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SUMMARY 

The present ^work demonstrates how a slow-strain rate tensile test 
can be used to quantify rapidly in a statistically rigorous manner the severity 
of hydrogen embrittlement produced in high strength 4340 steel by paint 
strippers and plating processes. The results of multiple^bw strain rate tests 
conducted at a crosshead displacement rate ofc2_x_l_0"?$rnm/sousing notched 
specimens in various paint strippers show that a minimum mean fracture 
stress and maximum standard deviation can be defined that correlates with 
the pass/fail criterion in standard notched C-ring tests. The advantages of 
using a slow strain rate test as a viable alternative to existing standard 
methods for hydrogen embrittlement testing are discussed.   ~x y 

*   Materials Research Laboratc. ies 
DTiC 
ELtCTE 

JUL30 1988 
SP 

(C) COMMONWEALTH OF AUSTRALIA 1986 

-*£& 
POSTAL ADDRESS: Director, Aeronautical Research Laboratories, 

P.O. Box 4331, Melbourne, Victoria, 3001, Australia. 

rrrj^nrmprrar^KJTKr- 



CONTENTS 

Page No* 

1. INTRODUCTION 

2, EXPERIMENTAL 

2.1 Plating Treatments 

2.2 Paint Strippers 

3=       RESULTS 

3.!        Notched Specimens 

3.2        Un-notched Specimens 

4. DISCUSSION 

5. CONCLUSIONS 

ACKNOWLEDGEMENTS 

REFERENCES 

APPENDIX 

TABLES 

FIGURES 

DISTRIBUTION LIST 

DOCUMENT CONTROL DATA 

4 

5 

6 

9 

10 

15 

16 

AceeiisL.rn  Tor 

It'!:: 3     •-•--.kl 
D-ri-.: i;* 

.4 v.-.::' 

;Diat 

W 

D 
D 



(I) 

I.       INTRODUCTION 

Recent trends in alloy development in the aircraft industry have been 

directed towards the production of alloys with high strength-to-weight ratios* 

Although many high strength low-alloy steels have been developed for use in aircraft 

structures a lack of prooer consideration regarding the aeirimenfa! effect of 

environment on their load-bearing properties has sometimes been evident. In 

particular, absorption of small amounts of hydrogen (few parts per million) can cause 

severe embrittlement in steels, particularly if the strength level exceeds 1200 

MN/m . Hydrogen can be introduced into steel components by pickling and plating 

treatments, exposure to paint strippers and other maintainance chemicals and by 

corrosion during service* It is therefore important to minimise the amount of 

hydrogen introduced into the steel by such processes. Consequently, a variety of 

standard mechanical tests have been developed in the USA to determine the degree 

of embrittlement produced by plating processes and by fluids that come in contact 

with the steel .   Although test methods are continually updated and modified to 

accommodate the latest developments in engineering practice, it is often difficult to 

choose the most applicable specification for a particular circumstance. Closer 

examination reveals that this is due to the many differences in test method outlined 

in the various specifications (Tables I and 2); 

a) The user must choose one of four specimen types; (i) notched tensile, (ii) 

notched bend, (iii) notched C-ring and (iv) smooth O-ring. The majority of 

specifications favour the notched tensile specimen (Tables I and 2). 

b) Some specifications require specimens to be manufactured from 4340 steel heat 

treated to a tensile strength of 1800-1^30 MN/m whereas others specify use of 

any high strength steel. It is known that 4340 steel in this heat-treated 

condition is particularly susceptible to hydrogen embrittlement, hence standard 

tests using this stee1 should provide a sensitive test for determining the 

severity of embrittlement produced by plating processes, paint strippers and 

other aircraft maintenance chemicals. 
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c) When notched tensile specimens are used to assess the degree of embrittlement 

produced by plating processes, the number of specimens to be tested varies 

from a minimum of 2 to a maximum of 16 (Table I). In all these tests, 

specimens are loaded to 75% of the notch tensile strength and usually held for 

200h with fracture of one specimen being deemed sufficient to cause rejection 

of the particular plating csnd baking treatment. 

d) A survey of specifications designed to assess the degree of hydrogen 

embrittlement produced by paint strippers shows that the method of applying 

the paint stripper, the applied stress and test time all vary with each 

specification. A summary of test procedures for each specification listed in 

Table 2 is given in the Appendix. 

