnson [10]. Measurements were made by automatically 
increasing the applied potential from -- 1.0 to + 1.0 V, relative to a saturated calomel electrode 
(SCE), at a rate of 6.0 V/h. 

Results and Discussion 

Influence of Copper and Molybdenum on Lean Type 304 

A preliminary assessment of the effects of minor compositional modifications on the corro- 
sion resistance of Type 304 was made based on an empirical relation developed by Greene and 
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Wilde I l l ,  12]. The equation relates alloy composition to a parameter obtained from anodic 
polarization tests in 1N sulfuric acid at 30~ 

I~ : 351 + 373(Mn) -- 1240(Cu) -- 750(Mo) 

+ 76000(S) -- 6500(C) -- 840(Cr -- 18) 

Ie is the critical anodic current density expressed in #A/cm 2 and the chemical elements are given 
in wt%. Of particular relevance to this study was the finding that small decreases in copper, 
molybdenum, and chromium would increase/~. The Ic value is inversely related to the passivat- 
ing tendency of an alloy in weakly oxidizing media. Steels with I,. values below 100/~A/cm 2 have 
been found to be resistant to aerated, dilute sulfuric acid and those with values above 1000 
#A/cm 2 pitted severely in 4% sodium chloride solution at 90~ [12]. The calculated Ic values 
appear in Table 2. Reducing the alloy chromium and nickel content to the minimum of the flat 
rolled product tolerance range (referred to as "low Cr-Ni") increased the Ic value by an order of 
magnitude. Additions of copper and molybdenum each reduced the Ic values for the low Cr-Ni 
composition to approximately that for the mill product. The combination of copper and molyb- 
denum reduced the calculated Ic values even further. 

The measured electrochemical parameters for all of the modified compositions were typical of 
the commercial Type 304 product in 1 N sulfuric acid at 23~ and a scan rate of 6 V/h (Fig. 1): 
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FIG. 1--Potentiodynamic anodic polarization curves for modified Type 304 stainless compositions in IN 
sulfuric acid electrolyte at 23~ 
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1. The  peaks of the active loops ( tha t  is, Ic values) occurred near  - -0 .32  V Itl with associated 
pr imary  passive potent ia ls  (Epp) in the 0.15 to 0.35 m A / c m  2 range. 

2. The  passive range of potent ials  was from - -0 .8  to 0.6 V. 
3. The  cu r ren t  densi ty for the  passive range  of potent ia ls  varied f rom 0.007 to 0.013 

m A / c m  2. 

4. Signs of pi t t ing were not evident,  ra ther ,  a smooth t ransi t ion f rom passive to t ranspassive 
condit ions began at appl ied potent ials  more electropositive than  0.4 V. 

5. The  reverse scan line (not  shown in Fig. 1) did not  cross the  forward scan line in the passive 
range of potentials.  The  current  density rapidly dropped three orders of magni tude  with a 0.15 
V decrease f rom the 1.0 V max imum.  

The I~, values for each composi t ion were reproducible  to within •  of a mean  for dupl icate  
tests. The current  densities were consistent  to 5%.  Potent ials  corresponding to various points  on 
a given curve were reproducible  to within 0.04 V in bo th  solutions. 

Corrosion rates were calculated f rom the  polarizat ion curves (Table  2) by convert ing graphi-  
cally ext rapola ted corrosion current  values, as per the  methodology of Morris  and  Scarberry 
[13]. The calculated rates correlated well with the results of immersion tests in 1 N sulfuric acid 
at 30~ for 100 h (Table  3). The  rates in boil ing 10 wt% sulfuric acid were four orders of magni-  
tude  h igher  t han  the rates in 1 N sulfuric acid (Table  3), which is typical of the  Type 304 prod-  
uct. In all three cases involving sulfuric acid, no significant difference in the  corrosion resis- 
tance of the five composit ions was evident.  

The active peaks t ha t  were distinctly present  in the  scans involving sulfuric acid were absent  
from scans of samples in the  1000 p p m  sodium chloride solution (Fig. 2). The  pr imary  passive 

TABLE 3--Corrosion test results for modified type 304 stainless steel. 

Total Average Corrosion Rate, ram/y, for Cited Alloy Designations 

Lean Cr 
Lab Lean Cr Lean Cr Lean Ni 

Corrosion Sample Control Lean Cr Lean Ni Lean Ni + Cu 
Test Condition (VIM) Lean Ni + Cu + M o  + Mo 

ASTM A 262 CRAD 0.590 0.690 0.642 0.653 0.660 
Practice B" Welded 0.598 0.689 0.673 0.643 0.628 
ASTM A 262 CRAD 0.231 0.268 0.240 0.303 0.277 
Practice C h Welded 0.241 0.267 0.256 0.286 0.267 
10% H2SO4' CRAD 14.440 18.472 15.812 18.900 17.427 

Welded 14.629 19.268 16.034 20.118 17.304 
1 N H2SO4 d CRAD 0.002 0.001 0.002 0.001 0.002 

Total Average Weight Loss (g/cm 2) 

ASTM G 48 CRAD 0.023 0.027 0.027 0.023 0.027 
Practice A ~ Welded 0.025 0.024 0.026 0.024 0.024 
ASTM G 48 CRAD 0.021 0.025 0.023 0.023 0.024 
Practice B r Welded 0.021 0.024 0.023 0.025 0.023 

"Samples were exposed for one 120 h period in a boiling ferric sulfate-sulfuric acid solution. 
hSamples were exposed for five 48 h periods in a boiling 65 wt% nitric acid solution. Cited rates are total 

average for the five periods. 
CTest was stopped after four 48 h periods due to high corrosion rates. The solution was boiling. 
aSamples were exposed for one 100 h period at 30~ (80~ 
"Samples were exposed for one 72 h period at room temperature. Practice B involves the use of teflon 

blocks held on the sample surface by two rubber bands. 
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FIG. 2--Potentiodynam& anodic polarization curves for modified Type 304 stainless compositions in IM 
sodium chloride at 23~ 

current densities were an order of magnitude higher in the acid solutions (0.5 pH) than in the 
chloride solution with neutral pH. Two results were consistent in all the electrochemical tests 
described above: (1) all five compositional modifications had passivating characteristics that 
were typical of the Type 304 product, and (2) no scan for a given composition deviated from any 
other by more than the experimental error. 

Based on the above observations, the reproducibility of the testing method was concluded to 
be sufficient for identifying significant differences in corrosion performance. However, such 
trends were not evident. For example, the control heat had the highest I~ in 1 N sulfuric acid and 
the low Cr-Ni + Mo cast had the lowest value, but the difference was within the observed limit 
of reproducibility. Therefore, this difference in corrosion behavior could not be considered sig- 
nificant. The rates of corrosion, both calculated and measured, for all compositions in 1N sulfu- 
ric acid varied by only 0.001 mm/y ( < 0.00001 ipm). Similarly, the rates for the boiling 10 wt% 
sulfuric acid exposures were also of the same order of magnitude with the important qualifica- 
tion that the environment was far too aggressive (a desirable rate would be under 0.6 mm/y or 
0.002 ipm) to assess accurately the influence of minor changes in alloy content. Autogenous 
GTA welding did not appear to degrade the corrosion properties of any of the compositions in 
the solutions listed in Table 3. 

The results of an ASTM A01.17 committee interlaboratory study program (twelve industrial 
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labs testing per ASTM A 262-85a, Practice C) are plotted in Figs. 3 and 4. There was no consis- 
tent distinction in the performance of any given composition. The range of corrosion rates at 
any given lab for the five compositions varied by at most 0.09 mm/y (0.0003 ipm). The range of 
values obtained at the different labs varied by 0.31 mm/y (0.001 ipm). However, ten of the 
twelve labs obtained values within a range of 0.15 mm/y (0.0005 ipm). Decreasing the chro- 
mium content by 0.64 wt% and the nickel by 0.23 wt% only increased the average corrosion 
rate by 0.03 mm/y (0.0001 ipm): compare the lab control and the low Cr-Ni heats. Increasing 
the copper or molybdenum to 0.065 wt% reduced the average corrosion rate by 0.015 to 0.024 
mm/y (0.00005 and 0.00008 ipm), respectively. The corrosion rates for all modified composi- 
tions were below the 0.45 mm/y (0.0015 ipm) limit specified by E. I. du Pont de Nemours and 
Co. [14] for annealed Type 304 in the Huey test. All of the cited variations are in the second and 
third decimal places for rates in terms of mm/y (forth and fifth for ipm). Such variations are of 
no practical significance since they are well within experimental error. Figure 4 compares 
results of three laboratories for samples in CRAD and welded conditions to a total average of all 
twelve laboratories for CRAD samples. The similarity in corrosion rates and the appearance 
after exposure of samples in both conditions indicated that there was no preferential attack at 
the weldment. All of the rates were below 0.45 mm/y (0.0015 ipm). 

Influence o f  Boron on Type 304 

Tests conducted per ASTM A 262-85a, Practice A (Table 4) on commercially produced strip 
in the hot rolled and annealed condition indicated that heats containing 0.0003, 0.0007, 0.0012, 
and 0.0015 wt% boron might be susceptible to intergranular corrosion attack in other ASTM A 
262-85a tests. Discontinuous globular precipitates were observed on the grain boundaries of 
these heats (Fig. 5). The precipitates are thought to be M23(C,B)6 borocarbides rather than M2B 
borides considering the boron contents of the examined alloys [4,6, 7,15,16]. The size, shape, 
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FIG. 3--Corrosion rates for modified Type 304 chemistries as determined by twelve industrial laborato- 
ries in tests per .4STM A 262-85a. Practice C. Each value represents an average of two determinations. 
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FIG. 4--Comparison of intergranular corrosion rates for compositionally modified Type 304 samples in 
fully annealed (CRAD) and autogenously welded (GTA W) conditions. The averages of the rates determined 
by twelve industrial laboratories in tests per ASTM A 262-85a, Practice C, are also plotted. 

TABLE 4--Corrosion test results for Type 304 with boron. ~ 

Visual Rating of Microstructure for Cited Alloy Boron Contents (ppm) 

Test 3 S 6 7 12 15 

Carbide 
Rating b C 1 C 1 C 1 C 1 C2 C3 

Carbide 
Rating b'" CS C5 CS CS CS C5 

ASTM A 262 
Practice A Dual Step Step Dual Dual Dual 

Corrosion Rates (mmy) a for Cited Alloy Boron Contents (ppm) 

Test 3 S 6 7 12 1S 

ASTM A 262: 
Practice B 0.610 0.610 0.579 0.610 0.610 0.579 
Practice C 0.244 0.33S 0.244 0.244 0.244 0.30S 
Practice C + 12.68 . . . . . .  13.81 14.36 14.33 

"Samples were in the hot rolled and annealed condition. 
hRatings established relative to the visual s tandards shown in Fig. 6. 
cSamples were sensitized by heat treating for one hour at 677~ (12S0~ followed by air-cool[-ag. Sensi- 

tized samples were descaled prior to immersion testing. 
dThe cited rates are averages of two tests. 
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FIG. 5--Photomicrographs of Type 304 samples containing (a) 0.0005, and (b) 0.0015 wt% boron after 
exposure in electrolyt& 10 wt% oxalic acid (ASTM A 262-85a, Pract&e A). The etched microstructures 
were rated as step and dual, respectively. 

density, and distribution of particles were rated by subjective visual examination relative to the 
standards illustrated in Fig. 6. The ratings for all of the hot rolled annealed samples were ac- 
ceptable (that is, rated as C-3 or below) for subsequent production stages. Standard mill final 
anneal cycles were adequate to obtain C-1 microstructure ratings and corrosion rates less than 
0.45 mm/y (0.00015 ipm) in the Huey test. After exposure at 677~ for 1 h, all of the Type 304 
samples had unacceptable carbide content ratings and very high corrosion rates in the Huey test 
(Table 4). The observed microstructure and corrosion behavior are both typical of Type 304 
grades containing more than 0.03 wt% carbon when in a sensitized condition. 

The rate of corrosion for samples sensitized by exposure at 815~ for 24 h declined rapidly 

FIG. 6--Reference standards used in rating the carbide contents of austenitic stainless steel transverse 
microstructures when etched and in chromic acid. 
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with increasing boron contents in the range from 0.0004 to 0.0011 wt% (Fig. 7). The corrosion 
rates for samples containing 0.0015 to 0.0057 wt% boron and sensitized at 815~ for 24 h were 
constant and, on the average, 0.6 mm/y (0.002 ipm) higher than those for samples of the same 
composition in an as-annealed condition. All of the compositions in the as-annealed condition 
had rates that were below 0.6 mm/y (0.002 ipm) and only one (0.039 wt% boron) corroded at a 
rate exceeding 0.45 mm/y (0.001S ipm). The increase in corrosion rates for sensitized Type 304 
(2 h at either 649, 704, or 760~ with alloy boron contents in the range of 0.0007 and 0.0037 
wt% observed by Farrell and Rosenthal [8] was not confirmed by this study. 

The sensitizing treatment at 815~ for 24 h resulted in corrosion rates in the Huey test that 
were lower than those for samples that had been sensitized at 677~ for 1 h. The former heat 
treatment results in carbide morphologies that tend toward discrete particles versus the contin- 
uous grain boundary films formed by the latter t rea tment  [17,18]. Grain boundary regions con- 
taining discrete particles are less susceptible to attack in oxidizing acids. 

The previously cited corrosion rates were averages for five 48-h exposure periods. The same 
body of data for samples sensitized at 815~ for 24 h is presented in another format (Fig. 8) to 
show that the corrosion rates increased with each successive period of exposure. Continued at- 
tack of regions adjacent to grain boundary precipitates caused more grains to drop from the 
microstructure, which resulted in higher rates with each successive exposure period. 

Many of the environments that induce the intergranular corrosion of annealed austenitic 
stainless steels in commercial applications do not involve strongly oxidizing solutions such as 65 
wt% nitric acid. Therefore, immersion tests in three boiling organic acids were performed to 
supplement results discussed above. The corrosion rates ranged from: (1) < 0.03 to 0.06 mm/y 
(<0.0001 to 0.0002 ipm) in 10% phosphoric acid, (2) 0.S0 to 0.64 mm/y (0.00165 to 0.00209 
ipm) in glacial acetic acid, (3) <0.03 to 7.00 mm/y (<0.0001 to 0.02298 ipm) in 10% oxalic 
acid, and (4) 0.03 to 29.79 mm/y (0.0001 to 0.09772 ipm) in 50% lactic acid. The changes in 
rates within the cited ranges did not correlate with the boron contents of the laboratory heats. 
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FIG. 7--The effect of  alloy boron content and sensitizing treatment on the corrosion rate of  Type 304 
stainless steel tested in boiling 65 wt% nitric acid (per A S T M  A 262-85a, Practice C). 
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FIG. 8--The effect of alloy B content on the corrosion rate of sensitized Type 304 stainless steel tested in 
boiling 65 wt% nitric acid (per ASTM A 262-85a, Practice CJ. 

Conclusions 

1. Type 304 chemistries with chromium and nickel contents in the flat rolled product toler- 
ance range performed as well as compositions within the specified analytical limits in acid and 
chloride solutions. 

2. Relatively high copper or molybdenum or both residual element contents (0.6-0.7 wt%) 
had no detrimental effect on the corrosion resistance of Type 304 compositions with lean chro- 
mium and nickel contents. 

3. The results of an ASTM sponsored interlaboratory program (twelve industrial labs testing 
per ASTM A 262-85a, Practice C) did not reveal any significant difference in the corrosion 
resistance of the five Type 304 chemistries varying in chromium, nickel, copper, and molybde- 
num contents. 

4. Commercially acceptable levels of intergranular precipitation and corrosion resistance 
were obtained using standard mill annealing cycles for 304 strip containing 0.0003 to 0.0015 
wt% boron. 

5. Greater than normal boron contents (0.0011 to 0.0056 wt%) were found to reduce the 
corrosion rates of sensitized Type 304 in nitric acid. 

6. The corrosion rates for annealed Type 304 in the Huey test increase slightly with boron 
contents in the range 0.0004 to 0.0056. Only a composition with 0.0039 wt% boron had a rate 
above 0.45 mm/y (0.0015 ipm). 
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DISCUSSION 

A. A. Tavassoli, I (discussion q u e s t i o n ) - - W e  have found that in general, Type 316LN (UNS 
$31603 and $31651) behaves better than Type 304 with regard to improved weldability and 
resistance to radiation embri t t lement  with reductions in boron content. What  is your opinion on 
the behavior of Type 304 (UNS $304000) in respect to these properties? 

J. R. If, earns (author's r e s pons e ) - - Your  question is beyond the scope of the present study, so 
we have no new data to offer. A few comments  based on a cursory review of the literature are 
offered for the sake of discussion. In a recent paper, Otterburg and Roberts [I] have hypothe- 
sized that  boron delays the precipitation of M23(C,B) 6 in Type 304 relative to the low carbon 
grade Type 304L by blocking the diffusion of chromium and carbon to grain boundaries. Alter- 
natively, the segregation of boron at grain boundaries was said to promote the rapid formation 
of the M2B boride in the low carbon grade. Therefore, the rate of formation and quantity of 
borides and carboborides would tend to be greater for a low carbon grade. The removal of 
chromium from the matrix by either type of boride not only would degrade corrosion properties 
but would also increase hot cracking sensitivity by retarding the formation of ferrite. One bene- 
fit of this phenomena,  particularly for a molybdenum-bearing grade such as Type 316LN, is 
that the formation of borides at grain boundaries occurs at the expense of inter-metallic phases, 

tSRMA, Department de Technologie, CEN-Saclay, France. 
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such as sigma phase, and other type carbides and inter-metallic phases. Your observation of 
superior weldability for the Type 316LN indicates that the molybdenum and nitrogen can com- 
pensate for an unfavorable carbon/boron ratio. It has been proposed that molybdenum inhibits 
the diffusion of boron to grain boundaries [2] and it is well known that nitrogen also retards the 
precipitation rate of carbides and inter-metallic phases (but without depleting the matrix of 
chromium by precipitation). 

In regard to the hot cracking aspect of weldability, Type 304 with boron contents below 0.4 
wt% tend to be susceptible to heat affected zone liquation cracking due to the formation of low 
melting point interdendritic films. At higher boron levels (greater than 0.35 wt% boron) hot 
cracks are suppressed or "healed" by excess eutectic boride [3]. Such a Type 304 composition 
would be easily sensitized to intergranular corrosion and stress corrosion cracking, and would 
have poor impact properties. But, there are certain applications, such as containment of spent 
nuclear fuel, where these factors are not limiting [3]. 

Boron generally has a beneficial effect on the high temperature ductility of austenitic stainless 
by refining the size and distribution of carbide phases [4]. However, irradiation transmutes 
boron isotopes to helium and lithium, and the subsequent coalescence of helium bubbles at 
grain boundaries results in intergranular cracking. Harries and Roberts [5] have found the net 
effect to be that the radiation embrittlement of austenitic stainless appears to be independent of 
the alloy boron content (up to 0.01 wt% boron). The role of boron and phosphorus in relation to 
the radiation damage of austenitic stainless steels has been extensively studied by Hamilton et 
al. as presented in this volume. 

W. R. Warke 2 (discussion question)--ASTM A 262-85a is an ASTM Practice for Detecting 
Susceptibility to Intergranular Attack in Austenitic Stainless Steels. Both molybdenum and 
copper would be predominantly in solid solution rather than at the grain boundaries in Type 
304 and they would not participate significantly in the sensitization process. Why was ASTM A 
262-85a practice used as the primary method to evaluate corrosion resistance in your work 
rather than a test for general corrosion resistance pitting and crevice corrosion? 

J. R. Kearns (author's response)--We appreciate the logic of your argument, but there were 
compelling commercial and technical reasons for using the Huey test. The accelerated corrosion 
rates of sensitized samples in hot nitric acid have been attributed not only to chromium deple- 
tion associated with precipitation but also to the formation of porous Mo(VI) oxides [6] in local- 
ized regions. (The later point is why the test is not recommended for use in evaluating grades in 
the American Iron and Steel Institute 300 that contain molybdenum.) Therefore, a Type 304 
bulk composition with a reduced chromium or elevated molybdenum content or both would be 
expected to corrode at a higher rate. Although data in the literature indicates that copper and 
molybdenum in the 0.5-0.7 wt% range would not be detrimental, as discussed in the paper, the 
behavior of Type 304 compositions containing high residuals with lean major alloying elements 
has not, to our knowledge, been demonstrated. In addition, the A 262-85a, Practice C, test was 
chosen by the ASTM A01.17 subcommittee since it is the most widely used method of evaluating 
Type 304 for industrial applications. Supplemental tests were also conducted in sulfuric acid 
since sight changes in copper and molybdenum contents have been shown to influence the disso- 
lution of Type 304 in sulfuric acid more than in nitric acid. Potentiodynamic polarization tests 
in chloride-bearing solutions were also conducted to establish the effect of compositional modi- 
fications on localized corrosion resistance. 

W. R. Warke (discussion question)--Have you compared the high temperature oxidation/ 
scaling resistance of these steels? 

2Amoco Corp., P.O. Box 400, Naperville, IL 60566. 
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J. R. Kearns (author's closure)--Evaluating the oxidation behavior of the selected Type 304 
compositions was beyond the scope of this work. In considering the work of Aggen and 
Ziemainski [7] on Type 201 (UNS $20100), boron contents below 0.01 wt% would not be ex- 
pected to influence the scaling of an austenitic stainless steel. The said study revealed that  pre- 
cipitate-free surface layers could be formed to a depth of 0.005 in by annealing at 2200~ for 7 
rain. The treatment was effective in reducing the boron content to below 0.001 wt% (from as 
much as 0.009 wt% boron) as well as producing substantial decarburization. It was thought 
that boron readily volatilized and, consequently, had no observable effect on the amount  of 
scale formed during the anneal. Unfortunately,  the high temperature anneal was not a practical 
means of controlling alloy boron content because it also produced poor surface quality and an 
objectionably large grain size. 

References 

[I] Otterberg, R. and Roberts, W., Stainless Steels '84, Institute of Metals, London, 1985, pp. 229-239. 
[2] Elen, J. D., and Glas, A., Journal of Nuclear Materials, Vol. 34, 1970, pp. 182-188. 
[3] King, K. J. and Wilkinson, J., Stainless Steels '84. Institute of Metals, London, 1985, pp. 368-378. 
[4] Thomas, B. I. and Henry, G., Boron in Steel. Metallurgical Society of the American Institute of Me- 

chanical Engineers, Warrendale, PA, 1980, pp. 80-105. 
[S] Harries, D. R. and Roberts, A. C., Effects of Radiation on Structural Metals, ASTM STP 426. Ameri- 

can Society for Testing and Materials, Philadelphia, 1967, pp. 21-47. 
[6] Otterberg, R., 9th International Congress on Metallic Corrosion, National Research Council of Can- 

ada, Toronto, Ont., Vol. 3, 1984, pp. 134-140. 
[7] Ziemianski, J. P. and Aggen, G., "Boron in Stainless Steels as Related to Steel Processing," Presented 

at the American Iron and Steel Institute Meeting, Pittsburgh, Nov. 1965. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Welding, Preheating, and 
Postweld Heat Treating 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



D a v i d  J. A b s o n  1 

The Influence of Current Supply Type 
the Composition, Microstructure, and 
Mechanical Properties of C-Mn and 
C-Mn-Ni Shielded Metal Arc Welds 

o n  

REFERENCE: Abson, D. J., The Influence of Current Supply Type on the Composition, Micro- 
structure, and Mechanical Properties of C-Mn and C-Mn-Ni Shielded Metal Arc Welds, Residual 
and Unspecified Elements in Steel. ASTM STP 1042, A. S. Melilli and E. G. Nisbett, Eds., Amer- 
ican Society for Testing and Materials, Philadelphia, 1989, pp. 169-191. 

ABSTRACT: An American Welding Society (AWS) E7016 type C-Mn electrode and an AWS 
E7018 type C-Mn-Ni electrode were each used to produce a series of butt welds in 25-mm (l-in.) 
thick British Standard (BS) 4360 50E (C-Mn-Nb) steel plate in the flat (1G) position. For each 
consumable, direct current (DC) reverse polarity (electrode positive), DC straight polarity (elec- 
trode negative), and AC power supplies were each used for a complete panel. In addition, DC 
straight polarity was employed for vertical-up (3G) welding with the C-Mn-Ni electrode. The 
chemical composition, strength, microstructure, and toughness of the deposits were studied in the 
as-welded condition. 

For the C-Mn-Ni 1G welds (and to a lesser extent for the C-Mn welds), manganese and silicon 
decreased in the order DC reverse polarity, AC and DC straight polarity. For both consumables, 
there was a concomitant increase in nitrogen content. There were no associated changes in 
strength or microstructure, but there was generally a progressive decrease in crack tip opening 
displacement (CTOD), measured at -- 10~ and in Charpy toughness. As a consequence of strain 
aging, Charpy toughness was lower in the root than in the fill region. 

The 3G DC straight polarity C-Mn-Ni deposit had higher strength in the root and higher 
Charpy toughness than the corresponding 1G deposit. The CTOD of the former was lower and 
showed much more scatter, to which locally low toughness regions (revealed by fractographic ex- 
amination) contributed. 

KEY WORDS: carbon-manganese steels, shielded metal arc welding, vertical-up welding, polar- 
ity, AC, DC, weld metal, composition, oxygen, nitrogen, microstructure, strength, impact tough- 
ness, fracture toughness, CTOD 

The root pass or passes in a mult iple-pass shielded metal  arc (SMA) weld in s t ructural  steels 
are, in common  practice,  welded using s traight  polarity (electrode negative), and  the jo int  is 
completed using reverse polarity (electrode positive). Stra ight  polarity is chosen for the root pass 
because of the lesser penet ra t ion  achieved and  because the  faster  freezing of the weld pool and  
molten slag give easier manipu la t ion  of the electrode. An alternative tha t  is (in principle) avail- 
able for the welding engineer  is to employ a l ternat ing current  (AC) welding. However, in prac- 
tice the deciding factor  may be the  type of welding equ ipment  available. There  are na t ional  
differences in the usage of different types of welding sets, and  these persist  because of the  will- 
ingness of electrode manufac tu re r s  to meet  local demands .  For example,  AC welding is pre- 
ferred in Japan  and  DC welding in Europe.  Part icularly in bu t t  welds where high weld tough- 

tprincipal research metallurgist, The Welding Institute, Cambridge, England CB1 6AL. 
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ness is required, inquiring whether the current type and polarity have any significant influence 
on weld composition and mechanical properties is pertinent, especially as such procedural de- 
tails have not always been included in welding procedure specifications. Little relevant informa- 
tion has been published relating to this aspect of SMA welding; Dawson and Judson [1] found 
minimal difference in Charpy toughness between SMA welds produced using reverse polarity 
and straight polarity. However, they did report that "some fabricators consider that DC positive 
gives fewer defects, better penetration and, ultimately, enhanced joint toughness." In unpub- 
lished work carried out at The Welding Institute, which included welds deposited with Ameri- 
can Welding Society (AWS) AS.5 E8018-C1 (UNS W22018) and AWS AS.1 E7016-C1 elec- 
trodes, Haugh et ai. [2] observed poorer Charpy toughness for DC straight polarity deposits 
compared with AC or DC reverse polarity deposits, but found that welder-to-welder toughness 
variations were generally of similar magnitude to those arising from the changes in power sup- 
ply type. 

The present study was undertaken to investigate the influence of current supply type on weld 
composition, microstructure, and mechanical properties. Butt welds were produced in 2S-ram 
thick steel plate in the flat position for both C-Mn and C-Mn-Ni electrodes and also vertically- 
up for the latter. The welds were assessed by chemical analysis, measurement of the tensile 
properties, hardness, Charpy toughness, crack tip opening displacement (CTOD), and fracto- 
graphic and quantitative metallographic examination. 

Experimental Details 

Parent Steels and Welding Electrodes 

The composition of the 25-mm (1-in.) thick BS 4360 grade 50E parent steel employed in this 
investigation is given in Table 1. The main analysis was carried out on a remelted sample in a 
direct-reading optical emission vacuum spectrometer, with oxygen and nitrogen analysis being 
carried out by inert gas fusion in a Leco T136 analyzer. 

The 4-mm diameter commercial basic-coated electrodes employed were a C-Mn, AWS 
E7016-G electrode, for which the manufacturer recommended AC or DC straight polarity, and 
a C-Mn-Ni AWS E7018-G electrode, for which the manufacturer recommended AC or DC re- 
verse polarity. 

Analysis techniques for the core wires and electrode coatings are given in the companion 
paper [3], and the results are presented here in Tables 2 and 3. Note that the core wire of the 
C-Mn electrode has higher nitrogen and lower oxygen contents than that of the C-Mn-Ni elec- 
trode. The coating analyses reflect the presence of nickel and iron powder in the C-Mn-Ni elec- 
trode and the higher carbon dioxide (CO2) content of the C-Mn electrode coating. The magne- 
sium in the C-Mn electrode coating may be present mainly (or entirely) as magnesium 
carbonate. 

Welding 

The weld preparation was a symmetrical double-V with a 70 ~ included angle, and with a 
2-mm root face and 3-mm root gap. The panel length was 500 mm and its total width 230 mm. 
An end restraint 25 mm thick, and 230 by 1S0 mm was welded to each end of the panel and in 
the same plane, by means of four partial penetration welds, terminating _> 25 mm from the weld 
preparation. The electrodes were given a 350~ h drying treatment and were stored at 150~ 
before use. 

For all welding, the specified welding conditions were a current of 145A and an arc energy of 
1.7 kJ/mm. The same welder was employed for all welding, which was carried out without 
preheat, and with a maximum interpass temperature of 150~ Duplicate panels were welded in 
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all cases, in order to provide sufficient material for investigation without the risk of bowing. In 
the flat (IG) position, panels were welded using DC straight polarity, DC reverse polarity, and 
AC supplies. In addition, the C-Mn-Ni electrode was employed in the vertical-up (3G) position 
using DC straight polarity, which was found to give the poorest toughness in welds deposited in 
the flat position, in order to see if further degradation in toughness occurred, possibly related to 
an expected higher weld nitrogen content. It will be noted that this power supply type is contrary 
to the manufacturer's recommendation, but reflects possible "abuse" of the electrode, which 
could occur during fabrication. 

The first side of each panel was completed, and in order not to remove the potentially strain 
age damaged region in the root, the second side was only ground to sound metal (removing 
typically - 2 mm of metal) before the second side was completed. In the flat position, all welds 
were completed in a total of 14 passes. In the vertical-up welding, in spite of the attempt to 
employ closely similar welding conditions, the arc energy ranged from 1.7 to 1.85 kJ/mm, and 
the welds were each completed in a total of only eleven passes. 

Specimen Extraction and Testing 

ChemicalAnalysis--Chemical analysis of the welds was achieved by cutting a small sample of 
weld down the central plane and then analyzing in a direct reading optical emission vacuum 
spectrometer, sparking on the central plane in the first side root region and towards the surface 
in the second side beads. These locations correspond approximately to the regions which were 
tested in the tensile and Charpy specimens, which were machined as discussed below. Oxygen 
and nitrogen analyses were measured on two to four small samples cut from the corresponding 
locations on the mating half. The latter analyses were carried out by inert gas fusion in a Leco 
TC136 analyzer. 

