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Foreword 

The symposium on Hydrogen Embrittlement Testing was given at 
the Seventy-fifth Annual Meeting of the American Society for Testing 
and Materials held in Los Angeles, Calif., 25-30 June 1972. Committee 
F-7 on Aerospace Industry Methods sponsored the symposium. Louis 
Raymond, The Aerospace Corporation, served as symposium chair- 
man. 
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Introduction 

STP543-EB/Jan. 1974 

This symposium attempts to update our knowledge of hydrogen em- 
brittlement by presenting new test methods in comparison to those which 
have been in use for years. The old test methods have been used to eval- 
uate the classic sources of internal hydrogen embrittlement (IHE), such 
as pickling and plating. New test methods have been devised to evaluate 
materials susceptibility to high-pressure gaseous hydrogen environments 
(HEE), such as found in storage tanks, turbine engines, and power units. 

The purpose of the first part of this book dealing with IHE is to present 
a wide range of methods for measuring, detecting, and testing for the 
phenomena of hydrogen attack. This portion of the book illustrates the 
lack of a standardized approach resulting from various philosophies and 
personal preferences as to test methods. This initial effort should point the 
way for development of long-needed ASTM methods on the subject of 
IHE. 

The second part of this symposium deals with HEE and also clearly 
shows the need for test methods to produce design data. A review of the 
methods, analyses, and ideas of the experts presented during this sympo- 
sium leads to the question of whether IHE and HEE are only different 
manifestations of the same thing. The closing comments at the end of the 
text discuss this possibility. Although it is not possible to present all the 
information available or to answer every question, this symposium vol- 
ume fulfills the purpose of its organization. The symposium presents many 
approaches, illustrates the complexity of the subject, the wide interest in 
hydrogen embrittlement, and, most of all, the need to standardize testing. 

Because the book is relevant to present and future problems in two areas 
of hydrogen embrittlement, it will be useful to metallurgists, researchers, 
plating and process engineers, testing laboratories, and designers. Every- 
one interested in the phenomena of hydrogen embrittlement, the causes, 
methods of controlling, detecting, and testing, will find this book of inter- 
est. F. P. Brennan of Douglas Aircraft, the Chairman of Committee F-7 
on Aerospace Industry Methods ASTM, and Craig Susskind of the Aero- 
space Corporation were most helpful in the work involved in creating this 
symposium, and their efforts are gratefully acknowledged. 

Finally, a word of gratitude must be expressed to the late Dr. J. K. 
Stanley of The Aerospace Corporation, to whom this publication is dedi- 
cated. He initiated the action required to organize the symposium, worked 
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2 HYDROGEN EMBRITTLEMENT TESTING 

to bring the interested members together, but did not live to see the pro- 
ceedings published. 

Louis Raymond 
The Aerospace Corporation, 
E1 Segundo, Calif. 90245; 
symposium chairman. 
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H. R.  Gray ' 

STP543-EB/Jan. 1974 

Opening Remarks 

Hydrogen embrittlement of metals is an old, a frequently encountered, 
and often misunderstood phenomenon. Metals processing, chemical, and 
petrochemical industries have experienced various types of hydrogen prob- 
lems for many years. More recently, however, the aerospace industry has 
experienced new and unexpected hydrogen embrittlement problems. There 
are many sources of hydrogen, several types of embrittlement, and various 
theories for explaining the observed effects. For purposes of this symposium, 
hydrogen embrittlement will be classified into three types: 

1. Internal reversible hydrogen embrittlement (IHE). 
2. Hydrogen environment embrittlement (HEE). 
3. Hydrogen reaction embrittlement (HRE). 

The definitions of these three types of embrittlement are as follows. If 
specimens have been precharged with hydrogen from any source or in any 
manner and embrittlement is observed during mechanical testing, then 
embrittlement is due to either internal reversible embrittlement or to hydro- 
gen reaction embrittlement. If hydrides or other new phases containing 
hydrogen form during testing in gaseous hydrogen, then, for the purpose 
of the symposium, embrittlement will be attributed to hydrogen reaction 
embrittlement. For all embrittlement determined during mechanical test- 
ing in gaseous hydrogen other than internal reversible and hydrogen re- 
action embrittlement, hydrogen environment embrittlement is assumed 
to be responsible. 

1. Internal reversible hydrogen embrittlement (IHE)--Internal reversible 
hydrogen embrittlement has also been termed slow strain rate embrittle- 
ment and delayed failure. This is the classical type of hydrogen embrittle- 
ment that has been studied quite extensively. Widespread attention has 
been focused on the problem resulting from electroplating--particularly 
of cadmium on high-strength steel components. Other sources of hydrogen 
are processing treatments, such as melting and pickling. More recently, 

Research metallurgist, Alloys and Refractory Compounds Section, National Aero- 
nautics and Space Administration-Lewis Research Center, Cleveland, Ohio 44135. 
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4 HYDROGEN EMBRITTLEMENT TESTING 

the embrittling effects of many stress-corrosion processes have been at- 
tributed to corrosion-produced hydrogen. Hydrogen that is absorbed 
from any source is diffusable within the metal lattice. To be fully reversible, 
embrittlement must occur without the hydrogen undergoing a~y type of 
chemical reaction after it has been absorbed within the lattice. 

Internal reversible hydrogen embrittlement can occur after a very small 
average concentration of hydrogen has been absorbed from the environ- 
ment. However, local concentrations of hydrogen are substantially greater 
than average bulk values. For steels, embrittlement is usually most severe 
at room temperature during either delayed failure (static fatigue) or slow 
strain rate tension testing. This time-dependent nature (incubation period) 
of embrittlement suggests that diffusion of hydrogen within the lattice 
controls this type of embrittlement. Cracks initiate internally, usually be- 
low the root of a notch at the region of maximum triaxiality. Embrittle- 
ment in steel is reversible (ductility can be restored) by relieving the applied 
stress and aging at room temperature, provided microscopic cracks have 
not yet initiated. Internal reversible hydrogen embrittlement has also been 
observed in a wide variety of other materials including nickel-base alloys 
and austenitic stainless steels provided they are severely charged with 
hydrogen. 

2. Hydrogen environment embrittlement (HEE)--Hydrogen environment 
embrittlement was recognized as a serious problem in the mid 1960's when 
the National Aeronautics and Space Administration (NASA) and its con- 
tractors experienced failures of ground based hydrogen storage tanks (Refs 
1 and 2 of author's paper in text). These tanks were rated for hydrogen at 
pressures of 35 to 70 MN/m 2 (5000 to 10 000 psi). Consequently, the fail- 
ures were attributed to "high-pressure hydrogen embrittlement." Because 
of these failures and the anticipated use of hydrogen in advanced rocket 
and gas-turbine engines and auxiliary power units, NASA has initiated 
both in-house (Refs 3 through 5 of author's paper in text) and contrac- 
tural (Refs 6 through 14 of author's paper in text) research. The thrust of 
the contractural effort generally has been to define the relative suscepi- 
bility of structural alloys to hydrogen environment embrittlement. A sub- 
stantial amount of research has been concerned with the mechanism of the 
embrittlement process (Refs 4, 5, 15 through 26 of author's paper in text). 
There is marked disagreement as to whether hydrogen environment em- 
brittlement is a form of internal reversible hydrogen embrittlement or is 
truly a distinct type of embrittlement. Some background information 
regarding this controversy will be presented later in this publication. 

3. Hydrogen reaction embrittlement (HRE)--Although the sources of 
hydrogen may be any of those mentioned previously, this type of embrit- 
tlement is quite distinct from that discussed in the previous section. Once 
hydrogen is absorbed, it may react near the surface or diffuse substantial 
distances before it reacts. Hydrogen can react with itself, with the matrix, 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GRAY ON OPENING REMARKS 5 

or with a foreign element in the matrix. The chemical reactions that com- 
prise this type of embrittlement or attack are well known and are encoun- 
tered frequently. The new phases formed by these reactions are usually 
quite stable and embrittlement is not reversible during room temperature 
aging treatments. 

Atomic hydrogen (H) can react with the matrix or with an alloying 
element to form a hydride (MHx). Hydride phase formation can be either 
spontaneous or strain induced. Atomic hydrogen can react with itself to 
form molecular hydrogen (H2). This problem is frequently encountered 
after steel processing and welding and has been termed flaking or "fish- 
eyes." Atomic hydrogen can also react with a foreign element in the matrix 
to form a gas. A principal example is the reaction with carbon in low-alloy 
steels to form methane (CH4) bubbles. Another example is the reaction of 
atomic hydrogen with oxygen in copper to form steam (H20) resulting in 
blistering and a porous metal component. 

Although HRE is not a major topic of discussion in this symposium, its 
definition is included for the sake of completeness and in the hope of estab- 
lishing a single definition for each of the various hydrogen embrittlement 
phenomena in order to avoid problems with semantics. 
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T. P. Groeneveld 1 and A.  R. Elsea 

Mechanical Testing Methods 

REFERENCE: Groeneveld, T. P. and Elsea, A. R., "Mechanical  Test ing 
Methods," Hydrogen Embritttement Testing, ASTM STP 5]~3, American 
Society for Testing and Materials, 1974, pp. 11-19. 

ABSTRACT: An experimental approach and experimental procedures for 
evaluating the hydrogen-stress cracking (HSC) of steels as a result of hydrogen 
absorbed during processing or service are described. The procedures involve 
sustained loading of specimens while they are being charged with hydrogen under 
conditions that provide hydrogen-entry rates or result in hydrogen contents 
representative of those obtained frmn processing or service environments. 
The procedures can be used to evaluate the relative susceptibilities of various 
steels to HSC or to evaluate the tendencies for processing or service environ- 
ments to cause HSC in steels. 

KEY WORDS: hydrogen embrittlement, hydrogen stress cracking tests, test 
methods, cracking (fracturing), steels, environments, failure, evaluation, 
cathodic polarization 

Hydrogen-stress cracking (HSC), or hydrogen-induced, delayed, brittle 
failure as it is sometimes called, is a failure mechanism that  is only one 
of the many distinctly different undesirable reactions that  can occur when 
hydrogen is dissolved in steel; it  is the only reaction of concern in this 
discussion. 

Although the mechanism of HSC has not been completely defined, 
there is general agreement tha t  three conditions must be satisfied for such 
failures to occur. Those conditions are as follows: 

1. The steel must be heat t reated to a strength level above some mini- 
mum value. This minimum generally is about 100 000 psi. 

2. The steel must be subjected to an applied tensile stress above some 
minimum value, which is dependent on the strength level of the steel. 

3. The steel must  contain atomic hydrogen that  is free to diffuse through 
the lattice. The critical hydrogen content appears to be dependent on the 

1 Research metallurgist and manager, respectively, 
Battelle-Columbus, Columbus, Ohio 43201. 

11 
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12 HYDROGEN EMBRITTLEMENT TESTING 

strength level of the steel and the applied stress, but  the source of the 
hydrogen that  enters the steel does not seem to be important.  

If  these conditions are satisfied, failure may  occur after some period of 
time during which cracks nucleate and grow. The cracks that  grow by this 
mechanism usually, but  not always, follow grain boundaries, and there is 
no detectable plastic deformation in the regions of such cracks. 

This paper describes the methods that  have been used at Battelle's 
Columbus Laboratories to s tudy factors tha t  influence HSC and to evaluate 
the susceptibilities of steels to HSC. 

Experimental Approach 
Numerous test methods have been employed, both at  Battelle and in 

other laboratories, to evaluate the susceptibility of materials to HSC or 
to determine whether they have become "embri t t led" (experienced damage 
caused by hydrogen) during processing or in service. These tests have 
included various sustained-load (or static) tests, dynamic tests (such as 
impact tests, low-strain-rate tension or bending tests, and torsion tests), 
and, more recently, tests employing fracture-mechanics-type specimens. 
None of the test methods seems to be entirely satisfactory; the time of 
the test may  be long, specimen preparation costly, interpretation of the 
data questionable, hydrogen may be lost from the specimens during the 
test, or the test conditions may  not adequately simulate the service or 
processing conditions. 

In view of these problems, any test procedure that  is used must represent 
a compromise; at  Battelle we have selected a sustained-load test (using 
either notched or unnotched tension test specimens) in which the specimen 
is under stress while it is being continuously charged with hydrogen under 
conditions that  simulate the service or processing environment? 

For example, if, for the problem under study, the principal source of 
hydrogen is from a processing environment (pickling, cleaning, or electro- 
plating) prior to placing the part  in service, then the specimens to be 
evaluated are exposed to a charging environment tha t  will introduce into 
the specimen (and cause to be retained in it) an amount  of hydrogen 
equal to tha t  which would be absorbed in processing. On the other hand, 
if the principal source of hydrogen in the steel is a surface reaction from a 
service environment (for example, cathodic-protection reactions; high- 

Studies conducted at Battelle and at other laboratories have shown that the 
sustained-load test is the most sensitive test for detecting HSC El, p].3 We are currently 
investigating a test procedure that employs a wedge-opening, fracture-mechanics-type 
specimen to evaluate the susceptibility of steels to HSC, but there are reservations 
regarding the applicability of this test because hydrogen-stress interactions can cause 
cracks to initiate in "defect-free" steels as well as to cause crack growth from pre- 
existing defects. 

3 The italic numbers in brackets refer to the list of references appended to this paper. 
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GROENEVELD AND ELSEA ON MECHANICAL TESTING METHODS 13 

temperature, high-pressure hydrogen, as in reactor vessels; or corrosion 
in sour gas or marine environments) then the charging conditions are 
selected to provide a hydrogen-entry rate that is similar to that obtained 
from the service environment. In some studies, the actual processing or 
service environment may be used to introduce hydrogen into the steels. 
Considerable work at Battelle during the past ten years has been directed 
toward developing a group of charging conditions that will provide a broad 
range of hydrogen-entry, or absorption, rates and a range of equilibrium- 
hydrogen contents that simulate those obtained in various processing or 
service environments. 

To more closely simulate the conditions that cause the problem, plate. 
type tension specimens may be charged on only one surface to represent 
conditions in the wall of the pressure vessel or pipeline that receives 
hydrogen from one surface only. Under these conditions, hydrogen enters 
the material at one surface, diffuses through the section, and leaves the 
material at the opposite surface, thus establishing a hydrogen-concentration 
gradient across the section. Round bars charged on their entire periphery 
simulate the conditions for parts that are pickled, cleaned, or eleetroplated. 
Either notched or unnotched, round, tension specimens charged on their 
entire periphery provide a very sensitive test for evaluating the relative 
susceptibilities of various materials to HSC. In some cases, studies arc 
conducted to evaluate only the relative susceptibilities of steels to HSC, 
but, in other cases, studies are conducted to obtain data needed to solve 
actual production or operational problems. Thus, the experimental pro- 
cedures, the specimens, and the charging conditions used are chosen to 
suit the particular circumstances. 

Experimental Procedures 

Sustained-Load Tests 

One test procedure used at Battelle's Columbus Laboratories to study 
HSC consists of continuously charging specimens with hydrogen while 
they are subjected to a predetermined, static, uniaxial tensile stress and 
measuring the time for failure to occur. The data from a series of tests 
performed under different stresses are plotted to provide a curve that 
relates the time for failure to occur and the applied stress; the curve shows 
the stress level below which failure will not occur and the approximate time 
for failure to occur at a given stress level under the selected charging con- 
ditions. Figure I shows a typical HSC curve. 

Peripheral Charging--One of the static-loading devices that was de- 
veloped for these tests is shown in Fig. 2; it is a small, screw-loaded, 
tensile machine with the load on the specimen measured by means of 
strain gages attached to the shaft of the loading screw. Belleville springs 
under the loading nut reduce the load relaxation as the specimen cracks. 
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14 HYDROGEN EMBRITTLEMENT TESTING 
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FIG.  1--Plot of applied stress versus time to failure for SAE 4340 steel, ultimate 
tensile strength--230000 psi, continuously charged cathodicaUy with hydrogen under 
charging Condition A [3 J. 

An electrolytic cell, sealed to the specimen, is contained within the appa- 
ratus. The specimen is a button-end, unnotched tension specimen with a 
reduced section 0.250 in. in diameter, as is shown in Fig. 3. 

The surface of the specimen is masked with pressure-sensitive electro- 
plater's tape so as to leave a 1-in.-long (0.786-in?) exposed region in the 
reduced section. The electrolytic cell is then sealed around the specimen, 
the platinum anode is inserted in the cell surrounding the specimen, 
the specimen is placed in the loading apparatus, and the desired load is 
applied by turning the nut on the loading post. Electrical leads are then 
attached to the anode and the cathode (specimen), and the electrolyte is 
added to close the circuit. Thus, from the very start of the experiment, 
the specimens are protected cathodically. A timer is connected to the 
loading apparatus through a microswitch so that the timer stops when 
the specimen fails, thereby indicating the time required for failure to 
occur. The timer is started when the electrolyte is added. In experiments 
of long duration, the electrolyte is changed daily. This test procedure is 
repeated with specimens loaded to progressively lower stresses until a 
stress is reached at which the specimen does not fail within a predetermined 
runout time. The data obtained are plotted to obtain a curve of the type 
shown in Fig. 1. 

Those specimens that do not fail during the experiments are baked 
(usually at 375 ~ F for 24 h) to remove hydrogen absorbed during exposure. 
They then are pulled to failure in a conventional tension test to determine 
whether their properties were affected permanently as a result of the 
hydrogen absorbed during exposure. The fracture surfaces of the specimens 
are examined to determine whether a crack has initiated but not grown 
to a critical size during the experiment. 
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GROENEVELD AND ELSEA ON MECHANICAL TESTING METHODS 15 

One-Side Charging--Another method for conducting the sustained-load 
tests under continuous cathodic charging involves loading of plate-type 
tension specimens (shown in Fig. 4) in a conventional, dead-load, creep- 
rupture apparatus. Such an apparatus is used when the specimens are to 
be charged from one surface only; in these experiments, the electrolytic 
cell is sealed to one surface of the specimen. The procedures used are 
essentially the same as those described previously, and the results are 
plotted to obtain a curve of the type shown in Fig. 1. 

'ing (exoggerotc, d slope) 

Plotinum onode wires 

thode) 

sk 

~ v  . . . . . . . . . . .  v 

When cathodically precharged, cleaned, or electroplated specimens are evaluated, the 
glass cell is removed, since no electrolyte is required. 

FIG. 2--Apparatus used in the hydrogen-stress-cracking experiments. 
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16 HYDROGEN EMBRITTLEMENT TESTING 
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FIG. 3--Unnotched tension specimen used in the hydrogen-stress-cracking experiments. 

Under one-side-charging conditions, the time for failure of specimens of 
a steel at a given stress generally is longer than for peripherally charged 
specimens. Also, the minimum stress for failure in a given environment is 
higher, as is illustrated in Fig. 5. This behavior is attributed to the differ- 
ence in hydrogen content and distribution within the one-side-charged 
specimens, because the hydrogen can diffuse through the specimen and 
exit on the unexposed surface. 

Precharged Specimens--The sustained-load test also is used to test 
notched tension specimens that have been precharged with hydrogen by 
cathodic charging, cleaning, pickling, or electroplating processes and to 
evaluate the effectiveness of bakeout treatments for preventing HSC. 
When cathodically precharged, cleaned, or pickled specimens are tested, 
hydrogen can leave the specimens during the test. If sufficient hydrogen 
leaves the specimen prior to crack initiation, the specimen will not fail; 
thus, the results obtained can be misleading. If an electroplate is applied 
to precharged specimens to prevent the loss of hydrogen, the hydrogen 
absorbed during plating can influence the results of the experiments. 
However, sustained-load tests of notched specimens are useful to evaluate 
the HSC behavior of electroplated specimens and to evaluate the effective- 
ness of bakeout treatments in alleviating HSC. The notched-specimen 
configuration is shown in Fig. 6. 

When precharged, notched, tension specimens are used, the specimens 
are loaded to a predetermined stress level, such as 75 percent of the 

0.750" 

Specimen Thickness Variable 

FIG. 4--Flat-plate-type specimen used in the one-side-charging, hydrogen-stress-crack- 
ing experiments. 
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The minimum stress for failure for this steel peripherally charged under Conditions 
A and B is shown for comparison. 

FIG. 5--C'arves showing time to failure as a function of applied stress for a steel, ulti- 
mate tensile strength--149 000 psi, continuously charged cathodically with hydrogen on 
one surface only, under charging Conditions A and B[43. 

notched-bar tensile strength; if failure does not  occur within a predeter- 
mined runout  time (such as 100 h), the test may be terminated or the 
stress may  be increased to 90 percent of the notched-bar tensile strength. 
If failure does not occur within the runout  time at  either applied stress, 
the specimen is baked and pulled to failure to determine whether permanent 
damage has occurred. If no loss in notched-bar tensile strength is noted, 
the precharging process is considered to be "nonembrit t l ing" for the steel 
used in the evaluation. When precharged specimens are used, it  is desirable 
to test a large number of specimens and to evaluate the data statistically. 

Hydrogen-En t ry -Ra te  Measuremen t s  

As was discussed earlier, the charging conditions employed in these 
experiments are selected to duplicate an equilibrium hydrogen concen- 

t~_ 6" t I , , ,  

~ o . ? o  ~_o.oo~ o 

-21 0.355" +0.003 D ~',l " R(min) 4 

-- .Notch: 0.005" R 
0.226" +_0.0o3" across nolch 

FIG. 6--Notched tension specimen used in the hydrogen-stress-cracking experiments. 
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1 8 HYDROGEN EMBRITTLEMENT TESTING 

tration or a hydrogen-entry rate representative of the environmental 
conditions under study. Consequently, a part of the experimental pro- 
cedure involves measuring the hydrogen-entry rate from the environment 
under study and adequately simulating that entry rate with laboratory 
electrolytes that do not corrode the specimens and that are sufficiently 
stable to provide reproducible data. One of two methods is used to make 
these measurements. One method involves charging of small coupons of 
the steel under study for various periods of time and determination of their 
hydrogen contents by vacuum-fusion methods. The hydrogen content is 
plotted as a function of charging time to obtain the hydrogen-entry rate 
and equilibrium hydrogen content. Although this technique is useful for 
determining the hydrogen-entry rate from, and the hydrogen content at 
equilibrium with, an environment, research has shown that there often is 
not a good correlation between the average hydrogen content of the steel 
and the tendency for HSC to occur [5]. The other method involves de- 
termination of the hydrogen-entry rate by means of a permeation experi- 
ment. A thin diaphragm of the metal under study is charged with hydrogen 
on one surface, and the hydrogen that permeates the specimen is collected 
in an evacuated chamber of known volume. The amount of hydrogen 
permeating the specimen is determined by monitoring the pressure increase 
in the vacuum chamber. Under steady-state conditions, the amount of 
hydrogen leaving the specimen is proportional to the amount entering the 
specimen at the opposite surface. 

A number of laboratory electrolytes have been developed for use in 
HSC experiments. Three of the frequently used electrolytic-cell conditions 
that provide a broad range of hydrogen-entry rates and equilibrium hy- 
drogen contents are as follows: 

Condition A--Severe Charging 
The electrolyte is 4 percent by weight sulfuric acid in distilled water 

with a cathode poison, 4 the pH is about 1.0, and the current density is 
8 mA/in. 2. 

Condition B--Intermediate Charging 
The electrolyte consists of 0.004 percent by weight sulfuric acid in 

distilled water with a cathode poison, the pH is about 3.2, and the current 
density is 0.625 mA/in. 2. 

Condition C--Mild Charging 
The electrolyte is five parts by volume lactic acid in 95 parts of ethylene 

glycol, and the current density is 0.125 mA/in?. 
I t  is not possible to assign an actual value to the hydrogen-entry rate 

or hydrogen content obtained with these electrolytes, because the value 

4 The cathode poison consists of 2 g of phosphorus dissolved in 40 ml of carbon di- 
sulfide. Five drops of poison are added to a liter of solution. The cathode poison retards 
the recombination of hydrogen atoms to hydrogen molecules at the surface of the 
specimen (cathode) and, thus, promotes hydrogen entry into the steel. 
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depends upon the composition, strength level, microstructure, and surface 
condition of the steel or other metal under study. However, data obtained 
from studies of the rate at which hydrogen enters steels show that ,  fre- 
quently, the rate of entry from Condition A is about  twice that  from 
Condition B and about ten times the rate from Condition C [6]. 

In other studies, particularly those directed toward evaluating the HSC 
behavior of steels, charging conditions may be varied, depending on the 
environmental conditions of interest. For example, environments such as 
seawater, soil, groundwater, and aqueous hydrogen sulfide have been used. 
In other cases, the hydrogen has been introduced into specimens by a 
glow discharge in a rarified hydrogen environment, and the hydrogen-entry 
rates and hydrogen contents resulting from exposure to high-pressure, 
high-temperature hydrogen environments have been determined. 

Concluding Remarks 

The experimental approach and procedures described here can be used 
in several ways to evaluate the hydrogen-stress-cracking behavior of high- 
strength steels or other materials. They  can be used to: (1) determine the 
behavior of a given steel heat t reated to various strength levels, (2) de- 
termine the relative susceptibilities of several steels heat t reated to equiva- 
lent strength levels, or (3) determine the tendencies for environments to 
cause HSC in steels. The procedures are used primarily as research tools 
rather than to control quality. However, the information acquired from 
such studies has been used successfully to guide selection of materials and 
processing procedures when HSC problems were anticipated. 
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ABSTRACT: An electrochemical test method is proposed for determination of 
the susceptibility of materials to internal hydrogen embrittlement (IHE). 
The method is based on the assumption that the relative susceptibility of a ma- 
terial depends both on the specific aqueous environment to which the material 
is exposed and to the dissimilar materials to which it is coupled. Potentiostatic 
techniques are employed to impress potential on sustained loaded notched 
round-bar specimens. The result is a plot of impressed potential versus time to 
failure; superpositioning of the resultant curves provides a basis for rating the 
relative susceptibility of various materials to IHE. 

K E Y  W O R D S :  hydrogen embrittlement, potentiostatic polarization, galvano- 
static polarization, galvanic couplings, high strength steels, stress corrosion 
tests 

Two electrochemical techniques have been used for the introduction of 
hydrogen into a tension specimen in a study of material susceptibility to 
internal hydrogen embrittlement (IHE). The more common technique is 
the galvanostatic technique in which a constant current is maintained in 
the circuit containing the tension test specimen and the counter electrode 
(Fig. 1). The test cell can also contain a reference electrode in the environ- 
meat. An electrometer is then used to measure the electrode potential of 
the test specimen against a standard reference electrode. Either a d-c cur- 
rent supply (Fig. la) or a d-c voltage supply in conjunction with a load 
resistance (Fig. lb) may be used as a constant current source. It should be 
realized that it is the electrode potential and not the current source that 
governs the electrochemical reactions occurring at the surface. In the gal- 
vanostatic technique, the constant current produces an electrode potential 
that changes with time as the concentration of the environment changes as 
the result of precipitation of reaction products and gas evolution. 

By comparison, the potentiostatic technique (Fig. lc) maintains the 

1 Member of technical staff and section manager, respectively, Metallurgy Depart- 
ment, Materials Sciences Laboratory, The Aerospace Corp., E1 Segundo, Calif. 90009. 
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FIG. l--Schematic of electrochemical techniques. 

electrode potential of the tension test specimen constant as referenced 
against a standard reference electrode during the test period. Again, the 
current path is maintained in the circuit containing the tension test speci- 
men and the counter electrode, but it is not kept constant. Instead, the 
current is allowed to float and become the dependent variable. With the 
potentiostatic technique, it is imperative that a reference electrode be used 
in the electronic circuitry for continuous monitoring of the electrode poten- 
tial of the test specimen. 

The potentiostatic technique offers a method to control the electrode 
potential of the test specimen within a range that simulates the potentials 
produced by galvanic coupling of two dissimilar metals under actual ser- 
vice conditions. In contrast, the current densities produced by the galvano- 
static technique can lead to electrode potentials that metals never see in 
service. This is an important consideration when determining the relative 
susceptibility to IHE under actual service conditions. For a more detailed 
review of the various electrochemical techniques, reference is made to the 
handbook edited by Ailor [1]. 2 

Background 
In 1958, Johnson et al [2] demonstrated the effect of hydrogen introduced 

into steel by galvanostatically charging unstressed SAE 4340 notched 
round bars in sulfuric acid solutions. The authors showed that the time to 
failure (TTF) and the threshold stress increased as the hydrogen concen- 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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22 HYDROGEN EMBRITTLEMENT TESTING 

tration in the steel decreased. I t  was shown also that the TTF increased 
as the stress decreased. Later, Brown [3] galvanostatically polarized 
smooth bar tension specimens while under stress and demonstrated that 
the TTF is a function of environment, while under cathodic or anodic 
polarization. Bhatt and Phelps [4] summarized the effects of electrochemi- 
cal polarization on high-strength steels and identified the failures under 
cathodic polarization as those due to IHE. 

In 1967, Smialowski and Rychcik [5] demonstrated the use of potentio- 
static techniques to provide extremely reproducible TTF data. Every ex- 
periment was repeated at least six times with very little scatter in data. 
Uhlig and Cook [6] further demonstrated with the potentiostatic technique 
that the TTF is a function on environment and electrode potential. Leckie 
[7] in 1969 showed that the TTF and the threshold stress are functions of 
the impressed potential. The results were very sensitive also to a variation 
in heat treatment for 12Ni maraging precracked cantilever beam specimens. 

In summary, a variety of specimen configurations have been used to 
demonstrate that materials are susceptible to IHE. The experimental 
variables are composition, state of stress, environment, electrode potential, 
and, most important, heat treatment. Specimens have been cathodically 
charged without stress in an environment and then had the load applied, 
while others have been cathodically charged while under stress. The former 
technique has been primarily applied to evaluation of the severity of hy- 
drogen pickup during plating of those steels susceptible to IHE; the latter 
technique has been applied to evaluation of the susceptibility of steels to 
IHE. In the former, a material recognized to be susceptible, for example, 
SAE 4340, is used, and the emphasis is to avoid deleterious conditions dur- 
ing manufacturing and processing that can lead to IHE. Performance 
under service conditions is totally ignored, often leading to in-service 
failures. 

The purpose of this study is to demonstrate the usefulness of the 
potentiostatic technique in generating a standard method to evaluate the 
relative susceptibility of materials to IHE which is typically related to 
cathodic polarization conditions. It has been generally accepted that crack 
growth resulting from anodic polarization conditions is to be termed stress 
corrosion cracking (SCC). This has implied that two different crack growth 
mechanisms are prevalent. It  is our feeling that substantial evidence has 
been shown to clearly not warrant such a distinction between these mech- 
anisms in steels. 

For instance, anodic polarization does not totally eliminate cathodic 
reactions from occurring, it only suppresses them with increasing anodic 
polarization. Further, for materials which can be readily passivated, anodic 
polarization vdll enhance pitting corrosion where these pits can serve as 
nucleation sites for cracks. More important, the localized environment 
within a pit cannot be typified as the same as the bulk environment. It 
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has been demonstrated by Brown et al [8] and Sandoz et al [9] that the 
pH within a crack is approximately 3.7 in steel in a 3.5 percent sodium 
chloride (NaC1) solution. Sandoz et al further show that the pi t  within the 
crack is essentially independent of the bulk pH of the environment. Thus, 
SCC is defined as any cracking process in an environment that requires 
the simultaneous action of the environment and stress. In this study, 
IHE is a particular SCC mechanism that is characteristic to steels and 
independent of the polarization direction, that is, cracking resulting 
from anodic polarization is attributed to IHE. 

For the determination of the relative susceptibility, it is imperative 
that the metal environment system be included. The implication is that 
the relative susceptibility depends on a specified critical hydrogen concen- 
tration for failure, but, more important, the relative susceptibility is appli- 
cation sensitive. Thus, a given material can have a different rating depend- 
ing on the specific environment; this environment includes not only the 
surrounding aqueous solution but also the metal to which it is coupled. A 
material might have a good rating with regard to performance in an alumi- 
num structure but very poor in a titanium structure. For economical test- 
ing, short TTF may be obtained by the use of notched round bars at a high- 
stress level. The TTF results are monitored as a function of electrode 
potential of the tension test specimen in the environment. 

Experimental Procedure 

Materials and Mechanical Properties 

The materials and their heat treatments used in this study are listed in 
Table 1. They have been categorically separated into three strength classes 
which are: Class I, below 220 ksi (1520 MN/m ~) ultimate tensile strength 
(UTS); Class II, 220 to 250 ksi (1520 to 1720 MN/m 2) UTS; and Class III, 
above 250 ksi (1720 MN/m2)UTS. 

The mechanical properties for each material are summarized in Table 2. 
A 20 000-1b (90 kN) Instron testing machine and a 60 000-1b (270 kN) 
Tinius Olsen testing machine were used for determination of the mechani- 
cal properties. The tension bar specimen and the notch bar specimen are 
shown in Fig. 2. The stress concentration factor for the notched bar speci- 
men was 5.2. 

Test Equipment and Environment 

A schematic of the test setup is presented in Fig. 3. The potentiostat 
used was an Anotrol Model 4700 M. The impressed potential and corrosion 
potential were measured with a Keithley Model 610C electrometer against 
a saturated calomel electrode (SCE). A Luggin probe was used to reduce 
the voltage (IR) drop of the solution during measurement of the potential. 
A platinum wire served as a counter electrode during testing. 
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24 HYDROGEN EMBRITTLEMENT TESTING 

FIG.  2--Specimen configurations used in this study. 

T A B L E  1--Heat treatment of materials used in the study. 

Materia l  Hea t  T r e a t m e n t  

Class I (below 220-ksi UTS): 

(a) 17--4 P H  (H900-1 h) 

(b) 17-4 P H  (H950-4 h) 

(c) A286 

Class I I  (2P0 to 250-ksi UTS): 

(a) H-11 

(b) Inconel  718 

(c) P H  13-8 Mo 

Class I I I  (above 250-ksi UTS) : 

(a) H-11 

(b) Maraging  300 

(c) M P 3 5 N  

solution t rea t  1038 ~ C (1900 ~ F),  1 h, oil quench -t- age 
482 ~ C (900 ~ F) ,  1 h, air cool 

solut ion t rea t  1038 ~ C (1900 ~ F),  1 h, oil quench -{- age 
510 ~ C (950 ~ F),  4 h, air cool 

solution t rea t  954 ~ C (1750 ~ F) ,  1 h, oil quench d- cold 
work 50% d- age 677 ~ C (1250 ~ F),  8 h, furnace 
cool to 621 ~ C (1150 ~ F),  8 h, air cool 

austeni t ize 996 ~ C (1825 ~ F),  1 h, air cool ~ tr iple 
t emper  (2 h -{- 2 h -{- 2 h) 579 ~ C (1075 ~ F) 

solution t rea t  954 ~ C (1750 ~ F), 1 h, oil quench  -{- cold 
work 19% -t- age 718 ~ C (1325 ~ F),  8 h,  furnace 
cool to 635 ~ C (1175 ~ F), 8 h, air cool 

solution t rea t  954 ~ C (1750 ~ F),  1 h, oil quench,  -t- cold 
t rea t  to --73 ~ C ( - 1 O 0  ~ F) 2 h, air wa rm d- age 
510 ~ C (950 ~ F), 4 h, air cool 

austeni t ize 996 ~ C (1825 ~ F), 1 h, air c o o l - t - t r i p l e  
t emper  (2 h d- 2 h d- 2 h) 566 r C (1050 ~ F)  

solut ion t rea t  816 ~ C (1500 ~ F),  1 h, oil quench d- age 
482 ~ C (900 ~ F), 3 h, air cool 

cold work 48% d- age 593 ~ C (1100 ~ F), 4 h, air cool 
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FIG. 3--Potentiostatic stress corrosion test setup. 

TABLE 2--Mechanical properties of materials used in the study. 

Material 

Yield Ultimate Notched 
Strength Tensile Tensile 

(0.2% offset), Strength Strength 
ksi (UTS), ksi (NTS), ksi 

(MN/m 2) (MN/m ~) (MN/m ~) NTS/UTS 

Class I (below $~O-ksi UTS): 

(a) 17-4 PH (H900-1 h) 190 205 340 1.66 
(1310) (1410) (2440) 

(b) 17-4 PI-I (H950-4 h) 177 185 310 1.68 
(1220) (1280) (2140) 

(c) A286 204 219 320 1.46 
(1410) (1510) (2210) 

Class I I  (~0  to ~50-ksi UTS): 

(a) H-11 206 248 350 1.41 
(1420) (1710) (2410) 

(b) Inconel 718 231 243 350 1.44 
(1590) (1680) (2410) 

(c) PI t  13-8 Mo 211 227 325 1.43 
(1460) (1570) (2240) 

Class I I I  (above 250-ksi UTS): 

(a) H-11 235 280 370 1.32 
(1620) (1930) (2550) 

(b) Maraging 300 267 273 425 1.56 
(1840) (1880) (2920) 

(c) MP35N 270 275 340 1.24 
(1860) (1900) (2440) 
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The environments used were a 3.5 percent NaC1 solution and a 5.8 per- 
cent (1 M) NaC1 solution acidified with concentrated sulfuric acid to a pH 
1. All the chemicals were reagent grade; the water was deionized to > 1 
Ml2. cm before distillation with a Corning AG-lb  distilling apparatus. The 
3.5 percent NaC1 solution was used initially for testing with all materials. 
If this environment did not cause failure under an impressed cathodic 
polarization condition, the more aggressive environment was used. The 
use of this environment was justified on the basis that,  within a pit, the 
pH can be as low as 2 to 4, the C1- ion tends to break down the passive 
film, and the C1- ion concentration is higher [8,10]. 

Test Procedure 

Notched round bars were painted with Mil-P-23377 epoxy-polyamide 
paint to within ~ in. of each side of the notch. This was done to reduce 
the total current flow during polarization. Each specimen was cleaned 
with isopropyl alcohol and rinsed with distilled water. I t  was then mounted 
in a plexiglass container and placed in a 12 000-1b creep rupture frame, 
at which time the environment was added and the corrosion potential 

. . . .  was measured. The specimen was loaded to 0.9 notched tensile strength 
(NTS) and was potentiostatically polarized to a preselected impressed 
potential versus the SCE. These potentials were determined from two cri- 
teria, that  is: (1) the measured corrosion potential ~ .... of the material in 
the environment and (2) the total potential range, which was from + 0.200 
to -1 .250  V versus SCE. This potential range was felt to best represent 
the actual service potentials that  a typical material would be subjected to 
if galvanically coupled in a 3.5 percent NaC1 solution. Passivated ti tanium 
or stainless steel would represent the +0.200 V versus SCE for the more 
noble potentials, whereas the aluminum or magnesium would represent 
the -1 .250  V versus SCE for the more active potentials. 

I t  is important  to realize tha t  the corrosion potentials of most materials 
in 3.5 percent NaC1 will fall within this range. Subjecting a material to 
potentials beyond this range is unrealistic in normal service conditions; 
thus, the T T F  data  have only academic significance. 

Results 

Results for each material are shown in Figs. 4 to 8. The abscissa is the 
T T F  and the ordinate is the potential. The plotted curve is being referred 
to as a potentiostatic stress corrosion life curve (PSCLC). I t  should also 
be noted that  a specimen without an impressed potential was loaded to 0.9 
NTS. I t  is specifically indicated on the PSCLC with the corrosion potential 
symbol ~b ..... 

In Fig. 4, the PSCLC for 17-4 PH materials in a 3.5 percent NaC1 solu- 
tion is presented. The effect of the overaging t reatment  (H950-4 h) of the 
17-4 P H material shifts the PSCLC to the right approximately one order 
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FIG. 4--PSCLC for Class I materials, below 220 ksi (1520 MN/m ~) UTS, in 3.5 percent 
NaC1 solution. 

of magnitude. This supports previous work [11] that shows that an over- 
aging heat treatment reduces the susceptibility of 17-4 PH material to IHE. 
These curves emphasize the dependence of the time to failure on the im- 
pressed potential. This issue will be treated in more detail in the discussion. 

In Fig. 5, the PSCLC for H-11 and PH 13-8 Mo materials in 3.5 percent 
NaC1 solution is presented. The shape of the PH 13-8 Mo material PSCLC 
is similar to the 17-4 PH (Class I) material. The shape of the H-11 materiai 
for the potential range more noble than -0.800 V differs from the PH 13-8 
Mo material. This behavior is attributed to the different types of corrosion 
behavior observed in these materials. The PH 13-8 Mo material tends to 
form pits, whereas the H-11 material uniformly corrodes with only slight 
pitting in the early stages of corrosion. In this region, the TTF is considered 
independent of the impressed potential. 

In Fig. 6, the PSCLC for Maraging 300 and H-11 materials in a 3.5 per- 

FIG. 5--PSCLC for Class I I  materials, 220 to 250 ksi (1520 to 1720 MN/m ~) UT~, 
in 3.5 percent NaCl solution. 
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FIG. 6--PSCLC for Class II1 materials, above 250 ksi (1720 M N / m  ~) UTS, in 3.5 
percent NaCl solution. 

cent NaC1 solution is presented. Under these stress conditions, it is not de- 
pendent on the impressed potential. The shape of the PSCLC for Maraging 
300 material shows dependency on the TTF  for potentials more active than 
-0 .700 V. For potentials more noble than -0.700 V, the TTF  is not de- 
pendent on the impressed potential, which is similar to the H-11 material 
already presented. 

In Fig. 7, the PSCLC for H-11 material for Classes II  and I I I  are plotted 
together. Although the shape of the curves remains essentially the same, 
the shift of the PSCLC for H-11 Class II  appears to be to the right, at 
least an order of magnitude and upwards, approximately 0.2 V. This shift 
is significant because it shows that  tempering H-11 material to a lower 
strength level will improve its resistance to IHE at all selected potentials. 

The PSCLC's for A286 (Class I), Inconel 718 (Class II), and MP35N 
(Class III)  in a 5.8 percent NaC1 solution acidified to a pH 1 are presented 
in Fig. 8. The A286 material is shown to fail only in the noble region. Fail- 

FIG. 7--Effect of heat treatment on H-11 material. 
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FIG. 8 - - P S C L C  of A286, Incanel 718, and M P 3 5 N  in 1-M NaCl solution (pH = 1). 

ure is attributed to metal dissolution in the form of pitting with eventual 
tensile overload. Inconel 718 material is shown to be susceptible in both 
the noble and active regions. The MP35N material is shown to be suscep- 
tible only in the active region. Failures do not occur in the noble region due 
to its high pitting resistance. 

Discuss ion 

In a selection involving two or more materials for a particular ap- 
plication, difficulty arises because the TTF scatterbands from testing 
generally overlap. Laboratory results do not agree with actual service 
TTF. This makes it difficult to determine which material is really best. 
The problem is that TTF is dependent on the electrode potential of 
the test specimen. The galvanic couple potential ~g~, which results when 
materials form a galvanic coupling and which can occur in structures, 
platings, and other such places, determines the TTF. This potential 
lies between the ~ .... of the materials to be coupled and is not easily 
predicted. The galvanic couple potential Ogo depends on the coupling 
materials, the ratio and condition of the exposed areas, the kinetics of 
the reactants, and the temperature. 

The test method presented in this study can be used to select the best 
IHE resistant material for a particular application, since all forseeable ser- 
vice potentials can be simulated. This is done in two steps. First, the 
PSCLC of specific materials in the selected environments are superimposed. 
Secondly, the anticipated potential range of the galvanic couple is parti- 
tioned. The material requiring the longest TTF is then selected. This is 
illustrated in Fig. 9 for two materials, A and B. With the PSCLC for each 
material, B is the obvious choice. The reason for the scatter is explained 
easily with a PSCLC for each material. The test results of this approach 
are summarized in Table 3. Although the results are not presented for A286, 
Inconel 718, and MP35N in a 3.5 percent NaC1 solution, it is apparent that 
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FIG. 9--Selection of steel material to be used in an aluminum structure. Material B is 
the obvious choice. 

these  mate r ia l s ,  in the  more  aggress ive  envi ronments ,  a re  st i l l  t he  bes t  
choice in each of the  s t ress  classes. When  coupled to e i ther  an  a l u m i n u m  
or a t i t a n i u m  s t ruc ture ,  Classes I and  I l I  show no change  in the  o rde r  of 
select ion of the  mos t  r e s i s t an t  ma te r i a l ;  however ,  Class I I  shows a change  
in the  second and  t h i r d  choices. Th is  change  in pos i t ion  is a resul t  of t he  
corrosion res is tance  of these  mater ia l s .  I n  the  noble  region,  P H  13-8 M o  
m a t e r i a l  is more  corrosion r e s i s t an t  t h a n  H-11. This  gives i t  more  res is tance  
to nuc lea t ion  of a p i t  a n d  thus  more  res is tance  to  I H E .  I n  the  ac t ive  region,  
however ,  P H  13-8 M o  is qu i te  suscept ib le  to  I H E ,  because  the  m a t e r i a l  
surface  now acts  as an  abso rbe r  of hyd rogen  w i thou t  the  need of an  exter ior  

TABLE 3- -Summary  of results of potentiostatic technique on in situ notched round 
bar specimens. 

Potentiostatically Simulated Couple to Potentiostatically Simulated Couple to 
Aluminum a Titanium a 

Class I:  

1. A286 1. A286 
2. 17-4 PH (H950-4 h) 2. 17-4 PH (H950-4 h) 
3. 17-4 PH (H900-1 h) 3. 17-4 PH (H900-1 h) 

Class I I : 

1. Inconel 718 1. Inconel 718 
2. H-11 2. PH 13-8 Mo 
3. PH 13-8 Mo 3. H-11 

Class I I I :  

1. MP35N 1. MP35N 
2. Maraging 300 2. Maraging 300 
3. H-11 3. H-11 

a Materials are rated 1, 2, and 3 in order of resistance: most resistant, next-most 
resistant, and least resistant, respectively. 
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nucleation site for the occurrence of the necessary reactions when notched 
bar specimens are used. 

Another significant use for the PSCLC is that the effect of galvanic cou- 
pling can be determined; 17-4 PH (H900-1 h) Class I material and I-1-11 
Class III  material are two extreme cases. The failure of 17-4 PH material 
is shown to be dependent on the potential in both the noble and active 
regions. It should be noted that in a standard static test this material would 
be resistant to IHE in a 3.5 percent NaC1 solution. However, a PSCLC 
would indicate failure if the 17-4 PH material were coupled galvanically to 
a different material. The PSCLC for this material in either of these regions 
indicates that the 17-4 PH material is quite susceptible to IHE. The effect 
of physically coupling 17-4 PH material to aluminum by placing an alumi- 
num block next to a 17-4 PH notched round bar in a salt water environ- 
ment has been demonstrated [11]. Failure by the IHE occurred only when 
the block was attached. 

In the latter case, the failure of H-11 material is shown to be independent 
of the impressed potential in either the noble or the active region. This be- 
havior is attributed to its extreme susceptibility to IHE in the NaC1 solu- 
tion. The combination of these effects has made the impressed potential 
only a secondary effect. The impressed potential plays an important part 
when the material is tempered to a lower strength level, as evidenced by 
H-11 Class II material (Fig. 7). In the active region, the TTF is dependent 
on the impressed potential. 

For further emphasis of the usefulness of the potentiostatic technique, 
polarization curves were determined for PH 13-8 Mo, Inconel 718, and 
H-11 materials in an aerated 3.5 percent NaC1 solution by use of standard 
electrochemical techniques. These results are shown in Fig. 10. If one was 
to select an anodic current density of 10 -4 A/cm 2, the measured potential 
for the three materials would read 0.00 V for PH 13-8 Mo, -0.58 V for 

/ 
0 4  - / 

0 ~ - ~ ,  ~ ~  

> 

0.8 " \  " ~ L ~  

POTENTIOSTATIC ~ 
- I 2 POL,~RIZATIC'N 

" I .E  ---- --]NCONEL 718 

- - ' - - P H  13 8 Mo 
-2 .8 '  H II 

i,:r ! ,~5  I 0  4 I 0  3 i 0  2 I 0 '  

C(JR,RE,~'T OE r' SITY A,/cm 2 

FIG. lO--Polarization curves of Inconel 718, P H  18-8 Mo, and H-11 materials in  
aerated 3.5 percent NaCl solution. 
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H-11, and +0.28 V for Inconel 718. The significance of these potentials is 
that  Inconel 718 is being subjected to an impressed potential that  would not 
occur in actual service conditions. Secondly, by comparing the T T F  for 
the H-11 and PH 13-8 ~,Io materials from the PSCLC (Fig. 5), it can be 
shown that  they are approximately equal (100 rain). If they were compared 
at the same potential of - 0 . 5 8  V, the PH 13-8 Mo material would be the 
bet ter  material. 

In the case of applying cathodic currents for these materials, little differ- 
ence is noted in the polarization curves in the 3.5 percent NaC1 solution. 
However, in other solutions such as acids, bases, and organic solvents, the 
materials would be expected to exhibit definite characteristic differences. 
Such cases, as previously discussed for the noble potential region, would 
also be expected to occur. 

Summary 
I t  is well documented that  T T F  data of material susceptible to I H E  can 

be influenced by impressing currents or potentials. The current electro- 
chemical techniques employed are the galvanostatie and potentiostatic 
techniques. In this study, the use of the galvanostatic technique for 
determination of the relative susceptibility of materials to IH E  is criticized 
because it offers no way of controlling the electrochemical reactions 
on the material surface with easy reproducibility; electrochemical reae- 
tions are potential dependent. I t  further allows materials to obtain 
potentials easily that  are not found readily in actual service conditions. 
This leads to allowing reactions to occur that  could result in erroneous 
conclusions when the susceptibility of two or more materials to I I IE  in 
a specific environment is rated. 

In this study, stressed notched round bars were polarized potentiostati- 
tally and failed by an I H E  mechanism in the case of steels and by a SCC 
mechanism in the case of Inconel 718 and MP35N. This led to the develop- 
ment  of PSCLC for various materials. The significanees of these curves 
are as follows: (1) experimental scatter obtained from either the standard 
specification methods or galvanostatic techniques can be explained; (2) the 
curves allow superpositioning of PSCLC from various materials, so that  
they may be rated for resistance to SCC, that  is, I H E  in steels; and (3) the 
curves show the effects of galvanic coupling. The advantages of using the 
potentiostatic technique on in situ specimens are as follows: (1) it allows 
electrode potentials of actual service conditions to be easily simulated; (2) 
it overrides the problem of the same current density not corresponding to 
the same potential; and (3) understanding the specific SCC mechanism to 
rate the various materials is not necessary. Though it was not performed 
in this study, it is not unreasonable to propose that  a test data catalog 
could be generated for each material with the effects of different environ- 
ments, temperature, stress, surface coating, and manufacture processing 
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included.  Of the  e lec t rochemica l  me thods  avai lable ,  the  po t en t i o s t a t i c  
t echn ique  is the  mos t  su i ted  m e t h o d  for d e t e r m i n a t i o n  of the  r e l a t ive  sus- 
cep t ib i l i ty  of ma te r i a l s  to I H E .  
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A B S T R A C T :  This paper  presents a method of evaluating the embri t t l ing 
effect of hydrogen on metals by  measuring the pressure required to burst  a 
small metal  disk. The metal  disks are clamped, and the system is pressurized 
unti l  failure occurs. Embr i t t lement  is expressed by  the inverse ratio of the 
rupture pressures of a hydrogen charged disk and the rupture pressure of an 
uncharged disk of the same material and processing procedures. 

The disk pressure test  (DPT)  provides evidence of other causes of embrit t le-  
ment  and any synergistic effects with internal  hydrogen embri t t lement  ( IHE) .  
Other advantages of the D P T  are sensitivity, versatility, rapidity, simplicity, 
and low cost of specimens and equipment. 