In all the specifications outlined above, tests produce a pass/fail result for 

the particular environmental condition under study. If all specimens fail, then the 

time to failure can provide some indication of the degree of embrittlement; however, 

if all specimens pass the test, there is no method of determining which environment 

induces the least amount of embrittlement. Consequently, little can be done to 

quantify the degree of embrittlement more precisely or treat the results in a 

statistically rigorous manner. Furthermore) since some tests can take up to 200h to 

perform, these methods cannot be used for assessing plating baths or maintainance 

ci . nicals on a regular daily or weekly basis. 

It is apparent from the above discussion that existing American 

specifications define test methods that display significant differences between the 

various specifications, can be time consuming and fail to provide a reliable estimate 

of the degree of embrittlement produced by plating procedures and embrittling 

fluids. Therefore, there is some justification for seeking an alternative mode of 

testing that will overcome the problems associated with the existing standard test 

methods. 

Internal  hydrogen  embrittlement  is known to  involve a time-dependent 

diffusion process        and, hence,  the rate of  loading a specimen should provide a 
"? I 

simple method for controlling the degree of severity of the test      .   For steels not 

containing hydrogen, the rate of loading in a standard tensile test does not usually 
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affect the tensile properties of the steel. For specimens containing hydrogen in 

which the tensile test is conducted sufficiently slow!ys the hydrogen has time to 

diffuse to areas where the steel can become embrittled (usually grain boundaries) 

resulting in premature failure.   If the loading rate is increaseds the hydrogen has less 

time to damage the steel and the unembrittled properties of the steel are retained. 
I ? This approach has been used in the French Standard Specification  AIR 0825 ^ to 

assess the hydrogen embriftlement susceptibility of high-strength steels to various 

electrolytic plating treatments.   In this case, one end of a rectangular ba' is clamped 

vv'WIe the other end  is loaded in bending at deflection rates ranging from 0.1  - 0.3 

degree/s.   The degree of embrittlement is obtainea by comparing the angles at which 

fracture occurs for the embrittled and unembrittled specimens respectively. 

The present work endeavours to bridge the gap between the French 

Specification AIR 0825 and the American specifications for hydrogen embrittlement 

testing. This is accomplished by applying the slow strain rate method to both 

notched and un-notched 4340 steel tensile specimens to see if a more precise 

assessment of the degree of embriftlement can be determined and to compare these 

results with those obtained using notched C-rings that are tested in accordance with 

standard test methods. 

2.      EXPERIMENTAL 

The 9.5mm round 4340 steel bar used in the present work complied with 
99 

the M1L-S-5000 specification and had a composition (wt. %) of 0.43CS 0.85Crs 

0.84Mn, 0.25Mos l.78Ni, <0.01P, 0.29Si, 0.009S, <0.05A1, remainder Fe. Notched 

tensile specimens were manufactured to comply with the reduced load requirements 

for the Type la specimen detailed in the standard ASTM F-519-77 specification 

(Figure 1). This was accomplished by maintaining the notch concentration factor 

within the range 2.9-3.3. The notch was prepared by low-stress crush grinding after 

heat-treatment. This process was carried out using an A60IV wheel rotated at 13-15 

m/s and a jet of high sulphurised oil (Shell Garia 902) which was passed over the 

workpiece at a raie of 0.23 l/s to maintain the workpiece temperature below 

I50°C. The workpiece speed was maintained within the range 0.36-0.51 m/s. The 

last 0.25mm of stock was removed from the surface as follows? 0.20mm was 

removed at a rate of 0.0l2mm/pass and the remaining 0.05mm was removed at a rate 
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of 0.005mm/pass. A grinding fluid entrainment baffle was fitted astride the grinding 

wheel to creGte a vacuum that sucked the grinding fluid into the wheel-work 

interface. Un-notched tensile specimens were manufactured with a specimen length 

of 100 mm and a central gauge length of 12.7mm (Figure I). The diameter of the 

central section was initially machined to 3.4mm diameter prior to heat treatment. 

Low-stress crush grinding was used to reduce the diameter across the gauge length to 

3.2mm after heat-treatment. Specimens were then polished with 600 grit silicon 

carbide paper and the minimum diameter across the gauge length measured prior to 

testing. Specimen heat treatment involved austenitisation at 8I5°C/Ih in salt, oil 

quenching to 40-60°C followed by a double temper at 260°C/l + lh with air cooling to 

20°C between tempers. 