Mechanical Testing--The cutting scheme for the complete welded panels is shown in Fig. 1. 
One longitudinal tensile specimen to BS 18, with a gauge length of 22.7 mm and a gauge diame- 
ter of 5.64 mm was extracted from the first side root regions and a further one from the second 
side subsurface region. These specimens were tested at ambient temperature in a Dartec Uni- 
versal testing machine. Ten Charpy specimens were extracted from the first side root region and 
a further ten from the second side subsurface region. These specimens were notched in the 
through-thickness direction, that is, with the root of the notch perpendicular to the weld sur- 

Z5 ~50 ~60 ~150 ~50 

r~ 

All dimensions m mm 

25 210 =21~ 

FIG. 1--Cutting scheme for each pair of butt welds. 
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face, on the central plane of the weld, and each set was tested over a range of temperatures to 
give a transition curve. 

The duplicate panels provided samples for metallographic examination, chemical analysis, 
and CTOD testing. Six BS 5762 subsidiary geometry square section specimens for CTOD test- 
ing were extracted with their long direction across the weld. They were notched through the 
thickness on the weld central plane, and, following local compression of - 1% to induce the 
subsequent formation of a uniform fatigue precrack [4], were fatigue precracked with a / W  
-0.25,  where a and W are the depths of the precrack and the specimen, respectively. These 
specimens were all tested at --10~ The testing and the subsequent measurement of crack 
lengths and calculation of the crack tip opening displacement (CTOD) were carried out accord- 
ing to BS 5762: 1979. Prior to fatigue precracking and testing, all the CTOD specimen blanks, 
and also the machined tensile specimens, were given a hydrogen removal treatment at 150~ for 
40 h; this treatment accelerated the reduction in hydrogen that would normally occur in a fabri- 
cation before service. The CTOD tests were carried out in three point bending under displace- 
ment control at a crosshead displacement rate of 0.010 mm/s. Any specimen that did not break 
during the test was cooled in liquid nitrogen and then broken in the test machine. 

Except for the hydrogen removal treatments mentioned above, all mechanical testing was 
carried out on specimens in the as-welded condition. 

Metallographic and Fractographic Examination--A transverse section from each butt 
welded panel for metallographic examination was prepared by mechanically polishing to a 1 #m 
diamond finish and by etching in nital. The regions of primary interest were as-deposited beads 
in the first side root region and in the low dilution region on the second side. Within these 
regions, the beads that were examined in detail and employed for point counting (in which 1000 
points were counted on a Swift point counter at • magnification) were typically about the 
third bead deposited in the first side root region and the final bead in the capping pass on the 
second side. The proportion of as-deposited weld metal, in regions corresponding to those sam- 
pled by the notch in the Charpy specimens, was determined by linear intercept at a magnifica- 
tion of • l0 as the mean of the values on the central plane of the weld and 1 mm on each side of 
it. Vickers hardness measurements were made down the central plane of each weld in both first 
and second side regions on the transverse metallographic sections. Measurements were made in 
both as-deposited and reheated, that is, re-austenitized, regions. 

Examination of the CTOD sample fracture faces was carried out using a scanning electron 
microscope (SEM). 

Results 

Butt Weld Chemical Analyses 

The butt weld chemical analyses are presented in Table 4, together with calculated values of 
the International Institute of Welding (IIW) carbon equivalent and values of the inclusion vol- 
ume fraction, estimated from the chemical analyses according to the procedure outlined in Ref 
5. The duplicate welds, and also subsurface and root regions of corresponding welds, were of 
closely similar composition. However, the manganese level was particularly high in the root 
region of W7 (1.74%) and in the subsurface region of weld W10A (1.95%), and was low in the 
root region of weld WI8 (1.37%), for which a high nitrogen content was determined (0.022%). 
These differences are probably attributable to inadvertent variations in arc length, and thus in 
the efficacy of shielding, with a slightly longer arc length having been used for the beads sam- 
pled in the root region of W18, and a short arc length having been used for the beads sampled in 
the two regions. Surprisingly, the vertical-up C-Mn-Ni welds have slightly lower nitrogen con- 
tents than the welds deposited in the flat position with this consumable ( - 0 . 0 0 7  versus 
-0.011%), and also very slightly higher silicon and lower manganese contents. The larger esti- 
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mated inclusion volume fractions of the C-Mn-Ni welds, compared with the C-Mn welds ( - 0.26 
versus -0 .19%)  is attributable to the higher oxygen contents of the former ( -0 .035  versus 
-0.026%).  Compared with the C-Mn welds, the C-Mn-Ni welds also had slightly higher levels 
of manganese and lower levels of carbon, silicon, and nitrogen. 

The data for the C-Mn-Ni welds deposited in the flat position show small but progressive 
reductions in manganese and silicon, and an increase in nitrogen in going from DC reverse 
polarity, through AC to DC straight polarity welding. The compositional changes are associated 
with a progressive change in the carbon equivalent from - 0.43 % (DC reverse polarity) through 
- 0.41% (AC) to 0.39% (DC straight polarity). For the C-Mn deposits, the progressive decrease 
in silicon and manganese was much less pronounced, and there was no systematic change in the 
carbon equivalent. However, there was a change in nitrogen content similar to that observed in 
the C-Mn-Ni deposits. Taken together, these results suggest that the absorption of nitrogen at 
the cathode occurred more readily when the cathode was the electrode tip, that is, for DC 
straight polarity welding, and that oxidation (which resulted in a loss of manganese and silicon 
with minimal change in oxygen content) also occurred more readily for DC straight polarity 
welding. 

A comparison of the weld oxygen contents (Table 4) with those achieved in two-pass welds 
that were deposited with the same consumable in a companion study [3] provides confirmation 
that, at least for these C-Mn deposits, the welder employed a short arc (corresponding to an arc 
voltage of - 21 V, which is at the lower end of the range reported in Ref3) in depositing the butt 
welds. The corresponding information for the C-Mn-Ni deposits is not so readily interpreted, as 
the oxygen contents of the butt welds are consistently higher than those produced in the com- 
panion two-pass beads. However, the nitrogen content of the butt welds is consistent with an arc 
voltage of 21 V having been employed. The difference in the oxygen contents may be a conse- 
quence of a progressive buildup of oxygen with decreasing dilution, as the butt weld regions that 
were analyzed were undoubtedly higher up the weld than the first two passes, at least for the 
first side weld region. 

Butt Weld Microstructural Observations 

As noted above, the welds deposited in the flat position were all completed in a total of 14 
passes. Visual inspection revealed no major differences in weld profile and in bead shape be- 
tween them, although it was noted that the minimum weld width in the root was greater in Weld 
W18 (DC straight polarity) and was least in weld W17 (DC reverse polarity), in spite of an 
expected slight difference in penetration, probably as a result of slight differences in the root 
gap. Also as noted above, the vertical-up C-Mn-Ni welds, W25A and W25B, were completed in 
only eleven passes, having unintentionally a slightly larger average bead size; in these welds, 
part of the first side root pass had not been re-austenitized by the first bead on the second side. 
Macrographs of typical weld cross sections are shown in Fig. 2, and the measured proportions of 
as-deposited weld metal are reported in Table 5. The welds deposited in the flat position all 
contained similar amounts of as-deposited weld metal in the second side region ( - 2 5  to 

45%); however, for the first side root region, the range of values was different for the C-Mn 
welds ( - 20 to - 40%) from that found for the C-Mn-Ni deposits ( - 10 to - 30%). Comparison 
of the C-Mn-Ni welds produced in the flat and vertical-up positions reveals that the latter have a 
higher proportion of as-deposited weld metal in the first side root and, at least in comparison 
with Weld Wl lA ,  a lower proportion in the second side sub-surface region. 

The quantitative metallographic data, determined by point counting in selected as-deposited 
regions, are presented in Table 6. The as-deposited microstructures consisted primarily of acic- 
ular ferrite. The proportion of this and the other microstructural constituents was similar in the 
C-Mn welds and the C-Mn-Ni welds deposited in the flat position. This observation suggests 
that the difference in inclusion volume fraction (Table 4) has not had an overriding effect on the 
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FIG. 2--Macrographs showing typical transverse sections: etchant 2% nital. (a) C-Mn weht W19 (AC 
weld, deposited in the flat position). (b) C-Mn-Ni weld W25B (DC straight polarity weld, deposited verti- 
cally- up). 

TABLE 5--Proportion of as-deposited weld metal in the metallographic sections in regions corresponding 
to those sampled by Charpy toughness specimens. 

Proportion as-deposited 

First Side Second Side 
Identity Electrode Current Type or Polarity (Root), % (Subsurface), % 

W7 C-Mn. DC reverse polarity 35 40 
W 17 C-Mn. DC reverse polarity 27 32 

W9 C-Mn ~ AC 41 44 
WI9 C-Mn. AC 22 41 

W8 C-Mn,, DC straight polarity 30 40 
W18 C-Mn, DC straight polarity 30 26 

WIOA C-Mn-Ni" DC reverse polarity 13 25 
W10B C-Mn-Ni" DC reverse polarity 9 45 

WI2A C-Mn-Ni- AC 32 41 
WI2B C-Mn-Ni" AC 20 37 

WI IA C-Mn-Ni" DC straight polarity 22 49 
W 11B C-Mn-Ni . DC straight polarity 30 41 

W25A C-Mn-Ni b DC straight polarity 28 41 
W25B C-Mn-Ni h DC straight polarity 36 41 

.Welded in the flat position. 
bWelded vertically-up. 

as-deposited microst ructure .  The  amoun t  of pr imary  ferrite was generally slightly lower in the 
second side cap t han  in the first side root region for deposits produced with bo th  electrode types 
( ~  5 versus 10%). There  were no m a r k e d  systematic differences result ing f rom the changes  in 
current  type or polarity, a l though the  root region of the AC deposits had  the  lowest propor t ion  

of acicular  ferrite and  the  highest  propor t ion of pr imary  ferrite for bo th  the C-Mn and  the C- 
Mn-Ni welds. There  was, however, some variabili ty in the quant i t ies  of the  various microstruc-  
tural  const i tuents .  For welds W18 and  W12B, the microst ructural  differences between the cap 
and  the root regions are probably  a t t r ibu tab le  to the observed differences in silicon and  manga-  
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TABLE 6--Quantitative metallographic data determined at )<500. 

Weld Region 
Code Sampled 

Ferrite with 
Aligned Acicular 

Primary Second Ferrite, 
Electrode Current Type or Polarity Ferrite, % Phase, ~ % 

W17 Cap 
W 17 Root 

W 19 Cap 
W 19 Root 

WI8 Cap 
W 18 Root 

W10B Cap 
W 10B Root 

WI2B Cap 
WI2B Root 

WI1B Cap 
W l l B Root 

W2SB Cap 
W25B Root 

C-Mn,' DC reverse polarity 6 25 69 
C-Mn" DC reverse polarity 7 24 69 

C-Mn ~ AC 8 26 66 
C-Mn" AC 14 26 60 

C-Mn ~ DC straight polarity 6 21 73 
C-Mn" DC straight polarity 10 28 62 

C-Mn-Ni" DC reverse polarity 6 32 62 
C-Mn-Ni" DC reverse polarity 9 27 64 
C-Mn-Ni" AC 6 23 71 
C-Mn-Ni" AC 10 28 61 

C-Mn-Ni" DC straight polarity 6 29 65 
C-Mn-Ni" DC straight polarity S 22 73 

C-Mn-Ni h DC straight polarity 10 19 71 
C-Mn-Ni h DC straight polarity 11 1S 74 

"Welded in the flat position. 
hWelded vertically-up. 

nese levels between the two regions. The proportions of the various constituents measured in the 
root region of weld W11B are slightly anomalous; however, the reasons for this are not known. 

In the vertical-up weld, W25B, the percentage of ferrite with aligned second phase is approxi- 
mately 10% less than in the other welds, with a corresponding slight increase in the proportions 
of primary ferrite and, at least for the weld cap, in acicular ferrite. Note that the proportions of 
the various microstructural constituents from the two different weld regions are closely similar, 
as expected from their similar compositions. Micrographs of as-deposited regions of welds W19 
(C-Mn deposit welded AC in the flat position) and W25B (C-Mn-Ni welded DC straight polarity 
vertically-up) are shown in Fig. 3. 

But t  Weld  Tensile and  Hardness Data 

The tensile and hardness results, together with the other mechanical test data, are summa- 
rized in Tables 7 through 9. For the welds deposited in the flat position, the C-Mn and C-Mn-Ni 
deposits were of similar strength, ductility, and hardness, and had similar values of the yield to 
tensile ratio. For the C-Mn deposits, both DC reverse polarity and AC welding produced de- 
posits that had both higher strength and a higher yield to tensile ratio in the first side root region 
than in the second side. However, this was not the case for the DC straight polarity deposit, 
probably because of the lower manganese and silicon contents of the root region; see Table 4. 
Similar behavior did not show in the hardness results, where no clear trends were apparent.  For 
the C-Mn-Ni deposits, only AC welding gave a significant difference in strength between the 
subsurface and root regions, but  the former was of higher strength and hardness. The differ- 
ence in silicon content (Table 4), and probably also the higher proportion of acicular ferrite in 
the second side deposit (Table 6), are presumably the main factors contributing to this differ- 
ence. The hardness of the as-deposited regions was frequently greater than that of the re- 
austenitized regions, but  this situation was not always so. 
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FIG. 3--Micrographs of welds shown in the previous figure; etchant 2% nital. (a) Weld W19. first side 
root: (b) Weld WI9. second side cap: (c) Weld W25B. first side root: and (d) Weld W25B. second side cap. 

Considering the C-Mn-Ni vertical-up welds, for the second side subsurface region, the hard- 
ness levels of the duplicate welds W25A and W25B were similar. However, in the root region, 
weld W2SB was harder than W25A ( - 217 HV 2.5 compared with -200  HV 2.5), and the root 
region (in weld W25B) was of higher strength than the subsurface region (in weld W25A). The 
hardness of the reheated region in the root of W25B was similar to that of the comparable weld 
deposited in the flat position, WIlB,  although both the yield and tensile strength in the root 
region of W25B were substantially higher than those of Wl 1. Thus, with some exceptions, nota- 
bly among the C-Mn-Ni welds deposited in the flat position, the root region generally had higher 
strength and hardness than the subsurface region. In the light of the close similarity of chemical 
composition and microstructure generally observed between the two regions, the strength dif- 
ferences are attributed to strain aging in the root. 

Butt Weld Charpy Toughness Data 

Pertinent toughness data derived from the Charpy transition curves are summarized in Ta- 
bles 7 through 9, and the summary data for the welds deposited in the flat position are pre- 
sented in Fig. 4. The overall trend of the data in Fig. 4 is quite clear in the first side root region, 
namely that for both types of electrode the toughness decreases progressively in the order DC 
reverse polarity, AC, and DC straight polarity. The C-Mn and C-Mn-Ni consumables yield 
welds with similar Charpy toughness, and for both of them toughness is lower in the root region, 
which is concluded to be a consequence of strain aging. For the 40J and 27J criteria in the 
subsurface regions in the AC welds, the toughness is similar to or even slightly better than that 
of the DC reverse polarity deposits. As the 27J and 40J criteria are essentially a measure of 
cleavage resistance, then the slightly higher toughness of the subsurface region (in welds W9 
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FIG. 4--Charpy toughness of root and subsurface regions for the C-Mn and C:Mn-Ni welds deposited in 
the .flat position. 

and W12A) is puzzling, in view of the high proportion of as-deposited microstructure (which is 
likely to be of lower toughness than the re-austenitized regions with their more uniform grain 
structure); see Table 5. One slight anomaly in the Charpy toughness results is the comparatively 
high toughness, with a low temperature for 100 J, in the root region of the DC reverse polarity 
weld produced with the C-Mn electrode. This behavior may be attributable, at least in part, to 
the higher manganese and lower nitrogen contents of the root region compared with the subsur- 
face region. However, this cannot be the sole explanation, as the 27J and 40J criteria did not 
also indicate anomalously high toughness for the root region of this weld. 

Considering now the C-Mn-Ni welds deposited vertically-up, while the subsurface and root 
regions generally had similar levels of toughness, the subsurface regions had a less abrupt tran- 
sition from upper to lower shelf values. An examination of the Charpy transition curves for all 
deposits suggests that a high percentage of as-deposited regions, and thus a comparatively inho- 
mogeneous microstructure, is generally associated with a low slope, and this appears to be true 
also for the vertical-up C-Mn-Ni deposit. Compared with the corresponding C-Mn-Ni weld de- 
posited in the flat position, the vertical-up C-Mn-Ni weld had higher Charpy toughness in the 
subsurface regions, probably resulting from a lower nitrogen content (0.007 compared with 
- 0.011%). The root region of weld W25A is of higher toughness than W11A at higher temper- 
atures; this difference is probably attributable to the higher strength of weld W25 in the root 
region. 

Butt  Weld C T O D  Results 

The CTOD data for the welds deposited in the flat position, obtained at -- 10~ are included 
in Tables 7 through 9 and are presented graphically in Fig. 5. For the C-Mn-Ni deposits, the 
scatter is very small (only a factor of - 2) and the trend is essentially that shown by the Charpy 
data, namely that the toughness decreases slightly in the order DC reverse polarity, AC and DC 
straight polarity. The small scatter of the data suggests that, in spite of an acicular ferrite con- 
tent of only - 65%, there are no regions of particularly low cleavage resistance. This phenome- 
non is almost certainly a consequence of both the presence of the nickel and the lower nitrogen 
content (0.006 to 0.11%, cf. 0.008 to 0.022% for the corresponding C-Mn deposits) having a 
slightly beneficial effect on the cleavage resistance of the coarser ferrite grains. Thus, the test 
temperature of --10~ is still in the upper shelf region for these deposits. By contrast, the 
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FIG. 5--CTOD data determined at --lO~ for the C-Mn and C-Mn-Ni welds deposited in the f iat  
position. 

CTOD data for the C-Mn deposits show very much greater scatter, varying by about a factor of 
ten. As for the corresponding C-Mn-Ni deposits, the toughness of the DC straight polarity weld, 
with three values of < 0.2 ram, was significantly worse than that of the DC reverse polarity weld. 
In addition to the small differences in chemical composition noted above, the C-Mn deposits 
had a higher proportion of as-deposited regions in the first side root, compared with the C-Mn- 
Ni deposits, and this proportion would be expected to influence the toughness adversely. How- 
ever, the AC weld W19, which showed the greatest scatter in CTOD, had the smallest propor- 
tion of as-deposited weld metal. The behavior of the AC weld was not entirely intermediate 
between that of the other two deposits, as it showed both the highest and the lowest CTOD 
values. The increased scatter of the CTOD values for this deposit cannot be ascribed to any 
differences in chemical composition or in microstructure and thus may be due to statistical 
variation. Possibly, the reheated weld metal was controlling resistance to fracture initiation in 
this weld, contrary to expectation. 

The CTOD data for the C-Mn-Ni vertical-up welds, also obtained at -- 10~ are included in 
Tables 7 through 9. The values range from 6c : 0.068 mm to 60, : 0.96 mm, showing a range of 
a factor of - 14, which is substantially larger than that for the corresponding weld deposited in 
the flat position, with several of the CTOD values being considerably lower. Four of the CTOD 
values for the vertical-up weld are < 0.1 mm, with these and the specimen that gave a 6, value 
all showing substantial abrupt load drops of 30-55% during testing; the occurrence of these 
load drops is considered in the next section. 

But t  We ld  Fractographic Examina t ion  

Fractographic examination of all CTOD specimens that had given/~r or 6. < 0.50 mm re- 
vealed that, for the welds deposited in the flat position, initiation of the cleavage fracture had 
occurred in the first side root region; the distance of the initiation point from the fusion bound- 
ary at the base of the second side weld ranged from - 2 to - 4.5 ram. This region is the one that 
will have been subjected to strain aging, and which is included in the Charpy specimens taken 
from the first side root region. 
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For the C-Mn-Ni welds deposited vertically-up, examination of the fracture surfaces revealed 
that the regions of large arrested cleavage fracture corresponding to the large load drops were 
not all visible on the fracture surfaces. Examination of the band of tearing (which was typically 

2 mm wide) on all the C-Mn-Ni CTOD specimens, regardless of welding position, revealed 
that many of them had small patches of cleavage within this band of microvoid coalescence. 
Some of the traces for the specimens that had failed by unstable fracture also revealed that there 
had been small pop-ins ( ~<3% load drop), namely for specimens W25/4 and W25/6 (c5 c ~ 0.03 
mm and ~c : 0.068 mm, respectively). No regions of arrested cleavage fracture were found on 
the fracture surfaces of these specimens, probably as a consequence of the very low toughness of 
the welds allowing little tearing to occur before the final cleavage fracture. 

As the toughness of most of the specimens from the vertical-up C-Mn-Ni weld was low, not 
surprisingly, initiation regions were not clearly defined. In some specimens, there appeared to 
be two or three poorly defined initiation regions, and which had been the first was not clear. The 
initiation regions were typically 0.2 to 0.S mm below the fatigue crack tip, and were generally 
either in reheated weld metal in the first side root (within a few millimetres of the second side 
weld fusion boundary) or in the as-deposited weld metal of the first pass on the second side. This 
observation suggests that the toughness was similar in these regions. Large inclusions were 
noted to be responsible for cleavage initiation in some of the instances where initiation occurred 
in coarse-grained as-deposited regions, as reported by other workers [6-10]. Scanning electron 
micrographs of typical initiation regions are shown for the main initiation in reheated weld 
metal in Fig. 6 and for local cleavage initiation by a large inclusion (in this case an oxide inclu- 
sion - 1S dam in diameter containing iron, silicon, and magnesium), Fig. 7. Some of the isolated 
regions of cleavage in the specimen from weld W2S that gave a 6,, CTOD value are shown in 
Fig. 8. 

Discussion 

Deposit Nitrogen Contents 

Instead of the expected higher deposit nitrogen contents for the vertical-up C-Mn-Ni welds, 
compared with the corresponding welds deposited in the flat position, the values were slightly 
lower ( -  0.007 versus -0 .011%) .  This observation suggests that for the C-Mn-Ni electrode 
employed, the gas shield generated by the electrode was sufficient to overcome the expected 
"chimney effect" in which convection currents can reduce the efficacy of the gas shield to pro- 
tect the weld metal from the ingress of atmospheric nitrogen in vertical-up welding. 

Weld Toughness 

The Influence of Composition on Toughness--Both in this investigation and in the compan- 
ion study [3], deposit nitrogen content increased in going from DC reverse polarity, through AC 
to DC straight polarity welding. In the light of this observation and the known deleterious effect 
of nitrogen on weld toughness, DC straight polarity SMA welding generally is expected to give 
deposits of lower toughness than will DC reverse polarity welding, as observed in the present 
study. Note that the lower Charpy toughness of the DC straight polarity deposits (compared 
with DC reverse polarity), corresponding to shifts in temperature of - +20~ for the various 
toughness criteria of Fig. 4, is similar to that expected for an increase in nitrogen content of 

0.0005 %, according to the data reviewed by Vines [11 ]. A practical implication of this obser- 
vation is that the use of DC straight polarity for the whole of a welded joint should be avoided 
where the procedure used is likely to be marginal with respect to toughness, although DC 
straight polarity might be allowed only for a small root pass that will be completely remelted by 
subsequent passes deposited employing DC reverse polarity welding. In this regard, electrodes 
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FIG. 6--Main initiation point in reheated weld metal in the first side ~ 2. 5 mm from the root in a verti- 
cal-up C-Mn-Ni fractured CTOD specimen. (a) Overall v&w, with the fatigue crack tip at the top, • 9: 
and (b) Detail from the center of (a), • 

FIG. 7--Local initiation at a large inclusion in the first side in a vertical-up C-Mn-Ni fractured CTOD 
specimen. The fatigue crack is in the upper half of the left side p&ture, •215 
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FIG. 8--Isolated regions of cleavage within the band of tearing in specimen W25/3 (dm : O. 96 rnm). The 
.fatigue crack tip is at the top of the left side picture. • 44.9/•  179. 6. 

capable of running well on DC reverse polarity may well prove of advantage in fabrications 
requiring consistently high levels of weld metal toughness. In light of the increases in weld nitro- 
gen content with increasing arc voltage, the welder's maintaining a short arc, as far as possible, 
is clearly vital. 

Whilst the precise values of composition and toughness obtained in the present study are 
specific to the electrodes and welding parameters that were employed, similar trends are likely 
to arise with alternative consumables and welding conditions. Certainly, close attention clearly 
must be paid to the current type and polarity to achieve optimum weld metal properties in 
procedural test and production welds, and changes in current type or polarity, whether deliber- 
ate or inadvertent, could produce substantial changes in toughness. 

The higher weld nitrogen content in the C-Mn butt welds (Table 4) arose largely from a 
higher level of nitrogen in the core wire and, for DC straight polarity operation, as a conse- 
quence of greater absorption from the atmosphere. Nickel is known to have a beneficial effect 
on the cleavage resistance of ferrite [121 and its favorable influence on the Charpy toughness of 
low hydrogen SMA deposits has been demonstrated [13,14]. However, in the present study, for 
the welds deposited in the flat position, the relative contributions (of the presence of - 0.8~ 
nickel and the lower level of nitrogen) to the higher CTOD values of the C-Mn-Ni deposits 
compared with the C-Mn deposits cannot be determined. Their combined effect has clearly 
been to move the transition curve so that the C-Mn-Ni deposits display upper shelf CTOD at 

- -  10~ Whilst the change of consumable had minimal influence on the as-deposited micro- 
structure, the smaller proportion of as-deposited regions in the first side of the C-Mn-Ni welds 
probably also contributed to the improvement in toughness. By contrast, the CTOD results 
obtained from the C-Mn-Ni weld deposited vertically up indicate that the toughness was in the 
transition region; the possible reasons for this behavior are considered below. 

Strain A g i n g - - I n  the light of the similar chemical composition of the root and subsurface 
regions, the weld tensile and hardness data indicate that some strain aging has occurred in the 
(first side) root region in most of the welds studied. The welds were subjected to only moderate 
restraint during welding, and the amount of distortion that occurred was clearly sufficient to 
cause some strain age damage. Concerning the toughness results obtained for the vertical-up 
welds W25A and W25B and for the corresponding welds W I l A  and WI1B deposited in the flat 
position, Charpy toughness in the root, at least at the higher temperatures, was noted earlier to 
be slightly higher for weld W2S than for Wl 1. However, the CTOD results obtained for weld 
W25 were much lower than those for W l l .  
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These differences in toughness occurred despite the vertical-up weld having the lower nitro- 
gen content ( -0 .007  cf. -0.011%).  The differences are therefore likely to be due to micro- 
structural differences and to the higher strength of the root region of the vertical-up weld. The 
most likely cause of this higher strength is considered to be a greater amount of strain aging. 
The vertical-up welds were intended to be duplicates of the panels welded in the flat position. 
However, the welds differed in two important ways. Firstly, the bead size of the vertical-up 
welds was slightly larger, as evidenced by the smaller number of passes required to complete the 
weld (11 compared with 14). This slightly larger bead size was probably associated with a 
slightly coarser microstructure (and with a consequent increase in fracture facet size for the 
coarser microstructural constituents), although detailed measurements have not been carried 
out to verify this. Also probable was a slight increase in the size of inclusions. At the same time, 
the oxygen contents and thus the estimated inclusion volume fraction for the vertical-up welds 
are no larger than those of the flat position welds. Secondly, and perhaps partly as a conse- 
quence of a slightly larger bead size, a larger proportion of the first bead on the first side re- 
mained unmelted or was not re-austenitized in the root. The parts of this bead which were not 
re-austenitized would, in view of their comparatively inhomogeneous microstructure, be more 
susceptible to strain age damage. Both these factors would be expected to contribute to a lower 
toughness in both the first and second side weld beads in the root region of the vertical-up welds 
than that found in the corresponding regions of the welds deposited in the flat position. 

Scatter in C T O D  Values--The C-Mn welds deposited in the flat position and the vertical-up 
C-Mn-Ni weld displayed wide scatter in CTOD results. Similar scatter has been explained [15] 
as resulting from the presence of widely spaced low toughness regions (estimated as being of the 
order of l / m m  3) within a tougher matrix. This explanation is invoked to explain the present 
results. According to the Charpy toughness data, the impact toughness of the vertical-up C-Mn- 
Ni weld is comparable with that of the comparator weld W11. Moreover, the bm CTOD value of 
0.96 mm obtained for weld W25 is comparable with the ~im values obtained for weld W11, sug- 
gesting that the toughness of the matrix was similar in the two welds. According to the hypothe- 
sis adopted to explain the scatter, welds that show considerable scatter in CTOD contain low 
toughness regions, each of which is capable of initiating cleavage fracture in a CTOD test but 
which are sufficiently small in total volume to have minimal influence on Charpy toughness. 
The presence of such regions is readily apparent from examination of the band of tearing in 
those specimens that gave 6,,, CTOD values, where small isolated patches of cleavage fracture 
(each of which clearly did not initiate fracture in the present tests) were observed. In light of this 
observation, only a slight degradation in toughness clearly would be required for such a weld to 
show a transition from ductile to brittle behavior, and this result appears to have occurred for 
the present weld W25B. The same explanation can be invoked to explain the wide scatter ob- 
served in the CTOD results for the C-Mn butt welds. The microstructure of the present welds is 
sufficiently inhomogeneous that in some of the tests no low toughness regions were sampled by 
the advancing crack tip and tS,, CTOD values were recorded, whilst in other tests low toughness 
regions were encountered, giving rise to 6, CTOD values. In light of the wide scatter observed in 
the CTOD results for the C-Mn deposits, removing the first side root region by back-gouging (in 
order to remove the low toughness regions) would clearly be necessary if consistently high 
CTOD values were required, and this removal would be true also for the C-Mn-Ni electrode 
employed for vertical-up welding, if a closely similar sequence of beads to that produced in the 
present study were to be produced. By contrast, for the particular plate thickness, joint prepa- 
ration, and welding procedure, and the C-Mn-Ni consumable used in the present study, consis- 
tently high levels of CTOD at --10~ (> 0.5mm) were achieved in welds deposited in the flat 
position without resorting to back-gouging, with marginally higher levels of CTOD ( > 0.8 mm) 
having been obtained by employing either DC reverse polarity or AC welding as recommended 
by the consumable manufacturer. 