KEY WORDS: hydrogen embrit t lement,  pressure, biaxial stresses, plating, 
cathodic charging, thermal  charging, high strength steels, austenitic steels, 
nickel, uranium, t i tanium, materials selection, quali ty control, field tests  

The disk pressure test (DPT) was developed originally for hydrogen gas 
embrit t lement (HGE) [1, 2] 2 and permeation [3, 4] studies and has now 
been modified for internal hydrogen embrit t lement (IHE) studies. The 
D P T  consists of pressurizing small clamped disks until rupture. The 
environment can be helium, water, acid, or other fluids or mixtures, 
thereby providing versatility. A measure of the relative susceptibility to 
I H E  is the ratio of the rupture pressures of the unembrit t led disks to 
those of the embrittled material. 

The  test is essentially a bulge test and, therefore, is more sensitive to 
the embrittling effects of hydrogen than a smooth bar tension test because 
of the additional triaxial constraints in the clamped disks in attaining a 
bulged configuration. 

E x p e r i m e n t a l  P r o c e d u r e  

A schematic of the test line is shown in Fig. 1. The pressure source is a 
high-pressure tank filled under 2000 bars ~ by means of a two-stage mem- 

i CEA, Centre d 'Etudes  de Bruy~res-le-Chhtel, France. 
2 The italic numbers in brackets refer to the list of references appended to this paper. 
3 1 bar = 0.987 a tm = 14.51 psi. 
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brane compressor. The tank is made of an age-hardened XN26 austenitic 
stainless steel, similar to A286. The line is evacuated and flushed by  
helium prior to each test. 

Pressure is increased regularly at the desired rate by  means of a sliding 
needle, fine-adjustment valve. Except when the influence of strain rate is 
being measured, experiments are carried out usually at  a pressure increase 
rate of 65 bars/min. The rupture pressure is read on a maximum reading 
pressure gage, hut  this equipment gradually is being replaced by a pressure 
transducer, which allows recordings of the pressure variation versus time. 

The test cell used is shown in Figs. 2 and 3. Although different disk 
sizes can be used, most specimens are 58 mm (2.28 in.) diameter. Thick- 

| 

2 _Press , .e  ~a~e  
:3 SJ:op va lve .  
4 ~owa, vds v a o ,  A~m 
S Me~b, .~ , ,~e c.o,.,p,-esso,- (~sca ~- "~ ~ e  ~a,. ,~,)  
6 SEop v~lve 
'~t F'~nr adlusbe,  n,~�9 va lve  
8 M a x l m ~ ,  r c ~ d , ~  p ~ e s s , , r c  ~ a e r  
,9 ,~v~y ollscs bCsk:ln~ ce i l  

4 0  Var;e~cS u s e s  

FIG. 1--Test line. 
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36 HYDROGEN EMBRITTLEMENT TESTING 

nesses range from 0.20 to 1.50 ram; a thickness of 0.75 mm (30 mils) has 
been used in the experiments described here. 

The clamped area, which prevents the disks from slipping during bulging, 
is about three times the area under pressure. Disk slipping would decrease 
the sensitivity and reproducibility of the test; examinations of cross 
sections of bulged specimens can be used to establish the absence of slippage. 

The maximum pressure used during the test is 1600 bars (23 200 psi). 
The upstream part of the disk cell is kept tight by means of perbunan 
(rubber) seals, but unwelded copper seals must be used for experiments 
at low and high temperatures [5]. 

The test is performed usually three times for each material under each 
set of conditions, and reproducibility is *-2 to 3 percent. This can reach 

h 

Upper flask 

\ 
\ 

" 0 "  Rings 

Disk 

Screw 

Lower flask 

High pressure gas inlet 

FIG. 2--Cell for rupture tests under increasing gas pressure; regular model. 
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FIG. 3--Setup and broken down cells in front of pressure gages. 

4-1 percent or less for very  precisely processed, high-quality materials. 
Generally, it becomes •  to 10 percent for ultrahigh-strength materials 
and can reach •  to 25 percent for inaccurately processed, low quality 
materials. This extreme is not due to the testing procedure but  rather to 
the material itself and is also evident in less sensitive tests. In such in- 
stances, tests are performed at  least five times for each condition. 

Results  

Cathodic Charging 

Disks were made from two martensitic steels, Maraging 350 and 
35NCD16; 4 the charged specimens were charged cathodically on both 
sides for 24 h in 10 percent hydrochloric acid (HC1) at  a current density 
of 5 mA/cm 2 [6]. 

4 35NCD16 is a French alloy, 0.4C, 4Ni, 2Cr, 0.5Mo, and 0.3Si. 
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FIG. C--Influence of various conditions on lhe rupture pressures of 35NCD16 steel. 

The results obtained on charged and uncharged disks of 35NCD16 are 
shown in Fig. 4. The pressure to rupture uncharged specimen pHe~, shows 
a decrease for specimens tempered at 400 ~ C as compared to both lower 
and higher tempering temperatures. This indicates tha t  D P T  is sensitive 
to tempered martensite embrittlemcnt (TME). Table I gives the me- 
chanical properties of 35NCD16 for various tempering temperatures and 
shows the normal effect of decreasing strength with increasing tempering 
temperature. Ductility, as measured by percent elongation, increases only 
at high tempering temperatures, indicating some influence of TME,  
whereas the drop in helium rupture pressures indicates its sensibility more. 

The helium pressure to rupture for cathodically charged disks is drasti- 
cally lower than for the uncharged disks and agrees very closely with the 
pressure to rupture uncharged disks when hydrogen is used as the gas. 
The ratio of rupture pressures uncharged to charged (pHe~/pHec) ,  with 
helium is 10.5 for the 200 ~ C tempered, high-strength condition. 

TABLE I--Mechanical properties of 35 N C D16. 

Tempering Temperature ~ 200 ~ C 230 ~ C b 400 ~ C 550 ~ C 650 ~ C 

Yield strength, kg/mm 2 148 160 123 115 78 
Tensile strength, kg/mm ~ 198 193 163 133 121.5 
Elongation, % 7 7.3 6.6 10.5 13.6 

a Hardened at 875 ~ C, helium cooled-chilled to --79 ~ C for 2 h. Double tempered 
2 h each. 

b Those results were on a different heat of material. 
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FIG. 5--Aspects of Maraging 350 steel disks tested under various conditions. 

The pHec remains constant for disks tempered at 400~ and below, 
indicating that  temper embrittlement is still effective [2, 7]. 

The I H E  not only causes a change in the rupture pressure but  also 
changes the characteristics of the ruptured disks. Figure 5 shows the 
influence of various fluids and charged conditions on the rupture character- 
istics of Maraging 350 disks. Table 2 lists the rupture pressures of these 
various conditions. 

TABLE 2--Rupture pressures of 30 mil Maraging 350 disks under various couditious. 

Rupture 
Pressure 

Environment Bars Ratio, Pu/Pc 

He 382 1.00 
HsO 288 1.32 
HC1 10% 223 1.71 
HC1 50% 173 2.21 
He after cathodic charge 24 h 10% HCI 5 mA cm -2 40 9.55 
He after thermal charge 24 h in 20 bars GH~ at 100 ~ C 66 5.79 
H2 65 5.88 
D2 73 5.23 
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40 HYDROGEN EMBRITTLEMENT TESTING 

When tested under helium in the uncharged condition, Maraging 350 
steel has a considerably lower burst strength than 35NCD16 despite t h e  

fact that the former is considerably stronger. The pile is not related to 
tensile strength but, no doubt, is related to ductility. In both the charged 
and uncharged condition 35NCD16 disks rupture at a maximum in the 
lowest strength, maximum ductility condition. 

The results listed ill Table 2 also show that water is unsuitable as a 
fluid for high-pressure testing because it apparently embrittled the 
Maraging 350 steel. 

Another case of IHE is illustrated by nickel plated U-1.5Mo alloy. 
Specimens in the polished condition, welded and polished, plated and 
welded, and plated condition were tested, and the results are shown in 
Table 3 [8]. 

Thermal Charging 

Thermal charging has the following advantages over cathodic charging. 
1. Hydrogen fugacity in the charging fluid is known. 
2. I t  is better suited to materials where hydrogen diffusivity (DH) is 

low at room temperature. 
3. I t  better simulates industrial equipment operating under stress which 

may become embrittled near room temperature by hydrogen absorbed at 
higher temperatures. 

Conversely the equipment for thermal charging is somewhat more 
complex than that used for cathodic charging. By modifying the regular 
cell with heating plates, as shown in Fig. 6, charging can be carried out 
in two ways. 

i. By applying gaseous hydrogen (GH2) on one side of the membrane, 
which makes it possible to simultaneously monitor hydrogen entry using 
the Daynes-Barrer's method. Ill this method hydrogen is not distributed 
homogeneously but rather obeys a concentration gradient. This represents, 
reasonably well, the case of many pressure vessels in the chemical, oil, 
and space industry. 

2. By applying GH2 on both sides simultaneously and using the infor- 
mation from Method I, it is possible to know how long to charge to obtain 
a homogeneous concentration which can be related to the result of the 
rupture tests under helium. 

When charging is completed, quenching to low temperatures takes place 

TABLE 3--Helium rupture pressures of U-1.5M o disks in bars. 

(a) Base metal  polished 745 (b) Welded polished 427 Rat io  a/b 1.72  

(c) Ni  plated 553 (d) Welded Ni  plated 277 Ratio c/d 2 

Ratio _a = 1 .35  b 1 .54  a c ~ = ~ = 2 . 6 9  

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  N o v  2 3  0 9 : 5 2 : 5 0  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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FIG. 6--Disk cell for thermal charging under pressure. 

in situ with cold water and then a mixture of compressed air and liquid 
nitrogen. The rupture test is carried out as soon as the disk temperature 
has been raised again to the desired temperature.  I t  can be done either in 
the charging cell or in another cell if helium contaminated by  GH2 has to 
be avoided. 

Because of the low hydrogen diffusivity in alpha-titanium [9], cathodic 
charging proved unsuitable for hydrogen charging. Therefore, specimens 
were thermally charged for 30 min at  750 ~ C, under various low GH2 
pressure to obtain different absorptions. These specimens were then treated 
for 5 h at 400 ~ C to ensure a homogeneous distribution [10]. Prior to the 
thermal charging the Ti-40A specimens were heated for 60 h at 1000 ~ C 5 
and quenched, and had the following properties: 

Yield point 31 kg /mm 2 
Tensile 39 kg /mm 2 
Elongation 30% 
O2 700 ppm 

This additional thermal cycle was used in order to duplicate a previous test in- 
volving this thermal cycle used to evaluate the role of 02. 
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FIG. 7--Embrittlement of hydrogen charged (hydrided) Ti-~O. 

Figure 7 shows that the rupture pressure under helium decreases pro- 
gressively with increasing hydrogen content and undergoes a transition 
between 400 and 900 ppm, depending on the rate of pressure increase 
during the test. The hybrided titanium is apparently strain rate sensitive, 
and the 65 bars/min rate increase curve shows a marked transition be- 
tween 400 and 600 ppm. This 65 bars/rain also decreases the burst pressure 
at all hydrogen content levels. 

Table 4 shows that for 1000-ppm hydrogen level the 65 bars/min rate 
reduces the burst pressure precipitously. 

Embrittlement due to hydrogen content is practically the same at I0 
and 200 bars/min, which suggests that embrittlement of internally hy- 
dridcd alpha-titanium is not only due to hydride embrittlement at high 
strain rates but also to slow strain rate embrittlement due to hydrogen 
in the solution (1st effect). The pile decreases as thermally precipitated 
hydride concentration increases, which merely reflects the influence of the 
1st effect on an increasingly precipitation-hardened material (2nd effect). 
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At higher ra tes- -up  to 200 ba r s /min - -pHe  increases as dissolved hy- 
drogen embrit t lement disappears. In contrast to steels, p i le  greatly de- 
creases at lower rates, presumably due to low strain-rate induced hydride 
precipitation, which does not significantly increase the gross hydride 
concentration but  depletes the matrix from its hydrogen in the solution 
(3rd effect). 

At 400 bars/rain and above, p i le  decreases steeply due to well-known 
"hydride embri t t lement" occurring at high strain rates (4th effect). 

Further  experiments are worthwhile, since the foregoing preliminary 
data clearly indicate the span of the D P T  to be large enough to encompass 
the complex situations most likely found in hydride forming materials. 

Thermal charging was carried out at 100~ on Maraging 350 and at 
400~ for XN26 (A286) age hardened austenitic stainless steel. From 
previous work on Maraging 250 the diffusivity D~ of this material a t  
100 ~ C was determined to be 1.7 X 10 -7 cm2/s, and the hydrogen solubility 
at 100~ and 20 bars was determined to be 9 ppm assuming the same 
values for Maraging 350. From Crank [11], the time for nearly saturation, 
Ts, of a membrane with a thickness t is: 

3 t 2 
T s =  ~ X : -  = 206min  

DH 

For XN26 steel, previous work has determined the Dg at 400~ to 
be 10 -6 cm2/s. This rate allows permeation steady state Tss  to be es- 
tablished in: 

2 t 2 
Tss = = X ~ -  = 62rain  

3 DH 

for specimens charged on one side [12] and for specimens charged from 
both sides: 

3 t 2 
Ts = ~ X : -  = 35min  

D// 

In contrast with Maraging 350, XN26 has a very low sensitivity to 
hydrogen embrit t lement (HE);  therefore, charging experiments were car- 
ried out at higher temperatures and pressures. 

Disks were charged on one side at 300 bars, and a thick plate on the 
downstream side prevented the disks from being stressed while being 

TABLE 4--Influence of the pressure increase rate dp/dt on embrittlement of hydrided 
Ti-~O (lO00-ppm hydrogen). 

dp/dt, (bars/min) 10 20 65 200 

pile (bars) 240 208 85 250 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



44 HYDROGEN EMBRITTLEMENT TESTING 

charged. Hydrogen uptake was found to be 19.3 to 22.3 ppm, with a 
maximum concentration of 38.7 to 44.6 ppm at the specimen skin exposed 
to GH:. This noticeably decreased the rupture pressure under helium and 
gave a ratio of the ruptures = 810/400 = 2.02 [13]. 

During a second experiment, disks were saturated from both sides at 
the same temperature, 400 ~ C, but under only 100 bars. According to 
Sievert's law, which is obeyed under these conditions, hydrogen pickup 
ranged from 22.3 to 25.3 ppm. However, the rupture pressures of charged 
specimens were only 1.16 times lower than of uncharged specimens. 

The result obtained indicates that XN26 disks with 22.3 to 25.3-ppm 
hydrogen are noticeably less embrittled (pHe~/pHe~ = 1.16) than others 
with a slightly smaller pickup (19.3 to 22.3 ppm) for which pHeu/pHeo -- 
2.02. This paradoxical result is due to a different hydrogen distribution 
within the material and points up the importance of knowing not only 
hydrogen concentration but also hydrogen distribution. 

Table 5 summarizes the results of various tests on 282 ksi 35NCD16 
and Maraging 350 steel. 

If we compare these steels on the basis of similar absorptions (9 ppm for 
Maraging 350 steel and 10.5 for 35NCD16), the later appears more sensi- 
tive, and this is also true if we compare them on the basis of similar 
pHe~/pHec ratios. However, room temperature DH'S were measured and 
found to be 5.10 -s cm2/s for 35NCD16 [14] ~ 3.10 -9 cm2/s for maraging. 

After Crank [11], the time for nearly saturation of a 0.75-mm-thick 
disk is, at room temperature, 

3 t 2 
Ts = ~ X D H  = l l h ,  43min 

for 35NCD16 and eight days for maraging, which indicates that only the 
first material was saturated. 

This was confirmed by charging maraging for longer times. For example, 
after four days, hydrogen uptake became 43 ppm and pHe~/pHec was 70. 
Therefore, although maraging steel is more resistant than 35NCD16 to 
the effects of given amounts of hydrogen, since hydrogen solubility in the 

TABLE 5--1nfluence of charging times and conditions of IHE of high-strength steels. 

Cathodic Charging 
Thermal Charging 

Conditions for 24 h for 24 h for 4 days 

uptake, uptake, uptake, 
Results ppm pHe,,/pHec ppm pHeu/pHe~ ppm pHeu/pHe~ 

35NCD16 10.5 10.48 
Maraging 350 9 5.88 15 9.55 43 70 
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first material is also much higher, the first characteristic is of little interest 
for field service, where times are long enough to get the materials saturated, 
even those where hydrogen diffusivity is small. Similar conclusions could 
be derived from HGE tests on H-11 and Maraging 250 steel conducted at 
various dp/dt rates. At faster rates, H-11 appeared more embrittled than 
maraging, but as dp/dt decreased, embrittlement quickly leveled for the 
first steel, but continued to increase for maraging and eventually surpassed 
that of H-11. 

Discuss ion 

In general, the results presented have pointed up the inadequacy of 
knowing only the overall hydrogen pickup of a material exposed under 
given conditions and, how ignoring the attainment of steady state and 
hydrogen distribution could lead to incorrect conclusions that could be 
highly detrimental if extrapolated to industrial conditions. 

Of course, even without knowledge of hydrogen entry rate, solubility, 
and distribution, it is possible to compare: (a) various materials under 
given processing or service conditions, and (b) the effects of various 
processing or service conditions on a same material--provided that the 
experiments are carried out on actual specimens under actual conditions; 
one of the important conditions being time. Also, the tests have to be 
repeated a sufficient number of times to permit a statistical treatment. 
But, to follow this as a general policy would deny the interest of cost 
savings by means of less expensive laboratory experiments. IHE laboratory 
experiments are carried out for two practical purposes: 

1. Knowledge of the effects of hydrogen entered during processing (thermal 
treatments, pickling, plating, etc.), either for materials selection, process 
selection, or quality control of both. Here it is not necessary to reach the 
steady state during laboratory charging experiments as this might represent 
a much more severe condition than reality. However, if the laboratory 
experiments cannot exactly duplicate reality, it is important to know 
hydrogen entry rate and distribution in order to simulate it adequately. 

For instance, plating thin specimens during a limited time can induce 
more embrittlement than plating thicker ones, because a relatively larger 
section will be affected. Then, it might be inferred that baking thicker 
specimens for the time necessary to recover full ductility on thinner 
specimens will be enough to recover full ductility since the thicker speci- 
mens start with a lower embrittlement. However, this can be wrong since 
during baking, hydrogen diffuses two ways, through one side, or deeper 
inwards, then only after a sufficient time outwards, through the other side. 
Therefore, although starting from a relatively lower embrittlement level, 
thicker specimens may have to be baked for longer times than thinner 
laboratory specimens. 

However, thin specimens should not be discounted because thinness 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



~-6 HYDROGEN EMBRITTLEMENT TESTING 

accelerates the relative rate of impregnation and decreases test times, 
but it may mask the role of hydrogen motion kinetics, the knowledge of 
which is necessary to prevent HE of actual size specimens. 

2. Prediction of susceptibility of materials absorbing hydrogen during their 
service life. This is tied to environmental hydrogen embrittlement but, 
while in the latter instance, HE occurs during the exposure conditions 
which allow hydrogen entry in the instance considered here, HE occurs 
under other conditions than those which favor hydrogen entry: For 
example, cracking of a shutdown ammonia synthesis reactor that had been 
cooled from elevated temperatures (where hydrogen enters) to lower 
temperatures (where cracking occurs). Hydrogen cracking of cathodically 
protected structures can be due to either hydrogen environment embrittle- 
ment (HEE) or IHE caused by prior bulk hydrogen absorption, this IHE 
being caused, for example, by an applied stress increase. 

A safety approach to the problem implies that hydrogen entry steady 
state is established before conditions render absorbed hydrogen noxious. 
Then, in order to make useful predictions from laboratory specimens, 
these have to be placed under equilibrium conditions with the charging 
medium, after the suitable charging time has been determined. 

Although it is certainly interesting for scientific purposes to compare 
materials on the basis of the same hydrogen uptake, materials selection 
for field service has to be made on specimens that are equilibrium-charged 
under equivalent service conditions. 

Obviously these general statements are not limited to disks tested under 
pressure but can be applied to other kinds of specimens. However, disks 
are especially attractive because both hydrogen embrittlement and hy- 
drogen entry can be sensitively tested with the same specimens. This 
avoids discrepancies that can occur when specimens have to be supplied 
from different sources or have to be heat treated, cold worked, or machined 
separately because of differing shapes. Moreover, in case of thermal 
charging, the permeation, charging, and embrittlement cells can be a 
single one. This represents more than a fringe benefit, because every time 
that IHE due to hydrogen pickup from gaseous hydrogen takes place, 
thermal charging appears better suited than cathodic charging, where 
hydrogen real fugacity has to be estimated tediously. 

Summary 
The advantage of the disk pressure test is summarized next: 
1. Sensitivity: biaxial stresses. 
2. Flexibility: possibility of being used under a variety of conditions in 

order to adjust to the needs of various industrial problems. 
3. Control of hydrogen entry and distribution on the same specimens 

used for testing IHE. 
4. Possibility of studying other kinds of embrittlement, such as HEE, 
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welding, or thermal  t r ea tment  embri t t lement  and their synergistic effects 
with I H E .  

5. Rapidi ty:  i t  is possible to test  up to 20 charged specimens a day. 
6. Simplicity of operation and maintenance. 
7. Simplicity of specimens: 
8. Economy:  specimens are easy to machine, and the equipment costs 

are relatively low compared with tensile equipment.  
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E.  J .  J a n k o w s k y  1 

Notched C-Ring Test 

REFERENCE: Jankowsky, E. J., "Notched C-Ring Test," Hydrogen 
Embrittlement Testing, ASTM STP 5/+3, American Society for Testing and 
Materials, 1974, pp. 51-57. 

ABSTRACT: High-strength steel notched C-rings have proven to be useful 
specimens for studying the effects of hydrogen embrittlement, as well as 
screening plating processes, cleaning, and paint removal materials for use on 
naval aircraft parts. The specimen and some of its uses are described. 

KEY WORDS: tests hydrogen embrittlement, high strength steels, cadmium 
coatings, plating, baking 

Most of the first hydrogen stress cracking work conducted at the Naval  
Air Development Center employed a smooth C-ring specimen. Loading, 
measurement of stresses, and interpretation of results were simple. I t  was 
found, however, that  results were ve ry  inconsistent when different heats of 
steel were used for making the rings. Addition of a notch corrected this in- 
consistency and generally made the specimens more sensitive. 

Investigations conducted with notched specimens have involved mech- 
anisms, electroplating processes, and material screening. 

E x p e r i m e n t a l  P r o c e d u r e s  

Specimen 

The notched C-ring consists of a ll/~-in, section cut from 2-in. outside 
diameter, }~-in. wall thickness tubing which is heat s to the required 
strength level and finish ground to the dimensions shown in Fig. 1. Most of 
the Naval Air Development Center 's  work was conducted with AISI 4340 
steel heat t reated to a strength level of 260 to 280 ksi. A few experiments 
have been conducted with 6A1-4V titanium alloy, and it appears tha t  it is a 
suitable specimen for almost any material if the necessary calibration equip- 
ment  is available. 

1 Chemist, Air Vehicle Technology Department, Naval Air Development Center, 
Warminster, Pa. 18974. 
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52 HYDROGEN EMBRITTLEMENT TESTING 

FIG. 1--Notched C-Ring with instrumented loading bolt. 

Loading Based on Bolt Strain 

Original work, which is fully described in a paper presented at the 1960 
Annual Meeting of the American Society for Testing and Materials [1] 3 , was 
performed with a stressing bolt fitted with strain gages for measuring bolt 
strain. The bolt passed through the specimen diameter, and the load was 
applied by  tightening a nut  on the bolt. Strain was measured by means of a 
bridge circuit and a strain indicator as shown in Fig. 2. A recording oscillo- 
graph was used to make a continuous record of bolt strain from the be- 
ginning of loading to failure. The method was very sensitive and repro- 
ducible and could be used very well for measuring incubation time and 
crack progagation. The number of specimens that  could be tested at  one 
t ime was limited by the instrumentation available, however. 

Loading Based on Ring Deflection 

I t  was obvious that  if a large number of tests were to be made a simpler 
stressing method had to be employed. The early work showed that  there 
was no measurable yielding of high-strength AISI 4340 steel specimens 
prior to failure. A new stressing method based on deflection (reduction in 
diameter) of the specimens was devised based on the linear nature of the 
bolt strain versus nominal ring stress curve. The strain required to break 
several notched C-rings was determined using the instrumented bolt. Then 
the instrumented bolts were used to load several more specimens to 75 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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percent of the average breaking strain and the reduction in diameter 
measured. An average reduction in diameter could then be determined for 
75 percent of the breaking stress. All subsequent tests were conducted with 
ordinary bolts for applying stress and a micrometer or the device shown in 
Fig. 3 for measuring deflection. A timing device employing microswitches 
and timers (Fig. 4) was then added, and many specimens could be tested at 
once. From this point on, the notched C-ring test became a go no-go test 
with a testing time of 200 h and an applied stress of 75 percent of the break- 
ing stress. 

Further Simplification 

After considerable testing, it was observed that the deflection at 75 
percent of the breaking stress was always very close to 0.100 in. A hydro- 
gen embrittlement test using this stressing value is now included in military 

STRAIN RECORDER 

% 

) 

r '  
(5 

5 K ~ .  

l,l,l,I 
5 K . r ~  

FIG. 2--Strain gage wiring diagram. 
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FIG. 3--Deflection measuring device. 

paint remover specification MIL-R-81294 and federal specification TT-R- 
248. 

Notched C-rings used for p~ int remover tests are generally flash cadmium 
plated (2 min at 50 amperes per square foot (ASF) in a nonbrightened 
bath) and baked 24 h at 375~ prior to stressing to simulate vacuum 
cadmium plated parts [2]. 

FIG. 4--Notched C-rings with microswitches and timers. 
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Test Methods 

The notched C-ring can be used two ways. The stress can be applied 
prior to subjecting the specimen to the potentially embrittling medium to 
simulate parts containing high residual stresses, or the stress can be applied 
after the ring is treated to give a standard constant strain test. 

R e s u l t s  a n d  D i s c u s s i o n  

The notched C-ring has been used for a number of years for both re- 
search investigations and screening tests. When used with the instrumented 
bolt and an appropriate strain indicator, cracking behavior can be moni- 
tored from a point remote from the testing environment. Figure 5 illus- 
trates results of an investigation of cracking of plated specimens. The 
equipment required is no more expensive and certainly not as bulky as the 
sustained loading machines used for testing notched tension specimens. 

In its simplest form, using a fixed deflection value for stressing, it still 
performs well as a critical screening specimen. The 200 h testing time is 
apparently sufficiently long to allow incubation, crack propagation, and 
failure even though this stressing method probably results in slight stress 
variations from one specimen to the next. 

It is particularly useful for testing coatings which may be applied to 
high-strength steel parts without subsequent baking, such as selective 
cadmium plating ("brush" plating). It has been used satisfactorily for 
screening paint removers that may be applied to cadmium coated steel 
parts such as vacuum cadmium coated landing gear. Both of the latter 
tests are conducted with prestressed specimens. Failure times for one very 
embrittling paint stripper, for example, varied from 1.3 to 34.4 h for five 
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FIG. 5--Crack progression in plated notched C-rings as indicated by decrease in loading 
bolt stress. 
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F I G .  6--Comparison of two types of specimens plated with chromium to a thickness of 
0.002 in. 

flash cadmium plated, baked, and prestressed specimens. Generally, failure 
times are less scattered. 

Figure 6 is a comparison of sustained load curves for notched tension 
specimens and notched C-rings. Both curves reach approximately the same 
lower critical stress even though their incubation behavior is different. 

Comparisons made with the Drihibe notched bolt, the Lawrence hydro- 
gen detection gage, and the HEP tester show that notched C-ring results 
compare well with other methods [3]. 

The principal disadvantages to the notched C-ring are that it is 
difficult to make and comparatively expensive. The equipment and 
experience needed to make good notched C-rings is apparently beyond 
that found in most  job shops. When a machine shop capable of pro- 
ducing notched C-rings is found, the cost is about $25 per specimen for 
rings machined from solid bar stock. The cost for specimens fabricated 
from tubing would be slightly lower. 

In summary, the notched C-ring is a reliable specimen for hydrogen 
embrittlement testing that can be used for either laboratory studies or 
material screening tests. 
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Stressed O-Ring Test 

REFERENCE: Hyter, W. H., "Stressed O-Ring Test," Hydrogen Embrittle- 
ment Testing, ASTM STP 543, American Society for Testing and Materials, 
1974, pp. 58-63. 

ABSTRACT: A stressed steel O-ring is used by the Douglas Aircraft Company 
to determine the hydrogen embrittling tendency of various processes. The use 
of the Douglas stress ring is described for testing processes, such as plating, 
cleaning, deoxidizing, and paint stripping. The method of selecting the hy- 
drogen sensitivity of the steel used to make the ring is included. 

KEY WORDS: hydrogen embrittlement, high strength steels, cadmium 
coatings, stresses, plating, baking 

M e t h o d  U s e d  t o  S e l e c t  t h e  4340 S t e e l  

Douglas ring specimens for detecting hydrogen embrit t lement are 
machined from AISI 4340 steel. Since some heats of 4340 steel are less 
sensitive to hydrogen embrit t lement than others, a special test is conducted 
on the steel before it is chosen for manufacture of the ring specimens. To 
assure the sensitivity of a heat of steel, six trial ring specimens are machined 
from the steel according to a standard Douglas drawing (P /N  S 4776683). 
The machined rings are heat treated 260 to 280 ksi ultimate tensile strength. 
Following magnetic particle inspection, the rings are lightly dry blasted 
with aluminum oxide (150 mesh or finer) and shot peened to an intensity of 
0.006 to 0.010-in. Almen " A " .  After dimensional inspection, three of the 
rings are plated in a brightened cadmium cyanide bath  at 10 amperes per 
square foot (ASF) for 30 min and baked for 8 h at 375 ~ F. The plated rings 
are then stressed to 90 percent ultimate (240 000 psi). These rings must 
fracture within 24 h after stressing. 

The other three rings are plated in our DPS 9.28 low embrit t lement 
cadmium bath  at  60 ASF for 6 min, baked at 395 ~ F for 23 h, and stressed 
to 90 percent ultimate (240 000 psi). 

All three rings must remain stressed for 168 h without failure. When a 

1 Section manager, Inorganic Coatings, Materials and Process Engineering, Douglas 
Aircraft Div., McDonnnell Douglas Corp., Long Beach, Calif. 90801. 
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heat of steel passes these tests it is then selected to be used to manufacture 
ring specimens. 

M e t h o d  U s e d  to  P r o d u c e  Stress  Level  

The desired stress is applied to the ring by inserting the ring specimen 
into a vise and distorting it to allow insertion of the stress bar. 

Details for manufacture of the test ring and stress bar are given in Fig. 1, 
Douglas Drawing No. $4776683 for the hydrogen embrittlement test ring. 
The ring, stress bar, and deflection data are shown in Figs. 2-5. 

The stress values shown in Fig. 5 have been determined by calculation, 
photostress measurements, strain gage data, and X-ray diffraction deter- 
minations. These stress values are believed to be accurate within 15 percent. 

FIG. la 

FIG. 1--Ring hydrogen embrittlement test. 
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GENEB, AL NOTES! 

I .  THESE PARTS MUST DE tJSEO ONLY IN CONJUCTION WITH DI~$ ~ .28 ,  ORS IB}O~ OR 
SPECIAL ENGINEERING YEST~. 

2. MACHINED SURFACES 6 ~ P E R  MIL-STD~ 

THE FOLLOWING NOTES APPLY TO -501 ONLY 

) .  GRAIN DIRECTION NOTED, 
~. NO SCRATCHES ALLOWED, 
5. EXCEPT AS INDICATED PROCESS PER DPS k.BOk 
6. NORHAL IZE AND STRESS NEE IEV[ PER OPS 500-1 PRIOR TO MACHINING. HEAT TREAT AFTER 

MACHINING TO RC ~I-RC 5) (AUSTENITIZING TIME 30 MINUTES AT TEMP.)PER UPS 5.0Oot 
EXCEPT MAX PERMISSIBLE OECARBURIZATION IS .002, DECARBURIZATION TEST SPECIMENS 
ARE REQUIRED. USE ONE RING FOR EACH LOT HEAT TREATED, FOR TEST SPECIMEN. 

7. LIGHT ALUMINUM OXIDE BLAST USING 150 MESH (OR FINER) ALUMINUM OXIDE, AFTER FINAL 
HEAT TREATMENT AND AGAIN AFTER SHOT PEENING. USE 3/~"  - I / 2 "  NOZZLE, 30-50~ ~lA 
PRESSURE, APPROXImATELy 10 INCHES FRO~ PART SURFACE. DO NOT ALLOt/ BLAST STREAM 
TO DWELL ON PARJ. HOVE CONTINUOUSLY. 

8. SURFACE FINISH o~,/ MUST BE HELD PRIOR TO SHOT PEENING, DO NOT FILE EDGES, REMOVE 
BURRS FROM SHARP EDGES USING SILICON CARBIDE PAPER BY HAND APPLICATION. 

9. SHOT PEER ALL SURFACES PER UPS ~.9~9 AFTER FINAL HEAT TREATMENT. USE ONLY CLEAN 
SHUT, SIZE P-19 OR S Z)O, WHICH CONFORMS TO THE REQUIREMENTS OF HIL-S-051ANO 
SCREENING REQUIREMENTS OF H I L ' S ' I ] I 6 5 .  REQUIRED INTENSITY IS ALMEN "A"  .O06"-  
.OLD". 
AFTER FINAL HEAT TREATMENT PROTECT ALL SURFACES BETWEEN OPERATIONS AND PRIOR 
TO STORAGE PER UPS 3.317.  
MAGNETIC PARTICLE INSPECT IMMEDIATELY PRIOR TO AND AFTER SHOT PEENING, ANY 
MAGNETIC INDICATIONS EXCEEDING 1/32 LENGTH ARE CAUS~ FOR REJECTION, 
ROCKWELL INSPECT PER UPS 1.0~, LIMIT THE NUMBER OF ROCKWELL IMPRESSIONS TO ONE 
IMPRESSION PER PART AFTER ESTABLISHING HEAT TREATMENT RESPONSE FOR EACH LOT HEAT 
TREATED IN ONE FURNACE LOAD. 
IDENTIFY PARTS BY INDIVIDUAL TAG SHOWING PART NUMBER, MI~  HEAT NUMBER, AND FAR. 
ORDER SERIAL NO. DO NOT INK STAMP. TAGS AND RINGS SHALL NOT BE INTERCHANGED. 
OVALITY OF RING MUST RE WITHIN DIMENSIONAL REQUIREMENT. PRIOR AND AFTER FINAL HEAT 
TREATMENT, AND PRIUR AND AFTER $HOi PEENING. 
ACID OR CATHODIC ELYTROLYTIC CLEANING IS PROHIBITED. 
SIRAIGHTENING AFTEH FINAL HEAT TREATMENT IS PROHIBITED. 
GRINDING AFTER FINAL HEAT TREATMENT IS PROHIBITED. 

I0 .  

I | .  

12. 

13. 

I k .  

15. 
16. 
17. 

THE FOLLOWING NOTES APPLY TO -503!~O-5OSONLY 

18. GRAIN DIRECTION OPTIONAL, 
19. CAD PLATE PEN UPS 9.7E TYPE I ,  
20. DIMS TO BE MET PRIOR TO PLATING. 
21, IOENTIFY PER DPS 3.Z7.  
2~. NO HEAT TREATMENT, 
~3. NO MAGNETIC INSPECTION. 

FIG. lb 

Use of  the  Stress Ring 

A unique feature of the ring specimen is the fact that it can be used to 
test many types of hydrogen producing materials and processes under 
varying environmental conditions. In contrast to a notched tension speci- 
men, the ring has an appreciable area that is exposed to the test medium. 
The thickness of the plating on this area can be accurately determined. 
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FIG. 2--Ring specimen before stressing. 

FIG. 3--Ring with stress bar inserted. 

FIG. 4--Stress bars of various lengths. 
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FIG. 5--Chart showing stress and ring deflection. 

Aircraft Cleaners and Paint Strippers 

Since high-strength steel parts can contain residual tensile stresses as 
a result of heat treating, machining, grinding, or service loads or all four, 
testing of aircraft cleaner and paint strippers are conducted while the rings 
are under a sustained load of 176 000 psi. This loud, which is 80 percent of 
the yield strength of the ring material, was established by using water as a 
standard. This stress level will cause failure when testing materials that are 
more embrittling than water but will not fracture in water. Because the 
high-strength steel parts are cadmium plated, the ring specimens are also 
cadmium plated per DPS 9.28 and embrittlement relieved before stressing 
and testing the cleaner or stripper materials. 

Hydrogen Embrittlement Testing of Plating Processes 

The initial use of the Douglas stress ring was to determine the hydrogen 
embrittlement characteristics of the low embrittlement cadmium plating 
process. 

Initially it was required that three rings be processed with each load of 
parts plated per DPS 9.28. Since for many years we had no ring failures 
after plating rings with the DPS 9.28 cadmium this requirement was re- 
duced to embrittlement testing on initial qualification and once every 
three months. 

1. Hydrogen Embrittlement Test Procedure for DPS 9.28 Cadmium Plate-- 
Four rings are processed through the entire production cleaning and plating 
processing cycle, baked for 23 h, and then stressed to 90 percent ultimate, 
using a cadmium plated 2.525-in. stress bar. These rings must remain 
under stress for 168 h without failure. 

If the production plating facility is properly maintained these plated and 
stressed rings will remain intact in air for several months. 

2. Hydrogen Embrittlement Testing of Other Plating Processes--Ring tests 
have been used to establish the hydrogen embrittlement requirements for 
many other plating processes such as: (a) sulfamate nickel plating, (b) mul- 
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tiple step chromium plating, and (c) brush plating (cadmium, nickel, 
nickel-tungsten, etc.). 

Stress Corrosion Testing with Inorganic and Organic Coatings 

As mentioned before, a ring specimen properly plated per DPS 9.28 or an 
unplated ring stressed to 240 000 psi (90 percent ultimate), will remain 
intact normally for several months in air. However, fracture will occur 
within a few hours if the stressed rings are placed in a salt spray cabinet. 

This provides a basis to determine the relative ability of inorganic and 
organic coatings to prevent failure due to stress corrosion. 

Evaluation of the Ring Test by Other Investigators 

A. G. B. Wadsworth and B. G. Johnson, APTC Project No. 13-59, 
Boeing Wichita Report D-3-3655 Standardization of Methods of Testing for 
Hydrogen Embrittlement, 29 May 1961, stated, "The sustained load speci- 
mens with 0.001, 0.003, and 0.005-in. notch radii and the Douglas ring 
specimen all indicated a high degree of embrittlement with a reasonable 
scatter in test results." 

B. Theodore G. Kozan, The Boeing Co., MASD, Wichita Branch, 
Evaluation of Cadmium Plating System for Hydrogen Embrittlement, stated, 
"In comparing the results of the 0.003-in. notch tensile specimens and the 
Douglas ring specimens, it should be noted that the ring specimens cor- 
rectly indicated the most embrittling plating systems but were not as 
sensitive as the 0.003-in. notch tensile specimens." 

The results of ARTC 13-59 indicated the ring specimen to be less sensi- 
tive than the 0.003-in. notch but more sensitive than the 0.005-in. notch. 
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R. C. Movich 

Notched Bar-Bending Test 

REFERENCE: Movich, R. C., "Notched Bar-Bending Test," Hydrogen 
Embrittlement Testing, ASTM STP 543, American Society for Testing and 
Materials, 1974, pp. 64-73. 

ABSTRACT: A new method of testing for hydrogen embrittlement of high- 
strength steels is described. Results of tests conducted to compare the ability 
of the new method and the stress-rupture machine to detect detrimental ab- 
sorbed hydrogen are given. The new method was found to provide reliability, 
simplicity, and low cost for hydrogen embrittlement testing and compared 
directly with the stress-rupture machine in both sensitivity and variability. 
Results of tests conducted to determine the ability of the new method to detect 
varying amounts of hydrogen obtained by cadmium plating using three differ- 
ent processes with and without baking are given. The new method is well 
suited for periodic quality control tests of cadmium plating processes, se- 
lective plating tests, testing of cleaners and paint strippers, and stress corrosion 
testing. 

KEY WORDS: hydrogen embrittlement, high strength steels, cadmium 
coatings, stresses, plating, heat treatment, notch tests 

High-strength steels having an ultimate tensile strength of 260 000 to 
280 000 psi are used extensively for structural components in modern air- 
craft and other products. One of the best methods for protecting these com- 
ponents from corrosion is by cadmium plating followed by the application of 
an organic coating. A characteristic of cadmium plating and its associated 
cleaning and pickling processing is that hydrogen can be generated and 
absorbed into the steel. Even very small amounts of hydrogen absorbed 
into the lattice of high-strength steels can cause catastrophic failure of 
these components during service at sustained static stresses much below 
the stress level which the components would withstand if they were free 
from absorbed hydrogen. Therefore, special precautions must be taken to 
prevent absorption of hydrogen or eliminate absorbed hydrogen when 
cadmium plating high-strength steels. A good method of testing to deter- 
mine whether or not parts are free, in fact, from detrimental absorbed 
hydrogen has been a prime requirement for quality assurance. 

1 Manufacturing research specialist, Lockheed-California Co., Burbank, Calif. 91503. 
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Failure Mechanism and Test Methods 

Hydrogen embrittlement failure occurs when the steel is subjected to a 
static tensile load for an extended period of time. Failure occurs by the 
migration of hydrogen to areas of high-stress concentration, resulting in 
localized concentrations of hydrogen sufficient to cause brittle fracture. 
The time required for failure of the steel is dependent upon the absorbed 
hydrogen concentration, the magnitude of the stress concentration, and 
the magnitude of the applied stress. 

In order for a hydrogen embrittlement test method to be valid it must 
detect small amounts of absorbed hydrogen which can cause catastrophic 
failure of parts according to the mechanism just described. A destructive 
mechanical test generally is accepted to accomplish this purpose. The test 
most commonly used employs a notched tensile coupon which is statically 
loaded in tension in a stress-rupture machine at 75 percent of its ultimate 
strength until failure occurs or 200 h has elasped. The disadvantages of 
using the stress-rupture machine for hydrogen embrittlement testing are 
the high cost of the machine and the necessity of a coupon with threads or 
shoulders for gripping. 

Notched tensile coupons used for hydrogen embrittlement testing are 
required to be of the same alloy and heat treated to the same ultimate 
tensile strength as the parts which are to be plated. In order to fabricate 
a notched tensile coupon, material must be rough machined, heat treated, 
and then finish machined, including machining of the notch when the 
material is in its hardened condition. Conventional grinding of the notch is 
not satisfactory due to a propensity to overheat the steel causing the forma- 
tion of untempered martensite or retempered, tempered martensite in the 
vicinity of the notch. Therefore, final machining of the coupon must be 
accomplished on a lathe using sharp cutting tools. Proper tolerance, con- 
centricity, and notch configuration are difficult to obtain using this method; 
thus, the cost of acceptable coupons is necessarily high. 

New Testing Method 

A new method of testing for hydrogen embrittlement has been developed. 
This method combines a unique coupon with a new method of loading to 
provide a complete system with high reliability and low cost. In this 
method, a notched coupon is loaded in tension by bending. Since the 
coupon is not loaded in tension axially, threads or shoulders for gripping 
are not necessary, and the coupon can be easily slipped into the testing de- 
vice for loading. Due to the advantage gained by the bending moment, the 
load required is only a fraction of that required for loading in tension ax- 
ially as done by the stress-rupture machine. The cost of the testing device 
is a small fraction of the cost of a stress-rupture m~chine. The notched 
coupon used is fabricated by crush grinding after the steel is heat treated 
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66 HYDROGEN EMBRITTLEMENT TESTING 

to its desired level of strength. This method produces a coupon with proper 
tolerances, concentricity, and notch configuration at a fraction of the cost 
of machining and without the overheating associated with conventional 
grinding. 

Two types of testing devices have been developed. The first, shown in 
Figs. 1 and 2, is used for testing of processed coupons and incorporates a 
timer for exact determination of time to failure. Figure 1 shows a four sta- 
tion module and the loading sequence as follows: (1! coupon is slipped into 
hole in base, (2) loading bar is slipped onto free end of coupon, (3) yoke is 
positioned over loading bar, (4) loading screw is turned down by hand to 
zero position (point at which loading bar just begins to move), (5) wrench 
is inserted into the screw and a predetermined number of turns applied 
(number of turns represents a percentage of the ultimate strength), and (6) 
timer switch is activated. The light and timer remain activated until the 
coupon fails or is unloaded. An installation of 20 testing devices, which 
were used to perform the tests described in this paper, is shown in Fig. 2. 

The other type of testing device, shown in Fig. 3, accomplishes the same 
purpose as the more sophisticated device and stresses the coupon in exactly 

FIG. 1--Four sMtion testing device shouting loading sequence. 
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FIG. 2--Bank of 20 testing stations used for experimental program. 

the same manner. I t  is ideal for go no-go quality assurance testing where 
the time to failure is not important and the most economical device is de- 
sirable. This device is also useful for exposure to potential hydrogen em- 
brittling processes while the coupon is under stress such as for selective 
plating tests, testing of cleaners and paint strippers, and stress corrosion 
testing. Dimensional details for the device are shown in Fig. 4. 

The coupons used in both devices are fabricated from 5~6-in.-diameter 
rod of the desired alloy which is cut into coupon lengths and heat treated to 
the desired strength level. After heat treating the diameter is reduced to 
0.250 in. The notch is then produced by crush grinding. This produces a 

FIG. 3--Portable testing devices and coupons with loading sequence shown. 
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FIG. 4.--Drawing of portable testing device. 

FIG. 5--Drawing of test coupon which is fabricated by crush grinding. 
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notch with close tolerances and with no metallurgical damage to the alloy 
in the vicinity of the notch. Figure 5 shows the dimensions and tolerances 
of the coupon. 

Test  Procedure 

Tests were conducted to compare the ability of the new testing method 
and the stress-rupture machine to detect detrimental hydrogen embrittle- 
ment. Coupons were fabricated from 5~6-in.-diameter air melted 4340 
steel rod heat treated to 260 000 to 280 000 psi ultimate tensile strength. 
For the purpose of this test program, threaded notched coupons were used 
so that they could be loaded axially in tension in the stress-rupture ma- 
chines. The first step in the test procedure was to determine the ultimate 
strengths of the coupons since sustained load tests for hydrogen embrittle- 
ment are conducted at various percentages of notched coupon ultimate 
strength. Coupons were degreased and dry blasted with 180 grit aluminum 
oxide. Ultimate strengths were determined by loading coupons to failure 
using a tension testing machine. The averages of these notched coupon 
ultimate strengths were used to determine the various percentages of 
ultimate strength for sustained load tests using the stress-rupture machines. 
Coupons were also loaded to failure in the new testing devices. The number 
of turns of the loading screw at failure was the coupon ultimate strength. 
The averages of these notched coupon ultimate strengths were used to 
determine the various percentages of ultimate strength for sustained load 
tests using the new testing devices. Figure 6 shows the ultimate strengths 
obtained and the curve used to determine the number of turns of the load- 
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FIG. 6--Loading curve for use with the new lesting system. 
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ing screw required to obtain various percentages of coupon ultimate 
strength. 

For the purposes of the test program, coupons containing absorbed 
hydrogen were required. These coupons were obtained by plating in a bath 
made up of 3.5-oz/gal cadmium oxide and 12-oz/gal sodium cyanide. 
Coupons were degreased, dry blasted with 180 grit aluminum oxide, 
plated at 20 amperes per square foot (ASF) for 15 min, and held at room 
temperature for 60 min before application of the load. The coupons were 
not baked. All of the coupons in each set of results obtained were plated 
simultaneously. 

Tests were also conducted to determine the ability of the new testing 
method to detect varying amounts of hydrogen obtained by cadmium 
plating using three different processes and baking at 375 ~ F for 24 h. The 
plating processes used were unbrightened cadmium, bright cadmium, and 
titanium-cadmium. 

Test  Results  

As stated previously, the most commonly used hydrogen embrittlement 
tests employs a notched coupon which is held at 75 percent of its ultimate 
strength until failure occurs or 200 h has elapsed. Sustained loading at one 
stress level, such as 75 percent of ultimate, is fine for quality control 
purposes. However, to obtain a complete characterization of the amount of 
embrittlement obtained from a plating process, sustained loading at several 
stress levels is necessary. Figure 7 shows the results of testing a group of 19 
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FIG. 7--Typical hydrogen embrittlement test results for cadmium plated high-strength 
~3~0 steel. 
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FIG. 8--Test results comparing the new testing method with the stress-rupture machine. 

coupons using the new testing method. These results are typical of sustained 
load testing of high-strength 4340 steel containing absorbed hydrogen due 
to cadmium plating. If a curve was drawn through the points there would be 
a horizontal portion at 95 percent of ultimate, a vertical portion at i h, and 
another horizontal portion at 42 percent of ultimate. Both the vertical part 

FIG. 9---Test results of unbrightened cadmium showing the effect of baking in relieving 
detrimental hydrogen through the porous plate. 
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FIG. lO--Test results of bright cadmium showing the inability of baking to relieve 
hydrogen through the dense plate. 

of the curve at 1 h and the horizontal part of the curve at 42 percent of 
ultimate are measures of the severity of hydrogen embrittlement caused by 
absorbed hydrogen. 

Results of tests conducted to compare the ability of the new testing 
method and the stress-rupture machine to detect hydrogen embrittlement 

FIG. l l - -Test  results of titanium-cadmium showing hydrogen relief by baking through 
a plate with excellent corrosion resistance. 
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are shown in Fig. 8. Coupons stressed at 40 percent of ultimate strength 
by both methods did not fail within 200 h. As can be seen, the new testing 
method compares favorably with the stress-rupture machine in both sen- 
sitivity and variability. 

Results of tests conducted with the new testing method using three 
different cadmium plating processes with and without baking are shown in 
Figs. 9 through 11. The effect of baking to relieve detrimental hydrogen is 
clearly shown in Fig. 9 where an unbrightened cadmium plating bath was 
used. A porous plate is produced by the unbrightened bath allowing the 
hydrogen to diffuse through the plate during the baking cycle. After baking, 
three coupons withstood 95 percent of ultimate load without breaking for 
500 h at which time they were unloaded. The use of brighteners in cadium 
plating baths produces a dense, nonporous plate which hinders the relief 
of hydrogen by baking. This effect is shown in Fig. 10 where a bright 
cadmium bath was used. Test results using a proprietary cadmium plating 
bath containing a small amount of titanium are shown in Fig. 11. The 
advantage of this bath is that a plate with excellent corrosion resistance is 
produced which also is porous enough to allow relief of absorbed hydrogen 
by baking. As can be seen; baking relieved the detrimental hydrogen since 
failures after baking occurred only after long time periods at 90 percent 
of ultimate strength and higher. 
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Notched Test Strips 

REFERENCE:  Jones, W. C., "Notched Test Strips-" Hydrogen Embrittleo 
ment Testing, ASTM STP 543, American Society for Testing and Materials, 
1974, pp. 74-80. 

A B S T R A C T :  This paper describes a practical test that enables the metal 
finisher to detect changes in a standardized plating and baking procedure. 
Low-cost test strips are processed with the work through the complete cycle. 
Changes in their median time to fracture measures the degree of hydrogen 
embrittlement. A simple timing device is described that will automatically 
record the median breaking time for a set of five specimen. Median fracture 
times can be correlated to the hydrogen content of the strip. 