Specimens were preloaded to 0.5kN prior to testing to failure in a 20kN 

motor-driven hard-beam tensile testing machine which had a variety of gears 

enabling tests to be performed over a range of crosshead displacement rates varying 

from 10" to 10~ mm/s. Loads were measured directly using a 22kN capacity load 

cell, The degree of embrittlement was quantified by the drop in fracture stress in 

notched tensile specimens and the drop in reduction in area at fracture in un-notched 

specimens when compared with equivalent values obtained with unembrittled 

specimens tested in air. With both types of specimen, a measure of the degree of 

embrittlement could also be obtained by measuring the percentage area of 

intergranular fracture on scanning electron micrographs. 

2.1     Plating Treatments 

The following plating, baking and passivation treatments were 

investigated to quantify the degree of hydrogen embrittlement produced in 4340 

steel. 

2. LI Low   embrittlement   cadmium  electroplating  solutions;     specimens  were 

cadmium plated to a thickness of  12-15  ym in low-embrittlement cadmium plating 
13 baths  in   accordance  with  Qantas  Processing  Specification  P65       and  Hawker  de 

14 Havilland Process Specification HPS   1.03.00    .    Both  these specifications require 

baking   at   ' 90°C/23h  within   4h  of   the  plating   treatment   followed  by  chromate 

passivation    .     The  HPS   1.03.00 specification  meets the hydrogen embrittlement 
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requirements of the U.S. specifications MIL-STD-870A'5 and DPS 9.28 i6 whereas 

the Qantas P65 specification meets the intent of the specifications BAC 5718 , DPS 

9.28 !6S QQ-P-4I67 and AMS 2401 l9. 

2.1.2 Cadmium electroplating solutions with added brightenerss the addition of 

brighteners to cadmium electroplating baths causes more hydrogen to be generated 

during deposition of the cadmium coating. Due to the low porosity of this coating, 

significant quantities of hydrogen can be retained in the steel after baking resulting 

in an increased susceptibility to hydrogen embrittlement. Specimens were plated 

in accordance with the UK Ministry of Aviation Specification DTD 904C . Slow 

strain rate tests were also conducted to assess the effect of bakeout time on the 

degree of embrittlement. 

2.1.3 Electroless nickel plating solutions? slow strain rate tests were performed 

to determine the degree of embrittlement induced in 4340 steel by the electroless 

nickel plating schedule outlined in the US Military Specification M1L-C-26074B . In 

these tests? specimens were shot-peened, given a vapour degrease, an anodic alkaline 

clean and a nickel chloride strike before plating for 2h at 90°C in an acidic (pH 4-5) 

plating bath. The effects of chemically stripping the nickel plate, replating with 

nickel and baking at !90°C and 340°C were investigated. 

2*2    Point Strippers 

Tests with paint strippers were only conducted using specimens given 

the low-embrittlement cadmium electroplating treatment. A 40 ml teflon chamber 

was used to expose the central 25mm portion of tensile specimens to the paint 

stripper. A leak-tight seal was obtained by inserting the specimen into a hole in a 

teflon plug which in turn was screwed into a tapered threaded hole in the base of the 

environmental chamber. A teflon lid also fitted over the top of the cell. Specimens 

were tested at several crosshead displacement rates in the presence of various 

proprietary paint stripper (A, Bs CIS C2, D and E). Samples Cl and C2 were two 

different batches of the same paint stripper and had the same nominal composition. 

Paint strippers A and B had a phenolic base whereas the remainder were classified as 

non-phenolic paint strippers. The mean fracture stress and standard deviation were 

calculated from the results of testing three specimens in an identical manner.   The 
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M 
severity of embrittleinent produced in 4340 steel by paint strippers was also assessed 

according to a modified version of the K-55 specification (see Appendix) using tnree 

notched C-ring specimens. 

RESULTS 

3* 1     Notched Specimens 

m 

3.1.1 Bare Steel Specimens Tested in Air 

The results of testing notched bare steel specimens in air showed that the 

fracture   stress  was   independent  of  crosshead  displacement   rate  over   the  range 
O ft l 

2x! 0~J to 2x10     mm/s,    The results of 21  specimens taken from several specimen 

batches heat treated at different times produced a mean value of 2456 MN/m    with 
•y 

a standard deviation of 52 MN/m    (Figure 2).    The fracture mode of broken bare 

steel specimens was found to be 100% transgranular microvoid coalescence. 