The occurrence of small pop-ins during some of the CTOD tests each is assumed to be due to 
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the initiation and arrest of a small cleavage crack. Willoughby [16] has discussed the signifi- 
cance of pop-ins recently. His conclusion was essentially that where the maximum increase in 
crack length is less than 4% of the test piece ligament, arrest of the crack depends on micro- 
structural features rather than on either the geometry of the test piece or features of the loading 
system. Whilst the maximum increases in crack length could not be established by fracto- 
graphic examination of the present specimens, the small size of the load drops suggests that 
they were only a few percent. Therefore, the present pop-ins are concluded to be in compliance 
with Willoughby's criterion for pop-ins to be regarded as insignificant events, as their arrest 
depended on the microstructure rather than on the specimen geometry or the characteristics of 
the loading system, as might be the case for substantially larger pop-ins. However, Willoughby 
cautioned against ignoring small pop-ins in inhomogeneous microstructural regions such as 
weidments, since arrest would not have occurred if the region surrounding the arrested crack 
had itself been a low toughness region. Whilst these small pop-ins may be regarded as structur- 
ally insignificant, and the subsequent CTOD value (tic ---- 0.23 mm rather than 8c = 0.093 mm 
for specimen W25/4, and t~,, = 0.46 mm rather than 8c ---- 0.068 mm for specimen W25/6) 
employed for design purposes, in the context of the present research program, the pop-ins have 
not been ignored, but are interpreted as indicating the presence of low toughness microstruco 
tural regions situated close to the fatigue crack tip, with crack arrest having been fortuitous. 

Conclusions 

Two series of butt welds have been produced in the flat position in 2S-mm thick C-Mn-Nb 
steel plate using a C-Mn and a C-Mn-Ni basic-coated low hydrogen electrode and employing 
DC reverse polarity, DC straight polarity, and AC power supplies. In addition, the C-Mn-Ni 
electrode was employed to produce a vertical-up weld with a DC straight polarity power supply. 
From this study, the following conclusions have been drawn. 

1. The power supply type influenced the composition by producing a greater pickup of nitro- 
gen for DC straight polarity, which had a deleterious effect on weld toughness. There was also 
an associated decrease in the manganese and silicon contents that was more pronounced for the 
C-Mn-Ni welds. 

2. Changes in the power supply type had a minimal influence on microstructure for both the 
C-Mn and the C-Mn-Ni welds. 

3. For the C-Mn welds deposited in the flat position, Charpy toughness generally decreased 
in the order DC reverse polarity, AC and DC straight polarity. The CTOD at -- 10~ was lower 
for DC straight polarity than for DC reverse polarity, although AC welding, which gave in- 
creased scatter, yielded the lowest CTOD values. 

4. The Charpy toughness of the C-MnoNi welds was generally similar to that of the C-Mn 
welds. However, the C-Mn-Ni welds that were deposited in the flat position showed higher levels 
of CTOD with comparatively little scatter. This higher toughness was attributed largely to the 
small beneficial effects of the lower weld nitrogen levels and of the - 0.8~ nickel on the cleav- 
age resistance of the coarser regions of ferrite, with a contribution also from the lower propor- 
tion of as-deposited regions in the first side root of the C-Mn-Ni welds. 

S. For the C-Mn-Ni vertical-up weld, strength was higher in the root region, probably as a 
consequence of a greater amount of strain aging compared with the corresponding weld pro- 
duced in the flat position, in spite of the lower nitrogen content of the former. 

6. Crack tip opening displacement values at -- 10~ for the vertical-up weld were generally 
low, with only one 8,, value being recorded and with wide scatter (8 c ---- 0.068 mm to 8,, = 0.96 
ram). Low toughness regions, which initiated the cleavage fractures, occurred in both the sec- 
ond side as-deposited weld metal in the root (where weld beads slightly larger than those in the 
flat position welds probably contributed to a lower toughness) and also in the first side root 
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region, where par t  of the first pass had  been nei ther  remel ted nor  re-austenit ized by subsequent  
passes. 

7. In the light of the  influence of current  supply type on weld toughness ,  care must  be t aken  
in deciding upon this aspect  of weld procedure  specifications for C-Mn steel fabricat ions.  
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ABSTRACT: The existing possibilities of steelmaking imply that ultra low sulfur contents can be 
obtained. The weldability of these steels had not yet been clearly defined as good or not. In this 
study the welding behavior has been determined both for normalized steels, and quenched and 
tempered steels. Results concern underbead hardness in the heat affected zone (HAZ) and critical 
preheat temperature determined by the implant test. Ultra low sulfur steels appear to present a 
significant improvement in weldability. The underbead hardness is not affected by a sulfur con- 
tent decrease. The preheat temperature is the same for different stress directions (that is, longitu- 
dinal and short transverse) only for steels with a sulfur content lower than about 15/20 ppm. The 
influence of the weld metal's hydrogen content on cold cracking prevention is reduced with ultra 
low sulfur steels. 

KEY WORDS: Steel, welding, hydrogen, sulfur, inclusions, steelmaking 

During the last years, the cleanliness of steels has been greatly improved. The decrease of 
sulfur and  oxygen content  contr ibutes  to a lower quant i ty  of nonmetal l ic  inclusions and  to dif- 
ferences in the shape of these inclusions, part icularly for sulfides. Recent papers  have presented 
results concerning the behavior  of low sulfur content  steels. These papers  conclude tha t  the lack 
of sulfur contr ibutes  to an increase in cold cracking sensitivity [I] and  to an  increase in under-  
bead hardness  in the  heat  affected zone (HAZ) [2]. Some other  papers  seem to have a different 
view, seeing no effect of the  sulfur content  [3]. This  problem is part icular ly impor t an t  as some 
specifications require a m i n i m u m  value for the sulfur content  ( tha t  is, 4.10 -3 %) despite the 
impor tan t  increase in propert ies such as toughness  and  SCC behavior.  Clarifying some ideas 
appears  necessary for this  par t icular  point:  sulfur content  and  weldability. 

Materials 

The materials  to be investigated are supplied as thick plates. Steel is produced in an electric 
furnace where dephosphor iza t ion  and  oxygen blowing take place. Then ,  heat ing ladle refining 
permits  desuifurization,  deoxidation,  degassing, and  alloy adjus tments .  Afterwards,  the  steel is 
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poured in ingots. This process can produce very clean steels with an excellent reproducibility of 
the chemistry, which is very close to the aim composition. Some of the steels studied in this work 
were not produced in these conditions, low quality steels (higher sulfur) having to be introduced 
for comparison. 

Tested materials are presented in Table 1. The results of chemical analyses presented here 
are obtained on the plates in the zone to be tested. Two types are considered: normalized steels 
without subsequent tempering or postweld heat treated (PWHT) (C Mn, C Mn Ni V) or 
quenched and tempered steels (Ni Cr Mo). As previously remarked, different qualities have 
been studied, with various sulfur contents, but with only slight variations of the alloying ele- 
ments. Thus, the hardenability properties inside the different families are very close. 

The inclusion contents of the different steels studied were determined using a quantitative 
microscope Cambridge QTM 720 and compared to usual charts such as ASTM Practice for 
Determining the Inclusion Content of Steel (E45-76) A or DIN 50602. Unfortunately, these 
standardized quotations cannot be used for very clean steels. To compare the steels used in this 
study, we prefer to consider the morphology (generally quantified by the radio between length L 
and thickness T for sulfides observed on longitudinal cuts), number, and location of the inclu- 
sions. These examinations have been performed on through thickness samples in the zone to be 
tested during welding (generally mid-thickness). 

Welding Tests 

The aim of the research program is to determine the sulfur content's influence both on under- 
bead hardness and on cold cracking sensitivity characterized by the critical preheat tempera- 
ture. All these aspects have been determined by use of the implant test [4]. This test is illus- 
trated in Fig. I. The sample is a small cylinder smoothly inserted in a 20-ram thick plate. A weld 
is performed to join plate to implant and to produce a heat affected zone. A preliminary obser- 
vation determines the depth of the fused and heat affected zones. A circular notch is machined 
on the implant, which will be in the coarse grain zone after welding. After performing the weld, 
the load is applied to the implant when the temperature goes down to Tp + 50~ (Tp is the 
preheat temperature), or at least 150~ The load is left for at least 16 h. During this maintain- 
ing time, the implant may or may not break. If the implant is broken, the test result is clear-- 
the welding conditions are not usable. If the implant is not broken, it is extracted and observed 
microscopically in five sections to determine the evidence of a crack at the notch tip. The im- 
plant is defined as cracked or not. The limits between usable and unusable conditions are de- 
fined by cracking conditions and not only by rupture conditions. 

The implant test cannot define real post heating conditions (due to the geometry of the sam- 
pie), but can define accurately the critical preheat and interpass temperature. This one is de- 
fined by using a test where the implant is maintained for 1 h at the preheat temperature after 
welding. Critical temperature T O is defined where cracking occurs as Tp < To and where no 
cracking occurs as Tp >_ To. 

This test is used to determine welding conditions even for very thick plates. The effect of 
thickness is taken into account through the stress level. The 20-ram thickness is considered to be 
representative of thick plates for the cooling cycle in the welding conditions used. 

Concerning the welds performed for this study, they were realized both by shielded metal arc 
welding (SMAW) and gas metal arc welding (GMAW). In this last case, small amounts of hy- 
drogen can be added in the protective gas to increase the hydrogen content of the weld. Table 2 
summarizes the welding parameters and the hydrogen content of weld deposits. Deposits for 
hydrogen determination are performed as described in ISO 3690, but the samples are put in a 
vacuum degassing unit at 650~C to measure the total hydrogen content. The hydrogen level is 
read after palladium filtering to be sure to have only hydrogen, and nothing else. Such values 
are always higher than those obtained by degassing at room temperature. 
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SCHEMATIC ILLUSTRATION OF THE IMPLANT TEST 

t 
WELD DEPOSIT 

I M P L A N T  

STRESS 

FIG. l--Schematic illustration of the implant test. 

TABLE 2--Welding parameters and weld deposit hydrogen content. 

Heat Input, Hydrogen Content, 
Condition Process kJ/cm Protection Gas cmV 100 g 

1 SMAW 10 . . .  8 
2 GMAW 10 Ar + 15~ + CO2 4 
3 GMAW 10 Ar + 15% 12 

CO2 + 2% H2 

Underbead Hardness 

Measurements  

Underbead  hardness  is de termined  as described in the French s t andard  A F N O R  NF A 
81460. Five Vickers indenta t ions  under  S0 N are performed in the coarse grain area of the HAZ. 
The underbead  hardness  is defined as the mean  value of the  three higher  results if thei r  range  is 
lower than  25 HV 50. 

Results  

Figure 2 shows the  unde rbead  hardness  values observed on normal ized  steels for an  energy 
input  of 10 kJ / cm.  Results are plot ted against  sulfur content .  The  range  (+_ 15 HV) seems only 
due to cast to cast var iat ions and  not  to the sulfur content .  Notice tha t  models predict ing [5-7] 
the unde rbead  hardness  do not  take into account  the  sulfur content .  This  means  t ha t  the  effect 
is not statistically significant  as observed dur ing the reported tests. 
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FIG. 2--Underbead hardness as a function of sulfur content. 

Welding Conditions 

Some authors [2] have shown that the preheating temperature must be increased for "new" 
steels with a low sulfur content. Different tests have been performed in this study to determine 
the real facts. The influences of hydrogen content in weld metal and of stress direction (longitu- 
dinal or short transverse) have been studied. 

Influence of Hydrogen Content in Weldments 

Tests were performed with GMAW and various protective gases to obtain different hydrogen 
levels in weldments. The material to be tested was ASTM Specification for Pressure Vessel 
Plates, Carbon Steel, for Moderate- and Lower-Temperature Service (A 516/A 516M-84), Gr70 
(UNS K02700), a C Mn steel. The applied stress was 300 MPa. Figure 3 plots the critical pre- 
heating temperature (To) as a function of sulfur content. The lower sulfur content apparently 
contributes to a slightly independent behavior versus hydrogen content and the higher sulfur 
content increases sensitivity to hydrogen. For the lower hydrogen content, the high sulfur is 
favorable, but the increase of the preheating temperature with hydrogen is quite dramatic. 
Lower sulfur steels seem safer due to this lower sensitivity to hydrogen content variations. 

Effect of Stress Direction 

Samples were taken for different plates both in the longitudinal direction at mid-thickness 
and the short transverse direction. In this last case the notch was located at mid-thickness. All 
the implants were welded with SMAW, conducting to an hydrogen content around 8 cm3/100 g 
of weld metal. 

Normalized Steels--The implant tests were performed with respectively 350 (A 516/A 516M- 
84, Gr 70), 400, and 470 MPa. The results are presented in Fig. 4 with the critical preheating 
temperature plotted against the sulfur content. Clearly, the effects of steel grade do not appear. 
The transverse axis is significantly worse than the longitudinal axis. The difference reaches 
75~ between the two critical preheating temperatures (and at least 25~ significantly de- 
pending on the sulfur content. Thus, the sensitivity to hydrogen cracking appears to be very 
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FIG. 4--Effect of the sulfur content on the critical preheat temperature for two different stress orienta- 
tions and for normalized steels. 

high in the short transverse direction, much higher than classical observations on lamellar 
tearing. 

Quenched and  Tempered  S t e e l s - - T h e  implant tests are performed with an applied stress of 
550 MPa in accordance with the high mechanical characteristics of these steels. As on normal- 
ized steels, the critical preheating temperature is plotted versus the sulfur content as shown in 
Fig. 5. As previously observed, no difference is observed for the longitudinal axis (and for suffi- 
ciently low sulfur contents), but  significant differences appear as soon as for 2 .10-3% in the 
short transverse axis. 
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Discussion 

The different tests performed in this study lead to the following observations: 

(1) Underbead hardness seems to be independent from the sulfur content; 
(2) Ultra low sulfur steels are less sensitive to hydrogen content in weldments; and 
(3) Cold cracking of ultra low sulfur steels is insensitive to the stress direction. 

Underbead Hardness 

The influence of sulfur content on underbead hardness is a sensitive problem. Generally, the 
differences observed appear between steels without microalloying additions and "new" steels 
with low carbon content and microalioying additions such as niobium. A significant fact is that 
self-tempering of martensite is considerably lower in microalloyed steels. This point can explain 
numerous distortions observed on steels with similar carbon equivalent values. The results 
obtained here on C Mn or C Mn Ni V steels show no clear effect as statistically observed 
elsewhere. 

Hydrogen Sensitivity 

Different theories have been developed concerning the hydrogen embrittlement of steels. 
Considering the problem of sulfur's influence, the trap theory seems to be interesting to apply to 
these results [8]. Sulfides are hydrogen traps. This capability explains steel's behavior when it 
has a low hydrogen content. As the total amount of hydrogen is higher than the sulfide trapping 
capacity of low sulfur steel, sulfides are saturated and cracks occur. On the other hand, the 
sulfide trapping capacity of high sulfur steel is above the hydrogen content, so the sulfides are 
not saturated and no cracks occur. At higher hydrogen levels, both low and high sulfur steels 
have a sulfide trapping capacity lower than the hydrogen content. Cracks appear in both cases. 
But the shape of sulfides in the case of high sulfur content increases the risk of crack initiation. 
This part will be particularly developed in the next section. 
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Inf luence o f  Stress Direction 

The influence of the stress direction has been observed before in pipe steels [9], but rarely in 
construction steels. The worst behavior of steels in the short transverse direction has always 
been associated only with lamellar tearing, this last phenomena being eventually increased by 
cold cracking. Results presented before show clearly that sulfur contents leading to worse 
results in cold cracking are significantly lower than those generally admitted as sufficient in 
regard to lamellar tearing. 

Figures 6 and 7 show the critical preheating conditions versus the L/T parameter describing 
the shape of sulfides. Clearly, some small distortions observed previously when plotted with 
the only sulfur content are corrected. The shape of sulfides is the main parameter as shown in 
Fig. 8. The ratio between the short transverse and the longitudinal critical preheat temperatures 
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(values in Kelvins) varies quite linearly with the shape factor. From this variation, ensuring a 
shape factor of sulfides L/T under a critical value, which is around 1.7-1.8, appears necessary 
to eliminate completely the short transverse sensitivity to cold cracking. 

Weldabil i ty  and  Sul fur  Content  

From the previous examinations and remarks, low suffur contents seem not as detrimental as 
can be said. Rather, maintaining the shape factor L/T as low as possible appears to be ex- 
tremely important. Figure 9 shows the correlation between shape factor and sulfur content. The 
curve shape explains the choice of linear rules for L/T curves (Figs. 6, 7, 8) and of logarithmic 
rules for sulfur content curves (Figs. 3, 4, 5). Despite the results from Fig. 9, neglecting other 
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effects such as the reduct ion rat io on the sulfide shape is impossible. Nevertheless, a sulfur 
content  l imited at a m a x i m u m  value of 2 . 10 - 3% in base  metal should be required to ensure  a 
really safe weld in the HAZ. For such values, it is also impor tan t  to control o ther  inclusion 
formers such as oxygen, oxides being also hydrogen traps.  

Conclusion 

Welding tests have shown tha t  low sulfur contents  are not  de t r imenta l  to cold cracking behav- 
ior of ferritic steels. Instead,  requir ing ul t ra  low sulfur contents  (or an accurate  control  of sul- 

fides' shape  factor)  to obta in  less sensitivity to hydrogen and  homogenous  results in the  various 
stress directions appears  to be necessary. 
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The Influence of Residual Copper 
in Annealed and Postweld Heat 
Treated 2-1/4Cr-1Mo Steel 
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Copper ha Annealed and Postweld Heat Treated 2-1/4Cr-lMo Steel," Residual and Unspecified 
Elements in Steel. AS TM STP 1042, A. S. Melilli and E. G. Nisbett, Eds., American Society for 
Testing and Materials, Philadelphia, 1989, pp. 202-231. 

ABSTRACT." Vacuum arc remelted (VAR) and electroslag remelted (ESR) 2-1/4Cr-lMo tube- 
sheet forgings were produced for the steam generators of the now terminated Clinch River breeder 
reactor project. The forgings were produced to American Society of Mechanical Engineers 
(ASME) SA336 Grade F22a, and test metal in the annealed and simulated postweld heat treated 
(PWHT) condition had to meet the minimum yield strength requirement of 207 MPa. All of the 
VAR forgings passed the yield strength requirement, while all of the ESR forgings marginally 
failed the yield strength requirement. The main difference between the two steels was the lower 
copper content of the ESR forgings (for example, 0.046 versus 0.13%). The yield strength incre- 
ment in the annealed condition was accounted for by solid-solution strengthening due to copper, 
whereas in the PWHT condition, precipitation strengthening due to E-copper accounted for the 
difference. This additional strengthening increment would have been sufficient to ensure that all 
of the ESR forgings met the minimum yield strength requirement. Both strengthening increments 
were confirmed with laboratory-produced and heat treated 2-1/4Cr-l Mo steels with copper levels 
of 0, 0.16, and 0.32~ and were found to be compatible with the most recent iron-copper phase 
equilibria. Yield strength was also found to increase by increasing the cooling rate from the 
PWHT. This strengthening increment is attributed to solid-solution strengthening due to carbon, 
nitrogen, molybdenum, and chromium, and precipitation strengthening due to (M2X) carbides. 
The data presented in this paper provide an example of residual copper affecting the mechanical 
properties of a 2-1/4Cr-1Mo steel. Furthermore, much of the data base used to establish the me- 
chanical property capabilities of 2-1/4Cr-lMo steel was developed using steels that had relatively 
high copper levels (or were not analyzed for copper), and were air-cooled from the PWHT, thus 
producing a data base of yield strength values that are higher than can be achieved under the 
constraints of the specification. 

KEY WORDS: 2-1/4Cr-lMo steel, residual copper, full annealing, iron-copper phase diagram, 
postweld heat treatment, precipitation strengthening, solid-solution strengthening, carbide 
strengthening, steam generator, tubesheet forgings 

Residual or incidental elements in steel, like copper,  are usually not considered as a factor in 
the design of component  properties as long as they are held below the specified limits. In the 
specific case of copper,  supplementary requirement  S1 of ASTM Specification for Steel Forg- 
ings, General Requirements  (A 788), limits the residual level to 0.35%. This percentage is a 
common limit for copper in most alloy steels. The exceptions include steels that  are exposed to 
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nuclear radiation where copper is specifically restricted to 0.10% maximum to prevent irradia- 
tion embrittlement. The maximum limit for copper was established over 50 years ago and re- 
mains in effect today because it is thought that copper does not strongly influence mechanical 
properties or have a harmful effect. However, as the present study will show, a copper level 
below the specified limit can influence strength depending upon the processing, particularly the 
heat treatment and postweld heat treatment (PWHT) of the steel. The study involves tubesheet 
forgings of 2-1/4Cr-1Mo steel for the Clinch River demonstration liquid-metal fast breeder re- 
actor that was terminated by the U.S. Senate in October 1983, just before the planned start of 
major construction. 

Tubesheet forgings measuring approximately 1230 mm in diameter by 380 mm in thickness 
were required for the Clinch River steam generators. The tubesheet forgings hold 739 tubes that 
are exposed to water/steam mixtures on the inside of the tubes (peak temperature of 500~ 
and to liquid sodium on the outside. Figure 1 shows the location of two tubeshcet forgings in the 
Clinch River steam generator. Figure 2 is a schematic drawing of a machined tubesheet forging 
without the tubes. After forging and heat treatment, the tubesheet forgings are machined to the 
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FIG. 1--Diagram of a steam generator for the Clinch River breeder reactor showing the location of two 
tubesheet forgings. Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
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TUBESHEET 

FIG. 2--Schematic cross section of  a machined tubesheet forging without the tubes. 

required size and then drilled. The tubes are inserted into the drilled holes and welded to the 
tubesheet forging. Each weld is given a postweld heat treatment to relieve residual stresses that 
develop during welding. 

The alloy chosen for the tubesheet forgings was 2-1/4Cr-lMo steel, based on its proven 
fabricability and resistance to severe environmentally induced failures, namely, stress corrosion 
cracking, water and sodium corrosion, decarburization from flowing sodium, oxidation 
(scaling), temper embrittlement, creep embrittlement, and stress relief embrittlement. The 
2-1/4Cr-lMo steel was specified as American Society of Mechanical Engineers (ASME) SA336 
Class F22a as modified by Nuclear Standard M2-19T. The chemistry requirements of these 
specifications are listed in Table 1. 

Normally, 2-1/4Cr- lMo heavy forgings are either normalized and tempered or water 
quenched and tempered to provide a bainitic microstructure for the best combination of 
strength, toughness, and creep properties. However, for long-term creep stability and due to 
the large data base developed for annealed 2-1/4Cr-lMo steel from extensive research con- 
ducted for this specific application [ 1-31] ,  tubesheet forgings for the Clinch River breeder reac- 
tor program were specified to be supplied in the fully annealed heat treated condition. In addi- 
tion, test material from each forging was required to meet a minimum 0.2% yield strength of 
207 MPa in a simulated postweld heat treated condition. These two heat treatment cycles are 
shown graphically in Fig. 3. 

Twenty vacuum arc remelted (VAR) and twenty electroslag remelted (ESR) tubesheet forg- 
ings were produced by two independent suppliers. Both melting processes produced ingots of 
sound quality. All of the VAR forgings passed the yield strength requirement (207 MPa mini- 
mum) after simulated PWHT with values in the range of 223 to 272 MPa. Conversely, all of the 
ESR forgiugs failed the yield strength requirement after PWHT with values in the range of 186 
to 203 MPa. A histogram of the actual yield strength data for each process is shown in Fig. 4. In 
an effort to enhance the yield strength of the ESR forgings, numerous laboratory heat treat- 
ments were conducted. The main findings from these experimental heat treatments were that 
yield strength could be increased by lowering the PWHT temperature to the minimum level 
allowed by the specification, namely, 708~ and increasing the cooling rate from the PWHT 
temperature. A lower PWHT temperature allowed a few of the ESR forgings just to meet the 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
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TUBESHEET FORGING HEAT T R E A T M E N T  
(PRODUCTION FULL ANNEAL) 
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FIG. 3--Schematic diagram illustrating the specified heat treatment cycles for both the tubesheet forg- 
ings and the test material. 

minimum yield strength requirement. With a sufficiently fast cooling rate from the PWHT tem- 
perature, all of the ESR forgings passed the yield strength requirement, however, this exceeded 
the cooling rate allowed by the specification. 

As will be shown later, the primary difference between the two groups of forgings is their 
copper content. The VAR steels contained 0.08 to 0.15% copper while the ESR steels contained 
0.03 to 0.05% copper. This difference in copper content is not related to the remelting process 
but to the composition of the scrap used in the electric furnace steelmaking for the casting of the 
consumable electrodes. One of the attributes of copper is that it is considered non-oxidizable 
during steelmaking. The ESR electrodes were made from a controlled supply of low residual 
element scrap (including low copper), while the scrap source for the VAR electrodes was higher 
in residual elements. The ESR practice involved the use of selective scrap to attain low copper 
levels to minimize forging surface problems and loss in high temperature ductility in forgings 
for high temperature applications [32]. The use of a selective scrap practice was not utilized for 
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FIG. 4--A histogram of the actual yield strength data for both ESR and VAR tubesheet forgings. 

the VAR electrodes. In order to assess further the influence of copper in annealed and PWHT 
2-1/4Cr-1Mo steel, laboratory-produced steels with varying levels of copper were studied; these 
results are also included in this paper. 

Before presenting the experimental procedures and results of our studies, some general back- 
ground on the effects of copper additions to steel is provided in the next section. 

Copper in Steel 

The most reliable iron-copper phase diagram is that of Kubaschewski [33], which is repro- 
duced in Fig. 5. From this diagram one can see that copper is quite soluble in austenite and 
much less soluble in ferrite. While several investigators have studied the solubility of copper in 
ferrite [34-38], there is still disagreement on the specific limits. The maximum solubility of 
copper in ferrite is 2.10 wt. % (1.8 at. %) at 850~ Below 850~ the solubility decreases rap- 
idly. Unfortunately, solubility data are not available below about 600~ The iron-rich end of 
the iron-copper binary phase diagram is shown in Fig. 6. The extension of the solvus line below 
600~ (dashed line) was calculated from the free energy functions for body-centered cubic and 
face-centered cubic solid solutions as given by Kubaschewski et al. [37]. In view of the limited 
solubility of copper in ferrite, any copper remaining in solution during quenching precipitates 
as pure copper (c-phase) upon aging. Copper steels are well known for their ability to age 
harden [39-42], and commercial steels have been designed to take advantage of the precipita- 
tion strengthening potential of copper [43, 44]. 

Copper in amounts up to 0.5% in low carbon steels have also been reported to provide a 
modest degree of solid-solution strengthening in ferrite [ 45-49]. The solid-solution strengthen- 
ing effect of copper in ferrite is reported to be between 38 and 70 MPa per 1% copper. The 
effect is linear up to about 1.1% copper [45]. The solid-solution strengthening, coupled with 
the precipitation strengthening, accounts for a modest increase in yield strength in those steels 
containing substantial amounts of copper. For example, the maximum level of 0.35% copper 
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FIG. 5--1ron-copper binary phase diagram [33]. 

allowed in most construction steels can account for about 13 to 25 MPa,  due to solid-solution 
strengthening. 

The copper level designated for the tubesheet forgings is interpreted to have been set to con- 
trol the content of this residual element. Copper cannot be considered an alloying element in 
this case since none of the literature that  discusses the physical metallurgy of annealed and 
PWHT 2-1 /4Cr- lMo steel for the Clinch River breeder reactor [1-6,8-16,19-22,24,25] ad- 
dresses the influence of copper in this steel, and most of the references do not even include the 
level of copper in the steels discussed [ 1-6, 8-10,16,19-21,25]. Furthermore,  the American Iron 
and Steel Institute (AISI) products manual  for carbon, alloy, and HSLA steels [50], and ASTM 
specification A 788 consider copper levels up to 0.35% as incidental when not specified or re- 
quired because of their modest solid-solution strengthening effect and alleged innocuousness. 

In addition to strengthening steel, copper also increases the fluidity of molten steel and pro- 
vides atmospheric corrosion resistance. Reports also show that copper can retard austenite re- 
crystallization [51], which can influence microstructure upon thermomechanical  treatment.  In 
addition, copper increases the hardenability of steel [52]. On the negative side, copper pro- 
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FIG. 6--Enlarged portion of the ferritic region of the iron-copper binary phase diagram. 

motes hot shortness, which is often associated with surface cracking during mechanical working 
[ 53]. In fact, even levels as low as 0.2 % copper in the presence of tin and antimony have caused 
hot shortness in mild steel [54-56]. Copper also promotes the formation of an adherent scale 
during hot deformation, which can contribute to poor surface quality [57]. As with most pre- 
cipitation strengthened steels, the yield and tensile strength enhancement from copper also 
leads to a reduction in ductility and notch toughness. Depending on the particular application, 
steels with a high residual copper content may be susceptible to other problems, for example, 
irradiation embrittlement [58], stress relief embrittlement [59. 60], reduction in hot tensile and 
creep rupture ductility [ 61-63] and temper embrittlement [ 64]. As a result of these negative 
factors, copper is not intentionally added to heavy forging steels. In fact, as in the case of the 
ESR tubesheet forgings, selective scrap was used to keep residual copper at a low level. 

Experimental Procedure 

Mid-radius, tangential blanks measuring 25-mm square by 130-mm long were removed from 
the respective prolongs of representative production annealed ESR and VAR tubesheet forg- 
ings. The chemical analyses of these blanks in the PWHT condition are compared with the 
specified chemistry in Table 1. While both steels met the specification requirements, the ESR 
steel is higher in aluminum and nitrogen, but lower in copper in comparison to the VAR steel. 
All of the other minor differences in chemistry between the ESR and VAR steels were consid- 
ered insignificant. 
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Heat Treatment 

Blanks representing both forgings were given a simulated PWHT.  The blanks were either 
cooled according to the specification at a max imum rate of 5 6 ~  or still air cooled 
(3000~ The exact heat  t rea tment  cycles are summarized in Table 2. The cycles are slightly 
different since the heat t reatments  were conducted by different suppliers. In addition, three 68- 
kg vacuum induction melted ingots were produced in the laboratory from the same master  heat 
of 2 -1 /4Cr- lMo steel with copper levels (ingot additions) of 0, 0.16, and 0.32%, respectively. 
The ingots were hot rolled to 25- by 102-mm plate, cut into 127-ram lengths, and heat treated in 
the laboratory to the following conditions: fully annealed,  P W H T / F C ,  and P W H T / A C .  The 
heat t rea tment  cycles are listed below (Table 3). The chemical analyses of the laboratory melted 
and heat treated plates, all within the specified ranges, are included in Table 4. 

TABLE 2--Comparison of ESR and VAR tubesheet forgings. 

ESR VAR 

Production Full Anneal 

Annealed at 940~ 4 h 
Cooled 28~ to 316~ 
Air cooled to room temperature 

Heated 56~ to 710~ 
Held 40 h 
Cooled 56~ to 427~C 
Air cooled to room temperature 

Heated 56~ to 710~ 
Held 40 h 
Air cooled to room temperature 

Annealed at 927~ 4 h 
Cooled 56~ to 316~ 
Air-cooled to room temperature 

PWHT/FC" 

Heated 56~ to 727~ 
Held 40 h 
Cooled 56~ to 427~ 
Air cooled to room temperature 

PWHT/AC b 

Heated 56~ to 727~ 
Held 40 h 
Air cooled to room temperature 

"PWHT/FC means control furnace cooled from the post-weld heat treatment tem- 
perature. 

bPWHT/AC means air cooled from the post-weld heat treatment temperature. 