K E Y  W O R D S :  hydrogen embrittlement, failure, cadmium coatings, metal 
finishing, plating, baking 

Twelve years ago, the For ty-Seventh Annual Convention of the Ameri- 
can Electroplaters '  Society was held in Los Angeles, Calif. A portion of the 
technical program was a symposium on Hydrogen Embr i t t l ement  in Metal  
Finishing. Dr. Snavely, in his paper  "Measurements  pertaining to Hydro-  
gen Embr i t t l ement"  concluded with the following statement.  "Where  some 
hydrogen permeation is allowable, but  an effort is to be made to remove 
the embri t t lement  effects, a shop test  might  be based on some simple modi- 
fication of the stress rupture test. Devising this simple test  is a challenge 
to everyone interested in minimizing delayed failures caused by  hydrogen."  

This testing procedure, I will describe, was initiated by  the Wallace 
Barnes Division of the Associated Spring Company and developed in con- 
junction with Luster-On Products, Inc. The  method is the outgrowth of a 
procedure used for m a n y  years in the in-plant testing for adequate relief 
of hydrogen embrit t lement.  Test  strips are cleaned, plated, and baked 
along with production lots of precision springs and the performance of the 
test  strips used to assure compliance with the standard procedures for the 
control of hydrogen embrit t lement.  We feel tha t  this practical test measures 
the embritt l ing effect of hydrogen directly and meets the challenge for a 
simple stress rupture test. 

1 Technical director, Luster-On Products, Inc., Springfield, Mass. 01109. 
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Test Specimens 

The test specimen consists of a 1/~-in.-wide strip of spring steel, 0.70 to 
0.80 percent carbon grade, 71/~ in. long and 0.022 in. thick. In testing, 
these strips are held in a bent  configuration with the ends between two 
fixed surfaces 3 ~  in. apart  so that  the strip assumes the shape of an arch. 
A static stress is created at the apex by this procedure, and the time delay 
to fracture of a plated spring is considered a measure of the degree of 
hydrogen embrittlement. 

Experimental Procedures 

To increase the sensitivity of the strip, a variety of stress raising devices 
were evaluated. These included a round punched hole, half round notches 
at the edge, a sharp V-notch across the width, a partially sheared out but- 
ton, an extended button, an edge notch which simulated deep drawing 
folds or cracks, and a U-shaped cut sheared with the tab left in place. The 
partially sheared U-shaped tab was selected because of the adaptabili ty to 
mass production as well as its sensitivity. The tab is made with slotting 
punch ground at a 6 deg angle, and the punch only partially enters the die. 
The test strips are manufactured under carefully controlled conditions 
with particular emphasis on minimum hardness variation. I t  was found 
that  two of these tabs, arranged as shown in Fig. 1, improved the reproduci- 
bility of the test. The test strip must be bent  so that  the tabs project from 
the outside surface of the arch. 

Figure 2 shows the general configuration of the strip during the test. 
Note  tha t  there is no movement of the ends of the strips. Figure 3 shows 
the breaking time plotted on the logarithmic ordinate for 100 individual 
strips from the same production lot that  were cadmium plated and baked 
at the same time. 

Conditions of Test 

Rockwell Hardness C Scale, HRC 51 Plating Solution (barrel) 

Cadmium metal 
Sodium cyanide 
Sodium hydroxide 
Sodium carbonate 
Metallic brightener 
Temperature 
Time 
Average current density 
Baking temperature 
Baking time 

2.4 oz/gal 
13.0 oz/gal 
2.9 oz/gal 
5.9 oz/gal 

present 
75 ~ F 
30 rain 
10 ASF�9 

375 ~ F 
2h  

ASF ~- amperes per square foot. 
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FIG. 1--Tab configuration. 

The breaking times are arranged in ascending order. For these particular 
sets of specimens, the minimum time was 15 min, and three specimens did 
not break within 1000 rain. The median time was 47 min. That is, 50 speci- 
mens broke before 47 min, and 50 broke after 47 rain. There is a wide range 
of breaking times, and any individual value cannot be compared with 
another individual breaking time selected from another sets of specimens 
produced or processed under different conditions. 

Repeated testing has indicated that the median breaking time of a set of 
specimens is significant and can be used for comparative purposes. It has 
been determined that five is the minimum number of strips that must be 
processed and tested at one time so that the median time to fracture is 
significant. 

FIG. 2--Configuration of strips under test. 
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FIG. 3--Breaking time of 100 individual strips processed at the same time. 

Let us for the moment consider 100 articles that  are numbered 1 to 100. 
I t  can be shown from a table of random numbers that  if we select a large 
number of sets of 5, the median number of the set will be between 32 and 
69, 50 percent of the time and between 14 and 86, 95 percent of the time. 
Translating these values to those measured for the set of 100 strips, we find 
that  if the true median time to fracture is 47 min, 50 percent of the time, the 
median of a set of five specimens will be between 33 and 70 min, and 95 
percent of the time it will fall between 26 and 175 min. Any values outside 
these limits may  be considered to be a significant change. 

In other words, once a cleaning, plating, and baking process has been 
established and a median time to fracture determined, breaking times less 
than half or more than four times the median should be interpreted as 
measuring a definite change in the processing cycle. 

Figure 4 shows a timing device that  has been developed to record the 
median fracture time for a set of five strips. Various configurations are 
available that  will test up to ten sets of five strips at one time. Each set is 
sensed electrically every minute to determine how many individual strips 
are unbroken. If the number is three or more, a counter adds one minute. 
This process continues until the third strip breaks regardless of the se- 
quence. At this point, the counter will no longer count, and the median 
time to fracture of the set is recorded. 

The strips are inserted into individual compartments with the apex 
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innermost so that when they break, the specimens will be directed toward 
the rear of the enclosure. The median time to fracture can be correlated 
with the average hydrogen content of the set of strips tested. Each pro- 
duction lot of strips is evaluated for their sensitivity and a factor deter- 
mined so that data from different lots of strips may be compared. 

Figure 5 shows the median breaking time plotted on a logarithmic or- 
dinate versus the average hydrogen content of the five strips of the set 
plotted on the arithmetic abscissa. The hydrogen values were determined 
by the hot extraction method. 

All data shown are for barrel cadmium plated strips that had been baked 
for various periods of time to produce different hydrogen levels. Note that 
the median breaking time increases as the average hydrogen content de- 
creases. There appears to be a straight line relationship between the log of 
the median breaking time and the average hydrogen content. The three 
sets of data shown were obtained from three different lots of springs. The 
harder springs exhibited a shorter median breaking time for the same 
amount of hydrogen present. 

The right hand line is HRC 47, the center HRC 51, and the left HRC 54. 
Note that a 2 to 3 ppm change in hydrogen content produced a tenfold 
change in breaking time. At HRC 51, strips baked for 1 h at 375 ~ F after 
cadmium plating showed an average time of 7 min, those baked for 2 h 
averaged around 20 min, and those baked for 3 h broke at around 100 min. 
By changing the hardness of the strip we can change the sensitivity of the 
strips and cover wider range of hydrogen levels. 

The testing procedure described provides the plater with test strips 
that can be evaluated rapidly for their degree of hydrogen embrittlement. 
They represent a consistent and predictable metallurgical input to the 

FIG. 4--Automatic timing device. 
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JONES ON NOTCHED TEST STRIPS 7'9 

FIG. 5--Relationship between hydrogen content and breaking time. 

metal finishing process, and changes in their breaking time can be used to 
detect changes in the processing cycle. 

R e s u l t s  

In practice, the strips are utilized in the following manner. A metal 
finishing process is standardized, and the strips are processed through the 
complete cycle with the production work. This includes the cleaning, 
plating, and baking. The median breaking time is determined and recorded. 
Sets of test strips are then processed periodically along with the work and 
their median fracture times compared to the standard. Depending on the 
quantity of strips purchased at one time, the cost for a set of five strips 
will be between $1.00 and $2.00. Normal breaking times for production 
control seldom exceed the 3 h commonly specified for a baking time after 
cadmium plating. Thus, the tester is capable of keeping up with the batch 
baking process. 

If the median breaking time for any one lot is less than half or more than 
four times the standard, then the plater knows that something has changed 
in his cycle that has an effect on hydrogen embrittlement. On the other 
hand, should hydrogen embrittlement be encountered in production parts, 
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80 HYDROGEN EMBRITTLEMENT TESTING 

and the test strip results are normal, it may be surmised that the cause of 
the embrittlement is other than the plating process. For example, the hard- 
ness of that particular lot may be greater than normal, and a metallurgical 
examination of the basis metal would be indicated. 

The median breaking time of these strips measures the degree of hydrogen 
embrittlement of the strips themselves, but these strips cannot predict the 
presence or absence of hydrogen embrittlement in any other part of the 
same or different composition; the same or different configuration; or the 
same or different hardness. However, they do represent a method for 
assuring consistency in the total metal finishing process and offer assistance 
in case of difficulty by indicating whether the problem is one for the plater 
or the metallurgist. 
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Hydrogen Detection Gage 

REFERENCE: Lawrence, S. C., Jr., "Hydrogen Detect ion Gage " Hydro- 
gen Embrittlement Testing, ASTM STP 5~3, American Society for Testing and 
Materials, 1974, pp. 83-105. 

ABSTRACT: Hydrogen measurement systems for monitoring plating and 
corrosion embrittlement hazards are described, as is the new sensor for meas- 
uring molecular hydrogen levels at low partial pressures. Correlation between 
the first two and embrittlcment thresholds of 260 to 280 ksi 4340 sustained 
load specimens of varying geometry are presented. Correlation measurements 
with the latter type have been shown feasible with salt spray, seawater acetic 
acid tests, field exposure, as well as exfoliation corrosion susceptability. Test 
procedures for both types of sensors and discussion of correlation data are 
given. 

KEY WORDS: hydrogen embrittlement, reembrittlement, stress corrosion, 
surface activation, oxides, permeability, hydrogen poisons, palladium, steels, 
vacuum probes 

N o m e n c l a t u r e  

HP Hydrogen pressure peak 
X Time from HP to HP/2 

Time from probe in oven--oven on--to HP 
HMG Hydrogen measurement gage--electronic system used with steel 

probe 
CMG Corrosion measurement gage--electronic system used with 

palladium alloy window 
H/CMG Hydrogen/corrosion measurement gage--combines HMG and 

CMG features 
HDP Hydrogen detection probe metal shelled vacuum hydrogen 

sensor with ion gage 
GDP-H Gas detection probe--hydrogen. HDP with palladium alloy 

hydrogen window 
window Hydrogen permeable section of probe 
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LHE Cd 

IH/i h 
HPc 

FIG. 1--Lawrence hydrogen~corrosion measurement gage-5. 

Low hydrogen embrittlement cadmium, a high current density 
cyanide cadmium bath 
Hydrogen pressure/1 h 
Calibration HP/IO0 
Calibration k/40 
Calibration I~/100. Integral of hydrogen pressure to its peak 
value, divided by 100 

This paper is a state of the art plus a feasibility one concerned with 
hydrogen measurement devices or gages using 1020 steel and palladium 
alloy vacuum probes as sensors. Some of the material presented, therefore, 
is old, while some of it is new. Measurement of probe sorbed hydrogen 
evolving from plating, corrosion, or from metals that have themselves 
absorbed hydrogen is discussed. All data presented have been derived from 
measurements made with Lawrence hydrogen/corrosion gages and probes 
(Fig. 1). 

Early measurements and reports were qualitative only [1-6],~'since the 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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probes were not calibrated for either their hydrogen pressure or permeation 
characteristics. The exact effects of exposure temperature were not known, 
and the ion gage pumping of the probe was ignored. Recent work has 
shown that this normal pumping rate is higher than 50 probe volumes of 
hydrogen per second and cannot be omitted from calculations if data are 
to become quantitative meaningfully. Temperature effects are known and 
included in calculations. 

Successful correlations of probe hydrogen pressure signals with embrittle- 
ment thresholds of high-strength steels have been made using stressed 
4340 O-rings, notched C-rings, and notched tension specimens [3, 5, 7-10, 
17]. Steel strength levels for the tests were in the 260 to 280 ksi range. 

Low hydrogen embrittlement cadmium plating baths (LHE Cd) have 
been gage controlled to reduce embrittlement hazards since 1960 [1-17]. 
Also, reembrittlement of cadmium plated stressed high-strength steels by 
exposure to materials such as alkaline cleaners, carbon removers, paint 
strippers, deicers, and the like have been reduced by screening such ma- 
terials with gage tests of LHE Cd plated probes since 1960 [1-9, 18-20]. 
Many individual airline specifications require gage use for both application 
areas. 

Development of an ultrasensitive molecular hydrogen detection probe has 
permitted detection of external hydrogen partial pressures in the 10 -8 torr 
range. Reduction of effective probe ion pumping by a factor of 100 has 
improved the signal-to-noise characteristics of the gage significantly. Pre- 
liminary findings are that gage measurements of hydrogen evolving from 
short-term corrosion reactions in a aqueous media have been correlated 
with salt spray, seawater acetic acid tests, field exposure, and with exfoli- 
ation corrosion predictions of the EXCO test for aluminum alloys [21]. 

Limited additional tests have shown that the probe can also be used to 
detect hydrogen effusing from high-strength 4130 steel at 20 ~ C after its 
exposure to corrosion and from titanium and zirconium at 300 ~ C. New 
techniques for the differentiating of hydrogen in steel from that in the 
plate at the end of a plated probe's reembrittlement test are discussed. 
More meaningful probe correlation with stress rupture tests are, therefore, 
possible. 

Scope 
Application of hydrogen measurement system techniques for the re- 

duction of plating and reembrittlement failures of similarly exposed high- 
strength steel parts is discussed. This indirect method of control uses signals 
from a steel shelled vacuum probe's ionization gage. While neither the 
precise hydrogen content nor the hydrogen permeability of parts eoplated 
with the probe are determined, probe signals are being successfully used 
to prevent plating caused embrittlemcnt of such parts. Further material 
on this is included in the discussion section. 
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86 HYDROGEN EMBRITTLEMENT TESTING 

When direct hydrogen in metal data is required, electronic signals from 
probes having a palladium alloy hydrogen window are used. Molecular 
hydrogen concentrations in metal corroding liquids are also measured. 

Reproducible probe surface preparation is one of the keys to the ob- 
taining of meaningful data. Precise timing of each measurement operation 
is another. Proper control of all pertinent thermal conditions is probably 
the single most important parameter. Measurement technology is detailed 
in Appendix I. Detailed procedures for calibration and use of both probe 
types are included in Appendix II. 

Significance of Test 

Tests with the steel probe have been used to rapidly measure embrittle- 
ment hazards to high-strength steels by plating or reembrittlement reac- 
tions [1-22]. This rapidity decreases work flow time in plating processes, 
since delayed sustained load failure no longer need be the sole criteria for 
acceptance or rejection of parts. Rework has been substantially reduced 
[101. 

Probe hydrogen sensitivity is significantly greater than that of micro- 
manometers sometimes used for corrosion or hydrogen-in-metal analysis. 
An additional probe advantage is that its window is permeable only by 
hydrogen and its isotopes, so that no manometric corrections are needed 
for other gases. 

Time required to make embrittlement, reembrittlement, and corrosion 
tests is significantly less than that for stress rupture or salt spray tests 
and is comparable for hydrogen-in-metal tests. Cost per test, including 
straight line five year depreciation ean be as low as $5.00 each for 400 tests 
annually. This compares favorably with the dollar cost of individual stress 
rupture specimens. Further cost advantage is gained since normMly 2 gage 
tests rather than 3, 4, or 16 stress rupture tests are required (Fig. 2). 

Experimental Procedures (see Appendix II) 

Several critical parameters must be controlled in order to avoid measure- 
ment errors with either probe type. Primarily these are proper surface 
preparation, control of exposure temperature, control of oven heat level, 
and adherence to the time sequence specified for measurement, Appendix 
11. 3 

Surface Preparation 

Steel Probe--Contaminants left on the probe hydrogen window from its 
last use must be removed. For ammonium nitrate cadmium stripping, 
2 min rinsing in 2-gal/min spray at 50 ~ C is adequate. Silicates remaining 

3Instruction Manuals: HDG/HMG and CDG/CMG, available on request at 
Lawrence Electronics Co. 
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FIG. 2--Hydrogen measurements--low-emb~ittlement cadmium or cadmium-titanium 
alloy plaling. 

after reembrittlement testing of cleaners and the like are removed by 
immersing probe window in 40 percent sodium hydroxide (NaOH) at 
90~ for 20 min. Acetone is used to remove certain organic residues. 
Cyanide levels are reduced satisfactorily by rinsing the probe in alternate 
hot (50 ~ C)--cold (10 ~ to 15 ~ C)--hot water in 2-gal/min water spray. 

During electronic outgassing, the window becomes oxidized. If these 
oxides are not all removed, a hydrogen entry blockage can be observed, 
for example, during calibration at 1 ampere per square decimeter (ASD). 
In this case, no change is observed in the measured HP-value, even though 
the probe shell is made thinner with each successive abrasion. However, 
during low embrittlement plating, at 6 ASD, the HP-value does increase. 
Thus when measured plating values are normalized by applying these 
calibration data, the normalized data are inconsistent. 

I t  has been found necessary to abrasively blast the 12-cm 2 regular 
probe hydrogen window so that at least 50 mg of metal/oxide are removed. 
Where large window probes (Fig. 3) are used, as for reembrittlement 
tests, at least 140 mg should be removed. In best usage, the selected abrasive 
is used one time only; the nozzle is kept at a fixed distance from the probe 
which is rotated at 120 rpm during blasting. In our own system, we use 
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(NEW GEOMETRY) 

FIG. 3--Probe window size. 

85 psi propellent pressure, 1 lb of aluminum oxide (A1203) 180 mesh grit, 
gravity fed into the blast gun during 60 s. Furthermore, nozzles are rotated 
90 deg after each 10 uses and discarded after 40 to minimize nozzle variation 
due to erosion. For large window probes two 1-min blast cycles are used, 
the first at a 45 deg angle from the probe top edge; the second normal to 
cylindrical surface. 

In our laboratory, when oil free, semidry air is used for blasting, hy- 
drogen is introduced by the reoxidation of the steel. At pressures em- 
ployed, the observed blast hydrogen is 10 percent of that introduced by 
the calibration. As shown earlier, 4 the total hydrogen introduced by 
blasting is not measured, since its highest concentration is on the probe 
shell outer surface. A more representative figure can be obtained by sub- 
tracting the hydrogen introduced during a single blast plus calibration 
from that measured for a double blast plus calibration. 

Hydrogen introduced by abrasive cleaning can be reduced at least a 
hundredfold by using dry nitrogen as the abrasive propellant. However, 
the pneumatic tubing used in the blast system should be used only for 
nitrogen. When high pressure moist air is used, the tubing absorbs moisture, 
which is not removed even when continuously purged as much as 16 h 
with dry nitrogen at 85 psi delivery pressure. 

Pal ladium Window P r o b e - - T h e  alloy used is soft, so that normal high 
pressure abrasive blast cleaning is impossible. Adequate activation has 
been, however, achieved by the technique of finger polishing with hypo- 
chlorite cleansers described in Appendix II. 

4 Lawrence, S. C., Jr., Proceedings, First Hydrogen Corrosion and Embrittlement 
Symposium, Vol. 1, 1967, p. 51. Available on request at Lawrence Electronics Co. 
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Oxygen access to the palladium surface after activation and test exposure 
must either be eliminated or kept to a minimum, since oxygen becomes 
tightly bound to active hydrogen absorption sites, blocking entry, or else 
will react at the catalytic palladium surface to form water with previously 
absorbed hydrogen. Oxygen access to the palladium prior to test immersion 
in aqueous solution can be limited by rapid transfer of the water wet 
palladium surface obtained after activation rinse and by rapid transfer 
from test solution to rinse, to the cold nitrogen stream oven. Probe in- 
sertion into a hot oven must be avoided for this accelerates the oxygen- 
hydrogen reaction. 

In anaerobic gas test environments, however, the palladium probe tip 
should be dry to prevent oxidation reactions on the test specimen. In this 
case, a small amount of hydrogen is electrodeposited on the palladium 
window prior to the probe's insertion into the test cell to occupy active 
sorption sites. The cell is purged 20 times with 30-psi nitrogen before 
closure to reduce oxygen partial pressure. The probe is then electronically 
outgassed until hydrogen partial pressure in the cell is at 3 • 10 -8 torr or 
less. Hydrogen partial pressures in the cell are measured by first heating 
palladium tip to 250 ~ C and then introducing the hydrogen to be measured, 
either in gas mixtures or by heating a cell-enclosed test specimen. 

Specimen Surface Effects 

Whenever measurements of hydrogen desorption from metals are made, 
a limiting factor is often the surface of the specimen itself. Where this is 
occluded by oxides, little or no hydrogen effusion may be observed. We 
have observed this both in the case of low-alloy steels and titanium. A 
direct correlation between the degree of oxidation of steel after outgassing 
at 200~ and measured hydrogen effusion has been observed, with the 
heavier oxides yielding less hydrogen permeation. In the case of titanium, 
which oxidizes easily, no hydrogen effusion at all was observed until the 
6Al-4V alloy was nickel plated. Where the plating was pinhole free, the 
hydrogen measured exceeded that from the nickel plate itself by a factor 
of greater than 1000. Where imperfect plating was used, hydrogen effusion 
was reduced significantly. Similar techniques for plating steel with nickel 
or palladium have been reported by KSnig et al [23]. 

A large interference with measuring hydrogen in plated steel can be 
caused by permeability limitations of the plate itself. This, in turn, is 
changed by elevated outgassing temperatures [25]. Further blockages are 
observed in the presence of cadmium oxide when silicates, adsorbed on the 
cadmium plate during test immersion in alkaline cleaning materials, 
dehydrate and form a hydrogen impermeable "waterglass." Examples of 
measurement of corrosion hydrogen sorbed by 4130 ~teel during 11.5 min 
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corrosion in 10 percent hydrochloric acid (HC1) are shown in Case 1. 5 The 
effects of plating on hydrogen transfer from base metal to atmosphere are 
described in Case 2. 5 

Solution Temperature Effects 

When probe hydrogen sorption from the standard 5 percent NaOH ~- 
5 percent sodium cyanide (NaCN) solution is measured at 1 ASD, HP- 
values double with each 20~ rise in solution temperature2 These data 
parallel that reported by Beck et al [25], where it is shown first that a 
rapid increase in hydrogen embrittlement occurs with increasing surface 
coverage of CN-  groups, and second that CN- coverage also increases 
exponentially with increasing temperature when specimens are polarized 
cathodically at 10 mA/cm ~ in a 0.02 M NaCN ~ 0.1 M NaOH solution. 

The Arhennius plot obtained for probe hydrogen sorption in cyanide 
solutions suggest a diffusion controlled process. It  is suggested that the 
reaction observed with temperature is controlled by the rate at which 
hydrogen diffuses into the steel from active sorption sites. Where the 
diffusion rate is low, more time is available for a recombination reaction 
to occur at the site, thus limiting hydrogen sorption. 

Most, but not all, corrosion reactions increase with temperature. Details 
of one variation from the norm are given in Case 3. 5 

As had been shown, temperature affects hydrogen sorption greatly. It 
is not possible to maintain probe hydrogen window temperature constant 
with the probe turned on, because power dissipation within the probe 
heats it. Best control is achieved by first thermalizing the probe in dry 
spectrophotometric acetone to test the temperature and then exposing it 
at that same temperature to calibration, plating, or reembrittlement test 
conditions. 

Oven Heat Level Effects 

To quantify probe hydrogen sorption, hydrogen in the shell is driven 
into (and out of) the probe at a net input greater than the probe hydrogen 
pumping rate (Appendix I). When the hydrogen flow into the vacuum 
equals the removal rate from it, a plateau or hydrogen pressure peak 
(HP) is observed, followed by a pressure decrease (Figs. 4 and 5). 

If the oven temperature is increased, and the cavity housing the oven is 
kept at the same temperature, the HP-value increases, and the time 
between HP and HP/2, (h), is shortened proportionately. Their product 
remains essentially constant. 

On the other hand, if the oven cavity temperature is reduced, the oven, 
following Newton's law of cooling, loses heat more rapidly. Since the oven 

6 Hydrogen ease histories. Available on request a t  Lawrence Electronics Co. 
~Lawrence, N. K., Proceedings, First  Hydrogen Corrosion and Embr i t t c lment  

Symposium, Vol. 1, 1967, p. 21. Available on request a t  Lawrence Electronics Co. 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LAWRENCE ON HYDROGEN DETECTION GAGE 91 

#_ 
,,=, 

I 
TEST RESULTS [ 
HP(;k) = 390 
I-y : 89,900 

�9 ,-- 21NCHE S 

q-30 SEC 4 

CHART SPEED I 
2 INCHES PER MINUTE / 

RANG E SWITCH I NG 
.---7-r- r 

o 
o 
o 

O •  
- - 0 5 ~ 0  

rn O~ ,--' 
~,~.~ 

,~-~TIME 

"---- 1000 

900  

8 0 0  

700  

500  

500  

~oo )ROBE 
, IN OVE N 300 t- - oo 

:/ 
1,000 R'ANGE AIORANGE 

I ' IOORANGE 0 

T 

a _  

FIG. 4--Probe HP (X) curve. 

is temperature controlled, this extra heat loss rate causes little change in 
metered temperature. However, the oven can lose heat more rapidly in 
this state when a probe is inserted, since more of the additional energy 
required is lost to the surrounding cavity than to the probe. The net result 
observed is a decrease ia HP-value and increase in X. 

This effect is important and can cause like exposure measurement 
differences of H P  as much as 300 percent. The result is controlled effectively, 
either by using the integral of hydrogen pressure to its peak rather than 
either H P  or X, Case 4, 5 or (1) by leaving the oven and associated equip- 
ment on in the cavity at  all times and (2) by cycling the oven at pre- 
determined times before probe insertion into the oven to establish repro- 
ducible oven heat levels. With older gages, cycling is accomplished by 
removing the oven plug for 10 s. With newer ones, programmed full power 
is applied. The cycling found satisfactory is: 

1. 30 min prior to probe insertion into oven. 
2. 390 s prior to probe insertion into oven. 
3. 10 s prior to probe insertion into oven. 
These effects are observed primarily with the steel probe because with 

the palladium window probe, the measurement oven cycle starts at 25 ~ C, 
rising to 250 ~ C in 2 rain. There, when the gage is left on continuously, 
the palladium window probe measurement reproducibility is good [21]. 

Time Effects 

Hydrogen is being continually lost from either probe type following its 
sorption. Losses greater than 90 percent have been observed if 16 h elapse 
between charging and measurement on bare steel. These effects are multi- 
plied manyfold with the palladium window probe where the catalyzed 
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FIG. 5--Probe hydrogen plateaus. 

hydrogen plus oxygen make water and the reaction rapidly pumps hy- 
drogen from the probe. For example, doubling the transfer time in air 
between test solution and oven from 20 to 40 s reduces measured hydrogen 
by one half. For reproducible results, close control of time sequences is, 
therefore, imperative. 

This time control also includes, for example, the length of time a steel 
probe is left on prior to oven insertion. Shorter times reduce hydrogen 
losses due to ion pumping, make the probe cooler at oven insertion time, 
and produce significantly longer X values, Case 5.5 

D i s c u s s i o n  

Stress rupture tests determine only embrittlement tolerance of the 
specially selected sensitive stress rupture specimen itself, provided, of 
course, that the specimen has been properly machined, heat treated, 
activated prior to hydrogen charging, baked after exposure, and loaded 
to establish desired triaxial stress levels in it. As mentioned by Hyter at 
this meeting on "Standardization of Test Methods for Hydrogen Em- 
brittlement," different heats as well as different pours from a given heat 
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have different hydrogen embrittlement sensitivities. Particular care is 
taken to select the most sensitive lots of steel for making the stress rupture 
specimens. 

In addition, time and costs required for such tests are both large. Never- 
theless, in spite of all these adverse parameters, stress rupture tests have 
been used for many years for embrittlement control purposes. Less sensitive 
heats of steel and less severely stressed production parts are assumed to 
be safely processed if the process does not cause failure of the stress rupture 
specimens. No assumption, of course, is made that each part being so 
controlled has the same embrittlement sensitivity as the specimen, nor 
that it will receive precisely the same hydrogen or plating per square 
centimeter in all areas as the specimen, either. 

Hydrogen gage signals have been correlated with embrittlement thresh- 
olds of stressed, sensitive high-strength steel rupture specimens. Two 
factors are measured: the hydrogen sorption per square centimeter of the 
probe's hydrogen window and the hydrogen permeability of plating 
applied to that window. These correlation studies have determined gage 
signals for embrittlement [5-10]. 

If the process produces gage signals that are below those known to 
cause stress rupture failures of similarly exposed sensitive test specimens, 
then the process is assumed to be also nonembrittling to less sensitive steel 
parts. This is analogous to criteria applied to stress rupture test controls. 
It  should be observed, however, that probe data cannot be extrapolated 
upwards to higher strength levels than those tested, or extrapolated side- 
ways to other steel types at the same strength levels. 

The degree of hydrogen embrittlement of steel parts properly manu- 
factured and processed up to the actual plating is related to how much 
hydrogen is absorbed by the part during plating and how easily this 
hydrogen can be removed by post-plate baking. Regardless of metallurgical 
conditions, hydrogen sorption is increased when metallic contaminants are 
coplated, because of the freshly created galvanic cells [26]; by the presence 
of certain "poisons," such as cyanides, arsenites, etc. [9, 27] by temperature 
[25]; by decreased current density [6]; and lowered plating efficiencies 
[28]; to name but a few. On the other hand, oxides on a surface reduce 
hydrogen sorption during low current density platings, while at the same 
time providing better plating permeability due to the noncomplete surface 
coverage of the steel by the plate. Certain organic impurities cause the 
crystal structure of the deposit to become finer grained, limiting hydrogen 
desorption during baking (Fig. 6). 

All of these factors which can have adverse effects on processed parts 
produce significant changes in probe signals, when the probe is similarly 
exposed. Because of the extra hydrogen released by galvanic cells, due to 
the coplating of metallic impurities, the HP-values increase. Nickel con- 
tamination in a low embrittlement cadmium bath (as low as 15 ppm) 
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FIG.  6--Hydrogen distribution in cadmium plated steel. 
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FIG. 8--HDG/HMG X (seconds) versus rupture percentage. 

introduces enough extra hydrogen to fail stress rupture tests [29]. Hydrogen 
levels three times normal, for 28 percent normal plating thickness, are 
introduced by aluminum [30]. The effects of both metallic and organic 
impurities on plating bath performance is shown in Fig. 7. 

Surface roughness affects both hydrogen sorption and desorption by the 
probe and higher strength steels as well. The effects, of course, are magnified 
in the soft steel of the probe hydrogen window, but, nevertheless they 
have been correlated with variations in the stress rupture behavior of like- 
processed high-strength steel specimens, Case 6. 5 

Because the hydrogen measurement system can measure quantitatively 
and rapidly (Appendixes I and II) variations in sorbed hydrogen due to 
changes in the plating bath or process or both, it, therefore, can indicate 
the relative susceptibility of sensitive stress rupture specimens to these 
changes. The 500 tests by The Boeing Company [10] (Fig. 8) clearly show 
that variations in the permeability of plating applied to probes affect 
the percentage failures of 10 rail (60 deg) notch tension specimens made 
from 4340 steel of 260 to 280 ksi strength level, stressed to 75 percent of 
the ultimate. It  would appear that the number of tests performed were 
statistically adequate enough so that The Boeing Company replaced 
stress rupture tests for LHE Cd plating control with their Boeing plating 
porosity meter (BPPM), whose mode of operation and use are roughly 
parallel to those described in this paper. 

Airlines have used similar systems since 1962 for their overhaul plating 
of high-strength steel. Douglas has allowed hydrogen measurement gages 
to be used in lieu of stressed O-rings for low embrittlement cadmium 
plating control since 1963 [11, 19]. 

Resul ts  and  Conclusions 

Hydrogen measurement systems can be used to replace stress rupture 
tests for daily plating control and for reembrittlement testing after proper 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



96 HYDROGEN EMBRITTLEMENT TESTING 

correlation has been obtained between steel probe signals and embrittle- 
ment thresholds of the selected type and strength level of this high-strength 
steel being monitored. In like manner, correlation has been demonstrated 
between palladium alloy probe signals and other methods used for de- 
termining corrosion rates or resistances to corrosion of metal systems. 

As in the Federal Test  Specification now under preparation, the hy- 
drogen measurement systems should be accepted as an alternative to 
stress rupture tests for embrit t lement and reembrit t lement determination. 
The feasibility of using the gage for analysis of hydrogen in metals and 
prediction of corrosion resistance of "protected" steel fasteners has been 
shown. Standards for these latter two should be presented elsewhere than 
this particular volume as should those data relating to other plating 
baths [22, 31, 32]. 

APPENDIX  I 

Measurement Technology 

Figure 9 is a schematic representation showing the operation of a hydrogen 
probe absorbing and desorbing hydrogen. Desorption occurs at an observable 
rate only when proper potentials are applied to the probe electrodes, ionizing the 
hydrogen present, and when the hydrogen concentration on the inner probe surface 
exceeds that on the outer. During hydrogen sorption, hydrogen permeates inward 
from the outer surface increasing the probe vacuum pressure. 

These, however, are not the only significant parameters concerned with hydrogen 
measurement. Because during measurement the probe operates like an ion gage, 
hydrogen is pumped from the vacuum by sorption into the carbonized nickel 

FIG. 9--Hydrogen probe measurement schematic. 
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ion plate at a rate directly proportional to pressure. This pumping rate is 50 probe 
volumes per second for the normal 6-mA ionizing electron current flow E33-] and 
750 volumes per second during 100-mA electronic bakeout, where the only hydrogen 
acceptor is the probe outer shell. 

Additional effective hydrogen pumping is contributed by the barium getter, 
although this is reversible when the getter is heated above 200 ~ C, as it is during 
electronic probe outgassing. I t  has been found that if two getters are used instead 
of one, the hydrogen sensitivity of the probe, as measured by calibration, is 
permanently cut in half, through the weight of hydrogen sorbed from all probe 
test exposures exceeds that of the barium itself. 

Hydrogen adsorption on inner probe surfaces contribute additional pumping 
as does the outward permeation of hydrogen through the shell, discussed in the 
first paragraph. All of these effects can be expressed by the equation 

dp dH ~-, dg 
dt - dt .~--ldt (1) 

where 

p = pressure, 
H = hydrogen, 
g -- gettering (pumping), and 
a = pumping constant. 

The solution to Eq 1 is: 

. + aS;o'  g + 
where A = scaling parameter. 

Now while pressure, p, is normally measured in an analog manner, this analog 
signal can be converted to a digital one by an analog-to-digital type converter. 
Integration of the hydrogen pressure can be done in the same manner, yielding 
the further simplification 

'i~_ ~ 
H = A(a  + 1) pdt (3) 

0 

By integrating the hydrogen pressure curve to its peak and multiplying the 
value obtained by appropriate constants, one has then a truly quantitative measure 
of hydrogen absorbed by the probe. This would then be presented mathematically 

k ftHp H = J ~ pdt (4) 

where 

K = A ( a + l )  and 
trip ---- time from probe insertion into oven to hydrogen pressure peak (HP). 

This technique of course, does not measure all of the hydrogen initially deposited, 
since part of that will permeate outwards without ever entering the vacuum. 
Analogous behavior would be expected, for example, when plated high-strengtb 
steel parts are baked; through, of course, the ratios of hydrogen sorbed to desorbed 
would depend on parameters such as alloy, strength level, cold work, etc. for the 
latter. 
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A P P E N D I X  II 

Procedures  

In  all measurement procedures for systems rising ovens to heat probes, it  has 
been found necessary to "cycle the oven" at certain predetermined times before 
and during the measurement sequence. In older models this "cycling" consists 
of removing the oven plug for 10 s and then replacing it. In  newer models an 
"activate" but ton turns oven full on for a programmed time, with the oven plug 
in place. In all procedures, the oven is cycled once at 20 min, 61~ rain, and 10 s 
before the probe is inserted into the ovens. These maneuvers condition the oven 
so that  its heat content is repeatable at the time the probe is inserted. They are 
not necessary with newer equipment, where the probe heats itself instead of being 
heated by an oven. 

Cal ibrat ion  

Each probe has its own sensitivity to hydrogen pressure and permeability. 
Both change as the probe metal of the hydrogen window is activated and becomes 
thinner. The HP value increases with each use in a range between 4 to 8 percent. 
Smaller percentage decreases occur with the inverse partial  permeability, X, 
values. If these changes are not observed in successive calibrations, then there 
exists a strong possibility that  the hydrogen access to the probe has been blocked 
by incomplete removal of window oxides or other contaminants. If changes greater 
than those just noted are seen, then it is probable that  too much metal is being 
removed during activation. 

Fortunately,  the integral of the hydrogen pressure curve to its peak, Iv, changes 
very little with time. Because of this, numerical comparisons of operator technique 
are made easily by comparing two successive calibration Iv's. 

Steel Window Probe 

1. Probe window contaminants are removed. 
2. Probe is heated electronically for 30 min by connecting plate and screen grid 

together at 180 V with respect to the cathode and by adjusting control grid potential 
so that  a current of 100 mA flows. Total  power dissipation is 21 W. Temperature 
at the probe top exceeds 220 ~ C. 

3. Probe is cooled to calibration temperature, masked, and the hydrogen window 
activated as follows: 
Note--Probe can be weighed before and after activation to check metal removal. 

(a) Rotate probe at 120 rpm with blast nozzle 6 in. from and normal to the 
hydrogen window center line. 7 

(b) Feed 1 lb of 180 mesh aluminum oxide (A120~) by gravity to blast nozzle. 
(c) Blast at 85 lb pressure for 60 + 10 s with nitrogen, s 
(d) Blow off abrasion detritus with nitrogen (or air). 

4. Connect probe to gage umbilical cord and make the base region water tight. 
5. Spray rinse probe at a flow of 2 gal/min in 10 ~ to 15 ~ C water for 30 s. 

7 If larger hydrogen window than the regular 0.6-in.-high band is needed, then the 
whole probe surface beginning 0.75 in. and above the base flange may be used. This is 
commonly referred to as a large window probe. An additional blast but at 45 deg angle 
from probe center line and 6 in. from probe top edge is required. 

8 Moisture and oil-free air may be used, but extra hydrogen, roughly 10 percent of 
calibration total will be introduced. Oil will adversely affect surface cleanliness. 
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6. Electrodeposit hydrogen on the probe window at 1 ASD for 3 rain from a 
standard calibration solution 9 at 25 ~ C or other specified temperature. 

(a) Use carbon arc rods (with any copper removed by immersion of the rods 
in concentrated nitric acid (HNO3)) as anodes. 

7. Spray rinse probe at a flow of 2 gal/min 30 s in 50 ~ C water, 30 s in 10 ~ to 
15 ~ C water, and 30 s in 50 ~ C water. 

8. Turn on probe for exactly 2 rain before it is inserted into the gage oven. 
(a) During this 2 rain, dry the probe and check probe and gage electronic 

signals. 
9. 110 s from step 8. The oven plug is removed (with newer equipment, apply 

full programmed power to oven also). 
10. Insert probe into oven and turn hydrogen pressure integrator on. 
11. Stop integration at HP. The integral valve is I v. Measure time from HP 

to HP/2.  
By convention, an HP-value of 100 and )~ of 40 s have been selected as standard. 

On the other hand, where I~ values only are used for calibration, 100 has been 
chosen. The integration rate is 0.1 cpm at full-scale gage reading of 1, 1.0 cpm 
at 10, etc. 

Example: Measured HP  (~) and I~: 187 (54) & 3.2874 
Calibration factors: HPr = 1.87 

),c = 1.35 
I~c = 0.0329 

These factors are used to divide subsequent test results to normalize data 
obtained. 

Palladium Window Probe 

1. Remove probe window contaminants by finger scrubbing with an abrasive 
cleaner containing sodium hypochlorite, which chemically attacks the palladium. 

2. Reduce probe vacuum pressure by electronically baking it in a 250 ~ C heated 
air stream oven (2000 ml/min flow) until satisfactorily low measurement blanks 
are obtained. 

3. Cool to immersion test temperatures. 
4. Activate probe as in step 1, rinse with water. 
5. Immediately insert it into calibration solution. 1~ 
6. Deposit hydrogen by making probe cathodic with respect to pencil "lead" 

anodes for 3 min at 1 mA. 
7. Immersion rinse probe for 10 s in 70 ~ to 80 ~ C hot deionized water. Kimwipe 

dry. 
8. Within 20 s from end of charging, insert probe into a nitrogen stream oven, 

initially at 25 ~ C at 2000 ml/min flow. 
9. Turn probe on for 2 rain. 
10. Apply programmed heat to the oven and turn on integrator. 
11. Measure I v in the same manner as indicated for calibration of steel probe, 

step 11.11 

Plating 
The same general procedures are used as in Calibration, except: 
6. Use appropriate plating solution. 

9 50 g/1 NaOII + 50 g/1 NaCN in H~O. 
10 Saturated K~SO4. 
n The I~, number obtained, divided by 100, is the calibration factor for the probe. 
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I 0 0  HYDROGEN EMBRITTLEMENT TESTING 

FIG. lO---Control limits of low embrittlement cadmium plating. 

(a) Use appropriate anodes. 
(b) Use appropriate temperatures. 

Note 1--Plate to a minimum thickness of 10 #m (0.0002 in.) or to thickness re- 
quired by specification being used (LHE Cd). 
Note 2--Weigh probe before and after plating to determine bath efficiency. 

Example 1: Safe plate 

Calibration: HP~ = 1.87; 

Plating: HPp = 273; 

273 123 Normalize: HP~ 1.87 

Note--Boeing control limits for krr are shown in Fig. 10 

Douglas control limits: hc (standard = 25 s) = 60 s max 
),~ (standard = 40 s) = 96 s max 

HP~ = 1000 max 

Lawrence control limits: },pc as per Boeing 

Example 2. Embrittling plate 

Calibration: HPc = 2.08 

Plating: HPp -- 780 

780 
Normalize: HP~ = 2.08 

~ = 1.35; I ~  = 0.033 

hp = 6 0 s ;  I~p = 4.07 

60 4.07 
146; hp~ = 1.35 = 4 4 . 4  s; I~pc - 0.033 

hc = 0.8 Ivo = 0.02 

h~ = 240 I~c = 100 

240 100 
- -  = 375 h~ =0--~ = 300 I~c 0.02 - 5 0 0 0  

While normalized HP-values, HP~, are within limits, by all standards, normal- 
ized ~-values, )~r~, exceed all limits. Probable cause of such results could be excess 
organic impurities in the bath, possibly coupled with too low current density. Low 
current density itself, by at least a factor of 6, will not affect measured k, if the 
bath is laboratory clean, with minimum organic and metallic impurities. 

HP~ = 500 max 
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C o r r o s i o n  

General: The section is divided into two parts, one dealing with use of the steel 
shelled probe for reembrittlement testing of aircraft cleaning and maintenance 
materials, the other (dealing) with the use of the palladium window probe. 

Reembrit t lement 

Large steel window probe is calibrated, electronically baked, low em- 
brit t lement cadmium plated, electronically baked, and thermalized in spectro- 
photometric grade acetone to avoid moisture containing air reacting with the 
active cadmium plate. This also avoids deposition on the cadmium surface of 
insoluble acetone residues found in commercial grades. Probe is then weighed to 
the milligram. 

1. Attach probe to gage. 
2. Turn probe on. 
3. Integrate area under hydrogen pressure curve for 30 s from 2. The number 

obtained is the blank I~0. Larger numbers obtained later are proportional to 
hydrogen concentration in the steel portion of the cadmium steel corrosion cell. 
See Fig. 11. Record hydrogen pressure peak Ii~/o and integral value I3o/o. 

4. Disconnect probe from gage and mask any nonplated areas with Teflon 
adhesive tape. 

5. Immerse probe in solution to be tested and hold at 30 ~ C for 1 h. 12 
6. Repeat step 3. Record hydrogert pressure peak, I~/1 and integral value, 

I3o/1.1 ~. 
7. Reimmerse probe in test solution for 5 more h. 
8. Repeat  step 3. Record IH/6 and integral value I3o/~. '~ 
9. Reimmerse probe in test solution for 18 h. 
10. Cycle oven, rinse probe in warm water, with acetone if necessary to get a 

water-break-free surface. 
11. Spray/rinse probe at a flow of 2 gal/min 30 s at  50 ~ C, at  10 ~ to 15 ~ C, and 

at 50 ~ C. Dry. 
N o t e - - A l l  I.r's used for these computations must be normalized, that  is, divided 
by the probe calibration I~ factor. 

12. Repeat step 3. Record IH/24 and integral value/3o/24.15 
13. Rapidly turn probe on again for 80 s. 
14. Pull oven plug (with newer equipment, apply full power to the oven). 
15. 10 s after step 14, insert probe into oven. 
16. Measure I~. x5 

Aqueous-Pal ladium Window Probe 

1. Probe is calibrated, electronically baked, activated, and the Iao measurement 
is made to establish a blank. 

2. 2.5 cm of the probe palladium tip is activated per step 1 in CMibration, 
Palladium. 

3. Immerse specimen in test solution. 16 

"Pa in t  strippers and other high vapor pressure corrosive materials should be t e s t ed  
at 20 ~ C. Products used at temperatures higher than 30 ~ C should be tested at use  
temperature. 

,3 Boeing limits: ,~Iaot~. ,~Iu = Irrr~ -- Iut~ <_ 0.05. 
a4 U. S. Navy limits: A l u  = l . / n  - -  I H / o  <~ 0.1. 
15 Tenta t ive  l imits  (Lawrence)  : ~ [ 3 o / ~  = I3o/~4 - -  13o/o = 1.  I v  = 100. 
'~ Specimen immersion in test is accomplished by hanging it with a Teflon cord 

through a masked hole. 
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4. Connect probe to gage umbilical cord and immerse 2.5 cm of palladium tip 
in constant temperature corrodent solution 17 with metal system is to be measured. 

5. Every 10 min, the/3o should be remeasured. 
6. When/30/10 mln ~ 13o/o. 
7. Remove probe and follow steps 7-11 of Calibration, Palladium. 
8. Divide measured Iz by Calibration Iz  factor. The number obtained is directly 

related to the corrosion which has occurred. 

Hydrogen in M e t a l s ~ P a l l a d i u m  Window Probe 

General: Two measurement techniques are described briefly. One is a dynamic 
carrier gas test. The other is a static test. 

Carrier Gas Technique 

1. Probe is calibrated, electronically outgassed, activated, and placed in a 
nitrogen stream heated oven at 250 ~ C. 

2. Specimen to be tested is introduced into an anearobic test cell. 
3. Input nitrogen flow is diverted to pass through test cell into nitrogen oven. 
4. Test specimen is heated rapidly to desired temperature, producing hydrogen 

effusion. 
5. This hydrogen is measured by integrating probe output signals to peak 

pressure and obtaining the I~-value. 
6. Divide this value by the calibration I~ (unless this has been already done 

electronically). 

Static Test 

1. Probe is prepared as in step 1 of Carrier Gas Technique but placed in a 
nitrogen charged hermetically sealed test cell with the specimen. 

2. Probe palladium tip is heated to 250 ~ C, with probe turned off. 
3. Specimen may be heated or maintained at selected lower temperature. 
4. /3o should be periodically checked until (as in step 6 of Corrosion--Aqueous 

Palladium) a suitable pressure increase is seen. Thereafter, the probe may be 
left on, and the increase in pressure should be integrated to its peak value, I~ 
Note--The high hydrogen pumping rate of 50 volumes per second of the probe 
may be reduced to 0.5/s by reducing the 6-mA ionizing cathode to screen electron 
current to 60 gA and increasing the gain of the electrometer ion current amplifier 
by a factor of 100. Different background pressures are observed when this low 
current technique is used, but these signals are reproducible for any one probe and 
may be electronically hulled out so that they do not mask pressure changes due 
to hydrogen. 

R e f e r e n c e s  
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masking should be made reproducible. 
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K. B. Das 

An Ultrasensitive Hydrogen Detector 

REFERENCE:  Das, K. B., " A n  U l t r a s e n s i t i v e  H y d r o g e n  D e t e c t o r  " Hy- 
drogen Embrittlement Testing, ASTM STP 543, American Society for Testing 
and Materials, 1974, pp. 106-123. 

A B S T R A C T :  An ultrasensitive hydrogen detector is described which has a 
detection sensitivity of a few parts per billion in the gas stream. The detector's 
performance, range, and accuracy were evaluated by analyzing titanium 
standards from the National Bureau of Standards containing known amounts 
of hydrogen at the following levels: 32 4- 2 ppm, 98 -4- 5 ppm, 215 4- 6 ppm. 
The fractional random error in the mean value of these standards at 95 percent 
confidence level was found to be 4-5.01 percent, 4-1.67 percent, and 4-1.08 
percent, respectively. Preliminary results of the hydrogen analysis of cadmium 
plated steel specimens heat treated to 260 to 280 ksi strength level when 
compared with the notched tension testing (failure) data show that the safe 
limit for (total or bulk) hydrogen concentration as measured by this technique 
is about 1 ppm. Results on forged steel specimens heat treated to 170 to 195 ksi 
level indicate that here the embrittlement failure can occur at levels exceeding 
2 to 2.5 ppm. Testing costs are much lower compared to notched tension tests, 
and the results are reliable. The obiective of this paper is to expose the readers 
to a new hydrogen detection system and  (among its other applications) its use 
for studying the hydrogen embrittlement problem in high-strength structural 
materials. 

K E Y  W O R D S :  hydrogen embrittlement, notch tests, cadmium coatings, 
plating, heat treatment, high strength steels, titanium alloys 

The  de t r imen ta l  effects of hydrogen  on var ious  physical  [1, 2] ~ and  
mechanica l  propert ies [3, 6] of h igh-s t rength  s t ruc tura l  mater ia ls  are well 
k n o w n  to the  scientific communi ty .  Once hydrogen enters  h igh-s t rength  

steels and  t i t a n i u m  alloys, these metals  can lose their  duc t i l i ty  and,  de- 
pend ing  upon  the  level of hydrogen,  can suffer b r i t t l e  failure when subjected  
to  stress. This  much  s tudied b u t  vaguely  unders tood p h e n o m e n o n  is know n  
to  us as "hydrogen  e m b r i t t l e m e n t "  and  is of p r imary  concern to aerospace 
industr ies.  

Hydrogen  enters  all meta ls  in  ionic form and  diffuses in te rs t i t i a l ly  in 
mos t  metals.  I t  m a y  be absorbed b y  metals  bo th  dur ing  processing and  

1 The Boeing Company, Seattle, Wash. 98124. 
s The italic numbers in brackets refer to the list of references appended to this paper. 
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when the finished products are in use. For example, it is welt recognized 
that a plated steel part is embrittled as a result of being penetrated by the 
nascent hydrogen, produced during the plating operation as a side reaction 
at the cathode. Published'~iterature [6] shows that few hydrogen deter- 
minations have been made on plated steel (for a specific plating) to cor- 
relate the quantity of hydrogen to the degree of embrittlement. In general 
hydrogen embrittlement and hydrogen determinations are still techno- 
logical problems. The key to the solution of these problems depends in 
part on how reliably we can measure the hydrogen content in high-strength 
structural materials. 

Based on several years of research effort, the Aerospace Group of The 
Boeing Company has been recently successful in developing an ultra- 
sensitive hydrogen detector [7, 8], which can detect hydrogen concentrations 
of as low as a few parts per billion in a gas stream. This detector has proven 
its capability in successfully completing a number of National Aeronautic 
and Space Administration ~NASA) programs which involved hydrogen 
measurements during welding of aluminum alloys [9], detecting trace 
amounts of surface hydrocarbon contamination (including contamination 
due to fingerprints) on specially treated aluminum alloy plates [10], and 
measuring hydrogen concentration gradients below the original surface of 
Ti8-1-1 alloys [11, 12]. In addition the detector has also been used on a 
variety of company research and development programs [13, 15] such as: 
(a) corrosion of substrate material of microelectronic components, (b) 
blistering on surfaces of alumium parts after certain fabrication operations 
[16], and (c) failure of pickled and anodized titanium parts after bonding 
[171. 