3.1.2 Platm, Treatments 

Slow strain rate tests conducted in air using specimens given the low- 

embrittiement cadmium plating treatment followed by baking at I90°C/23h produced 

similar fracture stress values to bare steel specimens tested in air at all crosshead 

displacement rGtes except the lowest rate used (2 x 10" mm/s) where the fracture 

stress was 25% lower. This result shows that not all the hydrogen introduced into the 

steel during the plating treatment was removed by baking. Similar tests conducted 

at a crosshead displacement rate of 2 x 10" mm/s with chromate-passivated 

specimens produced a greater drop in fracture stress compared with non-passivated 

specimens (Figure 2). 

Slow strain rate tests conducted with specimens cadmium plated in a bath 

containing brighteners and subsequently baked at l90°C/23h produced low values for 

the fracture stress when tested in air a+ a crosshead displacement rate of 2x!0~ 

mm/s (Figure 2). Although an increase in the baking time to !00h increased the 

fracture stress of specimens subsequently tested in air at 2 x 10" mm/s, a 

comparison   of   fracture   stress   values   of   tests   conducted   at   lower   crosshead 

WO 
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displacement rates indicated that this treatment was significantly more embrittling 

than the porous cadmium plating and passivation procedures. 

Slow strain rate tests conducted in air at a crosshead displacement rate of 

2x10 mm/s with a specimen subjected to the electroless nickel plating procedure 

resulted in a reduction in fracture stress of 40% compared with similar tests with 

bare steel specimens (Figure 3). Furthermore, the degree of embrittlement was 

increased when the nickel plate was stripped and the specimen replated. Although 

baking at 190°C/3h increased the fracture stress to 88% of the unembrittled value, 

identification of a small area of intergranular fracture confirmed that sufficient 

hydrogen was present to initiate premature failure (Figure 4). Further baking at 

340°C/lh increased the fracture stress to 2330 MN/m . Since no positive 

identifications of intergranular fracture could be found in this case, it is postulated 

that the degree of hydrogen embrittlement was minimal and that the steel had been 

softened by tempering. 

3.1.3 Paint Strippers 

Results of notched C-ring tests with the six paint strippers indicated that 

paint strippers A,CI,D and E could be classified as 'non-embrittling' whereas paint 

strippers B and C2 could be labelled 'embrittling' (Table 3). 

The effect of crosshead displacement rate on the mean fracture stress of 

cadmium-p!ated-and-baked notched tensile specimens in paint strippers A and B are 

shown in Figure 5. Although both paint strippers showed no signs of embrittling the 

steel when specimens were tested at 2x10 mm/s, tests at lower crosshead 

displacement rates in paint stripper B produced lower mean fracture stresses than in 

equivalent tests using paint stripper A. The maximum separation in mean fracture 

stress between the two paint strippers was observed at a crosshead displacement rate 

of 2x10 mm/s and hence this rate of straining was chosen for all subsequent tests 

using notched specimens. 

The effect of notch radius on mean fracture stress was studied for 

unpiated specimens tested in air and for cadmium plated-and-baked specimens tested 

in paint stripper A (Figure 6).    Results showed that a 100% increase in notch radius 

*<I 
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produced only an 8% increase in mean fracture stress of bare steel specimens tested 

in air, whereas the mean fracture stress of cadmium plated-and-baked specimens 

tested in paint stripper A increased from 1600 to 2120 MN/m . Within the 

limitations of soecimen design outlined in the ASTM F-519-77 specification (notch 

stress concentration factor within the range 2.9-3„3\ the mean fracture stress for 

cadmium plated-and-baked specimens ested in paint stripper A is contained within a 

much smaller range (1872-2026 MN/m ). The most significant decrease in mean 

fracture stress occurred when the notch concentration factor exceeded 3.3. Since 

the notch radius can be machined reproducibly within ±0.01 mm, there is little 

problem in preparing specimens within the limitations laid down in the ASTM F-5 I 9- 

11 specification. 