TABLE 3--Heat treatment cycles. 

Full Anneal PWHT/FC" or PWHT/AC b 

Annealed at 940~ 4 h 
Cooled 56~ to 316~ 
Air cooled to room temperature 

heated S6~ to 727~ 
held 40 h, and 

(a) Cooled 56~ to 427~ 
Air cooled to room temperature 

or 
(b) Air cooled to room temperature 

(PWHT/FC) 

(PWHT/AC) 

~PWHT/FC means control furnace cooled from the post-weld heat treatment temperature. 
bpWHT/AC means air cooled from the post-weld heat treatment temperature. 
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Dilatomet~ 

Dilatometer pins measuring 2.5 mm in diameter and 50 mm in length were machined from 
both the ESR and VAR test material in the annealed condition. Critical temperatures were 
determined using the PWHT heating rate of 56~ 

Tensile~Impact Testing 

Standard 12.8-mm diameter tensile specimens were machined from blanks heat treated to 
the various conditions. Longitudinal tensile specimens were removed from the laboratory pro- 
duced steels. All tensile testing was performed in accordance with ASTM Methods of Tension 
Testing of Metallic Materials (E 8) at room temperature. Twelve full-size Charpy V-notch speci- 
mens were machined in the L-T orientation for each heat treated condition from the laboratory 
produced steels to evaluate the influence of the three levels of copper on toughness. The Charpy 
testing was conducted according to ASTM Methods for Notched Bar Impact Testing of Metallic 
Materials (E 23). 

Light and Electron Microscopy 

Specimens cut from the threaded ends of tensile specimens representing each condition were 
polished and etched using standard metaUographic procedures. The specimens were first 
etched with picral, which contained a few drops of hydrochloric acid, and examined in the light 
microscope. The percentage of each microconstituent was determined by point counting. Fer- 
rite grain size was determined by the three circle method of ASTM Methods for Determining 
Average Grain Size (E 112). 

Analytical electron microscopy (AEM) was used to define differences in the fine scale micro- 
structures of the ESR and VAR steels. Both two stage carbon extraction replicas and thin foils 
were made using the same tensile ends employed for the light microscopy examination. In pre- 
paring the replicas, the specimens were repolished and etched in 2% nital for 1 min. After 
etching, a cellulose acetate tape, softened on one side with a few drops of acetone, was pressed 
firmly onto the etched surface, allowed to dry for 30 rain, and then stripped from the specimen. 
The stripped tape (replica) was then mounted on a glass slide and coated with a thin film of 
carbon in a vacuum evaporator. Subsequent to carbon deposition, the replica was cut into two 
4-mm pieces, mounted on beryllium grids, and immersed in a covered dish of acetone for sev- 
eral hours until the cellulose acetate tape was completely dissolved, leaving the extracted parti- 
cles (carbides, copper particles, etc.) in the carbon film. 

In the case of the thin foils, sections about 1-mm thick were cut from the tensile ends and 
mechanically and chemically thinned to 0.1 mm. Discs measuring 3 mm in diameter were 
punched from the sections and thinned electrochemically to electron transparency in a twin jet 
apparatus at an applied potential of 25 V in a solution of 15~ perchloric acid/8S% methanol 
maintained at about --60~ 

The replicas and thin foils were examined in both a Philips EM-400T transmission electron 
microscope/scanning transmission electron microscope (TEM/STEM) operating at 120 kV and 
a VG Scientific Model HB501 dedicated STEM operating at 100 kV. These microscopes are 
also equipped with energy dispersive spectrometers (EDS), which allow for X-ray microanalysis. 
Images of various carbides and precipitate structures were obtained over a range of magnifica- 
tions (2,800 to 280,000x) in the TEM mode, whereas in the STEM/EDS mode, 20- to 40-nm 
and l-nm diameter focused electron beams were employed in the Philips and VG microscopes, 
respectively, to analyze precipitate composition. Both microscopes were equipped with com- 
puter based X-ray analyzer systems and suitable standards were used to convert the emitted 
X-ray intensities into weight percentages of elements present in the precipitates. 
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Results 

Production Forgings 

Dilatometry--The Acl and Ac 3 temperatures for both the ESR and VAR steels are listed in 
Table 5. The critical temperatures are similar for the two forgings. The Acl temperature is well 
above the PWHT temperature of 727 + 19~ thus no reaustenitization is expected during 
PWHT. 

TABLE 5--Critical temperatures for 
2-1/4Cr-lMo steel. 

Forging Acl(~ Ac3(~ 

ESR 784 912 
VAR 783 914 

Tensile Properties/Light Microscopy--Tensile properties and quantitative metallographic 
data are summarized in Table 6. Each of the conditions met the tensile requirements of SA336- 
F22a with the exception of the ESR steel in the PWHT/FC condition, which typifies the 20 ESR 
tubesheet forgings. Samples in the annealed condition exhibited continuous yielding (no yield 
point) behavior while samples in the PWHT/FC and PWHT/AC conditions displayed discon- 
tinuous yielding (yield point) behavior. Figure 7 shows a comparison of the load-elongation 
curves for the ESR steel in the three conditions. The shapes of the load-elongation curves for the 
VAR steel were similar. 

Figure 8 provides a comparison between the ESR and VAR as-annealed microstructures. 
Minor differences in average grain size, percent bainite and percent eutectoid were observed. 
The term eutectoid is used since this steel does not contain normal pearlite as found in plain 
carbon and lower alloyed steels. However, as explained later in this paper, these microstructural 
differences do not account for the observed differences in yield strength between the ESR and 
VAR steels. 

Electron Microscopy 

Annealed--In the as-annealed condition, the ESR and VAR samples displayed similar mi- 
crostructures. Both of these structures contain the eutectoid phase, consisting of ferrite and 
molybdenum-rich carbide, Figs. 9a and b. Both samples also contain a large amount of needle- 
like (Type 1) and coarse (Type 2) carbides in the ferrite matrix, as shown in Figs. 10a and b. 
These carbides have been identified as MzX type where M is predominately molybdenum with 
lesser amounts of chromium and iron, and X is carbon with or without nitrogen. In addition to 
these carbides, 20- to 30-nm copper particles were also observed along ferrite grain boundaries 
of the VAR steel. An example of grain boundary copper precipitation is shown in Fig. 11; an 
arrow locates one of the copper particles. In the ESR sample, a few copper precipitates were 
also observed throughout the matrix with very little grain boundary precipitation. 

P W H T / F C - - I n  the PWHT/FC condition, the ESR and VAR samples exhibited similar car- 
bide microstructures consisting of Type 1 needlelike and Type 2 coarse M2X carbides, Figs. 12a 
and b. More Type 2 carbides were present in the PWHT/FC condition compared to the an- 
nealed condition, presumably due to spheroidization of many of the Type 1 carbides during 
PWHT. EDS microanalysis of the M2X carbides showed that their average molybdenum/chro- 
mium ratio was 3.3 for the coarse carbides compared to 1.9 for the needlelike carbides. AI- 
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,2% 

PWHT/AC 
ANNEALED 

207 MPs 
PWHTIFC 

ELONGATION 

FIG. 7--Comparison of the tensile load-elongation curves for the ESR steel in the annealed, PWHT/FC, 
and PW HT/AC conditions. 

though the molybdenum/chromium ratios of the two types were significantly different, their 
iron/chromium ratios are nearly the same with an average value of 0.12. A few grain boundary 
carbides of the M7C3 type were also observed. These particles were found to be chromium-rich 
and to have average molybdenum/chromium and iron/chromium ratios of 0.1 and 0.7, 
respectively. 

The bainitic regions of these samples also contained carbides that were identified as M23C6 
type carbides. These carbides exhibit well-defined crystallographic facets as shown in Fig. 13. 
The average molybdenum/chromium and iron/chromium ratios are 0.5 and 1.6, respectively. 

Although the carbide precipitation reactions in the ES R and VAR samples are quite similar, 
the precipitation and chemistry of the non-carbide forming elements are significantly different. 
The VAR sample, which has more copper than the ESR sample, contains more copper particles 
(presumably e-copper). An example of these copper particles and the associated EDS X-ray 
spectrum are presented in Figs. 14a and b. As shown by the arrow in Fig. 14b, some of the 
copper particles appear as 50-nm clusters, presumably due to electrostatic attractive forces, 
during the replicating process between particles, originally located at various depths within the 
steel. 3 Many individual copper particles were also observed in the VAR steel and measured to be 

3Work aimed at eliminating this particle clustering artifact is under way at our laboratory. 
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FIG. 8--Light micrographs comparing (a, b) ESR and (c, d) VAR steels in the fully annealed condition 
(Picral + HCI). 

between 5 and 50 nm in diameter. 4 The copper particles were finely dispersed throughout the 
matrix. Copper particles could only be detected at the thinnest edges of the thin foils due to the 
lack of precipitate contrast when embedded in the steel matrix. This phenomenon may be at- 
tributed to the similarity of the electron scattering factors of iron and copper and the negligible 
strains produced by the precipitates because of the small difference in the atomic radii of the 
two elements. Others have experienced similar difficulties in imaging fine copper particles in 
thin foils of iron-copper alloys [65]. 

In contrast, the ESR steel with higher aluminum and nitrogen contents shows a modest dis- 
persion of approximately 100-nm diameter polygonal a luminum nitrogen (AIN) particles and 
very few copper precipitates. The particles are too large to contribute significantly to precipita- 
tion strengthening. The S- to S0-nm copper particles, as found in the VAR steel, were observed 
to a much less extent in the ESR steel because of its lower copper content. Also, numerous 
observations of copper being associated with AIN particles in the ESR steel, Fig. 1S, suggests 
that some of the copper nucleates on AIN particles and thus becomes ineffective as a precipita- 
tion strengthener. 

P W H T / A C - - B o t h  the ESR and VAR samples in the P W H T / A C  condition contained a large 
number of needlelike carbides designated as Type 1 and relatively few coarse carbides desig- 
nated as Type 2 in the ferrite matrix, Figs. 16a and b. The volume fraction of the fine Type 1 

4These copper particles are considered to be real and not artifacts since, as will be shown later, no copper 
particles were observed in either of the ESR or VAR steels in the PWHT/AC condition using the same 
replicating technique. 
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FIG. 9--Electron micrographs of eutectoid phase consisting of ferrite and molybdenum-rich carbide in 
the fully annealed condition: (a) ESR steel and (b) VAR steel {extraction replicas). 

carbides appeared greater than in the PWHT/FC condition, s The ferritic carbides are M2X type 
with average molybdenum/chromium and iron/chromium ratios of 2.1 and 0.12, respectively. 
M23C 6 type carbides found in bainitic regions and the MTC 3 type carbides observed in the grain 
boundaries were similar in size, shape, and chemistry to those of the ESR and VAR samples in 
the PWHT/FC condition. No copper precipitates were observed in either of the steels in this 
condition, thus indicating that the copper was in solid solution. 

In summary, the size, structure, and chemistries of the carbide particles were similar for the 
ESR and VAR steels for a given heat treatment condition. The main difference between the two 
steels was the copper precipitation behavior. In the annealed condition, the VAR steel exhibited 
some grain boundary copper precipitates, while the ESR steel displayed a few copper precipi- 
tates throughout the matrix and on the ferrite grain boundaries. In the PWHT/FC condition, 
copper particles in the range of 5 to 50 nm were finely dispersed throughout the matrix of the 
VAR steel. The ESR steel contained very few 5- to 50-nm copper precipitates, which were some- 
times associated with coarse 100-rim AIN particles, thus rendering them ineffective for precipi- 
tation strengthening. In the PWHT/AC condition, no copper particles were evident indicating 
that the copper remained in solid solution. 

sM2X carbides may dissolve during PWHT, and, upon air cooling from the PWHT temperature, some of 
the dissolved carbon and nitrogen presumably precipitates as fine Type 1 carbides. 
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FIG. lO--Electron micrographs of M2X carbides in the ferrite matrix of fully annealed 2-l/4Cr-lMo 
steel: (a) ESR and (b) VAR samples (extraction replicas). 

FIG. 1 l - -Electron micrograph of fully annealed VAR 2-1/4Cr- l Mo steel showing 20-nm copper precipi- 
tates along a ferrite grain boundary (extraction replica). 
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FIG. 12--Electron micrographs of M2X carbonitrides formed in the ferrite matrix of 2-1/4Cr-lMo steel 
in the PWHT/FC condition: (a) ESR and (b) VAR samples (extraction replicas). 

FIG. 13--Electron micrograph of a M2~C6 bainitic carbide in the ESR steel in the PWHT/FC condition 
(extraction replica). 
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FIG. 14--Electron micrographs (a) and (b) show copper particles extracted from a ferrite matrix in VAR 
2-1/4Cr-IMo steel in the P W H T / F C  condition (extraction replicas). Arrows locate copper particles and (c) 
displays the EDS x-ray spectrum from one of  the copper particles. 

FIG. 15--Electron micrograph of  the ferrite matrix in the ESR steel in the P W H T / F C  condition showing 
the association of  copper and AIN (extraction replica}. 
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FIG. 16--Electron micrographs of ferritic M2X carbonitrides in: (a) ESR and (b) VAR steels in the 
PWHT/AC condition (extraction replicas). 

Laboratory-Produced Steels 

Light Microscopy--The quantitative light microscopy data for the laboratory produced steels 
are summarized in Table 7. These steels exhibit a coarser ferrite grain size in comparison to the 
production steels, for example, about 60 versus 30 ttm. Presumably, this coarser ferrite grain 
size is indicative of a coarser austenite grain size. A coarser austenite grain size provides en- 
hanced hardenability for these steels, and leads to higher bainite and lower eutectoid volume 
fractions than observed in the production steels. 

Tensile Properties--The tensile properties for the various heat treatment conditions are sum- 
marized in Table 7. Tensile and yield strengths are plotted versus copper content for the various 
heat treatment conditions in Fig. 17. Each data point represents the average of two tensile tests. 
As shown in this figure, the yield strength requirement can be easily met for all copper levels 
between 0 and 0.32% in the fully annealed and PWHT/AC conditions. However, in the an- 
nealed and PWHT/FC conditions, the data suggest that yield strength peaks at a copper level of 
approximately 0.16%. At this copper level, the average yield strength just meets the 207 MPa 
requirement in the PWHT/FC condition. In contrast, the yield strength requirement is not met 
at the 0 and 0.32% copper levels for the PWHT/FC condition. Bush and Lindsay [66] found a 
similar peak with a copper bearing, annealed 1008 steel. 

Once again, yield strength was found to increase dramatically as the cooling rate from the 
PWHT temperature was increased (PWHT/AC versus PWHT/FC). Furthermore, continuous 
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FIG. 17--Graph of room temperature 0.2% yield and tensile strengths versus copper content for the 
laboratory produced 2-1/4Cr-lMo steels. 

yielding behavior was again observed for the annealed condition and discontinuous yielding 
behavior was observed for the PWHT/FC and PWHT/AC conditions. 

In all cases, the corresponding tensile strengths and ductilities shown in Table 7 are above the 
minimum levels required by the specification. As expected, the tensile ductilities (% elongation 
and % reduction in area) are inversely related to tensile strength. 

Impac t  Proper t i e s - -S0% fracture appearance transition temperature (50% FATT) and up- 
per shelf Charpy V-notch energy for each of the heat treatment conditions are also compared in 
Table 7. The PWHT/FC condition provided the best combination of 50% FATT and upper 
shelf energy. As expected, this condition also has the lowest yield strength level. Copper content 
does not appear to influence significantly 50% FATT or upper shelf energy within any of the 
heat treatment conditions with the exception of the PWHT/FC condition, where 50% FATT 
increases slightly with copper content. 

Discussion 

In general, the chemical analyses of the ESR and VAR steels were similar with the exceptions 
of the higher aluminum and nitrogen content, but lower copper content of the ESR steel. In 
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addition, dilatometry work indicated that both the ESR and VAR steels exhibited similar Act 
and Ac 3 critical temperatures. However, the ESR and VAR steels had differences in yield 
strength levels that changed depending on heat treatment. This discussion will focus on the 
strengthening mechanisms responsible for these differences. The specific focus will be the role 
of copper in these mechanisms. 

Yielding Behavior 

The shape of the load-elongation curve (stress-strain curve) plays a role in defining yield 
strength. In the ESR and VAR steels, the yielding behavior is either continuous or discontinu- 
ous depending on heat treatment. The bainite is responsible for the continuous yielding behav- 
ior shown in Fig. 7 for the annealed condition. The freshly formed bainite provides the source of 
dislocations for continuous yielding. The other curves representing the two PWHT conditions 
display discontinuous yielding because the bainite is tempered during the PWHT at 710~ for 
40 h. Thus for the PWHT condition, yielding is controlled by the nucleation and growth of 
Luders bands during tensile testing. Interstitial carbon and nitrogen play an important role in 
this discontinuous yielding process. There may be differences in the carbon and nitrogen inter- 
stitial levels in the two PWHT conditions that explain the different shapes in the tensile curves. 
Although the yielding behavior changes from continuous to discontinuous, it does so in both the 
ESR and VAR steels, and is not thought to be responsible for the yield strength difference 
between the two steels. 

Differences in Strength Levels with Heat Treatment 

Annealed Condition--Both the ESR and VAR steels passed the 207 MPa minimum yield 
strength requirement with respective values of 224 and 231 MPa. These steels displayed similar 
average ferrite grain sizes and carbide microstructures. Precipitation strengthening by copper 
particles is considered to be insignificant since the copper particles that reside on the ferrite 
grain boundaries are not effective for precipitation strengthening and there are too few copper 
particles in the matrix for significant precipitation strengthening. Grain boundary precipitation 
of copper is expected since the annealed steels went through the austenite to ferrite transforma- 
tion (the PWHT steels did not). Since the solubility of copper in ferrite is far less than in austen- 
ire, the copper is presumably rejected to the ferrite grain boundaries (the last place to trans- 
form). The 7 MPa difference in yield strength between the two steels can, however, be attributed 
to solid-solution strengthening with the higher copper level in the VAR steel. This difference is 
real as seen earlier (Fig. 4) in the distribution of strength for the ESR and VAR steels. For 
example, if one calculates the solid-solution strengthening increment (AYield Strength) be- 
tween the ESR and VAR steels using the 38-70 MPa per %copper relationships for air cooled 
iron-copper alloys [45-49] and assumes that all of the copper is in solution, one obtains values 
of 3-6 MPa. If we were to use our laboratory data for the annealed condition (Fig. 17), the solid- 
solution strengthening increment is higher than that shown above. The slope of the line for the 
annealed 2-1/4Cr-lMo steel is 125 MPa per %copper. This slope implies that the yield strength 
increment between ESR and VAR is 10 MPa, which is higher but of the same order of magni- 
tude of that predicted by others. 

PWHT/FC Condition--In the PWHT/FC condition, although both the ESR and VAR steels 
possessed similar carbide microstructures, the ESR steel failed and the VAR steel passed the 
yield strength requirement with respective values of 200 and 219 MPa. In this condition, the 
additional 3 % tempered bainite is considered insignificant to account for the difference in yield 
strength between the two steels. This assumption is supported by the laboratory produced steel 
with 0% copper that failed the yield strength requirement with 27% tempered bainite in the 
microstructure. 
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The main contributor to the difference in P W H T / F C  yield strength between the ESR and 
VAR steels is the difference in copper levels. Upon heating to the P W H T  temperature,  copper 
dissolves in the ferrite matrix. This is illustrated in Fig. 18, which is the same enlarged portion 
of the iron-copper binary phase diagram shown in Fig. 6 but  with the ESR and VAR composi- 
tions superimposed. Other alloying elements such as those in the 2 -1 /4Cr- lMo grade affect the 
location of the solvus. For example, it is known that carbon and chromium reduce the solubility 
of copper in iron [ 67]. Thus for this system the solvus moves toward the left in Fig. 18. However, 
for illustration purposes we will use the binary iron-copper diagram. During furnace cooling of 
both steels there is ample t ime for copper to precipitate from the ferrite. Because there is more 
copper in the VAR steel compared to the ESR steel (0.13 versus 0.046%), the VAR steel has 
more precipitated particles. One can use the Ashby-Orowan equation [68] to calculate the in- 
crement in strengthening due to precipitates 

Ayield strength (MPa) -- - -  
s900 

• In [4d] (1) 
d 

where 

f = volume fraction of precipitated copper and 
d ---- diameter of copper precipitates, nm. 

This equation assumes that  the particles are hard and incoherent. Our assumption that  the 5- to 
50-nm copper particles are incoherent is consistent with the field ion microscopy results on a 
iron-copper alloy of Goodman et al. [69], who found that particles above 5 nm in diameter were 
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FIG. 18--Enlarged portion of the iron-copper binary phase diagram with the ESR and VAR composi- 
tions superimposed. 
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incoherent. The volume fractions used in equation 1 were 0.0011 for the VAR steel and 0.00045 
for the ESR steel based on the atomic weight of copper. 

At the low end of the distribution, that is, 5 nm, Eq 1 predicts yield strength increments of 
75 and 117 MPa, respectively, for the ESR and VAR steels due to the precipitation of copper. 
At the high end of the distribution, that is, 50-nm particles, Eq 1 predicts yield strength incre- 
ments of 13 and 20 MPa, respectively, for the ESR and VAR steels due to the precipitation of 
copper. Therefore, a difference of 7 to 42 MPa can be attributed to the different copper levels in 
the two steels. This strengthening increment range coincides with the actual 19 MPa difference 
in yield strength observed between the ESR and VAR steels. 

Thus it appears that one way to meet the specified minimum yield strength in the PWHT/FC 
condition would have been to intentionally add copper to the steel, possibly as much as 0.20%. 
In fact, work by General Electric [ 11-13,20,23] confirms this contention. For example, Offer, 
Krankota, and Ring [I1] present data that show that low copper (0.04%) 2-1/4Cr-lMo steel 
produced by either ESR or VAR methods fails to meet the yield strength requirement in the 
PWHT/FC condition. In contrast, work of Offer and Ring [12] and the data from the VAR 
tubesheet forgings, both of which contain data for higher copper (0.08-0.15%) 2-1/4Cr-lMo 
steels, show that the yield strength in the PWHT/FC condition can be met. As was pointed out 
earlier, copper was not intentionally added to any of the tubesheet forging ingots. This is a case 
where the use of special scrap selection practices to control copper adversely affected the ESR 
steel's ability to develop the required mechanical properties after the specified PWHT/FC heat 
treatment. 

P W H T / A C  Condition--In the PWHT/AC condition, the ESR and VAR steels displayed 
similar yield strengths (262 versus 257 MPa). During air cooling from the PWHT, which is 
about 50 times faster than furnace cooling, all of the copper is retained in solid solution in the 
ferrite. Based on the data from the laboratory produced steels shown in Fig. 17, copper appears 
to have a small solid-solution strengthening effect in this condition (16 MPa/%copper). 

However, the question still remains as to why the PWHT/AC condition has higher strength 
than the PWHT/FC condition. This same effect has been observed by others [ 70-72]. For ex- 
ample, in the ESR steel, which has very little copper (0.046%), strengthening mechanisms 
other than those relating to copper must be responsible for the differences in yield strength 
between the PWHT/AC and PWHT/FC conditions. The difference in strength can be ex- 
plained on the basis of three strengthening mechanisms: (1) solid-solution strengthening due to 
interstitial carbon and nitrogen, (2) solid-solution strengthening due to substitutional molybde- 
num and chromium, and (3) precipitation strengthening due to fine needlelike M2X carbides. 
Much more work is required to establish the magnitude for each of these strengthening mecha- 
nisms, which is outside the scope of our discussion on the influence of residual copper in 
2-1/4Cr-lMo steel. Nevertheless, supporting evidence for the proposed strengthening mecha- 
nisms is presented below. 

1. Interstitial carbon and nitrogen--Wada and Biss [ 70] suggest that M2X carbides might 
dissolve during PWHT and upon air cooling from the PWHT temperature some of the dissolved 
carbon and nitrogen is trapped in solution, thus contributing to solid-solution strengthening. 
This is consistent with our results where the more pronounced yield point, attributed to the 
greater interstitial content, was observed for the steels in the PWHT/AC condition. In the 
PWHT/FC condition, the M2X carbides dissolve during PWHT, but reprecipitate during fur- 
nace cooling, rendering much of the interstitial carbon and nitrogen ineffective for solid-solu- 
tion strengthening. 

2. Substitutional molybdenum and chromium--Our AEM results showed that the molybde- 
num/chromium ratios of the predominant M2X carbides in the PWHT/AC and PWHT/FC 
samples were 2.1 and 3.3, respectively. Assuming a constant volume fraction of carbides in both 
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conditions, the steels in the PWHT/AC condition are expected to have more molybdenum and 
less chromium available for solid-solution strengthening. Since molybdenum and chromium 
have positive (14 MPa/% ) and negative ( -  31 MPa/% ) influences on solid-solution strengthen- 
ing, respectively [47], these elements also partially account for the strengthening increment 
between the PWHT/AC and PWHT/FC conditions. 

3. M2X Carbides--The effect of carbide strengthening is well known [ 73]. In 2-1/4Cr-lMo 
steel, the needlelike M2X type 1 carbides have the greatest effect on strengthening because of 
their small thickness, around 10 nm. The PWHT/AC condition having a higher volume frac- 
tion of M2X Type 1 carbides than the PWHT/FC condition (see Figs. 12 and 16), would be 
expected to have a higher strength level. 

Therefore, by increasing the cooling rate from the PWHT temperature, the yield strength of 
2-1/4Cr-1Mo tubesheet steel can be substantially improved. Our data alone indicates a 38 MPa 
improvement in the VAR steel and a 62 MPa improvement in the ESR steel. Much of the devel- 
opment work on the Clinch River breeder reactor tubesheet forgings was performed on material 
that had been cooled at a faster rate than the specified 56~ maximum from the PWHT 
temperature [8,11,12,19,23], thus producing yield strength results that are higher than can be 
achieved under the constraints of the specification. 

Concluslons 

The key results of this paper on the influence of residual copper in annealed and postweld 
heat treated 2-1/4Cr-lMo steel can be summarized as follows: 

�9 The main difference between the ESR and VAR steels was their residual copper content. 
This difference in copper content (0.046 and 0.13%) allowed the VAR tubesheet forgings to 
pass the specified minimum yield strength requirement in the PWHT/FC condition while the 
ESR tubesheet forgings marginally failed this same requirement. The strengthening increment 
between the two steels is attributed to precipitation strengthening due to e-copper. 

�9 The difference in yield strength between the ESR and VAR steels in the annealed condition 
is attributed to solid-solution strengthening due to copper. 

�9 In both the PWHT/FC and annealed cases, the strengthening increments were confirmed 
using laboratory produced and heat treated 2-1/4Cr-lMo steels. In addition, the behavior of 
copper in both of these conditions was found to be consistent with the most recent iron-copper 
phase equilibria data. 

�9 Yield strength was found to increase by 38 to 62 MPa by increasing the cooling rate from 
the PWHT from 56 to 3000~ This strengthening increment is attributed to solid-solution 
strengthening due to carbon, nitrogen, molybdenum, and chromium and precipitation 
strengthening due to fine needlelike M2X carbides. 

Summary 

The data presented in this paper provides an example of where residual copper affected the 
ability of 2-1/4Cr-1Mo steel to meet the required mechanical properties. Furthermore, much of 
the data base used to establish the mechanical property capabilities of both annealed and 
PWHT/FC 2-1/4Cr-1Mo steel for the Clinch River breeder reactor project was developed using 
steels that had relatively high copper levels (or were not analyzed for copper) and were air cooled 
from the PWHT, thus producing a data base of yield strength values that are higher than can be 
achieved under the constraints of the specification. 
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G. S. Hartman I [discussion question)--What were the nitrogen levels in the two production 
tubesheet forgings? 

R. L. Bodnar (author's response)--The nitrogen levels were as shown in Table 1. 
In the annealed and PWHT/FC conditions, the nitrogen is tied up as AIN or M2X ( < 5  ppm 

mobile nitrogen were detected). As we discussed in the paper, some of the M2X carbonitrides 
dissolve at the PWHT temperature of 727~ and some of the carbon and nitrogen are trapped 
interstitially upon air cooling (PWHT/AC). As a result, there is probably more interstitial nitro- 
gen for solid-solution strengthening in the ESR steel in the PWHT/AC condition due to its 
higher total nitrogen content. This may be the reason for the slightly higher yield strength of the 
ESR steel compared to the VAR steel in the PWHT/AC condition. 

TABLE l--Nitrogen levels in production 
tubesheet forgings. 

Steel Total N 

ESR 120 ppm 
VAR 60 ppm 

G. S. Hartman (discussion question/--Why did the VAR steel have a slightly coarser ferrite 
grain size and more bainite compared to the ESR steel? 

R. L. Bodnar (author's response)--This is presumably due to the slightly coarser austenite 
grain size of the VAR. The austenite grain size is controlled by the precipitation of AIN. Since 
the VAR steel has less total aluminum than the ESR steel (0.004 vs. 0.009%), the VAR steel is 
expected to have less AIN precipitates, which are less effective for the pinning of austenite grain 
boundaries. The slightly coarser austenite grain size of the VAR steel enhances hardenability 
(more bainite) and is responsible for the slightly coarser ferrite grain size of the VAR steel 
(36/xm versus 24 tzm). 

G. S. Hartrnan (discussion question)--Did you attempt to coarsen the austenite grain size of 
the ESR steel to enhance hardenability, which would hopefully result in a higher yield strength 
in the PWHT/FC condition? 

R. L. Bodnar (author's response)--Yes, although this work is not included in our paper since 
it is not consistent with our general theme of residual copper in steel. We have found that the 
yield strength requirement can be met with the ESR steel if it is step-annealed at 1120~ cooled 
to 940~ and annealed according to specification. At 1120~ the AIN precipitates dissolve and 
the austenite grains can coarsen. Upon cooling from the 940~ annealing temperature at a 
maximum cooling rate of 56~ up to 48% bainite can form. This additional bainite in the 
microstructure raises the yield strength to approximately 242 MPa in the PWHT/FC condition. 
Unfortunately, such a heat treatment was not allowed by the specification. 

~A. Finkl and Sons Company, 2011 Southport Ave., Chicago, IL 60614. 
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Embrittlement of a Copper Containing 
Weld Metal 

REFERENCE: Christoffel, R. J. and Silvia, A. J., "Embrittlement of a Copper Containing Weld 
Metal," Residual and Unspecified Elements in Steel, ASTM STP 1042, A. S. Melilli and E. G. 
Nisbett, Eds., American Society for Testing and Materials, Philadelphia, 1989, pp. 232-242. 

ABSTRACT" Elevated temperature isothermal exposure of a "weathering" steel weld containing 
approximately 0.5% copper, in the as-welded condition, embrittled the weld as characterized by 
an increase in strength and a decrease in toughness and tensile ductility. A similar embrittlement 
was not encountered for material exposed in the postweld stress relieved condition. The embrittle- 
ment was attributed to the precipitation of an iron-copper intermetallic compound. Control of 
copper content below the solubility limit or the use of a postweld stress relief heat treatment should 
prevent the occurrence of any significant embrittlement. 