This paper describes the results of a preliminary study of the hydrogen 
analysis of cadmium plated 4340 steel specimens heat treated to 260 to 280 
ksi strength level. The results of the hydrogen analysis are compared with 
the notched tension testing and the Boeing plating porosity meter data. 
The porosity meter gage was used to control the porosity of plating and 
hence hydrogen introduction or retention in the test specimens. 

Principle of Hydrogen Detector 

A schematic of the hydrogen analyzer is shown in Fig. L The system 
essentially consists of an airtight specimen holder, an induction furnace for 
extracting hydrogen from the test specimen, a microquantitative gas meter- 
ing system [14] (MGM system), or an electroysis cell which serves as hydro- 
gen generator, a semipermeable membrane (from here on referred as SPM), 
a Vacion pump, high-purity argon gas source, and electrical signal condi- 
tioning system. Hydrogen, present as water, organic material, and elemen- 
tal, is released from a metal in a suitable furnace. The hydrogen thus 
liberated is directed toward an activated SPM by the flowing argon gas 
(carrier gas). The SPM lets only hydrogen permeate through it while 
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FIG. 1---Schematic of hydrogen measurement system. 

remaining impermeable to other gases. On the other side of the SPM is a 
continuously pumped high-vacuum chamber. Thus, the SPM has a high 
vacuum on one side and about one atmosphere pressure on the other. The 
pressure in the high-vacuum chamber is measured by monitoring the ion 
pump current. Once the chamber is pumped down to its base vacuum 
(,-~ 10 -9 torr), any permeation of hydrogen through the SPM will result in 
an increase in the pressure reading as seen by the ion pump. An increase in 
the ion pump current or pressure reading is, therefore, directly propor- 
tional to the amount of hydrogen (parts per million by volume) in the 
carrier gas stream. The linearity of the detector is checked by introducing 
known amounts of hydrogen in the vacuum chamber by the MGM system. 
This procedure also establishes a relationship (a calibration curve) between 
the concentration of hydrogen (by volume) in the gas stream and the ion- 
current readings, as shown in Fig. 2. 

Experimental Approach 
The experimental approach essentially consisted of extracting hydrogen 

from the test specimens using an induction (or muffle furnace) and then 
measuring the amount of hydrogen thus extracted with the hydrogen de- 
tector. Hydrogen, after permeating through the SPM, arrives in the detec- 
tor housing which results in a proportional increase in the ion-pump current 
reading. This (instantaneous) electrical signal representative of the amount 
of hydrogen present is recorded on a two channel strip chart recorder. In 
practice when the specimen is heated, the time for complete extraction of 
hydrogen depends upon the rate at which hydrogen diffuses out of the 
specimen. This rate of effusion is proportional to the temperature of the 
specimen and as such the time required for complete extraction of hydrogen 
depends on how rapidly the temperature of the specimen is raised. In the 
case of bulk hydrogen analysis the instantaneous hydrogen signal generally 
traces out a Maxwellian type of curve representing complete extraction of 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DAS ON AN ULTRASENSITIVE HYDROGEN DETECTOR 109 

O 

uJ 

O 

1,000 

9OO 

8OO 

7OO 

6OO 

5OO 

40O 

30O 

200 

100 

0 
D BY ELECTROLYSIS CELL 

HYDROGEN INTRODUCED BY MGM SYSTEM 

I I I i I I J I 
20 40 60 80 100 120 140 160 

HYDROGEN INPUT 
( PPM BY VOLUME ) 

FIG. 2--Calibration of hydrogen detector. 

hydrogen from the test specimen. When this curve is integrated electroni- 
cally it results in an S-shaped curve giving a direct numerical value for the 
area under Maxwellian curve, (see Fig. 3). The sensitivity of the detector 
depends upon the flow rate of the carrier gas, the temperature of the SPM, 
and the pressure being measured by it. In order to maintain the same per- 
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STANDARD CONTAINING HYDROG~ NG 
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FIG. 3--Hydrogen analysis of NBS Standard No. 353 containing :715 :i: 6 ppm hydrogen. 
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1 ] 0 HYDROGEN EMBRITTLEMENT TESTING 

meating efficiency for hydrogen from the MGM system and the test speci- 
men it is essential that the temperature of the SPM and the flow rate of the 
carrier gas be kept constant. 

The design of the system is such that not all the hydrogen directed 
toward the SPM goes through the detector. Moreover, the diffusion of 
hydrogen through SPM itself is a time-dependent process. When using an 
induction furnace such factors are eliminated by following a special oper- 
ating technique [10, 14]. Here the SPM is held at a constant temperature 
T ~ C and a flow-rate of about 80 cm3/min is set for the carrier gas. There- 
after, hydrogen is introduced into the detector from the MGM system for 
a given time "t". With a knowledge of the known leak rate of hydrogen, the 
time t, and the density of hydrogen gas, the amount of hydrogen ml (in 
grams) introduced into the detector is computed. As shown in Fig. 3 the 
instaneous current representative of ml g of hydrogen and its correspond- 
ing integrated signal I~ is recorded. This implies that at a given SPM tem- 
perature (T ~ C) and a flow-rate of carrier gas ( ~  80 cmS/min), I1 is pro- 
portional to m~ = kI1, where k is the constant of proportionality. Without 
changing the temperature of the SPM and at the same carrier gas flow 
rate, hydrogen is extracted from the test specimen using an induction fur- 
nace. The unknown ms g of hydrogen extracted from the test specimen 
gives an instantaneous signal and a corresponding integrated signal /2. 
Since the SPM temperature and the flow rate of the carrier gas is held 
constant, ms is related to I2 by the relationship m2 = kIs. From the simple 
ratio between ml = kI1 and m2 = kI2 the unknown ms is computed. Figure 3 
shows typical curves of the analysis of a NBS standard containing 215 =t= 6 
ppm (by weight) of hydrogen. 

The results of the hydrogen analysis of cadmium plated steel specimens 
heat treated to 260 to 280 ksi strength level, cadmium plated forged bolts 
heat treated to 180 ksi strength level, and titanium standards for hydrogen 
obtained from the National Bureau of Standards are described in the fol- 
lowing sections. 

Results  and Discuss ion.  

Sensitivity and M i n i m u m  Detectable Limi t  of the Hydrogen Detector 

Following the accepted definition of sensitivity as proposed by the "Mass 
Spectometer Subcommittee" of the American Vacuum Society, the sen- 
sitivity of the hydrogen detector is defined here as the output meter de- 
flection of a given known amount of hydrogen input or the slope of the 
ion-pump current reading versus the hydrogen input in parts per million. 
A series of sensitivity determinations have yielded a value of 7.0 t~A/ppm 
of hydrogen. The minimum detectable limit of the instrument, for hydrogen 
detection, was found to be five parts per billion in the gas stream. Although 
some reduction in sensitivity is observed with the aging of the SPM, the 
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DAS ON AN ULTRASENSITIVE HYDROGEN DETECTOR 1 1 1 

method of determining the hydrogen content in the test  specimens is such 
tha t  this variat ion in sensitivity does not affect the accuracy of the test  
results. 

Hydrogen Content Analysis of the NBS Specimens 

A number  of standard specimens were procured from the National  
Bureau of Standards (NBS) to cross check the hydrogen content determi- 
nations of the hydrogen detector and establish the accuracy in the range 
studied. These specimens consisted of commercially pure t i tanium con- 
taining known amounts of hydrogen at  the following levels: 32 • 2 ppm, 
98 • 5 ppm, 215 • 6 ppm. The method of preparation, analysis, and 
certification of these specimens is described by  Sterling et al in an NBS 
publication [18]. 

The results of the NBS standard specimens as analyzed by  the hydrogen 
detector are given in Table 1. The fractional random error in the mean 
value at  95 percent confidence level for Specimens 352, 353, and 354 is • 
5.01 percent, • 1.67 percent, and • 1.08 percent, respectively. In  other 
words, at  95 percent confidence limit the uncertainty in the mean values 
for the three standards were 30.74 • 1.54 ppm, 97.84 • 1.64 ppm, and 
220.26 • 2.37 ppm. 

TABLE 1--Hydrogen content determinations of NBS standard specimens by hydrogen 
detector. 

Total Number of Determinations 
Mean (ppm) 
Standard Deviation 
Coefficient of Variance (%) 
Range (ppm) 
High Value (ppm) 
Low Value (ppm) 
Standard Error 
95% Confidence Limits 

Specimen Specimen Specimen 
352 NBS 353 NBS 354 NBS 
Certified Certified Certified 

Value Value Value 
3 2 •  9 8 •  2 1 5 •  

31.8 98.6 218.4 
27.8 98.6 218.3 
29.6 95.1 220.9 
31.1 97.5 222.8 
34.4 100.8 220.9 
28.1 97.6 
34.5 96.7 
31.6 
31.1 
29.3 
28.8 

11 7 5 
30.74 97.84 220.26 
2.289 1.775 1.908 
7.446 1.814 0.867 
6.7 5.7 4.5 

34.5 100.8 222.8 
27.8 95.1 218.3 
0.690 0.671 0.853 
1.54 1.64 2.37 
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1 12 HYDROGEN EMBRITTLEMENT TESTING 

The results of vacuum fusion analysis on similar NBS standard specimens 
as reported by others [18] were compared with those taken by the hydrogen 
detector and are summarized in Table 2. As can be seen, the hydrogen 
detector's data seems to agree remarkably well with those obtained by 
vacuum fusion analysis. Also, the mean values of hydrogen detector appear 
to fall well within the uncertainty limits established by the NBS. 

Although vacuum fusion analysis for hydrogen is fairly accurate in 
ranges above 10 ppm, the uncertainty below 5 ppm is quite large. Further- 
more, the analysis by vacuum fusion is time consuming and relatively 
expensive [19]. In the case of hydrogen detector the analysis below 5 ppm 
range is accurate (better than =i= 10 percent), analysis time is short (since 
one does not have to break the vacuum to introduce test specimens into 
the furnace), and the hardware involved is relatively inexpensive. 

Since NBS does not provide any hydrogen standards below 30 ppm 
range the accuracy in the 1 to 30 ppm range and in the overlapping range 
up to 50 ppm was determined by using an electrolysis cell or the MGM 
system or both. 

The results of the hydrogen detector as described in Table 1 provide 
indirect traceability of the detector's measurements. The calibration of the 
detector by the MGM system is in terms of length and time measurements 
which are directly traceable to NBS. Thus, all the hydrogen measurements 
of the detector reported in this paper are absolute. 

Comparison of Hydrogen Detector's Data with Notched Tension Testing ( N TS) 
and Boeing Plating Porosity Meter Results on Cadmium Plated ~340 Steel 
Specimens 

As said before, to date there is no cost effective method available to 
accurately measure low concentrations (5 ppm and below) of hydrogen in 
metals. As a result, establishment of a quantitative relationship between 
hydrogen concentration and fracture failure characteristics had been diffi- 
cult. Today some processors still control hardware by relying on a time 
consuming mechanical testing which has proven to be less than adequate 
and overall an extremely expensive process. 

This portion of the study was aimed at relating hydrogen content of 
test specimens which were processed through a set of typical production 
operations (with the exception of the process where hydrogen introduction 
was controlled) to NTS data by an indirect method. The processes to which 
the specimens were subjected included machining, heat treating, dry 
abrasive blasting, cadmium plating, vapor degreasing, and baking at 350 ~ F 
for 24 h. All specimens were made out of 4340 steel, heat treated to 260 to 
280 ksi strength level, and were processed in the same manner except in the 
cadmium plating process where they were plated to have a different degree 
of porosity to cause varying amounts of hydrogen retention in the material 
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I 14 HYDROGEN EMBRITTLEMENT TESTING 

[20, 21]. The present tests were conducted after the final baking operation 
of the processing sequence. 

The samples (diameter = 0.0333 in., length = 1.00 in.) were prepared 
per Boeing Airplane Company Specifications BAC 5718 and BAC 5701. 
A total of 10 specimens was obtained in two different batches of five speci- 
mens each. The porosity varied from being completely porous to almost a 
nonporous state. The two batches were prepared under identical condi- 
tions to test for the repeatability and accuracy of the results. The Boeing 
plating porosity meter (BPPM) was used in the cadmium plating bath to 
ascertain the level of porosity produced (for a given current density) for 
plating the test specimens. In a plating operation like this, nascent hydro- 
gen generated as a side reaction at the cathode is introduced into the speci- 
men. Thus a porous plating will permit this hydrogen to escape while a 
nonporous plating will retain the hydrogen inside the material, which of 
course, can lead to hydrogen embrittlement failure. By varying the degree 
of porosity in the plating, different amounts of hydrogen can be retained 
in the test specimens. A measure of the relative degree of porosity was 
indicated by a numerical index }, as read by the BPPM. 

The BPPM essentially consists of a specially modified 6V6 metal vacuum 
tube (called the probe), an oven, and associated electronic hardware to 
measure the probe output. Prior to its use the exterior shell of the probe is 
painted, and a standard area is sandblasted for hydrogen permeation. The 
standard area is then electroplated and the probe placed in the oven. 
Hydrogen picked up by the probe during electroplating is then released at 
elevated temperatures which is measured as ion current (probe plate 
current) by the control unit. The plating porosity measurements begin 
when the probe is placed in the oven. At elevated temperatures hydrogen 
picked up during plating is driven both into and out of the probe. The 
hydrogen that enters into the interior of the probe builds up to a peak 
value (heat peak (HP)) and then decreases to a minimum value as time 
progresses. The measure of ion current in the probe from HP to the end of 
the test is half the HP reading. The decay time of the ion current signal from 
HP to half HP is designated as ~. Since }, is the time span where the probe 
response measures the ease of hydrogen removal, it is used in assessing the 
porosity of plating. A porous plate will allow rapid hydrogen diffusion from 
the shell and should give a faster decay time. Likewise a nonporous plate 
should result in a longer decay time. 

Considerable effort had been devoted in the past by The Boeing Com- 
pany to relate ~-values with the notched tension testing (failure) data from 
which statistical information on failure has been compiled [20, 21]. This 
information was used to relate indirectly the hydrogen content of specimens 
(prepared with a given k value) to the NTS failure data. 

Hydrogen was extracted from the test specimens by hot extraction 
method. The test specimen was placed inside a furnace which was purged 
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DAS ON AN ULTRASENSITIVE HYDROGEN DETECTOR 1 15 

continuously with high-purity argon gas. The temperature of the furnace 
was raised in small increments. For the test specimens described here the 
maximum temperature for complete extraction of hydrogen was in the 
neighborhood of 800 ~ C or 1472 ~ F. 

Based on the limited amount of data available at this time certain parts 
of the discussion presented next are speculative. In a cadmium plated 
specimen, hydrogen was observed to come out from three different areas 
as the temperature was slowly increased. These regions are as follows: 

Region A--At low temperatures, between 72 to 300 ~ F, hydrogen is 
desorbed from the volume of the plating only. This temperature range 
(and time span) is not high enough for complete extraction of hydrogen 
from the interior of the specimen. However, some subsurface hydrogen 
may be present in this region. 

Region B--At intermediate temperatures, between 300 to 575~ (and 
the time span of test in this region) as the plating material gets soft, hydro- 
gen in the region of the plating metal interface and from the subsurface is 
given off. 

Region C--At higher temperatures, between 575 to about 1472 ~ F, hydro- 
gen is extracted from the interior of the specimen. 

As just mentioned the specimens were prepared in two separate batches. 
Batch 1, contained five specimens coded C, D, E, V, and X. Batch 2 also 
contained five specimens coded 1, 2, 3, 4, and 5. Figure 4 shows the results 
of the analysis of all the specimens. Here the detector response (in micro- 
amps) is plotted against the time in minutes. The area under the curve 
(detector response versus time) gives a measure of the hydrogen concen- 
tration in the material. Regions A, B, and C, as described previously, can 
be easily identified in these figures. In some cases Regions A and B are 
difficult to identify because of the scale factor. 

All the quantitative data on the test specimens are summarized in Table 
3. The sequence of Batch 2 is changed when the specimens are linedup as 
per hydrogen concentration from Region/k only. Specimens V and 5 were 
vacuum plated, whereas Specimens X and 3 had bright cadmium type 
plating on them, and as such these specimens represent extreme conditions. 

As can be seen from Table 3, the lineup of Batch 1 agreed 100 percent 
with the ~-values of the BPPM and notch tension testing results. In Batch 
2, with the exception of Specimen 4, all others agree with the BPPM data. 
However, when the lineup is arranged on the basis of hydrogen from Region 
A alone, the agreement between ~-values and hydrogen concentration is 
once again 100 percent. Figure 5 shows the regions (A + B + C) and X- 
values from BPP1V[, respectively. 

For the sake of discussion let us speculate upon the meaning of these 
data. In Region A the amount of hydrogen which comes out is either de- 
sorbed from the skin of the cadmium plating or from the outer surface or 
both because of some surface contamination and from the subsurface. The 
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FIG. 4--Hydrogen content analysis of cadmium plated 4840 steel. 
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1 1 8 HYDROGEN EMBRITTLEMENT TESTING 
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FIG. 5--Hydrogen detector response verse, s h-values of porosity monitoring gage. 

origin of this hydrogen content is not clearly known. It  is unlikely that any 
hydrogen from the interior is coming out because the temperature is not 
high enough and the time duration of the test is relatively short. The 
actual amount of hydrogen desorbed in Region A depends on two 
factors: (a) true concentration of hydrogen and (b) porosity of the plating. 
If two specimens having identical structure are charged with equal amounts 
of hydrogen during a cadmium plating operation, the one which has less 
porous plating is liable to retain more hydrogen. Furthermore, a specimen 
which has almost a completely blind plating, like a bright cadmium speci- 
men, is going to desorb much less hydrogen in Region A even though the 
total hydrogen content in the specimen (or plating) may be very high. 
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DAS ON AN ULTRASENSITIVE HYDROGEN DETECTOR 1 19 

Thus both a completely blind plating and a highly porous plating are going 
to show a low level of hydrogen concentration in Region A. Since bright 
cadmium plating is not used on high-strength steel production parts, be- 
cause of its undesirable effect of rendering a part highly susceptible to hy- 
drogen embrittlement failure, it is concluded that for a normally plated 
specimen a high level of hydrogen from Region A could imply a less porous 
plating. The test results also show that the vacuum plated specimens have a 
low degree of porosity in the plating. From this discussion it appears that 
tests such as these may have the potential to nondestructively test the 
plated specimen for checking their porosity levels. 

Let us consider Fig. 5 now. Here, the total hydrogen extracted from 
Regions A, B, and C is plotted against the X-values of BPPM. With the 
exception of Specimen 4 in Batch 2 the hydrogen data for all other speci- 
mens seem to follow the X-values. From the total hydrogen analysis it 
appears that Specimen 4 of Batch 2 is similar to Specimen C of Batch 1. 
However, the BPPM data show that Specimen 4 has the least amount of 
hydrogen among all the specimens in Batch 2 or Specimen C has a dense 
plating (least porosity) and Specimen 4 has a porous plating (most poro- 
sity). There could be several reasons for this apparent disagreement. The 
most obvious one could be that the hydrogen detector reading is in error 
or the X-value of BPPM is in error. However, since 9 out of 10 specimens 
have shown excellent agreement, the likelihood of one of the two or both 
of these instruments being wrong is less probable. The less obvious, reasons 
include the following: (1) method of obtaining the specimen, (2) storage 
of the specimen until analysis, and (3) preparation of the specimen. As 
mentioned earlier, extreme care was exercised in handling and storing the 
specimens until analysis. Thus, the two most likely reasons appear to be 
the foregoing (1) and (3). It  is quite possible that the structure of these 
two specimens prior to plating may be significantly different resulting in 
the observed discrepancy. 

There is evidence in the literature [22-25] that the structure of the mate- 
rial prior to plating can have a significant effect on the hydrogen retention. 
For example, structural defects (like dislocations, vacancies, etc.) can act 
like trapping centers for hydrogen. A systematic, well-planned study is 
required to investigate various aspects of hydrogen absorption and its 
interaction with lattice defects. The conclusion is that, based on the poro- 
sity level alone, it may be difficult to predict whether a specimen is going 
to fail or not. 

With regard to a relationship between hydrogen content readings, X- 
values, and NTS data it can be said that there is a definite correlation 
between hydrogen concentration and susceptibility to failure of specimens. 
Based on the data presented here it appears that for this heat treat batch 
of material the safe limit of (total) hydrogen concentration is about 1 ppm. 
In the range from 1 to 1.5 ppm, depending upon the service conditions, it 
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120 HYDROGEN EMBRITTLEMENT TESTING 

is estimated that up to 30 percent of the processed material can suffer 
embrittlement failure. These results are only preliminary, and as such no 
plus or minus limits could be established on the hydrogen content. I t  is 
important to note that a knowledge of ~-values of BPPM is desirable to 
control the plating process. However, the BPPM cannot be used to estimate 
how much hydrogen has actually gone into and is retained in the specimen. 
The results of the hydrogen detector presented here and of another com- 
prehensive study in process in our laboratories thus far, show considerable 
promise for establishing reliable acceptance limits for hydrogen content 
in high-strength materials. 

Hydrogen Analysis on Forged Bolts Heat Treated to 170 to 195 ksi Strength 
Range 

Certain stud bolts that had failed in service were submitted for failure 
analysis. The objective of the test was to find whether the bolts failed be- 
cause of hydrogen embrittlement or stress-corrosion cracking or both. 
Literature shows that several attempts have been made to distinguish 
stress-corrosion cracking from hydrogen embrittlement, where the cause 
of fracture is related directly to hydrogen that is already present or that 
enters the metal lattice through discharge of H + at the metal surface. Some 
features of hydrogen embrittlement are similar to those of stress-corrosion 
cracking, but it has been suggested that the causes differ at least in detail. 
However, from the data available in the literature it is far from certain 
whether a clear-cut distinction can always be made between stress-corrosion 
cracking and hydrogen embrittlement, which often occur in the same 
environment. 

The bolts were forged, heat treated to 170 to 195 ksi strength range, and 
cadmium plated. From electron fractographic analysis it was concluded 
that the parts have failed because of hydrogen embrittlement or stress- 
corrosion cracking or both. Since the role of hydrogen in this failure re- 
mained speculative after such an analysis, one of the fractured bolt speci- 
mens was sectioned into four parts for hydrogen analysis. The hydrogen 
detector analysis showed that the section including the fractured surface 
had the maximum amount of hydrogen (4.67 ppm), while that at the ex- 
treme end had the least amount (1.85 ppm). The two specimens in between 
had 2.46 and 3.53 ppm, respectively. Literature shows [22] that the degree 
of embrittlement increases with increasing hydrogen content and the 
greater the strength level of steel (of a given composition and approximately 
the same structure) the greater the sensitivity to hydrogen embrittlement. 
A total of 18 sections from several unfractured bolts when subjected to 
bulk hydrogen analysis gave values ranging from 1.8 to 2.5 ppm. In the 
preceding sections we have seen that cadmium plated 4340 steel heat 
trated to 280 ksi level can suffer from hydrogen embrittlement if the hydro- 
gen concentration exceeds about 1.5 ppm. In the present case since the 
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DAS ON AN ULTRASENSITIVE HYDROGEN DETECTOR 121 

bolt material has been heat treated to only 170 to 195 ksi strength level it 
is possible the bolt material has a higher tolerance limit for hydrogen con- 
centration. However, a level of 4.67 ppm is considered high enough to 
cause hydrogen embrittlement failure. Since no detailed information was 
available with regard to the environment or the exact treatment the speci- 
mens were subjected to, it could not be concluded whether the parts have 
failed because of hydrogen embrittlement or stress-corrosion cracking. A 
detailed study is under way to investigate the limit of hydrogen concentra- 
tion on steel heat treated to different strength levels. 

Conclusions 

In conclusion, the results of a newly developed ultrasensitive hydrogen 
detector can be summarized as follows: 

1. The sensitivity of the hydrogen detector was found to be 7.5 #A/ppm, 
and the minimal detectable limit was measured as 5 ppb in the carrier gas 
stream. 

2. The detector was calibrated by using a microquantitative gas meter- 
ing system which employed a precision capillary leak. The measurements 
being in terms of length and time were absolute and traceable to NBS. 

3. Three different titanium standards for hydrogen content were ob- 
tained from NBS to facilitate evaluation of detectors performance, range, 
and accuracy. This also provided a means for cross checking the results of 
this newly developed technique against the NBS's measurements. The 
fractional random error in the mean value at a 95 percent confidence level 
for specimens with 32, 98, and 215 ppm were found to be q-5.01 percent, 
• percent, and • percent, respectively. 

From the hydrogen analysis of cadmium plated 4340 steel the following 
is concluded: 

1. A testing technique is developed which can provide a reliable quanti- 
tative estimate of hydrogen in cadmium plated steel specimens. This 
technique also shows a potential to nondestructively test the plated speci- 
mens for their varying degree of plating porosity levels. 

2. Two different batches of specimens treated in an identical manner 
prior to plating and having received similar plating treatment, as indi- 
cated by h-values of BPPM, had considerably different amounts of hydro- 
gen in them. This may mean that the structure of the material prior to 
plating could play a significant role in hydrogen absorption during the 
plating process. 

3. For the material (heat treated to 260 to 280 ksi level) tested in this 
study the safe limit for hydrogen concentration appears to be about 1 ppm. 
Preliminary results thus far indicate that in the range 1 to 1.5 ppm (de- 
pending upon the service conditions) up to 30 percent of the processed 
material can suffer embrittlement failure. (The notched specimens were 
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122 HYDROGEN EMBRITTLEMENT TESTING 

tested at  loads equivalent  to 75 percent  of their u l t imate  s t rength  level). 
4. The  results of the hydrogen  detector  presented here and those obtained 

on another  comprehensive s tudy  in process in our  laboratories, thus  far, 
show considerable promise for establishing reliable acceptance  limits for 
hydrogen  content  in h igh-s t rength  materials.  

Pre l iminary  results on forged steel specimens hea t  t rea ted  to 170 to 195 
ksi level show tha t  hydrogen  embr i t t lement  in this mater ia l  can occur at  
hydrogen  concent ra t ion  levels exceeding 2 to 2.5 ppm.  
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Neodymium Detection System 

REFERENCE: Toy, S. iV[., "Neodymium Detection System," Hydrogen 
Embrittlement Testing, ASTM STP 51~3, American Society for Testing and 
Materials, 1974, pp. 124-130. 

ABSTRACT: A test method for assessing hydrogen embrittlement of high- 
strength steel parts in the field is described. It is applicable to both ferrous and 
nonferrous metals which evolve hydrogen when heated. The assessment of the 
hydrogen embrittlement of steel or other metal parts is dependent on the de- 
termination of the local hydrogen content and the stresses required to fracture 
them and the determination of the hydrogen pick-up rate by the metal part 
in the environment which it is exposed to. Local hydrogen analysis in the field 
is based on the application of a flexible neodymium hydrogen detection tape. 

KEY WORDS: hydrogen embrittlement, hydrogen analysis, alloy steels, stress 
corrosion, field tests 

Only a few parts  per million (ppm) of embritt l ing hydrogen can damage 
4340 steel metal  parts  [1, 2]. 2 A test  method for assessing hydrogen em- 
br i t t lement  of high-strength steel parts  in the field will be described. I t  
is applicable to nonferrous metals which evolve hydrogen when heated. 
T h e  assessment of the hydrogen embri t t lement  of steel or other metal  
pa r t s  is dependent on the determination of the local hydrogen content  
and  stresses required to fracture them and the determination of the 
hydrogen pick-up rate  by  the metal  par t  in the environment to which it 
is exposed. The  local threshold hydrogen content and stresses required 
to  fracture two high-strength alloy steels are given in Fig. 1. The  alloy 
steels are safe if the combination of local hydrogen and stress are to the 
lef t  of their respective threshold line and fail to the right of the threshold 
line. The two alloy steels, AISI  4340 and 300M, a 1.6 percent by  weight 
silicon modification of 4340 steel, have the following mechanical properties: 
u l t imate  tensile strengths, 282 and 272 ksi, and yield strengths, 232 and 
226 ksi, respectively. The tensile properties were within 4-3 ksi. Notch 

i Engineer, Palo Alto, Calif. 94306. 
The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG.  1--Sustained load-stress versus hydrogen content threshold failure lines for ~3~0 
type steels, safe region left of lines and failure to right of line. 

tension specimens with a notch acuity of 0.014 to 0.016 were used. The 
strengths values were similar to Johnson et al [-2]. 

The objective of this paper is to propose a tentative test method for 
assessing hydrogen embrittlement of metal parts in the field on the basis 
of calculated relative local hydrogen content with the neodymium hydrogen 
detection tape that has been correlated with sustained load, stress tests 
required to fracture the material. 

Hydrogen Analysis by Application of Neodymium Hydrogen 
Detection Tape 

The measurement of local hydrogen content of high-strength steel parts 
or other suitable metals used in the field can be made utilizing the following 
procedures ['2-~4]: 

(a) Apply neodymium detection tape to the degreased surface of the 
part at the location to be analyzed for hydrogen. This is for removing 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



126 HYDROGEN EMBRITTLEMENT TESTING 

hydrogenous surface contaminants. (If surface corrosion deposits are 
present, remove by suitable mechanical cleaning method before applying 
tape.) 

(b) Place high-temperature pressure-sensitive adhesive tape over 
detection tape to seal the detector in position. 

(c) Heat the local area of interest with a hot air heat source to a tem- 
perature of 300 ~ F for 1 h. Temperature may be monitored with a heat 
sensitive temperature recording device such as Tempilstick or a contact 
thermocouple. (Higher temperatures may be required for materials that 
do not readily release hydrogen, for example, titanium and zirconium.) 

(d) After the part has cooled, strip detection tape from the part and 
0xamine the detection tape for hydrogen reaction sites. The chemical 
reaction that occurs is neodymium plus two hydrogen reacts to form 
neodymium dihydride (Nd + 2H --~ NdH~). If the NdH~ reaction sites 
are seen visually (eye), local hydrogen content will be greater than 150 
ppm. Optical and electron scanning microscopic readout permits con- 
tinuous determination from 150 ppm to below 1 ppm at 1-gm sites. 
(Optical to 0.01 ppm and electron to 0.001 ppm.) In the case of high- 
strength martensitic type steels, the absence of visible reaction sites on 
the tape indicate less than 1-ppm local hydrogen. 

Flexible hydrogen detection tapes up to 2 by 12 in. have been produced 
in the laboratory. "Band aid" size tapes produced in commercial quantities 
could be in the range of five dollars per unit. 

S p e c i m e n  Ca lcu la t ion  o f  Hydrogen  C o n t e n t  for a C a d m i u m  
Plated  4340 Steel  

Let subsurface embrittling (diffusible) hydrogen be evolved from the 
steel. The diffusion coefficient of alpha iron, D, = 5 X 10 -5 cm2/s at 
300 ~ F (149 ~ C) [6~. 

Measured neodymium film thickness, T, = 

Neodymium hydrogen reaction site = 
diameter, d,, 

Area of site, As = 

Cadmium plate pore diameter, dp = 

Diffusion length, XL = 

Weight of iron, WF,, = 

945 + 125 

0.1 cm 

1/4 lrd 2 
0.0785 cm ~ 

0.1 cm 

%/5 X 10 -5 X 3600 
0.43 cm 

(pXLA ~) 
(7.87) (0.43) (0.0785) 
0.264 g 
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TOY ON NEODYMIUM DETECTION SYSTEM 127 

Weight of neodymium, WNd, = (PNd) (T) (As) 
= (6,s) (948 • 10-6) (0.07s5) 
= 5.05 X 10-Sg 

tool weight (H2) 
Weight of hydrogen, Wa2, = 5.05 X 10 -8 

mol weight (Nd) 

= 5.05 X 10 -6 (2/144) 
= 0 . 0 7 X 1 0  -6g 

Hydrogen content, H (ppm), = W H / W • a  

= (0.07 X 10-~)/0.264 
= 0.265 

Triplicate hydrogen analysis steels by the neodymium hydrogen detection 
tape indicate a variation of • ppm. 

Figure 2 illustrates the application of a 1 / 2  • 1/2-in. neodymium 
detection tape to a large cadmium plated aircraft main landing gear 
part under shop conditions. A metal surface temperature of 300 ~ F (149 ~ C) 
was attained by heating the local area with a hot air gun for 1 h at tem- 
perature. If the hydrogen analysis indicated a local hydrogen content of 
4340 steel to be 0.75 ppm, the critical tensile stress required to trigger 
failure would be 220 ksi (see Fig. 1). However, if the operating service 
stress did not exceed 100 ksi, then the part would have to pick up an 
additional 0.25-ppm hydrogen from some hydrogen source to trigger a 
failure (see Fig. 1). If the part was continuously exposed to an environment 
which resulted in the part accumulating 0.002 ppm hydrogen per hour 
(riCH~tit)  then one can predict the time to failure of the part at a sustained 
load-stress of 100 ksi to be t = ( C f  - C i ) / ( d C ~ / d t )  = 0.25//0.002 = 125 h. 

This type of information can then be used to formulate standards to 
assess the hydrogen embrittlement characteristics of different metals in 
the field or laboratory, 

Discussion of Test Method 

The relative hydrogen embrittlement of the material at a constant 
stress level can be compared on the basis of how far the calculated local 
hydrogen content is from the critical point on the sustained load-stress 
versus local hydrogen content curve in Fig. 1. I t  defines the critical 
parameters delineating the safe region (left) and the unsafe region (right) 
of the curve. Therefore, low initial local hydrogen content in conjunction 
with low hydrogen pick-up rate found when the material is exposed to a 
specific environment would suggest a low embrittlement index (that is, 
predicted service life) for this metal when assuming it is exposed constantly 
to the hydrogen generating environment. 

If you compare the two curves in Fig. 1 of AISI 4340 and the silicon 
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128 HYDROGEN EMBRITTLEMENT TESTING 

HYI)ROGSN DETECTION TAPI:" 

/ 
1; / / / /  / / ~  ~ ,~ ,, / / / / / / /  / / I / /  

N 2H H 

AIRCRAFT-MAIN LANDING G~AR 
(~i ~I 4~4o) 

(~) CHEHICAL R~ACTIO~ 

(2) ]~#~T~ O~ HXDROGEN PiCKuP 

A 

~00 ~ F 

dC H Or_ - C~ 

i;,IPcERE: C i = "IhI[TIAL B-'(DROGE.N 
COI~I'ENT, PPM 

C; = FINAL N~YDROGEN 
CONTENT, PPM 

-t = TIM~ 

F I G .  2--Principles for assessing hydrogen embrittlement of metal parts in the .field. 

modified 4340, the shift of the modified 4340 to the right suggests it should, 
in general, better resist hydrogen embrittlement. This is consistent with 
its low susceptibility to hydrogen embrittlement in the aircraft industry 
for the design conditions investigated. 

The sustained load test is used commonly in the aerospace industry 
for testing embrittlement of these type materials. Therefore, the cor- 
relating of this local relative hydrogen content with this type test is 
acceptable approach for assessing hydrogen embrittlement of the kind 
observed [-7]. 

This test method was reduced to practice on different size aircraft 
parts under shop test conditions successfully. Aircraft components included 
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TOY ON NEODYMIUM DETECTION SYSTEM 129 

commercial and military parts both from production and from service 
failures. In many cases, I foresee no serious technical problems which 
will prevent its direct use. 

Permeation of hydrogen through surface protective coatings which 
are reported here have not interfered with the test. Correlation of our 
test with Lawrence permeation test indicates that our test detects hydrogen 
H~ permeation below the H2 sensitivity limit of that test method and 
some of the conventional test methods. 

The diffusivity number used for the specimen calculation was selected 
from experimental reported values in Ref 6. I t  gives a calculated local 
hydrogen content which is consistent with low critical hydrogen contents 
reported to cause failure of high-strength AISI 4340 steel and confirmed 
by agreement both with tape test method (that is, < 1 ppm) hot extraction 
hydrogen analysis on the same steel (that is, 1 to 2 ppm). Scanning electron 
micrograph measurements of cadmium plated pores have been used to 
check the cadmium plate pore diameter and the pore diameter based on 
the smallest neodymium reaction sites observed on the tape. Both measure- 
ments were found to be in good agreement. An additional verification of 
the tape analysis performed was to remove the cadmium plate on an 
adjacent test area unaffected by the heat. Both calculations were found 
to give the same local hydrogen content value. In regards to other gases, 
we have not observed oxidation or nitriding of neodymium in our test. 
On rare occasions where a faulty seal was made, the distinct white neo- 
dymium oxide was observed and that particular test was disregarded. 
Electron diffraction of the thin hydrided neodymium film revealed no 
oxides or nitrides. 

Hydrogen sensitivity test were also run on the neodymium hydrogen 
detection tape in 20 volume percent hydrogen-b 80 percent argon at 
300 ~ F indicating no loss in original sensitivity from 3 to 17 weeks. 
Replica electromicrographs of evaporated neodymium thin film on 
hydrogen charged 4340 steel specimens appear to be completed reacted 
with some local film thicknesses estimated to be at least 50 percent 
reacted to NdH~. 
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H. R. Gray i 

Testing for Hydrogen Environment 
Embrittlement: Experimental Variables 

REFERENCE: Gray, H. R., "Testing for Hydrogen Environment Em- 
britt lement:  Experimental Variables," Hydrogen Embrittlement Testing, 
ASTM STP 5~3, American Society for Testing and Materials, 1974, pp. 133- 
151. 

ABSTRACT: Hydrogen embrittlement is classified into three types: internal 
reversible hydrogen embrittlement, hydrogen reaction embrittlement, and hy- 
drogen environment embrittlement. Characteristics of and materials embrittled 
by these types of hydrogen embrittlement are discussed. Hydrogen environ- 
ment embrittlement is reviewed in detail. Factors involved in standardizing test 
methods for detecting the occurrence of and evaluating the severity of hydrogen 
environment embrittlement are considered. The effects of test technique, 
hydrogen pressure, gas purity, strain rate, stress concentration factor, and test 
temperature are discussed. Additional research is required to determine whether 
hydrogen environment embrittlement and internal reversible hydrogen em- 
brittlement are similar or distinct types of embrittlement. 

KEY WORDS: hydrogen embrittlement, metals, alloys, mechanical tests, 
pressure, purity, strain rate, temperature, notch tests 

This paper is concerned exclusively with the more recently encoun- 
tered form of hydrogen embri t t lement--hydrogen environment embrittle- 
ment. The purpose of this paper is to review the factors in hydrogen 
environment embrittlement which must be considered in any effort to 
standardize test methods for detecting and evaluating this type of embr i t -  
tlement. To do this, we must examine the characteristics of hydrogen en- 
vironment embrittlement as well as the similarities and dissimilarities 
between hydrogen environment embrittlement and both internal revers, 
ible embrittlement and hydrogen reaction embrittlement. The effect of 
various experimental variables such as gas pressure, gas purity, test strain 
rate, stress concentration factor, and test temperature on hydrogen en- 
vironment embrittlement will be discussed. The relative sensitivity of the 

1 Research metallurgist, Alloys and Refractory Compounds Section, National Aero- 
nautics and Space Administration-Lewis Research Center, Cleveland, Ohio 44135. 
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5 
0"000~000 
00000~00 
00000-00 

6 

II HYDROGEN MOLECULE 
�9 HYDROGEN ATOM 
o OXIDE OR LATTICE ATOM 
| SUBSTITUTIONAL'~ ALLOYING OR 
x INTERSTITIAL ,I IMPURITY ATOM 

STEPS NECESSARY FOR EMBRITTLEMENT 

1--2 MOLECULAR PHYSISORPTION 1 

2 ~ 3  DISSOCIATION ~ADSORPTION 

3~zl  CHEMISORPTION 

4- -5  SOLUTION (ABSORPTION) 

5----5 LATTICE DIFFUSION 

5/6~7 HYDROGEN REACTION TO FORM HYDRIDES 
AND/OR GAS BUBBLES 

OCCURRENCE OF EMBRITTLEMENT STEPS 

TYPES OF EMBRITTLEMENT 

HYDROGEN INTERNAL HYDROGEN 
ENVIRONMENT REVERSIBLE REACTION 

YES NO YES/NO 

YES NO YES/NO 

YES NO YES/NO 

YES YES YES 

? YES YES/NO 

NO NO YES 

FIG. 1--Physical and chemical processes necessary for various types of hydrogen em- 
brittlement E5J. 

tension, fatigue, creep, fracture toughness, and disk pressure tests used by 
investigators will also be discussed. This paper will attempt to set the 
stage for subsequent papers in this Symposium which will present detailed 
descriptions of test specimens and test procedures for evaluating hydrogen 
environment embrittlement of materials. 

Characteristics 

Hydrogen environment embrittlement may occur when an essentially 
hydrogen-free material is mechanically tested in gaseous hydrogen [1-26]. 2 

It is well agreed among investigators that molecular hydrogen must dis- 
sociate to atomic hydrogen for embrittlement to occur. The physical and 
chemical steps necessary for hydrogen environment embrittlement, as well 
as the other types of hydrogen embrittlement, are illustrated in Fig. 1. For 
hydrogen environment embrittlement to occur, both adsorption (physi- 
sorption, dissociation, and chemisorption) and absorption probably take 
place (steps 1 through 5). The necessity for subsequent lattice diffusion 
(step 5 to 6) for hydrogen environment embrittlement has provoked marked 
disagreement. If it is shown eventually that hydrogen must diffuse through 
the lattice for embrittlement to occur during testing in gaseous hydrogen, 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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138 HYDROGEN EMBRITTLEMENT TESTING 

hydrogen environment embrittlement may then be considered equivalent 
to internal reversible hydrogen embrittlement. 

The characteristics of hydrogen environment embrittlement are listed 
in Table 1. Hydrogen environment embrittlement has been observed over 
a wide range of gas pressures, temperatures, and in a variety of mechanical 
tests. Embrittlement appears to be most severe near room temperature. 
Gas purity and test strain rate can play significant roles in determining the 
degree of embrittlement. As will be discussed subsequently, the transfer 
step of surface adsorption has been shown to be the overall rate controlling 
step during hydrogen environment embrittlement [:4,51. However, if ad- 
sorption is bypassed, the rate controlling step for hydrogen environment 
embrittlement is either absorption [5,23] or subsequent lattice diffusion 
[15,18,2:4]. Analyses of substantial increases in the hydrogen content [18, 
20,22,2:4] of embrittled alloys tend to support the necessity for lattice dif- 
fusion, since it is unlikely that such large quantities of hydrogen can be 
absorbed within the first atomic layer below the surface. Another important 
characteristic of hydrogen environment embrittlement that has not been 
conclusively resolved is the location of crack initiation--at the surface [23] 
or internally [15,18,20]. These characteristics can be compared with those 
observed for internal reversible hydrogen embrittlement and for hydrogen 
reaction embrittlement which are also listed in Table 1. 

Hydrogen environment embrittlement has been observed in a wide vari- 
ety of materials. The high-strength structural alloys such as steels and 
nickel-base alloys are particularly susceptible. Metals and alloys subject 
to all types of hydrogen embrittlement are listed in Table 2. Those affected 
by hydrogen environment embrittlement [1:4,23] and internal reversible 
hydrogen embrittlement [27] are listed in the approximate order of decreas- 
ing susceptibility at room temperature. The metals affected by hydrogen 
reaction embrittlement are also listed in Table 2, and the types of reactions 
are called out. 

I t  is important to note that nickel alloys are very susceptible to hydrogen 
environment embrittlement, while they are relatively unsusceptible to in- 
ternal reversible hydrogen embrittlement. This difference in sensitivity may 
be related to some undefined surface characteristic of nickel alloys. This 
marked difference in susceptibility exhibited by nickel alloys has been re- 
sponsible for some of the controversy as to whether the mechanism of hy- 
drogen environment embrittlement is the same as the mechanism for inter- 
nal reversible hydrogen embrittlement. With this one major exception, the 
relative susceptibility of most classes of materials to both these types of 
embrittlement is remarkably similar. 

Severity of embrittlement has also been observed to vary with both alloy 
form and annealing temperature. The degradation of notched tensile prop- 
erties of Inconel 718 in bar, forging, and plate forms and in two solution 
annealed conditions is shown in Table 3 [9]. For example, bar and forgings 
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GRAY ON EXPERIMENTAL VARIABLES 139 

TABLE 3--Degradation of notched tensile properties of lnconel 718. 

(Hydrogen pressure 35 MN/m 2 (5000 psi), 23 ~ C, stress concentration factor (K t) = 8 ['9]) 

Ratio of Property in Hydrogen/in Helium 

Notch Tensile Strength Notch Reduction of Area 

940 ~ C 1050 ~ C 940 ~ C 1050 ~ C 
Material Form Anneal Anneal Anneal Anneal 

Bar 0.54 0.71 0.31 0.34 
Forging 0.59 0.76 0.37 0.39 
Plate 0.86 0.77 0.67 0.62 
Plate-weld metal 0.79 0.56 0.71 0.31 
Plate-heat affected zone 0.63 0.72 0.39 0.29 

annealed at the lower temperature are embrittled more severely than the 
same forms annealed at the higher temperature. For plate, the reverse rank- 
ing holds. These effects have been at tr ibuted to as-received and heat-treated 
precipitate (Ni3Cb) morphology [9] and grain size [9,10]. The least embrit- 
tled structure is one which is fine grained with a uniform dispersion of the 
precipitate. The most embritt led structure is one which is large grained 
with intergranular precipitates. 

Although these microstructural effects may  be valid for Inconel 718, 
other severely embrittled nickel-base alloys [12-14] do not contain colum- 
bium (Udimet 700, Ren4 41, and Hastelloy X). In fact, Nickel 270 does not 
contain any elements tha t  are likely to form precipitates. Hence, it is un- 
likely that  hydrogen environment embrit t lement can be at tr ibuted exclu- 
sively to precipitated phases. The role of grain size and grain boundaries 
is also unresolved, particularly in light of the severe degree of hydrogen 
environment embrit t lement recently reported for directionally solidified 
MAR M-200 [13]. 

Effect of  Test Variables 

Hydrogen Gas Pressure 

Most of the materials listed in Table 2 were tested in a single investiga- 
tion [1~,23] at a hydrogen pressure of 70 M N / m  ~ (10 000 psi) at room tem- 
perature. Notched tensile strength and both smooth and notched reduction 
of area were used as the embrit t lement criteria. Subsequent research [11, 
14] indicated that  embrit t lement can occur in hydrogen at much lower gas 
pressures. For example, tensile properties of A302-B steel and Inconel 718 
determined over a range of hydrogen pressures from 0.7 to 70 M N / m  2 
(100 to 10 000 psi) are compared with tensile properties in helium in Fig. 2. 
These investigations suggested that  the degree of embrit t lement was pro- 
portional to the square root of the hydrogen gas pressure. 
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FIG. 2--Ef fect  of gas pressure on tensile properties of A302-B steel [14] and Inconel 
718 [9, 147 at 23 ~ C. Inconel bar annealed at 1050 ~ C; notched specimens, K t  = 8. 

More recent investigations [4,25] have demonstrated that hydrogen 
environment embrittlement occurs at gas pressures substantially below 
atmospheric pressure. Fatigue crack growth rates of Nickel 200 at room 
temperature increased by an order of magnitude over the pressure range 
1 ~N/m ~ to 20 kN/m 2 (10 -s to 150 tort) [25]. The threshold stress intensity 
factor (Kth) required for the initiation of measurable slow crack growth 
in 4130 steel in air decreased substantiaIly in hydrogen at very low pres- 
sures [4,5]. For example, embrittlement was detected in molecular hydrogen 
at pressures of 17 kN/m 2 (127 tort), Fig. 3a, and in an atomic-molecular 
hydrogen mixture at a gas pressure of 1 N/m 2 (8 • 10 -3 torr), Fig. 3b. As 
evident from the data presented in Fig. 3, embrittlement was a function 
of both test crosshead speed and test temperature. The significance of 
testing speed, testing temperature, and gas composition will be discussed 
in subsequent sections of this paper. 

These same investigators [4] have also demonstrated that the degree of 
embrittlement is proportional to the square root of the gas pressure. How- 
ever, they showed that such a relationship is true only in a relatively nar- 
row temperature range near room temperature. They proposed that the 
transfer step of surface adsorption of hydrogen was the overall rate con- 
trolling step in the process of hydrogen environment embrittlement. 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GRAY ON EXPERIMENTAL VARIABLES 141 

1.0--- 
g 

..v1, =l< .4-- 

. 2 -  

5 
N 

10-6 

S 

MOLECULAR HYDROGEN 

kNlm 2 TORR 
o 17 12/ 
o 50 380 
" 94 109 

I I 
10-5 10-4 

CROSSHEAD SPEED, m/SEC 

(a) EFFECT OF TEST SPEED AT 23~ 

o o--o-o 
OLECULAR 

\ / HYDROGEN INlm 2 
j ~ (8xI0-3 TORR) 

90 kN/m2 (680 TORR) 
MOLECULAR HYDROGEN 

I I I I I I I 
-80 -40 0 40 80 120 160 200 

TEST TEMPERATURE, ~ 

(b) EFFECT OF TEMPERATURE AT A CROSSHEAD 
SPEED OF 1.3xi0 "6 m/SEC. 

FIG. 3--Effect of crosshead speed, test temperature, hydrogen pressure, and hydrogen 
composition on threshold stress intensity (K~h) M 30 steel [4, 5]. 

Hydrogen Gas Composition 
The influence of gas purity is dramatically illustrated by the crack ex- 

tension data shown in Fig. 4. Crack extension in a stressed precracked 
sheet specimen of H-11 steel could be started by the introduction of pure 
hydrogen, and a running crack could be literally stopped by the introduc- 
tion of oxygen-doped hydrogen [17]. These investigators reported that 
crack propagation rates were not affected by an atmosphere of hydrogen 
containing less than 200-ppm oxygen at a total gas pressure of 0.1 M N / m  ~ 

H21 HZ+ IN= 

$ 0.8 l a6 ~ 
.4 

~' I I I f 
0 4 8 12 16 

TIME, MINUTES 

FIG. 4--Effect of hydrogen puri.ty on crack growth in H-11 steel at 23 ~ C and a hydrogen 
pressure of 0.1 M N / m  ~ (15 psi) [17]. 
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142 HYDROGEN EMBRITTLEMENT TESTING 

(15 psi). However, at higher gas pressures, even lower concentrations of 
oxygen impurities inhibit embrittlement in gaseous hydrogen [16,17,24]. 
This inhibiting effect of oxygen is related probably to the preferential ad- 
sorption of the oxygen at freshly generated crack tips [17]. 

It is interesting to note that hydrogen environment embrittlement is 
not eliminated by dilution of hydrogen with inert gases. For example, 
measurable reductions of notched tensile properties were reported for both 
steels and nickel-base alloys for tests conducted in 70 MN/m 2 (10 000 psi) 
helium containing only 44-ppm hydrogen [14]. 

Some recently reported crack growth tests were conducted in an atomic- 
molecular hydrogen mixture achieved by a clever experimental procedure 
[5]. An atomic-molecular hydrogen gas mixture was created near the crack 
tip by dissociating molecular hydrogen on a hot filament. At a gas pressure 
of only 1 N/m 2 (8 X 10 -8 torr), crack growth rates were several orders of 
magnitude greater in the atomic-molecular mixture than predicted rates 
in molecular hydrogen [4]. As shown in Fig. 3b, crack growth persisted to 
the limit of their experimental temperature capability (164 ~ C), whereas 
crack growth diminished in molecular hydrogen as the test temperature was 
raised above room temperature. These test results confirmed that hydrogen 
adsorption is a transfer step which is the overall rate controlling step in 
the process of hydrogen environment embrittlement. When this slow re- 
action step is bypassed by creating atomic hydrogen near the crack tip, 
then the rate controlling step for embrittlement is either absorption of 
hydrogen into solution or lattice diffusion of hydrogen. 

These results also suggest that, if sufficient atomic hydrogen were avail- 
able, embrittlement might occur to a greater degree and over a broader 
range of temperatures and pressures than determined in laboratory tests 
to date. Such a phenomenon is particularly significant in regard to advanced 
engine applications that may use hydrazine or other fuels which decompose 
to atomic hydrogen. 

The effect of an environment of water saturated hydrogen on the tensile 
properties of Udimet 700 has also been determined [12]. All tensile proper- 
ties over the temperatur e range 150 ~ to 305 ~ C were essentially identical 
to those determined in dry hydrogen, as will be shown later in the section 
on the effect of test temperature. These results are not consistent with the 
crack growth inhibiting effects reported for both wet hydrogen [21] and 
oxygen plus hydrogen (Fig. 4). It  is possible that contaminants in hydrogen 
readily inhibit embrittlement when testing precracked specimens, while 
the gross plastic deformation which occurs when testing smooth tension 
specimens may negate such an inhibiting effect. 

Test Strain Rate 

Some of the initial investigations of hydrogen environment embrittle- 
ment were concerned with the influence of test strain rate [16,22]. These 
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tests demonstrated that embrittlement was more severe at low strain rates 
than at high strain rates. Such strain rate sensitivity is a well-known char- 
acteristic of internal reversible hydrogen embrittlement and implies that 
hydrogen diffusion through the metal lattice during mechanical testing 
controls the degree of embrittlement. An identical effect may be occurring 
during hydrogen environment embrittlement, or it is possible that the ob- 
served strain rate sensitivity is simply a manifestation of the time that 
freshly created surfaces are exposed to hydrogen. 

The more recent experimental investigations have been concerned with 
screening numerous materials for relative susceptibility to hydrogen envi- 
ronment embrittlement [10,12,14]. None of these programs have investi- 
gated the potential influence of strain rate on the degree of embrittlement. 
Fortunately, the tests conducted in these investigations were performed 
at relatively low strain rates. Unfortunately, since each of the three investi- 
gators used different strain rates for tension testing, direct comparison of 
their experimental results may not be possible. Test crosshead speeds used 
by these investigators ranged from 4 X 10 -5 m/s (1 X 10 -1 in./min) [10] 
to 3 X 10 -7 m/s (7 X 10 -4 in./min) [14]. 

Another investigation dealing with the influence of testing speed was dis- 
cussed previously with respect to Fig. 3a. Fracture toughness tests were 
performed over a range of crosshead speeds. Embrittlement was more severe 
at lower crosshead speeds for each of the gas pressures used in the tests. 
The significance of these results is that test speed is an important experi- 
mental variable for tests utilizing preeracked specimens as well as smooth 
bar tension specimens. 

Stress Concentration. Factor 

A limited amount of research has been conducted on the influence of 
notch stress concentration factor on the severity of hydrogen environment 
embrittlement. The data shown in Fig. 5 comparing tensile properties in 
hydrogen and in helium demonstrate that embrittlement in hydrogen is 
more severe for a notched specimen of A302-B steel than for a smooth speci- 
men [11,14]. The tensile strength of a smooth specimen (a stress concentra- 
tion factor of 1) is relatively unaffected by hydrogen. Embrittlemnt in- 
creases as the stress concentration factor increases from 1 to the range 4 to 
6, but there does not appear to be any increased sensitivity at higher con- 
centration factors of 8 or even for precracked specimens. Similar results were 
reported for A517 steel [11,14], 4140 steel [19], and 304L stainless steel 
[19]. 

An even more sensitive measure of the severity of hydrogen environ- 
ment embrittlement is the reduction of area of notched speeimens. From 
the data presented in Figs. 2 and 5, it is apparent that significant decrease~, 
in notched reduction of area occur during testing in hydrogen. Once again 
it does not appear necessary to test specimens with extremely sharp notches 
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FIG. 5--Effect of notch stress concentration factor (Kt) on tensile properties of A302-B 
steel at 23 ~ C determined in hydrogen and helium at a pressure of 70 M N / m  2 (10 000 psi) 
[11, 14]. 

Notch stress concentration factors in the range 4 to 8 appear to be sufficient 
for determining the severity of hydrogen environment embrittlement. 

Test Temperature  

A substantial amount  of research has been conducted on the effect of 
test temperature on hydrogen environment embrittlement. The early data 
were determined over a relatively narrow range of test temperatures, - 9 0  ~ 
to 170 ~ C, with CK 22 steel at a hydrogen pressure of 15 M N / m  ~ (2200 psi) 
[16]. More recent research was performed over the temperature range 
- 1 9 6  ~ to 60 ~ C with Inconel 718 and Ti-6A1-4V at a hydrogen pressure of 
14 M N / m  ~ 2000 psi) [14]. In all cases reductions in unnotched tensile duc- 
tility or notched tensile strength were most severe in the vicinity of room 
temperature. 

Increased interest in recent years in using hydrogen for advanced rocket 
and gas turbine engines has resulted in extensive investigations of the 
effect of hydrogen on structural materials over a much wider range of ex- 
posure temperatures. Materials of interest include steels [3,10,12], t i tanium 
alloys [10,12], refractory metals [6], and particularly, nickel- [3,10,12] and 
cobalt- [3,13] base alloys. 

The tensile properties of Inconel 718 tested over the temperature range 
- 1 9 6  ~ to 525 ~ C in hydrogen at 50 M N / m  2 (7500 psi) are presented in 
Fig. 6a and b [12]. I t  is apparent from these data tha t  reductions in both 
notched tensile strength and unnotched ductility are most severe near 
room temperature. However, significant embrit t lement is still evident at 
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substantially higher temperatures. In particular, the reduction of area of 
Inconel 718 at 525 ~ C in hydrogen is about 67 percent of the value deter- 
mined in air (Fig. 6b). 

The tensile properties of Udimet 700 determined from 23 ~ to 680 ~ C in 
hydrogen at 30 to 50 MN/m ~ (4500 to 7500 psi) are presented in Fig. 7a 
and b [12]. The extent of the embrittling effect of hydrogen on this alloy is 
far greater than for any other material reported to date. The notched 
tensile strength of Udimet 700 in hydrogen went through a minimum at 
about 200 ~ C and gradually approached the notched tensile strength deter- 
mined in air as the test temperature was increased to 680 ~ C (Fig. 7a). 
Moreover, the tensile properties of smooth specimens (ultimate strength, 
reduction of area, and elongation )were reduced substantially by hydrogen 
and remained at these low values over the entire range of test temperatures. 
For example, the elongation of Udimet 700 in hydrogen was about 3 per- 
cent for all test temperatures, as compared to about 20 percent in air (Fig. 
7b). As mentioned previously during the discussion on hydrogen purity, 
these investigators did not find any difference in the degree of embrittle- 
ment for Udimet 700 tested in dry hydrogen and water saturated hydrogen. 
Over the temperature range 150 ~ to 305 ~ C, there was also no effect of test 
temperature. 

The results just discussed, determined in dry hydrogen, could not be re- 
produced in another investigation [13]. Neither the smooth nor the notched 
tensile properties of Astroloy (Udimet 700) were reduced by more than 10 
percent by testing in dry hydrogen at both 3.5 and 35 MN/m ~ (500 and 
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FIG. 7--Effect of test temperature on tensile properties of Udimet 700 at a hydrogen 
pressure of 30 to 50 M N / m  ~ (4500 to 7500 psi) F12]. Notched specimens, K t  = 8. 

5000 psi) and at 23 ~ and 680 ~ C. Such lack of reproducibility may  be due 
to variations in alloy microstructure. 

The effect of test temperature on the threshold stress intensity for crack 
initiation in Inconel 718 in hydrogen is shown in Fig. 8 [12]. Sustained load, 
plane-strain toughness test specimens were used to determine these data. 
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FIG. 8--Effect of test temperature on threshold stress intensity (Kth) of Ineonel 718 
plate at a hydrogen pressure of 50 M N / m  ~ (7500 psi) [12]. Alloy annealed at 1066 ~ C. 
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The effect of temperature on the threshold stress intensity of this alloy is 
almost identical to the effect determined for tensile properties (see Fig. 6). 
Embrittlement is most pronounced near room temperature (Kth = 33 
M N/m 2 ~ /m (30 ksi ~r and decreases at both lower and higher temper- 
atures. A similar value of threshold stress intensity (Kth = 24 M N / m  ~ ~ /m 
(22 ksi ~r at room temperature has been reported by others for Inconel 
718 annealed at 954 ~ C [7,9]. 

Relative Sensit ivity of  Various Test  Methods  

From the data presented in the preceding figures, it is evident that ten- 
sion tests have been frequently used to determine the extent of hydrogen 
environment embrittlement of metals. Large decreases in unnotched reduc- 
tion of area, notched reduction of area, and notched tensile strength have 
been reported for various metals. Fracture toughness testing has also been 
shown to be a sensitive technique for determining the extent of hydrogen 
environment embrittlement. However, most investigators have utilized 
only one or two types of tests, t~nd, frequently, experimental variables differ 
among investigators so that comparison of data is difficult. 

A recent investigation [10] has used fatigue and creep testing in addition 
to tension and fracture toughness testing to determine the relative suscep- 
tibility of various alloys to hydrogen environment embrittlement. It is in- 
formative to evaluate the relative sensitivity of all of these test methods. 
The degradation of various mechanical properteis of Inconel 718 in hydro- 
gen at a pressure of 35 MN/m ~ (5000 psi) is presented in Fig. ,9. It is imme- 
diately evident that substantial decreases in both low-cycle (LCF) and 
high-cycle (HCF) fatigue lives occur during testing in hydrogen. Both 
LCF (2000 cycles in helium) and HCF (50 000 cycles in helium) lives were 
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FIG. 9--Comparison of mechanical properties of Inconel 718 bar determined in hydrogen 
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reduced about 80 percent when tested at 26 ~ C in hydrogen. At 680 ~ C the 
LCF life (400 cycles in helium) was reduced about 30 percent, and the HCF 
life (20 000 cycles in helium) was reduced about 96 percent. 

These same investigators also showed that notched tensile properties and 
unnotched reduction of area at 26 ~ C are degraded substantially by hydro- 
gen, as has been discussed in several previous sections of this paper. The 
stress for 100-h rupture life at 680 ~ C also appeared to be reduced. All other 
properties were reduced by 10 percent or less. The negligible degradation 
of' fracture toughness reported by these investigators is in marked con- 
trast to the substantial decreases in the fracture toughness of Inconel 718 
determined at room temperature by others (see previous section, Fig. 8 and 
Refs 7,9,12).  Such lack of reproducibility may be due to material variations 
or to slight differences in hydrogen pressure and purity. 

A newly developed technique, the disk pressure test [18], has the appeal- 
ing advantages of low cost, simplicity, and rapidity of testing. Small disks 
of sheet material are attached to a high-pressure chamber by restraint at 
their periphery and ruptured by introducing gaseous hydrogen into the 
chamber. Hydrogen pressure can be increased at a given rate until failure 
occurs or held constant at very low pressures to determine the delayed 
failure characteristics of the material. For example, the delayed failure 
behavior of high-strength (2 GN/m 2 (300 ksi)) martensiti~ steel (4.3Ni, 
1.9Cr, 0.SMo, 0.4C, 0.37Mn, 0.3Si) is shown in Fig. 10 [26]. 

These results determined during hydrogen environment testing are 
identical to results commonly encountered during testing for internal re- 
versible hydrogen embrittlement. Figure 10 exhibits all the characteristics 
of the classical delayed failure tests determined with cathodically hydro- 

FIG. lO--Effect of hydrogen pressure on the delayed failure of 35 NCD 16 steel at 23 ~ C 
determined by the disk pressure test E26J. 
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genated steels--a crack incubation period which is reversible with respect 
to applied stress (pressure), a region of slow crack growth followed by cata- 
strophic failure, and a threshold stress (lower critical stress) below which 
crack growth and failure do not occur in a reasonable test time. Such sim- 
ilarities between hydrogen environment embrittlement and internal re- 
versible hydrogen embrittlement have been naturally used by these inves- 
tigators [18,26] as evidence that these two types of embrittlement are 
analogous. 

Concluding Remarks 

In this paper the author has tried to lay the groundwork for subsequent 
discussions of mechanisms and the details of test specimens and test tech- 
niques for hydrogen environment embrittlement research. Both the effects 
of the experimental variables and test techniques used by previous investi- 
gators have been discussed. The results of both mechanistic and screening 
studies have been described. 

It is important to determine the effects of several experimental variables 
before attempting to standardize either test specimens or test techniques. 
The results determined to date regarding the degree of susceptibility of 
metals to hydrogen environment embrittlement are not reproducible among 
investigators. The author feels that both experimental and material vari- 
ables may account for this observed lack of reproducibility. Therefore, 
it is suggested that the effects of experimental variables such as test strain 
rate, gas purity, specimen surface condition, holdtime in the environment 
prior to testing, and baseline environment (air, helium, argon, or vacuum) 
be studied in more detail. The role of material microstructure, grain size, 
and grain boundaries is not well understood and requires additional re- 
search, possibly with directionally solidified alloys and single crystals. In 
addition to helping to resolve the lack of reproducibility of test results, 
greater knowledge of the precise influence of these variables would be in- 
valuable in determining the mechanism of hydrogen environment embrit- 
tlement. Finally, in order to determine whether hydrogen environment 
embrittlement is distinct from internal reversible embrittlement, particular 
emphasis should be placed on the necessity for hydrogen diffusion through 
the lattice and the location of crack initiation during hydrogen environment 
embrittlement. It appears that the disk pressure and fracture toughness 
tests of various types have great potential for determining the influence of 
many of these experimental variables. 

Both notched tensile and disk pressure testing appear to be sufficiently 
sensitive to determine the occurrence of and the relative susceptibility of 
materials to hydrogen environment embrittlement at pressures below about 
7 M N / m  2 (1000 psi). At higher pressures, standard unnotched tension 
tests probably could also be used for screening purposes. All of these tests, 
however, should be conducted at low strain rates. Obviously, all mechanical 
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testing should be conducted under simulated service conditions of gas pres- 
sure, gas purity, and temperature. 

For more detailed investigations and prior to final design for service appli- 
cations in hydrogen, it is suggested that  fracture toughness, creep rupture, 
or fatigue tests be conducted. The choice of these tests should be dictated 
by the type of loading conditions that  will be experienced in service. Once 
again it is extremely important  for valid testing results that  the hydrogen 
composition represent what is to be encountered in service. If  precracked 
specimens are to be tested, then they should be precracked and tested in 
the simulated service environment without any intermediate exposure to 
other environments. 

R e f e r e n c e s  

[1] McPherson, W. B. and Cataldo, C. E., "Recent Experience in High Pressure 
Gaseous Hydrogen Equipment at Room Temperature," Technical Report No. 
D 8-14.1, American Society for Metals, Metals Park, Ohio, Oct. 1968. 

[2] Laws, J. S., Frick, V., and McConnell, J., "Hydrogen Gas Pressure Vessel Prob- 
lems in the M-1 Facilities," NASA Report CR-1305, National Aeronautics and 
Space Administration, Washington, D. C., March 1969. 

[3] Klima, S. J., Nachtigall, A. J., and Hoffman, C. A., "Preliminary Investigation of 
Effect of Hydrogen on Stress-Rupture and Fatigue Properties of an Iron-, a 
Nickel-, and a Cobalt-Base Alloy," NASA Report TN D-1458, National Aero- 
nautics and Space Administration, Cleveland, Ohio, Dec. 1962. 

[~] Williams, D. P. and Nelson, It. G., Metallurgical Transactions, Vol. 1, No. 1, 
Jan. 1970, pp. 63-68. 

E5-1 Nelson, H. G., Williams, D. P., and Tetelman, A. S., Metallurgical Transactions, 
Voh 2, No. 4, April 1971, pp. 953-959. 

[6] Chandler, W. T. and Walter, R. J., "Hydrogen Effects in Refractory Metals," 
presented at the Symposium on Metallurgy and Technology of Refractory Metal 
Alloys, American Institute of Mining, Metallurgical, and Petroleum Engineers 
and National Aeronautics and Space Administration, Washington, D. C., 25-28 
April 1968. 

['7] Lorenz, P. M., "Effect of Pressurized Hydrogen upon Inconel 718 and 2219 
Aluminum," Technical Report D2-114417-1, NASA CR-100208, The Boeing 
Company, Seattle, Wash., Feb. 1969. 

[8~ Campbell, J. E., "Effect of Hydrogen Gas on Metals at Ambient Temperature," 
Technical Report DMIC S-31, Battelle Memorial Institute, Columbus, Ohio, 1970. 

[-9] Walter, R. J., Hayes, H. G., and Chandler, W. T., "Influence of Gaseous Hydrogen 
on Metals," Technical Report R-8719, NASA CR-119917, Rocketdyne, Division 
of North American Rockwell Corp., Canoga Park, Calif., May 1971. 

[10] Harris, J. A., Jr., and VanWanderham, M. C., "Properties of Materials in High 
Pressure Hydrogen at Cryogenic, Room, and Elevated Temperatures," Technical 
Report PWA-FR-4566, NASA CR-119884, Pratt and Whitney Aircraft Div., 
United Aircraft Corp., West Palm Beach, Fla., June 1971. 

[11] Walter, R. J. and Chandler, W. T., Materials Science and Engineering, Vol. 8, 
1971, pp. 90-97. 

[12] Frick, V., Janser, G. R., and Brown, J. A. in Space Shuttle Materials, Vol. 3, 
Society of Aerospace Materials and Process Engineers, Azusa, Calif., 1971, pp. 
597-634. 

[133 Harris, J. A., Jr., and VanWanderham, M. C., "Influence of Elevated Temperature 
on Metals in Gaseous Hydrogen," Technical Report PWA-FR-5129, Pratt and 
Whitney Aircraft Div., United Aircraft Corp., West Palm Beach, Fla., June 1972. 

[-14] Jewett, R. P., Walter, R. J., Chandler, W. T., and Frohmberg, R. P., "Hydrogen- 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GRAY ON EXPERiMENTAt VARIABLES 1 51 

Environment Embrittlement of Metals," NASA CR-2163, Rocketdyne, Division 
of North American Rockwell Corp., Canoga Park, Calif., 1973. 

[15] Cavett, R. H. and Van Ness, H. C., Welding Journal, Welding Research Supple- 
ment, Vol. 42, July 1963, pp. 316s-319s. 

[16] Hofman, W. and Rauls, W., Welding Journal, Welding Research Supplement, 
Vol. 44, May 1965, pp. 225s-230s. 

[17J Hancock, G. G. and Johnson, H. H., Transactions, American Institute of Mining, 
Metallurgical, and Petroleum Engineers, Vol. 236, No. 4, April 1966, pp. 513-516. 

[18J Fidelle, J.-P., Allemand, L. R., Roux, C., and Rapin, M. in Hydrogen in Metals, 
J. P. Fidelle and M. Rapin, Eds., Valduc Colloquim, Commissariat a l'Energie 
Atomique, France, Sept. 1967, pp. 131-172. 

[19] Vennett, R. M. and AnseU, G. S., Transactions Quarterly, American Society for 
Metals, Vol. 60, No. 2, June 1967, pp. 242-251. 

['~0] Benson, R. B., Jr., Dann, R. K., and Roberts, L. W., Jr., Transactions, American 
Institute of Mining, Metallurgical, and Petroleum Engineers, Vol. 242, No. 10, 
Oct. 1968, pp. 2199-2205. 

[21] Spitzig, W. A., Talda, P. M., and Wei, R. P., Engineering Fracture Mechanics, 
Vol. 1, 1968, pp. 155-165. 

[221 Vennett, R. M. and Ansell, G. S., Transactions Quarterly, American Society for 
Metals, Vol. 62, No. 4, Dec. 1969, pp. 1007-1013. 

[23J Walter, R. J., Jewett, R. P., and Chandler, W. T., Materials Science and Engi- 
neering, Vol. 5, No. 2, Jan. 1970, pp. 98-110. 

[24J Fricke, E., Stuwe, H. P., and Vibrans, G., Metallurgical Transactions, Vol. 2, No. 
9, Sept. 1971, pp. 2697-2700. 

[25J Marcus, H. L. and Stocker, P. J. in Specialists Meeting on Stress Corrosion Testing 
Methods, Conference Proceedings No. 98, Advisory Group for Aerospace Research 
and Development , Paris, France, Jan. 1972, pp. 16-1 to 16-6. 

[26] Jolly, N., LeGallo, P., Bretin, L., and Fidelle, J.-P., "Extensometric Measure- 
ments on 35NCD16 Steel Disks Ruptured by Hydrogen," TA-1336, Commissariat 
a l'Energie Atomique, France, 1970. 

[-273 Groeneveld, T. P., Fletcher, E. E., and Elsea, A. R., "A Study of Hydrogen 
Embrittlement of Various Alloys,'! Technical Report NASA CR-77374, Battelle 
Memorial Institute, Columbus, Ohio, June 1966. 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



H. G. Nelson 1 

Testing for Hydrogen Environment 
Embrittlement: Primary and Secondary 
Influences 

REFERENCE: Nelson, H. G., "Testing for Hydrogen Environment Em- 
b r i t t l emen t :  Primary and Secondary Influences," Hydrogen Embrittle- 
ment Testing, A S T M  S T P  5/j2, American Society for Testing and Materials, 
1974, pp. 152-169. 

ABSTRACT: The deleterious consequences of hydrogen on an engineering 
structure come about through an influence on either the crack initiation or the 
slow crack growth stage of fracture. Whether or not these two stages of fracture 
are affected by hydrogen will depend on a number of primary and secondary 
influences which severely complicate the embrittlement process. In this review 
we present a somewhat phenomonological overview of the hydrogen embrittle- 
ment process, both internal as well as external, in an effort to make more clear 
the type of parameters which must be considered in the selection of a test 
method and test procedure such that the resulting data may be meaningfully 
applied to real engineering structures. We consider what are believed to be the 
three primary influences on the embrittlement process: (1) the original location 
and form of the hydrogen, (2) the transport reactions involved in the transport 
of hydrogen from its origin to some point where it can interact with the metal 
to cause embrittlement, and (3) the embrittlement interaction itself. Ad- 
ditionally, a few of the large number of secondary influences on the embrittle- 
ment process are discussed, for example, the influence of impurity species in the 
environment, surface hydride films, and surface oxide films. Finally, specific 
test procedures are discussed in order to further elucidate the parameters which 
must be considered in the development of a standardized test method. 

KEY WORDS: hydrogen embrittlement, crack propagation, parameters, 
engineering structures, voids, cyclic loads, tests 

T h e  capac i ty  of an engineer ing s t ruc tu re  to wi ths t and  an appl ied load 

is of ten  degraded  severe ly  by  the  presence of hydrogen  or ig ina t ing  f rom 

i ts  equi l ib r ium posi t ion wi th in  the  meta l  lat t ice,  f rom a gaseous hydrogen  

e n v i r o n m e n t  in con tac t  wi th  the  s t ructure ,  or as the  p roduc t  of a he tero-  
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geneous reaction between a hydrogen-containing molecule and the metal 
surface. The oldest and most extensively studied form of hydrogen em­
brittlement is that due to hydrogen within the metal lattice [1-5].2 

Hydrogen can enter a metal during production processes, such as pickling 
and electrolytic plating operations, where the hydrogen concentration at 
the metal surface can be very large [6]. The most recent form of hydrogen 
embrittlement to be recognized results from the direct exposure of a 
clean metal surface during deformation to a gaseous hydrogen environ­
ment. This form of embrittlement was first studied in detail in 1961 [7] 
and has since been regarded with increasing concern. Because of the 
usefulness of the hydrogen-oxygen reaction as a fuel cell to produce electric 
current [8] and as a source of energy for propulsion [9], this form of 
embrittlement will become more and more important and may, in the 
future if not today, control one phase of our technological growth. 

The deleterious consequences of hydrogen on an engineering structure 
come about through an influence on its fracture behavior [10]. Under 
conditions of static loading, fracture in an inert environment occurs in 
two stages-crack initiation and rapid, unstable crack growth. An addi­
tional stage of fracture can be present in a structure under conditions of 
cyclic loading or in the presence of an active species such as hydrogen. 
This stage of fracture is termed the subcritical or slow crack growth stage 
and occurs following crack initiation but prior to rapid fracture. Under 
cyclic loading this stage of fracture is the result of the mechanical action 
of opening and closing the crack. When hydrogen is present, either in­
ternally or externally, this stage of fracture occurs because hydrogen 
embrittlement is a time dependent process-time dependent because time 
is required to transport hydrogen from its original location and form to 
some point on or within the metal where hydrogen can interact with the 
metal lattice [11]. 

The interaction between hydrogen and the metal may result in the 
formation of a solid solution of hydrogen in the metal, second phase 
hydride precipitates, molecular hydrogen within the metal lattice, products 
of the reaction between hydrogen and impurities, and others. From the 
numerous studies conducted on hydrogen embrittlement, the phenomenon 
can be classified into two distinct types according to its strain rate de­
pendence. The first type of embrittlement is aggravated by increasing 
strain rate, while embrittlement of the second type decreases with an 
increase in strain rate. From an engineering standpoint, both forms of 
embrittlement are important. The first is due to the presence of a product 
of a completed reaction within the metal lattice and involves fracture 
theory as related to the crack initiation and crack growth processes within 
the second-phase precipitate and through the metal lattice. In the second 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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type, a kinetically controlled reaction occurs concurrently with embrittle- 
ment and, in fact, controls the degree of observed embrittlement. This 
form of embrit t lement must then involve reaction kinetics as related to 
the transport  of hydrogen or its interaction with the metal lattice as well 
as the mechanics of the fracture process itself. Additionally, the second 
type  of embrittlement, unlike the first, need not involve a second phase 
reaction product. 

In general, hydrogen embrit t lement is a very complex phenomenon, 
and many times it can be further complicated by  what appear to be 
unimportant  secondary considerations. I t  is the purpose of this paper to 
present a somewhat phenomonological overview of the processes of hy- 
drogen embrittlement, both internal as well as external, in order to make 
the type of parameters which must be considered in the selection of a 
test method and test procedure more clear, such that  the resulting data 
may be meaningfully applied to real engineering structures. We will 
discuss what I believe to be the three common, primary influences on the 
embrit t lement process, that  is, (1) the original location and form of the 
hydrogen, (2) the transport  reactions involved in the transport  of hydrogen 
from its origin to some point where it can interact with the metal lattice 
to cause embrittlement, and (3) the embritt lement interaction itself. 
The  implications of each and the potential influence of secondary con- 
siderations on each will be considered in some detail in an effort to elucidate 
the parameters which must be considered in the development of a stand- 
ardized test method. 

Origin of Hydrogen 
After an engineering structure is processed, assembled, and in use, 

hydrogen can be present either externally (in contact with the metal 
structure) or internally (within the metal lattice). When it is present 
externally, hydrogen can exist as a molecule, as a dissociated molecule 
or atom, or as a component of a complex molecule such as hydrogen sulfide, 
water, or methanol. Internally, its form may be as an atom or screened 
proton within the metal lattice, as a molecule precipitated at a lattice 
defect, or as a precipitated metal hydride phase. The original location 
and form of hydrogen are of primary importance in tha t  they establish 
the starting point and thus, the complexity of the overall t ransport  process 
involved in embrittlement. For an example, if we are dealing with a metal 
tha t  readily forms hydrides, such as alpha titanium, and hydrogen is 
present originally in the form of massive hydrides on the metal surface 
or within the metal lattice, the metal may be brittle because of the 
hydrides, and additional hydrogen transport  is not required. This type of 
embrit t lement is termed fast-strain-rate embrittlement, as previously 
discussed, and is a time independent form of hydrogen embrittlement. 
In this example it is the original location and form of the hydrogen within 
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the metal structure that is the cause of embrittlement. If, however, 
hydrogen is present originally in solution within the metal lattice, hydrogen 
must be transported through the metal lattice under an activity gradient 
by lattice diffusion to a location where a sufficient concentration is de- 
veloped to form a hydride and embrittle the metal. This process is time 
dependent because hydrogen transport is involved. Likewise, if hydrogen 
is present originally in the external environment, hydrogen transport will 
also be involved; however, the overall hydrogen transport reactions will 
be much more complex. 

In the design of a standardized test method, it is imperative that the 
original location and form of hydrogen simulates that which will exist 
in or around the engineering structure. If tests are being conducted to 
qualify a plating procedure or to determine the hydrogen pickup in an 
engineering structure which potentially could be embrittled by the presence 
of hydrogen, tests are conducted on coupons processed along with the 
structure made of identical material and size to that of the structure 
or of material known to be more susceptible to embrittlement. If tests 
are being conducted to establish the influence of a working environment 
on an engineering structure, it is equally important that the form and 
contaminant level in the environment, the condition of the metal surface, 
and other such variables be duplicated in the greatest detail. 

Transport of Hydrogen 
If hydrogen is observed to influence the fracture behavior of a structure, 

hydrogen must have been at some critical location before the metal was 
stressed or have been transported to this location during deformation. As 
previously discussed, an example of the former is the embrittlement of a 
metal by the presence of massive precipitates on the metal surface or in 
the metal lattice; examples of the latter are forms of embrittlement 
identified by an inverse strain rate dependence. This inverse strain rate 
dependence is a result of an overall kinetic reaction involved in the 
transport of hydrogen from its equilibrium or quasi-equilibrium position 
in the system to some critical location where it can influence fracture. 
The rate in which a metal becomes embrittled, therg will depend on the 
reaction kinetics of the overall transport reaction. 

The overall transport reaction involved in the embrittlement process 
will be very different depending on whether hydrogen originates in the 
environment surrounding the metal or is present within the metal lattice. 
When hydrogen originates in the metal lattice, lattice diffusion will be 
the primary transport reaction EI~ ;  however, other reactions such as 
phase formation, dissolution or chemisorption or both onto an internal 
surface (of a void perhaps), and desorption into the void cavity may also 
be involved, depending on where and how hydrogen influences fracture. 
Even though these transport processes are relatively simple, they can 
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FIG. l--Schematic of possible elementary transport reactions ,involved in external hy- 
drogen embrittlement. 

still be influenced by a number of secondary considerations. For example, 
alloy composition, microstructure, and grain size can have a significant 
influence on hydrogen diffusivity [13]. Additionally, the presence of plane 
strain as contrasted to plane stress or the existence of a notch can have a 
significant influence on the activity gradient for lattice diffusion [14]. 

When hydrogen originates in the environment, the overall transport  
reaction will be much more complex reflecting the form of the species in 
the environment, the puri ty of the environment, and the nature of the 
metal surface. For  the simple case of embrit t lement caused by  a very  
high-purity gaseous hydrogen environment where the interaction in- 
fluencing fracture occurs well within the metal and does not involve a 
phase precipitation, the elementary reactions may be as shown sche- 
matically in Fig. 1 and are: 

1. Gas-phase diffusion of molecular hydrogen to the crack surface 

rl = kiP (1) 

where kl is the rate constant and P is molecular hydrogen pressure. 
2. Molecular hydrogen strikes the metal surface, dissociates, and is 

adsorbed as atoms 
r2 = k2p1/2(1 -- 0) (2) 

where t~ is the hydrogen surface coverage. 
3. An absorbed atom migrates across the metal surface and chemisorbs 

r~ -- k~ grad u (3) 
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where grad u is the gradient in surface hydrogen concentration. 
4. An adsorbed atom dissolves into the metal 

r4 = k40[1 -- (u/us)'] (4) 

where u is the hydrogen concentration just inside the metal surface and 
us is the saturation concentration of hydrogen in the metal. 

5. A hydrogen atom near the metal surface diffuses to the critical 
location to cause embrittlement 

r~ = D[ - (u  - uz) /13  (5) 

where D is the diffusion coefficient and u~ is the hydrogen concentration 
at the critical location l distance from the metal surface. The overall 
transport reaction will be the sum of the individual reaction and can in- 
volve reactions occurring in opposite directions, consecutively, and in 
parallel [-11 J. 

The exact form of the overall transport reaction will be very complex 
reflecting the original location and form of the hydrogen, the pressure 
and temperature of the test, as well as secondary considerations such as 
impurities present in the environment. For example, hydrogen-induced 
slow crack growth of hardened AISI SAE 4130 steel in high-purity 
molecular hydrogen has been observed to exhibit the temperature de- 
pendence shown by the dashed curve in Fig. 2 and obeys the equation 
['15-]; 

CsPT  -1/~ exp E - - M 1 / R T ' ]  p~12 exp ( - E , , / R , T )  (6) 
= C1 Cs --}- C2PT -~/~ exp E - A H / R T - ]  

where 

C1, C2, and Cs = constants; 
P = molecular hydrogen pressure; 
T = absolute temperature; 

- 5 / 4  = heat of adsorption; and 
E~ = energy for surface migration of hydrogen on steel. 

When atomic hydrogen is present in the environment, the temperature 
dependence obeys a simple exponential relationship, and crack growth 
rate increases in orders of magnitude as shown by the solid curve in Fig. 2 
[-16"]. The interpretation of these observations is that the process involved 
in the dissociation of the molecule on the steel surface is the slowest 
transport process and controls crack growth in molecular hydrogen. In 
atomic hydrogen the dissociation reaction is no longer required in the 
overall transport process, the transport of hydrogen is more rapid, and 
the rate of slow crack growth is increased. 

The importance of transport reactions to embrittlement, particularly 
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FIG. 2 -  Temperature dependence of slow crack growth in atomic-molecular hydrogen 
compared with that predicted for a molecular hydrogen environment at the same pressure 
[-15, 16]. 

external hydrogen embrittlement, cannot be overemphasized. If any one 
of the reaction steps is hindered or eliminated, the structure will be less 
susceptible to embrittlement and, in fact, may not exhibit embrittlement 
at all. The influence of hydrogen pressure and test temperature on em- 
brittlement come about primarily through their involvement in the 
overall transport process. In general, there is no real difference between 
high-pressure hydrogen embrittlement [171 and low-pressure hydrogen 
embrittlement [18-] except that the higher the hydrogen pressure, the 
more rapid will be the rate of hydrogen transport [-11-]. 

Secondary influences are of extreme importance to external hydrogen 
embrittlement in that they can have significant effects on the reaction 
steps involved in transport. For example, contaminates in the external 
environment such as small amounts of oxygen ['19-] can slow down or can 
even eliminate the adsorption reaction (Eq 2). The presence of oxide 
films on the metal surface many times will not permit the dissociation of 
molecular hydrogen [-20-] (Eq 2). Hydride films present on metal surfaces 
can slow down hydrogen entry into the metal lattice [-21-] (Eq 3). Because 
there are so many required transport steps, each of which are capable 
of being influenced by so many secondary considerations, it is somewhat 
amazing that environmental hydrogen embrittlement is ever observed. 
Likewise, it is easily understood how selective embrittlement occurs in 
seemingly compatible systems after years of successful operation. For 
example, the classic gaseous hydrogen-steel storage tank failures of the 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



NELSON ON PRIMARY AND SECONDARY INFLUENCES 159 

60's E221, the nitrous tetraoxide (N~O4) [231, and methanol [-2~1 em- 
brittlement of titanium, and the hydrazine embrittlement of stainless 
steel [251. In each of these examples embrittlement occurred because of 
what was originally thought to be unimportant, secondary changes made 
to the originally compatible system. 

Some metals such as aluminum, copper, and others do not adsorb 
molecular hydrogen at room temperature [26~; thus, hydrogen cannot be 
transported to the metal lattice. Under normal conditions, these metals 
and some of their alloys would never be expected to exhibit environmental 
hydrogen embrittlement. This is not to say that environmental hydrogen 
embrittlement may not some day be observed in these systems. Presently, 
we cannot be assured that these systems, too, will not be embrittled if 
a catalytic adsorption reaction develops from some unforeseen circum- 
stance and permits hydrogen transport. 

Hydrogen Embrittlernent Interaction 

A number of theories have been proposed to describe the potential 
interaction of hydrogen with metals. In general, they fall into one or more 
of the following categories; pressure formation [27-30], surface interaction 
[81-88~, lattice decohesion [34-861, dislocation interaction [37-~1~, 
and hydride precipitation [~2-43]. Each category has a strong experi- 
mental base, and the occurrence of each really cannot be denied under 
some specific set of conditions. Which of these interaction mechanisms 
results in the embrittlement of a structure depends on the conditions 
which exist in that structure: 

Under some condition or another, hydrogen has been observed to 
influence the fracture behavior of all metals investigated to date. In a 
few metals, however, these effects are seen only when the lattice contains 
a supersaturated concentration of hydrogen with respect to the lattice 
equilibrium solubility or terminal solubility. Under this condition, hydride 
forming metals such as titanium, zirconium, and vanadium will precipitate 
a brittle hydride phase; metals such as iron, copper, and aluminum will 
precipitate molecular hydrogen; while metals such as nickel, magnesium, 
and palladium can precipitate either molecular hydrogen or a hydride 
phase depending on the degree of supersaturation [37, ~4-46]. If second 
phase precipitation is extensive, all metals can fail even without an applied 
load because of pressure buildup of molecular hydrogen at internal defects 
[103 or the stresses developed around the less dense hydride precipitate 
[s 3. 

Precipitation of a hydrogen-rich second phase in metals need not be 
associated only with precipitation from a supersaturated bulk lattice. 
It can also occur as the result of a localized supersaturation. The conditions 
for localized precipitation are: (1) if a localized saturation originally 
exists, transport within the metal lattice must be sufficiently slow to 

Copyright by ASTM Int'l  (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



160 HYDROGEN EMBRITTLEMENT TESTING 

maintain the localized saturation during precipitation; or (2) if saturation 
is not originally present, transport must be sufficiently rapid to develop 
this saturation. An example of the former is the formation of titanium 
hydride on the surface of alpha-titanium when exposed to a gaseous 
hydrogen 1-47~ and, of the latter, is the formation of hydride at the alpha- 
beta titanium boundaries by rapid transport of hydrogen in the nonhydride 
forming beta-titanium phase [48-501. 

Second-phase precipitation is a sufficient but not a necessary condition 
for the occurrence of hydrogen embrittlement. Embrittlement is observed 
in many metals under conditions where a supersaturation probably could 
not exist. Most notably is, of course, the failure of many metals in a low- 
pressure gaseous hydrogen environment. Under these conditions, applied 
load acts to concentrate the hydrogen at areas of lattice distortion, for 
example, at areas of triaxial stress ahead of a crack tip or at a grain 
boundary. Hydrogen in these areas may affect lattice cohesion deleteriously 
to the extent that crack nucleation and propagation is possible. For 
steel in a hydrogen environment, the hydrogen-lattice interaction appears 
to occur on or just below the crack tip ['15, 16-] and can be considered the 
limiting case of lattice decohesion, that is, surface decohesion. Embrittle- 
ment as the result of a hydrogen-lattice interaction, unlike embrittlement 
by second-phase precipitation, is always associated with a brittle mode of 
failure; whether this mode is transgranular or intergranular, apparently 
depends on the site of crack initiation and the relative strength of the 
grain boundaries. 

The contribution of the hydrogen-dislocation interaction to the em- 
brittlement of metals in most cases, appears to be of secondary importance; 
however, under the right conditions, this mechanism could conceivably 
play an important role [-40-]. Hydrogen can combine with dislocations 
and influence their motion in iron [-51, 52-], molybdenum ['53], vanadium 
[-54-], columbium [-55], and nickel [-56]. The rate of hydrogen transport 
within the lattice can be increased by its association with the dislocation 
movement [-41]. In general, however, these effects require large hydrogen 
concentrations. Such hydrogen concentrations are not normally obtain- 
able, say from a gaseous hydrogen environment at room temperature. 
Additionally, the effects of fatigue crack growth and gaseous hydrogen- 
induced crack growth in titanium appear to be independent processes; 
the former, of course, associated with deformation (dislocation motion), 
thus eliminating any significant contribution of dislocation motion to 
the latter. 

From the above discussion it should be obvious that the hydrogen- 
metal embrittlement interaction is a specific interaction depending on 
many secondary influences. If conditions are not correct for a precipitation 
type interaction, they may be correct for a decohesion or a dislocation 
interaction. The relative importance of each depends on the original 
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location and form of the hydrogen, the transport reactions, as well as 
the stage of fracture most important to the failure of the particular 
structure. 

Testing for Hydrogen Enabrittlement 

The deleterious effects of hydrogen on the failure of an engineering 
structure comes about through its influence on either the crack initiation 
stage or the subcritical, slow crack growth stage of fracture. Most engi- 
neering structures contain preexisting cracks because of various processing 
procedures so the crack initiation stage of fracture is of little or no im- 
portance to the failure process. This may not be the case, however, for 
some structures and more importantly for many test specimen configura- 
tions such as the tensile bar [17] and rupture disk [59], particularly 
when evaluating environmental hydrogen embrittlement. In these the 
crack initiation stage can dominate the failure process. 

When hydrogen is present originally within a structure, the crack 
initiation stage of fracture can be readily influenced. All engineering 
metals contain internal defects which can act as internal surfaces for 
molecular hydrogen precipitation or contain locally strained regions which 
can induce hydride precipitation. These areas are sites for crack initiation. 
The propensity of a metal to "precipitate" a crack is dependent on the 
degree of hydrogen saturation, or, in other words, the amount of hydrogen 
and distance hydrogen must be transported to the site of nucleation. If 
the level of hydrogen is high and the metal lattice is supersaturated, 
crack initiation will be virtually spontaneous [60]; if it is low, however, 
crack initiation will be time dependent with its rate controlled by the 
rate of hydrogen transport [61]. When hydrogen is present in the environ- 
ment, the influence of hydrogen on this stage of fracture becomes more 
random and is dependent on the development of a surface site for crack 
nucleation where the environment can interact. In metals which do not 
form hydrides, crack initiation is more or less random because of the 
probability of an initiation site occurring on the metal surface ['11], 
whereas in hydride forming metals, such as alpha-titanium, crack initiation 
is more predictable because a surface hydride can form in which crack 
initiation can occur more easily [11]. 

The subcritical crack growth stage of fracture occurs at values of stress 
intensity below some critical value for rapid fracture. In a very simple 
manner, crack growth will occur in an engineering structure at some 
level of applied stress when the applicable criteria are met, such as that 
proposed by Griffith for brittle materials [62]. Crack growth will occur 
at a lower applied stress, however, if hydrogen can influence the variables 
in the criteria in such a way as to reduce the stress intensity value de- 
termined by the criteria. If the influences of hydro~gen on variables in 
the criteria were instantaneous and if hydrogen was present originally 
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within the structure at sufficiently high concentrations and was homo- 
geneous throughout, the new value of stress intensity would be the critical 
value, and unstable crack growth would immediately result. However, 
the influence of hydrogen is localized at or near the tip of a nucleated or 
existing crack, and continued crack growth is dependent on the rate of 
hydrogen transport to this localized area. These conditions are easily 
understood for hydrogen-induced crack growth by the interaction with 
a crack propagating from a surface; however, the same conditions apply 
to the propagation of a crack from an internal surface (void) as the result 
of the interaction of hydrogen within the void. Under the latter condition 
the additional force applied to the crack tip by the hydrogen pressure 
within the void must be considered [10~. Other mechanical factors which 
influence hydrogen-induced crack growth include mode of loading, state 
of triaxial stress about the crack tip, amount and form of plastic deforma- 
tion associated with the crack tip, etc. 

As we have seen, the process of hydrogen embrittlement can be a very 
complicated phenomenon. Figure 3 is a montage meant to better illustrate 
this point. Underlined in this figure are what I consider to be the primary 
steps in the embrittlement process and include origin of the hydrogen, 
transport of the hydrogen, and the interaction processes of hydride forma- 
tion, lattice decohesion, dislocation interaction, and pressure formation. 
Also shown are a few of the secondary considerations which can influence 
one or more of the primary steps and include impurity species in the 
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FIG. 3--Montage of primary and some secondary effects involved in the embrittlement 
of a metal by hydrogen. 
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environment, surface hydride films, surface oxide films, plastic blunting 
of the crack tip, and the level of stress triaxiality. Let us next consider 
specific test procedures in order to further illustrate the parameters 
which must be understood in the design of a standardized specimen and 
test procedure, if their results are to have meaning when applied to an 
engineering structure. 

Internal Hydrogen Embrittlement 

Probably the most usual cause of hydrogen within an engineering 
structure is a production process such as pickling or electroplating. Hy- 
drogen pickup is the result of a high hydrogen fugacity developed during 
processing and is dependent on process-variables of bath composition, 
current, time, temperature, etc. When a potentially susceptible structure 
is processed, it is imperative that the degrading effect of the process be 
established in order to ensure the integrity of the structure. This is done 
either by qualifying the process with the use of test coupons or by 
processing test coupons along- with the structure or both. All process 
variables must be duplicated on the test coupons including such variables 
as material, surface condition, potential susceptibility, etc. Following 
processing, the coupons are tested to establish any degrading influences 
of hydrogen pickup during processing. 

In the selection of coupon design and test method, consideration must 
be given to: (1) the original location and form of the hydrogen picked up 
during processing, (2) the transport of the hydrogen from its original 
location to the site where it can interact with the inetal to cause a de- 
grading effect, and (3) the interaction process itself. Design parameters 
which can affect these variables include presence, location, and severity 
of a stress concentrator and level and form of loading. A test coupon 
should contain a stress concentrator such as a notch as near to the original 
location of hydrogen as possible to shorten the required transport path, 
as severe as possible to increase the rate of hydrogen transport by stress 
enhanced diffusion, and at the point of maximum tensile load to con- 
centrate the hydrogen-metal interaction at the point of maximum stress. 
The coupon should be statically loaded to some level for some period of 
time reflecting the used condition of the engineering structure to permit 
the transport of hydrogen from its origin to the point where it can interact 
with the metal lattice to cause embrittlement. A number of current coupon 
designs fit these considerations E63-65~. Which one of these is optimum 
for the particular production process will depend on the particular metal 
tested as well as the suspected location and form of hydrogen within that 
metal. 

External Hydrogen Embrittlement 

Hydrogen in an external environment can degrade the properties of 
an engineering structure by interacting with the structure while it is being 
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loaded or is under load. This form of embrittlement is much more com- 
plicated than internal hydrogen embrittlement because of the variety 
of external species which can supply hydrogen to the structure (molecular 
hydrogen, dissociated or ionized hydrogen, complex hydrogen containing 
gases such as hydrogen sulfide, and complex hydrogen containing liquids 
such as water and organics) and because of the large number of reaction 
steps required to transport the hydrogen from its equilibrium form in 
the environment to the metal lattice. Small amounts of contaminants 
can have a large influence on the transport process and thus on the potential 
embrittling effect of the particular environment. For example, small 
amounts of oxygen can eliminate the degrading effect of a hydrogen 
environment in some systems [187, whereas small amounts of carbon 
dioxide in a hydrazine environment can induce severe embrittlement in 
a normally passive system [25-]. When testing for the potential embrittling 
effects of an environment, it is of extreme importance that either the 
influences of all species in the environment be understood or the environ- 
ment be exactly duplicated. 

Although both the initiation and growth stages of fracture can be 
influenced by hydrogen, in general, the greatest influence will be on the 
crack growth stage of fracture. When testing for external hydrogen em- 
brittlement, it is imperative that the relative influence of j the initiation 
and growth stages of fracture in the failure of a structure be understood 
such that the selected specimen design will yield data that can be meaning- 
fully applied to the engineering structure. 

Test specimen configurations which do not contain a preexisting crack 
(the smooth and notched tensile bar, the smooth and notched bend bar, 
and the rupture disk) must involve the crack initiation stage in the fracture 
process. The extent of involvement will be dependent on specimen con- 
figuration and method of loading as well as its sensitivity to the influence 
of hydrogen. If crack initiation occurs early in the deformation process, 
say because of its sensitivity to hydrogen, the crack growth stage may 
be the primary stage governing failure. However, if the material tested 
is extremely notch sensitive, failure may occur immediately upon the 
initiation of a crack [111. In general, it is difficult if not impossible to 
separate the initiation stage and the crack growth stage in specimen 
configurations which do not contain preexisting cracks, and thus the 
application of data obtained from these types of specimens can only be 
applied to engineering structures with reservation. These problems are 
not always eliminated by the use of precrack specimens. Even in these 
types of specimens the crack initiation stage may contribute to the failure 
process, if the precrack is not sharp but is blunted by plastic deformation 
or if the precrack surface is contaminated. 

The influence of hydrogen on the subcritical crack growth stage of 
fracture can be determined precisely in high-strength materials by the 
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use of the correct specimen design and test method. Specimen design 
should, whenever possible, conform to the guidelines put forth by ASTM 
for plane strain fracture toughness testing. Precracks should be introduced 
in the specimen by cyclic loading or other methods at stress intensity 
values below those expected to be required for hydrogen-induced, slow 
crack growth. Additionally, if precracking is done in air, the oxide film 
normally formed at the crack tip must be ruptured in the test environment 
before hydrogen-induced, slow crack growth will be observed. One of the 
many acceptable test techniques applicable to high-strength materials 
will be outlined next [-49]. 

The following test procedure is presented to illustrate one of many 
acceptable techniques used to determine the rate of hydrogen-induced, 
slow crack growth in high-strength materials. Specimens are wedge- 
opening-loaded, double-cantilever-beam (DCB) type originally discussed 
by Mostovoy [66], Fig. 4. The side grooves are added to ensure that the 
crack would propagate in a direction normal to the applied stress. This 
fracture mechanics type specimen has several features that are extremely 
useful when investigating hydrogen-induced cracking. For any fixed 
crack-opening displacement (COD), the stress-intensity level decreases 
as the crack grows, thus permitting a high degree of control of crack 
growth. Crack-growth rates can be easily determined by either optical- 
measurement methods [67] or by measurement of compliance changes 
[49]. The specimen is Mso easy to precrack by either fatigue or overload 
procedures. 

Tests can be conducted in any test chamber that can be evacuated and 
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FIG. 4---Double-cantilever-beam (DCB) specimen [493. 
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FIG.  5--Experimentally determined relationship between hydrogen-induced crack 
growth and applied stress intensity in Ti-5A1-2.5Sn [-49"]. 

then backfilled with hydrogen. The chamber should always be evacuated 
prior to backfilling with hydrogen to ensure that the total concentration 
of background gases will be lower than the concentration of active im- 
purities in the test environment. Prior to testing, each specimen is pre- 
cracked by fatiguing in the hydrogen environment. By this method, the 
original machined notches were extended and sharpened. After the desired 
environmental conditions (temperature, pressure, etc.) have been estab- 
lished, the specimen is loaded rapidly to a preselected COD value and 
held at that value while the corresponding load is measured continuously. 
As the crack grows, the continuously measured load (stress intensity) 
will decrease at a rate which is related to the crack-growth rate. Figure 5 
shows typical results of tests conducted using the foregoing procedure 
[49]. In this figure the rate of hydrogen-induced, slow crack growth is 
shown as a function of stress intensity, K, at a hydrogen pressure of 0.9 
atm and at five different temperatures. These data can now be applied to an 
engineering structure to estimate the life of that structure [68, 69]. 