Since batches Cl and C2 of point stripper C were found to be 'non- 

embrittling' and 'embrittling' respectively? further slow strain rate and notched 

C-ring tests were carried out in various mixtures of paint strippers Cl and C2 to 

determine the critical mean fracture stress that corresponded to the pass/.'ail 

criterion in the notched C-ring test. Results indicated that this value of the mean 

fracture stress lay in the range 1700-1850 MN/m (Figure 7), Evaluation of the 

standard deviation for all paint stripper tests showed that the standard deviation was 

low for non-embrittling and highly-embrittling paint strippers whereas moderately- 

embrittling paint strippers produced results with high scatter (Figure 8). 

y^y Further  slow  strain  rate  experiments  were  conducted with embrittling 

•(/-[ paint stripper 3 to determine the cause of embrittlement.   Tests conducted with bare 

V^"> steel  notched specimens at a crosshead displacement rate of 2x10"    mm/s in paint 

S5i| stripper 3 showed no evidence of embrittlement (Figure 9).    When a steel specimen 

•y-" was galvanically coupled to a piece of cadmium of equivalent area during straining, 

y-'S- premature failure of the steel specimen resulted.    Final I/, exposure of a cadmium 

• V,* plated-and-baked  specimen  to  paint   stripper  3  for  a week resulted  in premature 

!rJ_ failure after the specimen was cleaned, dried and subsequently tested in air.   Similar 

'•'•'.'.•' results  were  also  obtained   using  paint   stripper   A.     These   results,   in  addition  to 

previous  work   involving   pH/potential   measurements  in  paint   strippers    ,   confirm 

)•;, that hydrogen is generated at the steel surface due to galvanic coupling between the 

"JT"? steel and the cadmium in the paint stripper.   The large anodic area of the cadmium 

>•;• provides the driving force for high cathodic current densities to be maintained at the 
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small    areas    of    steel    exposed    to    the    paint    stripper    ultimately    leading    to 

embrittlement of the steel. 

3*2     Un-riotched Specimens 

A limited number of tests were conducted using un-notched specimens for 

comparison with the results of notched specimens. Slow strain rate tests using un- 

notched bare steel specimens and porous cadmium plated-and-baked specimens 

tested in air at crosshead displacement rates between 2xlO~J mm/s and 2xlG mm/s 

(1.6x10 and 1.6x10 strain rate) produced cup-cone type fractures with reduction 

in area at fracture varying between 42 and 50% (Figure 10). Since no sign of 

intergranular fracture was evident, these reduction in area values were used as a 

basis for determining the degree of embrittlement of plated specimens tested in 

paint strippers. When both bare steel specimens and cadmium plated-and-baked 

specimens were tested at a crosshead displacement rate of 2x10" mm/s (L6xi0 

strain rate), specimens failed prematurely to give a shear-like fracture across the 

full width of the specimen. Since no traces of intergranular fracture were observed 

in the bare steel specimens, embrittlement by hydrogen was not considered to be 

responsible for this type of fracture. In the case of the cadmium plated-and-baked 

specimens tested at 2x10" mm/s, small areas of intergranular crack initiation were 

observed prior to the onset of fast shear-like fracture across the remainder of the 

specimen. 

The effect of crosshead displacement rate on reduction in area was 

determined for specimens tested in paint strippers A and B (Figure 10). At a 

crosshead displacement rate of 2x10 mm/s, no decrease in the reduction in area at 

fracture was observed for cadmium plated-and-baked specimens tested in either 

paint stripper compared with unpiated specimens tested in air. Tests with the more 

embrittling paint stripper B showed that the reduction in area decreased rapidly for 

crosshead displacement rates below 7x10" mm/s, whereas the corresponding rate 

for paint stripper A was ~5xl0 mm/s. At Sower crosshead displacement rates, the 

reduction in area values for paint stripper A approached those for the embrittling 

paint stripper B. The drop in reduction in area values could also be correlated with 

the proportion of intergranular fracture on the fracture surface of embrittled 

specimens with the amount varying from approximately 0.05% in mildly embrittled 

specimens to 10% in cases of extreme embrittlement. 
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4.      DISCUSSION 

The purpose of the present paper is to assess the potential of the slow 

strain rate technique for quantifying the degree of hydrogen embrittlement in ultra- 

high strength W40 steel and then to compare the merits of this technique with 

methods already being used in existing specifications* A comparison of results for 

slow strain rate testing of notched and un-notched specimens highlights a number of 

factors that favour the notched specimen as a more suitable choice for assessing the 

degree of embrittiement; 

a) The fracture stress determined in tests with notched specimens is a relatively 

sirnple parameter to measure compared with the more complicated procedure 

to determine the reduction in area at fracture using un-notched specimens* 

b) The fracture stress of unembrittied notched specimens is reproducible to ±2% 

compared with ±10% for the reduction in area at fracture associated with un- 

notched specimens. 