KEY WORDS: weld metal, weathering steel, copper content, embrittlement, elevated tempera- 
ture exposure, tensile strength, notch toughness, postweld heat treatment, precipitation harden- 
ing 

Copper is present  in most carbon and  low alloy steels, generally as a residual element,  bu t  in 
some cases it is intent ional ly added to provide corrosion or oxidation resistance. 3 In most  cases 
the copper is innocuous and,  in some cases, even beneficial.  However, studies have shown tha t  
when copper  conta in ing low alloy steels are used at elevated tempera tures ,  the possibility exists 
for an embr i t t l ing  reaction to occur [1-31. 

Welds contain copper levels similiar  to those in the base metal  and  hence should also be 
susceptible to embr i t t l ement  if used for elevated t empera tu re  service. In fact,  welds could have 
a greater  potential  for embr i t t l ement  because they are generally put  in service in a less s tructur-  
ally stable condit ion than  are base metals.  The weld metal,  when produced,  experiences a very 
rapid cooling rate f rom the austeni te  region. The  weld metal  then  may be  used in this condit ion,  
tha t  is, the as-welded condit ion,  or after  receiving only a sub-critical stress relief heat  t rea tment .  
Shackleton [4] has shown tha t  welds conta ining 1% to about  1.5% copper do in fact  embri t t le  
when exposed to elevated temperatures .  

This relatively high copper  content  is probably  the exception, bu t  a significant usage does 
exist with copper in the range of 0 .5%,  which is not  significantly above the solubility limit of 
copper in iron of 0 .3%.  The sources of this copper  are residual levels in the steel, copper  coating 
applied to the  welding electrode to prevent  rusting,  and  tha t  intent ional ly added  to provide 

~Senior engineer, Materials and Processes Engineering, Turbine Technology Department, General Elec- 
tric Company, Schenectady, NY 12309. 

2Senior engineer, Northeast Utilities, Meriden. CT. At the time this work was performed, be was welding 
engineer, Materials and Processes Laboratory, General Electric Company, Schenectady, NY 12309. 

3When this paper was written, the authors included information and expressed opinions believed to be 
correct and reliable. Because of the constant advance of technical knowledge, the widely differing condi- 
tions of possible specific application, and the possibility of misapplication, any application of the contents 
of this paper must be at the sole discretion and responsibility of the user. The observations and conclusions 
drawn are considered appropriate for the exposure conditions tested. However, it is cautioned that other 
exposure conditions may produce other embrittlement phenomena, even in the stress relieved condition. 
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"weathering" qualities. Therefore, determining if carbon and low alloy steels at this copper 
level are susceptible to embrit t lement if used at elevated temperatures is considered important.  
The evaluation of the embrittl ing tendencies of low alloy steel weld metal containing approxi- 
mately 0.5% copper when exposed to elevated temperatures is th~ subject of this paper. 

Procedure 

To obtain test material, two welds were deposited by the submerged arc process using nomi- 
nally "weathering" materials for both the base metal and the electrode. The base metal, which 
was 11/4 in. thick, was SA 516 Gr 70 plus copper material, and the electrode was American 
Welding Society (AWS) EW classification. The details of the welding procedure used are given 
in Table 1. The chemical composition of the base metal,  the electrode, and the resultant weld 
metal are given in Table 2. On completion of welding, one weldment was left in the as-welded 
condition, and the other was given a postweld heat t reatment  of 8 h at l l 0 0 ~  (593~ with a 
heating and cooling rate of 100~ (S5~ Both welds were radiographed and found to have 
acceptable quality. 

Each plate was then sectioned into segments, and each segment was used for one test condi- 
tion that represented a specific thermal exposure. The test conditions evaluated were: 

(1) Initial condition, 
(2) 3000 h exposure at 329~ (625~ 
(3) 10 000 h exposure at 329~ (625~ 
(4) 10 000 h exposure at 329~ (625~ plus a de-embrittl ing heat treatment,  
(5) 3000 h exposure at 371~ (700~ 
(6) 10 000 h exposure at 371~ (700~ and 
(7) 10 000 h exposure at 371~ (700~ plus a de-embritt l ing heat treatment.  

The de-embrittling heat t reatment was intended to identify any reversible embrit t lement and 
consisted of 1 h at I100~ followed by a water quench. 

The effects of the thermal treatments were measured with respect to the weld metal tensile 
and impact properties. Two longitudinal all weld metal tensile specimens and ten cross weld 
Charpy V-notch specimens were removed from material exposed to each condition. The orienta- 
tion of the test specimens is shown in Fig. 1. 

One tensile specimen was tested at room temperature and the other was tested at 316~ 
(600~ For consistency, the specimen removed from the top of the weld was tested at room 

TABLE 1-- Welding procedure details. 

Base metal 
Base metal thickness 
Joint design 
Electrode 
Electrode diameter 
Flux 
Process 
Type power 
Polarity 
Preheat temperature 
lnterpass temperature 
Electrode extension 
Current 
Voltage 
Travel speed 

SA516 Gr 70 + Cu 
31 mm (11/4 in.) 
Vee groove (60 ~ included-12 mm root) 
AWS A5.23 Class EW 
2.38 m m  (3/32 in.) 
AWS A5.23 Class FSA/P-EW-W (L-860) 
Submerged Arc 
Direct Current 
Electrode Positive (Reverse) 
21~ (70~ Minimum 
204~ (400~ Maximum 
19 mm (3/4 in.) 
550 to 580 A 
36 to 37 V 
40.6 to 45.7 em/min. (16-18 in./min) 
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TABLE 2--Chemical composition of materials. 

Composition (wt. %) 
Material C Mn Si P S Ni Cr Mo Cu O, N" 

Base Metal 0.240 1.14 0.28 0.012 0.013 0.14 0.18 0.04 0.27 - -  - -  
Electrode 0.081 0.51 0.25 0.010 0.014 0.48 0.59 0.05 0.73 b 223 156 
Weld #1 0.056 1.04 0.34 0.014 0.015 0.40 0.54 0.01 0.53 710 140 
Weld #2 0.047 1.01 0.33 0.013 0.015 0.047 0.48 0.05 0.54 910 145 

aOxygen and Nitrogen contents are in ppm. 
bCopper content includes electrode coating; Copper content without coating : 0.43%. 

ORIENTATION & LOCATION of TENSILE SPECIMENS 

/ . . . . . . . .  

ORIENTATION & LOCATION of cHARPY SPECIMENS 

FIG. 1--Location of mechanical test specimens. 

t empera ture  and  the  specimen f rom the bo t tom of the  weld at  316~ (600~ The  Charpy 
V-notch specimens were tested at --  40~ ( - -  40~ -- 12~ ( +  10~ + 21~ ( + 70~ + 38~ 
( +  100 ~ and  + 100~ ( +  212 ~ F) with a specimen removed f rom the  top and  bo t tom of the 
weld tested at each tempera ture .  

Results 

The tensile test  results are listed in Tables  3 and  4. To aid in the in terpre ta t ion  of these data ,  
the tensile s t rength results at  room tempera tu re  and  at 316~ (600~ are plot ted in Figs. 2 and  
3, respectively. The  0 .02% yield s t rength  results are plot ted in Figs. 4 and  5. 

The impact  test  results were averaged and  plotted.  From these results, average toughness  
values at  --  12~ ( +  10~ + 3 8 ~  ( + 100~ and  + 100~ ( + 2 1 2 ~  were de te rmined  as well 
as the  50% fracture  appearance  t rans i t ion t empera tu re  (FATT) and  the  change in FATT from 
the initial condit ion.  These results are listed in Table  5. To aid in the  in terpre ta t ion  of the  data ,  
the 50% FATT results are plot ted in Fig. 6 and  the  energy absorbed  at + 1 0 0 ~  ( + 2 1 2 ~  
C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  1 3  1 9 : 2 2 : 4 4  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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TABLE 3- -A l l  weld metal  tensile test results at room temperature. 

Condition 

Tensile 0.2% Yield 0.02% Yield Elongation Reduction 
Strength, Strength, Strength, in 50.8 mm in Area 

MPa MPa MPa % % 

As-WELDED CONDITION 

Initial (As-welded) 613.6 524.0 510.2 28.0 60.5 
3000 h @ 329~ 677.1 601.2 589.5 24.0 58.0 
10 000 h @ 329~ 706,7 631.6 622.6 25.0 58.1 
10 000 h @ 329~ +De-emb .  631,6 547.4 554.3 26.0 62.7 
3000 h @ 371~ 775.0 710.8 721.9 24.0 53.4 
10 000 h @ 371~ 715.7 646.0 646.0 25.0 56.0 
10 000 h @ 371~ +De-emb .  677.8 618.5 573.6 25.0 55.0 

STRESS RELIEVED CONDITION 

Initial (Stress relieved) 577.4 496.4 468.8 32.0 65.2 
3000 h @ 329~ 589.5 502.6 477.1 28.0 62.7 
10 000 h @ 329~ 601.9 516.4 481.3 28.0 59.1 
10 000 h @ 329~ +De-emb .  564.7 477.1 477.1 29.0 69.0 
3000 h @ 371 ~ 587.4 497.1 484.0 31.0 68.4 
10 000 h @ 371~ 617.8 523.2 523.3 31.0 64.9 
10 000 h @ 371~ +De-emb .  578.5 494.4 463.3 30.0 67.8 

TABLE 4- -A l l  weld metal  tensile test results at 316~176 

Condition 

Tensile 0.2% Yield 0.02% Yield Elongation Reduction 
Strength, Strength, Strength, in 50.8 mm in Area 

MPa MPa MPa % % 

AS-WELDED CONDITION 

Initial (as-welded) 675.7 462.6 364.7 23.0 38.6 
3000 h @ 329~ 737.0 539.2 449.5 20.0 29.5 
10 000 h @ 329~ 723.3 547.4 477.1 20.0 34.8 
10 000 h @ 329~ +De-emb .  625.4 477.1 417.8 24.0 42.6 
3000 h @ 371~ 686.7 533.7 484.7 24.0 40.3 
10 000 h @ 371~ 671.5 550.2 491.6 20.0 33.4 
10 000 h @ 371~ +De-emb .  604.0 456.4 379.2 26.0 50.5 

STRESS RELIEVED CONDITION 

Initial (Stress relieved) 527.4 415.8 364.0 24.0 61.8 
3000 h @ 329~ 533.7 407.5 337.2 24.0 49.9 
10 000 h @ 329~ 522.6 398.5 350.9 24.0 56.4 
10 000 h @ 329~ +De-emb .  548.8 400.6 334.4 27.0 54.1 
3000 h @ 371~ 530.9 399.9 348.9 26.0 59.5 
10 000 h @ 371~ 547.4 442.0 399.9 23.0 59.1 
10 000 h @ 371~ +De-emb .  526.8 379.2 294.4 28.0 58.0 
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FIG. 2- -Tens i l e  test results at room temperature.  

results are plotted in Fig. 7. The energy results at + 100~ (+212~ are considered to repre- 
sent the upper shelf energy and this figure is so labeled. 

Discussion 

Examination of the room temperature tensile strength results for material exposed in the 
initial as-welded condition shows that increased exposure at 329~ (625~ produced a contin- 
ual increase in strength. Exposure for 3000 h at 371~ (700~ produced a very significant 
increase in strength. Further exposure at this temperature produced a decrease in strength com- 
pared to that after 3000 h, but it was still greater than it was initially. On the other hand, 
material in the initial stress relieved condition had somewhat lower initial strength, and expo- 
sure at 329~ (625~ and 371~ (700~ produced only a slight increase in strength. Note that 
the de-embrittling heat treatment essentially restored the initial condition strength, except that 
the material exposed at 371~ (700~ was still somewhat higher than the initial strength level. 

The yield strength values paralleled those of the tensile strength, and the ductility values were 
generally the inverse. However, the reduction in ductility was not as significant as the increase in 
strength. 

The phenomenon responsible for these results is a classic case of precipitation hardening. 
The precipitating phase is probably the iron-copper intermetallic compound. In the initial as- 
welded condition, the excess copper beyond the solubility limit is held in solid solution due to 
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FIG. 3- -Tens i l e  test results at 316~  (600~ 

the fast cooling rate associated with the weld thermal cycle. Exposure at 329~ (625~ causes 
the excess copper to precipitate with increasing exposure, causing increased precipitation. Ex- 
posure at 371~ (700~ causes the maximum precipitation apparently to occur in the vicinity 
of 3000 h, and further exposure produces overaging with a decrease in strength. The de-em- 
brittling heat t reatment is undoubtedly a total overaging treatment reducing the strength to a 
relatively low level. 

The postweld stress relief heat t reatment was also very likely a complete overage treatment.  
This heat treatment could precipitate all the excess copper, so exposure at 329~ (625~ or 
371~ (700~ would have little or no effect. Actually, some slight effect is possible as repre- 
sented by the difference in solid solubility at 621~ (1150~ compared to that at 329~ (625~ 
and 371~ (700~ This difference, of course, is very slight so the effect would be slight, which 
was the case. 

The 316~ (600~ tensile test results for material tested in the as-welded condition produced 
some interesting results. In the initial condition, the 0.02% yield strength was less at 316~ 
(600~ than at room temperature,  as expected. However, the tensile strength in the initial 
condition was greater at 316~ (600~ than it was at room temperature.  This higher tensile 
strength at 316~ (600~ compared to that at room temperature,  persisted for exposure at 
329~ (625~ although not for material exposed at 371~ (700~ Also, considering just the 
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FIG. 4--0 .02% yield strength results at room temperature. 

316~ (600~ tensile strength results, exposure at 329~ (625~ caused an increase in 
strength while exposure at 371~ (700~ had no effect on tensile strength. 

Examination of the 0.02% yield strength results after exposure at 329~ (62S~ and 371~ 
(700~ shows values always below those for comparable exposures and tested at room tempera- 
ture. However, the 0.02% yield strength did continue to increase with increased exposure at 
329~ (625~ and 371~ (700~ when compared to the initial condition. 

This series of tests appears to exhibit the combined effect of precipitation hardening and dy- 
namic strain hardening phenomena. The 0.02% yield strength results are as expected if influ- 
enced only by precipitation hardening. However, the significant increase in tensile strength can 
only be accounted for by a strain hardening effect in addition to a precipitation hardening ef- 
fect. A review of the 0.2% yield strength results shows that the 316~ (600~ results are less 
than those at room temperature but not as much as for the 0.02% yield strength. Thus, as 
plastic strain increased, the precipitation of the strengthening compound--probably the iron- 
copper intermetallic compound--accelerated in the elevated temperature test. The absence of 
any tensile strength increase on exposure at 371~ (700~ is probably due to the fact that 
overaging had already occurred after exposure for 3000 h, coupled with the strain aging effect. 

This strain aging effect is completely absent, as is any precipitation hardening effect, for 
material tested in the stress relieved condition. The precipitation and overaging produced by the 
stress relief heat treatment would remove any available copper from contributing to any subse- 
quent precipitation. 
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FIG. 5--0.02% yield strength results at 316~ (600~ 

TABLE S--Summary o/weld metal charpy impact test results. 

Condition 

Impact Strength (Joules) 50% 
FATT 

-- 12C +38C + 100C C 

Change in 
50% FATT 

C 

AS-WELDED CONDITION 

Initial (As-welded) 45.8 86.1 93.9 --29 
3000 h @ 329~ 40.0 74.6 99.7 -- 12 
10 000 h @ 329~ 8.8 49.2 67.1 +27  
10 000 h @ 329~ +De-emb.  56.3 86.5 94.2 --40 
3000 h @ 371~ 16.3 44.1 53.6 +24  
10 000 h @ 371~ 22.4 58.3 69.2 + 4  
10 000 h @ 371~ +De-emb.  62.4 100.1 91.5 --23 

STRESS RELIEVED CONDITION 

Initial (Stress relieved) 78.1 148.5 150.2 -- 29 
3000 h @ 329~ 100.3 141.7 145.1 --26 
10 000 h @ 329~ 70.9 126.8 141.0 --29 
10 000 h @ 329~ +De-emb.  79.7 106.4 149.2 --40 
3000 h @ 371~ 47.5 130.2 139.7 --12 
10 000 h @ 371~ 59.7 115.3 113.9 --12 
10 000 h @ 371~ +De-emb.  92.2 151.2 143.7 --18 

+17  
+56  
--11 
+53 
+33 

+ 6  

+ 3  
0 

--11 
+17  
+17  
+11 
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The results produced by the Charpy impact tests showed behavior similiar to that exhibited 
by the tensile tests. For material exposed in the as-welded conditions, the 50~ FATT was 
higher than the initial value for all exposures. The increase was continuous for increasing times 
at 329~ (625~ while exposure at 371~ (700~ produced a peak after 3000 h exposure and 
then a reduction after 10 000 h exposure. The upper shelf energy showed the same type behavior 
for the material exposed in the as-welded condition, except the change was a decrease in energy. 
The de-embrittling heat treatment eliminated any effect produced by the isothermal exposure. 

For material in the stress relieved condition and exposed at 329~ (625~ no change in 
either 50% FATT or upper shelf energy occurred. Only a slight increase in 50% FATT and 
decrease in upper shelf energy for material exposed at 371~ (700~ happened. Note that ma- 
terial initially stress relieved had the same 50070 FATT as the as-welded material but a higher 
upper shelf energy. 

A review of the overall results clearly demonstrates that welds containing approximately 
0.507o copper will embrittle when exposed, in the as-welded condition, to elevated temperatures 
at least in the range of 329~ (625~ to 371~ (700~ The embrittlement is characterized by 
an increase in 50% FATT, a decrease in upper shelf energy, an increase in tensile and yield 
strength, and a decrease in tensile ductility. On the other hand, such embrittlement was not 
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FIG. 7--Upper shelf energy test results. 

encountered in material that had been exposed after receiving a postweld stress relief heat 
treatment. 

Although the embrittling constituent was not specifically identified, the phenomenon ob- 
served did not appear to be classic temper embrittlement. The temper embrittlement phenome- 
non is characterized by an increase in 50% FATT but without the associated increase in tensile 
strength and decrease in upper shelf energy encountered in these results. The behavior observed 
may reasonably be attributed to the precipitation of an iron-copper intermetallic compound as 
was previously stated. 

The practical implications of these results are obvious. If a carbon or low alloy steel weld is to 
be used at an elevated temperature, either the copper content should be controlled through 
specification limits to less than the solubility limit or the weld should be put in service in the 
stress relieved, or fully overaged condition. 

Conclusions 

The following conclusions can be drawn. 

1. Isothermal exposure of a low alloy "weathering" steel containing approximately 0.5% 
copper in the as-welded condition at temperatures in the range of 329~ (625~ to 371~ 
(700~ produced an increase in tensile strength, yield strength, 50%0 FATT, and a decrease in 
upper shelf energy and tensile ductility. 
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2. Isothermal exposure of the same material in the postweld stress relieved condition had 
little or no effect on the weld metal properties. 

3. The property changes observed are attributed to the precipitation of an iron-copper inter- 
metallic compound rather than temper embrit t lement.  
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DISCUSSION 

B. M. Kapadra I (discussion question)--Did the elevated temperature tests show serrated 
stress-strain behavior in view of the dynamic strain-aging effert observed? 

A. J. Silva (author's response)--Yes, the elevated temperature tensile tests did show a ser- 
rated stress-strain behavior. 

B. M. Kapadra (discussion question)--Would similar effects be observed also for base metal 
properties at these upper levels? 

A. J. Silva (author's response)--Similar embrittl ing results should be encountered in base 
metals if the copper content exceeds the solubility limit and the thermal processing produces a 
non-equilibrium condition. Embri t t lement  was not noted in this investigation even in the heat 
affected zone in the as-welded condition, which is a nonequil ibrium situation, probably because 
of the low copper content in the base metal. 

R. L. Bodnar 2 (written discussion)--I would like to congratulate the authors for preparing an 
excellent paper. I have one comment  and one question. I do not consider the loss in toughness 
that you observed as an embrit t lement,  but rather a simple strength/toughness trade-off. In my 
opinion, embrit t lement is synonymous with intergranular failure. The question is, what micro- 
structural evidence do you have for precipitation strengthening due to copper? 

A. J. Silva (author's response)--No microstructural studies were done that would relate the 
precipitation strengthening to copper. 

*U.S.S. Technical Center, 1000 Tech Center Drive. Monroeville, PA 15146. 
-'Bethlehem Steel Corporation, Building G, Homer Research Laboratories, Bethlehem, PA 18016. 
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The Influence of Current Supply Type 
and Arc Length on C-Mn, C-Mn-Ni, and 
C-Mn-Ti-B Shielded Metal Arc Deposit 
Nitrogen and Oxygen Contents 

REFERENCE: Abson, D. J., "The Influence of Current Supply Type and Are Length on C-Mn, 
C-Mn-Ni, and C-Mn-Ti-B Shielded Metal Arc Deposit Nitrogen and Oxygen Contents," Residual 
and Unspecified Elements in Steel, ASTM STP 1042. A. S. Melilli, and E. G. Nisbett, Eds., 
American Society for Testing and Materials, Philadelphia, 1989, pp. 243-260. 

ABSTRACT: Nitrogen and oxygen contents have been determined for welds simulating root and 
hot passes, and deposited with progressively longer arc lengths to give arc voltages in the range 18 
to 28 V. Commercial basic-coated C-Mn, C-Mn-Ni, and C-Mn-Ti-B shielded metal arc electrodes 
were employed in the flat (1G) position with DC straight polarity (electrode negative), DC reverse 
polarity (electrode positive), and alternating current (AC) supplies. 

In all deposits, nitrogen content increased with increasing arc length, with the C-Mn-Ti-B de- 
posits showing the most rapid rise. The highest low voltage nitrogen levels and the most rapid 
increases always occurred for DC straight polarity welding, which gave > 0.06% nitrogen at the 
highest arc voltage for each of the consumables. Deposit nitrogen content always exceeded the 
level in the core wire, but approached it at the lowest voltage for DC reverse polarity welds, with 
two of the C-Mn-Ti-B deposits showing the lowest nitrogen contents. 

Deposit oxygen contents were not related to core wire levels. For DC straight polarity deposits, 
oxygen increased progressively over the voltage range studied. For DC reverse polarity deposits, 
oxygen decreased progressively for AWS E7016 type electrodes, and showed an initial decrease 
and a subsequent increase for AWS E7018 type electrodes. The AC deposits showed either a small 
increase or decrease at low arc voltages and an increase at higher arc voltages. 

The findings reflect the incomplete shielding provided by the gas shield and slag layer at high 
arc voltages, particularly for DC straight polarity welding. They suggest that reactions involving 
the molten droplets emanating from the electrode tip are important in influencing deposit nitro- 
gen content, and that those occurring in the slag layer at the surface of the weld pool are important 
in influencing deposit oxygen content. 

KEY WORDS: carbon-manganese steels, shielded metal arc welding, process parameters, polar- 
ity, alternating current (AC), direct current (DC), voltage, weld metals, composition, oxygen, 
nitrogen 

While general  guidance  can be given regarding welding procedures  to give op t imum mechan-  
ical propert ies  f rom shielded metal  arc (SMA) weld metal ,  l imited quant i ta t ive  da ta  are avail- 
able on the  influence of a n u m b e r  of procedural  variables.  One aspect  of welding procedure  in 
SMA welding tha t  can influence deposit  composi t ion and  mechanica l  propert ies,  bu t  which is 
generally an  un in ten t iona l  variable,  is the  arc length and  therefore  the  arc voltage. Longer  arc 
lengths are known to give greater  p ick-up of oxygen and  ni t rogen f rom the  a tmosphere  [1-4]. 
Boniszewski [2] also comments  on the  consequent  lower recovery of deoxidants ,  such as manga-  
nese and  silicon, and  notes tha t  changes  in arc length caused by different  weave widths  and  

~Principal research metallurgist, The Welding Institute, Cambridge CB1 6AL, England. 
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weave motions can be important. The pick-up of nitrogen during welding has been reviewed by 
Blake [5] and by Vines [6]; these authors also discussed the deleterious effect of nitrogen on 
weld toughness. Vines concluded that the shift in the Charpy curve to higher temperatures was 
typically -0 .5~  ppm increase in total weld nitrogen. For SMA welding, the deleterious 
effect of nitrogen on Charpy toughness has been documented for C-Mn-Ni deposits [3] and on 
crack tip opening displacement (CTOD) for C-Mn-Ti-B deposits [4]. 

In addition to the data on current type and polarity generated for SMA welding, a consider- 
able amount of work has been carried out on gas-shielded deposits, including work on gas- 
shielded [71 and self-shielded [8-10] flux-cored welds. Research in which solid wires have been 
employed includes studies of welds deposited in a chamber with a controlled atmosphere 
[1 I. 12], as well as those with gas supplied from a nozzle or pipe [Z 13]. Investigations of metal 
droplets that were deliberately prevented from entering the weld pool have shown that the drop- 
lets have a higher nitrogen content in DC straight polarity than in DC reverse polarity welding 
[8,11,13]; this is attributed to nitrogen ions or atoms being absorbed readily by the cathode [8]. 
For alternating current (AC) welding, the droplets were reported to have an intermediate level 
of nitrogen [9,11], although the weld nitrogen contents were found to increase in the order 
reverse polarity, straight polarity, and AC in Refs 9 and 11. The deposit nitrogen content has 
been observed to decrease with increasing electrode diameter for solid wires [I3], but the oppo- 
site behavior was reported for self-shielded flux-cored wires [10]. Deposit nitrogen content gen- 
erally increases with increasing nitrogen level of the shielding gas [11-13] and with higher arc 
voltage [12,13], and is decreased with increasing current [7,12,13l. However, the relationships 
are not simple ones, as deposit nitrogen content depends on the nature and content of other 
gases present in the gas shield [12], on the character of the flux core [7], and has even been 
found to decrease with increasing carbon content in the welding wire [13]. 

In the light of this information, there are clearly many questions that remain unanswered in 
relation to SMA welding, for which the gas-shield is produced by the electrode coating. The 
present study was intended to determine the influence on deposit oxygen and nitrogen content 
of progressively increasing the arc length for reverse polarity, straight polarity, and AC 
deposits. 

The consumables chosen for the study were all commercial basic-coated low hydrogen types 
employed for C-Mn steel fabrications, in view of the industrial importance of such materials, 
especially for offshore and allied applications. They comprised two C-Mn, one C-Mn-Ni, and 
three C-Mn-Ti-B electrodes. The C-Mn-Ti-B electrodes were included in the light of qualitative 
information supplied by at least one manufacturer of such electrodes, which showed higher 
levels of nitrogen in deposits produced with longer arcs [14]. 

With each consumable in turn, two weld passes were deposited in the root from one side of a 
double-V preparation in 25-mm-thick steel plate; the arc length was varied for the different 
current conditions and appropriate deposit analyses carried out. 

Experimental Details 

Parent Steels and Welding Electrodes 

The compositions of the parent steels employed are given in Table 1. The steels are closely 
similar in composition, except for a difference in niobium content; however, for the present 
experiments, this was of no consequence, and no distinction was made between the two plates in 
production of the welds. 

Basic-coated SMA electrodes were employed, which were all 4 mm (5/32 in.) diameter. Two 
C-Mn electrodes, coded P and Q, one C-Mn-Ni electrode, coded R, and three C-Mn-Ti-B elec- 
trodes, coded S, T, and U, were selected. The AWS classification and the recommended cur- 
rent supply type for all electrodes are given in Table 2. 
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246 RESIDUAL AND UNSPECIFIED ELEMENTS IN STEEL 

TABLE 2--Details of the consumables employed. 

Electrode AWS AS.1 or A5.5 Recommended Type of Arc Energy, 
Code Classification Current Supply Current, A kJ/mm 

P E7016-G AC or DC straight polarity" - 145 - 1.7 
Q E7016-1 AC or DC straight polarity - 145 - 1.7 
R E7018-G AC or DC reverse polarity - 145 - 1.7 
S E7016-G AC ~ 130 - 1.7 
T E7018-G DC reverse polarity" - 130 - 1.7 
U E7018-1 DC - 130 - 1.7 

NOTE: Arc voltage values were as follows: short arc, and aim values of 22, 24, and 26 V. 
"Straight polarity recommended for root pass. 

Analyses of remelted samples of the electrode core wires, obtained on a direct-reading optical 
emission vacuum spectrometer (ARL Quantovac 34000), are given in Table 3. The main differ- 
ences in chemical composition are the higher carbon levels in S, T, and particularly in U, the 
presence of trace levels of a luminum in Q and U, and the lower sulfur, nitrogen, and oxygen of 
the latter; electrode P had the highest nitrogen content (0.008%) and an intermediate level of 
oxygen (0.018%). 

The principal analysis of the coatings was achieved by fusing 1 g of sample with 2 g of lan- 
thanum oxide and 9 g of li thium tetraborate at 1200~ and analyzing the resulting bead by 
X-ray fluorescence. The fluorine content was determined by pyrohydrolysis; carbon dioxide was 
determined by a combustion infrared method. The coating analyses (Table 4) confirm the pres- 
ence of nickel in electrode R and of iron powder in electrodes, R, T, and U, and reveal the 
substantially higher carbonate content of electrodes P, S, and T. Differences in a luminum and 
magnesium suggest that  there may have been differences in the metallic deoxidants employed. 
In addition, the presence of bar ium in electrodes S and T constitutes a potential health hazard, 
requiring careful attention to fume extraction and the collection and safe disposal of both fume 
and slag. An experimental  technique has not been devised to measure the B, which is present in 
the coatings of electrodes S, T, and U. 

Welding 

The weld preparation was a symmetrical double-V with a 70 ~ included angle, and with a 
2-ram root face and 3-mm root gap. Short lengths ( - 60 mm) of two-pass welds were deposited 
in the root, using DC straight polarity, DC reverse polarity, and AC welding. The welding cur- 
rent was - 145 A for the C-Mn and C-Mn-Ni electrodes, with slightly lower values ( - 130 A) 
being employed inadvertently during the subsequent welding with the C-Mn-Ti-B electrodes 
(Table 2). The lowest arc voltage was a "convenient short arc ,"  which was expected to corre- 
spond to an arc voltage of approximately 20 V; aim values for the higher voltages, achieved by 
holding artificially long arcs, were 22, 24, and 26 V. Travel speeds were adjusted to give approx- 
imately constant values of arc energy of - 1.7 k J / m m .  Before use, the electrodes were dried for 
1 h at 350~ and were stored at 150~ All welding was carried out in the flat position without 
preheat, and the panels were allowed to cool to room temperature before deposition of the sec- 
ond pass. 

For the convenient short arc condition, both passes were deposited manually; for the other 
voltage conditions, the first pass was deposited manually, and the second by means of a ma- 
chine [15] in which the burn-off rate was pre-selected, but for which continual small manual  
adjustments were necessary in order to maintain the aim voltage. This approach was adopted 
because of the difficulty of maintaining constant values of the arc voltage in manual  welding 
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with unusually long arc lengths. (A modification to the machine before the welding with the 
C-Mn-Ti-B electrodes prevented use of the machine for AC welding, which was therefore all 
carried out manually with these electrodes.) The same welder was employed for all the manual 
welding. 

The current and voltage (root mean square) for the manual welding were monitored on over- 
damped moving coil galvanometers with a response time (for the current and voltage employed) 
of - 1 s; the voltage measurements were made between the electrode holder and the clamp, 
which attached the return lead to the work-piece. In addition, a print-out of the current and 
voltage (mean values) was obltained, for the AC welding, on the printer of a portable arc moni- 
toring device (PAMs II, designed by The Welding Institute). For the automated welding, the 
DC voltage and current were monitored with digital displays, which had a sampling frequency 
of 0.5 s. 

Largely to verify the presence of titanium and boron in electrodes S, T, and U, a two-layer 
pad, for spectrograPhic analysis, was produced in the flat position with each of the three elec- 
trodes, operating with a normal short arc. 

Specimen Extraction and Testing 

For the arc voltage studies, specimens for oxygen and nitrogen analysis were cut from the 
short lengths of weld, and these were analyzed, usually in triplicate, by inert gas fusion in a Leco 
TC136 analyzer. Both passes were included in each of these specimens. Any measurement er- 
rors were negligible compared with the wide scatter of the data, particularly that which oc- 
curred at the higher arc voltages. 

The two-layer test pad, which was produced to check the presence of titanium and boron in 
electrodes S, T, and U, was ground flat and analyzed on a direct-reading optical emission vac- 
uum spectrometer. (The detection limits for titanium and boron were 0.002% and 0.0003%, 
respectively, with the accuracy of measurement being of similar magnitude.) 

Results 

Electrode Handling Characteristics 

It proved possible to maintain an arc and to deposit sound weld metal (as revealed during 
subsequent sectioning) for all the welding conditions employed, although electrodes S, T, and U 
each gave unstable arcs during welding at the highest voltage. Also, restarting with electrodes S 
and U sometimes gave porosity. Control of the weld pool was improved, for electrodes S, T, and 
U, when using the automatic deposition machine, by employing a leading angle of 10 to 15 ~ . No 
pronounced effect of changing the power supply type was reported by the welder for any of these 
three electrodes. By contrast, electrode P gave a more stable arc when DC straight polarity was 
employed than for DC reverse polarity or AC. For DC straight polarity welding with electrode 
R, restarting and slag removal were more difficult, and the electrode did not run as smoothly, 
compared with DC reverse polarity or AC welding; these observations for electrode R are consis- 
tent with the manufacturer's recommendations. 

Weld Pad Chemical Analyses 

Spectrographic analyses of the two-layer weld pads produced with electrodes S, T, and U are 
presented in Table 5. The deposit compositions are broadly similar, with the largest differences 
occurring for Si, Mn, Ti, and AI electrode U giving the highest Si and lowest Mn, Ti, and AI 
levels; the boron levels were -0 .004% (electrode T) to -0 .006% (electrode S). Nominal corn- 
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positions of deposits produced with electrodes P and R are 0.07%C-0.38%Si-1.6%Mn and 
0.05%C-0.35%Si-l.75%Mn-0.85%Ni, respectively. Full chemical analyses of the root and 
sub-surface regions of butt welds produced with these two electrodes are given in a companion 
paper. 2 

Influence of  Arc  Voltage and Current Type and Polarity on Deposit Nitrogen and 
Oxygen Levels 

The results of this study are presented graphically in Figs. 1 to 6, where the mean values and 
the range of measurements of deposit nitrogen and oxygen contents are plotted as a function of 
arc voltage. The arrows indicate the typical operating voltage range for welding in the flat posi- 
tion, and core wire nitrogen and oxygen values are also shown. For all the electrodes, the most 
rapid increase in deposit nitrogen and oxygen with increasing arc voltage occurred in DC 
straight polarity welding. The lowest rate of increase in nitrogen content and the lowest level at 
the lowest arc voltage was generally achieved with DC reverse polarity welding, with AC showing 
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FIG. 1--The influence of arc voltage and current type and polarity on deposit oxygen and nitrogen con- 
tents for two-pass deposits (C-Mn A WS E7016-G electrode coded P): (a) DC reverse polarity, (b) AC, and 
(c) DC straight polarity. 

2Abson, D., in this publication. 
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an intermediate value; however, for electrode R (Fig. 3) AC welding gave a slightly lower mini- 
mum nitrogen content than DC reverse polarity, and a slightly lower rate of increase. In all 
cases, the lowest deposit nitrogen level was slightly above that of the core wire. For DC straight 
polarity welds, even the lowest deposit nitrogen levels were > 0.01% for electrodes P and Q, and 
>0.02% for electrodes S and U; at the highest arc voltages, deposit nitrogen levels were all 
> 0.06%, with both electrode T and U showing maximum nitrogen contents of - 0.1%. At the 
lowest arc voltages, the three C-Mn-Ti-B electrodes gave the lowest deposit nitrogen contents of 
_< 0.005%, largely as a consequence of their lower core wire nitrogen levels. 

The deposit oxygen levels bear no relation to the oxygen levels in the core wire. The trend for 
the AWS E7016 type electrodes (P, Q, and S, Figs. 1, 2, and 4) was for a progressive decrease in 
deposit oxygen content for the DC reverse polarity deposits, although the highest arc voltages 
achieved were only 25 or 26 V. The DC straight polarity deposits all showed a rapid increase in 
deposit oxygen content with increasing arc voltage, and the changes for AC welding were again 
intermediate, generally showing little change at the lowest voltages and then an increase. For 
DC reverse polarity deposits produced with AWS E7018 type electrodes (R, T, and U, Figs. 3, 
5, and 6), oxygen levels decreased initially with increasing voltage and then increased from 
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- 24 V up to the highest voltages of between 27 and 28 V, that is, beyond the voltage range in 
which they would normally be used. The DC straight polarity deposits produced with these 
electrodes all showed a steep increase in deposit oxygen content, while the AC deposits again 
showed intermediate behavior. 

It will be noted that the arc voltage levels achieved with the convenient short arc condition are 
slightly below the normal voltage ranges for C-Mn electrodes marked in the figures. Such low 
voltage levels could be achieved by a welder who has been trained to employ a short arc, but 
otherwise would not normally be achieved in production welds. 

Discussion 

In the studies of the influence of increasing arc voltage on deposit oxygen and nitrogen con- 
tent, the range of voltages studied was deliberately extended beyond that which would normally 
be achieved consistently during welding. Nonetheless, occasional increases in arc length are 
inevitable in a manual welding process. The study has therefore given some indication of the 
local variations in deposit oxygen and nitrogen that could arise in a weld bead, and how these 
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may be influenced by current type and polarity. The datum for deposit nitrogen contents was 
the level in the core wire, thereby illustrating the important influence of core wire nitrogen 
content. The deposit oxygen contents did not show similar behavior; they are influenced more 
strongly by the coating formulation, as reported by Vines and Bailey [16]. 

Deposit Oxygen Contents 

For basic-coated electrodes, metal transfer during normal welding occurs predominantly by 
short-circuiting, but also by the transfer of large droplets. The growing droplets are presumably 
coated with a layer of slag, as observed in flux-cored wire welding by Voropai et al. [17]. For 
4-mm-diameter electrodes and an arc voltage of 20 V, Wegrzyn [18] reports the arc lengths as 4 
mm. As arc voltage (and thus arc length) is increased, it is probable that free flight transfer will 
occur, resulting in the production of droplets with a progressively larger surface to volume ratio 
and thus with a thinner slag layer; the temperature of the electrode tip probably increases, 
thereby reducing the equilibrium oxygen content. While negatively charged oxygen ions in the 
arc plasma will migrate towards the anode, it appears that (with the exception of the AWS 
E7018 electrodes at high arc voltages) these ions do not influence the weld metal oxygen content 
when the anode is the electrode tip (DC reverse polarity welding), probably being prevented 
from doing so by the slag layer. When the anode is the weld pool (DC straight polarity welding), 
the ingress of oxygen increases as the arc voltage increases. Thus, it appears that migration of 
(negatively charged) oxygen ions in the slag layer on the weld pool overrides any effects occur- 
ring in the arc or at the electrode tip. The reason for the increase in deposit oxygen content at 
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AC, and (e) DC straight polarity. 

the higher arc voltages in the AWS E7018 reverse polarity deposits is not known. The changes in 
oxygen content for AC welding are intermediate between those for DC reverse polarity and for 
DC straight polarity (with the exception of the anomalously high deposit oxygen content at 27 V 
DC reverse polarity in Fig. 3). As long as the coatings of basic-coated electrodes do not contain 
significant proportions of easily dissociated fluorides, such as Na2SiF6Na3AIF6 and AIF3, which 
hinder arc restriking on the DC reverse polarity cycle [18], such behavior is to be expected. 

Deposit Nitrogen Contents 

Concerning the nitrogen pick-up of the AWS E7016 type electrodes, the best behavior in this 
respect for electrodes P and Q was obtained for DC reverse polarity welding, in spite of the 
manufacturer's recommendation, in each case, that AC or DC straight polarity should be em- 
ployed. At least for electrode P, this recommendation is consistent with the welder's report of a 
more stable are during DC straight polarity welding with this electrode; thus, arc stability alone 
does not necessarily lead to low nitrogen deposits. For electrode S, AC welding was recom- 
mended and, while such welding gave lower nitrogen levels than the corresponding values ob- 
tained with electrodes P and Q, the behavior was still not as good as for DC reverse polarity 
welding with this electrode. The reason for the wide scatter in nitrogen levels for DC reverse 
polarity welding with electrode S is not known; it may reflect poor arc stability, although the 
welder did not report this. 

The lowest deposit nitrogen contents, which were only slightly above the core wire levels, were 
achieved for DC reverse polarity welding with a short arc with electrodes S (AWS E7016 type) 
and T (AWS E7018 type). This behavior is probably partly a result of scavenging by titanium 
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FIG. 6--The influence of arc voltage and of current type and polarity on deposit oxygen and nitrogen 
contents for  two-pass deposits (C-Mn- Ti-B A WS E7018-1 electrode coded U): (a) DC reverse polarity, (b) 
AC, and (c) DC straight polarity. 

and boron; however, an effective gas shield is also required, and this appears not to have been 
achieved with electrode U. (Effective shielding was, however, achieved for DC reverse polarity 
welding with a short arc with electrode P, as the deposit nitrogen content was again only slightly 
above the core wire level.) It will be recalled that a lower welding current was employed for the 
C-Mn-Ti-B electrodes, and this probably assisted slightly in giving low deposit nitrogen levels. 
However, with such electrodes, the increase in deposit nitrogen with increasing arc voltage was 
generally greater than with the C-Mn and C-Mn-Ni electrodes, at least for reverse polarity 
welding. 

Comparing the nitrogen pick-up of the AWS E7016 and AWS E7018 type electrodes, and 
consideririg particularly the behavior at the higher arc voltages for DC straight polarity welding, 
it will be noted that electrode R (AWS E7018 type) performed better than the AWS E7016 type 
electrodes. By contrast, electrodes T and U (both AWS E7018 type) were both worse than the 
AWS E7016 types. Consideration of the product of the coating factor (D 2 -- d 2 ) / d  2 and of both 
the carbon dioxide (CO2) and the fluorine contents, which gives an indication of the volumes of 
these gases produced per unit length of electrode, suggests that the gas shield produced by 
decomposition of the coatings should be greatest for electrodes S and R and least for electrodes 
T and Q. In the light of the observed deposit nitrogen contents, it appears that this gas shield is 
important in excluding atmospheric nitrogen, although the line of reasoning does not explain 
the poor performance of electrode U. 

As discussed in the Introduction, it is well-established for gas-shielded welding that nitrogen 
pick-up during arc welding occurs primarily at the cathode. The results of the present work 
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show that such pick-up occurs more readily when the cathode is the electrode tip (DC straight 
polarity welding). This is probably because the electrode tip is hotter than the weld pool [18], 
and the probable consequences are that this not only gives more complete dissociation of nitro- 
gen (to N + ions) in the plasma when the electrode is DC negative, but also increases the reaction 
rates for the processes involved in the transfer of nitrogen across the plasma/slag and slag/ 
metal interfaces, compared with DC reverse polarity welding, where the ingress of N + ions will 
occur at the surface of the weld pool. The effect is small for the convenient short arc condition, 
but gives a dramatic change in deposit nitrogen level (for DC straight polarity welding) as the 
arc voltage is increased (Figs. 1 to 6). As noted above, increasing arc voltage is probably associ- 
ated with a change from predominantly short-circuit metal transfer to free flight transfer with 
the consequent increase in surface to volume ratio of the metal droplets and thinning of the slag 
layer. Also, the effectiveness of the gas shield, in preventing the ingress of nitrogen is likely to 
diminish as the time of flight of the droplets is increased. As a consequence, the deposit nitro- 
gen content increases with increasing arc voltage; the effect is less pronounced for DC reverse 
polarity than for DC straight polarity welding, although there is still some increase for the 
former. In gas-shielded welding, both Kobayashi et al. [12] and den Ouden [19] have reported 
results obtained when employing oxygen plus nitrogen and carbon dioxide plus nitrogen as 
shielding gases. They observed that, for a given nitrogen content in the shielding gas mixture, 
the weld nitrogen content was always higher in welds deposited under the oxygen plus nitrogen 
shielding gas. The same phenomenon may contribute to an increase in weld nitrogen in SMA 
welding, regardless of polarity, if longer arc lengths render the gas shield less effective in exclud- 
ing air. One small anomaly will be noted for the AC C-Mn-Ni deposits in Fig. 3, where the pick- 
up of nitrogen is not intermediate between those for DC reverse polarity and DC straight polar- 
ity welding, but is even lower than the former. A possible explanation is that the electrode may 
have operated more smoothly on AC than on DC reverse polarity, although the welder did not 
report any noticeable difference. 

Practical Implications 

In view of the known deleterious effect of nitrogen on weld toughness in C-Mn steels, it is 
clearly important, when welding with SMA electrodes in applications where high deposit tough- 
ness is required, to employ a short arc. For the consumables employed in the present study, it is 
evident that employing the C-Mn-Ti-B electrodes for DC straight polarity welding gives a risk of 
producing deposits with unacceptably high levels of nitrogen. Considerable care would have to 
be exercised to weld with a short arc if DC straight polarity were employed in the root; it would 
then probably be desirable to back-gouge the first two passes, in order to remove weld metal 
which is likely to contain high levels of nitrogen. (Such back-gouging is commonly carried out 
for multiple-pass welds in structural applications where high toughness is required. In addition 
to a higher level of nitrogen, the root pass may contain higher carbon, diluted into the weld from 
the parent steel, and the early passes are likely to have suffered strain age damage [20]; all of 
these factors are likely to reduce weld toughness.) It is recommended by manufacturers of 
C-Mn-Ti-B electrodes to employ a short arc; the need to do so, even for DC reverse polarity 
operation, appears to be greater than it is for C-Mn and C-Mn-Ni electrodes. This suggests that, 
except for welding with very short arcs, the gas shields produced by SMA electrodes are not fully 
effective in excluding air, and that titanium and boron draw in additional nitrogen from the 
atmosphere. However, it is clearly desirable to employ a short arc for all welding with SMA 
electrodes. It will be noted that electrode S, for which AC welding was recommended, per- 
formed well when operated on AC, and this electrode and electrode T, for which DC reverse 
polarity welding was recommended, both performed well for DC reverse polarity welding. In the 
light of the findings of the present study, it is clear that, in applications requiring high weld 
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toughness, care should be exercised in choosing, and in ensuring the use of, the appropriate 
current supply type. 

A further implication of the present work is that electrodes that are formulated for AC or DC 
reverse polarity welding, and particularly the latter, are likely to give the lowest deposit nitrogen 
contents, and thus have the potential, when welded with a short-arc, of giving the highest de- 
posit toughness. 

Conclusions 

A series of deposits has been produced with two C-Mn, one C-Mn-Ni, and three C-Mn-Ti-B 
basic-coated low hydrogen electrodes, covering both AWS E7016 and E7018 types. The deposit 
oxygen and nitrogen contents were investigated, as a function of arc voltage, for DC reverse 
polarity, DC straight polarity, and AC power supplies. The following conclusions have been 
drawn from this work: 

1. Deposit nitrogen content increased with increasing arc voltage, as expected; however, 
markedly different behavior was generally observed as the power supply type was changed, and 
this was true of deposit oxygen content also. 

2. The rate of increase of oxygen and nitrogen with increasing arc voltage was highest for DC 
straight polarity welding. The lowest initial rate of increase in deposit nitrogen content was 
obtained for DC reverse polarity welding with the two C-Mn and the three C-Mn-Ti-B elec- 
trodes, and for AC welding with the C-Mn-Ni electrode. The highest initial rate of increase in 
nitrogen content was obtained for DC straight polarity welding with two of the C-Mn-Ti-B 
electrodes. 

3. The lowest deposit nitrogen levels achieved with the shortest arc lengths (lowest arc volt- 
ages) were higher than the core wire nitrogen levels but, for DC reverse polarity welding, they 
approached the core wire levels. The three C-Mn-Ti-B electrodes gave the lowest deposit nitro- 
gen contents. 

4. Deposit oxygen levels depended on the electrode coating, rather than the oxygen content 
of the core wire. For DC straight polarity welding, the oxygen content increased progressively as 
the arc voltage was increased. For DC reverse polarity welding, depending on coating type, 
there was either a small but progressive decrease or an initial decrease followed by a slight 
increase; for AC welding, there was little or no change initially, but the oxygen content in- 
creased at higher arc voltages. 

5. The findings have not only demonstrated the desirability of maintaining a short arc 
length, but they also suggest that caution must be exercised in selecting the power supply type, 
or in making changes to this aspect of a welding procedure, where high levels of weld toughness 
are required. For the consumables employed in the present study, it would be desirable to avoid 
the use of DC straight polarity in such applications. 
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DISCUSSION 

G. S. Hartman I (discussion question)--It seems as though the oxygen level in the weld de- 
posit is independent of the 02 content of the core wire as the core wire varied oxygen content, 
varied from 20 to 450 ppm. It appeared from your slides that it reached an equilibrium with the 
slag. Is that your conclusion? 

D. J. Abson (author's response)--Clearly, the deposit oxygen content is influenced strongly 
by the electrode coating, which has its effect primarily through the slag. I agree that it appears 
to approach an equilibrium level, but this level is clearly influenced by arc voltage, particularly 
for DC straight polarity welding. 

G. S. Hartman (discussion question)-- Since the 02 and N2 contents have increased, have you 
investigated what the increase in H2 was? 

D. J. Abson (author's response)--I did not investigate deposit hydrogen contents in the 
study, but I was aware of earlier work [1] in which only a small influence of current supply type 
on deposit hydrogen content was observed in shielded metal arc deposits. 
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[l] Hart, P. H. M., "Weld Hydrogen Levels--The Influence of Welding Parameters," The Welding Insti- 
tute Research Bulletin, Vol. 20, No. 4, 1979, pp. 106-108. 
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Treatments and Evaluating Effects of 
Residual Elements on Heat-Affected 
Zone Tempering Resistance 

REFERENCE: Biron, R. H., Kreischer, C. H., and Melilli, A. S., "A Method for Developing 
Postweld Heat Treatments and Evaluating Effects of Residual Elements on Heat-Affected Zone 
Tempering Reslstanee," Residual and Unspecified Elements in Steel, ASTM STP 1042, A. S. 
Melilli and E. G. Nisbett, Eds., American Society for Testing and Materials, Philadelphia, 1989, 
pp. 261-265. 

ABSTRACT: A method was developed to define a postweld subcritical heat treatment to provide 
optimum ductility of the heat-affected zone. The results have been used to define the post-weld 
heat treatment included as part of welding procedure qualification tests. By themselves, required 
qualification tests, which involve tensile, bend, and sometimes impact, can be misleading because 
they are not primarily designed to evaluate heat-affected zone ductility. The test method involved 
generating a heat-affected zone (HAZ), extracting a series of as-welded cross sections, heat treat- 
ing each section at varying times and temperatures, measuring the peak heat-affected zone hard- 
ness, and defining the heat-affected zone ductility by correlating the peak HAZ hardness with the 
HoUomon-Jaffe parameter associated with each time and temperature. Several heats of CrMo and 
CrMoV turbine alloys were studied in this manner to define their weld HAZ tempering response 
and to evaluate specific tempering effects of residual alloy element content. 

KEY WORDS: tempering response, heat-affected zone (HAZ), optimum ductility, post-weld heat 
treatment, Hollomon-Jaffe parameter, hardness 

Temperatures for post-weld heat t reatments are normally specified as minimum values, and 
sometimes the times at temperature are also specified as minimum requirements.  Such mini- 
mum requirements permit considerable latitude in selected tempering temperatures and times 
by various fabricators, even for identical alloy steels, provided the normally required tests for 
welding procedure qualification are satisfactorily met. 

Reduced section tension tests, bend tests, and sometimes notched impact  tests are the tradi- 
tional methods for procedure qualification. Satisfying the minimum tensile strength of the base 
material is the normal criterion for the tension test whether the fracture occurs in the base, 
weld, or fusion zone. In the bend tests, the maximum strain is designed to take place in the 
center section of the weld metal with a minimum strain occurring in the fusion and heat  affected 
zone (HAZ). Impact  tests of the weld metal,  and sometimes the HAZ, may also be required. It is 
possible to satisfy all the criteria for procedure qualification testing using a variety of tempera- 
tures and times for the postweld heat  treatments,  none of which may achieve opt imum HAZ 
ductility. 

~Welding engineer and manager of Materials and Processes Engineering, respectively, General Electric 
Company, Lynn, MA 26442. 

2Welding engineer, General Electric Company, Schenectady, NY 12345. 
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When one is interested in developing a post-weld heat treatment for optimum mechanical 
properties, the ductility of the HAZ becomes increasingly important. Whereas the traditional 
tests for procedure qualification are not primarily designed for evaluating the HAZ ductility, 
development of another method was studied. 

To evaluate the tempering resistance of the heat-affected zone, tempering parameter data 
were developed utilizing Vickers DPH and Knoop microhardness traverse measurements across 
the base metal, HAZ, and weld metal. As-welded specimens were tested followed by additional 
tests of specimens subjected to various post-weld heat treating temperatures. Hardness data 
were correlated with the Hollomon-Jaffe parameter for temperature and time [1]. Several alloy 
steels were studied in this manner. In addition, the tempering resistance of the HAZ of base 
metals with various amounts of residual elements was also studied using this method. 

Application of this method for measuring the maximum as-welded HAZ hardness can also be 
used for identifying the severity and need for special welding procedure parameters and controls 
to prevent HAZ cracking during fabrication. 

Procedure and Results 

Development of an optimum critical post-weld heat treatment was based on correlation of 
HAZ hardness as a function of the Hollomon-Jaffe time-temperature tempering parameter de- 
fined by P ----- T(C + log t) where T ----- degrees Rankine, t ---- time in hours, and C = a con- 
stant. A constant of 20 is usually used for low alloy steels, but actual calculation may provide 
more precise values. 

A weld HAZ was generated using a single bead-on-plate weld deposited at a fixed heat input 
and preheat. As-welded transverse cross sections were removed along the length of the weld. 
One cross section was set aside to represent the as-welded condition, and the others were indi- 
vidually tempered at varying temperatures and times. Alternatively, longitudinal sections were 
tempered in a gradient furnace that exposed the length of the section to a known, continuous 
thermal gradient of several hundred degrees encompassing the possible tempering temperature 
range. Such specimens were tempered for varying times. Selection of subcritical temperatures 
and times was aimed to be within the parameter range of P ---- 31 000 to 38 000, C ---- 20. 
Typical times and temperatures used for the CrMo and CrMoV alloys examined are presented 
in Table 1. 

Upon completion of the thermal cycle, each specimen cross section was ground with parallel 
faces; sufficient material was removed to eliminate any potential decarburized surface condi- 
tion. The specimens were then polished and etched to reveal the weld, HAZ, and unaffected 
base metal. Macrohardness measurements were made at a fixed distance from the fusion line on 
each specimen, and the results were plotted as a function of the associated tempering parameter 
P. The results of a typical series of measurements is shown in Fig. 1 [2]. 

TABLE 1--Typical temperature-time relationships. 

Parameter, Pxl0-3 
C ---- 20 Temperature, ~ Time, h 

33 1200 0.75 
34 1250 0.75 
35 1250 3 
36 1250 10 
36 1275 b 
37 1275 20 
38 1275 75 
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FIG. 1--Typical heat affected zone tempering response. 

Variations of the method for measuring hardness have also been used to characterize the weld 
and the complete HAZ. Microhardness traverses, normal to the weld fusion line with measure- 
ments made at intervals of 0.005- and 0.010-in. (0.127 and 0.254 mm) traversing from the weld 
and across the complete HAZ, have been used to characterize the tempering response of the 
weld metal as well as the maximum and minimum (overtempered) hardness within the HAZ. 
Such traverses reveal that hardness of both as-welded and tempered heat affected zones varies 
from a maximum value typically located within about 0.03 in. (0.762 mm) of the weld fusion 
line, to a minimum value located at the far extremity of the structurally altered HAZ where the 
peak temperature reached during welding was close to the lower critical temperature (Acl). In 
alloy steels, the maximum as-welded HAZ hardness is typically much greater than the unaf- 
fected base metal hardness while the minimum hardness at the far extremity of the HAZ is often 
less than that of the unaffected base metal. Correlation of the HAZ maximum hardness as a 
function of the tempering parameter P was used to define the tempering response of the least 
ductile area of the HAZ. Selection of a post-weld heat treatment on the basis of such data has 
been applied for steam turbine service conditions requiring optimum ductility of the weldment. 

This method has also been used to characterize HAZ tempering response of CrMo and 
CrMoV alloys with varying levels of deoxidizing elements, intentional alloying and residual ele- 
ments, and the interaction of such elements. Figure 2 summarizes the results of selected tests 
involving these factors [3]. A calculated parameter constant of 17.5 provided the best fit for 
these data and was thus used for plotting them. Table 2 shows equivalent parameter values for 
several time-temperature combinations calculated with the 17.5 constant used for these data 
and the more commonly used constant of 20. Curves A and B show the temper-resisting effect of 
titanium on a CrMo alloy. Curves A and C compare a CrMo and CrMoV alloy at the same 
titanium level. Curves C, D, and E show the temper-resisting effect of increasing titanium in a 
CrMoV alloy, and Curves E and F show no change in the temper-resisting effect at titanium 
levels above 0.061%. 

Discussion 

The method of characterizing the HAZ tempering response using maximum hardness is 
seemingly conservative but justified for steam turbine applications. From the data provided, the 
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FIG. 2--Heat affected zone tempering characteristics of CrMo and CrMo V steels with varying titanium 
contents. 

TABLE 2--Equivalent parameter values for constants of 17.5 and 20, 
P = T(C + log t). 

Temperature Parameter Value 

Fahrenheit Rankine Time, h C = 17.5 C = 20 

1250 1710 2 30 400 34 700 
1250 1710 8 31S00 35 700 
1250 1710 16 32 000 36 300 
1300 1760 2 31 300 35 700 
1300 1760 8 32 400 36 800 
1300 1760 16 32 900 37 300 
1350 1810 2 32 200 36 700 
1350 1810 8 33 300 37 800 
1350 1810 16 33 900 38 400 

paramete r  value is selected tha t  results  in a t empered-HAZ-hardness  value as close as possible 
to tha t  of the  base mater ia l  wi thout  t emper ing  the  base mater ial  below the specification limits. 
The pa ramete r  in tu rn  defines the  appropr ia te  post-weld t empera tu re - t ime  the rmal  cycle to 
u s e .  

The data  in Fig. 2 showing the  effects of t i t an ium clearly define the  temper-resis t ing effects 
of t i t an ium as a residual e lement  in a CrMoV alloy. If one selects a hardness  of 62 Rockwell A to 
define the  op t imum HAZ hardness ,  the  appropr ia te  pa ramete r  value is 33 for alloy C with a 
t i t an ium content  of 0 .018%.  If given the  same post-weld t r ea tment ,  the  same nomina l  alloy 
composit ion with a t i t an ium level of 0 .061%,  shown as alloy E, will only t emper  to a 64.5 Rock- 
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well A level. For the latter alloy to temper to 62 Rockwell A, the post-weld thermal cycle would 
have to correspond to a temperature and time equivalent to a parameter of 34. At that parame- 
ter, alloy C would be expected to temper to a value of 59.5 Rockwell A. Such data provide the 
basis for arriving at a "best balance" for optimum HAZ ductility, practical postweld heat treat- 
ing cycles, and severity of residual element control required in steel melting. 
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ABSTRACT: A study was carried out on the transformation characteristic of a newly developed 
Ti-O steel in comparison with that of ordinary steels. The microstructure of the weld heat affected 
zone (HAZ) in the Ti-O steel is characterized by the formation of intragranular ferrite plate (IFP), 
or so-called acicular ferrite, which was found to start from titanium sesquioxide (Ti203) particles 
dispersed in the matrix of the steel. The welding thermal cycle simulation test on the Ti-O steel 
showed that IFP development takes place over a wide range of conditions such as heating tempera- 
ture and chemical composition. The high stability of Ti203 particles at high temperature explains 
the effect of the former condition. The effect of the latter can be well understood from the distribu- 
tion of Ti203 particles, which is irrelevant to the microsegregation of alloying elements such as 
manganese and niobium. 1FP formation restricts development of ferrite side plate, refines the 
effective grain size, and improves HAZ toughness. Various experimental results suggested that the 
Ti203 particle has an IFP formation function through the manganese sulfide (MnS) attached on 
it. 

KEY WORDS: high strength alloy steel, low carbon steel, steel for low temperature service, phase 
transformation, toughness, weldability, inclusion, grain size 
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vTrs 
Ats/s 

FATT 
HAZ 

CMA 
EDX 

SPEED 
Fp 
FN 

Fs 
IFP I, IFP II 
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Charpy V notch f racture  appearance  t ransi t ion t empera tu re  
Cooling t ime f rom 800 to 500~ in seconds dur ing  welding ther-  
mal  cycle 
Fracture  appearance  t ransi t ion t empera tu re  
Weld heat  affected zone 
Compute r  aided X-ray micro-analyzer  
Energy dispersion X-ray analysis 
Selective potent iostat ic  e tching by electrolytic dissolution 
Gra in  boundary  a l lo t r iomorph ferrite 
Id iomorph  ferrite 
Ferri te  side plate 
In t r ag ranu la r  ferrite plate, Types I and  II 
Pearl i te 
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PL 
B 

M* 
M 

Ti-O, Ti-N, LN, Ti-B, Ti-LN 

Degenerated pearlite 
Bainite 
High carbon martensite island 
Martensite 
Names of specimen used in this research (See Table 1 as to its 
chemical compositions) 

Introduction 

Platforms for oil production have been and will continue to be constructed in colder, rougher, 
and deeper seas than ever before. Accordingly, steels used for these platforms are required to 
have high strength, good toughness, good weldability, and heavy cross section. Steels that can 
be welded with a large heat input are often desired for the cost savings in construction. How- 
ever, obtaining toughness in the weld heat affected zone (HAZ) becomes more difficult as 
strength and cross section increase, because an increase in the carbon equation or the addition 
of a microalloy such as niobium, vanadium, or molybdenum 4 usually results in deterioration of 
the HAZ toughness. Every effort has been made so far to develop steels with good HAZ tough- 
ness. Ti-N steel [I] is a typical one and is characterized by precipitation of fine TiN, which 
prevents coarsening of austenite grain and produces refined ferrite grain in the HAZ. Ti-B steel 
[2], developed recently, has a refined HAZ microstructure that is obtained through formation of 
intragranular ferrite plate (IFP) s by a complex precipitate, TiN + MnS + Fe23(CB)6. Neverthe- 
less, the HAZ toughness of these steels is not necessarily enough when high strength and heavy 
section are required. In addition, on application of large heat input welding, TiN and manga- 
nese sulfide are apt to decompose and to lose the controlling function of microstructure near the 
fusion line, which results in the formation of ferrite side plate (Fs) and deterioration of tough- 
ness. A new steel, Ti-O steel, maintains good HAZ toughness even if strength is increased up to 
60 kg/mm 2, for instance, or if large heat input welding is applied or both. These superior prop- 
erties of Ti-O steel can be attributed to its transformation characteristics, which will be ex- 
plained in this paper. 

Experimental Method 

Preparation of Specimen 

Specimens were prepared by vacuum melting, casting 60 kg ingots, heating at 1150~ for I h 
and hot rolling to 13 mm thick plate. Their chemical compositions are shown in Table 1. Ti-O 
steel was made by deoxidization with titanium. Strong deoxidizing elements such as aluminum, 
calcium, or rare earth metals (REM) were not used. Oxygen content in molten steel was 40 - 60 
ppm, and Ti content 0.01 - 0.015 %. Titanium oxide particles were dispersed. Specimens hav- 
ing the best known optimum chemical compositions for good HAZ toughness and not from Ti- 
O steel were prepared as reference steels. 

Test for HAZ Toughness 

Specimens were machined into 12 by 12 by 55 mm square rods, given a simulated welding 
thermal cycle (simulated HAZ) consisting of heating up to 1350 - 1450~ and cooling from 800 
to 500~ (Ats/s) in 161 s, and were tested by Charpy impact tests with the standard size test 
specimen. 

qn this paper, molybdenum is used as a kind of microalloy in the sense that it is added in a small amount 
to increase resistance to tempering and to widen the nonrecrystallization region in hot rolling temperature. 

5This microstructure is often called acicular ferrite. 
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Transformation Characteristics from y to c~ 

Transformation characteristics were studied with a continuous cooling transformation (CCT) 
diagram for welding, which was obtained by heating a specimen of 3 mm~b by 10 mm at 1400~ 
for 1 s and cooling at a rate of 280 - 0.5~ To determine definitively the transformation 
temperature range for a particular microstructure, the relevant microstructure was examined 
for the specimen quenched from various temperatures between 750 - 450~ on cooling with a 
time of As/s = 41 s, or 161 s from 1400~ 

Analysis of Microstructure, Nucleus of IFP, and Microsegregation 

Under an optical microscope, the microstruetures of simulated HAZ specimens, which were 
polished and etched with saturated picral + 0.1% HNO3 were studied. The martensite-austen- 
ite constituent, or high carbon martensite island M*, was relieved as a white region by etching 
with a modified Lepera etehant [3], and quantified using an image analyzer. The IFP nucleus 
was analyzed using an extraction replica prepared by the so-called "SPEED" method [4] under 
an electron microscope with energy dispersion X-ray analysis (EDX). Correspondence between 
the position of inclusions such as titanium sesquioxide (Ti203) and manganese sulfide (MnS) 
and microsegregation area of elements such as manganese and niobium was studied by compar- 
ing the concentration distribution map of each element obtained by computer aided X-ray mi- 
cro-analyzer (CMA). 

Test Results 

Analysis of IFP Nucleus in 17-0 Steel 

The IFP nucleated and grew radially from a titanium oxide particle of 0.5 - 3/~m in simu- 
lated HAZ of Ti-O steel, as shown in Fig. 1. The particle was identified as titanium sesquioxide 
with a hexagonal structure (a = S.14A, e ---- 13.7A) by means of the electron diffraction 
method. Through EDX analysis, the particle was found to contain about 10% manganese. 

Effect of Heating Temperature on the Toughness of Simulated HAZ 

As shown in Fig. 2, the welding thermal cycle of 1450~ heating temperature caused serious 
deterioration in Ti-B steel and Ti-N steel but no recognizable damage to Ti-O steel. 6 Micro- 
scopic examination showed that the former steels had coarsened microstructures consisting of 
mainly Fs and coarsened cleavage facets, while the latter steel maintained a refined microstruc- 
ture consisting of mainly IFP and refined cleavage facets. Naturally, one supposes that this 
superior property of Ti-O steel is due to the high stability of Ti203 particles at high temperature. 
In fact, CMA examination showed that in Ti-B steel the density of the nucleus 7 (mainly MnS 
particles) was 190 and 35/mm 2 for heating temperature of 1400 and 1450~ respectively, while 
in Ti-O steel the density of nucleus was 50/mm 2 irrespective of heating temperature. 

Effect of Carbon or Niobium Content on Toughness of Simulated HAZ 

The effect of carbon content on simulated HAZ toughness was examined by using 
0.3%Ni-0.3%Cu-0.01%Nb steels with a wide range of carbon contents (the second group of 
specimens in Table 1). As shown in Fig. 3, in LN and Ti-LN steels, the Charpy V notch impact 

6This excellent simulated HAZ toughness is realized also in the actual weld joint [7]. 
7The density of the IFP nucleus particle was evaluated by counting the number of particles found on a 

unit area of polished surface. 
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FIG. 3--Effect  of  carbon content on vTrs in specimens subjected to simulated thermal cycle o f  H A Z  
(PT : t400~ Ate/5 = 161 s). 

fracture appearance transition temperature (vTrs) of the simulated HAZ was raised by about 
50~ due to the increase in carbon content from 0.04% to 0.12%. On the other hand, the 
corresponding rise of vTrs in Ti-O steels was only about 20~ Therefore, Ti-O steel can main- 
tain good HAZ toughness even with a high carbon content. When compared with 0.12% carbon 
steel for example, the vTrs was --45, --10, and 20~ for Ti-O steel, Ti-LN steel, and LN steel, 
respectively. The effect of adding niobium was examined using a third group in Table 1, as 
shown in Fig. 4. In Ti-N steel, vTrs of the simulated HAZ rose in proportion to the amount of 
niobium with a rate of 40~ In Ti-O steel, vTrs was nearly independent of, or rather 
improved by, an addition of niobium. The corresponding microstructures are shown in Fig. 5. 
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FIG. 4--Effect of  niobium content on vTrs in specimens subjected to simulated thermal cycle of HAZ. 
(PT = 1400~ At~/~ = 161 s). 

FIG. 5--Effect of niobium content on the microstructure of the simulated HAZ: (a) Ti-O steel, (b) Ti-05 
(O.Ol %Nb), (c) Ti-LN steel, (d) Ti-LN5 (O.Ol %Nb). 

A niobium addition of 0.01% to Ti-O steel did not prevent IFP formation at all and decreased 
grain boundary ferrite, while an addition of the same amount of niobium to Ti-LN steel prohib- 
ited almost all IFP formation and induced a coarsened structure consisting mainly of Fs. The 
cause of toughness variation can be attributed to IFP formation. To clarify the reason why Ti-O 
steel has IFP formation ability over a wide compositional range, the correlation between the 
position of IFP nucleus and the microsegregation area was studied. Fig. 6a shows an overlap- 
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FIG. 6--CMA patterns of Ti-O steel (a), and Ti-LN5 steel (b, c). 

ping CMA pattern for the distribution of titanium and manganese in Ti-O steel. The white 
bands express a segregating area of manganese, and the white spot shows Ti203 particles. One 
should note that Ti203 particles exist outside of dendrite microsegregation. Figs. 6b and c show 
the CMA patterns in Ti-LN-0.01Nb steel. In Fig. 6b, the distribution of manganese and sulfur 
are overlapped. The white band shows manganese segregation and the white spots show MnS 
particles. In Fig. 6c, the distribution of niobium is shown. The microsegregation zone of man- 
ganese clearly coincides with that of niobium. The IFP nucleus, which is a TiN particle sur- 
rounded by MnS, exists in the microsegregation region of manganese and niobium. The maxi- 
mum segregation concentration increased with carbon content and attained 2.3% for 
manganese, and 0.08% for niobium. In brief, the IFP nucleus of Ti-LN steel is situated in the 
microsegregated area where hardenability is enhanced by niobium and manganese segregation 
and IFP formation is prevented. On the other hand, the IFP nucleus of Ti-O steel is distributed 
regardless of the microsegregation area. Then the IFP formation function is hardly affected by 
microsegregation. 

Continuous Cooling Transformation Diagram 

The CCT diagrams of Ti-O steel and LN steel are shown in Figs. 7 and 8, respectively. Typical 
microstructures are shown in Fig. 9. In these illustrations, austenite is denoted by A, grain 
boundary allotriomorph by Fp, idiomorph ferrite by Fl, ferrite side plate by Fs, intragranular 
ferrite plate Type 1 by IFP I, intragranular ferrite plate Type lI by IFP If, pearlite by P, degen- 
erated pearlite by PL, bainite by B, martensite island by M*, and martensite by M. IFP I has a 
wide ferrite plate shape similar to allotriomorph ferrite and is formed at relatively high tempera- 
ture. IFP II has a narrow ferrite plate shape similar to Fs and is formed at relatively low temper- 
ature. LN steel transforms into a coarse structure consisting of mainly Fs over a wide range of 
cooling rates. In Ti-O steel, IFP II forms at a cooling rate lower than S4~ Formation of IFP 
II attains the maximum amount at a cooling rate of 10~ where overall microstructure is 
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FIG. 9--Typical microstructure produced by CCT in Ti-O and LN steel. 

controlled by IFP II. The transformation feature can be clearer by observing the microstructure 
obtained by quenching from various temperatures in the midst of transformation on cooling. 
Figure 10 shows microstructures obtained by quenching on cooling of As/s = 161 s. At a 
quenching temperature of 650~ Fp forms along grain boundary in both Ti-O steel and LN 
steel. IFP I forms in Ti-O steel, and Fs develops from Fp in LN steel. At a quenching tempera- 
ture of 630~ IFP II forms in both steels. IFP II in Ti-O steel grows radially from a nucleus of 
Ti203, intersects each other, branches, and forms an IFP network. IFP II in LN steel develops 
from the plate tip of Fs in a smaller amount and at a temperature a little lower than that of Ti-O 
steel. The area ratio of each various microstructure is plotted as a function of quenching tem- 
perature in Fig. 11, from which it is clearly seen that IFP II in Ti-O steel forms in place of Fs. In 
LN steel, Fs prevails, as is the case for usual steels. 

Effect of Cooling Time on Nucleation of IFP H and Growth of  Fs 

The number and length of ferrite plates constructing IFP were counted from a micrograph of 
the CCT diagrams and plotted as a function of cooling time in Fig. 12, which shows that Ti-O 
steel has a larger number and shorter growth length of IFP plate than LN steel. The number of 
IFP plate takes the maximum at a cooling time Ata/s of 30 s in both steels. The maximum 
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FIG. lO--Microstructure obtained by quenching f rom various temperatures on cooling stage of  simu- 
lated thermal cycle in Ti-O and L N  steel. 
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FIG. 11--Diagram showing area ratio o f  microstructural constituents in Ti-O steel and L N  steel (At~/s = 
161 s). 

number of IFP plate of Ti-O steel is three times that of LN steel. Ferrite plate length of Fs was 
measured and plotted in Fig. 13 in a method similar to that of IFP. The ferrite plate length of Fs 
increases monotonically with an increase in cooling time below the specified cooling time pecu- 
liar to the steels, and takes nearly a constant value above the specified cooling time. The speci- 
fied cooling time in Ats/s and the constant ferrite length are 200 s and 300 #m for LN steel, and 
30 s and 130 #m for Ti-O steel. The specified cooling time of 30 s corresponds to that of the 
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maximum formation of 1FP II. Therefore, development of Fs is interrupted by the formation of 
IFP II, which has a transformation initiation temperature lower than that of Fs by nearly 15~ 

Effec t  o f  Cooling Time on the Format ion  o f  M *  

The area ratio of M* varies with cooling time and takes its maximum value nearly at Ats/s = 
30 s, which corresponds to the cooling t ime of the maximum formation of IFP II as shown in 
Fig. 14. In LN steel, the area ratio of M* is high, such as 3 - 4% over a wide cooling t ime range 
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FIG. 14--Effect of cooling time on M* area ratio and maximum particle size. 

(Ats/s = 10 - 100 s). The area ratio of M* in Ti-O steel is lower than that of LN steel by 1 - 
2%. In both steels, the size of M*  increases with an increase in cooling t ime as shown in Fig. 15. 
The shape of M*  is controlled by the preceding transformation products. M*  between Fs ferrite 
plate takes on a needle-like shape, and between IFP, is polygonal. The maximum particle size 
of M .8 is shown in Fig. 14. In the range of cooling t ime corresponding to IFP formation, Ti-O 
steel has a maximum M*  particle size of smaller than that of LN steel by about I #m. 

Nucleus for IFP Formation 

Dependence of Nucleus Component on Thermal History--The change of nucleus component 
was studied by quenching Ti-O steel from temperatures in the midst of cooling from 1400~ In 
a specimen quenehed from 1400~ only bare Ti203 particles were observed. Manganese of 9 - 
11% was dissolved in the particles. In a specimen quenched from 600~ MnS of about 0.1/~m 
precipitated on the periphery of a Ti203 particle (Fig. 16). The manganese content in the Ti203 
particle was nearly 7% in the latter specimen. 

Effect of Thermal History in A ustenite Region on IFP Transformation--The effect of holding 
Ti-O steel at a constant temperature in the midst of rapid cooling from 1400~ was studied as 
shown in Fig. 17. In the ease of holding at 600~ for 40 s, Fig. 17a, the amount  of IFP was 
small. In the ease of holding at 9000C for 1000 s, Fig. 17b, IFP II formed in a larger amount.  
The number  of IFP ferrite plates is about 3000 and 9000/ram 2 for Figs. 17a and b respectively, 
as shown. The specimen for Fig. 17b was etched by the SPEED method and the extraction 
replica of IFP nucleus was analyzed. FineTi(CN) particles of 0.1 #m were found as well as man- 
ganese sulfide particle on the periphery of the Ti203 particle. 

Effect of MnS on IFP Transformation--As shown in the above, MnS necessarily attached to 
the IFP nucleus in Ti-O steel. The role of MnS on the IFP transformation property was exam- 
ined by using Ti-LN steels containing sulfur of 0.0005 - 0.0034% (the fourth group in Table 
1). The results are shown in Fig. 18. The toughness of the simulated HAZ was improved and the 
amount of IFP II increased as sulfur content increased. Manganese sulfide was not found 

SThe size of M* is distributed over some range. The maximum particle size of M* is defined as the maxi- 
mum intercept length among arbitrary intercepts of all M* observed. 
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FIG. 1S--Effect of cooling time on size and distribution of martensite-austenite constituent. 

around TiN particles for specimens of low sulfur content. In Ti-O steel, a sulfur content of 
0.001% gave the best HAZ toughness, such as vTrs of --45~ Increasing the sulfur content to 
0.0038% did not improve vTrs. 

Discussion 

Effect of  IFP Formation on Toughness 

That acieular ferrite (IFP) formation makes weld metal tough, which is well known. IFP itself 
may be tough, but does not cover all space within prior austenite grain in the HAZ of Ti-O steel, 
because Fs was always found near the grain boundary. Brittle fracture initiation took place in 
the Fs region, which was confirmed by the following method. By tracing the path of cleavage 
fracture named river pattern, a fracture initiation point was identified on the fracture surface of 
a Charpy test specimen (Fig. 19a). By polishing the fracture surface slightly and etching, the 
cleavage facet at the fracture initiation point was shown to be made by cracking of Fs (Fig. 19b). 
The cleavage facet size of the fracture initiation region is considered to be the effective grain 
size, that is, a factor controlling toughness. In fact, vTrs of the simulated HAZ can be well 
explained by the effective grain size so defined (Fig. 20). Therefore, HAZ toughness is con- 
trolled by Fs and not directly by IFP. The latter's good toughness can be safely assumed from its 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
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FIG. 16--Electronmicrograph of extracting replica for a Ti203 particle (a) and its EDX pattern of 
Mn (b). 

0 

E 

q~ 

(U -& 

400C x 5sec ~ 8000 
LL 

"-~ (50'C//see) Z 
900Cx lO00sec(b ) o 4000 

*W.Q 

Time (sec) 

0 
- b )  

i 

0 1000 
Keeping time at 900C(sec) 

FIG. 17--Schematic representation of thermal treatment (upper left): dependence of IFP number (upper 
right): and IFP configuration (lower half) on thermal treatment. (a) was obtained by thermal treatment 
without keeping constant temperature on stable region, and (b) by that with keeping. 

fine grain size and the decreased size of M* contained. Figure 13 shows clearly how the develop- 
ment of 1FP restricts the growth of Fs. In a rapid cooling range (short cooling time) IFP does not 
develop, and the growth length of Fs is not so different between Ti-O steel and LN steel. As IFP 
develops in Ti-O steel, it prevents free development of Fs. At this stage, good correlation is 
found between Fs plate length and IFP area ratio (Fig. 21). Then the conclusion can be made 
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FIG. 19--Correspondence between fracture surface (a) and microstructurejust below it (b); black arrow 
shows a fracture initiation point. 

that IFP contributes toughness by restricting the development of Fs and refining the effective 
grain size. 

Nucleus of  IFP 

The mechanism of IFP nucleation by Ti203 particle is now controversial. Three models were 
proposed [5]. 

1. The boundary between matrix and oxide is effective for reducing IFP nucleation energy, 
especially when two phases, matrix and oxide, have mutual lattice coherence. 

2. Compositional variation in the steel matrix around the oxide favors 7 /~  transformation. 
3. The difference of thermal expansion between inclusion and matrix causes strain around 

the oxide, by which IFP transformation is assisted. 

More of those mechanisms can in principle be denied as effective for IFP formation to some 
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degree. An oxide such as Ti203 for itself cannot have IFP formation ability through the above 
mechanisms, as discussed below. 

1. IFP has a crystal orientation relationship with the austenite matrix, as predicted from K-S 
relation [6]. On the other hand, Ti203 particles must have no particular crystal orientation 
regarding that of the matrix, because they precipitate in molten metal. Therefore, the coherent 
lattice relation between them cannot be expected. 

2. Compositional variation in the steel matrix around the Ti203 particles can be neglected, 
because their precipitation is completed within molten metal, and there is enough time for the 
compositional variation to vanish due to their precipitation. 
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3. There are quite large differences of IFP formation ability between various oxides, while 
differences of thermal expansion coefficient between oxides is relatively small compared with 
those between steel and oxide. For example, aluminum oxide (A1203) and zirconium dioxide 
(ZrO2) have similar thermal expansion coefficients, but different abilities for IFP formation. In 
addition, thermal stress due to the difference of thermal expansion coefficients on cooling is 
�9 3mpressive around oxides, so that they are not favorable for 7 / a  transformation, which is 

accompanied by expansion. 

From experimental results, one reasonably can consider that MnS deposited on Ti203 or TiN 
particles plays an essential role in IFP nucleation. The experimental results are as follows. 

1. Ti203 particles are always accompanied by MnS. 
2. As sulfur content is decreased in Ti-B steel, MnS on TiN particles vanishes and IFP 

disappears. 
3. Holding in a -/region gives Ti203 particles some deposits on it, including MnS, and in- 

-eases tFP formation in comparison with the case of no holding. 

Ferrite nucleation is generally known to be often observed around MnS particles. Therefore, 
the IFP formation function of Ti203 and TiN may be controlled by their dispersion state and 
affinity to MnS. Various mechanisms by which MnS contributes IFP nucleation are considered 

,ssible for the present. From a rough estimation of these mechanisms, the compositional vari- 
~ ~n mechanism is the most promising. The precipitation of MnS causes a depleted zone of 

,nganese around it. A decrease in concentration of manganese (austenite forming element) 
aises 7 / a  transformation temperature and promotes ferrite nucleation. A rough estimation 

~,~sed on the diffusion coefficient of manganese and sulfur and the solubility product of MnS 
ows that the welding thermal cycle causes dissolution and precipitation of MnS accompanied 

. y a manganese depleted zone of below 0.1 #m order in extension, which is the expanse for IFP 
:aucleation process. A decrease in manganese content in the depleted zone is 0.02 - 0.2% man- 
ganese on average, which might effect transformation. 

Conclusions 

A study was carried out to clarify the reason why a new steel, Ti-O steel, has good H A Z  

toughness over a wide range of chemical compositions and thermal history on welding. The 
findings were as follows. 

1. Ti203 particles dispersed in the steel bring about IFP in HAZ, which prevents develop- 
ment of Fs and improves HAZ toughness. 

2. Ti203 particles disperse without correlation to microsegregation, which is a reason why 
Ti-O steel does not lose its good HAZ toughness even by an addition of niobium or by an in- 
crease in carbon content. 

3. A Ti203 particle is always accompanied by MnS, which is considered to play an essential 
role in IFP formation. 
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ABSTRACT: The effect of phosphorus content on the base plate properties and coarse-grained 
heat affected zone (HAZ) toughness of X-70 Cb-V line pipe steel has been studied. Three labora- 
tory heats were melted with phosphorus contents of 0.001, 0.009, and 0.027%. The ingot sections 
were control rolled to 13-mm (0.512-in.) thick plates employing a single delay 4T rolling practice. 
The HAZ toughness was evaluated on specimens subjected to a weld simulation thermal cycle 
corresponding to 1315~ (2400~ peak temperature in the HAZ of a submerged arc weld depos- 
ited with a heat input of 3 kJ/mm (76 M/in.). 

The as-rolled plates showed no significant effect of phosphorus variation on their microstruc- 
ture, strength, or impact properties over the range investigated. The steels exhibited similar 
coarse-grained HAZ microstructures and hardnesses. Although the transition temperatures of the 
steels were significantly raised in the simulated HAZ condition, as expected, the variation in phos- 
phorus content appeared to have little or no significant effect on toughness. Fractographic exami- 
nation of the simulated HAZ impact specimens showed similar fracture appearances with no evi- 
dence of intergranular fracture. 

The conclusion is that a specification limit of 0.010% maximum on the phosphorus content in 
Arctic grade line pipe steels may be unduly restrictive for ensuring superior base plate and HAZ 
toughness properties, as well as adequate resistance to hydrogen induced cracking (HIC). 

KEY WORDS: line pipe steels, microalloyed steels, phosphorus in steel, control rolled, strength, 
impact toughness, submerged arc weld, heat affected zone (HAZ) 

In recent years, increasingly stringent strength, impact toughness, and weldability require- 
ments have been specified for large diameter line pipe operating under extreme climatic condi- 
tions. To meet these requirements,  opt imum microalloyed steel compositions and thermome- 
chanical processing techniques have been developed that result in both high impact upper shelf 
energy and low transition temperature [1-9]. The high shelf energy is achieved primarily 
through low carbon and sulfur contents. The low transition temperature is achieved through 
ferrite grain refinement obtained by the combined influence of grain-refining additions, low 
reheating temperature,  and controlled rolling at low temperatures followed by transformation 
of the deformed austenite prior to recrystallization. Such grain refinement, together with pre- 
cipitation- and dislocation-strengthening effects, also contributes to the development of high 
strength with low carbon contents essential for good weldability. 

The production of such high performance line pipe steels has been made possible by improve- 
ments in modern secondary steelmaking techniques to control and minimize the levels of resid- 
ual elements such as sulfur, phosphorus, oxygen, nitrogen, and hydrogen [10-12]. Composition 
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specifications for Arctic grade line pipe steels typically limit the maximum sulfur content to 
0.005% or less, and the maximum phosphorus content to about 0.010%. Further advances in 
steelmaking technology in the areas of hot metal pretreatment and furnace and ladle refining 
practices are expected to provide the capability of consistently attaining even lower levels of 
residual elements on a production basis [13-15]. These developments are anticipated to lead to 
increased specification demands for ultra clean steels and more stringent control of residual 
elements for line pipe and similar applications. 

The production costs associated with pretreatment and secondary steel treatments are recov- 
erable to some degree by cost savings resulting from improved yield and better process control 
during steelmaking. The overall economics of producing steels with very low residual element 
contents vary accordingly, depending on raw materials availability and the particular process 
route adopted. Likewise, the benefits of improved product quality offered by such steels would 
depend on each residual element's influence on the steel's performance in a particular applica- 
tion. The benefits of employing very low sulfur contents (less than 30 ppm) with inclusion shape 
control in line pipe steels have been well documented, both with respect to their greatly im- 
proved toughness characteristics [1-5] and the resistance to hydrogen induced cracking (HIC) 
in sour gas/oil service [10-12,16,17]. Significant advantages of very low sulfur steels in other 
product applications include a reduced tendency to lamellar tearing, improved surface and in- 
ternal quality, and better formability [13,14]. On the other hand, little information is available 
in the literature on any potential benefits of very low phosphorus contents in line pipe steels to 
justify the higher cost of specifying a low phosphorus content (even at the 100 ppm level cur- 
rently specified) in the interest of improved product performance. Therefore, the present study 
was conducted to determine the effect of phosphorus content on the mechanical properties of 
Arctic grade American Petroleum Institute (API) X-70 line pipe steel. 

A low carbon columbium-vanadium steel having a nominal composition 0.08C-1.45Mn- 
0.02SCb-0.08V and control rolled to meet X-70 strength requirements was selected as the base 
steel for this study. The effects of variation in phosphorus content, in the range 0.001 to 0.030% 
on the base steel's strength and toughness properties were investigated. Because of the impor- 
tance of having adequate toughness in the coarse-grained heat affected zone (HAZ) of line pipe 
welds, the toughness properties were evaluated in the simulated HAZ condition as well. 

Materials and Experimental Work 

Materials 

Three 227-kg (500-1b) heats of the base composition with aim phosphorus contents of 0.001, 
0.010, and 0.030% were vacuum induction melted and cast as 178- by 305- by 610-mm (7- by 
12- by 24-in.) slab ingots. The chemical compositions of the steels, designated A, B, and C, are 
shown in Table 1. The compositions of all three steels, including the residual alloying elements 
intentionally added (copper, nickel, chromium, and molybdenum), were within the desired 
ranges, except for the slightly higher sulfur content of Steel B. 

The ingots were cut into three equal sections, and the bottom section of each ingot was drilled 
at mid-thickness on the side face to accommodate a thermocouple for monitoring the tempera- 
ture during rolling. The 178-mm (7-in.) thick sections were then heated to 1150~ (2100~ 
fitted with a sheathed thermocouple, and control rolled straightway (rolling direction parallel to 
ingot axis) to approximately 13-mm (0.512-in.) thick plates. A single delay 4T practice was 
employed consisting of ten roughing passes (each giving approximately 12% reduction) above 
1100~ (2010~ to attain a thickness of four times the final gage, holding to a release tempera- 
ture of 885~ (1625~ and finishing with 13 additional passes to an aim final pass tempera- 
ture of about 730~ (1350~ The actual pass temperatures for each of the plates are shown in 
Table 2. Because of fluctuations in the thermocouple output, some difficulty was encountered 
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TABLE 2--Pass temperatures during rolling 178-mm thick ingot sections. 

Thickness Pass Temperature, b ~ 
Thickness," Reduction, 

Pass No. mm % Steel A Steel B Steel C 

1 156 12.1 1127 1138 1146 
2 138 11.9 1150 1138 1152 
3 121 12.2 1150 1138 1154 
4 106 12.2 1150 1138 1154 
5 93 12.2 1150 1138 1154 
6 82 12.3 1146 1135 1152 
7 72 12.1 1143 1132 1149 
8 63 12.4 1140 1121 1143 
9 55 12.1 1132 1116 1138 

10 49 11.9 1121 1104 1132 

Delay . . . . . . . . . . . . . . .  

11 42.7 12.5 893 880 888 
12 38.3 11.9 891 877 885 
13 32.4 15.5 885 846 882 
14 26.7 16.0 880 838 877 
15 22.9 14.3 843 819 869 
16 19.8 13.3 832 804 860 
17 17.8 10.3 804 793 843 
18 16.0 10.0 791 782 832 
19 14.7 7.9 780 771 813 
20 14.0 5.2 766 766 796 
21 13.2 5.5 760 749 777 
22 12.5 5.8 752 741 766 
23 11.9 4.1 743 732 749 

~ setting. 
blngot sections were heated to 1150~ for rolling. 

in main ta in ing  uniformly the t empera tu re  reduct ion schedule dur ing  rolling. Consequently,  the  
t empera tures  of the  last five f inishing passes (final 20% reduction)  for Steel C were, on the  
average, about  25~ (45~ higher  t han  the  corresponding t empera tu res  for the  other  two 
steels. All three plates were individually air-cooled following the  last rolling pass. 

Mechanical Property Tests 

Tension tests were conducted at  room tempera tu re  on duplicate  6 .4 -mm (0.252-in.) d iameter  
specimens obta ined t ransverse to the rolling direction from the  mid- th ickness  position of each 
plate. Transverse full-size Charpy V notch  (CVN) impact  test  specimens were ob ta ined  f rom the  
mid-thickness  position of each plate (notch normal  to the plate surface) and  tested at  t empera-  
tures between - -120~ ( - -184~  and  room tempera tu re  to de termine  the  ductile to bri t t le 
impact  t ransi t ion behavior  and  the  upper  shelf energy of the steels. Transverse  mechanical  
propert ies  were de te rmined  because  these are indicative of propert ies  t ransverse to a pipe axis, 
and  are commonly used to determine a steel 's suitabili ty for a given s t rength pipe. 

Impac t  tests were also performed on specimens conta ining a s imula ted  coarse-grained HAZ 
microstructure.  Oversized CVN b lanks  were obta ined  along the t ransverse direct ion f rom each 
plate and  subjected in the  Gleeble 1S00 uni t  to a weld s imulat ion the rmal  cycle shown in Fig. 1. 
The the rmal  cycle employed corresponds to a peak t empera tu re  of 1315 ~ (2400 ~ F) in the  HAZ 
of a submerged arc weld (SAW) in 12.7-mm (0.S-in.) th ick plate deposited with a heat  input  of 
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FIG. 1--Weld thermal cycle employed for HAZ simulation. 

3.0 kJ/mm (76 kJ/in.) without preheating [18]. For this thermal welding cycle, the cooling time 
from 800 ~ to 500~ (1472 ~ to 932~ ts00.s0o over which temperature range most transforma- 
tions occur, is approximately 40 s. These welding conditions are generally typical of longitudi- 
nal seam welds in line pipe deposited with a double pass submerged arc process, and the peak 
temperature selected corresponds to the coarse-grained region of lowest toughness adjacent to 
the weld fusion line in such welds. The thermally cycled blanks were then machined down to 
standard full-size CVN specimen dimensions with the notch located at the center of the simu- 
lated HAZ where the control thermocouple was attached. Fifteen specimens were tested from 
each plate to establish the fracture transition behavior. 

Metallographic and Fractographic Studies 

The microstructures of the as-rolled plates and of the simulated HAZ specimen blanks were 
examined by optical microscopy. Hardness measurements were also made on the latter before 
machining and testing. The fracture surfaces of the simulated HAZ specimens tested under 
impact loading were examined with a scanning electron microscope (SEM). 

Results and Discussion 

Microstructure 

Metallographic examination showed that the as-rolled plates had a banded microstructure, 
consisting of polygonal ferrite and a ferrite-cementite aggregate, which ranged from nonlamel- 
lar pearl|re to upper bainite, Fig. 2. All three steels exhibited a duplex ferrite grain size in the 
range ASTM No. 9 to 11. However, the proportion of coarser grains was noticeably greater in 
Steel C than in the other two steels because of its slightly higher finishing temperature. Al- 
though thermocouple recordings obtained during rolling failed to show clear indications of ther- 
mal arrest, the plates were finished somewhat below the upper critical temperature (Ar3) for the 
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FIG. 2--Microstructures of as-rolled plates of steels investigated. ]Vital etch. 

start of the austenite to ferrite transformation, which was estimated to be about 775 ~ (1425 ~ F) 
[5] for all three compositions. Thus, the microstructures of all three plates contained some pro- 
portion of deformed ferrite although the relative amounts could not be determined with optical 
microscopy. The dislocation substructure in the deformed ferrite is a major component of 
strengthening achieved with controlled rolling. 

All three steels in the simulated HAZ condition had similar coarse-grained microstructures 
with prior austenite grain size in the range ASTM No. 4 to 5, Fig. 3. The microstructures con- 
sisted of a mixture of upper bainite and acicular ferrite, with a small amount of proeutectoid 
grain boundary ferrite. 

Mechanical Properties o f  As-Rolled Plates 

The tensile properties of the as-rolled plates are summarized in Table 3. All three steels ex- 
hibited discontinuous yielding behavior as indicated by an upper yield point followed by yield 
point elongation. Steel C had a yield strength value about 35 MPa (5 ksi) lower than those of 
Steels A and B. Based on earlier studies [7-9] on control rolled steels of similar composition, 
this difference in yield strengths can be attributed solely to the microstructural differences re- 

FIG. 3--Simulated coarse-grained HAZ microstructures of steels investigated. Nital etch. 
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TABLE 3--Transverse tensile properties of as-rolled plates." 

Phosphorus 
Steel Content, % 

Yield Strength Tensile 
(0.2% Offset), Strength, Elongation Reduction 

MPa (ksi) MPa (ksi) in 25 ram, % of Area, % 

A 0.001 
B 0.009 
C 0.027 

528 (76.6) 594 (86.2) 26.5 64.4 
520 (75.4) 590 (85.6) 25.5 60.6 
487 (70.6) 593 (86.0) 27.0 64.8 

"Average values from duolicate tests. 

suiting from the slightly higher finishing temperature of Steel C. The tensile strengths of all 
three steels were very similar. Thus, the solid solution strengthening effect of phosphorus, typi- 
cally about + 7  MPa (1 ksi) per 0.010% P [19,20] in iron and low carbon steels, was not signifi- 
cant at the levels investigated in the present study. 

The CVN impact properties of the as-rolled plates are summarized in Table 4, and the full 
CVN transition curves of energy absorption, percent shear fracture, and lateral expansion as a 
function of test temperature are shown in Fig. 4. Steels A and C had good toughness properties 
with nearly identical energy absorption curves, and also the same 50% shear fracture appear- 
ance transition temperature (FATT) and 0.38 mm (15 mil) lateral expansion transition temper- 
ature (LETT). Both steels had a CV 100 temperature (lowest temperature at which 100% shear 
fracture was obtained) of about - -80~ ( - - l 12~  with impact energy values at this tempera- 
ture being substantially lower than the respective shelf values. 

As controlled rolling is continued into the inter-critical temperature range (below At3), the 
FATT generally attains a minimum value [1,5,8]. For this reason, the impact properties of 
Steels A and C were very similar despite the slightly higher finishing temperature of the latter. 
Moreover, the variation in phosphorus content between the two steels did not significantly influ- 
ence their impact properties. This occurrence is consistent with published results [20,21] show- 
ing that  phosphorus additions up to 0.05% to iron and hot rolled or normalized low carbon 
steels do not significantly affect the CVN energy absorption or fracture appearance transition 
temperature.  

Steel B exhibited somewhat inferior impact properties as indicated by slightly higher transi- 
tion temperatures [by 5 to 8~ (10 to 15~ but significantly lower shelf energy, Table 4 and 
Fig. 4. This degradation in toughness, along with the slightly lower tensile ductility, can be 
attributed to its higher sulfur content of 0.009% compared with 0.005% for Steels A and C 
11-5]. 

TABLE 4--Transverse Charpy V notch impact properties of as-rolled plates. 

Transition Temperature," ~ (~ 

Energy Absorbed," J (ft �9 lb) 50% Shear 
Phosphorus Fracture 

Steel Content, % CV 100 h Shelf Appearance 

0.38 mm (15 mil) 
Lateral 

Expansion 

A 0.001 64 (47) 92 (68) --98 (--145) 
B 0.009 49 (36) 54 (40) --93 (--135) 
C 0.027 60 (44) 92 (68) --98 (--145) 

--98 (--145) 
--90 (--130) 
--98 (--145) 

"Average values determined from respective transition curves for each steel. 
hEnergy absorbed at lowest temperature at which 100% shear fracture was obtained. 
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Splitting Tendency of CVN Specimens 

Control rolled steels finished at subcritical (below At3) temperatures, when tested under im- 
pact conditions, commonly exhibit splitting or separations on the fracture surface, which are 
oriented parallel to the rolling plane. Such secondary fractures generally result in a shelf energy 
reduction with decreasing test temperature (even though the main fracture surface exhibits 
100% shear appearance) and a lowering of the transition temperature [1,22,23]. 

In the present study, Steels A and C showed a tendency toward splitting with increasing sever- 
ity as the test temperature decreased below room temperature, as shown on a relative scale in 
Fig. 4. The severity of splitting in both steels then leveled off at temperatures corresponding to 
the onset of cleavage fracture, and diminished rapidly at still lower temperatures, at which the 
main fracture surface exhibited 50% or less shear appearance. The observed similarity in split- 
ting behavior of Steels A and C was consistent with the accompanying decrease in shelf energy 
(at 100% shear) being nearly the same for both steels (Fig. 4). On the other hand, Steel B, 
because of its higher sulfur content, absorbed much lower shelf energy. As a consequence, split- 
ting occurred to a much lesser degree and without any appreciable further reduction in the shelf 
energy, resulting in a relatively flat upper shelf region. 

As one of several micromechanisms proposed to explain splitting behavior, suggestion has 
been made [21,24] that splitting occurs by intergranular fracture along planar oriented prior 
austenite or ferrite grain boundaries embrittled by the segregation of impurities such as phos- 
phorus. This has been observed to occur at higher phosphorus (and manganese) levels in control 
rolled strip product [21,25,26], where cooling rates after coiling can be relatively slow. However, 
for the control rolled plates evaluated in the present study, the higher phosphorus content of 
Steel C in relation to that of Steel A did not noticeably intensify its splitting behavior. 

Mechanical Properties of Simulated HAZ Specimens 

As a check on the reproducibility of the thermal treatments applied, hardness measurements 
were made on the simulated HAZ blanks prior to machining into CVN specimens. The hardness 
was measured on the Rockwell B scale and subsequently converted to an equivalent HV value, 
as reported in Table 5. The simulated HAZ hardnesses of each of the steels were very uniform 
with their mean hardness values also being within a narrow range from 199 to 204 HV. Thus, 
the variation in phosphorus content of the steels had no noticeable effect on their hardness in 
the simulated HAZ condition. The hardness of the steels in the as-rolled condition were slightly 
lower, about 180 HV. 

The literature [27, 28] reports that very low sulfur contents can adversely affect the weldability 

TABLE S--Mechanical properties of steels in simulated HAZ condition. 

Charpy V Notch Impact Properties ~ 

Transition Temperature, ~ (~ 

Hardness, HV Self 50% Shear 
Phosphorus Energy, Fracture 

Steel Content, % Mean Range J (ft- lb) Appearance 

0.38 mm (15 mil) 
Lateral 

Expansion 

A 0.001 199 197-201 125 (92) 38 (100) 
B 0.009 203 200-206 66 (49) 41 (105) 
C 0.027 204 200-208 130 (96) 43 (110) 

--7 (20) 
18 (6.5) 
7 (4:5) 

"Average values determined from respective transition curves for each steel. 
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of steel plates through increased HAZ hardness and susceptibility to hydrogen induced HAZ 
cracking. The increase in HAZ hardness is caused by the elimination of sulfide inclusions as 
potential ferrite nucleation sites and a corresponding increase in the proportion of low tempera- 
ture transformation products formed during cooling after welding. For the weld thermal cycle 
employed in the present study, the unintentional variation in the steels' sulfur contents over the 
range 0.005 to 0.009% had no noticeable effect on either the HAZ hardness or microstructure. 

The transverse CVN impact properties of the simulated HAZ specimens are summarized in 
Table 5, and the full transition curves are shown in Fig. 5. In comparison with the as-rolled 
plate (base metal) properties, all three steels in the simulated HAZ condition showed more 
gradual transition behavior with significantly higher fracture transition temperatures by almost 
100 to 140~ (180 to 252~ depending on the criterion. The degradation in impact toughness 
was primarily related to the coarsened prior austenite grain size and to the presence of upper 
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bainite as the predominant microstructural constituent, Fig. 3. These microstructural changes 
and the accompanying loss in toughness are typically observed for coarse-grained HAZ in low 
carbon microalloyed steels welded with heat inputs characteristic of SAW processes [29-31]. 

The upper shelf energies absorbed in the simulated HAZ condition were generally higher 
than in the as-rolled condition, with Steel B having a significantly lower value than the other two 
steels. The size, shape, and distribution of nonmetallic inclusions remain unaffected during the 
weld thermal cycle, and consequently produce similar effects on base metal and HAZ toughness 
behavior. The fracture surfaces of the simulated HAZ impact specimens, unlike those tested 
from the as-rolled plates, did not exhibit splitting because of their higher transition tempera- 
tures and the elimination of microstructural effects of controlled rolling during thermal cycling. 
Consistent with this observation, all three steels attained their maximum shelf energies at (or 
about) their respective CV 100 temperatures. 

Comparing the impact properties of Steels A and C, the latter had slightly higher FATT and 
LETT values by 5 and 14~ (10 and 2S~ respectively, but about the same upper shelf energy 
(Table 5). These differences in transition temperature may be attributed to the increase in phos- 
phorus content from 0.001 to 0.027% between the two steels. On the other hand, these differ- 
ences, small as they are in relation to the upward shift in transition behavior from the as-rolled 
to HAZ properties, may not be significant. 

The fracture surfaces of the simulated HAZ impact specimens of Steels A and C were exam- 
ined in the SEM and their fractographs are compared in Fig. 6. The specimens examined were 
tested at --46~ (--S0~ and --4~ (+2S~ and exhibited about 0 and 15% shear fracture 
appearance, respectively. The fractographs of both steels show almost completely transgranular 

FIG. 6--Scanning electron fractographs of simulated HAZ impact specimens of Steels A and C tested at 
two temperatures: (a) Steel A, --46~ (--50~ (b) Steel C, --46~ (--50~ (c) Steel A, --4~ (25~ 
(d) Steel C. --4~ (25~ 
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cleavage mode of fracture with occasional small areas of dimpled surface characteristic of duc- 
tile tearing. The smaller facet size in some areas of the fractographs were associated with frac- 
ture through the fine-grained acicular ferrite structure. Virtually no intergranular fracture was 
observed on the fracture surfaces of either steel. This observation indicates that the slightly 
lower toughness exhibited by Steel C with the higher phosphorus content of 0.027% was not 
related to the intergranular embrittlement effect of phosphorus segregation at the prior austen- 
ite grain boundaries [31-33]. 

The impact results on simulated HAZ specimens reported in Fig. 5 provide a comparative 
assessment of the extent of HAZ embrittlement effect in the steels investigated. Previous studies 
[34] have noted that a weld thermal cycle corresponding to a given peak temperature with the 
same heating and cooling rates as are present in a weld HAZ will consistently produce, in a 
simulation specimen, a larger grain size and a correspondingly reduced toughness than ex- 
pected in the weld HAZ. Moreover, because of the relatively narrow and irregular shape of the 
coarse-grained HAZ in submerged arc welds, its influence on the overall HAZ toughness in an 
actual weldment as measured by standard test methods (or performance during service) is prob- 
ably not as detrimental as indicated by the results obtained on simulated specimens of uniform 
microstructure. 

General Discussion 

The results of the present investigation have shown that variation in phosphorus content from 
0.001 to 0.027% in a control rolled X-70 Cb-V line pipe steel had no significant effect on the 
strength or impact properties of the as-rolled plates. Based on these results, limiting the phos- 
phorus content in line pipe steels to a low level such as 0.010% max seems somewhat arbitrary. 
There are other applications, however, where the tendency of phosphorus to segregate to grain 
boundaries and affect impact transition temperatures can be detrimental and a restricted phos- 
phorus content is necessary. This segregation tendency of phosphorus is known to be strongly 
enhanced by the presence of certain alloying elements and by prolonged exposure to moderately 
elevated temperature in the range 400 to 600~ (750 to 1110~ either during heat treatment or 
service. Both these conditions are responsible for the classical temper embrittlement phenome- 
non observed in quenched and tempered steels [35,36]. Some alloy steels, notably the high 
nickel grades such as the 5.5% nickel and 9% nickel cryogenic steels, are more prone to such 
embrittlement, and for such steels, very low phosphorus contents of 0.005% maximum 
(together with ultra low sulfur contents) may be required for improved fracture toughness 
[37.38]. 

In regard to weldability considerations for line pipe fabrication, the HAZ properties of pri- 
mary interest are hardness, notch toughness, and resistance to hydrogen induced cold cracking. 
This type of cracking is caused by a combination of tensile stress, hydrogen, and a susceptible 
mierostructure associated with high cooling rates. Thus, HAZ cold cracking is often encoun- 
tered in the field welding of girth welds made by a low energy input, multipass, manual arc 
process. The susceptibility to hydrogen-induced cold cracking is commonly expressed as a func- 
tion of the base metal composition by various carbon equivalent (CE, Pcm) relationships 
[39-41], none of which consider phosphorus content to be a significant compositional variable. 

Adequate toughness properties of the HAZ, on the other hand, is an important consideration 
for the longitudinal seam welds deposited by a high energy input SAW process. As observed in 
the present study, the impact toughness of the coarse-grained HAZ in such welds in line pipe 
steels is significantly lower than that of the base metal because of the coarsened grain structure 
and the presence of deleterious transformation products such as upper bainite. These micro- 
structural effects and the resultant HAZ toughness are primarily controlled by the base metal 
composition and other variables, such as welding heat input and wall thickness, that determine 
the weld cooling rate. 
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An increase in phosphorus content from 0.001 to 0.027% in the steels investigated resulted in 
a slight apparent increase in transition temperature of the simulated HAZ with no change in the 
upper shelf energy. However, fractographic examination of the tested impact specimens showed 
no significant differences and particularly no evidence of intergranular fracture even at the 
higher phosphorus level. Therefore, the observed shift in transition temperature should not be 
directly attributed to the variation in phosphorus content. For repair welds in line pipe requir- 
ing multiple passes that involve reheating (for relatively short times) into the temper embrittle- 
ment range, some degree of HAZ embrittlement might be expected at the higher phosphorus 
level, depending on the susceptibility of the base metal composition. The effect of such thermal 
cycles in repair welds can be minimized by employing fewer weld passes, lower preheat and 
interpass temperature, and/or lower energy input. On the other hand, higher local concentra- 
tions of phosphorus and other elements related to chemical segregation in the base metal would 
intensify HAZ embrittlement. 

The base metal composition, through its effect on the weld composition, exerts a significant 
influence on weld solidification cracking. In SAW of line pipe steels, the composition of the root 
passes (which are the most likely sites for such cracking) is typically derived about 70% from the 
parent plate and only 30% from the welding wire. The relative importance of compositional 
factors affecting solidification cracking have been quantified for SAW. A formula has been 
developed [42] that confirms the known deleterious effects of carbon, sulfur, and phosphorus, 
in decreasing order of importance, and the beneficial effects of manganese and silicon. In addi- 
tion to compositional factors, the occurrence of solidification cracking is influenced by the weld 
pool shape and solidification pattern. Because of the relatively low carbon and sulfur contents 
of line pipe steels, solidification cracking is usually not a problem in welding line pipe steels, 
provided the welding wire and flux compositions are properly controlled. This is particularly 
true for girth welds because of the relatively low levels of dilution observed in them. 

In addition to the requirements of high strength, toughness, and weldability, line pipes for 
sour gas/oil service must exhibit high resistance to HIC. ImProved steel cleanliness is of pri- 
mary importance in this regard, and very low sulfur contents of less than 20 or 30 ppm with 
effective inclusion shape control by calcium or rare earth metals (REM) treatment are generally 
recommended [10-12,16,17,43,44]. An equally important preventive measure for HIC is to 
minimize microstructural banding resulting from chemical segregation and the associated pres- 
ence of low temperature transformation products, such as martensite or bainite [16,17, 43,44]. 
This minimization is achieved within practical limits by a proper balance of carbon and manga- 
nese contents of the steel, usually with some restriction on the maximum content of the latter. 
While phosphorus, by virtue of its high segregation coefficient, is commonly recognized as pro- 
moting banding, its influence on HIC susceptibility at the levels found in modern line pipe steels 
is probably relatively small based on the results reported by various studies [16, 43, 44]. Accord- 
ingly, most guidelines for the selection of line pipe steels for sour gas/oil service recommend 
maximum phosphorus contents ranging from 0.010 to 0.020% [11,12.16.43]. 

Summary and Conclusions 

The results of the present investigation on laboratory processed plates of an Arctic grade X-70 
Cb-V line pipe steel has shown that variation in phosphorus content from 0.001 to 0.027% had 
no significant effect on the microstructure, strength, or impact properties of the as-rolled 
plates. Impact properties determined on simulated coarse-grained HAZ specimens showed that 
the variation in phosphorus content had little or no significant effect on toughness. Based on 
these results and other observations, one concludes that a specification limit of 0.010% maxi- 
mum on the phosphorus content in Arctic grade line pipe steels may be unduly restrictive for 
ensuring superior base plate and HAZ toughness properties, as well as adequate resistance to 
HIC. 
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Disclaimer 

The material in this paper is intended for general information only. Any use of this material 
in relation to any specific application should be based on independent examination and verifica- 
tion of its unrestricted availability for such use, and a determination of suitability for the appli- 
cation by professionally qualified personnel. No license under any USX Corporation patents or 
other proprietary interest is implied by the publication of this paper. Those making use of or 
relying upon the material assume all risks and liability arising from such use or reliance. 
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DISCUSSION 

W. R. Warke I (written discussion)--You have tested the line pipe steel as base plate and 
simulated heat affected zones in welded plate. However, there is a considerable amount  of plas- 
tic strain involved in forming the base plate into a pipe. Have you considered or would you care 
to speculate on the effect of this cold work, coupled with the various phosphorus levels, on the 
toughness properties of (1) the as-formed pipe, (2) formed pipe after subsequent strain aging, 
and (3) heat-affected zones in welded pipe? 

B. M. Kapadia (author "s closure)--During the U-O-E pipe-forming process, the plate under- 
goes a complicated strain history involving plastic strains of about 3.0% or less. The resulting 
embritt lement,  which is generally observed in most cold worked steels, causes a slight decrease 
in toughness of the as-formed pipe. According to results reported by several studies [1-3], this 
decrease in toughness corresponds to an upward shift in Charpy V notch (CVN) 50% shear 
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fracture appearance transition temperature (FATT) or dropweight tear test (DWTT) 85% 
shear FATT between plate and pipe values of up to 20~ (36~ In line pipe steels investigated 
in these studies, phosphorus contents up to 0.02% had no noticeable influence on the magni- 
tude of this loss in toughness from plate to pipe. With respect to any additional embrittlement 
caused by strain aging effects in the formed pipe and weld heat affected zones due to thermal 
cycles applied during or subsequent to fabrication, phosphorus contents in the normal range for 
line pipe steels do not induce deleterious strain aging effects under such conditions. 
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heat affected zone tempering response, 

262-263 
procedure, 262-263 
temperature-time relationships, 262 

Postweld stress relief heat treatment, 237 
Precipitation 

hardening, 232, 236, 238 
strengthening, 202 

Pressure vessel, 100 
Pressurized water reactor, 100 
Probability of cleavage fracture, 110, 111 
Production forgings, 213-221 

dilatometry, 213 
electron microscopy, 213,215-221 

annealed, 213, 217-218 
PWHT/AC, 216-217, 221 
PWHT/FC, 213,215-216, 219-220 

eutectoid phase, 213, 217 
iron-copper phase diagram, 225 
light microscopy, 213,216 
load-elongation curves, 213,215 
M23C 6 type carbides, 215, 217 
M2X carbides, 213, 218-219, 226-227 

Purchased scrap, 11, 29 

Q-R 

Quenching, martensitic 12% chromium steel, 
B7 

Reactor pressure vessel steels, 7 
Refinement, 146 
Revert scrap, 29 
Rupture, fractographic aspects, 104-105 Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
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Scrap, 28-31 
charges, 32-33 
chemistry, 15-16, 19 
continuous casting, 28 
copper levels, hot shortness and, 34-35 
electric arc furnace steelmaking, 26 
"free of alloys", 29 
grade, 16, 18 
home, residual levels and, 65 
homogeneity, 16 
inclusion of galvanized material, 24 
inspection, 15-17 
management for residual control, 32-33 
material segregation, 19-21 
melting yield, 14 
number 1 bundle price trend, 32 
obsolete, 29 
versus other raw materials, 1S 
production as percent of consumption, 13 
purchased, 11, 29 
ratio of purchases to steel produced, 11-12 
regression analysis, 16, 18 
relative cost to control residual levels, 32- 

33 
residual levels 

cold formability and, 35-36 
control, 24 
hardenability and, 36-37 

revert, 29 
shredded 

copper content, 23 
density, 23 

size and density, 14-15 
sources, 14 
specifications, 15 
suppliers, 22-23 
trends in steel industry, 11-14 
types, 30-31 

Segregation, 100 
Sensitization, 1S0 
Shield metal arc welding, 169-170, 193, 243 

electrodes, arc length, 257 
current supply, 243-244 

Slag, 38 
chemical composition, 41-42 
iron-oxide content, 44-45 
oxygen transportation mechanism, 46 

Solidification cracking, weld, 297 
Solid-solution strengthening, 202, 207-208 
Steam generator, 202-203 
Steam turbines, super critical, 83 
Steel 

chemical analyses, 171, 194, 211,245, 268 
Grade 4140, machinability, 73 
industry trends, 11-14 

low carbon, 266 
low temperature service, 266 
making, 192 
percent of U. S. production by furnace 

type, 27 
producers, 11 
U. S. raw steel capability, 27 

Strain aging, welds, 188-189 
Stress corrosion, S 
Stress rupture, 124-126 
Stress-strain behavior, serrated, 242 
Submerged arc weld, 285 
Sulfur 

constant and fracture appearance transi- 
tion temperature, 278-279, 281 

content, X-70 line pipe steel, 286 
weidability and, 192-201 

critical preheat temperature, 196-200 
hydrogen sensitivity, 198 
materials, 192-194 
stress direction, 196-197, 199-200 
sulfide shape, 199-200 
underbead hardness, 195-196, 198 
welding conditions, 196-198 
welding tests, 193, 195 

Super-clean heat, 83, 85 
dilatometry, 87-88 
influence of cooling rate on structure, 88, 

92 
Super clean steels, production, 38-46 

equipment and sequence, 40 
experiments, 39-40 

Surface roughness, AISI 1215 steel, residual 
effects, 55, 63-64 

Swelling, 124-125 
D9, 136, 139 
neutron-induced, 141-143 
resistance, D9I, 128 
titanium stabilized austenitic stainless 

steel, 145 

T 

Temper embrittlement, 38, 100-113 
auger electron spectroscopy, 106-107, 109 
fractography, 103-104 
heat treatment, 101,103 
homogenization, 113 
materials, 101-102 
onset susceptibility, 113 
reversible, 101 
specimens and mechanical tests, 103 

Tempering response, 261 
Tempering temperature, martensitic 12% 

chromium steel, 87 
Tensile ductility, AISI 1215 steel, residual ef- 

fect, 57 Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
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Tensile/impact testing, residual copper, 212 
Tensile strength, 114-123, 232 

against product analysis carbon content, 
120-121 

AISI 1215 steel, residual effect, 57 
butt welds, 179-183 
fatigue limits versus, 70-71 
laboratory-produced steels, 221-223 
production forgings, 213-215 
residual copper, 212 
step cooled and de-embrittled smooth spec- 

imens, 104, 107 
test 

martensitic 12% chromium steel, 93-94 
weld metal, 234-237 
X-70 line pipe steel, 288 

X-70 line pipe steel, as-rolled plates, 290- 
291 

Ti2Oa particles, stability, 266 
Ti-oxide bearing steel, 266-283 

CMA patterns, 273 
constituent ratios, 275-276 
continuous cooling transformation dia- 

gram, 273-275 
effective grain size, 279, 282 
high carbon martensite island formation, 

277-278 
IFP nucleus, analysis, 269-270 
microsegregation, 269 
microstructure, 273, 275 

analysis, 269 
quenching on cooling stage, 275-276 

shelf energy, 295 
size and distribution of martensite-austen- 

ite constituent, 278-279 
specimen preparation, 267-268 
transformation characteristics from ~ to a, 

269 
see  also Heat affected zone 

Titanium stabilized austenitic stainless steel, 
124-147 

biaxial stress rupture, 132, 135 
effect of phosphorus and boron, 145-147 
experimental procedures, 125-128 
in-reactor creep, 145 
in-reactor stress rupture, 135-136, 139- 

141 
irradiation-induced swelling, 136, 139, 

141-143 
neutron-induced swelling, 141-143 
swelling, 145 
uniaxial stress rupture, 128-134, 143-145 

Tool life, residual effects, AISI 1215 steel, 54, 
60-61 

Toughness, 100, 266 
influence of composition, 186, 188 
welds, 186, 188-190 

Transformation temperatures, martensitic 
12% chromium steel, 88-93 

Tubesheet forgings, 202-204 
comparison of ESR and VAR, 210 
copper level, 208 
cross section, 204 
heat treatment cycles, 204, 206, 210 
yield strength, 204, 207 

Turbine rotors, 38, 83 
martensitic 12% chromium steel, 97 

Type 304 stainless steel, 6-7 
ASTM compositional specifications, 151 
modified 

chemical composition, 153 
corrosion test results, 156 
potentiodynamic anodic polarization 

curves, 156-157 
weldability, 164 
see  also Corrosion resistance, Type 304 

stainless steel 
Type 316 stainless steel, 6, 125 
Type 316 LN stainless steel, weldability, 163- 

164 

U 

Underbead hardness, 195-196, 198 
heat affected zone, 192 

Uniaxial stress rupture 
boron effect, 128-130, 132-133, 143-144 
creep curves, 130 
distribution of carbides and Laves, 135, 

136 
ductility, 130-131 
MC precipitates, 135, 139 
phase identification, 134-135, 137 
phosphorus effect, 128-129, 132-133, 143- 

144 
titanium stabilized austenitic stainless 

steel, 128-134, 143-145 
creep cavitation, 134, 137 

Unspecified elements, service experience re- 
lated to, 5-8 

V 

Vacuum arc remelting, 202, 204, 206 
Void swelling, 124-125 

W 

Weathering steel, 232 
Weld, 169-191 

charpy toughness, root and subsurface re- 
gions, 180, 184 

CTOD scatter in values, 189-190 
deposit hydrogen content, 195 Copyright by ASTM Int'l (all rights reserved); Sun Dec 13 19:22:44 EST 2015
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deposit nitrogen contents, 186, 188 
isolated regions of cleavage, 186-188 
local initiation at large inclusion, 186-187 
mechanical property, 179, 181-183 
mechanical testing, 174-175 
metallographic and fractographic examina- 

tion, 175, 177-179 
oxygen contents, 176-177 
solidification cracking, 297 
straight and reverse polarity, 177 
strain aging, 188-189 
toughness, 186, 188-190 
transverse sections, 177-178 
vertical-up, 179-180, 183 

strain aging, 189 
see  also Butt weld 

Weldability, 5, 266 
Type 304 stainless steel, 164 
Type 316 LN stainless steel, 163-164 
see  also Sulfur, weldability and 

Welding 
current supply, 170, 174, 244 
equipment, 169 
parameters, 195 
procedure, 246, 248 
vertical-up, 169 

Welding electrodes, 170, 172-173,244, 246 
chemical analyses, 246-247 
coating, 246, 249 
handling characteristics, 248 
oxygen levels, 252, 260 

Weld metal, 169, 243 
as-deposited, 177-178 
charpy impact test, 239-240 
embrittlement, 232-242 

chemical composition of materials, 234 
fracture appearance transition tempera- 

ture, 234, 240 
location of mechanical test specimens, 

234 
postweld stress relief heat treatment, 

237 
procedure, 233-234 
serrated stress-strain behavior, 242 
upper shelf energy test, 241 

yield strength, 236, 238-239 
reheated, main initiations point, 186-187 
tensile test, 234-237 

Weld pad, chemical analyses, 248, 250-251 

X 

X-70 line pipe steel, 285-300 
as-rolled plates, mechanical properties, 

290-292 
Charpy V notch impact properties, as- 

rolled plates, 291-292 
chemical composition, 286-287 
economics, 286 
fracture appearance transition tempera- 

ture, 291 
hardness, 293-294 
lateral expansion transition temperature, 

291 
materials, 286-288 
mechanical property tests, 288-289 
metallographic and fractographic studies, 

289 
microstructure, 289-290 
pass temperatures during rolling, 286, 288 
phosphorus content, 297 
segregation tendency of phosphorus, 296 
shelf energy, 285 
solidification cracking, 297 
splitting tendency, CVN specimens, 292- 

293 
sulfur content, 286 
tensile properties, as-rolled plates, 290- 

291 
tension tests, 288 

Y 

Yield strength 
residual copper, 224 

annealed, 224 
PWHT/AC, 226-227 
PWHT/FC, 224-226 

tubesheet forgings, 204, 207 
weld metal, embrittlement, 236, 238-239 
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