S u m m a r y  

Hydrogen embrittlement has been shown to be a complex process which 
is many times further complicated by what could be termed secondary 
influences. Embrittlement, whether caused by internal or external hy- 
drogen, involves three primary influences: (1) the original location and 
and form of the hydrogen, (2) the transport reactions involved in the 
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t ranspor t  of hydrogen from its origin to some point where it can interact  
with the metal  to cause embri t t lement ,  and (3) the embri t t lement  inter- 
action itself. Of these, probably  the most impor tant  is the hydrogen 
t ransport  process-- i t  is this process which controls the rate  of hydrogen 
arrival at  some critical location on or within the metal  and thus controls 
the rate  or severity of embri t t lement  in the structure. Further,  if any 
one of the reaction steps involved in the t ranspor t  process is hindered or 
eliminated, the structure will be less susceptible to embri t t lement  and, 
in fact, may  not exhibit embri t t lement  at  all. Besides these pr imary  
influences, a large number  of secondary influences can be involved in 
embri t t lement  through their effect on the pr imary  influences. Some 
secondary influences are impurities in the environment or within the metal, 
surface films of hydride or oxide, and s tate  of stress triaxiality within 
the specimen or structure. F rom the preceding discussions it  should be 
more clear the type of parameters  which must  be considered in the selection 
of a test  method and test  procedure such tha t  the resulting data  may  be 
meaningfully applied to real engineering structures. 
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ABSTRACT: Equipment and procedures used in performing tension, fracture 
mechanics, fatigue, and creep tests on metal specimens in high-pressure hy- 
drogen are described. Important test parameters, in particular, hydrogen 
purity and methods of achieving high purity are considered. The interpretation 
and use of data obtained from the various tests in high-pressure hydrogen 
are discussed. 
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The term hydrogen environment embrit t lement is used to signify the 
degradation of mechanical properties tha t  occurs to a metal when it  is 
exposed to a hydrogen environment as compared to inert environments; 
the term is quite descriptive. The effect is an environmental one, and, 
therefore, testing must be accomplished with the specimen in contact 
with the hydrogen environment. Susceptible metals are embritt led by  
hydrogen environments in the sense that :  (1) the ductility of the metal 
(or more precisely, the ductili ty of the surface of the metal) is lower in 
hydrogen than in other environments, (2) surface cracking occurs in 
hydrogen, (3) subcritical crack growth occurs in hydrogen, and (4) crack 
growth rates for given cyclic or sustained stress intensities are faster 
in hydrogen than in inert  environments. However, fractures in hydrogen 
may  not  always be completely brittle in nature. 

1 Manager and member of technical staff, Physical and Mechanical Metallurgy, 
Advanced Programs, Rocketdyne Division, Rockwell International, Canoga Park, 
Calif. 91304. 
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FIG. 1--Notch strength versus hydrogen pressure for electroformed nickel at room 
temperature. 

The characteristics of hydrogen environment embrittlement set certain 
requirements for testing of this effect and result in some difficulties in 
interpretation and use of data obtained from "standard" tests, for example, 
tension tests. These areas will be discussed. 

Environment 

Since hydrogen environment embrittlement by gaseous hydrogen is 
an environmental effect, it is imperative in testing for this effect that the 
environment is well characterized. I t  has been found that this embrittle- 
ment increases with increasing hydrogen pressure (Fig. 1) [-112 and occurs 
over a range of temperatures, but is most severe in the vicinity of room 
temperature. The change in embrittlement with temperature may be 
quite rapid in the vicinity of room temperature (Fig. 2) [1]. Thus tem- 
perature and pressure should be closely controlled and carefully reported 
for tests in hydrogen. 

Hydrogen Puri ty  

Most importantly, the purity of the hydrogen must be established, 
maintained, and reported for all tests. I t  has been found that oxygen in 

The italic numbers in brackets refer to the list of references appended to this paper. 
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hydrogen inhibits hydrogen environment embrittlement. The results of 
Hofmann and Rauls E2~ are shown in Fig. 3. The embrittlement inhibiting 
effect of oxygen in 1500-psi hydrogen becomes noticeable above 0.1-ppm 
oxygen. On the other hand, Sawicki and Johnson [31 reported that em- 
brittlement of high-strength steels by hydrogen at 14.7 psia pressure is 
not inhibited by oxygen contents of less than 200 ppm. An explanation 
of these seemingly contradictory results may be that the inhibiting in- 
fluence of oxygen is a function of its absolute partial pressure regardless 
of the total pressure of the system. In such a case, the higher the hydrogen 
pressure, the lower the oxygen concentration required to inhibit the em- 
brittling effect of hydrogen. 

Surprisingly, Frick et al E4] found that saturating 4500-psi hydrogen 
with water vapor reduced very little the hydrogen environment embrittle- 
ment of Udimet 700 at temperatures from 300 to 580 F. The minimal 
inhibiting effect of water vapor on hydrogen environment embrittlement 
has been confirmed at Rocketdyne for temperatures up to 1250 F. Liu 
et al [-5~ tested cracked 4340 steel specimens at room temperature in one 
atmosphere pressure hydrogen to which additions of various gases were 
made. They found that small additions of sulfur dioxide (SO2), carbon 
monoxide (CO), and carbon disulfide (CS2) were very effective in stopping 
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FIG. 2--Notch ductility and strength versus test temperature for electroformed nickel 
in l~O0-psi hydrogen. 
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a running crack, the inhibiting effect of carbon dioxide (CO2) was moderate, 
and nitrogen (N2) and argon had no noticeable effect. 

Since relatively low concentrations of a number of impurities in hydrogen 
can inhibit hydrogen environment embrittlement, tests for this embrittle- 
ment should be performed in gaseous hydrogen of very high purity unless, 
of course, a specific purity level is chosen to simulate actual use conditions. 
A reasonable hydrogen purity specification to use for testing at this time 
(for other than simulation tests) is Marshall Space Flight Center specifica- 
tion, MSFC-SPEC-356A for liquid hydrogen. It might be noted that 
many aerospace system applications involve the exposure of metals to 
the gaseous hydrogen boiloff from liquid hydrogen. MSFC-SPEC-356A 
specifies a minimum total purity of 99.995 percent hydrogen by volume 
with the following maximum impurity levels (by volume): 1-ppm O2 + 
argon, 1.0-ppm CO2 + CO, and 9.0-ppm N2 + H20 + volatile hydro- 
carbons. 

The usual source of hydrogen for tests is bottled hydrogen. It  should 
be noted that the purity of the bottled hydrogen is considerably different 
for the different grades available. For the mechanical property tests 
performed in hydrogen at Rocketdyne, AIRCO Ultra Pure Grade No. 5 
bottled hydrogen with a purity of 99.999 percent hydrogen, a dew point 
of -76~ and a typical oxygen content of 2 ppm is used. Vendor analyses 
of hydrogen supplied to Rocketdyne has given the following impurity 
level ranges for this hydrogen: 1.2 to 2.0-ppm 02, 2.6-ppm argon, 8 to 
10-ppm N2, <1 ppm each of total hydrocarbons, CO, and CO2, and 
0.9-ppm H20. 

Hydrogen Purification 
At Rocketdyne, the bottled hydrogen is further p~urified, first with a 

DeOxo unit, which is a pressure vessel containing a catalyst that catalyzes 
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the 02 + 2H~--~ 2H20 reaction. The manufacturer [-6] reports that the 
remaining oxygen impurity in gaseous hydrogen passed through the 
unit will be less than 1 ppm. Water vapor is removed downstream of the 
DeOxo unit by molecular sieve. Additional purification is achieved through 
the use of cryogenic adsorbers, that is, activated charcoal plus activated 
alumina and molecular sieve at -320~ These cryogenic adsorbers reduce 
02, N2, CO, and COs levels to below 1 ppm [:_71. One such adsorber is 
placed in the system before the compressor used to pressurize the hydrogen 
to high pressure and one after the compressor. 

Other techniques are available for the preparation of high-purity 
hydrogen, for example, the use of hydrogen evolution from metals that 
absorb large quantities of hydrogen or the use of a palladium alloy purifica- 
tion tube, but these methods are limited as to pressures and purification 
rates. 

Pressurization and System Purging 

Experience has shown that contamination during pressurization and 
pazsage of hydrogen through pressure lines can be far in excess of the 
ordinary impurities present in bottled hydrogen unless considerable care 
is taken to avoid it. Oil lubricated piston compressors are the most common 
means of pressurizing. These compressors contaminate the pressurized 
gases with oil, and an oil trap (molecular sieve) downstream of the com- 
pressor is needed to remove the oil. 

Nonlubricated piston compressors also are available. Air, however, 
may pass through the sliding seals into the pressurized gas. The mechanism 
involves air adsorption on the shaft during the extension cycle, and the 
air is transferred into the high-pressure cavity during the compression 
cycle. To prevent this form of contamination, the compressor can be 
enclosed inside a cavity filled with hydrogen or an inert gas [-81. 

In diaphragm compressors, the gas being compressed is isolated com- 
pletely from air or hydraulic oil because there are no sliding seals in this 
type of compressor. The gases are compressed by metal diaphragms which 
are flexed by a pulsating hydraulic pump. A series of static O-rings prevents 
the oil from leaking around the diaphragm periphery into the gas side. 
Thus, of the three types of compressors, the diaphragm type used at 
Rocketdyne is preferred for maintaining purity during pressurization. 

Air entrapment in high-pressure lines and test vessels is the main source 
of contamination in high-pressure systems. Unless air removal is systematic 
and thorough, the value of hydrogen purification is lost. 

Methods used for removing air are: (1) flowing hydrogen through the 
lines, (2) pressurization/depressurization, and (3) evacuation. Purging 
lines with flowing hydrogen is quite inefficient because of the large mo- 
mentum difference between hydrogen (the lightest of molecules) and the 
air. The pressure cycling method is capable theoretically of removing 
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all contaminating gases entrapped in the lines. However, adsorbed gases 
are not removed effectively by this technique. Evacuation is the only 
method that can ensure adequate removal of air. Unfortunately, high- 
pressure valves and fittings are not designed for vacuum, and experience 
indicates that the best vacuum that is reasonably obtainable is about 
20 t~m. Even at this level, considerable effort is needed to maintain a 
vacuum/high-pressure, leak-tight condition. 

The flushing procedure proved to be the most effective for high-pressure 
work is a combination of pressure and vacuum cycling. Greater embrittling 
effects were found with this procedure, which has been adopted at Rocket- 
dyne [-81. The system is evacuated initially, then purged by a series of 
pressure-vacuum cycles between 100 psig and 20-t~m hydrogen. This is 
followed by several pressurization/depressurization cycles between the 
test pressure (3000 to 10 000 psi) and approximately 1 atm pressure. 
For tests conducted below 3000 psi, several additional pressurization/ 
evacuations are substituted for the higher pressure pressurization/ 
depressurization purgings. 

To be sure that the hydrogen purity is adequate, the hydrogen present 
in the test vessel must be analyzed. Also, precaution must be taken to 
ensure that the specimen represents the test environment. A specimen 
container (pressure vessel) is installed in the pressure system, the specimen 
container and pressure lines are evacuated several times as described 
previously, and then are filled with the test environment. The standard 
analysis technique is by gas chromatography [-91. The hydrogen impurities 
are collected in a cryogenic trap of molecular sieves or activated charcoal, 
then released into a gas chromatography column. 

Analyses of hydrogen specimens taken at test location have yielded the 
following: <0.2-ppm 02, <0.5-ppm argon, 0.6 to 0.9-ppm N~, <0.5-ppm 
CH4, <0.5-ppm CO, <0.5-ppm CO~, and - 8 5  F dew point (~-~l-ppm H~O). 

Specimen Preparation 

Since hydrogen environment embrittlement is an environmental effect, 
the condition of the specimen surface is an important parameter in testing 
for this effect and care should be taken in characterizing, reproducing, 
and reporting surface condition. It should also be noted that hydrogen 
environment embrittlement is a function of the condition of the metal. 
For example, the ratio of notch strength in 7000-psi H2 to notch strength 
in 7000-psi helium (NH~/NHe) for electroplated nickel can vary from 20 
to 50 percent depending on eleetroplating conditions and can be increased 
from 20 to almost 70 percent by annealing at 600~ after electroplating. 
Also, as shown later in Table 5, the threshold stress intensity, Kth, was 
found to be approximately 35 ksi ~r for Inconel 718 specimens that 
had been given a 1925, 1400, and 1200~ heat treatment but was only 
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approximately 13 ksi ~ for Inconel 718 specimens that had been 
given a 1725, 1325, and I150~ heat treatment. 

Mechanical Property Testing in High-Pressure Hydrogen 

Cryogenic and Ambient Temperatures 

Testing in high-pressure environments has its own unique problems. 
At high pressures, transmittal of the load from outside the vessel to the 
specimen is a major consideration. Bellows that can withstand high 
internal pressures are too stiff for attachment to a loading ram. Thus, 
sliding seals are required generally for high-pressure systems. The high 
pressure inside the vessel tends to force the loading ram back out of the 
vessel, and this load can be a significant percent of the total load applied 
to a specimen. 

A simple method of performing tension tests in high-pressure hydrogen 
environments is to seal the specimen inside a small pressure vessel with 
the specimen extending out of the vessel through sliding seals at both 
vessel ends, as illustrated in Fig. 4. This test concept was developed 
initially at Rensselaer Polytechnic Institute EIO] and has been used at 
Rocketdyne E8J with modification to the sliding seal design to eliminate 
metal-to-metal contact. Elimination of metal-to-metal contact at the 
sliding seals reduced the sliding seal friction, and electrical isolation 
between the specimen and vessel made it possible to follow crack growth 
during the test by electrical resistivity measurement. The test vessel 
can be placed in any mechanical testing machine. 

The test specimens tested in this apparatus are 0.306 in. in diameter, 
9 in. long, and are threaded for 1 in. on each end for gripping and have a 
16-rms ground finish. Unnotched specimens contain a 1.25-in.-long, 
0.250-in.-diameter gage section. Notched specimens have a 60 deg V-notch 
at the midplane. Unnotched specimens are crosshead paced usually at a 
rate of 0.005 in./min, and notched specimens are load paced at a loading 
rate that corresponds to 0.0007/rain strain rate. 

Calculation of the tensile load requires that the sliding seal friction and 
tensile load from the high-pressure gas be considered. The seal friction 
must be measured for the test conditions and must be maintained the 
same from test to test by using the same torque (for a given set of test 
conditions) on the seal plug (Fig. 4) for each test. The following equation 
is used to calculate the load at failure of unnotched specimens: 

Load = applied l o a d -  friction ~-pressure (specimen area at sliding 
seal - specimen area prior to necking) 

The maximum combined tensile load is assumed to occur prior to necking. 
For notched specimens, the final area at the base of the notch is used in 
place of the "area prior to necking" in the foregoing equation. 
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FIG. 4--Specimen sealed to vessel for tension testing in high-pressure hydrogen at 
temperatures from cryogenic to ~ 400 ~ F. 

A second effect of extending the specimen ends outside the pressure 
vessel is an increase of shear stress from the hydrostatic forces that act 
in two of the three principal directions. It can be shown that the two- 
dimensional pressure component increases the shear stress on the 45-deg 
maximum shear stress plane to the same extent as the uniaxial applied 
tensile load. That is, the specimen should have a 10 000 psi lower yield 
strength in 10 000 psi pressure than in 1 atm pressure. This has been 
verified experimentally E8J in tests conducted on 35 various engineering 
alloys in air (1 atm), in 10 000-psi helium, and in 10 000-psi hydrogen. 

The technique of gripping the specimen outside the vessel has also been 
used ~1I~ for testing surface flawed sheet specimens. The vessel is clamped 
to the specimen as shown in Fig. 5 for a device in use at Rocketdyne. The 
center of the specimen is exposed to high-pressure hydrogen while the 
specimen ends are exposed to air. The same pressure and sliding seal 
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FIG. 5--Apparatus for testing part-through-crack specimens with crack exposed to 
high-pressure hydrogen. 

effects discussed above on the cyclindrical specimens are also applicable. 
The O-ring area is considerably larger for the sheet specimen than for the 
cylindrical specimens; therefore, sliding friction is considerably higher 
during the sheet specimen tests. 

Another technique used to simplify the testing of the effects of high- 
pressure hydrogen on properties is the use of hollow specimens with the 
high-pressure hydrogen on the inside and an inert (low pressure) environ- 
ment on the outside. A specimen in use at Rocketdyne to determine the 
effect of high-pressure hydrogen on low-cycle fatigue properties is shown 
in Fig. 6. This specimen has the following advantages. The use of a pressure 
vessel is eliminated; thus, the complexity of test fixturing and procedures 
and the time and cost per test are reduced. Extensometry, particularly 
for diametral measurements, is simplified. Specimen heating is simpler, 
especially to heat to high temperatures, such as 1800~ and to heat rapidly, 
for example, for thermal fatigue tests. The use of the hollow specimen 
with its small hydrogen volume reduces test hazards and thus facility 
costs. The hollow specimen has the following disadvantages: Solid 
specimens have been more extensively tested and analyzed. With hollow 
specimens, the surface in contact with the hydrogen is more difficult to 
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control and inspect. It  would be extremely difficult to form internal notches 
or precracks for testing in hydrogen or to test for the effectiveness of 
protective coatings. The hollow specimen has a small stress field caused 
by the internal pressurization, but this can be reduced to insignificant 
levels. 

For other types of specimens or tests or both, it is generally necessary 
to design the pressure vessel so that the entire specimen is inside the 
vessel and the loading ram extends into the vessel through sliding seals. 
Thus, the vessel contains the specimen, loading ram and grips, and possibly 
a loading frame, and is comparatively large and expensive. 

Figure 7 is a schematic of a vessel used at Rocketdyne to perform bend 
test fracture toughness measurements [8]. The specimens were 1 by 
21~ by 14 in. and the vessel inside diameter is 6 in., while the inside length 
is 16 in. The load was applied by means of a 65 000-1b loading ram that 
extended into the side (top of figure) of the vessel through sliding seals. 
A load cell located inside the pressure vessel is attached to the loading 
ram. Thus, the exact load applied to the specimens is measured directly 
without the need to compensate for sliding seal friction or for pressure 
effects. This vessel has been adapted with grips suitable for compact 
tension (CT) (Fig. 8), wedge-opening loaded (WOL) (Fig. 9), and tapered- 
double-cantilever beam (TDCB) (Fig. 10) specimens. The specimen is 
mounted inside of and pinned to two yokes. The lower yoke, confined by 
the interior wall of the pressure vessel, forms a stable platform against 
which the upper yoke/hydraulic ram assembly can exert a tensile load 
on the specimen. 

FIG. 6--Hollow specimen for internal pressurization with H~ for testing the effects of 
~igh-pressure hydrogen on mechanical properties. 
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CHANDLER AND WALTER ON HIGH-PRESSURE HYDROGEN 1 81 
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FIG. 8--Compact tension specimen. 

The vessel shown in Fig. 11 is being used at Rocketdyne to measure 
sustained load threshold stress intensities of metals in high-pressure 
hydrogen. This vessel can be used at pressures up to 6000 psi at room and 
cryogenic temperatures. A modified WOL specimen (Fig. 10) is used. The 
specimen is loaded until the crack moves, then a crack opening displace- 
ment is established and held constant, and the crack is allowed to arrest. 

The method for applying a constant displacement is shown in Fig. 12. 
By rotating the loading ram, a compressive force is extended across the 
load cells, and this force in turn acts as a tensile load ucross the specimen. 
From the load dropoff, the displacement at which crack growth initiates 
and the time at which the threshold has been reached can be ascertained. 
Thus, the specimen can be preloaded only to that level needed for crack 
growth, which is desirable for preventing excessive crack branching. 
Secondly, the load at threshold can be determined directly without sub- 
sequent reloading, which is usually required for obtaining the crack 
opening displacement (COD) at threshold. This is particularly important 
for tests conducted at other than room temperature, because the COD 
at the test temperature and the load to obtain this COD at that tempera- 
ture must otherwise be measured. 

The sliding seM friction is considerably higher at cryogenic tempera- 
tures, and this increased friction decreases the accuracy of the load measure- 
ments if a load cell is not located inside the test vessel. As an example of 
the magnitude of the sliding seal friction, the static friction on a 0.306-in.- 
(shaft) diameter specimen, illustrated in Fig. 4, was measured to be 36, 
83, 566, and 300 lb at 140, 74, -109,  and -320~ respectively. The 
measurements were made while the vessel was pressurized with 2000-psi 
helium and with the sliding seals tightened sufficiently to hold this pressure 
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CHANDLER AND WALTER ON HIGH-PRESSURE HYDROGEN 183 

FIG. ll--Pressure vessel used to perform tests on modified WOL specimen in high- 
pressure hydroqen. 

without measurable leakage. With increasing sliding seal area, the sliding 
seal friction would increase proportionately. 

With large pressure vessels, the compatibility of the pressure vessel 
material with the high-pressure hydrogen is an important consideration. 
The materials that are not embrittled E13 by hydrogen are copper alloys, 
aluminum alloys, and the stable (will not transform to martensite during 
cold working) austenitic stainless steels. The smaller vessels, such as 
shown in Fig. 4, are constructed of AISI 316 stainless steel. The large 
vessel shown in Fig. 7 contains a vented AISI 316 stainless steel liner 
in contact with high-pressure hydrogen. The structural part of this vessel 
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1 8A, . HYDROGEN EMBRITTLEMENT TESTING 

FIG. 12--Apparatus for performing threshold stress intensity measurements. 

is constructed of low-alloy steel. The vessel shown in Fig. 11 is made of 
A286 precipitation hardening stainless steel. 

Elevated Temperatures 

The simplest method for testing the effect of high-pressure hydrogen 
on the mechanical properties of metals at elevated temperatures is to use 
pressurized, hollow specimens as described earlier. As noted earlier, such 
specimens have certain disadvantages, and in many instances it will be 
necessary to perform tests on specimens exposed to high-pressure hydrogen 
inside pressure vessels. Testing in high-pressure environments inside 
pressure vessels is considerably more difficult at elevated temperatures 
than at room temperature. Hazards are increased, of course, by the presence 
of a heater as an ignition source for any hydrogen released from the vessel. 
At elevated temperatures, O-ring materials for the sliding seals tend to 
soften and degas, making it ineffective as a sealant. Therefore, the sliding 
seal must be maintained near room temperature. 

Material compatibility is also a problem. The strongest alloy tested 
thus far which is embrittled only slightly by high-pressure hydrogen (at 
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CHANDLER AND WALTER ON HIGH-PRESSURE HYDROGEN 185 

least at room temperature) is A286, a precipitation hardenable austenitic 
stainless steel. A286 is not high strength (95 ksi yield and 140 ksi ultimate) 
at room temperature but  does retain reasonable strength to elevated 
temperatures. However, it has been reported [121 that the creep properties 
of A286 are degraded by high-pressure hydrogen. Thus, the pressure vessel 
shown in Fig. 11, for example, is limited to moderate temperatures. 

Materials limitations, therefore, place definite restrictions on the 
hydrogen pressure/temperature conditions at which pressure vessel ma- 
terials can be used. There are two methods that can be used to extend this 

FIG. 13--Schematic of apparatus for tension testing button head specimens in high- 
pressure hydrogen at elevated temperatures. 
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CHANDLER AND WALTER ON HIGH-PRESSURE HYDROGEN 187 

range. One method is for the vessels to contain an internal heater and 
water cool the vessel walls. A system of radiation shields is not effective 
in a high-pressure hydrogen system because of high-heat transfer due to 
high-thermal conductivity and rapid convection of hydrogen at high 
pressure. Outgassing from any ceramic insulation in the heater, however, 
would make it virtually impossible to maintain any degree of purity of 
the hydrogen unless the heater is isolated from the specimen. A cold-wall 
apparatus used at Rocketdyne for performing tension tests on cylindrical 
specimens at temperatures up to 2000~ is shown in Fig. 13. The test vessel 
has a double wall for water cooling, and includes a tube that separates 
the specimen cavity from the furnace cavity. A water-cooled lower exten- 
sion contains a load cell. The specimen cavity, furnace cavity, and load 
cell cavity are separated from each other by Viton-A O-ring seals, and the 
same gas pressure is maintained in the three cavities during the tests to 
minimize gas passage across the O-rings and the stress on the inside tube. 
To minimize heat loss, the high-pressure gas in the heater cavity can be 
argon, and ceramic insulation can be used around the heater since it will 
not be in contact with the hydrogen. A disadvantage of this method is 
that the outside vessel is quite large to contain adequate size furnace and 
specimen chambers. 

A second method for extending the temperature range of pressure vessels 
beyond the normal material compatibility is by using a vented liner. 
The liner is constructed of a material compatible with high-pressure 
hydrogen, and the vessel wall is constructed of a high-temperature alloy. 
Vented stainless steel liners are commonly used in ambient temperature 
hydrogen pressure vessels. For high-temperature service, the difference in 
thermal expansion between the vessel liner and structural material must 
be considered in the vessel design. The best match of thermal expansion 
apparently available is using A286 as a liner material and Inconel 718 as 
the vessel structural material. 

A vessel of such hot-wall design, shown in Fig. 14, has been constructed 
for use at Rocketdyne for testing fracture mechanics specimens. It is 
designed for performing tests on specimens in 10 000-psi hydrogen at 
temperatures from -320 to 700~ and in 7000-psi hydrogen at temperatures 
up to 1250~ The pressure vessel body is constructed of Inconel 718 and 
contains an A286 vented liner. For elevated temperature testing, it is 
heated from the outside and fine temperature control is obtained from an 
inside metal-sheathed (nonoutgassing) heater. The sliding seal is located 
inside a long-necked heat exchanger to maintain ambient temperature 
at the sliding seal. 

Interpretation and Use of  Test Results 

The elastic properties, tensile yield strength, and, in many cases, the 
ultimate tensile strength of unnotched specimens are the same in hydrogen 
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188 HYDROGEN EMBRITTLEMENT TESTING 

as in air or inert environments. The most significant effects of high- 
pressure hydrogen environments are on tensile ductility, notch tensile 
strength, and crack behavior. More precisely, the effect of the hydrogen 
environment is to embrittle the surface. The embrittled surface may be 
the immediate surface or a surface layer of some finite but limited thickness. 
The metal surface cannot undergo plastic deformation to the same degree 
in hydrogen as in air or inert environments or, for that matter, as can the 
interior of the metal whose surface is in contact with hydrogen. When a 
susceptible metal is stressed in tension in hydrogen to some critical amount 
of plastic deformation, the surface fractures (that is, a surface crack forms), 
while the interior of the metal is still capable of undergoing considerable 
additional deformation. This surface cracking provides some of the most 
dramatic visual evidence of hydrogen environment embrittlement. For a 
susceptible metal, an existing crack or one formed in the hydrogen environ- 
ment will propagate at a lower stress intensity and at a more rapid rate 
for a given stress intensity in hydrogen than in air or inert environments. 

The effect of the hydrogen environment is, for all practical purposes, 
immediate (that is, as soon as a susceptible metal is placed in the hydrogen 
it will behave in a brittle manner as lust described). No holdtime in the 
hydrogen environment is required. This does not mean that failure is 
immediate. Time to failure obviously will depend on the type and rate 
of stress application and other factors. 

The amount of hydrogen environment embrittlement of susceptible 
metals is highly influenced by the nature of the surface cracking and crack 
propagation in hydrogen. The greatest degree of embrittlement is associated 
with the formation of a sharp surface crack(s) and with the crack(s) 
remaining sharp during propagation. Lesser degrees of embrittlement are 
associated with the formation of surface cracks which are blunt or the 
blunting or branching of cracks during propagation. 

Hydrogen environment embrittlement is an environmental effect, and 
occurs only while the metal is in contact with hydrogen. A metal that 
is exposed to hydrogen but then removed from the hydrogen is not subject 
to hydrogen environment embrittlement. Embrittlement due to previously 
absorbed hydrogen (internal hydrogen embrittlement) may add to, or 
synergistically interact with, hydrogen environment embrittlement. 

Tensile Properties 

A large number of alloys were investigated at Rocketdyne, and on the 
basis of tension tests on unnotched and notched specimens in 10 000-psi 
hydrogen at room temperature, the alloys were classified into four hydrogen 
environment embrittlement categories (that is, extreme, severe, slight, and 
negligible). Tables 1 through 4 show the reductions in some tensile prop- 
erties caused by the hydrogen environment. The alloys are listed in order 
of decreasing effect of the hydrogen environment on notch strength, and 
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CHANDLER AND WALTER ON HIGH-PRESSURE HYDROGEN 189 

TABLE 1--Materials extremely embrittled by 10 000 psi H~ at 72 ~ F. 

Unnotched Ductility 

Strength Ratio, Elongation, Reduction 
H~/He % of Area, % 

Notched Un- 
Material (K~ = 8.4) notched He H2 He H2 

18Ni-250 maraging 0.12 0.68 8.2 0.2 55 2.5 
410 stainless steel 0.22 0.79 15 1.3 60 12 
1042 Q&T 0.22 
17-7 PH stainless steel 0.23 0:92 i7 '  i :7 45" '�89 
Fe-9Ni-4Co-0.20C 0.24 0.86 15 0.5 67 15 
H-11 0.25 0.57 8.8 0 30 0 
Ren~ 41 0.27 0.84 21 4.3 29 11 
Electroformed Ni b 0.31 
4140 0.40 0:96 14" 2:6 48"" "9" 
Inconel 718 0.46 0.93 17 1.5 26 1 
440 C 0.50 0.40 . . . . . .  3.2 0 

b Tested in 7000opsi H~. 

t hey  are grouped in to  the  embr i t t l emen t  categories. I t  should be no ted  
t h a t  the  names  applied to the embr i t t l emen t  categories are re la t ive  
t e rms  and  t h a t  the  reduct ions  in  propert ies shown in  Tables  1 th rough  4 
are for re la t ive ly  severe embr i t t l ing  condit ions ( tha t  is, h igh-pur i ty ,  
10 000-psi hydrogen at  room t empera tu re  wi th  severe (0.001-in.-radius) 

TABLE 2--Materials severely embrittled by 10 000 psi H2 at 72 ~ F. 

Unnotched Ductility 
Notch 

Strength 
Ratio, Elongation, % 
H~/He 

Material (Kt ~ 8.4) He H2 

Reduction of 
Area, % 

He H2 

Ti-6A1-4V (STA) 0.58 
430 F 0.68 2 2  '64 "3§ 
Nickel 270 0.70 56 52 89 67 
A515 0.73 42 29 67 35 
HY-100 0.73 20 18 76 63 
A372 Class IV 0.74 20 10 53 18 
1042 normalized 0.75 . . . . . .  59 27 
A533-B 0.78 . . . . . .  66 33 
Ti-6A1-4V (annealed) 0.79 . . . . . .  
AISI 1020 0,79 . . . . . .  
HY-80 0.80 . . . . . .  70 60 
Ti-5A1-2.5Sn ELI 0.81 . . . . . .  45 39 
Armco iron 0.86 . . . . . .  83 50 
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190 HYDROGEN EMBRITTLEMENT TESTING 

notches in the notched specimens). The embrit t lement categories have 
the following general characteristics: 

1. Extreme embri t t lement--High-strength steels and high-strength nickel- 
base alloys are in this category. Embri t t lement  is characterized by  a large 
decrease of notch strength and some decrease of unnotched ultimate 
tensile strength. Large reductions are found for all three common measures 
of ductility (elongation and reduction of area of unnotched specimens, and 
reduction of area of notched specimens). 

2. Severe embri t t lement--The majority of the metals tested are in this 
category, including ductile, lower-strength steels, Armco iron, pure nickel, 
and the titanium-base alloys. Embri t t lement  is characterized by a con- 
siderable reduction of notch strength and ductility, but  no reduction of 
unnotched ultimate tensile strength. The measure of ductility most 
affected by  the high-pressure hydrogen environment is the reduction of 
area of notched specimens. 

3. Slight embri t t lement--The nonstable AISI 300 series stainless steels 
(AISI 304L and 305), beryllium-copper, and commercially pure t i tanium 
are in this category. Embri t t lement  is characterized by  a small decrease 
of unnotched ductility. 

4. Negligible embri t t lement--The aluminum alloys, stable austenitic 
stainless steels, A286 (a precipitation-hardened austenitic stainless steel), 
OFHC copper, and the copper-base alloy NARloy-Z are in this category. 

As noted, no significant effects of hydrogen environments at ambient 
temperatures on elastic properties or yield strength have been found. The 
deformation capability of the metal surface is lower in hydrogen than in 
air or inert environments. Thus, as the tension test proceeds, a critical 
surface deformation is reached at which the surface fractures in a brittle 
manner and a surface crack is formed. The most direct evidence for the 
environmental nature of the embrit t lement in hydrogen is the brittle 
appearance of the fracture at the surface of unnotched and notched 
specimens and the cracks formed on the surface in deformed regions of 
unnotched specimens of susceptible metals. In notched specimens, the 

TABLE 3--Materials slightly embrittled by 10 000 psi H, at 72 ~ F. 

Unnotched Ductility 
(reduction of area, ~)  

Notch Strength Ratio, 
Material H~/He (Kt = 8.4) He H, 

304 ELC stainless steel 0.87 78 71 
305 stainless steel 0.89 78 75 
Be-Cu alloy 25 0.93 72 71 
Titanium 0,95 61 6I 
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TABLE 4--Materials negligibly embrittled by 10 000 psi H,  at 73 ~ F. 

Unnotched Ductility 
(reduction of area, ~ )  

Notch Strength Ratio, 
Material H~/He (Ks = 8.4) He H~ 

310 stainless steel 0.93 64 62 
A286 0.97 44 43 
7075-T73 A1 alloy 0.98 37 35 
316 stainless steel 1.00 72 75 
OFHC copper 1.00 94 94 
NARloy-Z b 1.10 24 22 
6061-T6 A1 alloy 1.10 61 66 
1100-0 A1 1.40 93 93 

b Rockwell International Corporation trademark; tested in 5800-psi H~. 

region of highest deformation is so locafized at the base of the notch that  
surface cracks, other than those resulting in failure, are normally not 
found. 

From the time at which surface cracking begins, the test is no longer a 
normal tension test but  is a rather complex test of a cracked specimen; 
this must be considered in assessing the meaning and usefulness of the 
strength and ductility data obtained from these tests. In alloys that  are 
placed in the extremely embrittled category (Table 1), the first surface 
crack to form propagates to failure, usually without the formation of 
additional surface cracks. This crack propagates at some finite rate tha t  
is more rapid in hydrogen than it would be in air or an inert environment. 
Because the test is being conducted as a tension test and the load is con- 
tinuing to be increased, and because of the deepening of the crack, the 
stress intensity in front of the propagating crack is increasing rapidly 
during the test. The  crack propagates until the remaining area fails due 
to tensile overload. The final failure is a ductile failure apparently un- 
affected by  the hydrogen environment. I t  can be seen tha t  the "ult imate 
tensile strengths" and "ductilities" determined from; such tests on un- 
notched and notched specimens of metals tha t  are extremely embrittled 
in hydrogen are determined by the load or strain rate, the time (plastic 
deformation) at which the surface crack is formed, and the rate of propaga- 
tion of the crack in hydrogen. Thus, these properties are far more sensitive 
to load or strain rates than are tensile properties determined in air or 
inert environments. 

For alloys in the severely or slightly embrittled categories (Tables 2 
and 3), the first surface crack to form does not propagate to failure. The  
surface cracks in these alloys are blunt as formed or tend to blunt or 
branch during propagation in hydrogen. The first surface crack forms, 
propagates in a brittle manner to some extent, blunts or branches, and 
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192 HYDROGEN EMBRITTLEMENT TESTING 

stops. A second crack forms, and the process continues until, finally, 
the remaining area has been reduced by the series of surface cracks so 
that ductile, tensile overload failure occurs. The properties determined 
from these tests will be a function of the same factors as listed in the 
preceding paragraph for the extremely embrittled metals and also will 
be a function of the extent of crack propagation before the crack is stopped 
by blunting or branching. 

From the foregoing discussion, it can be inferred that the different 
tensile properties will show differing degrees of sensitivity to the hydrogen 
environments. The degrees of sensitivity in decreasing order are: fracture 
mode (effects on the appearance of the fracture have been noted when 
only negligible change of properties occurred), reduction of area of notched 
specimens, ultimate strength of notched specimens, reduction of area of 
unnotched specimens, elongation of unnotched specimens, and ultimate 
strength of unnotched specimens. Only for metals in the extremely em- 
brittled category is there a reduction of ultimate tensile strength of un- 
notched specimens in hydrogen. The fact that this property is not affected 
by hydrogen for metals in the other embrittlement categories simply 
reflects the relationship noted previously between rate of loading (strain- 
ing) and the time for crack initiation and extension, remembering that 
crack blunting and branching slow crack growth considerably in these 
metals. In fact, it appears that in many cases, surface cracks do not form 
until the ultimate tensile strength is reached (that is, necking begins). 

Although the ultimate strengths and ductilities determined from tension 
tests in hydrogen on unnotched and notched specimens of susceptible 
materials are of limited direct usefulness in design, these tension tests 
are valuable as rapid and economical screening tests which provide a 
good indication of the relative degrees of embrittlement of different 
metals by hydrogen environments (that is, as shown in Tables 1 through 
4). For design purposes, the tensile properties determined in hydrogen 
can be used as a guide for establishing additional safety factors to com- 
pensate for hydrogen environment embrittlement. 

I t  is suggested that a recommended stress concentration factor be 
established for notched specimens used for the evaluation of hydrogen 
environment embrittlement so that results from different investigations 
can be compared more effectively. Figure 15 shows the reduction of notch 
strength in 10 000-psi hydrogen as compared to 10 000-psi helium for 
ASTM A533-B steel as a function of stress concentration factor. 

Tests are in progress at Rocketdyne to determine the strength and 
ductility at which surface cracks initiate during tension tests on unnotched 
specimens in high-pressure hydrogen. Consideration is being given to the 
use of this crack initiation strength and ductility in place of the normal 
ultimate tensile strength and ductility for the design of hydrogen systems. 
The assumption is that in hydrogen the maximum available strength and 
ductility is that associated with the initiation of surface cracks. 
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FIG. 15--Reduction of notch strength as a function of stress concentration factor for 
ASTM A533-B in 10 O00-psi hydrogen. 

For hydrogen to cause surface cracking, it seems axiomatic that the 
hydrogen must contact the metal surface. Therefore, it appears reasonable 
that the critical deformation for initiation of surface cracking in hydrogen 
is, at minimum, that surface deformation required to rupture the oxide 
layer so that the hydrogen can contact the metal surface. At Rocketdyne 
[81  specimens were tension tested in high-pressure hydrogen after abrasion 
in hydrogen to remove the oxide layer. The specimens were not exposed 
to air between abrasion and tension testing. The specimens so tested had 
a much larger number of surface cracks than specimens abraded in air 
before testing in hydrogen. The amount of plastic deformation at crack 
initiation was not determined. However, a certain amount of plastic 
deformation of the metal surface still was required before surface cracking 
initiated in the specimens abraded in hydrogen. 

Fracture Mechanics Properties 

High-pressure hydrogen has its greatest effects on crack behavior. Thus, 
the fracture mechanics approach is a natural one to apply to hydrogen 
systems. 

The fracture toughness parameter, K~o, is considered generally to be a 
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TABLE 5--Average K~ and Kth values for various metals in 5000-psi 
hydrogen and helium, at room temperature. 

KIc Kth 
Material Environment ksi %/i~. ksi ~v/iT. Kth/Ki~ 

Inconel 718 
1725, 1325 to 1150~ F He 71 53 0.73 

H 2  . . . 1 3  0 . 1 8  

Inconel 718 
1925, 1400 to 1200 ~ F Ite 108 ~ 102 0.94 

It~ 100 35 0.33 
Inconel 625 He 76 ~ . . . . . .  

H 2  6 1  a . . . . . .  
A286 stainless steel He 132~ 

H~ 91 ~ <103 b 
Ti-5A1-2.5Sn ELI He 72 63 0.88 

H 2  . . .  3 1  0 . 4 3  

a Not valid Kic according to ASTM 399. 
b Stress at Kt~ > ay. 

proper ty  of a given material  and not affected by  the environment,  in- 
cluding hydrogen environments. Direct evidence tha t  K~~ is not affected 
by  hydrogen environments,  particularly high-pressure hydrogen environ- 
ments, is limited. The definition of KI~ is important  in this respect. If  
popin occurs, K~c should not be affected by  a hydrogen environment.  
But,  a K~r determined using the secant intercept method may  well be 
affected by a high-pressure hydrogen environment and the t ime to perform 
the KIo test  may  be more critical in hydrogen than  in air or inert environ- 
ments. I f  KIe is to be determined in high-pressure hydrogen, it is important  
tha t  the precrack be extended by  cycling at  low stress levels in hydrogen 
before beginning the KIe test. Otherwise, the initiation of crack movement  
in hydrogen would be a function of the rupturing of the surface oxide 
layer. 

As expected, considerable effects of high-pressure hydrogen on K,h, 
the threshold stress intensity for sustained-load flaw growth, have been 
found [-1]. Table  5 contains results of Kth tests on various metals in 5000-psi 
hydrogen recently completed at  Roeketdyne.  These tests were performed 
with the apparatus  shown in Figs. 11 and 12. In  the tests, the load (dis- 
placement) on the specimen was increased until crack movement  was 
first observed and then the displacement was held constant, or reduced 
to minimize the possibility of specimen failure and crack branching. I t  
is interesting to note tha t  crack growth occurred in hydrogen but  not in 
helium in A286, which has been classified as negligibly embrit t led (Table 
4) on the basis of tension tests. However,  crack growth in the Kth tests 
in hydrogen occurred only with loads large enough to cause yielding, 
and the crack growth was very slow, which explains why tension tests 
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did not show any effect of hydrogen on A286. Considerable crack branching 
occurred in Inconel 625 in hydrogen. 

Cyclic and sustained load crack growth rates have been found to be 
considerably faster in hydrogen than in air or inert environments for 
metals susceptible to hydrogen environment embrittlement [-1]. However, 
few determinations of crack growth rates have been performed with 
fracture mechanics type specimens in high-pressure hydrogen. 

Probably the most serious basic problem in performing fracture me- 
chanics tests in hydrogen is the increased tendency for crack branching 
in hydrogen. This crack branching is advantageous, but consideration 
must be given to whether the crack branching occurring in fracture me- 
chanics specimens will occur to the same degree in actual structures in 
hydrogen. 

Fatigue and Creep Properties 

With smooth specimens, the most severe property degradation in 
high-pressure hydrogen occurs in tests involving plastic strain. Thus, 
considerable reductions of stress-rupture strengths and cycles to failure 
in low-cycle fatigue (strain cycling) tests in hydrogen are found E12]. 

The reduction of high-cycle fatigue properties by hydrogen environ- 
ments was also reported by Harris and VanWanderham [123. However, 
the tests were not typical high-cycle fatigue tests since the cycles to 
failure were in most cases below 105 cycles and the maximum stresses 
were high, usually above the yield strength. It  is expected that the effect 
of hydrogen environments on typical low stress, high-cycle fatigue will 
not be as significant. In high-cycle fatigue, the strain per cycle is small; 
therefore, the effect of hydrogen on the number of cycles to crack initiation 
may be small, and the main effect of the hydrogen would be on crack 
propagation. But generally, in high-cycle fatigue, approximately 90 percent 
of the time to failure is occupied with crack initiation. 

Summary 

Since hydrogen environment embrittlement by high-pressure gaseous 
hydrogen is an environmental effect, it is essentially in testing for this 
effect that the test environment in every way, but particularly with regard 
to hydrogen purity, be well characterized, controlled, and reported. 
Standards for hydrogen purity must be established and for the present the 
use of MSFC-SPEC-356A is recommended. Care must be exercised in 
purging test systems of impurity gases and in sampling the hydrogen at 
the test location for analysis. Procedures for purifying hydrogen to the 
desired levels for high-pressure test systems have been developed. Specimen 
preparation, particularly surface preparation, must also be characterized, 
controlled, and reported. 
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The simplest method of testing for high-pressure hydrogen effects on 
metals involves the use of hollow cylindrical specimens internally pres- 
surized with hydrogen. Such specimens are advantageous for such tests 
as creep and low-cycle, high-cycle, and thermal fatigue tests. Other types 
of tests, in particular notched tensile and fracture mechanics tests to 
determine the effects of high-pressure hydrogen, require the use of a 
pressure vessel around the specimen or a portion of the specimen. The 
simplest such system entails sealing the specimen directly to the pressure 
vessel wall with the specimen ends extending out of the pressure vessel 
for attachment to the loading system. With this technique, the temperature 
is limited to relatively low temperatures by the capabilities of the seals 
and steps must be taken to accurately compensate for seal friction and 
pressure effects. 

For many tests, for example, at elevated temperatures, it is necessary 
to accommodate the entire specimen (and grips) inside a pressure vessel 
with the loading ram extending out of the vessel. In this case, a load cell 
should be located inside the vessel so that the test load can be measured 
more accurately without the necessity of compensating for seal friction 
and pressure effects. The larger pressure vessel required and the attendant 
greater difficulties in loading and unloading specimens makes this testing 
slower and more costly particularly at cryogenic or elevated temperatures. 
Provision must be made for maintaining sliding seals, load cells, and 
strain measuring devices at approximately room temperature when testing 
at elevated temperatures. 

Results of tension tests in high-pressure hydrogen are difficult to apply 
directly in design because of the formation and growth of surface cracks 
during testing. However, tension tests on both unnotched and notched 
specimens in high-pressure hydrogen are valuable as fairly rapid and 
economical screening tests of susceptibility to hydrogen environment 
embrittlement and can be used as a guide to setting additional safety 
factors to compensate for this embrittlement. Consideration is being given 
to the determination of strength and plastic deformation at which surface 
cracks initiate for use in place of the normal ultimate tensile strength and 
elongation for design purposes. With smooth specimens, the most severe 
property degradation in high-pressure hydrogen occurs in tests involving 
plastic strain. Thus, considerable reductions of stress-rupture and low- 
cycle fatigue strengths are found. 

Since high-pressure hydrogen has its greatest effect on crack behavior, 
the fracture mechanics approach is a natural one to apply to hydrogen 
systems. In some tests, it is important to extend the precrack in hydrogen 
by cycling at low stress levels before beginning the test. A complication 
in the testing of fracture mechanics specimens in high-pressure hydrogen 
is the greater tendency toward crack branching in hydrogen. The implica- 
tion of this branching to actual structures needs consideration. 
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M e c h a n i c a l  T e s t s  Used  t o  D e t e r m i n e  t h e  S u s c e p t i b i l i t y  o f  M e t a l s  to  
H i g h - P r e s s u r e  H y d r o g e n , "  Hydrogen Embrittlement Testing, ASTM STP 
5~3, American Society for Testing and Materials, 1974, pp. 198-220. 

A B S T R A C T :  The use of hydrogen as a rocket fuel has been successfully 
established; however, it has also been established that many metals are de- 
graded in one or more of their properties by environmental gaseous hydrogen. 
The degree of degradation may range from slight to extreme, depending on the 
metal being analyzed and the type of test or tests used. Many important 
variables, such as environment, stress, temperature, and time must be con- 
sidered in selecting the test to be used to determine the susceptibility to gaseous 
hydrogen. This report will discuss several different types of tests, such as: 
(1) tensile (smooth and notched), (2) strain-controlled, low-cycle fatigue, 
(3) high-cycle fatigue, (4)  creep-rupture, and (5) fracture toughness, used to 
determine degradation of specific material properties and enable general obser- 
vations in regard to the susceptibility of various materials to hydrogen degra- 
dation. 

K E Y  W O R D S :  hydrogen embrittlement, degradation, mechanical properties, 
smooth tensile, notched tensile, low-cycle fatigue, high-cycle fatigue, creep 
rupture strength, fracture toughness, helium gas, hydrogen gas, elevated 
temperature, iron containing alloys, nickel containing alloys, titanium con- 
raining alloys, susceptibility 

P r e m a t u r e  or  unexpec ted  fai lures of pressure  vessels  h a d  occur red  for 
some t ime  before  t h e y  were  a t t r i b u t e d  to  the  presence of h y d r o g e n  in 
t he  m a t e r i a l  or  ope ra t ing  env i ronment .  M o s t  of t he  fai lures were in s teel  
componen t s  and  were cha rac te r i zed  as  b r i t t l e  fai lures,  t hus  g iving rise 
to  t he  t e r m  h y d r o g e n  e m b r i t t l e m e n t ,  a t e rmino logy  t h a t  seems to be  
accep ted  general ly .  T h e  use of h y d r o g e n  as a fuel for space f l ights  has  
p laced  an  emphas i s  upon  es tab l i sh ing  the  effects of env i ronmen ta l  h y d r o g e n  

1 Senior project materials testing engineer and general supervisor, Applied Mechanics 
Section of the Materials Development Laboratory, Florida Research and Development 
Center, Pratt  & Whitney Aircraft, West Palm Beach, Fla. 33405. 
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upon materials. Early hydrogen-fueled rocket engines experienced no 
major problems attributed to hydrogen effects. This may have been due 
to low operating pressures, inhibitors present due to operating conditions, 
or just good fortune in the selection of materials. As performance require- 
ments and operating pressures increased, use of high-strength alloys and 
lightweight designs became necessary. To substantiate these designs, 
extensive investigations have been conducted into the effect of hydrogen 
upon the mechanical properties of materials, specifically those properties 
used for design. 

The authors have conducted mechanical property tests, both under 
in-house and the National Aeronautics and Space Administration (NASA)- 
Marshall sponsorship, of several alloys in high-pressure gaseous helium 
and hydrogen. These investigations have been aimed primarily at obtaining 
properties for engineering design purposes. The major effort has been 
to document, rather than explain, the phenomenon. Metallographie 
evaluations of failed specimens in these programs have revealed that 
many alloys do not display characteristics typical of brittle failures; in 
fact, some display ductile fracture characteristics. For this reason, the 
authors prefer the term "hydrogen degradation" when speaking of me- 
chanical property reduction due to hydrogen environments. This paper 
pertains to the results of mechanical property tests on three classes of 
alloys, with the objective of viewing these tests as indicators of sensitivity 
to hydrogen degradation. 

Experimental Procedure 

Six types of mechanical property tests have been conducted in high 
pressure gaseous hydrogen at room and elevated temperatures. The 
same tests were also conducted in high-pressure gaseous helium to provide 
a basis for establishing property degradation. The six tests included: 
smooth and notched (K~ = 8.0) tensile, low-cycle fatigue, high-cycle 
fatigue, creep-rupture, and fracture toughness. Test specimens used in 
this program were designed and machined in general conformance with 
ASTM standards, where applicable. 

Specimens 
Surfaces of all specimens were finished to an average roughness of 16-#in. 

rms, or less, except for one outer surface of the fracture toughness specimens 
that was machined to a maximum roughness of 32-~in. rms in accordance 
with ASTM Test for Plane-Strain Fracture Toughness of Metallic Ma- 
terials (E 399-70 T). Gage sections of specimens were polished prior to 
testing. Typical test specimens used to establish mechanical properties 
in high-pressure gaseous environments are illustrated in Fig. 1 and are 
briefly described next. Details of specimens are discussed in Ref 1.2 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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200 HYDROGEN EMBRffTLEMENT TESTING 

FIG. 1--Typical test specimens used to determine effect of high-pressure gaseous hydrogen 
on mechanical properties of materials. 

The low-cycle fatigue specimen is cylindrical. I t  incorporates integral 
machined extensometer collars and a semihourglass gage section and is 
used for strain-controlled tests. A calibration procedure relates the maxi- 
mum axial-strain-to-collar deflection during both the elastic and plastic 
portions of the strain cycle. Specimen length is 101.6 mm (4 in.), with 
minimum gage diameter of 5.334 mm (0.210 in.) and 12.7-mm (0.5-in.) 
diameter threads. This specimen is also described in Ref 2. 

The high-cycle fatigue specimen is cylindrical, with an hourglass gage 
section for axial-load-controlled tests. Specimen length is 101.6 mm (4 in.), 
with a minimum gage diameter of 4.572 mm (0.180 in.) and 12.7-mm 
(0.5-in.) diameter threads. 
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The fracture toughness specimen is a compact tensile type, with a 
chevron crack starter notch in accordance with ASTM Method E 399-70 T. 
Test rig configuration limited specimens to maximum dimensions of 
47.62 by 45.72 by 19.05 mm thick (1.800 by 1.875 by 0.750 in.). Fracture 
toughness values obtained from this specimen are reported as KIE 
(engineering) unless plane-strain validity requirements are met. 

The creep-rupture specimen is cylindrical, with integral machined 
extensometer collars and flat-pinned ends. The specimen design was 
based upon the work of Penny et al [3]. Overall length is 139.7 
mm (5.5 in.), with a gage section 25.4 mm (1.O in. long), and 5.08 mm 
(0.200 in.) in diameter. This specimen is discussed in Ref 4. 

The notch tension specimen is cylindrical, with an overall length of 
120.65 mm (4.75 in.), 19.0-mm (0.75-in.) diameter threads and a major 
diameter of 12.7 mm (0.50 in.). The notch was designed, according to 
Peterson r5~, to obtain a stress concentration factor of 8.0 and was ma- 
chined by grinding. Minor diameter and root radius of the notch were 
8.0 mm (0.315 in.) and 0.05 mm (0.002 in.), respectively. 

The smooth tension specimen is cylindrical, with an overall length of 
93.22 mm (3.67 in.), 19.0-mm (0.75-in.) diameter threads, and a straight 
gage section 31.75 mm (1.25 in.) long by 6.35 mm (0.250 in.) in diameter. 

Test Equipment 

This testing was conducted in 34.5-MN/m 2 (5000-psig) gaseous helium 
and hydrogen environment. Specimens were tested in this environment 
using heavy walled pressure vessels. Although four different vessels were 
used, they are all of the same general design, differing only in instrumenta- 
tion connections and specimen adapters. A typical pressure vessel is 
shown in Fig. 2. The specimen and extensometer, or crack opening dis- 
placement (COD) gage, (where used) are mounted in a load frame internal 
to the vessel. The outer vessel is secured by use of a "GrayLoc" flange and 
seal, because of the relative ease of assembly and the reliability of the 
seal in high pressure. The pressure vessel incorporates a pressure compen- 
sating device to eliminate axial tensile load on the specimen due to high- 
pressure acting over the differential specimen and adapter areas. Both 
internal (to the pressure vessel) and external load cells are used; thus, 
the effect of friction at the seals, where the load rods enter the vessels, 
is known. Electrical connections for the load cells, extensometer systems, 
furnaces, and thermocouples are made through the vessel wall via high- 
pressure bulkhead connectors. During testing, the internal strain gage- 
type load transducer is used to obtain load information for load-strain 
plotting purposes. 

Elevated temperatures are obtained with resistance furnaces surrounding 
the specimens. In the 34.5-MN/m ~ (5000-psig) gaseous environments, 
high-power density, multizone furnaces are required to obtain test tem- 
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FIG. 2--Typical pressure vessel for conducting mechanical properties tests in high-pressure 
gaseous environments: (left) closed pressure vessel and (right) open pressure vessel with 
specimen, extensometer, adapters, and half of furnace in place. 

perature and eliminate gradients due to the thermal conductivity of gaseous 
helium and hydrogen at this pressure. Thermocouples attached to the 
specimen are used to monitor and control temperature during the test. 
Analyses of gas samples before and after test runs indicate no detrimental 
contamination of test gas due to the internal furnace. To prevent possible 
structural damage to the pressure chamber due to overtemperature, a 
water jacket surrounding the outer walls provides cooling when conducting 
elevated-temperature tests. During testing, the vessels and test machines 
are located in remote test cells, which are equipped with high-pressure 
gas handling systems. 

The testing was conducted on four test machines, each isolated in its 
own test cell. The fatigue tests were conducted on hydraulically actuated, 
closed-loop-controlled equipment. Low-cycle fatigue specimens were 
subjected to an all-tensile, constant total-axial strain range at a frequency 
of 3 to 5 cpm, which produced typical load-strain hysteresis loops. High- 
cycle fatigue specimens were subjected to an all-tensile axial stress range 
at a frequency of 20 Hz. Machine controls provided automatic system 
shutdown upon specimen failure. 

Creep-rupture tests were conducted on a Satec Model JE creep-rupture 
machine, which was modified and explosion proofed. Loading was by the 
dead weight and lever arm system. Machine controls also provided auto- 
matic shutdown upon specimen fracture. 

Tension and fracture toughness tests were conducted on a Tinius Olsen 
Universal Test machine, with the load frame modified to accept the 
high-pressure test vessel. 
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All test equipment loading frames are in enclosures exposed to atmos- 
pheric conditions. Control and recording apparatus for this equipment is 
located in adjacent block houses. 

Test Procedure 

As all the tests discussed herein were conducted in similar pressure 
vessels, the test procedure used was similar for all tests. Established 
procedures for specimen preparation, testing, and data reporting were 
adhered to, where possible. 

Specimens were prepared and cleaned after machining. After inserting 
the prepared specimen in the load frame of the vessel, the appropriate 
instrumentation for the test was attached. This instrumentation consisted 
of extensometers, thermocouples, or COD gages, depending upon the 
particular test. The vessel was then sealed and subjected to a purge cycle 
consisting of a low-pressure nitrogen purge, evacuation, test gas (helium 
or hydrogen) purge, and, finally, a pressurized "pop" purge. The pop 
purge consists of a succession of rapid pressurizations of the vessel to a 
low pressure (typically, 1380 kN/m" E200 psi~) and releasing, while main- 
taining a minimum positive pressure. After purging and obtaining a 
pretest gas sample, high-pressure gas was introduced and maintained in 
the vessel until specimen temperature and gas pressure were stabilized 
at the desired level, and testing conducted. Upon completion of the 
prescribed test, pressure was vented, a posttest gas sample obtained, and, 
in the case of hydrogen tests, the vessel purged with nitrogen gas, opened, 
and the failed specimen removed. Posttest specimen measurements were 
obtained and test documentation completed. Gas samples were analyzed 
on a modified gas chromatograph with a parts-per-billion accuracy. 

Experimental Program 

The experimental results reported here are from a continuing program 
to evaluate mechanical properties of materials in high-pressure gaseous 
environments. Specifically, three nickel-base, two iron-base, and two 
titanium-base alloys were tested in 34.5-MN/m 2 (5000-psig) gaseous 
hydrogen at 300 K (80 F) and 366 K (200 F), or 951 K (1250 F). These 
alloys were also tested in 34.5-MN/m 2 (5000-psig) gaseous helium at the 
same temperatures to enable comparison of test results to determine 
degradation of properties due to the hydrogen environment. 

Six types of tests were conducted: smooth and notch tensile, low-cycle 
fatigue, high-cycle fatigue, creep-rupture, and fracture toughness. Not 
all tests were conducted on each material at each temperature; however, 
sufficient testing was accomplished to enable observations as to an alloy's 
susceptibility to hydrogen degradation under different tests. The particular 
tests conducted and data obtained are summarized in Table 1. 
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Materials Tested 

Three types of alloys were tested; nickel-base, iron-base, and t i tanium- 
base. The  materials tested and their heat- t reated conditions are listed 
next: 

Purchasing 
Name Specification Heat Treat Condition When Tested 

Nickel-base alloys: 
Inco 718 AMS 5662 

Ineo 625 AMS 5666 
Hastelloy X AMS 5754 

Iron-base alloys: 
A286 AMS 5735 

AISI 347 AMS 5646 

Tilanium-base alloys: 
Titanium 6A1-4V AMS 4928 
Titanium All0 (5A1-2.5Sn) AMS 4926 

solutioned at 1227 K (1750 F) 3 and 
solutioned at 1310 K (1900 F) ~ 

annealed at 1255 K (1800 F) 
annealed at 1448 K (2150 F) 

solutioned at 1255 K (1875 F) 
followed by age 

solutioned at 1415 K (1875 F) cold 
finished 

annealed at 1019 K (1375 F) 
annealed at 922 K (1200 F) 

All of these materials were in the form of wrought barstock. Material  
was purchased from commercial sources and had standard processing and 
hea t  t reatments .  Acceptance tests conducted on the material  as-received 
verified tha t  purchasing specifications were met. 

l~esul ts  

Comparisons of various tests or properties versus hydrogen degradation 
are made in Tables 2 and 3. These comparisons are made from tests 
conducted in 34 .5 -MN/m 2 (5000-psig) gaseous helium or hydrogen for 
all alloys discussed here. Nickel-base and iron-base alloys were tested 
at  300 K (80 F) and 951 K (1250 F), and the t i tanium-base alloys were 
tested at  300 K (80 F) and 366 K (200 F). The test  data  are given in Tables  
4 and 5. 4 Typical  results are illustrated in Figs. 3 through 6. The  following 
observations are made:  

1. The  0.2 percent offset yield and ul t imate strengths were not degraded 
a t  either tempera ture  for any  of the alloys discussed here. 

2. The  ductility (elongation or reduction in area) at  ambient  tempera ture  
of 300 K (80 F) was degraded for several alloys, and these same alloys 
also exhibited degradation when evaluated by  other tests, such as notched 
(K~ = 8.0) tensile, strain-controlled low-cycle fatigue, load-controlled 
high-cycle fatigue, or fracture tougtmess. This suggests tha t  if the ambient  

3 Followed by stabilization and age treatments. 
4 Test data are presented in customary units only. 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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2 1 8  HYDROGEN EMBRITTLEMENT TESTING 

temperature (300 K [-80 F~) smooth tensile ductility is degraded, then 
other properties will also show degradation. This is true for all alloys 
tested except Hastelloy X, which was not degraded in any tensile property, 
but was degraded in the low-cycle fatigue test. The iron-base alloys, 
A286 and AISI 347, were not degraded in ductility, nor were they de- 
graded in the other tests. 

3. A similar comparison between tensile ductility at elevated tempera- 
tures of 951 K (1250 F) for the nickel-base and iron-base alloys and 366 
K (200 F) for the titanium-base alloys and the other tests does not yield 
the same observations. The nickel-base alloys, Inco 718 and Inco 625, 
were not degraded in any of the tensile properties at these temperatures; 
however, they were degraded when evaluated with other tests such as 
low- and high-cycle fatigue and creep and rupture. 

4. It is known that the material microstructure has a significant effect 
upon the degree of gaseous hydrogen degradation. The degree of degrada- 
tion depends on the type of test used. This is illustrated by the different 
response of the two heat treatments of Inco 718 in the different tests. 
This material was of the same heat, the different microstructures resulting 
primarily from the two solution heat treat temperatures. This effect has 
also been documented on Inco 718 low-cycle fatigue properties in Ref 2, 
where a fine grain, recrystallized structure had orders of magnitude 
greater low-cycle fatigue life at 1 percent total strain, 34.5-MN/m ~ 
(5000-psi) gaseous hydrogen, and ambient temperatures of 300 K (80 F) 
than did coarse-grained, predominantly unrecrystallized structure. 

Conclus ions  

The authors' purpose in conducting these tests was to establish the 
degree of degradation in mechanical properties due to the hydrogen 
environment and to provide design information for these conditions. The 
materials are those that are proposed for use in hydrogen-fueled spacecraft 
applications. No specific attempt was made to screen materials simply 
for environmental hydrogen degradation, however; the following con- 
clusions can be made: 

1. No one type of test will always determine the susceptibility or the 
degree of susceptibility to hydrogen environment embrittlement or 
degradation. 

2. If the ambient temperature 300 K (80 F) smooth tensile ductility 
(elongation or reduction in area) is degraded in hydrogen, then some other 
properties will be degraded. 

3. However, if the ambient temperature 300 K (80 F) smooth tensile 
ductility is not degraded, it does not mean that other properties are not 
degraded. (Refer to Hastelloy X.) 

4. Tests that expose the material to high stresses or plastic strain, and 
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HARRIS AND VANWANDERHAM ON MECHANICAL TESTS 21 9 

time, such as fatigue and creep-rupture tests, are the most severe tests 
for hydrogen degradation susceptibility. 

D i s c u s s i o n  a n d  R e c o m m e n d a t i o n s  

The authors believe that no one test will provide enough data to evaluate 
the degree of hydrogen degradation to be used in analyzing a structure 
from a design-material-life standpoint. For the individual responsible for 
a structure that must operate in a hydrogen environment, there can be 
no substitute for a test that will supply data appropriate to the particular 
loading spectrum expected. In this case, a test that simply indicates 
susceptibility to hydrogen degradation is of no real value; the test must 
also provide some measure of the degree of degradation on a meaningful 
property. Considering the many different types of tests discussed herein 
and others now being used to evaluate the susceptibility to hydrogen 
environment embrittlement, and considering testing variables, such as 
specimen size, loading conditions, temperature, pressure, reproducibility, 
economics, and, especially, comparability of data, it is recommended that 
the smooth tension test be used to determine the susceptibility to hydrogen 
environment degradation. This test may be performed at ambient tem- 
perature 300 K (80 F) and in low-pressure hydrogen. The yield and ultimate 
strength will probably not indicate degradation; however, the ductility, 
easily measured after the test is completed, will serve as a guide to the 
susceptibility to hydrogen degradation. This type of test is one of the 
least expensive to conduct and produces results easily comparable to the 
work of other investigators. 

The hydrogen pressure level is an important variable and will influence 
the results. Also the strain or loading rate is very important and these 
two variables should be further evaluated before this type test is stand- 
ardized. It is believed that a much slower strain rate, especially in the 
plastic range, should be used in a standardized tension test than that used 
in conducting the tests reported here. 

Acknowledgments 
The authors wish to express their appreciation to the many people of 

the Pratt & Whitney Aircraft Florida Research and Development Center, 
Materials Development Laboratory, who formed the Project Group that 
conducted this testing under the cognizance of W. B. McPherson, National 
Aeronautics and Space Administration, Materials Division, Marshall 
Space Flight Center, Alabama. 

R e f e r e n c e s  

[-11 VanWanderham, M. C. and Harris, J. A., Jr., "Properties of Materials in High 
Pressure Hydrogen at Cryogenic, Room, and Elevated Temperatures," Contract 
NAS8-26191, Annual Report, PWA FR-4566, 30 June 1971. 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



220 HYDROGEN EMBRITTLEMENT TESTING 

['2] VanWanderham, M. C. and Harris, J. A., Jr., "Low Cycle Fatigue of Metals in 
High Pressure Gaseous Hydrogen at Cryogenic Ambient and Elevated Tempera- 
tures," presented to the 1971 WESTEC Conference, Los Angeles, Calif. 

['3] Penny, R. K., Ellison, E. G., and Webster, G. A., Materials Research and Standards, 
Vol. 6, No. 2, Feb. 1966, p. 76. 

[-4] Harris, J. A., Jr., Schratt, J. F., and VanWanderham, M. C., "Creep-Rupture 
Properties of Materials in High Pressure Gaseous Hydrogen at Elevated Tempera- 
tures," presented to Third National SAMPE Technical Conference, Oct. 1971, 
Huntsville, Ala. 

E5] Peterson, R. E., Stress Concentration Design Factors, Wiley, New York, 1953. 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



J . -P .  Fidelle, 1 R.  Bernardi, 1 R.  Broudeur, ~ C. Roux,  ~ and 
M .  Rap in  

Disk Pressure Testing of Hydrogen 
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REFERENCE: Fidelle, J.-P., Bernardi, R., Broudeur, R., Roux, C., and 
Rapin, M., "Disk Pressure Testing of Hydrogen Environment Embrittle-  
ment ,"  Hydrogen Embrittlement Testing, ASTM ST P 5/,,3, American Society for 
Testing and Materials, 1974, pp. 221-253. 

ABSTRACT: The rupture appearances and pressures are compared for 
clamped disks, biaxially stressed to rupture under upward increasing pressures 
of helium or of an embrittling fluid such as gaseous hydrogen isotopes. Usually 
the downward surface is available for observation during the test in progress, 
but it  can be exposed to a second embrittling medium. Factors studied include: 
(a) for the materials; chemistry (aluminum, cobalt, chromium, copper, iron, 
nickel, platinum, titanium, uranium, zirconium, etc., base), surface condition, 
thermomechanical processing, welding, etc., (b) for the testing conditions 
( -196  to -450~ H2 pressure, purity, pressure increase rate, etc. Low-cycle 
fatigue and delayed failure tests can also be conducted and discontinuous 
cracking monitored by various techniques, especially permeation. 

The disk pressure test (DPT) can be used for selection and quality control 
of bulk materials, protective coatings against hydrogen environment em- 
brittlement (HEE), and their processing. Materials selection is made according 
to screening tests of increasing severity. The DPT shows evidence of other 
causes of embrittlement and their synergistic effects with HEE, which is quite 
important. Other advantages of DPT, such as sensitivity, versatility, rapidity, 
simplicity of operation and maintenance, safety, low cost of specimens and 
equipment, etc., arc outlined and compared to other methods. 

KEY WORDS: hydrogen embrittlement, pressure, biaxial stresses, hydrogen, 
purity, temperature, strain rate, delayed failure, crack propagation, perme- 
ability, alloys, coatings, screenings, quality control, materials selection 

Bas ica l ly ,  the  d i sk  pressure  t e s t  ( D P T )  is t h e  same  t e s t  as  t h a t  u sed  
for  t e s t ing  i n t e rna l  h y d r o g e n  e m b r i t t l e m e n t  ( I t t E )  E l i ,  ~ bu t ,  i n s t e a d  
of compar ing  u n e m b r i t t l e d  to  e m b r i t t l e d  mater ia l s ,  here  we c o m p a r e  
ma te r i a l s  unde r  n o n e m b r i t t l i n g  a n d  e m b r i t t l i n g  condi t ions .  

I CEA, Centre d'Etudes de Bruy~res-le-Chgtel, France. 
2 The italic numbers in brackets refer to the list of references appended to this paper. 
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2 2 2  HYDROGEN EMBRITTLEMENT TESTING 

The idea of the test first came after failures of high-strength (HS) 
steel pressure vessels which cracked during pressurization under hydrogen 
gas (GH2) pressures five to ten times smaller than the bursting pressures 
when pressurized with helium. As effects of the same order of magnitude 
could be observed on plates also, such a geometry was found appealing 
to start a materials evaluation program using much cheaper specimens 
than pressure vessels, even miniaturized. 

Most experiments have been carried out applying a gaseous pressure of 
hydrogen or of its isotope deuterium upward to a disk, but we have also 
used mixtures of gases or liquids. Other experiments have also been made 
recently, placing the aggressive fluid (a liquid or GH2) on the upper 
surface of the disk and stressing by means of helium pressure on the 
lower surface. 

Before any experiment, the test line is pumped and flushed several times 
by helium under 20 bars 8 then by GH2 when it has to be the testing 
medium. 

G e n e r a l  E q u i p m e n t  a n d  S p e c i m e n s  

Table 1 summarizes the general equipment and specimens. The basic 
cell has been described previously [-1, ~] ,the other cells will be described 
with the tests for which they have been used. They are made of austenitic 
stainless steel, which is A286 in case of the low- and elevated-temperature 
cells. Each cell is interchangeable within the test line and does not require 
any change in the remainder of the equipment. The general equipment 
is the same one described previously, but an additional storage tank 
for hydrogen under high pressure, up to 2 000 bars. GH2 is 99.995 percent 
pure with H20 _< 5 vpm, 02 _< 5 vpm. 

Unless the influence of surface condition is studied especially, the disks 
are generally lapped. On a trial basis, the most frequently used thickness, 
0.75 mm (30 mils), has been found to be a good compromise between easy, 
reproducible machinability, sensitivity, and test rapidity. Reproducible, 
thin specimens are more difficult to machine while thicker specimens 
need longer test times due to the higher rupture pressures and the need 
for reducing the pressure increase rate in order to keep pace with the 
rate of hydrogen entry. 

At room temperature (RT) it is possible to test up to 20 standard disks 
a day. 

A p p e a r a n c e s  o f  t h e  R u p t u r e d  D i s k s  

Of course, it depends on many factors. In the case of relatively homo- 
geneous materials we may mention: chemistry, thermomechanical treat- 
ments, surface condition, hydrogen activity (pressure and purity in case 

s i bar ffi 0.987 atm - 14.51 psi. 
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FIG. 1--Appearance of 35NCD16 disks tested under various conditions. 
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FIDELLE ET AL ON DISK PRESSURE TESTING 225 

FIG. 2--Rupture appearance on heterogeneous materials 

of GH2), temperature, loading rate (pressure increase rate), etc. Most 
tests have been run with the pressure and the eventual embrittling medium 
on the same side (about 6 000 tests in seven years, covering 70 materials 
in various conditions). From them it has been possible to rationalize a 
chart of growing embrittlement appearances, including 14 basic cases. 
Figure 1 gives instances in the case of 35NCD16 (0.41C, 4.28Ni, 1.97Cr, 
0.53Mo) steel, tempered at 200 ~ C (tensile strength) = 194.3 kg/mm 2) 
or 650 ~ C (TS = 72.7 kg/mm2). Embrittlement grows from B2(He) to 
E(H2 - 200 ~ C tempering) as the plastic strain at rupture decreases. G 
indicates low temperature embrittlement, which is moderate owing to 
the nickel content of this steel. 

Materials with important heterogeneities can influence rupture ap- 
pearances in a way which bring them into evidence (Fig. 2). 

HI :  cupola plus tiny holes at the M~8C6 precipitates, matrix interfaces 
on 870 ~ C sensitized Type 304, He, H2 

J l :  cracking at the anchorage plus cracks parallel to the rolling direc- 
tion on HS carbon steel, H2 

J3: cupola plus ruptures parallel to the crossed rolling directions 
on cold-rolled Pt-25Ir alloy, He, H2 

K4: ruptures parallel and normal to the weld axis of diametrally welded 
U-1.5Mo alloy, H2 

Influence of  the Nature of  Materials (testing materials for relative 
hydrogen gas emhritt lement (HGE) susceptibility) 

Materials are screened means for tests of increasing severity. Figure 3 
gives results of the first screening test for various materials. All of them 
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226 HYDROGEN EMBRffTLEMENT TESTING 

were 0.75 mm thick, except nickel (0.40 mm), IN 744 (0.50 ram), ground 
CG 27 (0.85 mm), and lapped plus polished CG 27 (0.82 ram). The 
common pressure increase rate, 65 bars/min, was slow enough to provide 
sufficient sensitivity and sort materials into three main preliminary 
categories (they include a few more materials which could not be men- 
tioned on Fig. 3 due to lack of space). 

FIG. 3--Relative hydrogen susceptibility of various metals and alloys tested at 65 
bars/min at room temperature. 
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TABLE 2--Composition in weight percent. 

C Co Cr Ni Fe Mo Mn Si W La 

HS 188 0.08 39.6 22 22 1.5 0.75 14 0.05 
Phynox 0.125 39.49 19.75 17.26 15.33 5.64 1.28 0.23 

Little or No  Sensitivity 

1. A l u m i n u m  base: 7075-T6. 
2. Cobalt base: Haynes 188 (HS 188) and French alloy Phynox. 
Compositions in weight percent mechanical properties and more de- 

tailed DPT results are given for these alloys in Tables 2 and 3. Phynox 
is hardened twice: by cold work and ordering and thermal treatment of 
the cold-worked material. 

Selection criterions are successively: (a) low hydrogen embrittlement 
(low pHe/pH2) ,  (b) high biaxial resistance (high pile), and (c) high yield 
point (YP). Materials 2 and 3 appear the most interesting ones. Further 
selection between them will be made on the basis of: (a) more severe 
HGE tests and (b) other properties than resistance to HGE. I t  will be 
noted that cold work decreases HGE, while raising the YP, contrary to 
what is observed, for instance, on steels when YP is raised by thermal 
treatment at lower temperatures. However, too much cold work detri- 
mentally affects the biaxial strength of the material. 

3. Copper base: Beryllium copper [-27, 70-30 brass. 
4. Iron base: Types 304, 316, 310 austenitic steels. 

AGT (13Ni, 13Cr), X 203 (21Cr, 20Ni, 20Co) austenitic 
steels. 

A286 age hardened austenitic steel [-~. 
IN 744 duplex austeno-ferritic steel (26Cr, 6.5Ni). 
Type 430 ferritic steel. 

Solution treated and quenched Type 304 is embrittled very little during 
the regular DPT: p H e / p H 2  = 1.11, which is similar to the ratio 
UTS~./UTS~2 = 1.13 found by Benson et al r-3] for notched tension 
specimens of a similar material tested under 10 000 psi GH2 and helium. 
However, machining ([-~J and Fig. 3) and rolling induce a martensitic 
transformation which makes the specimens magnetic and also causes a 
greater sensitivity to hydrogen embrittlement (HE). In rolled 0.33-mm- 
thick disks, a ratio p H e / p H 2  = 4.62 has been found which approaches 
that found on HS martensitic steels with similar thicknesses. ~ 

Sensitization by holding 700~ for 3 h followed by a slow cooling is 

4 Cold work percent - 100 • (to - tl)/to where to and t/ are the initial and final 
thicknesses of rolled material. 
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known to induce sensitivity to intergranular corrosion. It  also causes 
intergranular hydrogen cracking ([5-] and Fig. 3). 

5. Titanium base: Ti-5A1-2.5Sn alloy [-2-]. 
Ti-6A1-6u (a ~- f~) alloy, treated 2 h at 860 ~ C, 

quenched and tempered 4 h at 595 ~ C [-2]. 
6. Zirconium base: Unalloyed zirconium [-6-]. 

Zircaloy 2 (Zr-l.5Sn) r6-]. 

Moderate Sensitivity 

1. Cobalt base: Pure rolled cobalt, pHe/pH2 = 1.29. 
2. Iron base: 0.18C ferro-pearli~ic steel. However, as this material has 

a banded structure, the degree of embrittlement depends appreciably on 
the orientation of the pearlite bands, pHe/pH2 ranging from 1.83 to 1.25, 
whether they are perpendicular or parallel to the disk plane: (a) fast- 
quenched and high-temperature tempered martensitic steels and (b) 
continuously rolled and heat treated 230-ksi XC 75 (0.75C) and XC 65 
(0.65C) carbon steels. Long sheets of these steels are used for prestressing 
concrete buildings, around nuclear reactors. (In that instance the (hy- 
drogen environment embrittlement) hazard was that of hydrogen generated 
by corrosion of steel.) These steels appear less sensitive than the mar- 
tensitic steels achieving a similar strength level, the only means of thermal 
treatment ET]. 

3. Nickel base: Rolled nickel E2]. 
4. Platinum base: 50 percent cold-worked Pt-25Ir alloy. 
5. Titanium base: T-6A1-4V (a W f~) alloy treated 1 or 2 h at 800 ~ C [-2]. 
6. Uranium base: U-1.5Mo alloy [-8]. 
7. Zirconium base: Zr-0.5Cu alloy [-6]. 

High or Very High Sensitivity 

1. Cobalt base: Haynes 25. The solution treated material is quite sensitive 
to HGE: pHe/pH2 = 2.52. Cold work decreases HGE, but, unfortunately, 
too much cold work also severely reduces biaxial resistance. 

2. Chromium base: 60Cr-40Fe alloy [-2-]. Sigma phase in austenitic, 
and ferritic steels is not only brittle per se but is also hydrogen embrittled. 

3. Iron base: Medium and high-strength steels and badly processed 
high-temperature tempered (relatively low-strength) steels. 

The wrong processing can be due to: (a) Austenitizing at too high 
temperatures which allows exaggerated grain growth. (b) A sluggish 
quench, which forms brittle upper bainite E9] (this needs some ingenuity 
to avoid in large forgings, such as those used for some large chemical 
synthesis reactors), (c) A sluggish cooling after tempering, which is also 
a serious matter to avoid in thick specimens, and (d)~ Tempering in the 
tempered martensite embrittlement temperature range ([-10] and Fig. 4 
on 35NCD16 steel). 
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FIG. 4--~Influence of the tempering temperature on the impact strength and rupture 
pressures pile and pH~ of 35NCD16 steel. 

Resfflts of the DPT have been calibrated versus industrial experience, 
and it has been found that steels with a pHe/pH2 ratio greater than two 
were troublesome during their service life, whereas no hydrogen induced 
delayed failure has been noticed after several years for others with a 
Tatio smaller than two. For instance, steels commonly used for GH~ 
storage under pressure have a ratio ranging between 1.40 and 1.55. At- 
tempts to noticeably decrease the weight of commercial cylinders means 
of higher strength steels (tempered at lower temperatures) have been 
unsuccessful as the ratio two was exceeded, and accordingly hydrogen 
induced delayed failures were experienced. 

Hydrogen sensitivity of 260 to 280-ksi HS steels is high, ranging from 
3.5 to 13; however, maraging steels generally appear more sensitive than 
less alloyed HS steels (Table 4). 194-ksi CG 27 (38Ni, 12.5Cr, 5.4Mo, and 
2.33Ti) [2J: this austenitic material is hardened twice: 16 h at 790 ~ C + 16 h 
at 650~ and like sensitized Type 304 and Inconel 718 its hydrogen 
sensitivity is derived from the precipitates at the grain boundaries. 

4. Nickel base: Electroformed nickel [-2J. 
5. Platinum: Solution treated + 5 percent cold-worked Pt-25Ir alloy. 
6. Titanium base: Annealed Ti-13V-11Cr-3A1 alloy. 

Ti-6A1-6V-2Sn (a +/~) alloy, treated i h at 750 ~ [2]. 
Then materials with apparently none, little, or moderate sensitivity 

are further submitted to tests of increasing severity to find out the limits 
of their resistance within the area of potential utilization. These tests 
favor crack initiation especially. Then materials which are only initiation 
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TABLE 4--pHe /pH2 ratios for various high-strength steels tested under standard conditions. 

Steel pHe/pH~ a 

Number 
of 

Batches 
Tested 

230 ~ C tempered 35NCD16 [-3.5 to 5.35] 5 
200 ~ C tempered 35NCD16 3.85 [-4 to 5"] 7.18 6 
H 11 [3 .6  to 5.7"] 5 
300 M (4340 with Si) 5.24 1 
250 maraging 4.7 [6.4 to 7"] 12.90 8 
AFC 77 (maraging with Cr) 4.7 to 7.85 2 

The usual range is between brackets, extreme values are outside 35NCD16 
(typically) includes 0.40C, 4.30Ni:, 1.93Cr, 0.51Mo. 

r e s i s t an t  b u t  no t  c rack  p r o p a g a t i o n  res i s t an t  appea r  affected (for ins tance  
t i t a n i u m  al loys) ,  while  ma te r i a l s - r e s i s t an t  to c rack  p r o p a g a t i o n  will come 
ou t  unaf fec ted  or s l igh t ly  af fec ted (70-30 brass ,  be ry l l i um copper ,  7075-T6, 
T y p e  310, A286) (Tab le  5). 

Here  i t  is wor th  to  po in t  up  t h a t  the  so-cal led in i t i a t ion  res is tance  is 
no t  a c t u a l l y  a b u l k  p r o p e r t y  of mater ia l s ,  since d i scont inuous  crack  p r o p a -  
ga t i on  involves  a d i scon t inuous  succession of in i t ia t ions .  I n i t i a t i on  re- 
s i s tance  is r a t h e r  due  to  surface poisoning or surface oxides which  p reven t  
hyd rogen  e n t r y  (as in the  case of t i t a n i u m  al loys) .  Therefore ,  the  a im  of 

TABLE 5--Initiation or increase of HGE during increased severity tests. 

Material 

Tests of Increasing Severity at RT 
Test 

Tests at Low Delayed Over- Low-Cycle Above 
Strain Rates Failure stretching Fatigue RT 

70-30 brass no 
Beryllium copper no 
7075 T-6 no no 

A286, 310 no no 

Phynox 

Tio5A1-2.5Sn yes yes 
moderate moderate 

Ti-6A1-6V-2Sn yes 
drastic 

Zircaloy 2 yes 
moderate 

U-1.5Mo yes 
drastic 

no 
no 

yes 
moderate 

no no 

yes 
drastic 

yes 
drastic 

yes 
moderate 

yes 
moderate 

yes 
drastic 

yes 
drastic 
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232 HYDROGEN EMBRITTLEMENT TESTING 

increased severity tests is to overcome spurious inhibition effects when 
they restrain hydrogen entry during the regular DPT.  

I t  can be done several ways: (a) by  increasing exposure times, (b) by  
increasing temperature,  and (c) by  producing a severe localized plastic 
deformation (not dissimilar to that  taking place at a crack tip). 

On the other hand, it  is possible to take advantage of the spurious 
inhibition effects when their effectiveness and reproducibility is improved 
well enough to afford a consistent protection against H G E  El l ] .  There- 
fore, on the most sensitive m~terials, tests were performed to determine if 
H E  could disappear when tested under milder conditions than those of 
the standard test, and whether protection against H G E  could be possible. 

The special cells needed for some of these further tests, the typical 
results obtained, as well as the influence of various factors on HGE,  are 
given next. 

Influence of Hydrogen Purity 

This can be studied easily. Table 6 gives results of tests where the air 
was not  evacuated before running the hydrogen tests. 

In a low-strength steel, H G E  is curtailed almost completely, but, 
unfortunately,  this embrit t lement reduction decreases as strength level 
and hydrogen sensitivity increase. Small degrees of apparent exceptions 
are due to the simultaneous increase of oxygen concentration at  rupture, 
this being approximately four times greater at the end of the last test  
than at the end of the first one; then, embritt lement of HS steels is still 
very  large. This does not actually question the results obtained on HS 
steel fracture mechanics specimens for which oxygen pressures as low as 
6.10 -3 a tm could stop the cracking in 1-atm GH~ completely [19]. In 

TABLE 6---Influence of oxygen contamination on HGE of steels. 

pile, pHi, pH~o vpm, pile~ pile~ 
Material bars bars bars 0~ ~' pH~ pH~c E/Er b 

0.09C-3.5Ni, 73 ksi steel 420 310 410 512 1.39 1.02 10.77 
0.60-mm thick 

35NCD16 
650 ~ C tempered 560 300 365 575 1.86 1.53 1.33 

173 ksi 
550 ~ C tempered 570 192.5 295 712 2.96 1.93 1.37 

189 ksi 
200 ~ C tempered 540 140 167.5 1254 3.85 3.22 1.07 

282 ksi 
350 ksi maraging 380 67.5 105 1989 5.63 3.62 1.13 

a 02 concentration at rupture. 
b E f f i  (pile - pHi)/pile E~ ffi (pile - pH2 contaminated)/pHe 
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TABLE 7--Influence of abrasion before testing on HGE of Zr-O.SCu alloy. 

Not Abraded Abraded 
State of 
Material pile, bars pHi, bars pIte/pH2 pile, bars pH2 bars pHe/pH~ 

Cold worked 531 376 1.41 514 223 2.30 
Annealed 530 312 1.69 525 203 2.58 

this experiment the specimens included an open crack, and the crack tips 
are at a thermodynamically attractive location for oxygen to migrate 
and sit steadily, blocking hydrogen sorption. On the other hand, hydrogen- 
oxygen competition on smooth specimens is not restricted to one point, 
and oxygen cannot restrMn hydrogen entry well enough to prevent era- 
brittlement of noticeably sensitive materials. Therefore, smooth specimens 
are more suitable than precracked specimens for realistic studies on the 
influence of impurities on HGE. 

Inf luence  o f  Surface  C o n d i t i o n  

The DPT appreciates the influence of surface condition sensitively 
(see Fig. 5 about 35NCD16HS steel). Similar effects are found on HS 
age hardened CG 27 austenitic steel ([-2] and Fig. 3). In Type 304L, 
machining induces a martensitic transformation, making the material 
noticeably sensitive to HGE (pHe /pH2  = 1.83). 

On materials like titanium, zirconium, uranium alloys surface oxides 
afford protection against HGE. Abrasion of oxide on a Zr-0.5Cu alloy, 
just before testing, makes this material more sensitive (Table 7). The 
moderate sensitivity of a U-1.5Mo alloy during the standard DPT 
( p H e / p H :  = 1.32) even disappears when the material is protected by 
polishing in a Monti bath; this is an oxidizing bath including HsP04, 
CrOs, and C2H5 OH [-8]. 

FIG. 5--Influence of 
HS steel. 

~ '144 H 2 

~ 174 H 2 1785 He 

195 H 2 

leJ~:lT-opdish~l.I 253 H 2 
I ~ ~ < 1  ~ P~ 

surface preparations on the rupture pressures (bars) of 35NCD16 
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Influence of Thermomechanical Processing 

Instances of the influence of thermal  t rea tment  have already been given 
for Type  304 and 35NCD16; other instances will be given later when 
dealing with the influence of tempera ture  and pressure of martensitic 
steels on HGE.  

Nowadays  there is still an important  problem for good and accurate 
processing of martensitic steels. Quite often a given heat t rea tment  applied 
to a given strength level gives some scatter on elongation percent (Ergo). 
Of course, this ductility scat ter  affects the ul t imate biaxial s t rength of 
materials tested under helium. Table  8 shows tha t  the effect is even more 
pronounced when disks are tested under GH2. This hints tha t  these tests 
can be useful for quality control of materials, either usable in the presence 
of GH2 such as the 650 ~ C tempered material,  or not usable, such as the 
other ones. For standard disks, minimum rupture pressures should be 
demanded (220 bars GH~ for the 200 ~ C tempering and 400 bars for the 
650 ~ C tempering).  Lower pressures would indicate unsufficient quality, 
detr imental  for whatever  application is considered. 

Unless it induces a t ransformation to a more hydrogen sensitive phase 
(as in 304 stainless steel), sufficient cold work appears beneficial for reducing 
H G E  at RT.  Also steels brought  to a given strength level by a combination 
of rolling and heat  t rea tment  are less H G E  sensitive than  steels brought  
to this level by  heat t rea tment  only. Hea t  t rea tment  only means lower 
tempering temperatures  and probably less thermodynamical  stability, 
hence, a smaller hydrogen resistance. The  last two points present a great 
deal of practical interest, and further investigations will determine whether 
they  keep true during slow strain rate and static fatigue tests. 

TABLE 8--Influence of ductility scatter on ultimate biaxial strength of 
35NCD16 steel, tempered at various temperatures and tested under GH2. ~ 

Tempering temperature 200 ~ C 230 ~ C 

Elongation, % 
pile, bars 
pHi, bars 
pHe/pH~ 

9.73 8.4 7 8 7.33 6.8 
980 890 650 867 785 666 
245 180 130 210 174 124 

4 4.94 5 4.18 4.51 5.35 

Tempering 
temperature 400 ~ C 550 ~ C 650 ~ C 

Elongation, % 8.4 6.6 
pile, bars 615 530 
phi, bars 207 93 
pHe/pH~ 2.97 5.70 

11.2 10.5 7.6 15.1 13.6 10.7 
777 670 650 690 710 599 
230 160 140 410 351 270 

3.38 4.18 4.78 1.68 2.02 2.19 

Each material has been tempered twice for 2 h. 
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TABLE 9---Influence of cold work on rupture pressures of Phynox standard disks. 

CW, % YP, kg/mm~ TS, kg/mm~ E, % pile, bars phi, bars pHe/pH~ 

23 98.1 130.4 19.2 810 653 1.24 
46 145.5 168.8 5 357 337 1.06 

However, while there are materials for which cold work does not decrease 
the ultimate biaxial strength in the cold-worked range investigated 
(Zr-0.5Cu, Pt-25Ir), it does for the cobalt alloys we have investigated 
(Tables 3 and 9). A similar trend has also been observed to a lesser extent 
on 13Cr-13Ni and 21Cr-2ONi-20Co stable austenitic steels. Therefore, 
although in some ranges cold work will be useful by raising the YP and 
decreasing the HGE, its use has to be limited properly for such materials. 

Here it is proper to point up that the work hardening we have considered 
was made by rolling. As demonstrated by Wiester et al E18~ localized 
cold work, such as that induced by stamping or grinding, is extremely 
detrimental, most likely because of the tensile stresses induced at the 
boundaries of the work hardened zones. 

I n f l u e n c e  o f  W e l d i n g  

Welding [-4, 141 is frequently necessary to join parts of a structure 
but  may have a detrimental influence on its resistance to HGE [-4, I41, 
by promoting more sensitive microstructures (alpha-titanium alloys) or 
by irregularities of the weld acting as stress raisers. Quite frequently the 
cracking of hydrogen pressure vessels starts from such areas [151. 

In order to test the influence of welds on HGE, we use diametrally 
welded 58-mm-diameter disks. The DPT can be used to: (a) select weldable 
alloys, (b) make a choice among different welding processes, and (c) evaluate 
different welding sequences of a welding process, for further use in the 
presence of GH2. Table 10 illustrates how the DPT could be used for 
selecting welding processes for Type 304L: 

TABLE lO--Influence of machining and welding on HGE of 30~L. 

No Machining Machined 

Welding Process pile, bars pH2, bars pHe/pH~ pH2, ba r s  pHe/pH~ 

Electron beam welding 730 560 1.30 383 1.90 
Microplasma 703 510 1.38 360 1.95 
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Electron beam welding (EBW) has been preferred to microplasma 
which gives a somewhat smaller pile and larger relative HE. HE of 
welded 304L is especially due to delta-ferrite retained from high tempera- 
ture 5, but, when EBW is performed slowly enough so that thermal con- 
duction plays an important role, then the importance of delta-ferrite 
is minimized and HGE decreases to the level of unwelded material. 
Machining to remove weld irregularities did not prove to be beneficial 
but rather detrimental, inducing a surface transformation to martensite 
which is more sensitive to HE. Therefore, slow EBW was selected without 
machining off the weld reliefs. 

When welding causes embrittlement, cracking occurs in the embrittled 
zone, but it is sometimes useful to get more quantitative information. 
Then, a minicell is used to test very small disks (maximum diameter: 
8-ram, useful diameter: 5 mm) which are taken out from the fusion zone, 
the heat affected zone, and the base metal at given distances from the 
weld axis and are tested under helium and GH2 r$]. Such a cell can also 
be used for testing the HE of disks taken with different orientations from 
HS steel wires. Again, it was found that, for a given strength level, thermo- 
mechanically processed materials were more HGE resistant than steels 
for which the strength level results only from thermal treatment [16-]. 

Another potential use of this cell is failure analysis. Quite frequently, 
the complex shape of failed specimens, nonhomogeneous thermal exposures, 
nonhomogeneous corrosion, etc. do not permit sampling out regular test 
specimen, and the only localized mechanical property available is micro- 
hardness. At some extent the situation is circumvented by the use of 5 mm 
useful diameter disks which enable the plotting of local biaxial ductility 
versus situation. 

Influence of Pressure 

To test it, we apply GH2 partial pressures and go to rupture applying 
an additional increasing partial pressure of helium. In HS steels 35NCD16 
[-2] and 4330, there are two main regions separated by a round elbow: 

1. Low pressure regions where there is a drastic influence of pressure, 
starting well below 1 psi, the total rupture pressure (pile + pH2) falls 
steeply. 

2. Higher pressure regions where there is a small influence of hydrogen 
activity on the stress threshold at which HGE occurs (Table 11). 

In the case of 4330 treated to about half of the previous strength level, 
there is an immediate small decrease of pile + pH2 when pH~ is comprised 
between one and five bars, but then it decreases very slowly and almost 
linearly (Table 12). 

Although, not very sensitive to HE, delta ferrite at least acts as a short path for 
hydrogen entry. 
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TABLE 11--Influence of GHs partial pressure on total rupture pressure 
(pile --~ pH2) of $00 ~ C tempered, $53 ksi, ~330. 

237 

phi, bars 0 0.25 1 4 16 87.5 
pile -}- pH2 750 230 180 145 115 87.5 

We have recently started to study the influence of pressure by applying 
a given pressure of GH~ disks downward and going to rupture by applying 
an increasing pressure of helium upward. This technique gives embrittle- 
ment data in good agreement with those exposed. 

To overcome the fact that  by first applying a large pressure of GH2 
the disks could negatively bulge or even embrittle when made of a hydrogen 
sensitive material, the same pressures of GH2 and helium are applied 
downward and upward at the same rate, which prevents stressing the 
disks. Then an additional helium pressure is added upward at  the chosen 
rate to reach rupture or any differential pressure upward or downward 
chosen for delayed failure experiments. If the upward pressure is pro- 
gressively decreased, then the disks can be strained to rupture under a 
constant GH2 pressure, provided this and the initial pi le  applied was 
large enough. 

I n f l u e n c e  o f  T e m p e r a t u r e  

For tests between 20 and 180 ~ C it is possible to place a regular cell in 
a thermostatically controlled oven. Beyond this range we use thermally 
insulated A286 steel cells with unwelded copper seals. In every instance 
temperature is measured on the specimen. 

Low temperatures between RT and - 1 9 6  ~ C are achieved by flowing 
a mixture of liquid nitrogen and compressed air through a jacket around 
the testing cell (Fig. 6). Elevated temperatures are achieved by means 
of two heating plates above and below the cell (Fig. 7). Figure 8 gives 
the influence of temperature on HGE of 35NCD16: tempered at  650 ~ C 
TS = 194.3 kg /mm 2 (276.5 ksi) and tempered at 200 ~ C TS = 107.5 
k g / m m  2 (153 ksi) E17]. 

HGE appears after - 1 3 0  ~ C for the first tempering, increases pro- 
gressively, then, after a very flattened maximum between - 40 and - 10 ~ C, 
decreases sluggishly to 50 ~ C. After that  it  remains constant within the 
experimental error limits, at least until +300 ~ C. I t  will be noted, however, 

TABLE 12--Influence of GH~ partial pressure on total rupture pressure 
(pile -~ phi) of 680 ~ C tempered, 158 ksi, ~330. 

phi, bars 0 5 100 200 327.5 
pile -t- pH~ 520 495 440 385 327.5 
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238 HYDROGEN EMBRITTLEMENT TESTING 

FIG. 6--Low-temperatures cell. 

that the ratio pHe/pH2 is always smaller than two, indicating a tolerable 
sensitivity. 

HGE appears as soon as -145 ~ C for the second tempering is reached, 
increases steeply, then, after a maximum near - 4 0  ~ C, decreases slowly 
and thus keeps very important at -t-300 ~ C. The transition noted at low 
temperatures reflects the synergistic effect of low-temperature embrittle- 
ment and HGE, this one disappearing as the other one appears (shaded 
portion in Fig. 8). Due to the nickel percent content of the steel, such 
an effect is not observed for the high-temperature tempered material. 

The embrittlement drop noticed at about 200 ~ C for the HS material 
is probably because this is also the tempering temperature for this material. 
Above 200 ~ C HGE increases rapidly at first then it decreases, but only 
slowly because then the material has entered the tempered martensite 
embrittlement range. This contention is substantiated by electron frac- 
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FIG. 7--Elevated-temperatures cell. 

tography. Whereas fracture is transgranular for the material embrittled 
at room and medium temperatures, it is intergranular for the material 
tested at 300 ~ C. This is the regular shift observed when embrittling 
effects of tempering are superimposed to those of HE [5, 9]. 

The influence of temperature has also been studied on nickel between 
20 and 180 ~ C [2], Inconel 718 [18], Phynox, and A286. Preliminary 

pi le 
pH2 

-14s'L : I 
i i , 

-196" -130"-100" 

C tempered 

V A  , 

F ~ ~  650"C temper'e~ 1 

I i . . . . . . . . . . . . . .  I I I I 
I I I I 
1 I I I I I 

I I I I 
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FIG. 8---Influence of temperature on HGE of 36NCD16 steel. 
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FIG. 9---Delayed failure curves and influence of the pressure increase rate on HGE 
of t1-11 and 250 maraging steel. 

results indicate some embrittlement of this material at about 300 ~ C 
( p H e / p H ~ - -  1.25). 

Inf luence  o f  S tra in  R a t e  

This has been investigated on two HS steels (Fig. 9). At high pressure 
increase rates, there is little embrittlement; however, when they are 
decreased, embrittlement increases rapidly for H 11 and somewhat less 
rapidly for 250 maraging steel, owing to the smaller RT  DH in this steel: 
D~ = 2.1 X 10 -8 cm ~ s -1 for H 11 E19] and D~ = 3 X 10 -9 cm s -~ for 
250 maraging steel e These results are in good agreement with those 
obtained on 35NCD16 and 350 maraging steels, cathodically charged 

6 Admittedly, in the present tests environmental hydrogen is dragged inside of the 
metal by dislocations more than by regular diffusion E~O, 31 ], but, at some extent, the 
speed of dislocations has to be turned up to hydrogen diffusivity to get a maximum 
efficiency. 
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over different periods; DH = 5 • 10 -8 cm ~ s -~ in 35NCD16, which is 
close by DR in H 11. Therefore, 35NCD16 is more quickly saturated than 
maraging and at first appears more embrittled when charged disks are 
tested under helium. Then IHE of maraging overshoots that of 35NCD16 
when it gets saturated [-1]. The same explanation is also valid for 
Ti-5A1-2.5Sn. Hydrogen diffusivity is low near RT, (DH)70 c = 2.9 X 10 -l~ 
cm ~ s -1 [-221, and HGE is more noticeable at lower dp/dt (pressure increase 
rates): pHe/pH~ < 1.08 for dp/dt -- 89 bars/min and pHe/pH2 = 1.31 
for dp/dt = 20 bars/mAn. The second ratio can be compared to the ratio 
1.23 of the notch tensile strengths of the same alloy tested under 684 bars 
(10 000 psi) helium and GH~ found by Walter and Chandler ['231. 

Delayed Failure Experiments 
Although HGE is relatively less time dependent than IHE, the claim 

that HGE is not time dependent is not correct. Would it be so, then HGE 
would not be so much of a problem for the industry, and there would 
not be so much need to worry about it. As a matter of fact, delayed failures 
caused by GH~ have been shown for a long time by Hofmann and Vogt 
on a reinforcing steel [-241. 

We have carried out delayed failure experiments on 252-ksi H-11 250 
maraging steel (Fig. 9), and on several other martensitic steels. Delayed 
failure racks are shown in Fig. 10. During these experiments, GH~ pressure 

FIG. lO---Delayed failure racks. 
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FIG. 11--Stress-strain and delayed failure curves for 2 mm thick 35NCD16 H S  steel 
disks. 

is applied rapidly so that it is possible to reach pressures higher than 
the maximum pressure attained during rupture tests conducted at 65 
bars/min or below. Figure 9 indicates that the delayed failure limit seems 
to merge with the limit rupture pressure obtained during tests conducted 
at more and more reduced rates. This information is being confirmed by 
other experiments in progress, which presents a great potential interest 
in saving the time spent on long delayed failure experiments. 

Other experiments have been carried out on 2-mm-thick plates of 285 
ksi, 200~ tempered, 35NCD16 (Fig. 11) E25~. Owing to the relatively 
slower hydrogen impregnation than on regular thickness specimens, 
a clean S-shaped delayed failure diagram could be recorded, similar 
to those reported by Troiano et al [26] for IHE. I t  includes three 
parts: (1) incubation, (2) discontinuous crack propagation which can 
be monitored by acoustic emission or discontinuous recordings of 
extensometric gages placed on different parts of the specimens, and 
(3) fast fracture. Comparing the two parts of Fig. 11 it will be noted 
that delayed failure can take place well below the pressure beyond which 
macroscopic yielding occurs. This does not question the well-known fact 
that HE requires some plastic deformation [27, 28], but this deformation 
needs not take place on a macroscopic scale and only need take place 
near the tip of internal flaws, which preexist in such HS materials. This 
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is confirmed by the fact that prestressing with a neutral gas to a pressure 
equal to the hydrogen delayed failure limit of unprestressed material 
raises this limit for prestressed material. Thus, cold work by prestressing 
appears to be an effective way to reduce HGE further. 

Hydrogen enters materials even below the delayed failure limit. Disks 
which had not failed after 2 h exposure to 30 bars of GH~ were tested under 
helium, after evacuating GH2 and flushing the upward chamber several 
times with helium. The disks broke under a mean pressure of 215 bars, 
while uncharged material did not fail under 700 bars of helium. Such 
checkups are useful to indicate what safety margin would be present if 
a material, previously exposed to GH~ and apparently unembrittled, had 
to be stressed to higher stress levels after removal of GH~. 

Permeation is another sensitive way to follow incubation and ,discon- 
tinuous crack propagation. This has been discussed at length in earlier 
papers as well as the influence of temperature ['10, 17, 29, 30"]. In HS steels, 
discontinuous crack propagation comes out as discontinuous permeation 
increases. In the experiments depicted by Fig. 12, permeated gas was 
collected daily by means of a T6pler pump and measured by gas chroma- 
tography. The differences between the initial and final permeabilities at 
RT indicate irreversible damage. It is also possible to monitor cracking 
continuously by means of a mass spectrometer [31-]. Permeation is an 
especially suitable technique for studying HGE in progress, and one 
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FIG. 12--Discontinuous permeation increases in 2 mm thick 35NCD16 HS steel disks, 
exposed to GH~ under pressure at various temperatures. Note the irreversible effect of crack 
propagation on permeability. 
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advantage of the disks is to leave one side of the specimen available for 
such measurements. 

Experiments have also been carried out on Ti-5A1-2.5Sn and zirconium 
alloys when hydriding takes place, and, since diffusion through compact 
hydrides is slower than through bulk materials, surface hydriding causes 
permeation to drop appreciably before rupture E6, 15~. 

In delayed failure tests run on U-1.5Mo alloys between 20 and 100 ~ C, 
rapid cracking without detectable hydriding was observed at lower tem- 
peratures and high stresses induced by high pressures, while under lower 
pressures at higher temperatures the material started hydriding then 
broke when its thickness had been sufficiently reduced by corrosion. Such 
tests are run in an inert gas vented glove box to avoid uranium hydride 
fires when the cell is broken down, but only the delayed failure cells need 
to be inside of the glove box, the remainder of the equipment being outside. 

Another potential use of such a glove box is abrasion in an inert gas 
atmosphere of oxide coated materials, such as titanium, zirconium, and 
uranium alloys, immediately before testing under GH2. Admittedly, 
these material are so much reactive with oxygen that oxides may reform 
to some extent, but abrasions made under less favorable conditions, for 
example, in air, followed by tests on Zr-0.5Cu alloy indicate that they do 
not reform sufficiently to prevent increased HGE of abraded specimens 
(Table 7). 

Low-Cycle Fat igue 

This program in progress now has been initiated because it had been 
found that if during delayed failure experiments the applied pressure 
decreased due to a small leak or a RT change, ruptures occurred quite 
frequently as the pressure was adjusted back, indicating that changing 
stresses are more critical than plain static stresses. 

During the first experiments disks have been cycled n times between 
O-bars and a fraction, generally ~ ,  of the GH~ rupture pressure during a 
regular dynamic test; then, they have been strained to rupture. Tests 

TABLE 13--Influence of the number of low-cycle fatigue cycles on the final rupture pressure. 

pile, pH2, n, pile, pH2, 
Material bars bars pHe/pH2 cycles bars bars pHe/pH~ 

Beyllium copper 535 535 1 20 530 530 1 
A286 609 589 1.02 40 no significant change 1.02 
280-ksi35NCD16 703 103 7.18 10 77 
Ti-5AI-2.5Sn 430 408 1.05 ~39" 365 ~200 ~ 1.82 

i48 [150 [2.43 
Ti-6A1-6V-2Sn 437 399 1.09 10 545 276 1.98 

a Rupture under GH~ occurred between 39 and 48 cycles. 
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TABLE 14--Overstretching results for 7075 T-6. 

pile,  bars phi ,  bars pHe/pH2 ~r pi le ,  bars pH2, bars pHe/pH2 

287 283 1.01 246 199 165 1.21 
249 21! 169 1.25 

have been conducted with helium too, in order to differentiate between 
the effects of cycling under a neutral gas and those due to GH2 (Table 13). 
Except for Ti-5A1-2.5Sn, cycling was not carried out long enough for 
failures to occur during cycling, because the tests had to be carried out 
manually, but they would have likely occurred for the other two sensitive 
materials 35NCD16 and Ti-6A1-6V-2Sn, considering that they are already 
seriously affected after only ten cycles. These preliminary results have 
been found encouraging enough so that an automated cell has been designed 
and is presently under evaluation. 

Overstretching 

This test has been initiated during a program conducted at Case- 
Western Reserve University in order to investigate the role of HE in 
stress corrosion cracking [-321. It has been used for materials displaying 
negligible sensitivity during the regular dynamic test: 70-30 brass and 
7075-T6. During the test, materials are bulged under a pressure, ~r, about 
85 to 90 percent of the rupture pressure, then pressure is applied in the 
opposite direction to rupture. A severe plastic deformation takes place 
at the anchorage which should favor HE if there is any sensitivity, even 
small, of the material to hydrogen. 

No embrittlement could be detected for 70-30 brass. Table 14 shows 
the results obtained for 7075-T6, indicating that under conditions of severe 
plastic deformation, similar to those existing near the tip of a stress cor- 
rosion crack, EHE is made possible. 

Other Sources of Environmental Hydrogen Embrittlement (EHE) 

Hydrogen isotopes, deuterium, and tritium also induce HGE E2, 5, 6, 
7, 8, 10, 11, 20, 25, 291, which generally decreases in the following order 
H--* D--~ T. In each case the same test cells can be used, but, in the 
case of the radioactive isotope tritium, they are placed in an inert gas 
vented glove box. 

The OPT is not only usable for HGE but also for other sources of EHE 
such as water or acids [1]. The aggressive medium can be placed on the 
same side as pressure, on the other side, or even on both sides. Delayed 
failure experiments have been carried out on HS steel disks exposed to 
water saturated, pressurized helium on one side, t5 study the problem 
of light tanks filled with a neutral gas under high pressure. Usually high- 
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pressure gases are wet, which is a potential source of corrosion generated 
hydrogen. Helium pressure was 80 percent of the rupture pressure during 
the dynamic test. When 300 vpm of oxygen were present with moisture, 
disks cracked between six and ten days, and traces of corrosion were 
present on the open cracks. In the absence of oxygen, stress corrosion 
cracking was completed in three weeks, conspicuous traces of corrosion being 
absent on the cracks. 

Protection Against HGE and Hydrogen Absorption 

In equipment where HEE and especially HGE cause a problem, several 
kinds of protection measurements can be attempted: 

1. Choice of materials with a good bulk resistance to HE. 
2. Alter conditions of operation, when possible. For instance, with 

reactors working at elevated temperatures under GH2 pressures, periodically 
vent the hydrogen out and outgas absorbed hydrogen in order to prevent 
critical accumulation inside of the material. 

3. Alter design to put threads or other stress concentrators outside 
of the hydrogen chamber. 

4. Have a surface in contact with GH2 as smooth and free from tensile 
stresses as possible. When possible, shot peening will be helpful by creating 
compression stresses in surface layers and will help to decrease the effective 
tensile stresses during service in the presence of GH2. 

5. Fretting the inner shell or prestressing it will also be effective. 
6. When tolerable, add inhibitors to the hydrogen supplying phase, 

such as buffers to liquids in order to prevent acidity or traces of oxygen 
to titanium alloys exposed to GH2 near RT. Similarly when purity is not 
critical (for instance, when GH~ later reacts with oxygen) GH2 could 
be stored under high pressure in large ordinary steel vessels after oxygen 
contamination. 

7. Separate the mechanical resistance and the resistance to hydrogen 
by using low permeability liners and vented means of wormholes in the 
resistant outer shell; however, this should not be made of HS steels as it 
has been determined that even quite low GH~ pressures can affect these 
materials. Liners can be made of austenitic steels, aluminum alloys, 
beryllium copper, and materials which the DPT has demonstrated to 
have a low permeability to GH2 E301. 

In large reactors, the weight of the liner itself can cause the liner to 
buckle under its own weight; therefore, it is necessary either to increase 
the thickness of the liner or to use materials with a reasonably high YP. 
Then beryllium copper is attractive but cannot be used in the important 
instance of NH3 and related synthesis. Age hardened HS aluminum alloys 
can have YP double that of Type 304, but they cannot be used too far 
above RT, which would cause overaging. On the other hand age hardened 
A286 steel has a high YP (90 ksi) and can be used at elevated temperatures, 
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but it is difficult to weld when thick. Cobalt austenitic alloys such as 
Haynes 188 and Phynox, appear to be an attractive alternate solution, 
usable at even higher temperatures although more expensive. 

8. Use of coatings: (a) corrosion resistant coatings which will curtail 
corrosion and corrosion induced hydrogen generation and (b) coatings 
with a low permeability to GH~. We have studied (b) with DPT in HS 
steels, especially 230 ~ C tempered 35NCD16 HS steel [33, 343. Coatings 
need not possess noticeable mechanical resistance like thick vertical 
liners, but a very low permeability is even more critical since hydrogen 
permeating the coatings cannot be vented outside. Besides that, coatings 
must: not detrimentally affect the substrate, while being processed, 
have a small or negligible hydrogen sensitivity, not be porous, not be 
cracked, be thick enough, be cohesive and adhesive to the substrate, and 
be able to deform with the substrate. At first DPT studies helped to select 
low permeability materials with negligible hydrogen sensitivity: aluminum, 
gold, cadmium, copper, indium, 18-15 stainless steel, tin, and zinc. 
Despite its noticeable hydrogen sensitivity, nickel was not excluded at 
first because its sensitivity is still smaller than that of the HS steel substrates 
and because nickel flashes are used frequently between the substrate and 
the main coating. 

During the tests, the coated sides of the disks are exposed to a GH~ 
pressure at least equal to that which would cause immediate failure of 
uncoated materials. Defective coatings will afford limited or no protection, 
not to mention coatings which permanently embrittle the substrate and 
which have already been eliminated to date [33, 3~, 35]. On the other 
hand, excellent coatings can afford protection for months and years. 

Vacuum sputtered 18-15 austenitic stainless steel, aluminum, and gold 
were not successful, although aluminum and gold gave some interesting 
results [3~], but the scatter was too large because this kind of coating 
cannot exceed 10 to 20 ~m thicknesses without affecting coating cohesion, 
and the chances remain too big that random defects go throughout the 
coating thickness. Fortunately electrolytic coatings better avoid this 
shortcoming as they can reach up to 70 um easily. 

Zinc platings were rapidly eliminated because they permanently em- 
brittled the substrate. Buffered zinc definitely provided some protection 
ranging from four days to more than two years, but results were not 
reproducible. Nickel and nickel plus gold gave reproducible but bad 
results. Nickel did not come out as good material either as a self standing 
coating or as a flash under another coating. 

Duplex cadmium coatings 7 gave excellent results when tested under 
the pH~ which would cause immediate failure in the absence of coatings. 

7 According to the idea, qualitatively proposed by Johnson et al [36], these coatings 
include a first coarse grained layer (C), nonembrittling after baking, then a fine grained, 
bright cadmium layer (B) which does not embrittle when C is thick enough. 
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(30 C ~- 10 B) ~m 
cadmium coated 
disks 

(30 C ~- 20 B) ~m 
cadmium coated 
disks 

failed after more than two years (812 to 819 days). 

l 
did not fail after more than five years at RT. 
started to fail after about two years at 60 ~ C. 
generally failed after about five months at 100 ~ C. 

The coatings with 20-~m bright cadmium have been more effective than 
those with 10 ~m. For more than two years no failure took place even for 
disks stressed under GH2 pressures higher than the rupture pressures 
pH2 for uncoated disks. After removing GH2, unfailed disks were stressed 
under helium, and the rupture pressures were equal or close to pile for 
unexposed disks, indicating the efficiency of 20-#m coatings in reducing 
hydrogen entry. 

Although temperature increase decreases HE due to a given amount of 
internal hydrogen, on the other hand, it accelerates and increases hydrogen 
entry, which explains acceleration of delayed failures with increasing 
temperature. Nevertheless, services without failure, for several months 
at 100 ~ C and for more than a year at 60 ~ C are still of interest for materials 
which would have cracked rapidly in the absence of coatings. 

Similar tests have been conducted with duplex (25 ~-25)-~m copper 
coatings, giving interesting results, although less reproducible and allowing 
delayed failures to be observed after only a few days. However the addition 
of a third layer of 3 um of indium gave a better resistance, since the first 
delayed failure among four specimens was observed after 518 days, whereas 
the other specimens are still resisting after 1260 days. 

Chemically deposited chromium was a failure in 35NCD16 because of 
its brittleness [-3~]. On the other hand, such a material diffused into 
18Ni maraging steel builds up an austenitic layer resistant to hydrogen 
entry in situ E37~. Preliminary results indicate that such a technique 
should be usable to fight HGE of maraging disks, resisting between 6 h 
and more than 640 days under a hydrogen pressure that would have 
caused immediate failures otherwise. Unfortunately the program had to 
be terminated before further testing could be done in order to improve 
reproducibility with thicker austenitic layers. 

Discussion 

Advantages of the Disk Pressure Test 

As indicated in the previous paragraphs, the DPT can be used for 
materials and processing selection, and instances have been given noticeably 
for iron- and cobalt-base alloys. The DPT can be employed to study 
factors influencing service behavior (temperature, GH2 pressure, time, 
etc.). Typical cases where the test has been used include: 

1. Steel selection for commercial GH2 cylinders. 
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2. Materials and processing selection for welded pressure vessels, 
filled with high-pressure GH~ (up to 1500 bars), and operated between 
RT and +130~ 

3. Selection of steels for chemical synthesis reactors using pure GH~ 
under high pressure between - 5 0  ~ C and elevated temperatures. 

4. Materials and processing selection for coatings designed to protect 
HS steels against HGE at RT and above. 

5. Selection of steels (sheets and wires) for prestressing concrete. 
6. Materials and operating conditions selection for welded steel vessels 

containing wet neutral gases under pressure. 
The DPT can be used for quality control (materials and processing). 

Instances have been given especially in the case of 35NCD16 tempered 
at various temperatures. Usually the test is performed three times for 
each material under each condition, and reproducibility is -4-2 to 3 percent; 
this can reach -4-1 percent or less for very precisely processed, high quality 
materials. Generally it becomes =t=5 to 10 percent for ultra HS steels and 
can reach •  to 25 percent for inaccurately processed, low quality 
materials. Of course, this is not due to the testing procedure or to the 
equipment but to the material itself, and it is also registered during less 
sensitive tests anyway. In such instances tests are performed at least 
five times for each condition. 

The general advantages of the DPT have already been indicated 
previously [1.]: (1) sensitivity, (2) flexibility, (3) possibility of investigating 
several causes of embrittlement, including IHE, HEE, and other embrittle- 
ment mechanisms different from those due to hydrogen and their synergistic 
effects (this is quite important since we must avoid running into another 
cause of embrittlement which cannot be revealed by the investigation 
technique used), (4) rapidity, (5) simplicity of operation and maintenance, 
(6) simplicity of test specimens, and (7) economy. 

We will review some of these points again and will especially insist on 
points specific of the DPT, when used for testing HEE: 

1. Possibility of using pressures up to 1600 bars (23 200 psi) on such a 
deleterious gas as hydrogen. Despite this high pressure, safety is high, 
principally because of the reduced size of the test cells and small volumes 
of gas involved. 

2. Sensitivity. Table 15 compares results obtained with the DPT and 
the notch tensile test (NTT) under 10 000 psi GH2 [23"]. The agreement 
is quite good especially when you considered that results were obtained 
by different investigators using only equivalent materials. In two instances 
(410 stainless steel and nickel-- the DPT data are more sensitive than 
the NTT ones, but this is due to the smaller thicknesses of the disks used 
in these cases, which better evidence environmental effects at the con- 
sidered loading rate (65 bars/min). If NTT under 10 000-psi gas and 
DPT on 30 mils thick disks appear to have the same sensitivity, there 
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TABLE 15--Comparison N T T / D P T  (30 mils thick disks are used unless stated otherwise). 

NTT DPT 

Materials (NHo -- NH2)/N.o • 100 NHo/NH, pHe/pH2 

Maraging 88 7.33 6.4 to 7 
410 79 4.76 6.77 (8 mils thick specimen) 
H 11 76 4.16 3.6 to 5.7 
Inco 718 54 2.17 2.27 
Nickel 30 1.43 1.82 (16 mils thick specimen) 
Ti-6A1-4V annealed 25 1.33 1.25 to 1.35 
SAE 1020 20 1.25 1.25 (0.18C steel) 
Ti-5A1-2.5Sn 19 1.23 1.13 (fast) to 1.31 (slow) 
304 ELC 13 1.15 1.11 (304L) 
A286 3 1.03 1.02 (fast) to 1.03 (slow) (XN26) 
310 3 1.03 1.03 
7075 T-73 2 1.02 1.01 (fast) to 1.02 (slow) 7075-T-6 
316 0 1.0 1.0 
OFHC copper 0 1.0 1.0 (7030-brass) 

are other factors, listed from 3 to 8, which make the D P T  more ad- 
vantageous. 

3. In  contrast with the tension test under pressure, complete leak free 
behavior is not guaranteed on the mobile part of the test specimen. This 
prevents altering the results due to friction forces. Also, the seals can be 
used many times, and low-cycle fatigue as well as studies at low and 
high temperatures need a simpler equipment than when sliding seals 
have to be used. 

4. In  contrast with most of the other test methods, a side of the specimen 
is generally available for physical measurements while the test is in progress. 

5. Possibility of studying the effects of two independent sources of 
H E E  simultaneously, for instance, GH2 upward and salt water downward. 

6. Possibility of getting a direct relationship between hydrogen brittle- 
ness and permeability on the same specimens. Means of permeation 
measurement crack propagation during delayed failure tests can be 
monitored as well as incubation and the influence of various factors2 

7. The test specimen geometry is especially convenient for testing in- 
hibotors, surface treatments, and coatings designed to delay and slow 
down H E E  (studies to increase incubation time). In  recent years in- 
cubation studies and smooth specimens have been discounted by a number 
of authors because, during delayed failure experiments on smooth speci- 
mens, cracking was preceded by a irreproducible incubation period, which 
could be long enough to give the impression of a lack of sensitivity to HEE.  

There is no doubt that  crack propagation studies on precracked speci- 

s Of course, other techniques such as acoustic emission and extensometric gages 
are usable and have been effectively employed. 
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mens are important, but it would be a shortsighted attitude not to study 
the incubation mechanism just because knowledge of this phenomenon 
is not yet mastered. Indeed studies with the purpose of increasing in- 
cubation can offer interesting solutions to fight HEE in the frame of 
industrial problems. As shown before in oxygen contaminated GH~, 
smooth specimens are more realistic than precracked specimens, which 
in this specific case can give correct but unrealistic results leading to 
overoptimistic interpretations. 

8. Economics. Of course, most of the preceding points are of economical 
advantage, either quite direct or more indirect, such as time and safety 
considerations. The cost of the equipment is also moderate and was 
$8500 in 1971. This is somewhat higher than the cost of the equipment 
used only for testing IHE [-11, because of the need for an additional high 
pressure tank for GH~. This amount is about the price of a 400-1b table 
tension machine, which is an equipment with much more limited po- 
tentialities and is not sold to run tests with GH2 under pressure anyway. 

In delayed failure experiments, the rupture cell is the only thing to be 
duplicated, which not only saves money but also space (Fig. 10), while 
the ubiquitous pressure applies load wherever it is needed without 
duplicating mechanical loading devices. 

Finally the cost of the specimens is quite low: about $8 for steel disks 
against about $25 for notched tension specimens and even more for more 
sophisticated specimens. This is a key factor since, as with a car, operation 
eventually costs more than the purchase. 
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Effects of Irradiation and Oxygen on 
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Selected Alloys 
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Hydrogen Environment  Embr i t t l ement  of  Selected Alloys," Hydrogen 
Embrittlement Testing, ASTM STP 553, American Society for Testing and 
Materials, 1974, pp. 254-263. 

ABSTRACT: Testing in 10-MPa (1500-psi) hydrogen did not reduce the 
notched strength of irradiated Inconel 718 or A286; however, irradiated Ti- 
5A1-2.5Sn suffered reductions in notched strength of 6.9 percent. Likewise, 
irradiated CW 301 stainless steel lost 81 percent of the notched strength in 
10-MPa (1500-psi) hydrogen. For hydrogen pressures of 175 KPa (25 psi), 
impurity levels of 15-ppm oxygen do not seriously inhibit embrittlement of 
CW 301 stainless steel and a loss of 42 percent of notched strength is observed. 
With 150-ppm oxygen, the notched strength is reduced only 7.5 percent. 
Both Ineonel 625 and molybdenum TZM were found to be subject to hydrogen 
embrittlement. 

KEY WORDS: hydrogen embrittlement, irradiation, notch strength, notch 
tests, nuclear reactors, oxygen 

Data  generated by Walter and Chandler [1 ]3 and others indicate tha t  
most of the materials that  the nuclear engine for rocket vehicle applica- 
tion (NERVA) reactor relied upon for structural support were subject 
to hydrogen embrittlement. To study this phenomenon, both Westinghouse 
Astronuclear Laboratory (WANL) and Aerojet Nuclear Systems Company 
(ANSC) initiated various testing programs. 

The N E R V A  reactor employs ultrapure hydrogen at about 7 MPa  
(1000 psi) as a propellant which is heated by the nuclear core to about  
2500 K (4000 ~ F). Added to these hostile conditions in which structural 
materials must function is the presence of a strong radiation flux and the 
resulting specie of reactive atomic hydrogen. Information on the effects 

1 Engineer, Offshore Power Systems, Jacksonville, Fla. 32211. 
The italic numbers in brackets refer to the list of references appended to this paper. 
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of atomic hydrogen at  these pressure levels is nonexistent; however, 
data  generated r2]  with atomic-molecular gas mixtures a t  low pressures 
indicate tha t  the effect can be quite significant, bo th  on the degree of 
embri t t lement  and on the tempera ture  range of susceptibility. This 
paper  discusses the available results from initial programs which have 
been completed. 

M a t e r i a l s  a n d  P r o c e d u r e s  

Six materials were chosen for the first series of tests, Inconel 625 and 
718, CW 301 stainless steel, Ti-5AL-2.5Sn, A286, and molybdenum TZM. 
The  chemistries of these alloys are listed in Table  1. The  heat  t rea tment  
and mechanical histories of these materials are reported in Table 2. The  
Inconel 718, A286, and Ti-5AL-2.5Sn specimens were taken from bar  
stock and were tested as round bar  specimens. The Inconel 625, CW 301 
stainless steel, and molybdenum T Z M  specimens were made from 0.048 
(0.019), 0.089 (0.035), and 0.041 (0.016) cm (in.) thick sheet, respectively. 

Initial  programs [3J  concerned the testing of previously irradiated 
specimens in a high-pressure, high-puri ty hydrogen atmosphere.  The  
A286, Inconel 718, and Ti-5A1-2.5Sn specimens were standard notched 
but tonheads with a notch radius of  0.025 m m  (0.001 in.) and a KT of 
about  8. The  CW 301 stainless steel pin loaded notched sheet specimen 
design is shown in Fig. 1. End tabs were welded on the specimens for 
support  during testing. In  the irradiation portion of the test  program, 
crosshead speeds of 0.036 and 0.024 cm/min  were used on the but tonhead 
and sheet specimens, respectively. 

Tension tests were performed in stainless steel pressure chambers with 

TABLE 1--Material chemistries. 

CW 301 Molyb- 
Ineonel Inconel Stainless denum 

Element 625 a 718 Steel Ti-5A1-2.5Sn TZM a A286 

Fe 2.5 19.02 73.33 0.14 0.01 52.53 
Ni 61 52.54 7.1 26.43 
C 0.05 0.04 0.10 0101 0101 0.05 
Cr 21.5 18.21 17.65 14.7 
Ti 0.02 0.91 . . .  9i:8 0:40 1.99 
A1 0 . 0 2  0 . 6 0  . . .  5 . 4 4  0 . 2 7  
Zr . . . . . .  0108 . . .  
Cb/Wa 3:6 5:22 . . .  
Mo 9.0 3.06 0:�89 99:4 i:27 
s .  . . .  . . .  

Mn .. .  O]iO 0:99 . . . . . .  i]68 
Si . . .  0.13 0.45 . . . . . .  0.65 
Cu . .. 0.01 0.10 . . . . . . . . .  

a Chemical analysis of typical mill furnished material. 
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FIG. 1--CW 301 stainless steel notched sheet specimen. 

Instron testing machines. The hydrogen gas for the high-pressure tests 
was obtained by  passing high-purity bott led hydrogen through catalytic 
deoxygenation units, activated charcoal, and alumina adsorbents at 77 K 
and a 10-~m filter. The  low pressure, 175-KPa (25-psi) test incorporated 
ultrapure bottled hydrogen passed through a liquid nitrogen cold trap. 
The hydrogen used in these tests met the Marshall Space Flight Center 
specification MSFC SPEC-356A requirements for purity. 

The  load produced by  the pressure differential was corrected for by  
placing a slight load on the fixtured specimen, pressurizing the chamber, 
and adjusting the load a predetermined amount  until a plateau was 

TABLE 2--Material Histories. 

Material Condition 

Inconel  625 mill annealed 
Inconel 718 1065 ~ C-1  h 

air cooled to ambient 
732 ~ C-8 h 
649 ~ C - 1 2  h 

Ti-5Alo2.5Sn vacuum annealed 
760 ~ C-1 h 

CW 301 stainless steel full hard-as received 
Molybdenum TZM mill stress relieved 
A286 982~ h 

732 ~ C - 1 6  h 
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reached. At this point the specimen was slack in the grips, and the measured 
compression load represented the pressure differential. For the high- 
pressure irradiated test, the pull rods penetrated the vessel using triple 
O-ring seals. The friction load of these seals was compensated for by 
increasing the load until another plateau was reached while the specimens 
were still slack within the grips. This second plateau represented both 
the loads produced by the pressure differential and the sliding seal load 
present during the constant deflection test. For the lower pressure, 175-KPa 
(25-psi) tests, there were no sliding seals, and the pull rod penetrated the 
vessel through stainless steel bellows of very low spring rate. The load 
factor attributed to the bellows was less than 0.5 kg and was deemed 
negligible. 

Most of the initial testing was done at the General Dynamics facilities 
at Fort Worth, Texas. The test specimens were irradiated at 333 K (140 ~ F) 
in the National Aeronautics and Space Administration (NASA)/Plum 
Brook reactor to a nominal fast fluence of 1.5 X 10 ~~ n/cm 2 (E > 1 MeV). 
About six months lapsed between the irradiation and the testing. 

A major mechanism [-4~ influencing the gaseous hydrogen embrittlement 
reaction is the concentration of oxygen in the hydrogen gas. The oxygen 
reacts with the surface adsorption sites and, if in sufficient quantity, will 
inhibit completely the absorption of hydrogen and thus prevent embrittle- 
ment. Using notched specimens of CW 301 stainless steel, the effects 
of various amounts of oxygen impurity levels were determined. The 
tests were done in the 175-KPa hydrogen test chamber, and the oxygen 
levels were increased up to 150 ppm by volume. The various oxygen- 
hydrogen atmospheres were produced by evacuating the chamber, back- 
filling with hydrogen and evacuating again, introducing controlled volumes 
of oxygen, and finally pressurizing with hydrogen. 

Tension tests on notched molybdenum TZM specimens were performed 
in 175-KPa (25-psi) hydrogen. The test specimens were 0.041 cm (0.016 in.) 
thick and had a notch radius of 0.0025 cm (0.001 in.). Tabs were spot 
welded onto the pin loaded end for support. The crosshead deflection rate 
was varied to measure strain rate effects. All specimens were loaded 
initially at a rate of 0.0127 cm/min (0.005 in./min) until a stress level 
of 690 MN/m 2 (100 ksi) after which the deflection rate for some tests 
were adjusted to a lower value, and the test proceeded to completion. 

Tests in 175-KPa (25-psi) hydrogen were performed on 0.048-cm 
(0.019-in.)-thick unnotched Inconel 625 sheet specimens. The strain 
rate was 0.003 cm/cm/min. Both the uniform (strain prior to necking) 
and fracture strain (total strain) were recorded. The difference between 
these strains was calculated and found to be more sensitive to the test 
environment than the other measured parameters. The information so 
generated is characteristic of gross plastic deformation and crack propaga- 
tion conditions. 
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R e s u l t s  a n d  D i s c u s s i o n  

Irradiation Effects 

The data  generated in the irradiation-hydrogen test  are listed in Table  
3. As shown by  the data, the t i tanium alloy sustained an average loss in 
notched strength (helium versus hydrogen) of 6.9 percent. This result 
compares to a reported 19 percent loss in 70-MPa (10 000-psi) hydrogen 
[-11, a 17 percent loss in 35-MPa (5000-psi) hydrogen [-5] and a 10 percent 
loss in 9.5-MPa (1400-psi) hydrogen [-61. From these data,  it was assumed 
tha t  in the case of Ti-5A1-2.5Sn the prior irradiation does not increase 
the degree of embrit t lement.  

The  average notched tensile strengths of irradiated A286 specimens 
increased by  1.8 percent when tested in 10-MPa (1500-psi) hydrogen 
compared to 10-MPa (1500-psi) helium. This slight increase was judged 
not to be significant. Unirradiated specimens have been reported to be 
unaffected by  gaseous hydrogen at  70 M P a  (10 000 psi) [-1~. 

TABLE 3--Results of H, irradiation tests. 

Material 

Test Ultimate Average 
Environment, Strength, Loss from 

10 MPa (1500 psi) MN/m ~ (ksi) He, % 

Ti-5A1-2.5Sn irradiated 

A286 irradiated 

CW 301 stainless steel irradiated 

Inconel 718 irradiated 

Inconel 718 unirradiated 

He 1220 (177) 
1200 (174) 

H2 1150 (166) 
1130 (164) 
1140 (165) 
1080 (156) 6.9 

He 1865 (270) 
1870 (271) 

H~ 1925 (279) 
1876 (272) 
1870 (271) 
1930 (280) +1.8 

He 1705 (247) 
1700 (246) 

H~ 328 (47.6) 
341 (49.4) 
324 (46.9) 81 

He 2050 (298) 
1930 (287) 

H2 1990 (289) 
2040 (296) 0 

3.5 MPa H~ 1860 (269) 
10 MPa H~ 1830 (265) 
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TABLE 4--Effect of oxygen content on hydrogen embrittlement of CW 301 stainless steel. 

Notched Strength, Reduction from Air- 
Test Environment, 175 KPa MN/m 2 (ksi) Argon, % 

Air-Argon 1590 (230.5) 
1610 (233.8) 
1605 (232.4) 

H2 900 (130.4) 
934 (135.1) 
924 (133.9) 42.5 

15 ppm 02 930 (134.8) 41.8 
30 ppm 02 1070 (157.0) 32.5 
45 ppm 02 1180 (171.2) 26.1 
60 ppm 02 1230 (179.6) 22.6 
105 ppm O~ 1395 (202.9) 12.7 
150 ppm 02 1475 (214.4) 7.5 

The  effects of gaseous hydrogen on the mechanical properties of Inconel 
718 have been studied by  numerous investigators [-1, 5, 6-]. Reductions 
in notched strengths from 0 to 54 percent have been observed depending 
upon the gas pressure, temperature,  heat t reatment,  and material lot. 
Results from the Inconel 718 tests indicate tha t  there was no measurable 
effect of the hydrogen test environment as compared to helium in the 
irradiated tensile properties. Two unirradiated tension specimens were 
tested in 3.5 and 10-MPa hydrogen; however, there were no tests done 
in helium to provide comparison. The  data  indicate an increase in strength, 
even when tested in hydrogen, at t r ibuted to irradiation. A proposed 
explanation E3J for this result concludes that  neutron irradiation of 
Inconel 718 produces effects similar to the solutioning effects which produce 
a structure less susceptible to hydrogen embrittlement. 

The notched tensile strength of CW 301 stainless steel sheet specimens 
was reduced severely by  testing in an ultrapure hydrogen environment. 
i rradiated specimens tested in 10-MPa hydrogen lost 80 percent of their 
strength. Likewise, unirradiated specimens tested in 175-KPa hydrogen 
lost about 42 percent of the notched tensile strength. Unpublished data 
[-TJ on cryostretched 301 stainless steel sheet indicate a loss of ambient 
fracture toughness, Ko, of 82 percent when tested in 7-MPa hydrogen. 
From the data generated so far on 301 stainless steel, it can be conclusively 
stated that  in the cold-worked condition, this material is very  susceptible 
to hydrogen embrittlement. 

Oxygen Impur i ty  Effects 

The  effects of various oxygen impuri ty  levels on the notched tensile 
strengths of CW 301 stainless steel were measured, and the data  are 
tabulated in Table 4. In pure hydrogen at 175 KPa,  the notch strength was 
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FIG. 2--Effect of oxygen impurity on C W  301 stainless steel. 

reduced by 42.5 percent. Previously reported tests E3] done at higher 
pressures resulted in greater losses in strength, again emphasizing the 
significance of the test pressure. 

The results of the oxygen impurity tests are displayed graphically in 
Fig. 2. The graph depicts the effects of various amounts of oxygen on the 
percent reduction in notch strength due to the hydrogen gas test environ- 
ment. The data indicated that for exposures to 175-KPa hydrogen, oxygen 
impurity concentrations as high as 15 ppm had little effect on the reaction 
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mechanisms. Likewise, oxygen levels of 150 ppm effectively limit the 
embrit t lement to an 8 percent loss in notched strength. 

I t  is emphasized that  these data were generated at a pressure of 175 KPa.  
If the number of available adsorption sites is assumed to remain relatively 
constant as the pressure increases, then it is reasonable to postulate tha t  
the inhibiting ability of a specific oxygen level will also increase. This 
postulation is based on the fact tha t  as the pressure is increased, the 
actual concentration of oxygen per unit volume also increases; therefore, 
more oxygen is available to "poison" the adsorption site. 

Inconel 625 and Molybdenum T Z M  

Data  from tests on Inconel 625 in 175-KPa hydrogen and air-argon 
atmospheres are reported in Table 5. The air-argon mixture was achieved 
by  pressurizing the ambient air-filled chamber with argon. The  test  
environment thus produced consisted of about 8 percent oxygen by  
volume. The data indicated tha t  the relatively low-pressure hydrogen 
atmosphere significantly reduced the average yield strength, while only 
slightly reducing the ultimate strength and elongation. The measured 
differences between uniform strains and fracture strains were affected 
significantly by the test environment. The strain between reaching ultimate 
load and at fracture was reduced by  50 percent in the hydrogen atmosphere. 
Although this type of data is of little value in design calculations, it  does 
provide a very  sensitive method of screening for susceptibility to hydrogen 
embrittlement. 

Data  obtained from tests on molybdenum TZM notched sheet specimens 

TABLE 5--Effect of hydrogen on Inconel 6~5 (unnotched). 

Test 0.2 % Ultimate 
Atmosphere, Yield, Strength, Uniform Fracture AStrain, 

175 KPa (25 psi)  MN/m ~ (ksi) MN/m ~ (ksi) Strain, Strain, %c 
%a %b 

Air-Argo. 546 (79.2) 1017 (147.4) 49.10 53.73 4.63 
524 (76.9) 1013 (147.1) 48.90 54.70 5.80 

Average (X) 535 (78.1) 1015 (147.2) 49.00 54.22 5.22 

Hydrogen 422 (61.2) 971 (141.2) 47.20 51.05 3.85 
522 (75.6) 996 (144.5) 49.10 51.58 2.48 

Average (X) 472 (68.4) 984 (142.9) 48.15 51.32 3.17 

X Hydrogen 
0.876 0.969 0.981 0.946 0.608 

X Air-Argon 

a Strain at maximum load (prior to neck down). 
b Strain at failure. 

Fracture strain minus uniform strain. 
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TABLE 6--Effects of hydrogen and strain rate on notched molybdenum TZM sheet. 

Test Atmosphere, 175 
KPa (25 psi) 

Crosshead Deflection 
Rate, cm/min ~ 

Notched Ultimate Chart 
Strength, MN/m 2 Elongation, mm b 

(ksi) 

Air-Argon 0.0127 1012 (146.7) 1,6 
0_0127 988 (143.1) 2.2 

Hydrogen 0 0127 959 (139.0) 0.19 

Air-Argon 0 0127/0.00127 900 (130.4) 2.3 
0.0127/0.00127 914 (132.5) 1.6 

Hydrogen 0 0~27/0.00127 920 (133.3) 0.91 
0.0127/0 ~ 00127 914 (132.5) 0.84 

Air-Argon 0.0127/0.0005 920 (133.3) 1.8 

Hydrogen 0.0127/0.0005 878 (127.3) 1.1 
0.0127/0.0005 828 (120.0) 0.79 

a First rate until a stress of 690 MN/m ~ (100 ksi) is obtained, second rate to failure. 
b Specimen deformation measured from load-deflection chart. 

are listed in Table  6. As indicated, the notched strength was reduced by  
testing in the hydrogen environment from 0 to 7.5 percent, depending 
upon the strain rate. Likewise, the recorded elongation of the notched 
specimen was reduced from 46 to 90 percent, depending upon the strain 
rate. Admittedly,  some of this information is based on only single data  
points; thus, the accuracy of some of the comparisons is degraded. However, 
a general result of these tests is the indication that  molybdenum T Z M  
sheet is definitely susceptible to gaseous hydrogen embri t t lement  even at 
relatively low pressures. 

Conclus ions  

1. I r radia ted A286 does not  experience a loss in notched strength when 
tested in 10-MPa hydrogen; likewise, the irradiated Inconel 718 material  
tested did not  decrease in notched strength when tested in hydrogen. 

2. The  notched strength of irradiated CW 301 stainless steel was 
degraded severely by  about  81 percent when tested in 10-MPa hydrogen. 

3. I r radia ted Ti-5A1-2.5Sn material  experienced normal losses in 
notched strength of 6.9 percent. 

4. At hydrogen pressures of 175 KPa,  oxygen impuri ty  levels as high 
as 15 p p m  did not seriously inhibit hydrogen embri t t lement  of CW 301 
stainless steel. 

5. The yield strength of Inconel 625 sheet was reduced by  12 percent 
when tested in 175-KPa hydrogen. The ul t imate s trength and elongation 
were reduced by  2 and 5 percent, respectively. 

6. The  differences between uniform strains and fracture strains of 
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specimens tested in air-argon and hydrogen is a sensitive measure of 
hydrogen embri t t lement  susceptibility. 

7. Molybdenum T Z M  sheet is embrit t led b y  gaseous hydrogen; re- 
ductions in notched strengths of 7.5 percent were observed. 
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J.-P. Fidelle 1 

STP543-EB/Jan. 1974 

Closing Commentary--IHE-HEE: Are They 
the Same? 

I certainly agree that internal hydrogen embrittlement (IHE) and 
hydrogen environment embrittlement (HEE) are the same on an atomic 
scale, HEE being caused by hydrogen absorption. This has been demon- 
strated by a number of investigators in the case of steels [1-4] ;2 we have 
also seen this for pure nickel and titanium alloys [2]. I wish to point up that 
the relatively large hydrogen pickups (up to 2.5 ppm) observed after short 
tests at room temperature are not consistent with room temperature 
diffusivities and have to be explained by hydrogen being drawn inwards by 
dislocations [5] generated either at the surface (Fisher's sources) or near the 
surface (Sumino's sources). Disputation of this point [4] cannot be accepted 
because these authors failed to consider that the dragging efficiency of a 
dislocation is strain rate dependent. Direct evidence of the role of disloca- 
tions in the transport of hydrogen has been supplied [6]. 

In the case of steels and nickel, we have also noticed that hydrogen 
pickup qualitatively increased in the same way as nickel percent, suggesting 
again that HEE had to be related to the bulk properties of the materials [2]. 
Most of our hydrogen absorption experiments have been double checked by 
running disk pressure tests with the isotope deuterium (D), since D 
absorption cannot be mistaken for scatters in the amount of residual 
hydrogen. 

Since stresses are triaxial inside of the metal but only biaxial at the 
surface, I feel that cracking initiates below the surface. However, subsurface 
cracking is very difficult to detect for HEE, because, in this case, the 
hydrogen concentration decreases from the surface producing the optimum 
compromise between stress state and hydrogen concentration at a place 
closer to the surface than would occur with IHE. 

As pointed up earlier [5] in the case of a notched, precracked specimen, 
subsurface initiation of HEE is unlikely to be detected since the maximum 

1 CEA, Centre d'Etudes de Bruy~res-le-Ch~tel, France. 
The italic numbers in brackets refer to the list of references appended to this paper. 
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268 HYDROGEN EMBRITTLEMENT TESTING 

FIG. 1--An internal secondary crack. 

hydrogen concentration is too close to the crack tip and results in the 
impression of surface initiation. Therefore, to evidence subsurface initiation, 
it is better to use smooth specimens and test conditions where the initiated 
crack does not burst immediately into a wide open crack ([2], Fig. 15, [5], 
Fig. 3). 

Figure 1 shows an internal secondary crack developed, in a 30 ~m coarse 
cadmium coated 35NCD16 high-strength steel disk which failed after 139 
days exposure of the coated side to 125 bars H~ at room temperature. Of 
course, such specimens had been baked, ensuring the absence of hydrogen 
embrittlement before testing [7]. Figure 2 suggests subsurface initiation in 
an aluminum coated 35NCD16 high-strength steel disk which failed at 
145 bars during a dynamic test (the coating had an average thickness of 
14 um deposited by vacuum sputtering which could not induce any 
hydrogen entry into the substrate). In this instance, HEE occurred at a 
hole in the coating or at a place of reduced thickness. Polishing of two 
adjacent cross sections of the disks with these kinds of cracks generally 
showed the cracks progressively disappearing. Although not generally 
presented in the open literature, hydrogen gas induced delayed fractures of 
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FIG. 2--A subsurface initiation. 

thick-walled chemical reactors clearly have suggested subsurface initiation. 
See the incomplete ellipse shaped striations on Fig. 3. Surface initiation of 
hydrogen cracking would give only half ellipses and fatigue stretched half 
ellipses. 

Figure 4 shows discontinuous permeation increases due to discontinuous 
crack propagation in 35NCD16 high-strength steel exposed to 230 bars 
deuterium gas at 70~ Permeation indicates hydrogen absorption and 
would not be observed if crack propagation was due only to hydrogen 
adsorption on fresh external surfaces. Shortly before fracture occurs, 

H s t r i a t i o n s  

FIG.  3--Ellipse shaped striations. 
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FIG. 4--Discontinuous permeation increases of a high-strength steel exposed to high- 
pressure deuterium gas at 70 ~ C. 

a permeation peak raises, followed by a permeation decrease, indicating the 
burst of an internal crack releasing gas to the outside. Cracking and sudden 
gas release shortly before final fracture have also been confirmed by acoustic 
emission. 

Although IHE and HEE are basically facets of the same phenomenon, 
there are differences in the way they come out: 

1. In HEE, hydrogen distribution is different from that of homo- 
geneously charged specimens, and, accordingly, the crack initiation sites 
are different. They can become similar only when charged before testing. 
IHE has not led to a homogeneous distribution. This case is frequent in 
cathodic charging of specimens where diffusivity is low at room temperature. 

2. In the case of It tE, there is a closed system, whereas in the case of 
tIEE, hydrogen is poured into the specimen until the very last stage of 
fracture. 

3. Influence of elevated temperatures: As temperature increases, HEE 
disappears even when care has been taken to plate the specimens in order 
to avoid hydrogen escape. This way, Graville et al [8] could see HEE 
disappear at 290~ in a 30NCD14 high-strength steel (0.30C, 3.5Ni, Cr, 
Mo). But in a similar steel, 35NCD16 (0.38C, 4.3Ni, Cr, Mo) tempered to 
high- and low-strength levels, we have found HEE to be still present at 
300~ [9]. 

t i m e  
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At this temperature the ratio of disk rupture pressures under helium and 
H2 is 4.20 for the high-strength condition and 1.60 for the low-strength 
condition. In the last instance, the ratio is the same at 50~ 

Sensitivity to a fixed hydrogen amount  may  well decrease as temperature 
increases, but  not hydrogen entry, and this is why H E E  still occurs at 
higher temperatures than those where I H E  has vanished. Besides, it is 
obviously important  to the industry that  this point has some theoretical 
importance. The role of hydrogen in stress-corrosion cracking has been 
excluded by  a number of investigators because of the different responses of 
stress-corrosion cracking and I H E  to increased temperatures. The results 
show the inconsistency of the argument tha t  I H E  and stress-corrosion 
cracking are the things to be compared. I t  appears tha t  many stress- 
corrosion cases cannot be discounted as H E E  instances on a temperature 
argument basis. 

4. Influence of Iow temperatures: Although I H E  has been reported 
down to -196~  for 4340 [10] and to -269~  (4.2 K) for 310 stainless 
steel [11], in the case of the 35NCD16 high-strength steel, embrit t lement 
caused by  molecular hydrogen was found to disappear at - 145~  during 
disk pressure tests conducted at  a pressure increase rate of 65 bars/min [9]. 
Tests in progress with disks deformed at lower strain rates might decrease 
this minimum temperature, but, since lowering temperature curtails 
hydrogen entry, embrit t lement caused by  molecular hydrogen is likely to 
disappear above low temperatures where internally present hydrogen still 
causes hydrogen embrittlement. 

5. Influence of strain rates: Unless contamination by  extraneous 
impurities occurs, slow strain rates should increase H E E  even more than 
IHE,  because, in the first case, hydrogen will enter as long as the test is in 
progress. On the other hand, high strain rates will not allow sufficient 
hydrogen entry [4, 12]. H E E  will disappear sooner than I H E  when strain 
rate increases. 

References 

[-1] Vennett, R. M. and AnseI1, G. S., Transactions, American Society for Metals, 
Vol. 60, 1967, p. 242. 

[-2] Fidelle, J.-P., Allemand, L.-R., Roux, C., and Rapin, M. in Hydrogen in Metals, 
J.-P. Fidelle and M. Rapin, Eds., Valduc, France, 1969, p. 131. 

J-3] Benson, R. B., Jr., Dann, R. K., and Roberts, L. W., Jr., Transactions, Metal- 
lurgical Society, American Institute of Mining, Metallurgical, and Petroleum 
Engineers, Vol. 242, 1968, p. 2199. 

[-~] Fricke, E., Sttiwe, H.-P., and Vibrans, G., Metallurgical Transactions, Vol. 2, 
1971, p. 2697. 

[-5] Fidelle, J.-P., Roux, C., and Rapin, M., M$moires Scientifiques de la Revue de 
M~tallurgie, Vol. 66, 1969, p. 833, BISI Translation 8242, 1970. 

[-6] Broudeur, R., Fidelle, J.-P., and Auch~re, H. in Hydrogen in Metals, Chatenay- 
Malabry, France, May 1972, p. 106. 

[-7] Fidelle, J.-P., Broudeur, R., Pirrovani, C., and Roux, C., this symposium, pp. 
34-47. 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



272 HYDROGEN EMBRITTLEMENT TESTING 

[-8] Graville, B. A., Baker, R. G., and Watkinson, F., British Welding Journal, June 
1967, p. 337. 

[-9] Fidelle, J.-P., Broudeur, R., and Roux, C., Hydrogen in Metals, Chatenay- 
Malabry, France, 1972, p. 350. 

[10] Steigerwald, E. A., SchalIer, F. W., and Troiano, A. R., Transavtions, Metal- 
lurgical Society, American Institute of Mining, Metallurgical, and Petroleum 
Engineers, Vol. 218, 1960, p. 832. 

[-11 ] Whiteman, M. B. and Troiano, A. R., Corrosion, National Association of Corrosion 
Engineers, Vol. 21, 1965, p. 54. 

[15] Fidelle, J.-P., Bernardi, R., Broudeur, R., Roux, C., and Rapin, M., this sym- 
posium, pp. 221-253. 

Copyright by ASTM Int'l (all rights reserved); Mon Nov 23 09:52:50 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



H. G. Nelson I 

STP543-EB/Jan. 1974 

Closing Commentary---IHE-HEE: Are They 
the Same? 

The terms internal hydrogen embrittlement (IHE) and hydrogen 
environment embrittlement (HEE) are used to relate the original location 
of hydrogen within a system to a degradation in the fracture behavior of a 
metal structure (either the crack initiation or the growth stage of fracture). 
Because these phenomena are the combination of a number of processes 
involved both in the transport of hydrogen and its interaction with the 
metal lattice, they are complex. To say such complex phenomena are always 
the same or are always different would be equally absurd. Instead, my 
answer to this closing question must be to indicate briefly under what 
conditions IHE and HEE are similar and are different. 

The processes of hydrogen transport (required to get hydrogen from its 
original position in the system to some location within the metal lattice to 
cause embrittlement) will, of course, always be different for IHE and HEE, 
because by definition the original location of hydrogen is never the same. 
Whether or not this difference plays a role in the separation of the two 
phenomena is determined by the rates of such processes as adsorption, 
dissociation, absorption, which occur only in HEE. If these processes are 
rapid compared with the transport processes common to both IHE and 
HEE, they will have no direct influence on the rate of degradation or the 
degree of embrittlement. If, however, one or more of these processes are 
slow compared with the common processes, HEE will exhibit the rate 
kinetics of the slowest, and IHE and HEE will be different under seemingly 
similar conditions. 

Once hydrogen is in the metal lattice, further hydrogen transport will 
occur by processes common to both phenomena. Even here, IHE and HEE 
need not be the same. Both the location of the degrading hydrogen-metal 
interaction and the rate of hydrogen transport in the metal lattice will be 
influenced by such factors as the stress state of the material and dislocation 
motion. Hydrogen well within the metal lattice (IttE) and hydrogen in the 

1 Ames Research Center, National Aeronautics and Space Administration, Moffett  
Field, Calif. 94035. 
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metal lattice near an external surface (HEE) will invariably see different 
stress states and differing degrees of dislocation activity, and, thus, will 
interact within the metal structure at different locations at different rates. 
As pointed up by Fidelle, this rational is supported by the tendency for 
cracks to initiate near an external surface in HEE and well within the metal 
lattice in IHE. 

Hydrogen, once at the location where it can interact with the metal 
lattice to cause embrittlement, will interact in the same manner whether or 
not its origin was within the metal lattice or the environment. Degradation 
will occur because of a reduction in bond strength of the metal lattice, the 
formation of a brittle metal hydride, or the precipitation of molecular 
hydrogen at some internal cavity. Even here, although the interaction 
mechanisms on the atomic scale are identical, situations do exist which 
preclude their importance in both phenomena. One example is the possible 
rupture of the metal lattice by the formation of an extremely high pressure 
in an internal cavity by the precipitation of molecular hydrogen. In IHE, 
such pressures can be conceived as the result of severe nonequilibrium 
conditions but would seem impossible under normal conditions of HEE. 
Another example is "fast strain rate embrittlement" sometimes observed in 
IHE. Here, hydrogen originates in the metal lattice as a brittle hydride 
phase, and hydrogen transport does not occur. Such a phase cannot be 
present when hydrogen is only present in the environment. 

In summary, IHE and HEE may or may not be similar, depending on 
the specific constraints of the system under consideration. Certainly the 
interaction mechanisms on the atomic scale are many times the same. 
Macroscopically, however, because both IHE and HEE involve other 
considerations such as hydrogen transport processes, location of the 
hydrogen-metal interaction, the stress state of the metal lattice, the form 
and degree of dislocation activity in the metal lattice, etc., the overall 
phenomena are generally different--different to the extent that embrittle- 
ment is not the same function of temperature, is not the same function of 
microstructure, and in fact may exhibit little or no physical similarities. 
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