c) Anomalous shear-type fractures occur at low str l'm rates with unembrittied un- 

notched specimens making assessment of the degree of embrittlement dubious. 

d) Tests conducted with paint stripper A show that embrittlement only becomes 

evident for un-notched specimens at crosshead displacement rates <5xl0~J 

mrn/s compared with 7x10 mm/s for notched specimens. Consequently, 

assessment of the degree of embrittlement with un-notched specimens in paint 

strippers could take up so 20 tim?s longer than equivalent tests with notched 

specimens. At a crosshead displacement rate of 2x!0"} mm/s. a maximum time 

of only 2.5h is required to test a notched specimen. 

The scatter in results for both notched and un-notched specimens tested 

in paint strippers varies with applied strain rate and can become unacceptably high in 

certain circumstances. Results obtained with un-notched specimens tested in paint 

stripper B show a narrow region (3-6x10" mm/s) where the reduction in area at 

fracture becomes very sensitive to small changes in crosshead displacement rate 

(Figure    10).      Consequently^   if   tests   were   conducted   at   a   constant   crosshead 
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displacement rate within this narrow band, the reduction in area at fracture would be 

very sensitive to small changes in hydrogen concentration in the steeL The same 

argument would also apply to un-notched specimens tested in paint stripper A at a 

crosshead displacement rate of 2x10" mm/s and to notched specimens tested in 

paint stripper mixtures containing 65% Cl + 35% C2 and 75% Cl + 25% C2 at a 

crosshead displacement rate of 2x!0~ mm/s. This particular aspect could be used to 

advantage in any standard test for assessing susceptibility to hydrogen embrittlement 

using notched specimens. In addition to defining a minimum fracture stress for 

acceptance of a given paint stripper, results displaying a high standard deviation 

would provide additional evidence that a particular plating treatment or paint 

stripper may be unacceptable. Consequently, for slow strain rate tests conducted at 

a crosshead displacement rate of 2x10 mm/s, where failure in the range 1700-1850 

MN/m corresponds to the pass/fail criterion in the notched C-ring test, it is 

suggested that a maximum standard deviation of 300 MN/m be specified as a 

possible additional criterion for acceptance. Due to the significance of defining a 

minimum, mean fracture stress and a maximum standard deviation as possible criteria 

for acceptance or rejection of products causing hydrogen embrittlement, it is 

suggested that better statistical values might be obtained from the results of five 

rather than three specimens. This method of assessing scatter of results is 

considered superior to the method of assessment laid down on ASTM F-5 19-77 where 

retesting of a further batch of three specimens is required if one specimen fails 

during testing of the initial batch. Furthermore, this latter procedure can take up to 

two weeks to complete compared with 2.5h for a slow strain rate test performed at a 

crosshead displacement rate of 2x10" mm/s. Manufacturing costs for the notched 

tensile specimen have also been found to be 50% less than for the notched C-ring 

specimen. This is due to the lower cost of machining (40%) and lower rejection rate 

for the notched tensile specimen (<0.5%) compared with the notched C-ring specimen 

(5%). A further advantage of the slow strain rate method is the ability to compare 

quantitatively the degree of embrittlement produced by different plating treatments 

or paint strippers irrespective ot the amount of hydrogen present in the steel. 

Although time to failure provHes some indication of the degree of embrittlement in 

severely embrittled C-ring specimens, no comparison is possible for treatments that 

pass the standard tests. 

*»1 
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The slow strain rate method could also be used to quantify the relative 

severity of other procedures for testing paint strippers laid down in ASTM F-5I9-77, 

MIL-R-83936B Amendment I, M1L-R-25I34B and MIL-R-8I294B specifications. This 

could be done by either (a) conducting tests at a crosshead displacement rate of 

2x10 mm/s and defining an appropriate minimum fracture stress and maximum 

standard deviation consistent with the pass/fail results of the standard 

specifications, or (b) altering the crosshead displacement rate and maintaining the 

current values for the minimum fracture stress and maximum standard deviation. 

Justification for this approach is evident from a comparison of calculated notch 

stress concentration factors in five notched tensile specimens detailed in the 

standard specifications (Table 4),   Stress concentration factors for the five specimen 

geometries are calculated assuming the notched specimen to comply with Neuber's 
71 solution for a grooved shaft  loaded in tension      and found to vary from 2.5 to 3.9 

(Figure   1 I).     Troiano      has demonstrated  that  time to  failure of sharply-notched 

embrittled steel specimens loaded to the same percentage value of the unembrittled 

fracture   stress   decreases    with    increasing    notch    stress   concentration    factor. 

Consequently,  it  is unlikely that  the same pass/fail  result  would occur if all five 

specimen   types   were   used   to   assess   treatments   producing   the   same  degree  of 

embrittlement. 

A comparison of the time to failure of chromium-plated notched tensile 

and C-rlng 4340 steel specimens also illustrates the difference in susceptibility to 
TO 

hydrogen embrittlement between these two types of specimen (Figure 12) . 

Although both curves approach the same lower critical stress at long testing times, 

the shorter times to failure of notched C-ring specimens tested at the same applied 

stress demonstrates that this specimen type provides a more severe test compared 

with identical tests using notched tensile specimens. This result is surprising since 

the notch stress concentration factor in the tensile specimen is significantly higher 

than in the C-ring specimen. Consequently, it seems possible that notched tensile 

specimens subjected to a less embrittling treatment and tested in accordance with 

the ASTM F-519-77 specification could pass the standard test whereas notched C- 

ring specimens would fail the same test. At the present time, it is apparent that the 

degree of test severity associated with the various specimens and testing methods is 

a quantity that has been neither properly defined nor adequately investigated. 
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The ability of the slow strain rate method to control the severity of 

testing by appropriate choice of crosshead displacement rate allows comparative 

studies of different embri'tling treatments to be made. In the case of cadmium 

plating treatments that are designed to induce minimal hydrogen embrittlement in 
C   Q   I "3    I C   I Q   i Q 

ultra-high strength steels? standard specifications 0y:>'0? stipulate the use of 

porous cadmium plating treatments followed by baking at l90°C/23h. Slow strain 

rate tests with notched 4340 steel specimens given this treatment show no signs of 

embrittlement when tested at crosshead displacement rates ~2xi0 mm/s. The 25% 

reduction in fracture stress observed in tests conducted at 2x10 mm/s show that 

small quantities of hydrogen are retained in the specimen, but due to the extreme 

severity of this test, this condition is not considered detrimental to the integrity of 

components given this treatment. The lower fracture stresses obtained with 

cadmium ptated-and-baked specimens that are also chromate passivated signifies 

that the latter process introduces further hydrogen into the steeL It is surprising 

that the degree of embrittlement is not greater since the chromate passivation bath 

is highly acidic (pH ~l). Since no reduction in fracture stress is observed in tests 

performed at a crosshead displacement rate of 2x10 mm/s, the degree of 

embrittlement is not considered to be as great as that produced by electroless nickel 

plating* bright cadmium plating-and-baking treatments or by paint strippers A?BSCI 

and C2„ 

In contrast, bright cadmium plating followed by baking at 1 9Q°C/23h and 

electroless nickel plating without baking are not recommended for application on 

ultra-high strength steelss since excessive levels of hydrogen are introduced into the 

steel during the plating process, it is not surprising that fracture stress values < 1500 

MN/m are recorded for all notched tensile specimens tested at a crosshead rate of 

2x10 mm/s. These treatments would be expected to fail standard notched C-ring 

tests bearing in mind that the test severity for assessment of plating treatments is 

greater than for aircraft maintainance chemicals and paint strippers (Tables I and 

2). Slow strain rate tests also show that the degree of embrittlement in 4340 steel is 

significantly enhanced when electroless nickel coatings are stripped and specimens 

replated and also that baking at 190°C/3h is insufficient to remove ail traces of 

hydrogen. 
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Bright cadmium plated 4340 steel specimens that are baked at 

190°C/I00h display minimal reduction in fracture stress when tested at a crosshead 

displacement rate of 2x10 mm/s. The 40% reduction in fracture stress observed in 

tests conducted at 2x10 mm/s suggest that significant quantities of hydrogen are 

still present in the steel and hence this condition must be considered as a possible 

threat to the integrity of structure subjected to large loads for long periods of time 

(e.g. aircraft undercarriage structure or any high strength steel component sustaining 

residual tensile stresses). A number of cases have been recorded where notched Cu- 

rings,, which passed the standard tests? were found to fail under load after storage for 
29 many weeks.       It is therefore important to know whether existing standard methods 

can adequately predict the long-term (months/years) durability of structure that is 

susceptible to hydrogen embrittlement.    Future work should seek to correlate the 

fracti.---<? stress in a s'ow strain rate test with failure time in a standard hydrogen 

embriti^-.rienl   te?t   in   which  the test  time  is extended  to  many  months-     Since 

hydroger ernbritflement testing conditions invoked in the various standard tests for 

assessing   plating   treatments  are   more  stringent   than   those   for   testing  aircraft 

mainfainance chemicals and paint strippers (Tables  I and 2), slow strain rate tests 

for   assessment   of   plating   treatments   should   be   carried   out   at   a   crosshead 

displacement rate <2x!0     mm/s. 

Before further comparisons of the slow strain rate method and 

conventional standard tests are mades consideration should be given to the location 

and rate of hvirogen generation during a test.   Three situations are envisaged; 

(a) finite IMIIG! distribution of hydrogen within the specimen e.g. as-plated and 

plated-.r-^d-baktfd specimen; 

(b) galvanic generation of hydrogen at all plated surfaces exposed to an external 

environment e.g. exposure of cadmium-plated steel specimens to embrittling 

paint st-ippers, and 

(c) generation of hydrogen in the note!" region only e.g. exposure of aqueous 

Environments (e.g. distilled water) the': cjuse stress corrosion cracking. 
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Since the source and spatial location of hydrogen is different in each of the three 

cases, the kinetics of hydrogen accumulation in the region of the notch would also be 

expected to vary* It is therefore possible that the critical slow strain rate fracture 

stress corresponding to the pass/fail condition in the standard constant load test may 

vary with the mode of hydrogen generation or distribution of hydrogen within the 

specimen. The present work has successfully determined a correlation between the 

standard notched C-ring test and the slow strain rate test for case (b), and it is 

recommended that future work should be aimed at determining a similar correlation 

for cases (a) and (cX It is anticipated that a different correlation between the two 

test methods might be expected in case (c) where generation of hydrogen depends on 

the interaction of ^he environment with fresh metal surface in the notch* Breakdown 

of a passivating film is more likely to occur in a slow strain rate test than a constant 

load or constant displacement test and hence the slow strain rate method is likely to 

generate less scatter and provide a more positive assessment of the degree of 

embrittlement. 

5.      CONCLUSIONS 

A comparison of the slow strain rate method with standard constant load 

tests highlights many advantages of the former test in assessing susceptibility of 

ultra-high strength steels to hydrogen embrittlement: 

(a) slow strain rate tests can be done using a notched tensile specimen that 

complies with the reduced load requirements in the ASTM F-519-77 

specification, 

(b) the slow strain rate test with notched specimens utilises the fracture stress as 

a simple parameter for assessing the degree of embrlttlement? 

(c) the severity of the slow strain rate test can be controlled by altering the 

crosshead displacement rate, 

(d) for multiple testing of specimens at a given crosshead displacement rate, o 

minimum mean fracture stress and maximum standard deviation can be 

specified for acceptance of a paint stripper or plating process, 
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• (e)     quantitative results can be obtained in less than 3h with a slow strain rate test 

§PP conducted at a crosshead displacement rate of 2 x 10     mm/s, compared with a 

maximum time of I00-300h for tests defined in the standard specif icattons? 

•K 

fc-V (f)      the slow strain rate technique could be used to quantify the relative severity of 

I    ' test procedures defined in the various standard specifications, 

It" 

5-. i."> 

m 

$ 

(g)     an overall manufacturing cost reduction of 50% can be achieved with the use of 

notched tensile specimens compared with notched C-ring specimens. 

It is argued that the evidence cited in this paper strongly supports the 

view that the slow strain rate method should be adopted as an alternative standard 

method for assessing the severity of hydrogen embrittlement produced by plating 

processes, paint strippers and other aircraft maintainance chemicals. It is hoped 

that these advances will lead to better qualification of products and processes used 

in the improved maintainance of aircraft components? thereby reducing the risk of 

failure by hydrogen embrittlement during subsequent service. 
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APPENDIX 

Details of U.S. Specifications for Determining the Degree 

of Hydrogen Embrittlemeot Induced by Paint Strippers and 

Aircraft Maintenance Chemiccjls in High Strength Steels 

1. ASTMF-519-776 

Specification allows notched tensile, notched bends notched C-ring and 

smooth O-ring 4340 steel specimens to be used. