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Foreword 

This publication, Properties of Austenitic Stainless Steels and Their 
Weld Metals (Influence of Slight Chemistry Variations), contains papers 
presented at the Symposium on Influence of Carbon, Nitrogen, and Residual 
Element Chemistry on the Behavior of Austenitic Stainless Steels Used in 
Construction which was held in Atlanta, Ga., 14 Nov. 1977. The sym- 
posium was sponsored by Committee A-1 on Steel, Stainless Steel, and 
Related Alloys, American Society for Testing and Materials. C. R. Brinkman, 
Oak Ridge National Laboratory, and H. W. Garvin, Armco Steel, presided 
as symposium chairmen and editors of this publication. 
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Introduction 

In 1967 the American Society for Testing and Materials published A S T M  
STP 418, Effects of Residual Elements on Properties of Austenitic Stainless 
Steels. This was followed in 1973 by A S T M  STP 522, Elevated Temperature 
Properties as Influenced by Nitrogen Additions to Types 304 and 316 
Austenitic Stainless Steels. During the intervening years considerable 
emphasis had been placed on obtaining mechanical and physical properties 
of AISI Types 304 and 316 stainless steel and associated weld metals in the 
nuclear industry in support of worldwide liquid metal fast breeder reactor 
development for power generation applications. Accordingly, it was thought 
appropriate by ASTM's Committee A-1 on Steels, Stainless Steel, and 
Related Alloys to organize another symposium as a follow-on activity to 
the aforementioned publications in order to present new data and conclusions. 

The objective of this effort was to solicit papers that dealt with the 
influence of carbon, nitrogen, and other residual elements on the heat-to- 
heat variability of the austenitic stainless steels and their weldments or 
weld metals used in construction. Specifically, reports or investigations 
were sought that dealt with the effects of melting practice on chemical 
variability and differences in fabricability, weldability, and resultant physical 
and mechanical properties (at both low and high temperature) due to 
variations in these elements. 

The symposium contained seven papers, four of which dealt with the 
influence of such elements as nitrogen and niobium on primarily elevated- 
temperature behavior of AISI stainless steel Types 304, 304L, 316, and 
316H. The remaining three papers dealt with effects of intentionally added 
or controlled as well as residual element content on weldability and sub- 
sequent mechanical properties of weld metal. It was particularly gratifying 
to see the increased effort directed toward understanding the beneficial and 
harmful effects of many of the normally considered residual elements in 
weld metal, since this was an area recommended in STP 418 as needing 
additional attention. 

It is expected that the results of this symposium will be of particular 
interest to the designers, metallurgists, and suppliers of these materials 
who must concern themselves with heat-to-heat variability and ways of 
improving properties. 
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2 INTRODUCTION 

Special acknowledgments and thanks are made to the authors as well 
as to the reviewers of the papers. Appreciation is also due to A. Van Echo, 
chairman of ASTM's Committee A-1 on Steels, Stainless Steel, and Related 
Alloys. 

C. R. Brinkman 
Oak Ridge National Laboratory, Oak Ridge, 

Tenn, 37830; symposium chairman and 
eoeditor. 
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L. A .  James  1 

Effect of Heat-to-Heat and 
Melt Practice Variations upon 
Fatigue Crack Growth in Two 
Austenitic Steels 

REFERENCE: James, L. A., "Effect of iteat-to-Hut and Melt Prac t~  Variations 
upon Fatigue Crack Growth in Two Austenitic Stech," Properties of Austenitic Stainless 
Steels and Their Weld Metals (Influence of Slight Chemistry Variations), ASTM 
STP 679, C. R. Brinkman and H. W. Garvin, Eds., American Society for Testing 
and Materials, 1979, pp. 3-16. 

ABSTRACT. Linear-elastic fracture mechanics techniques were employed to characterize 
the fatigue-crack growth behavior of five heats of annealed Type 304 (including one 
heat of Type 304L) and three heats of annealed Type 316 (including one heat of 
Type 316H) stainless steels at 538~ (1000~ Specimens were tested under conditions 
of continuous cycling at 40 cpm, or under tensile hold-time (10.8 rain) conditions, 
producing transgranular or intergranular cracking, respectively. In general, no 
heat-to-heat variations were noted in the crack growth behavior of either alloy or 
under the different cycling conditions. Also, the three heats of Type 316 represented 
three different melt practices, and again there was no apparent effect due to melt 
practice. 

KEY WORDS: fatigue-crack growth, fracture mechanics, austenitie stainless steels, 
heat-to-heat variations, melt practice variations 

The  austeni t ic  s tainless steels a re  employed  extensively in pressure  vessel, 
p ip ing,  and  o ther  s t ruc tura l  app l ica t ions  in bo th  the  nuc lear  and  pet ro-  
chemica l  indust r ies .  Such s t ruc tura l  componen t s  are  often subject  to cyclic 
load ing  f luc tua t ions  in service, and  the  possibi l i ty  therefore  exists  for  
subcr i t ica l  extension of  c racks  or  c rack- l ike  flaws, should  such defects  
be presen t  with the  a p p r o p r i a t e  size, shape,  and  locat ion.  The  analysis  
techniques  of  l inear-e las t ic  f rac ture  mechanics  ( L E F M )  are  pa r t i cu la r ly  
useful  for  es t imat ing  the in-service extension of  such defects  [1]. 2 Crack-  

1Fellow engineer, Westinghouse Hanford Co., Richland, Wash. 
2The italic numbers in brackets refer to the list of references appended to this paper. 
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4 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

growth rate data appropriate for use in such analyses can be found in 
sources such as the Nuclear Systems Materials Handbook [2], as well as 
in a recent review paper [3]. However, due to the large number of material 
heats and various product forms employed incorporating different melt 
practices as well as alloy compositional variations, it is necessary to assess 
the potential for the effect of heat-to-heat or melt practice variations or 
both upon fatigue-crack growth behavior in these alloys. Hence, the objective 
of this paper is to examine the effect of heat-to-heat variations upon fatigue- 
crack growth behavior in annealed Types 304 and 316 stainless steels using 
LEFM techniques. 

Experimental Procedure 

Five heats of annealed Type 304 (including one heat of Type 304L), 
designated as Heats A-E, and three heats of annealed Type 316 (including 
one heat of Type 316H), designated as Heats F-H, were employed in this 
study. The heat identifications, chemical compositions, and room tempera- 
ture mechanical properties are given in Tables 1-3, respectively. 

ASTM "compact-type" specimens [see ASTM Test for Plane-Strain 
Fracture Toughness of Metallic Materials] (E 399-74) having nominal 
dimensions of width W = 50.8 mm (2.00 in.) and thickness B ---- 12.7 mm 
(0.5 in.) were employed in this study. The specimens were all tested on 
servo-controlled electrohydraulic machines employing load as the control 
parameter. "Sawtooth" waveforms (see Ref 4) at 40 cpm (0.667 Hz) were 
employed throughout the study except for one series of tests, where a 
"square" waveform (see Ref 4) at 0.083 cpm (0.00138 Hz) incorporating 
a 10.8-rain tensile hold-time was used. The stress ratio (R = Kmi,/Kmax) 
was 0.05 for all tests. 

The specimens were tested within an air-circulating furnace. All of the 
tests reported in the present study were conducted in an air environment 
at 538~ (1000~ This test temperature was selected because it represents 
one of the temperatures of interest in fast breeder reactor applications. 

Crack lengths were obtained periodically throughout each test using a 
traveling microscope. Fatigue-crack growth rates (da/dN) were calculated 
using the "secant method" (Ref 5), and the stress intensity factor (K) 
was calculated using the relationship of Ref 6. The results were then plotted 
as log (da/dN) as a function of log (AK), where AK is the stress intensity 
factor range, AK = Km~ - -  K m i n .  

Results and Discussion 

Before examining the results for different material heats to determine 
possible heat-to-heat variations, it is appropriate to review the results 
obtained for a number of specimens from a single heat tested under identical 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
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JAMES ON HEAT-TO-HEAT VARIATIONS 5 
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6 PROPERTIES OF AUSTENITIC STAINLESS STEELS 
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8 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

conditions. In this way the scatter inherent in this type of testing can be 
evaluated, and this will aid in establishing whether possible trends observed 
in multiheat companions are significant, or whether they fall within normal 
scatter. 

The heat chosen for such a series of tests is Heat A. This particularly 
well-characterized heat was procured a number of years ago for use as a 
reference heat for Atomic Energy Commission/Energy Research and 
Development Administration (AEC/ERDA) programs, and, as a result, 
over the years numerous studies on various properties have been conducted 
on this heat by a number of different laboratories around the country. 
A detailed thermomechanical processing history for this heat is given in 
Ref Z 

The results for six fatigue-crack growth specimens from Heat A tested 
under identical conditions are shown in Fig. 1. The results of a least-squares 
regression analysis for all of the data points (a few of which were not plotted 
because of overlap) are also given in Fig. 1. Scatter bands drawn through 
the data at the same slope as the regression line show a total scatter on 
da/dN of about a factor of 2.75. The coefficient of determination of the 
regression results is 0.931 (a "perfect" fit would have a coefficient of 
determination of unity). 

The total scatter of 2.75 can be compared with the results of an extensive 
interlaboratory round-robin test program conducted by ASTM Committee 
E24.04 [5]. These tests were all conducted on a single well-behaved, well- 
characterized heat of material at room temperature, and the results showed 
a total scatter of a factor of 2 to be "normal" for intralaboratory tests, 
and a factor of 3 to be "normal" for interlaboratory tests. Hence, the 
factor of 2.75 observed in Fig. 1 is in reasonable agreement with the find- 
ings of Ref 5, and, although somewhat higher than the factor of 2 for 
intralaboratory tests, the difference is attributed to the increased difficulties 
associated with elevated-temperature testing. 

The results for several heats of Type 304 may now be reviewed, keeping 
in mind the foregoing discussion on scatter associated with a single heat. 
These data are shown in Fig. 2, along with the results of a regression 
analysis through the data. One specimen from each of the five heats was 
analyzed, and only one specimen from Heat A (Specimen 61) was included 
so as not to bias the results in favor of Heat A. Comparing the results of 
Figs. 1 and 2, it will be noted that the overall total scatter bands are almost 
exactly the same. There is, however, slightly more scatter in the results 
for the five different heats, as evidenced by their slightly lower coefficient 
of determination. Although not plotted in Fig. 2, the results [8] for ASME 
SA-351, Grade CF8 (a cast version of Type 304 stainless steel), tested 
under identical conditions of temperature, frequency, and stress ratio, 
would have also generally fit within the scatter bands of Fig. 2. 
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FIG. 1--Fatigue-crack growth behavior of six specimens from a single heat of Type 304 
(Heat A )  tested under identical conditions at 538 ~ (IO00~ 

Hence, it is apparent that there is little or no effect of heat-to-heat 
variation upon the fatigue-crack propagation behavior of annealed Type 304 
as represented by these five heats and as tested under the conditions stated 
in Fig. 2. This is in agreement with observations of Brinkman and Korth 
[9] that there was little or no effect of heat-to-heat variations in the low- 
cycle fatigue (LCF) behavior of four heats of Type 304 tested under continuous 
cycling (no hold-time) conditions in air at 593~ (ll00~ (Heats A, C, 
and E of the present study were also included in the study by Brinkman 
and Korth.) 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



1 0  PROPERTIES OF AUSTENITIC STAINLESS STEELS 

STRESS INTENSITY FACTOR RANGE, AK, kgl(mm)../2a 

io z 
10. 3 ' i . . . .  I ' 

10. 2 
LOO(daldNI - -17.89 + 3 . 0 1  x LOG (AK) 
COEFFI C I ENT OF DEIERMI NATI ON - 0.874 
(AMERICAN CUSTOMARY UNITS) 

- -  _? 
g. 10-4 ~, 

. _  

z 

"~ OF 2.78 - l0 -3 ~ 

1 0 - 5  _ o = 

t . )  

,.', TESTED IN AIR AT 538~ (10(]0~ ,.,. 
f = 40 cpm, R- 0.05 10-4 
[ ]  HEATA, SPECIMEN 61 

O HEAT B, SPECIMEN 1.50 

<> HEAT C, SPECIMEN 345 

10 -6 - -  IX HEAT D, SPECIMEN 33/ 

"- HEAT E, SPECIMEN 1229 

I , , ~ I , , , , I 10 -5 
104 Ibl(m )3/210"5 

STRESS INTENSITY FACTOR RANGE, AK, " 

, , , , , I ~ , , , [  

101 10 2 
STRESS INTENSITY FACTOR RANGE, AK, MNI(m)3/2 

FIG. 2--Fatigue-crack growth behavior of five different heats of Type 304 tested under 
identical conditions at 538 ~ (1000 ~ 

In a similar fashion, the results for three heats of annealed Type 316 
(Heats F-H) are shown plotted in Fig. 3. The total scatter band and coefficient 
of determination are similar to those observed in Fig. 2 for five heats of 
Type 304, and again there appears to be little or no heat-to-heat variation. 
Note also that three different melt practices are represented in the results 
of Fig. 3, and it appears that melt practice may also not be an important 
variable for this material. 

Although they found no apparent heat-to-heat variation in the low-cycle 
fatigue behavior under continuous cycling conditions, Brinkman and Korth 
[9] did observe that one heat (Heat E in the present study) did exhibit 
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FIG. 3--Fatigue-crack growth behavior of three different heats of Type 316 (representing 
three different melt practices) tested under identical conditions at 538 ~ (1000 ~ ). 

improved LCF behavior under tensile hold-time conditions. Based on a 
comparison between unaged and aged specimens of Heat E, they suggested 
that the improved behavior of this heat was not due to thermomechanical 
processing history of heat treatment, but rather to subtle differences in 
chemistry, and results presented elsewhere in this publication now suggest 
that niobium content played an important role. 

Because of the possibility of differences in behavior due to frequency/ 
waveform variations, a second series of tests was conducted on Heats A 
and E using a "square" waveform at 0.083 cpm (0.00138 Hz) incorporating 
a 10.8-min hold-time. These results are shown in Fig. 4. Although there 
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FIG. 4--Fatigue-crack growth behavior of two heats of Type 304 tested under conditions 
of tensile hold-time cycling at 538~ (IO00~ 

is considerably more scatter in these data than in the continuous-cycling 
results of Figs. 1-3, there is apparently little or no difference in the behavior 
of the two beats. While the mode of crack extension under continuous- 
cycling conditions at 40 cpm (0.667 Hz) was predominately transgranular, 
the mode of cycling under hold-time conditions at 0.083 cpm (0.00138 Hz) 
was predominately intergranular (see Ref 4 for typical photo-micrographs of 
the crack-tip areas). The effect of cyclic frequency upon the fatigue-crack 
growth behavior of annealed Type 304 (Heat A in the present study) in 
an air environment at 538~ (1000~ was studied in Ref 10 over the range 
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JAMES ON HEAT-TO-HEAT VARIATIONS 13 

0.083 to 4000 cpm (0.00138 to 66.7 Hz), and in general crack growth rates 
increased with decreasing frequency. A sawtooth loading waveform was 
employed in all of the tests in Ref 10, and the mode of crack extension 
was predominately transgranular at all frequencies. The three lowest 
frequencies studied in Ref I0 [4, 0.4, and 0.083 cpm (0.0667, 0.00667, and 
0.00138 Hz)] were repeated in Ref 4 (again on Heat A), but this time 
using a square wave with a tensile hold-time. As with the continuous-cycling 
tests of Ref 10, the hold-time tests of Ref 4 exhibited predominately trans- 
granular crack extension except at 0.083 cpm (0.00138 Hz), where the 
mode was predominately intergranular. However, in spite of the change 
in crack extension mode, the crack-growth rates for the 0.083-cpm (0.00138 
Hz) sawtooth waveform and the 0.083-cpm (0.00138 Hz) square wave 
with tensile hold were approximately the same; that is, waveform effects 
were minimal under these conditions. Similar conclusions regarding the 
two waveforms were made at the two higher frequencies, 4 and 0.4 cpm 
(0.0667 and 0.00667 Hz). 

It will be noted that Figure 4 exhibits greater data scatter than Figs. 
1-3. This is thought to be at least partially due to the following reasons: 
(1) the increased difficulty in experimentally determining the lengths of the 
intergranular cracks, (2) the inherent nature of intergranular cracking 
itself (for example, differing rates as the crack grows along grains of dif- 
fering sizes), and (3) differing degrees of thermal aging between different 
specimens at the same AK levels leading perhaps to small differences in 
crack growth rates. (Because of the long test times involved at this low 
frequency, one specimen at a given level of AK may have had only a few 
dozen hours of exposure at the test temperature while another specimen at 
the same AK could have been exposed for thousands of hours. See Ref 11 
for details.) Brinkman and Korth observed a scatter of approximately 2 
in the LCF fatigue life of five heats tested under conditions of continuous 
cycling, and a similar factor for those hold-time conditions where sufficient 
data exist to evaluate scatter. On the other hand, the improvement in 
LCF fatigue lives between Heats A and E under hold-time conditions was 
approximately a factor of 3, suggesting that the improvement was real 
and not due to scatter. On the other hand, although the scatter in Fig. 4 
is relatively large (for the aforementioned reasons), the results suggest 
little or no difference in the crack growth behavior of Heats A and E under 
the hold-time conditions tested, or at the very least any differences are 
within the normal data scatter. 

The foregoing observation of little or no difference between Heats A 
and E under hold-time conditions is not necessarily contradictory to the 
findings of Brinkman and Korth. First of all, LEFM crack-growth tests 
are characterized by a large stress gradient in the vicinity of the crack 
tip and generally elastic stress fields throughout the bulk of the specimen. 
Smooth-specimen LCF tests, on the other hand, are characterized by homo- 
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14 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

geneous, but generally plastic, stress fields. In addition, three different 
phases (crack initiation, crack propagation, and the final fracture) are 
included in the LCF results of Ref 9, while LEFM crack growth tests char- 
acterize only one phase--crack propagation. Hence, although different, 
the observations are not necessarily contradictory. 

In an earlier study [11], the author investigated the effect of thermal 
aging upon crack growth behavior of Types 304 and 316 stainless steels. 
In general, long-time thermal aging produced a small improvement in 
the elevated temperature fatigue-crack growth behavior, and this was at- 
tributed to the precipitation of various carbides and intermetallics. How- 
ever, specimens of thermally aged Type 304L (Heat B in the present study) 
exhibited slightly less improvement in the crack growth behavior than 
did specimens of Type 304 with approximately twice the carbon content 
(Heat A in the present study). The implication is that this is due to the 
lower carbon content (and hence fewer precipitated carbides). However, 
the differences were very slight and almost within the range of experimental 
scatter. 

Finally, although there appears to be little or no heat-to-heat variation 
in the fatigue-crack growth behavior of these two austenitic stainless steels, 
such variations have been noted in the behavior of other alloy systems. 
For example, Logsdon [12] has noted considerable differences in behavior 
between several heats (representing several different melt practices) of 
precipitation heat-treated Inconel X-750, and smaller differences may also 
be present in the behavior of precipitation heat-treated Inconel 718 [13]. 
Also, minor differences in the crack growth behavior of a quenched-and- 
tempered ferritic steel have been attributed to different melt practices [14]. 

Summary and Conclusions 

Five heats of annealed Type 304 (including one heat of Type 304L) and 
three heats of annealed Type 316 (including one heat of Type 316H) were 
tested in an air environment at 538~ (1000~ Little or no effect of heat- 
to-heat variation upon fatigue-crack growth behavior was noted under 
either continuous cycling conditions at 40 cpm (0.667 Hz), or under tensile 
hold-time conditions at 0.083 cpm (0.00138 Hz). In addition, the three 
heats of Type 316 represented three different melt practices: air-melt, 
vacuum-arc remelt, and double-vacuum melt. Again, there was no apparent 
effect of melt practice upon the fatigue-crack growth behavior. 

Although the observations in the present study for cycling under tensile 
hold-time conditions are different than previous observations on smooth- 
specimen LCF tests, they are not necessarily contradictory. This may be 
due to the inherent difference between LCF tests, which incorporate crack 
initiation, crack propagation, and the final fracture, and LEFM tests, 
which characterize only the crack propagation phase. 
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In  any event, the results of the present  study span relatively large varia- 
t ions in carbon,  ni trogen,  and  residual e lement  compositions, as well as 

several different melt  practices, and,  a l though a large n u m b e r  of heats were 
not  studied, it appears  tha t  heat- to-heat  variations in the crack growth 

behavior of these two steels is min imal .  
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DISCUSSION 

Raymond Cockroft I (written discussion)--It was mentioned that  crack 
propagation rates were similar for transgranular and intergranular prop- 
agation. This infers a minimal effect of grain size. Were there any grain 
size differences in the materials examined? 

Heat  G (vacuum-arc remel ted--Cameron Iron Works) could easily have 
had a niobium content of as high as 0.02 (quoted as not determined), as 
Cameron austenitic stainless heats frequently have niobium at 0.01S to 
0.02. 

L. A. James (author's closure)--Grain sizes were determined for most 
of the heats tested (see Table 3). This subject has been studied previously, 
and the results have been reviewed in Ref 3. In general, it was concluded 
that grain size had little or no influence upon crack growth behavior in 
austenitic stainless steels. 

l Cameron Iron Works. 
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Effect of Nitrogen on the 
Sensitization, Corrosion, and 
Mechanical Properties of 
18Cr.8Ni Stainless Steels 

REFERENCE: Eckenrod, J. J. and Kovach, C. W., "Effect of Nitrogen on the Sensl- 
tlzation, Corrosion, and Mechanical Properties of 18Cr-8Ni Stainless Steels," Prop- 
erties of Austenitic Stainless Steels and Their Weld Metals (Influence of Slighr Chemistry 
Variations), ASTM STP 679, C. R. Brinkman and H. W. Garvin, Eds., American 
Society for Testing and Materials, 1979, pp. 17-41. 

ABSTRACT: Modem stainless steel melting and refining techniques now make it 
possible to consider nitrogen as an economic and controllable alloying addition to 
18Cr-8Ni austenitic stainless steels. Studies show that nitrogen additions of up to 
about 0.16 percent to 18Cr-8Ni steels can result in some improved properties. Nitrogen 
is a strong strengthening element to 18Cr-8Ni steels and will increase yield strength 
by about 5.5 to 6.2 MPa (800 to 900 lb/in. 2 ) for each 0.01 percent nitrogen. Isothermal 
time-temperature sensitization (TTS) diagrams developed for 18Cr-SNi steels containing 
about 0.05 percent carbon and up to 0.25 percent nitrogen indicate that nitrogen 
at least up to 0.16 percent retards intergranular carbide precipitation. Corrosion 
tests on isothermally sensitized or welded specimens show reduced corrosion rates 
with nitrogen additions consistent with the TTS data. For low-carbon 18Cr-8Ni steels, 
nitrogen additions up to 0.15 percent have no apparent effect on the normally excellent 
sensitization resistance of these steels, at least as measured by corrosion tests on 
isothermally heated or welded specimens. Nitrogen additions were also found to 
improve pitting and crevice corrosion resistance as evaluated in anodic polarization 
or chloride pitting/crevice corrosion tests. Stress corrosion evaluations were conducted 
on solution-annealed material using constrained U-bend specimens in both severe 
and milder environments. The results indicated that nitrogen content up to 0.16 
percent did not significantly affect stress corrosion cracking susceptibility, but 0.25 
percent nitrogen appeared detrimental in some environments. 

KEY WORDS. austenitic stainless steels, nitrogen, sensitizing, intergranular corrosion, 
electrochemical corrosion, pitting, stress corrosion, mechanical properties, welding 

1 Supervisor and Technical director, Stainless Steels, respectively, Colt Industries, Crucible 
Research Center, P.O. Box 88, Pittsburgh, Penna. 15230. 
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18 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

Chromium-nickel (18-8) austenitic stainless steels are widely used in a 
variety of product forms for architectural, consumer, and industrial ap- 
plications because of their excellent corrosion and oxidation resistance, 
ambient and elevated temperature strength, toughness, fabricability, and 
esthetic appearance. Improving one, several, or all of the aforementioned 
properties would likely further expand the usage of these steels provided 
the changes had no adverse effects on other properties. The strengths of 
austenitic stainless steels can be increased by alloying with nitrogen. The 
use of nitrogen as an alloying element in stainless steels is widely practiced 
as evidenced by AISI Types 201 and 202, which utilize nitrogen to substitute 
for a portion of the nickel. Other low or nickel-free nitrogen-bearing 
stainless steels have been developed; however, only recently has there been 
much interest in nitrogen-alloyed conventional 18Cr-8Ni stainless. As with 
the low or nickel-free steels, nitrogen can be added to the 18-8 types, 
which results in materials having some improved and useful engineering 
properties [1].2 More importantly, modem stainless steel melting and 
refining techniques now make it possible to consider nitrogen as an economic 
and controllable alloy addition to 18-8 stainless steels. Therefore, a program 
was carried out to specifically explore the effects of nitrogen on the sensiti- 
zation characteristics, corrosion resistance, weldability, and mechanical 
properties of the 18-8 stainless steels. 

Materials 

Table 1 lists the chemical compositions of the laboratory and commercial 
materials used for this study. The laboratory heats were processed to 
produce fully solution-annealed steel ranging from 0.8 to 6.4 mm thick and 
having an ASTM 5 to 6 grain size. Unless specified otherwise, the commercial 
materials used were in the mill-annealed condition. 

Results and Discussion 

Sensitization Characteristics 

The literature and some studies conducted at our laboratory indicated 
that the chromium-nickel-manganese-nitrogen (Cr-Ni-Mn-N) stainless 
steels are more resistant to sensitization than are Cr-Ni steels having similar 
carbon contents [2,3]. Further studies suggested that the nitrogen additions 
were responsible for the improved sensitization resistance rather than the 
higher manganese or lower nickel in the Cr-Ni-Mn-N steels. These results 
suggest that similarly improved sensitization resistance might be attained 
by nitrogen additions to conventional 18Cr-8Ni steels. 

2The italic numbers  in brackets refer to the list of references appended to this paper. 
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20 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

To study the effect of nitrogen on sensitization resistance, solution- 
annealed 25.4-mm-square, 0.8-ram-thick specimens of laboratory-produced 
18Cr-8Ni steel containing 0.028 to 0.092 percent carbon and 0.036 to 
0.25 percent nitrogen were heated for up to 24 h in a molten lead bath 
maintained at temperatures within the normal sensitization range (480 to 
870~ for austenitic stainless steels. The lead bath provided maximum 
heating rates and the specimens were water quenched on removal from 
the bath. To eliminate any possible edge effects, each specimen was cut 
diagonally for metallographic mounting. Metallographic polishing and 
etching technique variations were minimized by mounting all the specimens 
of one alloy that had been heated for various times at the same temperature 
in the same mount and electrically connecting them. After the usual mctal- 
lographic preparation, each mount was etched electrolytically for 1 min in 
10 percent ammonium persulfate solution using a 6-V potential and rated 
for degree of sensitization using the chart shown in Fig. 1. Time-temperature 
sensitization (TTS) diagrams were constructed by plotting the sensitization 
ratings for each alloy as a function of time and temperature and enclosing 
areas having equivalent ratings. 

TTS diagrams developed for 0.028, 0.053, and 0.092 percent carbon- 
residual nitrogen (0.04 percent) 18Cr-8Ni steels are compared in Fig. 2 
and clearly illustrate the effect of carbon on sensitization characteristics. 

C I No Precipitation 

C 4 Medium 

C 2 Trace C 3 Light 

C 5 Heavy C 6 Very Heavy 

FIG. 1--Carbide precipitation chart for austenitic stainless steel. Ammonium persulfate 
electrolytic etch ( • 500). 
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FIG.  2 - - T T S  diagrams for 18Cr-8Ni stainless steel containing 0.028 and 0.092 percent 
carbon. 

Carbide precipitation, that is, sensitization, occurs quite rapidly in 0.053 
and 0.092 percent carbon steels; in fact, the materials appeared to sensitize 
somewhat during the rapid heating provided by the lead bath. Time to 
develop a given degree of sensitization becomes increasingly shorter with 
increasing carbon content. Increased carbon content also seemed to increase 
the temperature at which maximum sensitization occurs in these steels. 

Fig. 3 compares the TTS diagrams developed for 18Cr-8Ni steels containing 
0.04 to 0.25 percent nitrogen and shows that nitrogen additions retard 
carbide precipitation. For at least up to 0.16 percent nitrogen, the time 
required to reach a given carbide rating increases with increasing nitrogen. 
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FIG.  3 - - T T S  diagrams for 18Cr-8Ni stainless steel containing nitrogen. 

The 0.25 percent nitrogen steel was somewhat less resistant to sensitization 
than the 0.16 percent steel but  still more resistant than the residual nitrogen 
(0.04 percent) steel. Nitrogen appears to have a similar retardation effect 
in higher carbon steels as well (Fig. 4). This sensitization retardation effect 
is important because the amount of carbon that can be tolerated in a steel 
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FIG. 4--TTS diagrams for  0.09 percent carbon 18Cr-8Ni steels containing 0.042 and 0.24 
percent nitrogen. 

without causing harmful sensitization is increased. For example, Fig. 5 
shows that the TTS diagrams developed for the 0.11 and 0.16 percent 
nitrogen steels are similar to the one developed for a much lower carbon 
(0.028 percent) steel, indicating that a 0.04/0.05 percent carbon 18-8 steel 
with nitrogen additions should have sensitization resistance similar to that 
of much lower carbon steel. Fig. 6 allows determination of the optimum 
nitrogen content of a 0.05 percent carbon steel that will provide sensitization 
resistance similar to that of lower carbon grades. The times required to 
produce a given carbide rating in the low-carbon steel are represented by 
the dashed horizontal lines. The intersection of these lines with the solid 
maximum isocarbide lines gives the nitrogen content required to achieve a 
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FIG. 5--TFS diagrams comparing nitrogen-bearing steels with a low-carbon 18-8 steel. 

rating equivalent to the lower-carbon steel for the same exposure time and 
is about 0.11 to 0.13 percent nitrogen. 

This retardation effect of nitrogen should also be evident in conventional 
tests used to evaluate stainless steels for sensitization. Huey tests were 
conducted on solution-annealed water-quenched specimens after sensitizing 
for 1 h at 675~ The resulting carbide ratings were consistent with those 
predicted from the TTS curves. Fig. 7 shows that increasing nitrogen 
content results in lower corrosion rates, and the corrosion rate of the 0.16 
percent nitrogen steel was similar to that of the lower-carbon one. The 
highest nitrogen (0.24 percent) heat displayed a slightly higher corrosion 
rate than did the lower-carbon one but was still considerably less than the 
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FIG. 6--Nitrogen content required in 0.05 percent carbon 18Cr-8Ni to achieve 0.028 per- 
cent carbon sensitization resistance. 

0.05 percent carbon steel. Thus, the Huey test results confirm the TTS 
data and again show the beneficial retardation effect of nitrogen on inter- 
granular carbide precipitation and resulting intergranular corrosion, at 
least for the sensitizing heat treatments normally used for 18Cr-8Ni steels. 

The chief advantage of any reduced tendency toward carbide precipita- 
tion is in relation to weld heat-affected-zone (HAZ) sensitization. To evaluate 
the effect of nitrogen, solution-annealed 2.8- and 3.6-mm-thick specimens 
were gas-tungsten arc welded using welding conditions to achieve full 
penetration. After cooling to room temperature, a cross-weld was made 
using similar conditions to produce a double HAZ at the intersection of the 
welds. The welded specimens were evaluated using the 10 percent nitric- 
3 percent hydrofluoric acid weld decay test. Fig. 8 shows that for both 
thicknesses the low-carbon steel displayed a trace of attack in the weld 
HAZ whereas the residual nitrogen 0.05 percent carbon HAZ was severely 
attacked. The HAZ's of the steels containing 0.11 and 0.16 percent nitrogen 
were much more resistant to attack than was the residual nitrogen steel 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



26 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

1 8  1 - , , , , , 

I 

0 0.053%C tCS) 

16 

0C4 / 

I I I I I 
0 0.05 0.10 0.15 0.20 0.25 

Nitrogen t%) 

F I G .  7--Huey test results on sensitized (675~ h) 18Cr-8Ni containing nitrogen. 
The sensitization ratings are given at the data points. 

and performed at least as well as the low-carbon one. The HAZ of the 0.25 
percent nitrogen steel was attacked to a greater degree than the 0.16 
percent nitrogen and low-carbon steels but less so than the residual nitrogen 
steel. The results of these tests again confirm the isothermal data provided 
by the TTS diagrams and the Huey test results in that nitrogen does indeed 
retard intergranular carbide precipitation kinetics and the resulting inter- 
granular corrosion, at least within the exposure times and temperatures 
required for evaluation tests and those encountered in the weld HAZ. 

Material from several commercial heats of 18Cr-8Ni stainless steels 
containing nitrogen variations (0.016 to 0.15 percent) was also evaluated 
for sensitization characteristics to support the results obtained with the 
low-carbon laboratory heats. The carbide ratings and Huey and Streicher 
test results on both mill-annealed and sensitized (675~ for 1 h) specimens 
are listed in Table 2. As shown, none of the mill-annealed commercial 
materials displayed any evidence of sensitization, and corrosion rates in 
the Huey and Streicher tests were low. After sensitizing heat treatments, 
all of the steels displayed C2/C3 carbide ratings and again corrosion rates 
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FIG. 8--Results of weld decay tests on 18Cr-8Ni stainless steels. 

in Huey and Streicher tests were low. Thus, it appears that, at least up 
to 0.15 percent, nitrogen has little effect on the normally excellent sensi- 
tization resistance of the low-carbon 18Cr-8Ni stainless steels. Weld decay 
test results, Fig. 9, again indicated that nitrogen additions up to 0.15 
percent do not adversely affect the HAZ sensitization resistance of these 
steels to the degree that it can be detected by this test. 

Corrosion Resistance 

Genera l  a n d  P i t t ing  Corrosion 

The anodic polarization characteristics of solution-annealed nitrogen- 
containing 18Cr-8Ni steels were determined at room temperature in hydrogen- 
saturated 0.5 molar sodium chloride in a one normal sulfuric acid solution. 
The resulting anodic polarization curves are shown in Fig. 10 and indicate 
that increasing the nitrogen in these steels results in improved corrosion 
resistance as characterized by lower critical and passive currents, a wider 
passive region, and higher pitting potentials. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



28 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

I r 
r,1 

.<  

e~ 

~ .  

�9 o , 

. N N  
~ d d ~  

N 

< 

N q q q ~  

Z m ~ m m  

, o  

E 
8 

> 

O 

O 

0 ~ 0 
~. 0 " ,  ~, 

~ d ~ e  

~ ~ ' ~  

Copyright  by ASTM Int ' l  (al l  r ights  reserved);  Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
Universi ty of  Washington (Universi ty of  Washington) pursuant  to License Agreement.  No further  reproductions authorized.



ECKENROD AND KOVACH ON EFFECT OF NITROGEN 29 

FIG. 9--Weld decay test results on 18Cr-8Ni containing 0.016 to 0.15 percent nhrogen. 

The anodic polarization data suggest that increased nitrogen should 
improve the pitting and crevice corrosion resistance of 18Cr-8Ni steels; 
therefore the laboratory-produced steels were evaluated in several chloride- 
type pitting and crevice corrosion tests. A ferric chloride immersion test 
revealed that the pitting frequency and weight loss decreases with increasing 
nitrogen, Fig. 11, again suggesting improved pitting resistance. Similar 
benefits for increased nitrogen were observed in a pitting test that utilizes 
increased sodium chloride concentrations, Fig. 12. Rubber band crevice 
corrosion tests in similar solutions also indicated improved resistance for 
the higher nitrogen steel, particularly at low chloride concentrations, 
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FIG. lO--Anodic polarization curves for 18Cr-8Ni stainless steels containing nitrogen. 
Hydrogen deaerated one normal H2S04 plus 0.5 M NaCI at room temperature. 

Fig. 13. In a more aggressive environment--the nitric-hydrofluoric acid 
solution normally used to evaluate weld decay--nitrogen had little or no 
effect on the corrosion rate, which ranged from 9.8 to 11.4 mg/cm2/h.  

S t r e s s  Corros ion  

The early literature on stress corrosion shows various effects for nitrogen 
which appear to depend on the structural stability of the base composition 
in regard to delta-ferrite, and initial purity in regard to carbon and nitrogen 
content. Base compositions of nominally 18Cr-8Ni steels that contain some 
delta-ferrite in the solution-annealed condition have reasonable stress 
corrosion resistance in magnesium chloride (MgC12), but susceptibility 
increases with nitrogen additions, which also eliminate delta-ferrite [4-6] .  

This behavior is consistent with many observations that delta-ferrite will 
improve resistance to stress corrosion. Studies on delta-ferrite-free alloys 
have generally used base compositions containing 12 or 20 percent nickel 
having high initial purity with regard to carbon and nitrogen. With nitrogen 
of about 0.016 percent, or less, good resistance to boiling MgClz has been 
demonstrated [5 ,7-11] ,  but susceptibility increases rapidly as nitrogen 
reaches about 0.03 percent. Failure times continue to be very rapid for 
nitrogen exceeding 0.03 and up to at least 0.25 percent and so the data do 
not allow an interpretation as to whether the higher nitrogen produces 
a further detriment. A nitrogen level of about 0.03 percent is the typical 
residual level for electric furnace melted steels. This then is probably the 
reason that studies on commercial purity levels have often shown no effect 
for nitrogen [6,12,13]. 
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FIG. 12--Pitting test results on 18Cr-8Ni steels containing O. 047 and O. 13 percent nitrogen; 
1 h exposure at room temperature. 

Using U-bend specimens, it has been shown that nitrogen increasing 
over the range of 0.033 to 0.205 percent will increase stress corrosion 
susceptibility in boiling 42 percent MgC12 [14,15]. This susceptibility 
increase was produced by a rapidly increased time of crack initiation with 
nitrogen, but the rate of propagation decreased with higher nitrogen. 
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FIG. 13--Rubber  band crevice corrosion test results on O. 047 (3,437) and O. 13percent  (3.439) 
nitrogen 18Cr-SNi steels: 16 h at 39~  in the indicated sodium chloride concentration. Solu- 
tions also contained 1 percent potassium ferricyanide. 

This suggests that the higher stresses produced by higher nitrogen in the 
U-bend specimens may have been the primary accelerating factor rather 
than nitrogen content per se. Also, aging treatments at 154 and 200~ 
prior to testing had a strong accelerating effect on crack initiation, indicating 
that the nitrogen effect may not occur in lower-temperature environments 
where the aging reaction might not take place. 

Our experiments were designed to evaluate the effect of nitrogen in 
several halide environments in addition to (154~ MgC12, some of which 
were intended to simulate the most commonly encountered industrial 
environment of sodium chloride containing cooling water. Temperatures 
were also maintained near 100~ which is the maximum temperature 
encountered on the waterside of most water-cooled process equipment. 

Experiments were conducted in boiling (154~ MgC12 to compare 
the performance of U-bend, 90-deg bend, and bent-beam specimens. 
The specimens were prepared from 0.8-mm-thick solution-annealed material. 
In this test, all specimens developed cracks within 1 h of exposure regard- 
less of nitrogen content. After 1 h exposure, cross sections were taken 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ECKENROD AND KOVACH ON EFFECT OF NITROGEN 33 

from the edge, �88 width, and mid-width of 90-deg bend specimens and 
evaluated for crack frequency and crack depth with the results shown 
in Fig. 14. Cracking frequency and maximum crack depth increased with 
nitrogen content but the average crack depth decreased. This trend became 
most pronounced as the nitrogen exceeded 0.16 percent. These results are 
in general agreement with the work of Eckel et al [14,15], showing increased 
initiation and lower crack propagation rates with nitrogen additions to 
18Cr-8Ni stainless. 

Two-point loaded bent-beam specimens were also evaluated in boiling 
(154~ MgCI2 at a calculated outer fiber stress level of 415 MPa (60000 lb/ 
in.2), assuming elastic behavior. This stress was above the elastic limit of 
the solution-annealed specimens. This was intended to produce a more 
uniform stress level in the plastic region for various alloy nitrogen contents 
than would be achieved with U-bend specimens. With this test procedure 
and an exposure time of 237 h, no cracking occurred with nitrogen content 
over the range of 0.034 to 0.16 percent. Cracking occurred only at the 0.25 
percent nitrogen level. 

Stress corrosion evaluations using constrained 0.8-mm-thick U-bend 
specimens were conducted in six different aqueous chloride environments 
at temperatures of about 100~ These environments were: 20 percent 
MgCI2 boiling at 107~ 20 percent CaCI2 boiling at 107~ 20 percent 
NaC1 boiling at 102~ 10 percent NaC1 boiling at 100~ synthetic sea- 
water boiling at 100~ and 5 percent NaCl-acetic acid (pH-3.0) cycling 
from wet to dry in 2 min over a temperature range of 60 to ll0~ The 
boiling environments were run continuously with condensers and no 
maintenance of the solution, whereas in the cyclic test the solution was 
replaced every 24 h to maintain a reasonably constant pH. The specimens 
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FIG. 14--Influence of nitrogen on the stress corrosion cracking of unrestrained 90-deg 
bends of l8Cr-8Ni steel in boiling (154~ MgCI2 solution. 
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were removed and examined periodically throughout the test period to 
make observations on the time of crack initiation, time of complete crack 
penetration, and on crack frequency and site of crack initiation. The alloys 
evaluated consisted of two 18Cr-8Ni heats containing normal residual 
nitrogen of 0.036 percent (Heats 1H32 and 3754) and three heats with 
nitrogen contents of 0.11, 0.16, and 0.25 percent (Heats 3751, 3752 and 
3753). 

The times for crack initiation or complete penetration did not display 
any consistent pattern within either the low- or high-nitrogen alloy groups 
and so the test data are summarized by group (A--residual nitrogen; 
B--0.11 to 0.25 percent nitrogen) in Fig. 15. In 20 percent MgCl2, cracks 
initiated within 2 h in all alloys and the failure times were also essentially 
the same at between 30 and 36 h. In 20 percent CaC12, initiation times 
were also essentially the same but the failure times ranged to considerably 
longer times of 102 h for the high-nitrogen group compared with 62 h for 
the low-nitrogen group. Stress cracking did not occur in any of the boiling 
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sodium chloride or seawater environments over test periods ranging from 
1 to 3 months even though pitting had initiated. In the cyclic 5 percent 
sodium chloride environment, although pitting had initiated in 41A months 
in the 0.25 percent nitrogen alloy and in all alloys after 6 months, cracking 
initiated after 9 months in all alloys regardless of nitrogen content and the ini- 
tiation sites were prior corrosion pits. The stress corrosion cracks were the 
transgranular branching type, but the depth of penetration was considerably 
less at 0.11 and 0.16 percent nitrogen than at lower or higher nitrogen 
content as shown in Fig. 16. 

FIG. 16--Pitting and stress-corrosion crack penetration in U-bend specimens after nine 
months' exposure in an acidified sodium chloride wet-dry cyclic test (reduced 50 percent). 

The overall results of these tests indicate that nitrogen over the range 
of 0.11 to 0.25 percent does not appear to accelerate the time of crack 
initiation. Nitrogen may also retard the rate of crack propagation over 
the 0.11 to 0.16 percent nitrogen range on the basis of longer failure times 
in 20 percent CaC12 and less crack penetration in cyclic 5 percent sodium 
chloride. These results are in conflict with some of the previously described 
studies showing a detrimental effect of high nitrogen in boiling (154~ 
MgC12 using U-bend specimens. Since MgCl2 and U-bend specimens were 
used in the present study, it appears that the lower temperatures employed 
may account for the results. It is possible that the aging reaction at 154 
and 200~ demonstrated by Eckel et al, to accelerate cracking in high 
nitrogen alloys, is not operative or sufficiently retarded at 100~ so as to 
avoid a detriment from nitrogen of this temperature. 
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Mechanical Properties 

Fig. 17 shows the effect of nitrogen on the strength and ductility of 
18Cr-8Ni stainless steels. Although the data are plotted as a function of 
carbon plus nitrogen, the carbon range was relatively narrow in most cases 
so that the curves primarily reflect changes in nitrogen content. As is well 
known, nitrogen is demonstrated to be an effective austenite strengthener 
and, from the slopes of the curves, a 5.5 to 6.2-MPa (800 to 900 psi) 
increase in strength can be expected for each 0.01 percent nitrogen. The 
strengthening effects are similar for both yield and tensile strength, sug- 
gesting that nitrogen in relatively stable austenite has little or no effect 
on work-hardening rate. In fact, the measured work-hardening rates for 
both the laboratory and commercial steels were low and within a very 
narrow range, 0.27 to 0.31. Note that for a given carbon plus nitrogen 
content the commercial heats have slightly higher yield strengths than the 
laboratory heats, probably reflecting the more effective laboratory anneal. 

I I I I I I I I 

70 I-- ,,.~.~ 

o 

g 60 1 " , ,"~o Ao 

,-5, 
5 

~ l l O  
v 

IO0 

80 

7o 

= 6 0  

40 

o 30 

- 

~ T  0 

- -  7 6 0 ~  

-- 690 ~. 
0 

620 ~n 

sso.-'- 

- 4 e o ~  

345 ! 

275 

205~ 

B 

0.10 0.20 0.30 
%C plus %N in Steel 

0 

2c i I J I i I = ~ 4 o  ~ 
0 0.40 

FIG. 17--Effect of nitrogen on the room-temperature mechanical properties of laboratory 
(circles) and commercial (triangles) 18Cr-SNi steels. 
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In regard to ductility, the tensile elongation decreases with increased 
nitrogen; however, even the highest nitrogen alloy had 50 percent elonga- 
tion, which is more than adequate for most applications. There was no 
apparent effect of nitrogen on Olsen cup ductility; cup heights ranged from 
10.3 to 11.3 mm. The loads required to make the cup generally increased 
with increasing nitrogen, reflecting the higher strength. 

To further study the effects of nitrogen on mechanical properties, tension 
test results on 210 commercial heats of 18-8 containing 0.016 to 0.29 
percent nitrogen were reviewed and statistically analyzed. Included in 
the analysis were coils of varying thickness and processing and some published 
data on T-304 plate [1]. Only the yield strength was considered in the 
analysis, since yield strength is the criterion used for most design stresses. 
The average, ranges, and three standard deviations sorted to nitrogen 
ranges, for heats above and below 0.03 percent carbon, show general 
trends of increased yield strengths with increasing nitrogen below and 
above 0.03 percent carbon, Fig. 18. More importantly, note that the yield 
strength of the low-carbon steels containing 0.05 to 0.09 percent nitrogen 
is about the same as the higher carbon steel with less than 0.04 percent 
nitrogen. 

The higher strength provided by nitrogen additions to 18Cr-8Ni steels 
persists to elevated temperatures (Fig. 19) and cryogenic temperatures [1] 
and results in improved creep properties [16]. Also, room-temperature 
strength and ductility of high-nitrogen (0.16 percent) Type 304L were 
affected less than 0.031 percent nitrogen Type 304L after long-time (3000 h) 
exposure during creep at temperatures of 595, 705, and 815 ~ [17]. 

Weldability 

The effect of nitrogen on general weldability was evaluated by gas tungsten- 
arc welding 1.S-mm-thick sheets produced from the laboratory heats. 
There was no unusual behavior observed during welding and there was 
no difference in the general appearance of the welds. Microstructurally, 
the steels containing up to 0.16 percent nitrogen had typical as-cast dendritic 
structures with decreasing amounts of delta-ferrite with increasing nitrogen. 
The welds of the two highest nitrogen steels (0.24 and 0.25 percent) had 
wholly austenitic microstructures and tended to be coarser grained than 
the lower-nitrogen steels. In addition, the two highest-nitrogen welds 
displayed microporosity as well as visible pinholes. 

Up to 0.16 percent nitrogen, the welds were ductile in that no cracks 
were evident in 180-deg bends made perpendicular and parallel to the 
welds. Although no cracks were observed on the 0.046 percent carbon-0.25 
percent nitrogen steel, there was evidence of nonuniform deformation 
on the bend, which probably resulted from the large grain size. Some 
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cracking was observed in the weld metal and HAZ of the high-carbon 
(0.090 percent)-nitrogen (0.24 percent) steel. 

Fully austenitic, highly alloyed stainless steel welds and HAZ's are 
susceptible to hot-cracking; however, 18Cr-8Ni steel normally is not as 
susceptible as the higher-alloyed steels because of its relatively low total 
alloy content, and the chemical composition is such that welds usually 
contain some delta-ferrite, which minimizes cracking problems. Nitrogen- 
enriched 18-8 will contain less ferrite and, depending on chemical com- 
position, can be wholly austenitic. However, there was no visible or micro- 
scopic evidence of weld or HAZ cracking in any of the laboratory welds. 
To further evaluate cracking susceptibility, circular weld tests were conducted 
on 3.5-mm-thick material from each of the laboratory steels and three 
commercial heats, 650874 (0.028 percent nitrogen), 650951 (0.13 percent 
nitrogen), and 161154 (0.15 percent nitrogen). Welding conditions were 
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FIG. 19--Effect of  nitrogen on the elevated-temperature mechanical properties of  18Cr- 
8Ni stainless steels. 

selected that normally cause centerline weld cracks in wholly austenitic 
stainless steels. Under these conditions, no weld cracking was observed in 
any of the laboratory or commercial heats, except for the high-carbon 
(0.09 percent)-nitrogen (0.24 percent) steel, where one small transverse 
crack was found. Considerable gas tungsten-arc welded tubing and pipe 
has been produced from commercial AISI T-304 and T-304L containing 
up to 0.09 percent nitrogen, with no problems directly related to the 
nitrogen content. 

Conclusions 

In addition to its well-known effects as a potent austenitizing and strength- 
ening element, nitrogen added to 18Cr-8Ni austenitic stainless steels pro- 
vides other benefits as well. Nitrogen is a potent strengthening element 
when added to 18Cr-8Ni steels, and a 5.5 to 6.2-MPa (800 to 900 lb/in. 2) 
increase in strength can be expected for each 0.01 percent nitrogen. This 
effect is particularly advantageous in the lower-carbon steels since it produces 
improved strength without degrading the normally excellent resistance to 
weld HAZ sensitization and intergranular corrosion after sensitizing heat 
treatments. The higher strength provided by the nitrogen persists to elevated 
temperatures and also results in improved creep properties. 

Nitrogen additions of up to 0.16 percent retard sensitization and associated 
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i n t e rg ranu la r  corrosion of  0.04 to 0.09 percen t  ca rbon  18Cr-8Ni steels. 
In  steels conta in ing  less t han  0.03 percen t  carbon,  n i t rogen add i t ions  of  
up  to 0.15 percen t  a p p e a r  to have no de t r imenta l  effect on the  normal ly  
excel lent  sensi t izat ion resis tance of  these steels. 

P i t t ing  and  crevice corrosion res is tance,  as measured  by anodic  polar iza-  
t ion and  p i t t ing  and  crevice corrosion tests in ch lor ide-conta in ing  media ,  
is improved  by ni t rogen addi t ions .  Stress corrosion c rack ing  suscept ibi l i ty  
evaluat ions  in several chlor ide  med ia  showed no clear  advan tages  or  dis- 
advantages  for  up  to 0.16 percen t  n i t rogen,  bu t  0.25 percent  appea r s  to 
be de t r imen ta l  in some envi ronments .  

Ni t rogen add i t ions  of  up  to 0.16 percen t  had  no a p p a r e n t  effect on 
weldabi l i ty  whereas  h igher  n i t rogen t ended  to p roduce  microporos i ty  and 
less than  o p t i m u m  weld ducti l i ty.  
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DISCUSSION 

W. L Weed I (written discussion)--Very good  pape r .  Conf i rms da t a  we 
have developed.  Wi th  regard  to n i t rogen levels, we have found  tha t  0.25 

ij & L Steel Corp., Specialty Division, Pittsburgh, Pa. 
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to 0.30 percent nitrogen 18Cr-8Ni alloys can be welded with good ductility 
in the as-welded condition provided the welding conditions are adjusted, 
that is, weld speed reduced. 

J. J. Eckenrod and C. W. Kovach (authors' closure)--Thank you for your 
comments on our paper and we are pleased to learn that 0.25 to 0.30 per- 
cent nitrogen 18Cr-8Ni alloys can be welded with good ductility in the as- 
welded condition. Our higher-carbon (0.090 percent)-0.24 percent nitrogen 
alloy was the only one that displayed somewhat poorer weld ductility. A 
lower-carbon (0.046 percent) alloy having about the same nitrogen content 
displayed good weld ductility. We have not performed any studies on ad- 
justing welding conditions to improve the weld ductility of the higher-carbon 
alloy. 
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Mechanical Properties of AISI 316 Austenltle Weld Metals," Properties of  Austenitic 
Stainless Steels and Their Weld Metals (Influence of Slight Chemistry Variations), 
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ABSTRACT: It is generally recognized that the long-term ductility of AISI 316 stain- 
less steel weld metal is inferior to that of the parent metal but is influenced by weld 
metal composition. The present work is the initial part of a broadly based investiga- 
tion of the high-temperature mechanical properties of AISI 316 weld metals. In part- 
icular, the correlation between manual metal-arc (MMA) electrode constitution and 
weld deposit tensile strength and ductility at temperatures between 500 and 700~ has 
been examined. It was found that these material properties depended upon the basicity 
of the electrode coating, and the observed variations have been explained in terms of 
differences in weld metal composition arising from changes in the slag/metal reactions 
which occur during welding. 

Phosphorus and boron levels have also been investigated. Variations in the former 
have no effect on tensile properties, while 60-ppm boron increases deposit strength 
without significantly reducing ductility. This is probably a consequence of the effect 
of boron on the microstructural stability of the weld metal. 

KEY WORDS: austenitic weld metals, electrode coating, high-temperature tensile 
properties, slag/metal reactions, residual elements, boron, phosphorus, microstructure 

A I S I  316 has  b e e n  selected for  w idesp read  use  in  fu tu re  power  p l a n t  
app l i ca t ions ,  a n d  in  m a n y  s i t ua t ions  j o in t s  will be  f ab r i ca t ed  u s ing  the  
m a n u a l  me t a l - a r c  ( M M A )  we ld ing  process .  Elec t rodes  c o m m o n l y  used  for  
we ld ing  A I S I  316 a re  bas ic  coa ted  (bas ic i ty  i ndex  > 2 a n d  typical ly  48 
CaCO3-15SiO2).  They  depos i t  welds (of - 1 7 C r - 9 N i - 2 M o  compos i t i on  

c o n t a i n i n g  be tween  3 a n d  8 p e r cen t  de l ta - fer r i te  to overcome h o t - c r a c k i n g  

1Research officer, Central Electricity Generating Board, Marchwood Engineering Labora- 
tories, Marchwood, South Hampshire, U.K. 
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problems) which have been shown to possess superior strength and ductility 
to weld metals of matching composition. However, some commercially 
available varieties of these electrodes can be difficult to handle and so the 
deposition of defect-free welds cannot be readily achieved. Rutile-coated 
electrodes (basicity index < 1; typically 6CaCo3-13SiO2-38TiO2) are 
available and have been considered for use [1 ]2 since experience has shown 
that a high proportion of readily ionizable elements such as tanium 
stabilize the arc voltage at a relatively low level. Furthermore, the slag 
produced is more fluid and easily removed and, although this may possibly 
restrict positional welding, there should be a distinct advantage in terms 
of handleability. In addition, recent U.S. work has shown that it may be 
possible to improve the high-temperature mechanical properties of 308 
weld deposits by controlling the levels of residual alloying elements present. 

However, the role of electrode coating composition in determining 316 
weld deposit mechanical properties has, as yet, received little attention. 
The present paper outlines results obtained from initial work aimed at 
correlating electrode coating composition, d~oxidation practice, and weld 
deposit composition (notably boron and phosphorus levels) with the high- 
temperature mechanical properties of weld metals of essentially identical 
microstructure based on 17Cr-9Ni-2Mo. 

Previous Work 

Binkley, Goodwin, and Harman [2] first reported that the use of lime- 
titania or titania (rutile) electrodes for welding AIS1 308 stainless steel 
markedly improved the creep rupture life of the weld metal when subse- 
quently tested at 650~ However, this enhanced creep life was accom- 
panied not only by a reduction in creep ductility but also by a more rapid 
decrease in this property with increasing rupture time. No differences in 
deposit composition or microstructure were observed which could account 
for the measured variation in properties. 

In order to improve this poor long-term ductility, Binkley, Berggren, and 
Goodwin [3] systematically varied the impurity levels of AISI 308 weld 
deposits and selected for study titanium, phosphorus, sulfur, and boron. 
They also varied the carbon and silicon levels in their program. Tests were 
again performed at 650~ (with up to -700 h rupture life) and only 
phosphorus, boron, and titanium were found to benefit creep ductility 
without impairing creep life. Further work reported by Cole et al [4] 
claimed that combined optimum additions of these three elements at levels 
of approximately 0.007B-0.42P-0.06Ti benefited properties to an even 
greater extent. Less detailed tests carried out on AISI 316 illustrated a 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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similar general effect of enhanced creep properties due to a controlled 
residual element content. 

The mechanisms by which these improvements in mechanical properties 
were achieved was considered to be related to the occurrence of sigma 
phase in the weld metal. The deposits contained - 8  percent delta-ferrite, 
which during testing at 650~ transformed to sigma. This phase was held 
responsible for the reduction in creep ductility with increasing creep life 
since creep cracks were found to form preferentially at sigma/austenite 
boundaries. They suggested that the presence of boron, phophorus, and 
titanium was beneficial because they not only retarded the rate of sigma 
formation but  also improved the interphase boundary properties in some 
unspecified way so that the overall creep deformation was controlled by the 
austenite matrix. 

Experimental 

Seven batches of experimental 4-mm MMA electrodes of varying basicity 
and deoxidant content were supplied by a commercial manufacturer. The 
electrodes, classified in Table 1, were all designed to deposit weld metals of 
similar composition (17Cr-9Ni-2Mo) and delta-ferrite content ( -  8 per- 
cent). 

Butt welds were made in U-groove joints in 25-mm-thick buttered mild 
steel plate according to BS 2926 and subsequently examined radiographi- 
caUy. Longitudinal all-weld metal tension specimens were machined from 
each sound weld and tested in air at 50~ temperature intervals in the 
range 500 to 700~ at a crosshead speed of 8.33 • 10 -6 mm s -1, selected 
to promote intergranular failure over the whole temperature range. During 
most of the test the erosshead speed corresponded to the specimen exten- 
sion rate and failure occurred typically between 200 and 300 h in all tests. 

Results 

Chemical Analyses 

Weld metal chemical analyses are given in Table 2 and are average 
values from specimens taken at two areas within each weld. Table 3 gives 
the analyses of most of the electrode slags. 

Mechanical Properties 

The results from the tension tests are shown in Figs. 1 and 2. Both 
ultimate tensile strength (UTS) and proof stress show a characteristic 
decrease with increasing test temperature until at 700~ they reach similar 
values. Despite some scatter, three distinct groups of data can be distin- 
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TABLE 1--Classification of electrodes. 

R 
B 
BED 

RED1 

RED2 
RLP 
RBO 

rutile-coated 17Cr-9Ni-2Mo controlled delta-ferrite 
basic-coated 17Cr-gNi-2Mo controlled delta-ferrite 
as B but containing coating additions of titanium magnesium, and zir- 

conium ferroalloys 
as R but containing coating additions of titanium, magnesium, and zircon- 

ium ferroalloys 
as RED1 but containing Fe203 in coating 
as R but with low phosphorus 
as R but with boron coating additions 

TABLE 2--  Weld metal analyses. 

R B BED RED1 RED2 RLP RBO 

Cr 17.30 17.80 18,70 17.80 17,60 17.20 17.50 
Ni 9.00 8.83 9.00 8.74 8.62 8.30 9.40 
Mo 2.30 2.20 2.10 2.10 2.30 2.10 2.00 
C 0.08 0.09 0.09 0.08 0.09 0.09 0.08 
Mn 1.61 1.53 1.53 1.64 1,72 1.61 1.60 
Si 0.45 0.15 0.20 0.60 0.75 0.70 0,60 
Ti 0.04 0.03 0.04 0.04 0.03 0,03 0.03 
P 0,04 0,02 0.02 0.03 0.03 0.01 0.03 
S 0.02 0.02 0.01 0.01 0.01 0.01 0.01 
O 0.18 0.16 0.12 0.12 0.16 0.09 0.07 
N 0.05 0.04 0.04 0.05 0.05 0.04 0.04 
B 0.002 0.002 0.001 0.001 0.002 0.002 0.006 

TABLE 3--Slag constitution. 

R B BED RED1 RED2 

K20 0,11 0.43 0.49 0.08 0.09 
CaF2 5.60 32.00 32.00 5.60 6.60 
CaO 9.00 25.00 25,00 9.80 7.00 
MgO < 0.50 < 0.50 < 0.50 < 0.50 < 0.50 
SiO2 14.70 20.50 19.50 14.40 13.40 
A120 3 3.90 0.60 0.70 3.80 3.40 
TiO 2 38.70 7.80 8.20 37.60 35.00 
Cr203 12.30 5.40 5.30 11.30 9.50 
FeO 4.00 2.80 3.70 3.60 3.80 
MnO 9.80 4.10 3.90 8.60 8.20 
P 0.11 0.06 0.04 0.11 0.09 

guished corresponding to deposits from rutile-coated, basic-coated and 
boron-containing electrodes. The futile electrodes--R, RED1, and RED2 
--deposit weld metal that exhibits improved strength properties compared 
with the deposits obtained from the basic electrodes B and BED. RBO, 
however, exhibits greater proof stresses than the other futile electrodes over 
the whole temperature range and also significantly larger UTS values at 
temperatures between 600 and 700~ It is also clear from Fig. 1 that there 
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FIG. 1--High-temperature tensile strength. 

is a small but  consistent strengthening effect within the rutile electrode 
deposits and that the results for RLP fall within this group. 

Specimen elongations at fracture separate into two groups (Fig. 2) with 
the deposits from rutile electrodes possessing poorer ductility, especially at 
higher temperatures. In this respect RLP and RBO are consistent with the 
other ruffle electrodes. Reduction of area results reflects the fracture 
strains although the boundary between the two sets of data is not as well 
defined. The values shown are average measurements taken at the point of 
fracture. 

In order to establish that the foregoing observations would be applicable 
to longer-term properties, additional tests were carried out at 600~ at a 
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FIG. 2--High-temperature tensile ductility. 

reduced extension rate of 3.33 X 10 -6 mm s -1 which gave failure in - 1 0 0 0  
h. These results are also shown in Figs. 1 and 2 and, although the absolute 
values of UTS and strain at failure are strain rate dependent (decreased 
strain rate resulting in a lowering of UTS and ductility), the same influence 
of electrode coating prevails. 

In addition to varying coating basicity, an at tempt was made to vary 
the deoxidants in the weld metal by adding the additional deoxidizing 
titanium, magnesium, and zirconium elements to the coating. These 
variations in electrode coating composition were not discernible in the 
chemical analyses, but differences in oxygen contents between B and BED 
and R, RED1, and RED2 are evident in Table 2. 
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Microstructural Examination 

Optical inspection of fractured tension specimens showed that final 
fracture occurred by linkage of cracks formed along delta-ferrite/austenite 
boundaries (Fig. 3). No significant microstructural differences were ob- 
served between any of the weld metals and Fig. 3 is representative of all 
seven. Metallographic examination also showed that there was essentially 
no variation in the inclusion contents of the weld metals. 

The amount of delta-ferrite in each weld was determined magnetically 
using an Inspector gage, and was estimated from the weld metal composi- 
tion via the Schaeffler diagram. Table 4 indicates virtually identical delta- 
ferrite contents in all deposits, and good agreement was obtained between 
the two methods. 

It is well established that a high temperatures the delta-ferrite trans- 

FIG. 3--Microstructure of failed tension specimen (X250). 
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TABLE 4--Delta-ferrite contents of as-welded deposits. 

R B BED RED1 RED2 RLP RBO 

Schaeffler diagram 7% 7% 8% 8% 7% 8% 7% 
Inspector gage 6.5% 6.5% 5.5% 7.5% 8% 7% 7% 

forms to sigma phase, but although various etching techniques were at- 
tempted to highlight this phase no success was obtained. 

Carbon replicas were also taken from a section of failed specimens and 
examined in the electron microscope. The precipitates were found to 
occupy predominantly the delta-ferrite and its boundaries with the austen- 
ite phase. Numerous selected area diffraction patterns of various pre- 
cipitates were examined but only M23C6 was  positively identified. This does 
not preclude the presence of sigma phase, however, since electron diffrac- 
tion is critically influenced by particle size and orientation. Indeed, further 
magnetic measurements on fractured specimens indicated that a significant 
reduction in the ferrite content in some of the specimens had occurred 
during the tests, and the good agreement between Schaeffler diagram 
predictions and Inspector gage measurements obtained on specimens in the 
as-welded condition suggests that these results can also be viewed with 
confidence. 

Treatment of Chemical Analysis Results 

The weld deposit chemical analyses (Table 2) show that the largest 
changes have occurred in the magnesium, titanium, and silicon elements 
and consequently it is of interest to examine their distribution in terms of 
slag/weld metal chemistry. Wolstenholme [5] working on 2CrMo electrodes 
has shown that, assuming a reaction temperature of - 1900~ equilibrium 
is attained in the slag/metal reactions and it is possible to set up experi- 
mental reaction constants (K ') 

IA(Ti)Fe + (O)Fe = �89 

K ' T i  = 
(TiO2)~ag 1/2 
(Ti)Fe '/2 • (O)r~ 

where ( )~e and ( ),~as refer to weight percent of constituents dissolved in 
weld metal and slag, respectively. 

Using this approach, the way in which the slag affects the weld metal 
composition and hence properties may be further understood. Plotting 

(TiO2),ta~ 1/2 
versus (O)Fe 

(Ti)re 1/2 
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illustrates the partitioning of the deoxidant between weld metal and slag. 
This is shown in Fig. 4 for magnesium, silicon, and titanium for the R, 
RED1, RED2, B, and BED electrodes. In each case it is apparent that the 
oxide/metal ratios are indeed related to weld oxygen content. Although the 
paucity of data and inevitable scatter inherent in the analysis of complex 
weldings slags mean that only tentative conclusions may be drawn, it is 
possible nevertheless, to discern separate trends for each element. 

In order to explain these trends, it is necessary to define the true equilib- 
rium reaction constant (K); for example 

--  (aTiO2) 1/2 ('YTiO2) 1/2 • 1 
KTi ( h T i ) l / 2 h o  - -  K'TI  (fTi)l/2 f~-- (1) 

where 

a TiO2 = Raoultian activity of the oxide in molten slag, 
hTi, ho = Henrian activities of titanium and oxygen, respectively, 

~/z~O2 = Raoultian activity coefficient of the oxide, and 
fTi, fo = Henrian activity coefficients of titanium and oxygen. 

KTi is constant for any particular reaction occurring in the weld pool; 
Ks~ and KM, can be similarly defined. However, the ratio KTi/K r Ti will 
depend upon the activity coefficients of the species involved, which will in 
turn depend upon the slag composition. This argument explains the clear 
separation of R, RED1, and RED2 from B and BED in Fig. 4, since the 
activity coefficients of the oxides in the rutile slag are significantly different 
from those in the basic slag. A similar observation was made by Wolsten- 
holme [5], who found that the presence of - 2 5  percent CaF2 in a basic 
MMA slag raised the apparent activity coefficients of both iron and man- 
ganese oxide. 

The separation of oxide/metal ratios according to the basicity of the 
electrode coating (Fig. 4) occurs in a sense that would be anticipated from 
a general consideration of the nature of the reactions involved. Slags of 
high basicity show a greater capacity for the removal of silicon, which 
forms the acid oxide silica, while the reverse is true for the manganese, 
which forms a basic oxide. Titanium, being amphoteric, cannot be categor- 
ized in the same empirical manner. 

Figure 5 shows the interdependence of the oxide/metal ratios of silicon 
and manganese which arises out of their mutual relationship with the weld 
metal oxygen content. Thus 

(SiO2)slagl/2" = Ksi (fsi)l/2 • fo (O)ve  
(Si)Fe 1/2 ('y siO 2) '/2 

and 

(MnO)s~ag _ gMn fM__.____~. • fo(O)F~ 
(Mn) Fe 3' MnO 
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FIG. S--Relationship between oxide~metal ratios of manganese and silicon. 

Combining 

(Si02).,., '/2 _ (MnO)~,.g Ksi [ fsl '/2 • ~M.O] 

(Si)w 'n (Mn)r, KMn LfM.• (Vs~02) m J (2) 

Again the term in [ ] in Eq 2 varies with slag constitution and is respon- 
sible for the separation of the data in Fig. 5 into two distinct groups. How- 
ever, there is a distinct lack of thermodynamic data on welding slags and 
hence it is not possible at present to give a detailed quantitative analysis. 

D i s c u s s i o n  

Mechanical Properties 

The results of the present work indicate that the type of electrode chosen 
for MMA welding will influence the mechanical properties of the weld 
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deposit. For as-welded deposits of identical microstructure, this effect must 
be caused by certain inherent coating characteristics which induce slight 
compositional variations in the weld metals. The chemical analyses of the 
deposits tested here are given in Table 2. 

As far as the effect of coating basicity (that is, R, RED1, and RED2 
compared with B, and BED) on mechanical properties is concerned, it is 
apparent from Table 2 that the observed differences in properties are 
compatible with variations in one or all of the following elements: phos- 
phorus, nitrogen, manganese, and silicon. 

The higher phosphorus content of deposits from rutile electrodes is pri- 
marily a consequence of the higher phosphorus in the original electrode 
coating, in which materials with intrinsically greater phosphorus impurity 
levels are used. The poorer recovery of the element by the rutile slag, which 
is low in calcium oxide, is unlikely to be of importance in determining the 
weld metal phosphorus level because of the unfavorably low percentage of 
iron oxide ( - 4  percent) present [8]. However, in view of the good agree- 
ment between the results for RLP (which has a phophorus content similar 
to B and BED) and the remaining futile electrode deposits, it is clear that 
the difference in tensile properties as a function of coating basicity cannot 
be ascribed simply to variations in phosphorus content. 

The increased nitrogen content of weld metals from futile electrodes is 
due to the poorer gas shielding properties of the coating, which has an 
intrinsically low CaCO3 content. The reported effects of this element upon 
mechanical properties are conflicting; Davis and Cullen [6] state that up to 
0.29 percent nitrogen (N2) has little effect on AISI 308 weld metal while 
Stone [7] claims a beneficial influence. From concurrent work in progress 
at Matchwood Engineering Laboratories (MEL) it is felt that variations in 
nitrogen content will only be important at levels which significantly affect 
the delta-ferrite content of the weld. In the present work the differences in 
N2 content between the two types of coating are in any case small. 

From Fig. 4 it is clear the (KMn')basic < (KMn')rutile and (gsi')basic > 
(Ksi ')r~t,o and that the ratio of (KM, ')ruffle to (gMn ')basic is less than the ratio 
of (Ksi ')ha,it to (Ksi ')rutile. This explains the lower variation in manganese 
content between rutile and basic deposits, which in fact is unlikely to cause 
a noticeable change in properties. The equilibrium reaction constants also 
determine the absolute levels of particular elements in the deposited weld 
metal, and from Fig. 4 it is apparent that deposits from ruffle electrodes 
will invariably contain higher silicon contents than those from basic elec- 
trodes. Silicon is well known as a solid solution hardener and, in fact, 
Binkley, Berggren, and Goodwin [3] noted a marked difference in creep 
properties between AISI 308 weld metals containing 0.29 and 0.47 percent 
silicon, which are levels similar to the present work. Within each electrode 
class there is an ostensible effect of deoxidant procedure upon mechanical 
properties (Figs. 1 and 2) which appears to be related to silicon content. 
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Microstructure 

In general the enhanced tensile strength of deposits from futile elec- 
trodes is gained at the expense of ductility. The drop in ductility is about 
10 percent elongation but the weld metal still retains overall - 12  percent 
elongation and - 30 percent reduction of area. 

The temperature range over which the current work was carried out 
(500 to 700~ spans a large part of the region where the ferrite -- sigma 
transformation occurs. The kinetic data of Weiss and Stick]er [9] on 
solution-treated 316, Willingham and Gooch [10] on 316 weld metal, and 
magnetic measurements indicate qualitatively that a certain amount of 
sigma formation may have occurred at the higher end of the temperature 
range (600 to 700~ where failure times were typically -300 h. However, 
these same sources suggest that at 500 and 550~ the extent of sigma-phase 
transformation will have been very limited. Despite this, the experimental 
results Figs. 1 and 2 display the trends previously discussed over the entire 
temperature range. Consequently, in the present work, the occurrence of 
sigma phase must play only a minor part in determining the observed 
mechanical properties, and differences between deposits from rutile and 
basic electrodes are probably unrelated to changes in the kinetics of forma- 
tion of sigma phase caused by the presence of certain alloying elements. 

By contrast, the boron-containing deposit shows a strength (UTS) im- 
provement only at higher temperatures and so it may be inferred that this 
element influences the kinetics of sigma phase formation from delta-ferrite. 
This is supported by work carried out on wrought 316 by Williams et al 
[11], who showed that boron forms borocarbides M23 (C, B)6 and stabilizes 
them at the expense of sigma-phase formation. 

Conclusions 

The use of rutile coated electrodes appears to offer distinct advantages in 
terms of handleability and strength, especially if improvements in long- 
term ductility can be achieved by further compositional controls. In this 
respect the rate of formation of sigma phase from delta-ferrite and its 
retardation by certain residual elements may play a significant role. Based 
on relatively short-term high-temperature work, the following conclusions 
may be drawn. 

1. In the manual metal-arc welding of AISI 316 stainless steel the basicity 
of the electrode coating significantly influences the high-temperature 
tensile properties of the deposit. Rutile-coated electrodes deposit welds of 
superior strength but slightly inferior ductility compared with welds from 
basic-coated electrodes. 

2. The observed variation in properties probably stems from the higher 
silicon content of rutile deposits which is consistent with the slag chem- 
istry of futile electrodes. 
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3. Silicon achieves the  effect jus t  men t ioned  by solid solut ion ha rden ing  
and not  by inf luencing the rate  of  s igma format ion .  

4. The  add i t ion  of  boron  to the weld metal  increases both  proof  stress 
and  UTS bu t  leaves duct i l i ty  largely unaffected.  

S. Boron p robab ly  achieves the  a forement ioned  effect by delaying the 
fo rmat ion  of  s igma phase.  

6. Addi t ions  of  phosphorus  up  to - 0 . 0 4  weight percent  have no effect 
on h igh - t empera tu re  tensile proper t ies .  
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Elements Have Significant Effects on the Elevated-Temperature Properties of Austenltic 
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ABSTRACT: The influence of various residual elements on the elevated-temperature 
properties of austenitic stainless steel welds has been investigated at the Oak Ridge 
National Laboratory (ORNL). Included in this investigation are the effects of boron, 
phosphorus, titanium, carbon, sulfur, and silicon. This work is aimed at developing 
austenitic stainless steel weld materials with enhanced elevated-temperature properties. 

The materials investigated include types 308, 316, and 16-8-2 stainless steel weld 
metals. Processes investigated include shielded metal-arc (SMA), gas tungsten-arc 
(GTA), and submerged-arc (SA) welding. Early work was done with Types 308 and 
316 SMA weld metals, where the greatest enhancement of properties resulted from 
controlled additions of boron, phosphorus, and titanium to the deposits. Significant 
improvements in the properties of GTA and SA welds also result from the addition 
of these residual elements. The optimum residual element compositions were determined 
to be nominally 0.05Ti-0.04P-0.006B for SMA welds and 0.5Ti-0.04P-0.006B for GTA 
welds. Submerged-arc welds with 0.2Ti have exhibited improved creep strengths for all 
three materials. 

KEY WORDS: austenitic stainless steels, weld metal properties, welding, creep- 
rupture properties 

A significant problem in the production of fully austenitic stainless steel 
welds is their tendency for hot-cracking and microfissuring. To minimize 
this tendency, the compositions of welding materials are generally modified 

*Work performed under ERDA/RDD 189a OHO24, Joining Technology Development. 
1 Development engineer, Welding and Brazing Laboratory group leader, and Division of 

Fossil Energy program manager, respectively, Oak Ridge National Laboratory, Oak Ridge, 
Tenn. 37830. 
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to produce small amounts of delta ferrite (usually 3 to 7 volume percent) 
in the as-welded structure [1]. 2 However, when these materials are exposed 
to elevated temperatures (500 to 900~ for extended periods of time, the 
ferrite can transform to a hard, brittle phase known as sigma phase [2]. 
This transformation can lead to low-ductility ruptures (and low strength in 
some cases) when sufficiently high stresses are applied at elevated tempera- 
tures. When this occurs, ruptures generally occur along intersubstructural 
boundaries between the austenite and sigma phases [3]. Therefore, the 
transformation of ferrite to sigma phase is recognized to cause low-ductility/ 
low-strength ruptures in many cases. In an attempt to produce austenitic 
stainless steel materials which do not exhibit this type of rupture after 
extended times at these temperatures, we are investigating factors that 
affect the properties of gas tungsten-arc (GTA), shielded metal-arc (SMA), 
and submerged-arc (SA) welds. 

Development Work 

Early work [4] on this program revealed that welds made with Type 308 
SMA electrodes with titania and lime-titania coatings had higher creep 
strengths than welds made with lime-coated electrodes (Fig. 1). This indi- 
cated that titanium from the electrode coating had a major effect on the 
creep properties of the weld. Electrodes were then made by a commercial 
manufacturer using standard lime-titania coatings formulated to yield 
deposits with high and low levels of carbon, silicon, sulfur, phosphorus, 
and boron. The following results were obtained from this study. 

1. Higher carbon contents (up to 0.074 percent) markedly increase 
rupture lives but decrease creep ductilities (Fig. 2). 

2. Reducing silicon content (to 0.29 percent) increases ductility, with 
negligible effects on rupture life (Fig. 3). 

3. Higher levels of phosphorus (up to 0.04 percent) increase rupture 
life and ductility (Fig. 4). 

4. Variations in sulfur content (0.006 to 0.027 percent) have negligible 
effects on creep (Fig. 5). 

5. Higher levels of boron (up to 0.06 percent) increase rupture life and 
ductility (Fig. 6). 

Similar work was done for Type 316 stainless steel SMA weld metals. 
Results of this study led to the development of SMA Types 308 and 316 
stainless steel weld metals with enhanced creep strengths and ductilities 
(Type 308 data are shown in Fig. 7). These materials are called Controlled 
Residual Elements (CRE) electrodes and produce nominally 0.05Ti-0.04P- 
0.006B in the deposit. 

We have also investigated Types 308, 316, and 16-8-2 GTA welds. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1--Comparison o f  creep-rupture curves for Type 308 stainless steel SMA welds tested 
at 649~ (1200~ and 125 MPa [18 0019 (lb/in. 2)] 

Several small heats of GTA welding wire with varying amounts of boron, 
phosphorus and titanium were made at Oak Ridge National Laboratory 
(ORNL). Results from creep testing of welds made from these heats showed 
that titanium is the most potent strengthener and produces the greatest 
increases in ductility. In addition to improving properties, the extra titanium 
increased the amount of ferrite in the welds without the low-ductility 
ruptures commonly associated with the instability of this phase. It was 
determined (Figs. 8 and 9) that the best combination of residual elements 
in the Type 308 stainless steel GTA welds is nominally 0.5Ti-0.04P-0.006B, 
with the levels of all other residuals as low as possible. Similar results were 
obtained for Type 316 stainless steel GTA weld metals. These residual 
element additions did not significantly improve the properties of Type 
16-8-2 stainless steel GTA weld metals. 

In an attempt to demonstrate commercial capabilities for producing 
CRE wires, we have procured several large (225 kg) stainless steel ingots 
from four steelmakers. Wires have been drawn from these ingots for GTA 
and SA welding. Preliminary results from creep testing of GTA welds 
made from these wires indicate that several of the large heats have proper- 
ties comparable with the smaller CRE heats described in the foregoing 
(Type 308 weld metal data are shown in Figs. 10 and 11). Similar results 
were obtained for Type 316 GTA weld metals. Also, SA test welds have 
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FIG. lO--Creep-rupture strength of Type 308 stainless steel GTA weldments at 649~ 
(1200QF). (Asterisks denote limits derived from Ref  5.) 

been made with these wires using various commercial fluxes. Creep-rupture 
testing (Type 308 weld metal data are given in Fig. 12) has shown that 
higher than normal titanium concentrations (approximately 0.2 percent) in 
these SA welds greatly enhance the creep strength. Similar results were 
obtained with Types 316 and 16-8-2 weld metals. 

In summary, we have found that additions of boron, phosphorus, and 
titanium to Types 308, 316, and 16-8-2 stainless steel welds can produce 
enhanced elevated-temperature properties. The optimum residual element 
compositions for Types 308 and 316 were determined to be nominally 
0.05Ti-0.04P-0.006B for SMA welds and 0.5Ti-0.04P-0.006B for GTA 
welds. Submerged-arc welds with approximately 0.2Ti have exhibited 
improved creep strengths for all three materials. 
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FIG. l l--Creep-rupture ductility of  Type 308 stainless steel gas tungsten-arc weldments 
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DISCUSSION 

Raymond Cockroft i (written discussion)--Are the authors totally convinced 
that high-temperature fissuring in sigma-containing welds starts/initiates 
at the sigma-austenite phase boundary? 

D. P. Edmonds, R. 7". King, and G. M. Goodman (authors' closure)--In 
most cases where we have done extensive optical and electron microscopy 
of ruptured creep specimens, we have found the creep fractures to propagate 
along austenite-sigma phase boundaries. This leads us to believe that when 
sigma phase is present in austenitic stainless steel welds, creep voids initiate 
at austenite-sigma boundaries. 

1 Cameron Iron Works, Houston, Texas. 
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ABSTRACT: Creep and creep-rupture properties of several experimental heats of 
Type 304 stainless steel containing 20, 50, 100, 200, 500, 700, and 1000 ppm (by 
weight) of niobium were investigated in the temperature range of 482 to 649~ 
Resistance to intergranular corrosion of these heats was also studied. Results of tests 
on the experimental heats were compared with the creep properties of 20 commercial 
heats of Type 304 stainless steel and data from the literature on several heats of Type 
347 (4000 to 3000 ppm niobium) stainless steel. 

Results on experimental heats were used to check that heat-to-heat variations in 
creep properties of 20 commercial heats of Type 304 stainless steel are caused by 
variations in carbon, nitrogen, grain size, and for the most part by residual niobium 
(10 to 200 ppm). The time to rupture increased and minimum creep rate decreased 
with increasing niobium content until a saturation level was attained at about 500 to 
1000 ppm. 

Type 304 stainless steel containing 500-ppm niobium offers superior creep and 
crcep-rupture properties with improved creep ductility and a factor of approximately 
5 better intergranular corrosion resistance [in boiling copper sulfate (CuSO4) solution] 
than Type 304 stainless steel (20-ppm niobium). In their welding work on the same 
heats, Moorhead et al have observed that Type 304 containing 500 to 1000 ppm 
niobium exhibits a weldability similar to that of Type 304 stainless steel. 

KEY WORDS: niobium, austenitic stainless steel, tensile properties, creep properties, 
yield, ultimate tensile strength, corrosion resistance, heat-to-heat variations, mechanical 
properties 
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Austenitic stainless steels of Types 304 and 316 are the currently ac- 
cepted structural material for breeder reactors. These steels are purchased 
to ASTM specifications. The range of allowable chemistry and thermo- 
mechanical processing history permitted by applicable material procure- 
ment specifications results in considerable variation in certain resultant 
mechanical properties [1-6]. 2 It is the purpose of this paper to show the 
following: 

1. Commercial heats exhibit variations in time to rupture (t,) and mini- 
mum creep rate (~m). 

2. Whereas carbon and nitrogen variations are known to be responsible 
for significant variations in mechanical behavior, niobium content is also 
a major factor as determined from studies conducted on 20 commercial 
heats of Type 304 stainless steel. 

3. Time to rupture (t,) as measured from uniaxial creep tests increases 
with increasing niobium up to 500 to 700 ppm and saturates beyond this 
range. 

4. Type 304 stainless steel containing 500 ppm niobium offers creep- 
rupture properties comparable to Types 316 and 347 stainless steels, but  
with improved ductility. 

5. Type 304 containing $00 ppm niobium is an optimum composition 
for improved creep and creep-rupture properties and intergranular attack 
in copper sulfate (CuSO4) solution. The work of Moorhead et al [7] on the 
same heats has shown little effect on the weldability of Type 304 containing 
500-ppm niobium as compared with Type 304. 

Materials and Testing Procedures 

Materials 

Twenty commercial heats were used to study heat-to-heat variations, 
all of which were air-melted. These heats included 17 procured as plate, 
three as bar, and one as a 710 by 9.S-ram seamless pipe. The details of 
heat numbers, vendor, product form, and grain size of 20 heats are pre- 
sented in Table 1 and their chemical compositions are summarized in 
Table 2. 

One group of experimental heats (used to explain heat-to-heat variations 
in commercial heats) contained niobium in the range of 20 to 200 ppm (by 
weight). Experimental heats with niobium contents of 500, 700, and 1000 
ppm were made to determine an optimum composition yielding improved 
creep properties as compared with Type 304 stainless steel and the nio- 
bium-stabilized Type 347 stainless steel (Nb _> 10 X C). 

The experimental heats were made by remelting one of the commercial 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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72 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

TABLE 2--Summary of chemical analysis of 20 heats of Type 304 stainless steel. 

Content, % 
Heat 

Symbol C N P B O H Ni 

796 0.047 0.031 0.029 . . .  0.0110 0.0006 9.58 
807 0,029 0.021 0.024 0.0005 0.010 0.0012 9.67 
797 0.059 0.055 0.028 0.0020 0.0075 0.0007 9.78 
283 0.043 0.025 0.018 0.0003 0.0140 0.0009 9.12 
926 0.053 0.041 0.020 . . .  0.0084 0.0007 9.79 
187 0.068 0.031 0.018 . . . 0.0042 0.0005 9.43 
697 0.057 0.034 0.016 . . . 0.0150 0.0005 9.38 
866 0.044 0.022 0.023 0:0002 0.0096 0.0010 8.98 
544 0,063 0.019 0.023 0.0002 0.0081 0.0006 9.12 
330 0.068 0.031 0.018 . . .  0.0042 0.0005 9.43 
845 0.057 0.024 0.023 0.0002 0.0092 0.0013 9.28 
779 0.065 0.023 0.024 0.0002 0.0056 0.0009 9.46 
390 0.066 0.086 0.018 0.0020 0.0052 <0.0001 8.75 
414 0.073 0.058 0.016 . . .  0.0190 0.0004 9.52 
551 0.043 0.027 0.022 0.0010 0.0220 0.0013 9.40 
737 0.064 0.075 0.026 0.00005 0.0072 < 0.0001 9.01 
380 0.063 0.068 0.018 . .  �9 0.0260 0.0009 8.30 
086 0.050 0.043 0.025 . . .  0.0091 0.0005 9.46 
813 0.062 0.033 0.044 0.0003 . . .  8.95 
121 0.065 0.140 0.019 0.00005 0.0026 0.00"11 9.19 

Content, % 
Heat 

Symbol Mn Cr Si Mo S Nb V 

796 1.22 18.5 0.47 0.10 0.012 0.008 0.037 
807 1.26 18.8 0.50 0.20 0.023 0.0015 0.012 
797 1.49 18.3 0.60 0.30 0.011 0.0050 0.020 
283 1.32 18.2 0.45 0,30 0.020 0.0030 0.030 
926 1.16 19.0 0.68 0.10 0.025 0.0180 0.050 
187 0.83 18.2 0.59 0.07 0.008 0.0020 0.060 
697 0.91 18.5 0.50 0.05 0.037 0.0030 0.030 
866 1.51 18.5 0.47 0.2 0.007 0.0010 0.018 
544 0.99 18.4 0.47 0.2 0.006 0,0050 0.025 
330 0.83 18.2 0.59 0.07 0.008 0.0100 0.025 
845 0.92 18.4 0.53 0.10 0.006 0.0100 0.050 
779 0.94 18.1 0.47 0.20 0.005 0.0035 0.029 
390 1.57 18.6 0.60 0.30 0.006 0.0160 0.020 
414 0.94 18.7 0.69 0.10 0.015 0.0100 0.025 
551 1.20 18.5 0.59 0.30 0.018 0.0140 0.050 
737 1.71 18.3 0.50 0.30 0.012 0.0140 0.031 
380 0.97 18.4 0.55 0.07 0.010 0.0100 0.028 
086 1.23 18.4 0.53 0.20 0.016 0.0030 0.019 
813 1.87 17.8 0.48 0.32 0.004 0.0200 0.022 
121 1.92 18.1 0.30 0.14 0.010 0.0010 0.035 
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TABLE 2--Continued 

Content, ~ 
Heat 

Symbol Ti Ta W Cu Co Pb Sn 

796 0.003 <0.0005 0.022 0.10 0.05 0.01 0.02 
807 0.002 < 0.0005 0.020 O. 11 0.03 0.01 0.01 
797 0.005 0.0005 0.050 0.30 0.07 0.002 0.005 
283 0.0010 <0.0005 0.021 0.14 0.05 0.01 0.01 
926 0.0100 0.0010 0.030 0.070 0.05 0.010 0.02 
187 0.003 <0.0005 0.015 0.15 0.05 0.01 0.02 
697 0.002 <0.0005 0.011 0.10 0.05 0.01 0.02 
866 0.0005 0.0005 0.007 0.13 0.04 0.01 0.01 
544 0.017 0.0006 0.026 0.12 0.05 0.01 0.01 
330 0.002 <0.0005 0.0060 0.15 0.05 0.01 0.02 
845 0.008 <0.0005 0.007 0.11 0.07 0.01 0.01 
779 0.010 0.0020 0.043 0.16 0.02 0.01 0.01 
390 0.001 0.0006 0.043 0.20 0.07 0.0007 0.002 
414 0.002 < 0.0005 0.027 0.10 0.05 0.01 0.02 
551 0.025 < 0.0005 0.049 0.25 0.08 0.01 0.01 
737 0.001 <0.0005 0.016 0.50 0.07 <0.0003 0.0050 
380 0.004 <0.0005 0.016 0.10 0.05 0.01 0.02 
086 0.006 <0.0005 0.021 0.10 0.05 0.01 0.02 
813 0.002 < 0.0005 0 . 0 2  . . . . . .  
121 0.016 <0.0005 0.015 0.07 0.07 < 0.()003 0.()02 

heats (Heat 187 conta in ing  20 ppm niobium,  Tables 1 and  2) and  adding 

n iob ium to reach final levels of 50, 100, 200, 500, 700, and 1000 ppm.  
These heats were made  by melt ing the commercial  heat in a water-cooled 
copper mold and  remelt ing six times with a nonconsumable  tungs ten  elec- 
trode in an evacuated chamber  backfilled with part ial  pressure of argon. 
The final melt  was drop-cast  into a 19-mm-diameter  water-cooled copper 

mold.  The drop-casts were preheated at 1000~ and  hot-swaged into 10- 
mm-d iamete r  rods, which were used in mach in ing  tension and  creep speci- 
mens.  The chemical analyses of experimental  heats are summar ized  in 
Table  3. 

Test Specimens 

The test specimens for commercial  and  the exper imental  heats were 
threaded-end bars  having a gage diameter  of 6.35 m m  and  a reduced 
section of 31.8 mm.  In  a few instances a larger specimen having a 57 .2-mm 
reduced section was used for the commercial  heats. All specimens were 

lathe machined.  The machined  specimens were inspected, cleaned, and  
those to receive addi t ional  heat  t r ea tment  were reannealed  at 1065~ for 
0.5 h in argon. The commercial  heats were tested in both the as-received 
(mil l -annealed)  and  reannealed  (laboratory annealed)  condit ions,  whereas 
experimental  heats were tested only in the reannealed  condit ion.  All ex- 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



74 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

TABLE 3--Summary of chemical analysis and grain size of Type 304 stainless steel containing 
small niobium, additions. Table also contains chemical analysis of a Type 347plate used for 

corrosion studies. 

Heat No. 187 "b 187-1 c'b 187-1-A ~r'e 187-2 c'b 187-3 c'b 

Grain size (intercept) 2.3 (140) 6 (38) 7.7 (22) 6 (38) 6 (38) 
ASTM (#m) 

Chemical composition 
carbon 0.068 0.0488 0.052 0.0484 0.0485 
nitrogen 0.031 0.028 0.029 0.0270 0.0270 
phosphorus 0.018 0.023 0.029 0.0220 0.0190 
boron 0.0002 0.0010 0.0002 0.0002 
oxygen 0.0042 0.0020 0.0028 0.0051 
hydrogen 0.0005 0.0004 0.0002 0.0008 
nickel 9.43 9.68 9.48 9.32 9.62 
manganese 0.83 0.99 0.96 0.96 0.98 
chromium 18.20 18.30 18.22 17.6 18.40 
silicon 0.59 0.46 0.44 0.50 0.60 
molybdenum 0.07 0.15 0.14 0.21 0.25 
sulfur 0.008 0.0055 0.009 0.0055 0.0050 
niobium 0.0020 0.0020 <0.01 0.0050 0.010 
vanadium 0.060 0.06 
titanium 0.003 0.01 <0.01 0.0'1" 0.01 
tantalum < 0.0005 0.001 . . .  0.001 0.001 
tungsten 0.015 0.05 __ 0.05 0.05 
copper 0.15 0.10 0.12' 0.1 0.1 
cobalt 0.05 0.10 0.10 0.1 0.1 
lead 0.01 <0.001 . . .  < 0.001 <0.001 
tin 0.02 0.005 _. 0.005 0.005 
aluminum . . .  0.005 0.01" 0.005 0.005 

aCommercial Type 304. 
bAnalysis performed at Oak Ridge National Laboratory (ORNL). 
CFirst melt. 
dSecond melt. 
eAnalysis performed at Combustion Engineering. 

per imenta l  heats were tested after anneal ing for 0.5 h at 1065~ However,  

some heats were also tested after reanneal ing for 0.5 h at 1093, 1150, and 

1250~ The grain sizes for both  the commerc ia l  and exper imenta l  heats 

were measured  and are summar ized  in Tables  1 and 3, respectively. 

Testing Procedures 

The  creep tests were per fo rmed  according to the A S T M  R e c o m m e n d e d  

Pract ice for Conduct ing  Creep,  Creep-Rupture ,  and Stress-Rupture  Tests 

o f  Metal l ic  Mater ia ls  (E 139-70) [8]. The  s tress-rupture tests were con- 

ducted in s tandard  lever-arm creep machines  cal ibrated to a load accuracy 

of  + 0.5 percent .  The  t empera tu re  was measured  by three Chromel-versus-  

Alumel  thermocouples  (of wire accuracy + 3 / 8  percent)  wired to the speci- 

men.  The  t empera tu re  variat ion along the specimen gage length was 
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TABLE 3--Continued. 

Heat No. 187,4 c,b 187-5 c,b 187-5-A d'e 187-6-A d'e 187-7-A d'e Type 347 e 

Grain size (intercept) 6.2 (36) 6.6 (33) 7.9 (21) 7.8 (21) 7.9 (20) < 9 ( -  10) 
ASTM (tim) 

Chemical composition 
carbon 0.0575 0.0480 0.049 0.050 0.051 0.070 
nitrogen 0.0290 0.0290 0.030 0.028 0.029 0.039 
phosphorus 0.020 0.0230 0.028 0.029 0,029 0.040 
boron 0.0002 0.0002 0.001 0.001 0.001 0.001 
oxygen 0.0035 0 . 0 0 2 9  . . . . . . . . . . . .  
hydrogen 0.0004 0.0006 .. .  
nickel 9.92 9.75 9153 9.57 9151 111S0 
manganese 0.91 0.96 0.94 0.96 0.95 1.53 
chromium 18.40 18.20 18.13 18.18 18.10 17.05 
silicon 0.57 0.56 0.43 0.44 0.43 0.68 
molybdenum 0,24 0.24 0.14 0.15 0,14 0.41 
sulfur 0.0050 0.0055 0,009 0.009 0.009 0.006 
niobium 0.020 0.05 0.05 0,07 0.10 0.78 
vanadium 0.06 0.06 0.06 0.03 
titanium 0.0"1" 0.01'  <0.01 <0.01 <0.01 <0.01 
tantalum < 0.001 < 0 .001  . . . . . . . . . . . .  
tungsten 0.05 0.05 . �9 
copper 0.1 0.1 0112 0.12 0:12 0120 
cobalt 0.1 0.1 0.10 0.10 0.10 0..12 
lead <0.001 <0.001 . . . . . . . . . . . .  
tin 0.005 0.005 
alumimum 0.01 0.005 < 0 1 0 1  < 0 1 0 1  <010i <0101 

approximately -r 1 ~ and  the highest tempera ture  was taken  as the nomi-  
nal test temperature .  

Length changes were measured by extensometers at tached by setscrews 
to small  grooves in the specimen shoulders. The extensometer  movement  
was read by both dial gages and  averaging t ransducers .  The dial gages and  
t randucers  had an accuracy of _--4-2.5 #m. The specimen shoulder effects 

were negligible as compared with overall creep elongation.  

Results and Discussion 

Time to Rupture  (tr) and M i n i m u m  Creep Rate  (~m) 

Heat-to-Heat Var ia t ions- -Time to rupture  data  at 593 ~ on 20 heats of 
Type 304 stainless steel are plotted as a funct ion of stress in Fig. 1. These 
data  are on materials  in both mi l l -annealed  and  laboratory annealed  condi- 
tions. M i n i m u m  creep rate data  on the same heats are plotted in Fig. 2. 
Figure 1 shows that  t ime to rupture  can vary by factors of 30 to 40 for 20 

heats in both the mi l l -annealed  and  laboratory-annealed conditions.  Heat- 
to-heat  variations observed for short- term data  are also becoming obvious 
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Type 304 stainless steel. 
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FIG. 2--Heat-to-heat variations in minimum creep rate at 593~ for  20 commercial heats 
of Type 304 stainless steel. 

in long-term data extending to test times beyond 50000 h. Figure 2 shows 
that minimum creep rate can vary by factors of  100 for the same heats. 
This is apparent for both the short-term and long-term creep data. 

The stress exponent, nr, (tr = Aa-"Q for rupture data on various heats 
varied from 8.2 to 14.5 for weak to strong heats, respectively. The stress 
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exponent,  nm, for ~ (L, = Ba"~) ranged from 9.6 to 16.5 for the same 
heats. In general, the stress exponents n~ and n~ were low for the weak 
heats and high for the strong heats. 

Correlations Between Heat-to-Heat Variations and Chemical Composi- 
t ion--A summary [9] of  several studies has shown that t ,  increases and 

,, decreases with increasing amounts of  carbon and nitrogen (C-t-N). Thus, 
t, and ~m data on 20 heats at 593~ and 207 MPa were plotted as a func- 
tion of ( C + N )  in Figs. 3a and 4a. These figures show that the heats con- 
taining the highest (C-t-N) have a higher time to rupture and a lower mini- 
mum creep rate compared with heats of  lower ( C + N )  levels. However, 
data scatter is too great to observe any definite trends. The same data, 

3.0 

2.6 

(o) ~ (b) 
3.4 

2.2 

~ 

t.8 
O.O4 

/ 

o 

| 

o o /~ ? 
o e ~ 593 *C (~ 

e 207 MPo �9 ~ P~" 

. . . .  i ..... / 
0.08 0.t2 O.16 0.20 0.004 

(C+N) (wt%} 

/ 
, J ~  C, (9 

/ 

Y 

/ 

/ 
/ 

o.oo8 o.o12 o.o16 
(C+N)/,~/-J (wt % ~n~ I/2) 

3.4 

3.0 

2.6 

2.2 

{d) 

. < 

o( 
~///~~ ~ 

FILLED SYMBOL: HEAT t2f 
e " "  (O J 4  % N). 

/~ e HALF- FILLED 
SYMBOL: HEAT 796 

(GRAIN SIZE 
. . . . . . . . . . . . . . . . . .  zso ~ p )  

0.015 0025 
Nb)/'-;/~a " - t / ,  (wt Vo ~rn 2) (C+N+IO 

t.8 
O.OO5 -3.0 -t.8 

o 

o 

0 
o 

| Q 

-2.6 -2.2 
log Nb (wt %) 

O0 
~o 

0 
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composition and grain size factors for  20 commercial heats of  Type 304 stainless steel. (a) tr 
versus C + N ;  (b) tr versus (C-t-N)/vrd; (c) tr versus ( C +  N + 10 Nb)/Vrd; and (d) tr versus 
Nb content. Bands in (b) and curve in ( c) are visual and were drawn to show the trends. 
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versus Nb content. Bands in (b) and curve in (c) are visual and were drawn to show the trends. 

when plotted as a function of (C+N)/V-d (Figs. 3b and 4b) show that grain 
size, d, plays an important role in heat-to-heat variations. These figures 
still show the separation of data into two bands, showing the general trend 
of increasing tr and decreasing im with an increase in (C+N)/v~.  Figures 
3c and 4c show that the data in two bands can be combined by plotting 
them against (C+N + 10 Nb)/v~. 

The correlation coefficient R 2 for t r improved from 31.31 to 65.9 percent 
in going from (C+N)/-~/-d to (C+N + 10 Nb)A/d. Similar improvement in 
~m correlations was from 35.50 to 78.03 percent. A correlation coefficient 
of 100 percent describes the data perfectly. A multiplication factor of 10 
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required to account for niobium effects indicated that niobium is probably 
a more potent strengthener than carbon, nitrogen, and the small grain 
size. In order to check this hypothesis, we have plotted t, and ~m as a func- 
tion of niobium content in Figs. 3d and 4d. The correlation coefficients for 
a least-squares analysis of these plots were 57.53 and 61.0 percent, respec- 
tively. The filled and half-filled symbols are for commercial heats with 
rather high nitrogen content (0.14 percent), Heat 121, and large grain size 
(280 m), Heat 796, respectively, and therefore they are described better 
by a (C+N + 10 Nb)/xfd relationship (Figs. 3c and 4c). A comparison of 
correlation coefficients for various chemical composition and grain size 
parameters indicated that, although a complex relationship like (C+N + 
10 Nb)/x/d best describes the data, a single term like niobium content can 
describe most of the heat-to-heat variations in creep data on 20 heats of 
Type 304 stainless steel. 

Experimental Versus Commercial Heats--In order to confirm the impor- 
tance of niobium in heat-to-heat variations, we remelted Heat 187, which 
originally contained 20 ppm niobium, and made several experimental heats 
containing 20 (remelted condition), 50, 100, 200, 500, 700, and 1000 ppm 
niobium. Heats containing 20, 50, 100, 200, and 500-ppm niobium were 
made during the first melt. A second melt was used to make 20, 500, 700, 
and 1000-ppm heats. Since the first and second melts were slightly differ- 
ent in properties, their data have been identified separately. 

Creep tests on the experimental heats were performed at 482, 538, 593, 
and 649~ and the results are summarized in Table 4. Results obtained 
from experimental and commercial heats are compared in Figs. 5 and 6. 
These data show a good correlation between creep behavior and niobium 
content for both experimental and commercial heats and confirm the find- 
ings given earlier that variation in niobium content is an important factor 
in explaining heat-to-heat variations. 

Comparisons Between Experimental Heats of Type 304 Stainless Steel 
and Commercial Heats of Type 347 Stainless Steel--Figures 5 and 6 also 
include data [10] on commercially available niobium-stabilized Type 347 
stainless steel. This steel contains (Nb > 10 C) by weight percent, which is 
1000 times greater than that in the weakest heat of Type 304 and a factor 
of 10 greater than in the highest niobium-containing experimental heats. 
These figures show that tr does not increase monotonically with increasing 
niobium, but has a saturation effect beyond 500 to 1000-ppm niobium. 
Thus, increasing niobium to levels used in Type 347 stainless steel pro- 
duces no additional improvement in creep properties. However, Type 347 
stainless steels with the high niobium content were originally developed for 
improved resistance to intergranular corrosion attack. 

Heat Treatment Effects on Creep Properties of Experimental Heats-- 
Both commercial and experimental heats were annealed for 0.5 h at 1065~ 
prior to creep testing in the reannealed condition. However, experimental 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



80 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

TABLE 4--Summary of creep data on Type 304 stainless 

Strain, 

Test Specimen Temperature, Stress, Loading, Transient, Primary, Secondary, 
No. No. Condition a ~ MPa el epc e~ e~ 

20-ppm Nb 
9680 187 15 A240 538 317 16.61 0.05 0.10 5.40 
9443 187 4 A240 593 117 0.47 1.0O 1.25 2.55 
9375 187 3 A240 593 207 4.34 1.25 2.80 6.05 
9471 187 6 1065 593 207 6.71 2.00 4.63 9.63 
9475 187 5 1065 593 241 7,05 0.40 1.0O 5.50 
9369 187 2 A240 593 241 6.01 0.50 1.30 4.70 

14500 187 21 1065 593 241 9.96 1.70 3.78 9.15 
9669 187 14 A240 649 172 4,0O 1,0O 2.45 10.25 

20-ppm 
18118 1871 C2 1065 482 b 207 2.98 
17316 1871 3 1065 583 276 10.09 0.75 2.25 7.25 
17347 1871 6 1065 593 172 2.82 1.15 2.10 15.00 
16683 1871 1 1065 593 207 5.68 1.50 3.50 13.50 
17177 1871 5 1093 649 110 0.69 2.75 8.50 17.50 
16880 1871 2 1065 649 110 0.74 2.25 
17339 1871 4 1065 649 172 3.31 2.00 3.50 14.00 
17913 1871 CI 1065 649 172 2.34 1.50 3.50 16.00 
18535 1871 C6 1150 649 172 2.61 2.25 6.00 16.75 

50-ppm 
17392 1872 5 1065 538 276 9.46 0.13 1.25 5.0O 
17502 1872 4 1065 593 172 2.79 3.00 8.75 24.00 
16700 1872 1 1065 593 207 5.23 1.50 4.00 9.00 
16873 1872 2 1065 649 110 0.80 4.00 6.50 10.0O 
17337 1872 3 1065 649 172 3.03 2.00 3.50 28.50 

100-ppm 
16694 1873 1 1065 593 207 4.37 1.50 2.75 6.00 
16874 1873 2 1064 649 110 0.90 3.88 5.00 8.75 
17340 1874 3 1065 649 172 2.58 2.50 5.0O 15.00 

20o-ppm 
16697 1874 I 1065 593 207 5.49 1.75 3.00 6.25 
17129 1874 2 1065 649 110 0.55 2.00 2.25 4.25 
17344 1874 3 1065 649 172 2.78 3.00 5.0O 11.50 

50o-ppm 
18123 1875 C2 1065 482 b 207 2.63 
17697 1875 5 1065 538 276 7.86 0.625 0.875 2.25 
16701 1875 I 1065 593 207 4.00 1.50 1.75 5.00 
17527 1875 2 1065 649 II0 0.64 1.0O 1.25 2.50 
17911 1875 CI 1065 649 172 1.78 1.50 2.(~ 3.00 
18567 1875 (26 1150 649 172 2.31 0.75 0.88 1.25 
17346 1875 3 1065 649 172 2.92 1.45 2.05 3.10 

70o-ppm 
18246 1876 B3 1065 482 207 2.41 . . .  . . . . . .  
17912 1876 BI 1065 593 c 207 2.55 0.54 
17941 lg76 B2 , ~  649 172 1.so o88  1.00 2.0o 

100o-ppm 
17956 1877 BI 1065 593 c 207 2.69 1.08 
17958 1877 B2 1065 649 172 1.90 1.25 1".75-- ---2.75 
18710 1877 B6 llS0 649 172 2.03 0.375 0.425 0.75 

aA240 : as-reeieved; 1065. 1093. and 1150~ indicate annealing temperatures for 0.5 h durations. 
bTests discontinued prior to rupture. 
CTests in progress. 
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steel containing small niobium additions. 

% Time, h Minimum 
Creep Rate, Reduction 

0.2% Offset, Fracture, Primary, Secondary, 0.2% Offset, Rupture, em of area, 
e 3 e f  t~ t2 t s  t r  (9%/h) % 

Commercial 
5.90 30.21 8.5 47.0 49.5 60.7 0.113 27.53 
2.93 9.97 3000.0 15500.0 17500.0 22622.2 9625E-5 8.80 
6.90 13.44 28.0 85.0 98.0 120.5 0.0525 6.33 

10.31 27.71 29,5 87.0 91.0 92.7 0.088 21.35 
6.30 22.85 2.0 17.3 19.3 25.8 0.290 22.65 
5.70 23.71 2,3 12.5 14.8 18.3 0.335 20.45 

10.48 27.28 11.5 40.8 46.7 59.2 0.183 25.22 
15.25 35.60 2.8 20.5 25.0 36.8 0.560 31.20 

Experimental 
2008.4 2.86 

;125 3;171 12i.0 450.0 5i;io 863.o 01;i47 48.86 
15,50 65.20 52.0 745.0 770.0 1859.0 0.0184 70.65 
15.50 63.36 17.5 97.5 111.3 215.5 0.128 63.13 
18.75 69.71 360.0 925.0 1000.0 1871.71 0.0156 64.09 

1061.3 0.0199 18.78 
ISiO0 80167 "2.5 16.5 i8:0 47.1 0.7100 78.10 
19.50 56.47 8.0 57.0 69.0 116.5 0.2520 54.50 
18.75 47.27 26,0 101.0 113.0 176.9 0.1425 44,47 

Experimental 
6.50 52.39 130.0 570.0 700.0 1531.0 0.0087 58.20 

26.00 72.10 500.0 1775.0 1900.0 2835.5 0,0126 73.75 
10.25 64.09 50.0 142.5 162.5 409.9 0.0530 70.48 
11.25 63.88 675.0 1750.0 2075.0 4692.6 0.0033 61.99 
29.50 79.50 3.5 52.0 53.6 79.0 0.5100 79.27 

Experimental 
7,25 54.70 45.0 150.0 190.0 654.2 0.0290 72.63 
9.75 42.97 800.0 3200.0 3700.0 6646.9 0.0017 61.25 

16.50 82.48 8.0 47.5 53.0 121.9 0.2600 81.58 

Experimental 
7.50 47.26 120.0 450.0 550.0 1249.6 0.0099 62.86 
S.00 51.16 475.0 3500.0 3900.0 8295.1 6.5E-4 57.35 

13.00 56.40 18.0 80.0 92.0 199.0 0,1075 71.74 

Experimental 
2183.6 2.62 

312~0 30105 ,~.0 55&3.0 78~i0 14555.0 2.;~-4 41.49 
6.00 30.62 150.0 2350.0 2750.0 6121.9 1.5E-3 47.61 
3.00 45.10 500,0 3600.0 4300.0 11404.2 3.75E-4 62.41 
3 .,50 38.27 90.0 290.0 350.0 1097.3 0.0048 35.04 
1.75 37.19 40.0 300.0 430.0 1186.7 0.0019 46.91 
4.05 55.21 50.0 135.0 195.0 545.0 0.0121 72.41 

Experimental 
. . . . . . . . . . . . . . .  2033.0 2.91 

14373.0 2.2E-4 
2.7; 2bi08 50.0 4~.0 5~}i0 1592.1 0.0029 4;145 

Experimental 
13627.0 4.3E-4 

3250 43129 120.0 330.0 44010 1433.9 0.0048 56:76 
1.125 41.46 12.5 525.0 800.0 2695.4 0.00065 53.86 
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F I G .  S--Time to rupture as a function of  niobium content for  the commercial and experi- 
mental heats of Type 304 stainless steel and commercial heats of  Type 34Z (a) At 593~ and 
207 MPa, and (b) at 649~ and 172 MPa. Bands in these plots are visual and were drawn to 
show the trends. 

heats containing 20, S00, and 1000-ppm niobium were also annealed for 
0.5 h at 1150~ to check their response to heat treatment temperature. 
Results of these tests, included in Table 4, show that the higher annealing 
treatment produces slightly lower creep rates with improved rupture life. 
Thus, experimental heats containing varying amounts of niobium appear 
stable to high heat treatment temperatures. 

Comparison of Experimental Heat Behavior with that of Commercial 
Heats of Type 304 and 316 Stainless Steel--Figure 7a shows a comparison 
of rupture data obtained from the experimental niobium-containing heats 
with upper and lower statistically defined data bounds observed for Type 
304 stainless steel. These bounds were developed by Sikka and Booker [11] 
on the creep data collected from various sources in the United States. The 
upper and lower bounds represent expected ___ 2 standard error of estimates 
(SEE) in log t,. Figure 7b shows a similar comparison with the upper and 
lower bound observed for Type 316 stainless steel. For the sake of clarity, 
this figure includes only data on 20, 500, 700, and 1000-ppm niobium 
heats. From Fig. 7a we can see that while the 20-ppm heat falls close to the 
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were drawn to show the trends. 

lower bound, heats containing 500 ppm and higher niobium fall close to 
the upper bound for Type 304 stainless steel. Figure 7b shows that the 
500 ppm and higher niobium heats also fall above average or closer to the 
upper bound for Type 316 stainless steel. Figures 5a and 6a have already 
shown that experimental heats containing 500 to 1000-ppm niobium heats 
have creep and creep-rupture properties similar to those of Type 347, 
which contains (Nb = 10 C). Thus, we have observed from the experi- 
mental heats that variations in niobium content at small concentration 
levels can result in substantial heat-to-heat variations in creep response, 
but increasing the niobium content improved results in creep and creep- 
rupture properties of Type 304 stainless steel. 

Creep Properties at Low Temperatues--Creep and creep-rupture prop- 
erties have thus far been described only at high temperatures of 593 and 
649~ However, these steels may have to operate in many instances be- 
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FIG. 7--Comparison of  time-to-rupture data on niobium-containing heats with upper and 
lower data scatter bounds for Types 304 and 316 stainless steels at 593 and 649~ (a) Type 
304: (b) Type 316. 

649~ 

I ~ I l i l I T  

2 5 10 ~ 

tween 427 and 538~ if used in breeder reactor applications. Thus, a few 
creep tests were performed at 482 and 538~ and their results are shown 
in Fig. 8a and b. The creep curves in this figure clearly show a significant 
improvement in creep resistance of steels containing 500 ppm and higher 
niobium content even at low test temperatures. Thus, small additions of 
niobium not only improve creep and creep-rupture properties at high 
temperatures but at low temperatures as well. 

Creep Time (ts) and Strain (e~) to Onset of  Tertiary Creep--These prop- 
erties are plotted as a function of niobium content in Figs. 9 and 10. 
These figures show that t, increases with increasing niobium, while e, de- 
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creases, and also that there is excellent agreement between the commercial 
and experimental heats with respect to behavior based on niobium content. 
The increase in t, with increasing niobium content suggests that the im- 
proved properties of niobium-containing steels are derived not only from 
delaying the rupture process, but  also from the overall creep deformation 
process. 
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In a previous paper Booker and Sikka [12] have shown that t, is related 
to t, by 

t ,  = 0 . 7 5 2 t ,  ~ (1)  

Equation 1 is valid over a temperature range of  482 to 816~ Figure 11 
shows a comparison of  data on experimental heats with the average and 
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upper and lower bounds derived from Eq 1. This figure shows that the 
data on experimental heats are still within the upper and lower bounds, 
but on the lower side for the higher niobium heats, which suggests that 
L may be a lower fraction of t, for these heats compared with Type 304 
stainless steel. However, the results in Figs. 9a and 10a have shown that, 
besides being a lower fraction of t,, t, still increases with increasing nio- 
bium content. Thus, it can be concluded that increasing niobium content 
of Type 304 stainless steel does not cause any premature occurrence of the 
onset of tertiary creep. 

Creep-Rupture Ductility--Figure 12a and b shows total creep elongation 
for the experimental niobium-containing heats and for Type 347 stainless 
steel compared with the upper and lower bound [11] for Type 304 stainless 
steel. These figures show that total elongation values of Type 347 heats fall 
below the lower bound for Type 304 and even reach values as low as 1 per- 
cent. However, total elongation values for the experimental niobium- 
containing heats fall close to the upper bound. 

Correlation Between Tensile and Creep PropertiesmTension tests were 
performed on the experimental heats (Table 5) at the creep test tempera- 
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ture to check the validity of previously developed [13] models of t, and 
~,, containing elevated-temperature ultimate tensile strength (U) terms, 
which are given by 

log a TU__ log tr = 5.716 -- 3915 ~ -t- 32.60 -- 0.007303 Ulog a (2) 

log / 7  G 
log ~m = 2.765 + 3346 51.83.~-- + 0.01616 Ulog ~ (3) 

T 1 

for o and U in MPa and T in K. 
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TABLE 5--Summary of tensile data on Type 304 

Stress, 

Yield 
Test Specimen Temperature, Proportional 
No. No. Condition ~ Limit 0.02 % 

20-ppm 
18248 1871 C3 1065 593 57 (8.2) 87 (12.6) 
18713 1871 C4 1065/1250 593 55 (7.9) 72 (10.4) 
18984 1871 C5 1093 649 42 (6.1) 66 (9.6) 

50-ppm 
18751 1872 6 1065 649 52 (7.5) 76 (11.0) 

100-ppm 
18763 1873 5 1065 593 41 (5.9) 79 (11.4) 
18758 1873 6 1065 649 56 (8.1) 83 (12.0) 

200-ppm 
18764 1874 5 1065 593 35 (5.1) 66 (9.5) 
18759 1874 6 1065 649 56 (8.1) 84 (12.2) 

500-ppm 
18755 1875 4 1065 593 66 (9.6) 94 (13.6) 
18756 1875 6 1065 593 63 (9.2) 93 (13.5) 
18249 1875 C3 1065 593 77 (11.2) 101 (14.6) 
18714 1875 C4 1065/1250 593 47 (6.8) 72 (10.4) 
18985 1875 C5 1093 649 48 (6.9) 75 (10.8) 

700-ppm 
18250 1876 B6 1065 593 70 (10.2) 101 (14.7) 
18715 1876 B4 1065/1250 593 44 (6.4) 63 (9.1) 
18986 1876 B5 1093 649 62 (9.0) 89 (12.9) 

1000-ppm 
18251 1877 B3 1065 593 65 (9.4) 103 (15.0) 
18987 1877 B4 1065 649 57 (8.2) 93 (13.5) 

The  p red ic ted  values f rom Eqs 2 and  3 are  c o m p a r e d  with the  da t a  on 
exper imenta l  n iob ium-con ta in ing  heats  in Figs.  13 and  14. These  f igures 
show excel lent  ag reemen t  between the p red ic ted  and  the  exper imen ta l  
values.  Fu r the rmore ,  they provide addi t iona l  suppor t  as to the  app l icab i l i ty  
of  previously pub l i shed  [12] re la t ionships  between tensi le  and  creep prop-  
ert ies in p red ic t ing  the  creep proper t ies  of  newly developed exper imenta l  
hea ts  of  essential ly Type  304 stainless steel. 

The  use of  U in p red ic t ing  creep proper t ies  of exper imenta l  hea ts  (Figs.  
13 and  14) and  the corre la t ion  between the creep proper t ies  of  n iob ium 
content  (Figs. 5 and  6) requi re  tha t  U and n iob ium concent ra t ion  be  re- 
la ted .  This  is shown in Fig.  15. Al though  there  is cons iderab le  scat ter  
(possibly due to o ther  factors  discussed by Booker  and  S ikka  [5]), the  
t r end  is evident  t ha t  U increases with increas ing n iob ium content .  Fur the r -  
more,  U values on exper imenta l  heats  f rom the first  mel t  show excel lent  
ag reement  with the da t a  on commerc ia l  heats.  Reasons  for  h igher  values 
of  U observed for exper imen ta l  heats  f rom the second mel t  (Fig.  15a and  

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 ) ;  M o n  D e c  2 1  1 1 : 5 5 : 4 7  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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stainless steel containing small niobium additions. 

Mpa (ksi) Elongation 

Reduction 
Total of area, 

0.2% Ultimate Uniform 25.4 mm % 

Experimental 
109 (15.8) 409 (59.3) 28.18 37.70 70.14 
81 (11.7) 434 (63.0) 29.93 37.85 59.27 
98 (14.2) 344 (49.9) 28.51 52.60 65.43 

Experimental 
99 (14.3) 297 (43.0) 32.22 63.60 78.06 

Experimental 
105 (15.2) 369 (53.5) 35.76 48.65 76.67 
100 (14.5) 301 (43.6) 31.76 59.55 79.11 

Experimental 
106 (15.3) 376 (54.5) 32.34 46.40 77.17 
102 (14.8) 306 (44.3) 32.52 59.90 80.22 

Experimental 
106 (15.3) 383 (55.5) 35.35 47.20 75.75 
107 (15.5) 380 (55.1) 33.10 44.10 75.52 
113 (16.4) 429 (62.2) 27.51 38.50 70.47 
81 (11.7) 452 (65.6) 30.06 32.80 55.88 

102 (14.8) 368 (53.5) 27.82 44.60 69.40 
Experimental 

117 (17.0) 456 (66.1) 27.20 38.00 66.87 
84 (12.2) 470 (68.1) 26.03 30.55 48.76 

107 (15.5) 393 (57.0) 27.33 41.25 66.29 
Experimental 

121 (17.5) 449 (65.1) 28.08 36.15 68.95 
117 (16.9) 380 (55.1) 28.20 44.65 70.91 

b)  are  not  clear,  b u t  the  effect of  these values was ref lected in the  creep 
proper t ies .  

Strauss Test and Hot-Cracking Results 

Niob ium is a d d e d  to s tabi l ized  Type 347 stainless steel to improve its 
resis tance to in t e rg ranu la r  a t tack .  However,  this  steel suffers f rom crack-  
ing [14] in the  hea t -af fec ted  zone on welding th ick sections. Thus ,  when 
exper imenta l  heats  are  developed,  the following points  should  be  con- 
s idered regard ing  an o p t i m u m  n iob ium yielding improved  creep proper t ies :  

1. Too li t t le n iob ium may  yield poor  in t e rg ranu la r  corrosion resis tance 
proper t ies  depend ing  upon  the in tended  appl ica t ion .  

2. Too  much  n iob ium may produce  c rack ing  in the heat -af fec ted  zone 
on welding th ick  sections. 

St rauss  tests [ASTM R e c o m m e n d e d  Pract ices  for  Detec t ing  Suscepti-  
bi l i ty  to I n t e rg r anu l a r  A t t ack  in Stainless Steels (A 262-70;  Pract ice  E)] 
[15] were pe r fo rmed  on exper imen ta l  heats  with varying n iob ium content ,  

Copyr igh t  by  ASTM In t ' l  ( a l l  r igh t s  rese rved) ;  Mon Dec  21  11 :55 :47  EST 2015
Downloaded /pr in ted  by
Univers i ty  o f  Washing ton  (Univers i ty  o f  Washing ton)  pursuan t  to  L icense  Agreement .  No  fur ther  reproduc t ions  au thor ized .
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FIG. 13--Plots o f  creep data on experimental niobium heats at 593~ and 207 MPa as a 
function o f  ultimate tensile strength at the creep test temperature. (a) Time to rupture; 
(b) minimum creep rate. Plots also include predicted curves f rom ORNL models containing 
an elevated-temperature ultimate tensile strength term. 

a commercial heat of Type 304 containing 200-ppm niobium, and a com- 
mercial heat of Type 347 stainless steel. All heats were sensitized for 0.5 h 
at 677~ Photomicrographs of the U-bend test specimens and the micro- 
structure taken in the maximum tensile stress region of the U-bends are 
shown in Fig. 16. The extent of intergranular attack was measured by 
crack facet length (CFL), which was defined as 

C F L  = n X d (4) 

where 

n = number of cracked facets per unit area, and 
d = facet length = 1/2 average grain intercept. 

The CFL values were calculated from micrographs in Fig. 16 and are 
plotted as a function of niobium content in Fig. 17. This figure shows 
that CFL drops sharply with increasing niobium content and its values 
for 500-ppm heat are only 20 percent of those observed for Type 304. 

Moorhead et al [7] performed welding tests using a Tigamajig machine 
on experimental heats with varying niobium content. They showed that 
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FIG. 14--Plot of creep data on experimental niobium heats at 649~ and 172 MPa as a 
function of  ultimate tensile strength at the creep test temperature. (a) Time to rupture, (b) 
minimum creep rate. Plots also include predicted curves from ORNL models containing an 
elevated-temperature ultimate tensile strength term. 

heats containing 500 to 1000-ppm niobium were similar in welding be- 
havior to Type 304 in that they retained resistance to cracking in the heat- 
affected zone compared with extensive cracking observed in Type 347 for 
the same test conditions. Details of the welding procedure and data anal- 
ysis are available in the paper by Moorhead et al [7]. 

Opt i ca l  a n d  T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p y  

Optical micrographs for creep specimens tested at 649~ and 172 MPa 
are shown in Figs. 18 and 19. Micrographs in Fig. 18 are for specimens 
taken from first melt and those in Fig. 19 are for specimens taken from 
second melt. Microstructures in Figs. 18 and 19 are for specimens annealed 
for 0.5 h at 1065~ prior to creep testing. Figure 20 compares micrographs 
for specimens annealed for 0.5 h at 1150~ All specimens showed exten- 
sive intragranular deformation. Some intergranular cavitation was ob- 
served, but fracture appeared to be transgranular. Grain sizes for Melts 
1 and 2 showed no significant difference (Figs. 18 and 19). The grain sizes 
of 20- and 500-ppm heats were essentially the same even after annealing 
at 1150~ However, the grain size for the 1150~ anneal was coarser 
than the 1065 ~ anneal. 
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FIG. 16--Micrographs showing improvement in intergranular resistance as a function of  
increasing niobium (20 to 1000 ppm) in experimental heats of Type 304 stainless steel. For 
comparison, a micrograph on commercial heats of  Type 347 is also included. 
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heats o f  Type 304 stainless steel and a commercial heat o f  Type 347. The CFL values in this 
plot are f rom same size micrographs on each heat. 

Transmission electron photomicrographs of the annealed specimens of 
experimental niobium-containing heats and for Type 347 steel are shown in 
Fig. 21. Precipitates were observed in all heats containing niobium. How- 
ever, these precipitates were semicoherent (showed no electron diffraction 
spots) for niobium content less than 1000 ppm and incoherent for the 
higher niobium levels. The incoherent precipitates were identified as nio- 
bium-carbon type. Most of the precipitates were in the matrix while the 
grain boundaries were clean. It is probably these precipitates which impart 
improved creep and other properties by either modifying size, shape, and 
distribution of M23C6 or changing relative nucleation and growth of these 
precipitates at grain boundaries and in the matrix. 

Summary and Conclusions 

Large heat-to-heat variations in creep and creep-rupture properties were 
observed for 20 commercial heats of Type 304 stainless steel. Although 
these variations were best correlated by the relationship (C+N + 10 Nb)/ 
x/d, niobium alone could account for most variations with the exception of 
a high-nitrogen heat (121) and a coarse-grain heat (796). Experimental 
heats confirmed the importance of small niobium content in causing 
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FIG. 18--Micrographs showing fracture and edge near the fracture for  specimens creep 
tested at 649~ and 172 MPa. (a) and (b) 20 ppm;  (c) and (d) 50 ppm;  (e) and (0  200 ppm;  
(g) and (h) 500 ppm.  Al l  specimens were annealed at 1065~ for  0.5 h prior to creep testing. 
Note that there are no significant differences between the fracture o f  specimens containing 
various niobium content. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



98 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

FIG. 19--Micrographs showing fracture and edge near the fracture for  specimens creep 
tested at 649~ and 172 MPa. (a) and (b) 20 ppm;  (c) and (d) 500 ppm:  (e) and (f) 700 ppm:  
and (g) and (h) 1000 ppm. All  specimens were f rom second melt and were annealed at 
1065~ for  0.5 h prior to creep testing. Note that there are no obvious microstructural 
differences between the f irs t  and second melt. 
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FIG. 21--Transmission electron micrographs for experimental heats of Type 304 containing 
varying amounts of niobium and on a commercial heat of reannealed Type 347 stainless 
steel. Note the difference in precipitation with increasing niobium content. 
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heat-to-heat variations in commercial heats of Type 304 stainless steel. The 
following are some important conclusions from this work: 

1. Time to rupture (tr) for commercial and experimental heats increased 
and minimum creep rate (~m) decreased with increasing niobium content, 
and these properties saturated beyond 500 and 1000 ppm to the 104-ppm 
level. The saturated values of tr were higher for high (C+N)  content and 
fine-grain material. 

2. Experimental heats of Type 304 stainless steel containing 500-ppm 
niobium resulted in improved creep and creep-rupture properties at both 
low (482 and 538~ and high temperatures (593 and 649~ investigated. 

3. Creep-rupture times and minimum creep rate behavior for experi- 
mental heats of varying niobium content could be estimated from a knowl- 
edge of their elevated-temperature ultimate tensile strength values. 

4. The creep-rupture strength for experimental heats of Type 304 stain- 
less steel containing 500-ppm niobium was comparable to that of Type 
347 stainless steel, but with significantly higher ductility. 

5. Type 304 stainless steel containing 500-ppm niobium offers superior 
creep and creep-rupture properties with improved ductility, a factor of 
approximately 5 better corrosion resistance, and still retains welding re- 
sponse similar to Type 304 stainless steel [7]. It should be noted, however, 
that the effect of niobium on the creep-rupture properties of Type 304 
stainless steel weldments is unknown. 
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Effect of Small Additions of Niobium 
on the Welding Behavior of an 
Austenitic Stainless Steel* 

REFERENCE: Moorhead, A. J., Sikka, V. K., and Reed, R. W., "Effect of Small 
Additions of Niobium o n  the Welding Behavior of an Austenitic Stainless Steel," 
Properties of Austenitic Stainless Steels and Their Weld Metals (Influence of Slight 
Chemistry Variations), ASTM STP 679, C. R. Brinkman and H. W. Garvin, Eds., 
American Society for Testing and Materials, 1979, pp. 103-123. 

ABSTRACT: The mechanical property data for Type 304 stainless steel show large 
variations in tensile, creep, and creep-fatigue properties. Previous researchers have 
attributed these differences to variations either in carbon and nitrogen content or in 
grain size, but we have found some heats which are stronger than can be explained by 
these factors and attribute this apparent anomaly to the strengthening effect of 
niobum. To systematically study the effect of niobium on the behavior of Type 304 
stainless steel, a low-niobium commercial heat was remelted with varying niobium 
additions--up to 1000 ppm. A standardized weldability test, the Spot Varestraint, was 
used to compare the propensity of various heats for hot-cracking. We found that the 
fusion and heat-affected zone cracking behavior of the experimental heats was similar 
to that of a heat of commercial Type 304, and much superior to that of a commercial 
heat of Type 347 stainless steel. The superior resistance to fusion zone cracking was 
attributed to the presence of a small amount of delta ferrite in the microstructure of 
the weld nugget in the experimental materials. The outstanding heat-affected zone 
cracking behavior was at least partly attributable to backfilling of grain boundary 
separations in the experimental heats, as well as in the commercial Type 304. We 
hypothesize that a relatively wide partially melted zone prevents backfilling of heat- 
affected zone cracks in the Type 347 steels. 

KEY WORDS: stainless steel, weldability, hot-cracking, residual element, Spot 
Varestraint 

Significant variations in mechanical properties and welding behavior 
have been observed between heats of austenitic stainless steeIs even when 
these materials have been purchased to tightly controlled ASTM or Reactor 

*Work performed under U.S. DOE/RRT 189a OHO24, Joining Technology Development. 
1MetaUurgist, Welding and Brazing Group, metallurgist, Mechanical Properties Group, 

and senior engineering technician, Welding and Brazing Group, respectively, Oak Ridge 
National Laboratory, Oak Ridge, Tenn. 37830. 

Copyright* 1979 by ASTM International 

103 

www. astm. org 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



104 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

Development and Technology (RDT) specifications. These variations have 
often been attributed to the effects of minor alloying or residual elements 
[1-3]. 2 Sikka et al [4] have found that small quantities of niobium--in 
addition to the previously reported carbon and nitrogen [5J--strongly affect 
the time to rupture and minimum creep rate of commercial Type 304 stain- 
less steel. The effect of sizable additions of niobium on the welding be- 
havior of austenitic materials--such as the niobium-stabilized stainless 
steels like Type 347--has been well documented [6,7]. As summarized in 
this paper, our study evaluated the effect of small niobium additions on the 
weldability of austenitic materials and specifically of Type 304 stainless 
steel. The results of the mechanical properties portion of this work are 
included elsewhere in this publication [4]. 

Materials 

This study used four heats of commercial material. The product form, 
grain size, and compositions are given in Tables 1 and 2. Portions of two 
Type 304 stainless steel plates, Heats 9T2796 and 8043813, were machined 
into 3.18 by 25 by 25-mm (0.125 by 1 by 1-in.) blanks with the 25 by 
25-mm (1 by 1-in.) dimension parallel to the original surface of the plate. 
The 3.61-mm-thick (0.142-in.) Type 347 stainless steel sheet was purchased 
according to the ASTM Specification for Stainless and Heat-Resisting 
Chromium-Nickel Steel Hate, Sheet, and Strip (A 167-74) in that thickness 
in the hot-rolled, annealed, and pickled condition. A third heat of Type 
304 was used as the melting stock in the fabrication of four experimental 
heats with the same nominal composition, but with varying niobium con- 
tent. The fabrication sequence for these experimental 0.5-kg (1.1 lb) heats 
was as follows: 

1. Melt six times using a nonconsumable tungsten electrode in an 
evacuated chamber backfilled with a partial pressure of argon. 

2. Drop-cast into a 19.0-mm-diameter (0.75 in.) water-cooled copper 
mold. 

3. Hot swage at 1000~ (1832~ to 12.7-mm-diameter (0.50-in.) rod. 
4. Forge a portion of the rod to flats at 1000~ (1832~ 
5. Cold roll the flats to 3.0-mm-thick (0.12 in.) strip. 
6. Anneal in vacuum for 1.8 ks (0.5 h) at 1065~ (1949~ 
The chemical analyses of the experimental heats--one of Heat 187 

remelted and three with niobium additions to produce ingots with 0.05, 
0.07, and 0.1 weight percent niobium--which were evaluated in this weld- 
ing behavior study are given in Table 3. Note that in all cases the chemical 
compositions of the experimental heats fall within the range specified by 
the ASTM Specification for Heat-Resisting Chromium and Chromium- 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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Nickel Stainless Steel Plate, Sheet, and Strip, for Fusion-Welded Unfired 
Pressure Vessels (A 240-75a) for Type 304 stainless steel plate. 

Experimental Procedure 

In order to compare the welding behavior of two commercial heats of 
Type 304, one commercial heat of Type 347, and four experimental heats, 
a standardized weld cracking test known as the Spot Varestraint or Tiga- 
majig test was used. The apparatus is pictured in Fig. 1 and shown sche- 
matically in Fig. 2. In this test a 25 by 152-mm (1 by 6-in.) coupon con- 
taining a solidifying gas tungsten-arc weld nugget is bent by a pneumatic 
ram around one of a set of radiused die blocks. The arc time is controlled 
by a timer for reproducibility, while a time-delay relay is used to regulate 
the time at which the ram is activated. In all our tests the ram was forced 
into the coupon just as the arc was extinguished. The bending of the 
specimen around a radius generates reproducible amounts of augmented 
strain in the fusion and heat-affected zones of the weld. Since strain, one 
of the factors responsible for weld hot-cracking, is then controlled, the 
effect of other factors such as composition can be determined. The original 
Varestraint (variable restraint) test was developed by Savage and Lundin 
[8] as a reproducible means for augmenting the normal shrinkage strains 
in a weldment, thereby simulating the large shrinkage strains characteristic 
of  a highly restrained weldment, as in heavy sections, in a laboratory 
specimen. The number and length of cracks developed during this test are 
related to the weldability of the material. The Spot Varestraint device was 
developed by Goodwin [9] to incorporate most of the desirable features of 
the Varestraint test and have the advantage of a smaller specimen size-- 
that is, 25.4 by 152.4 mm (1.0 by 6.0 in.) for the Spot Varestraint as 
opposed to 50.8 by 304.8 mm (2.0 by 12.0 in.) for the standard Varestraint 
test. 

In our study the scarcity of material available for testing made a modi- 
fied or "compound" test specimen necessary. This compound specimen is 
shown in Fig. 3. It requires only enough of the material to be tested to 
fabricate five or six [3-mm (0.12 in.) minimum thickness by 25.4 by 25.4 
mm (1.0 by 1.0 in.)] coupons to which 25.4 by 64-mm (1.0 by 2.52 in.) 
pieces of a commercial material are attached by electron beam welding. 
This specimen also has the advantage of allowing testing of small heats of 
experimental wrought metals. In conventional specimens small quantities 
of experimental materials can be tested, but the material is deposited in a 
series of weld beads on a commercial material and the tests are, therefore, 
on cast rather than on wrought microstructure. 

Each heat of material was tested at four levels of strain--0.6, 0.9, 1.3, 
and 1.9 percent--with the following arc spot parameters: 

Arc current 73 A dcsp 
Arc time 15 s 
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FIG. 1--Spot Varestraint test in progress, showing: (a) gas tungsten-arc torch, (b) test 
specimen secured by hold-down blocks, and (c) a die block. The motion of  the die block to 
strain the specimen is indicated by an arrow. 

Arc gap 
Electrode 

Postarc time delay 
Shield gas 
Spot size 

2.29 mm (0.090 in.) measured cold 
1.58-mm-diameter (0.062 in.), 2 percent thori- 

ated W, 60-deg included angle with 0.25- 
mm-diameter (0.010 in.) fiat 

none 
argon 
about 5.1 mm (0.20 in.) 

After testing, the specimens were held under load in the fixture for 60 s 
before removal. The cracking data were obtained from the specimen sur- 
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FIG. 2--Schematic of the Spot Varestraint weldabili~ test apparatus. 

face at a magnification of X 50 by a toolmaker's microscope with a digital 
output. The only cracks measured were those which lay in the partially 
melted or heat-affected zones (HAZ). Cracks that occurred in the fusion 
zone were not measured, but their presence or absence is important 
to weldability; therefore they were noted and are discussed in the following 
section. 

From analysis of the data for each specimen, the following indices of 
cracking sensitivity were obtained. 

1. Cracking threshold--the minimum augmented strain required to 
cause cracking with a given set of welding parameters. 

2. Maximum crack length--the maximum-length crack near a given 
spot and a function of the width of the cracking-temperature range for a 
given set of welding parameters and a particular level of augmented strain. 
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FIG. 3--Spot Varestraint test specimens. Standard specimen is at left with compound 
specimen shown (right to left) before assembly, after electron beam welding, and after testing. 

3. Total crack length--the sum of the lengths of all cracks measured in 
a specimen. 

4. Average crack length--a mean found by dividing the total crack 
length by the total number of cracks. 

After the cracking indices had been tabulated, one central test section 
from each series of specimens was removed for chemical analysis to verify 
heat identification. A second specimen was mounted for metallographic 
examination with the surface of the coupon and weld spot being polished. 
A third coupon from each heat was mounted such that a transverse section 
of the weldment could be examined. 

Results and Discussion 

Fus ion-Zone  Cracking Behavior  

Photomacrographs of some of the arc spots after metallographic prepa- 
ration are shown in Fig. 4. Only two of the experimental niobium-bearing 
heats are shown here (187-6 and 187-7), but the behavior of the other two 
heats was similar, and we would expect that if a fusion-zone cracking 
problem were to arise it would do so in the heats with higher niobium 
content. These photomacrographs are typical of all of the specimens tested 
in that extensive fusion-zone cracking occurred in the Type 347 stainless 
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steel, but no cracks were observed in the commercial Type 304 stainless 
steel or in the experimental heats of Type 304 stainless steel with niobium 
additions. Examination of these welds at higher magnification as shown in 
Fig. 5 revealed the reason for this difference in cracking behavior: All of 
the Type 304 stainless steel materials--both commercial and experimental-- 
contained a small amount of delta ferrite in their microstructures. It is a 
well-established fact [I0,11] that the presence of this phase in the fusion 
zones of austenitic stainless steels greatly reduces weld hot-cracking. The 
presence of delta ferrite was confirmed by magnetic permeability measure- 
ments using a Magne-gage instrument and test procedures specified by the 
American Welding Society Standard for Calibrating Magnetic Instruments 
to Measure the Delta Ferrite Content of Austenitic Stainless Steel Weld 
Metal (AWS A4.2-74). All the Type 304 stainless steel welds had a Ferrite 
Number (FN) of about 3, whereas the Type 347 stainless steel had no 
measurable ferrite (that is, FN = 0). The presence or absence of this 
beneficial phase is a well-established function of chemical composition [12] 
and a less well-known function of weld energy input, but exactly how its 
presence reduces hot-cracking has only been hypothesized [13]. 

Heat-Affected Zone Cracking Behavior 

A summary of the cracking data for all of the Spot Varestraint test 
specimens is given in Tables 4 and 5. Note that because of the limited 
amounts of materials available for testing, these data are useful for com- 
parison or screening, but are not purported to be statistically valid. 

The significant features of these results are as follows: 
1. The HAZ cracking behavior of Type 304 stainless steels with niobium 

additions (up to 1000 ppm) was similar to that of a commercial heat of 
Type 304 stainless steel and much superior to that of a commercial heat of 
Type 347 stainless steel, as illustrated in Fig. 6. 

2. The cracking threshold for all of the Type 304 stainless steel ma- 
terials-commercial and experimental--was greater than 0.6 percent 
augmented strain but was less than 0.6 percent for Type 347 stainless steel. 

3. The data for average crack length and maximum crack length do not 
correlate well with either niobium content or with percent augmented strain 
within a type of steel. 

Metallographic examination of the test specimens at high magnification 
reveals an interesting and evidently significant difference in heat-affected 
zone cracking behavior between the Type 304 stainless steel (both com- 
mercial and experimental) and the Type 347 stainless steel materials. 
When the specimens were etched with boiling Murakami's reagent to 
selectively reveal the delta-ferrite phase, it was observed that in several 
instances molten metal from the weld pool backfiUed the grain-boundary 
separations in the HAZ of the Type 304 stainless steel materials. These 
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TABLE 4--Total crack length data for  Spot Varestraint weldability tests conducted on 
commercial and experimental austenitic stainless steels. 

Composition 
(weight %) Total Crack Length a (mm)b at % Augmented  Strain of: 

Heat 
Symbol C Nb 0.6% 0.9% 1.3% 1.9% 

Commercial Heats 

813 0.062 0.02 0 0.19 0.25 0.36 
796 0.047 0.008 0 0.09 0.34 2.15 
347 0.07 0.78 0.29 4.27 8.02 10.56 

Experimental Heats 

187-1 0.052 < 0.01 0 0.42 0.57 1.06 
187-5 0.049 0.05 0 0.28 0.51 2.41 
187-6 0.050 0.07 0 0.34 0.82 3.03 
187-7 0.051 0.10 0 0.26 1.03 1.48 

aCrack length measurements  on as-tested specimen using toolmaker 's  microscope at •  
magnification. 

b l  m m  = 0.04 in. 

backfilled cracks can be clearly identified by the delta-ferrite extending 
into the HAZ in the Type 304 stainless steel specimens, as shown in Fig. 7. 
The backfilling of these separations eliminated them from consideration 
when the HAZ cracks were counted, thus giving a lower value for total 
crack length than had they not been backfilled. Backfilling was not ob- 
served in any of the Type 347 specimens studied metallographically and we 
attribute this to the following causes. Type 347 stainless steel has a rather 
wide [0.30-mm (0.012 in.)] partially melted zone (as shown in Fig. 8) 
between the fusion zone and the HAZ. In Type 304 stainless steels, however, 
this region is either very narrow or nonexistent. We think this partially 
melted zone accommodates the strains produced by bending and solidifi- 
cation so that this region does not crack. Cracking does occur in the true 
HAZ, but, as there is no path for molten metal from the fusion zone to 
reach these cracks, backfilling cannot occur. This observation has been 
confirmed by Lundin [14], who has observed this phenomenon in other 
classes of material. Apparently HAZ cracks can be backfilled only in those 
systems containing a very narrow partially melted zone. Thus, wide par- 
tially melted zones are detrimental to weldment cracking behavior. 

Although a number of authors [6,15] have indicated that the base metal 
grain size has a significant effect on the tendency for HAZ cracking (in 
general, the smaller the grain size, the lower the cracking tendency), we do 
not think that our results are greatly in error resulting from variations in 
grain size. First, five out of the seven heats tested had very similar grain 
sizes (ASTM 4-5). Second, the one alloy that displayed the greatest hot- 
cracking tendency (the heat of Type 347) also was the material that had the 
smallest grain size (ASTM 6-7), and we would anticipate that if heat- 
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FIG. 6--Total crack length of various heats of commercial and experimental austenitic 
stainless steels as a function of augmented strain in Spot Varestraint weldability tests. 

treated to a larger grain size its HAZ cracking propensity would be even 
greater. 

Conclusions 

From our study of the effect of niobium additions on the welding be- 
havior of some austenitic stainless steels, we draw the following conclusions. 

1. The compound Spot Varestraint specimen allows us to evaluate the 
welding behavior of small quantities of wrought base metals. 

2. The fusion-zone cracking behavior of Type 304 stainless steel with 
niobium additions up to 1000 ppm was similar to that of commercial Type 
304 stainless steel--as no fissures were detected in either material in this 
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s tudy--and was greatly superior to that of a commercial heat of Type 347 
stainless steel. 

3. The presence of delta ferrite in the weld nugget minimizes fusion-zone 
cracking in the commercial and experimental Type 304 stainless steels. 

4. The heat-affected zone cracking of experimental heats of Type 304 
stainless steel with niobium additions up to 1000 ppm was similar to that 
of commercial Type 304 stainless steel but was much less than that of 
commercial Type 347 stainless steel. 

5. Fewer cracks were observed in the weld HAZ in the Type 304 stainless 
steel materials because some grain boundary separations were "backfilled" 
with molten metal from the fusion zone. On the other hand, there was a 
wide partially melted zone in the Type 347 stainless steel weldments which 
apparently prevented backfilling of HAZ cracks. 
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ABSTRACT: We have developed AISI 304 and 316 grade steels which exhibit, in 
addition to their good mechanical properties, intergranular corrosion resistance of 
the 304L and 316L grades. This development of what we shall call "optimized" steels 
has been made possible essentially by a detailed knowledge of the respective influences 
of carbon and nitrogen on the mechanical properties and intergranular corrosion 
resistance. The method by which such optimized steels are specified, as well as the 
comparison of their mechanical properties with the ASME Code data, is described. 
It is obvious that such grades are particularly useful for nuclear applications. 

KEY WORDS: carbon content, nitrogen content, mechanical properties, intergranular 
corrosion resistance, nuclear steels 

I t  is well known tha t  l ight -water  reactors  undergo  severe loadings ,  and  
care  should  be t aken  to do away with all the  causes of  in i t ia t ion of  c racks  
which would poss ibly  p r o p a g a t e  dur ing  reac tor  life, e i ther  th rough  low-cycle 
fa t igue  or  t h rough  fa t igue  f rom a grea t  n u m b e r  of  cycles. Cons idera t ion  o f  
the  poss ible  d a m a g e  dur ing  imp lemen ta t i on  or  t rans ien t  per iods  has  led,  
for  componen t s  in con tac t  with f luid,  to selecting only austeni t ic  s tainless  
steels, which resist  i n t e rg ranu la r  corrosion and  so l imit  the  r isks of  in i t ia t ion  
of  cracks .  

A dis t inc t ion  can be  m a d e  between th ree  famil ies  of  steels meet ing  this  
r equ i r emen t :  

1. s tabi l ized  grades ,  

1Materials engineers, Department of Mechanics, Creusot-Loire, Centre de Recherches 
d'Unieux, Firminy, France. 
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2. grades with very low carbon contents, and 
3. optimized grades, which will be discussed at greater length. 
The stabilized grades have the reputation of not being as easy to weld 

as steels in AISI 304 and 316 families. 
The weldability of grades with very low carbon contents of Type 304L or 

316L is excellent, and these grades have a good intergranular corrosion 
resistance. Their drawback stems from the fact that, at room temperature 
or at the operating temperatures, their mechanical properties are lower 
than those of Grades 316 and 304. These low properties are at the origin of 
a double handicap for these grades: 

1. An economic handicap, since their use would lead to increasing the 
thicknesses of the parts made. 

2. A technological handicap. The construction codes generally used are 
based on experiments which are not only quite thorough but also very long 
and costly. Now then, these codes take into account guaranteed mechanical 
properties of Types 304 and 316 steels. The choice of a material having 
lower mechanical properties would lead to depriving oneself of all the 
experience gained and quantified in these codes. 

Under the impetus from Electricit6 de France, every effort was made to 
develop austenitic stainless steels which 

1. cross-check with the composition specifications of AISI Steels 304 or 
316, 

2. have the stipulated mechanical properties of AISI Steels 304 or 316, 
and 

3. have the same intergranular corrosion resistance as AISI Steels 304L 
or 316L. 

A solution to the last two requirements only might have consisted in 
selecting steels belonging to the families of Types 304LN and 316LN. These 
steels, which have carbon contents below 0.030 percent and nitrogen 
contents between 0.1 and 0.15 percent, have intergranular corrosion 
resistance and mechanical strength properties which, in the first analysis, 
would be suitable. 

This solution was not chosen since it would have entailed the use of a 
new material which is not yet retained by current codes, and of which 
industrial experience is limited. 

Furthermore, high nitrogen contents may cause the following difficulties: 
1. Difficult welding and in consequence a decrease in reliability of the 

welded components. 
2. Difficult hot-working and the higher risk of processing defects. 

Damage Mechanisms of Stainless Steels in Light-Water Reactors 

A distinction can be made between three major types of damage: 
1. intergranular stress corrosion, 
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2. damage from fabrication, and 
3. damage from fatigue corrosion. 

[ntergranular Corrosion 

Intergranular cracking in a water medium can affect austenitic stain- 
less steels at the operating temperatures. Four conditions must be met for 
this to happen: 

1. The steel must have a rather high carbon content, 
2. the oxygen content must be relatively high, 
3. the material must be sensitized, and 
4. the material must be subjected to high static loadings. 
Moreover, it is not altogether impossible that dynamic loading combined 

with moderate static loading can also produce intergranular cracking. 
It should be pointed out that, considering the operating temperatures 

of light-water reactors, sensitizing can probably only result from sensitizing 
during fabrication, owing to thermal cycles from welding or stress relief. 

Damage from Fabrication 

The damage processes arising during manufacture of the reactors must 
be added to the mechanisms of damage by corrosion during operation, 
which have just been discussed. Considering the very severe operating 
loads, it is important that no cracks be initiated as a result of operations 
such as descaling of welded assemblies sensitized by the thermal cycle of 
welding or a stress relief cycle. It should be noted that a reactor is a 
pressure vessel which withstands static loading, transient operating condi- 
tions, and vibrational loading. 

The transient operating conditions always exist, at a greater or lesser 
frequency. They are due to rather numerous shutdown and restarting 
operations. They can also be due to changes in the pressure or the thermal 
conditions. Even though some of these transient conditions create only 
elastic deformation changes, a certain number of structural elements 
actually withstand plastic cycling. These materials are submitted to low- 
cycle fatigue. Any sfirface defect resulting from a corrosion mechanism 
prior to operation, for example, can contribute to decreasing the low-cycle 
fatigue resistance. The same holds true for vibrational conditions which 
exert fatigue on the material. The service life in the presence of this type of 
stress depends on whether or not there are any surface defects. 

Damage Through Fatigue Corrosion 

Finally, it should be pointed out that, regardless of the causes of initia- 
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tion of fatigue cracks, these cracks propagate in the reactor medium and 
not in air. 

Engineering firms mus[ have a good knowledge of the possible damage 
through fatigue corrosion, especially for dimensioning the stainless steel 
parts in direct contact with the primary or secondary water. 

Development of the Optimized 304 and 316 Stainless Steels 

As mentioned previously, we have aimed to develop AISI 304 and 316 
grade steels which possess the following properties: 

1. The mechanical properties of the AISI 304 and 316 steels. 
2. The intergranular corrosion resistance of the AISI 304L and 316L 

steels. 
To achieve this aim we have proceeded in two stages: 
1. Specification of chemical compositions of steels which exhibit the best 

intergranular corrosion resistance--in particular, compositions with the 
maximum acceptable carbon level. 

2. Specification of the composition balance which, taking into account 
the maximum carbon content just described, leads to the mechanical 
properties of the AISI 304 and 316 steels. 

Method for Determination of the Intergranular Corrosion Resistance 

Previous studies, in particular by Cihal [1],2 have shown that the 18-10 
or 17-12Mo type steels of equivalent intergranular corrosion resistance 
satisfy the following relation [2] 

[Cr*] - 100 [C*] = k 

where Cr* is an equivalent chromium content which allows for the improved 
resistance to intergranular corrosion due to molybdenum and C* is the 
equivalent carbon content which is corrected for the influence of the nickel 
content; this element decreases the solubility of carbon in the austenite 
matrix and favors the intergranular precipitation of chromium carbides. 

One generally uses the following formulas, established empirically 

[Cr*] = [Cr] + ~ [Mo] 

[C*] ---- [C] + 0.002 ([Ni] -- 10) 

The second equation simply means that we use a 10 percent nickel steel 
as the base for comparison. 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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The coefficient ~ is in general taken equal to 1.0 [3], 1.2 [1], and 1.7 
[4] according to different workers and the particular tests. This coefficient 
expresses the influence of molybdenum on the resistance to intergranular 
corrosion and depends upon the particular environment. 

On a ([Cr*], [C*]) composition diagram (Fig. 1), steels of equal resistance 
to intergranular corrosion have compositions on the lines represented by 
the equation 

[Cr*]  - -  100 [C*] = k 

and the higher the coefficient k, the better the corrosion resistance. The 
composition ranges of the 304L and 316L steels are represented by rectan- 
gular areas in Fig. 1. Their least resistance to intergranular corrosion is 
characterized by the minimum value of the coefficient k (kmini) of the line 

23 

29 

21. 

20, 
L 

~/(: C(~ ( Ni ('/.~- 10) 

C~~176 +lt2Mo {%)  

19. 

18 

17 

AISI 316L 

FIG. 1--A Cr*, C* composition diagram showing the lines of equal resistance to inter- 
granular corrosion and the composition ranges of the AISI 304L and 316L steels. 
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[Cr*] -- 100 [C*] = k which passes by the lower right-hand comer of 
the composition specification: 

I f a  = 1.2 

kmini : 14.6 for both grades 

and 

I f a  = 1.7 

kmini : 14.6 for AISI 304L 

kmini ~-- 15.9 for AISI 316L 

For each service condition it is therefore necessary to determine two 
parameters: 

1. or, which may depend upon the environment and also possibly upon 
certain microstructural factors (segregations, etc.). 

2. The minimum value of k corresponding to a given environment and a 
given heat treatment (welding, stress relief). 

This minimum value of k increases with the severity of the corrosive 
environment and with a possible loss of chromium during heat treatment. 

To choose a steel for use in a given environment after a particular heat 
treatment, one must choose the specification such that k~i., for the least 
favorable composition, is always higher than the minimum value of k 
necessary to pass the particular intergranular corrosion resistance test. 

Application to the Specification of an Optimized AISI 304 Steel 

The AISI 304L steel is represented in Fig. 2 by a rectangle described by 
the following limits 

Maximum value of [C*] = 0.030 percent + 0.002 (12 -- 10) percent 
= 0.034 percent 

Minimum value of [C*]: unspecified 

Maximum value of [Cr*] = 20.0 percent + 1.2 • 0.4 percent 
= 20.5 percent 

Assuming that the residual molybdenum content is less than 0.4 percent 
Minimum value of [Cr*] = 18.0 percent 

(the use of a = 1.2 being known as giving the best agreement with Autaas 
121B test results for grade 304L and 316L steels). 

The AISI 304 steel can also be represented by a rectangle which includes 
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that of the 304L. The horizontal boundaries are the same as those of 
304L. Only the right-hand vertical boundary is modified and corresponds 
to a maximum carbon content 

[C'max] = 0.080 percent + 0.002 (10.5 -- 10) percent = 0.081 percent 

In order to show that two steel grades have the same intergranular corrosion 
resistance one must check the following 

1. The average compositions of the two grades give the same inter- 
granular corrosion resistance. 

2. The least favorable composition with respect to the intergranular 
corrosion resistance of each grade gives the same resistance to intergranular 
corrosion. 

On a diagram such as Fig. 2, two steel grades would have the same 
resistance to intergranular corrosion if 

1. the points representing the average composition of each grade are 
on the same diagonal, and 

2. the lower right-hand corners of each composition rectangle are on 
the same diagonal, 

One can start by specifying various types of 304 grade steel such that 
for the compositions of maximum C* and minimum Cr* of each type the 
resistance to intergranular corrosion is the same. Thus a steel having the 
following composition specification 

18.5 percent < [Cr] < 20 percent 
[C] < 0.035 percent 

8 percent < [Ni] < 12 percent 

has the same lower limit to intergranular corrosion resistance as an AISI 
304L steel. This is also true for a steel having the composition 

18.5 percent < [Cr] _<_ 20 percent 
[C] _< 0.040 percent 

8 percent _< [Ni] _< 10 percent 

In addition, this steel has composition specifications inside AISI 304 steel 
chemical requirements. 

Such considerations allow one to define the composition limits of the 
ICL 473 BC steel 

(-[Mn] _< 2 percent 
(-18.5 percent _< [Cr] _< 20.0 percent [ [ S i ]  _< 1 percent 
,~ [C] < 0.040 percent completed by ~ [P] _< 0.035 percent 
~_ 9 percent _< [Ni] _< 10 percent | I S ]  _< 0.020 percent 

~[N2]  ___ 0.080 percent 
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FIG. 2--Cr*, C* composition diagram of  the AIS1 304L steels. 

o~o 

Using this method, one can see that  the ICL 473 BC steel (whose composi- 
tion is the same as that  of an AISI 304 steel) exhibits the same lower limit 
to intergranular corrosion resistance as the AISI 304L grade. 

The average composition of the ICL 473 BC steel has been statistically 
defined from several hundred industrial melts of 35 tons (30 t) 

[C] = 0.030 percent 
which leads to [C*] avg = 0.029 percent 

[Ni] = 9.50 percent 
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[Cr] = 19.3 percent 
which leads to [Cr*]avg = 19.50 percent 

[Mo] = 0.15 percent 

The average sensitivity to intergranular corrosion for the ICL 473 BC 
steel can be defined from the equation 

kavg = 19.5 -- 2.9 = 16.6 

The average composition of an AISI 304L steel is not specified. Generally, 
a good-quality AISI 304L steel has the following average composition 

[C] = 0.020 percent 
[C*] ----- 0.021 percent 

[Ni] ----- 10.5 percent 
[Cr*] = 18.7 percent 

[Cr] = 18.5 percent 

assuming that the average molybdenum content equals 0.15 percent. 
The average sensitivity of the 304L steel to intergranular corrosion would 

then be 

kavg = 18.7 -- 2.1 = 16.6 percent 

Statistically therefore the ICL 473 BC steel has exactly the same resistance 
to intergranular corrosion as an AISI 304L steel (for the particular environ- 
ment studied). 

Furthermore, the statistical analysis of the mechanical property results 
on industrial melts shows that the ICL 473 BC steel (of specification chosen 
according to the foregoing criteria) exhibits the mechanical properties 
specified for an AISI 304 steel. 

Application to the 316 Grade Steels 

Using the same method as described above one can specify an optimized 
AISI 316 grade steel which we call ICL 167 CN. This steel is currently 
used in France for the construction of primary circuits of P.W.R. nuclear 
reactors: 

t 
'- [C] _< 0.045 percent (-[Mn] _< 2 percent 

17.0 percent _< [Cr] _< 18.0 percent | [ S i ]  <_ 1 percent 
11.5 percent _< [Ni] _< 12.5 percent completed by ~ [P]  _< 0.035 percent 

2.3 percent _< [Mo] _< 2.8 percent | [ S ]  _< 0.020 percent 
~[N2] < 0.080 percent 
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Industrial experience shows that this grade effectively exhibits the same 
resistance to intergranular corrosion (for a particular milieu) as the AISI 
316L grade. In addition, this steel satisfies the mechanical property speci- 
fications of the AISI 316 grade. 

Specific Role of  the Residual Nitrogen Content 

According to the melting technique, the residual nitrogen content of the 
AISI 304 and 316 grades may attain values as high as 0.09 percent and 
even 0.10 percent. For this reason we decided to limit the maximum 
nitrogen content of the ICL 473 BC and the ICL 167 CN steels to 0.08 
percent. In addition, we have chosen to define a lower limit for the nitrogen 
content: 0.05 percent. 

In this way, the optimized grades contain a controlled nitrogen content 
which favors good mechanical properties; however, it is very important to 
note that this nitrogen content stays in the same range as the classical AISI 
304 and 316 steels. In particular, the nitrogen content is specifically 
controlled to be lower than the maximum residual nitrogen contents that 
are often found in industrial grades of these steels. 

It is also noteworthy that, as a security precaution, we have shown that 
a nitrogen content as high as 0.08 percent does not affect either the re- 
sistance to intergranular corrosion or the weldability of this type of steel. 

Industrial Applications 

The specification tests imposed by the French Electricity Authorities on 
the stainless steels used for primary circuits in PWR nuclear reactors 
include an intergranular corrosion test according to the Autaas 121 B 
standard. 

This test consists of a sensitization treatment of 30 mm at 700~ (316 
grade) or at 725~ (304 grade), cooling at 60~ per hour to 500~ followed 
by air cooling. The test specimens are then held for 72 h in the following 
boiling reactive 

H2SO4 (d = 1.83): 10 percent 
SO4Cu, 5 H 2 0 : 1 0  percent 
H20 distilled: 80 percent 

The specimens are submitted to a bend test of which the acceptance 
criterion is that they exhibit no cracks (after a certain bend angle). We 
should like to insist on the selectivity of this test. Thus a 304L steel having 
the following composition 
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[Cr] = 18.0 percent 

esidual molybdenum 

( [C] = 0.030 percent 

[Ni] = 10 percent 

and the following [Cr*] and [C*] 

[Cr*] 18.25 
p e r c e n t  ~ [Cr*] - 100 [C*] # 15.25 percent 

[C*] = 0.03 p e r c e n t J  

does not satisfy the Autaas 121 B test. 
The modern melting techniques used for the fabrication of the ICL 473 

BC grade allow us to regularly obtain, within the composition ranges just 
indicated, a composition balance such that 

[Cr*] -- 100 [C*] > 16.2 percent 

Under these conditions, all the ICL 473 BC steel melts pass the Autaas 
121 B test. Small cracks may appear if the foregoing condition is not 
respected (Fig. 3). 

These results show the validity of the method of predicting the inter- 
granular corrosion resistance. This current method is also supported by 
results of the Autaas 121 B test on each industrial ICL 167 CN heat [5]. 
Thus strict control of the melting technique allows one to choose, within 
the composition specification area of a particular grade, the region within 
which one can be sure of the corrosion resistance as measured by the 
Autaas 121 B test. It is possible, in this way, to produce steels whose 
average resistance to intergranular corrosion is better than that of the AISI 
304L grade. However, this study is based essentially upon the use of the 
Autaas 121 B test. It is possible that various steel grades would behave 
differentJy using other intergranular corrosion tests. 

Mechanical Properties of the Optimized Grades--Comparison with the 
ASME Code Data 

Tensile Properties 

The 0.2 percent proof stresses (Re) of the ICL 473 BC and ICL 167 CN 
steels as a function of temperature are plotted in Figs. 4 and 5. We have 
also presented in these figures curves corresponding to the minimum 
expected value of Re given by the ASME Code. One observes that the 
minimum curve (average values less twice the standard deviation) is above 
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138 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

the minimum values given by the ASME Code. The results presented are 
based on several hundreds of tests for 20~ and 343~ and on about 10 
tests (concerning ten different heats) for other temperatures. 

Creep Properties 

The results of the creep rupture tests carried out on the ICL 473 BC 
and ICL 167 CN steels are compared with the minimum values of the 
stress to rupture of Types 304 and 316 steels according to the ASME Code 
(Figs. 6 and 7). The average stress levels giving for the ICL 473 BC and ICL 
167 CN steels a particular time to rupture are roughly 20 percent higher 
than the corresponding minimum rupture stresses of the 304 and 316 steels. 

In Figs. 6 and 7, each point represents one test. 

Fatigue Properties 

As an example of the fatigue resistance of these steels, Fig. 8 shows the 
average fatigue curve obtained on five different melts of the ICL 167 CN 
steel. The results show that this grade exhibits fatigue properties similar to 
those obtained on the AISI 316 steels. We would also add that good agree- 
ment has thus been verified by high-temperature low-cycle fatigue tests and 
by fatigue-crack propagation measurements at various temperatures [6]. In 
addition, the good behavior of the ICL 167 CN steel has also been shown 
by tests in a PWR environment (320~ 150 bars) [6]. 

Conclusion 

As far as the pressurized light-water nuclear system is concerned, we 
have shown that an original solution was suggested to make allowance 
for all the risks of damage. This solution is not a compromise; the materials 
used are not intermediate ones between Types 304L and 304 or between 
316L and 316. By paying particular attention to the composition balance 
of the different grades and in particular by controlling the carbon and 
nitrogen contents, we can propose an optimum solution. The materials 
used actually have the same mechanical strength as Types 304 or 316 
steels and successfully pass Autaas intergranular corrosion test 121 B as 
do low-carbon steels 304L and 316L. 

As far as the boiling-water reactor system is concerned, this solution is 
proposed to the constructors of this type of reactor. Although still under 
study, this solution should make it possible to improve the intergranular 
corrosion stress resistance without having to call upon a completely new 
material and, consequently, without having to question any design codes. 

Finally, present melting techniques allow one to produce Grade L stain- 
less steels with the mechanical properties of the AISI 304 or 316 steels 
in addition to their good intergranular corrosion resistance. 
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FIG. 8--Low-cycle fatigue life test results at room temperature. 
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D I S C U S S I O N  

Raymond Cockroft 1 (written discussion)--What delta-ferdte contents 
might be expected from the chemistry range quoted for ICL 167 CN, and 
what strengthening effects are anticipated from the presence of any delta- 
ferrite? 

P. Rabbe and J. Heritier (authors' closure)--Delta-ferrite contents are 
_< I percent. Such a ferrite content is an optimum regarding both mechanical, 
corrosion, and embrittlement properties. 

1 Cameron Iron Works, Houston, Tex. 
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Summary 

The papers presented in this symposium dealt primarily with the influence 
of carbon, nitrogen, and residual element content on the elevated-tempera- 
ture mechanical properties of Types 304 and 316 stainless steel and associ- 
ated weld metals. Four of the seven papers were devoted to base material 
behavior and the remaining three papers to weldability and mechanical 
properties of as-deposited weld metal. 

The Sikka et al paper dealt with the influence of niobium content in the 
range of 20 to 1000 ppm (weight) on the elevated-temperature mechanical 
properties of Type 304 stainless steel. These investigators, while studying 
heat-to-heat variations in creep properties of 20 commercial heats of this 
material, noticed a strong correlation between creep behavior and residual 
niobium content over the range from 10 to 200 ppm. Accordingly, a number 
of small laboratory heats were prepared with varying niobium contents. 
Small additions of niobium were shown to increase rupture life while 
decreasing the minimum or secondary creep rate. These changes were also 
reflected in the results of short-term elevated-temperature ultimate tensile 
strength measurements. Approximately 500 ppm (weight) of niobium 
resulted in optimum ductility, creep-rupture strength, and corrosion resis- 
tance. 

In a sequel to the Sikka et al paper, Moorhead et al used the Spot 
Varestraint weldability test to compare the propensity for hot-cracking of 
several laboratory heats (up to 1000 ppm of niobium) of Type 304 stainless 
steel with commercial heats of Types 304 and 347 stainless steel. They 
found that the fusion and heat-affected zone cracking resistance of the 
experimental heats was similar to that of commercial Type 304 and much 
superior to that of the commercial heat of Type 347 stainless steel. 

These two papers clearly demonstrated that small amounts of niobium 
(about 500 ppm, weight) are beneficial in improving the mechanical prop- 
erties of Type 304 stainless steel. However, the work done to date was 
accomplished with small heats. Accordingly, continued development was 
recommended, using a larger heat so as to permit greater emphasis on 
fabricability. Thermal aging followed by microstructural and mechanical 
property studies was also recommended. 

Rabbe and Heritier attempted to optimize the compositions of Types 304 
and 316 stainless steel within AISI specifications for these materials. This 
was done to maximize resistance to intergranular stress-corrosion cracking 
and to maintain optimum mechanical properties and fabricability. The 
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authors were seeking the best composition specifications for use in PWR's 
in France. Their objective was achieved by controlling the carbon and 
nitrogen contents. 

Eckenrod and Kovach reported on the beneficial effects of nitrogen addi- 
tions of up to about 0.16 percent on the properties of the 18Cr-8Ni stainless 
steels. Such additions retarded intergranular carbide precipitation. Inter- 
granular cracking, pitting, and crevice corrosion resistance were all im- 
proved without an adverse effect on weldability. 

James investigated the heat-to-heat variability in cyclic crack growth 
resistance of five heats of Type 304 and three heats of Type 316 stainless 
steel. The heats of Type 306 stainless had been prepared by three different 
melting practices. He found no effect of heat-to-heat variability on the 
continuous cycle or hold-time crack growth behavior of these steels when 
tested at 538~ 

Edmonds et al studied the influence of various residual elements on the 
elevated-temperature mechanical properties of Types 308, 316, and 16-8-2 
stainless steel weld metals. They found that the optimum residual element 
contents were nominally 0.05Ti-0.04P-0.006B for shielded metal-arc welds 
and 0.STi-0.04P-0.006B for gas tungsten-arc welds. Submerged-arc welds 
with 0.2 percent titanium exhibited improved creep strengths. 

Thomas noted that the elevated-temperature tensile properties of AISI 
Type 316 stainless steel weld metal deposited by manual metal-arc welding 
depend upon the basicity of the electrode coating. Variations in phosphorus 
level had little effect on subsequent mechanical properties, while boron 
concentrations of about 60 ppm increased deposit strength without reducing 
ductility. 

C. R. Brinkman 
Oak Ridge National Laboratory, Oak Ridge, 

Tenn. 37830; symposium chairman and 
coeditor. 
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Autaas 121B standard intergranular 
corrosion test, 133 
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Boron content, 43, 54, 57, 65 

C 

Carbon content, 21, 57, 78 
Choride environments, 30 
Coefficient of determination, 11 
Continuous cycling fatigue, 11 
Corrosion fatigue, 126 
Corrosion resistance, 127 
Crack growth (see Linear elastic frac- 

ture mechanics) 

El 

Heat-affected zone cracking, 114 
Heat-to-heat variations in mechan- 

ical properties 
Crack propagation, 4 
Creep rupture and minimum creep 

rates, 75 
Hold time, 11 
Hot cracking, 38, 42, 56, 91, 108, 

114 
Huey test, 24 

I 

Intergranular corrosion resistance, 
130 

Intergranular corrosion test, 133 

D 

Delta-ferrite, 30, 114, 141 

F 

Fabrication damage, 126 
Fusion-zone cracking, 111 

G 

Gas tungsten arc weld nuggets, 112 
Grain size, 6, 16, 18, 74, 78, 104, 

115 

L 

Light water nuclear reactors, 125 
Linear elastic fracture mechanics, 3 

M 

Mechanical properties 
ASMEcodes, 136-139 
Creep, 88 
Fatigue, 3,138 
Tensile, 88 

Microfissuring, 57 
Murakami's reagent, 114 

Copyright* 1979 by ASTM International 

145 

www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:55:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



146 PROPERTIES OF AUSTENITIC STAINLESS STEELS 

N 

Niobium content, 11, 16, 70, 79 
Weldability, 103 

Nitrogen content, 16, 78,125,133 
Mechanical properties, 36 
Weldability, 37, 41 

O 

Olsen cup ductility, 37 

P 

Phosphorus content, 43, 55, 57, 65 

R 

Rutile coated electrodes, 43 

S 

Sensitization, 20, 126 
Sigma phase, 44, 54, 68 
Silicon content, 53 
Specimens 

Compact tension, 4 
Spot varestraint test (see Tigamajig 

test) 
Strauss test, 91 
Streicher test, 26 
Stress corrosion, 30 
Sulfur content, 43, 57 

T 

Thermal aging, 14 
Tigamajig test (Spot varestraint test), 

93,108, 114 
Time temperature sensitization dia- 

grams, 22 
Titanium content, 43, 57, 59, 65 
Transmission electron microscopy, 

93 

U 

U-bend specimens, 92 

W 

Welding 
Gas-tungsten arc process, 25 
Heat-affect zone (HAZ) sensitiza- 

tion, 25 
Manual metal-arc welding process, 

42 
Weldability, 37,133 
Weld metal 

Mechanical properties, 47, 53, 54, 
57 

Oxide metal ratios, 51 
GTA type 16-8-2, 57, 65 
GTA type 308, 59, 65 
GTA type 316, 59, 65 
SA type 308, 65 
SAtype316, 65 
SAtype 16-8-2, 65 
SMA type 308, 57, 65 
SMA type 316, 57 
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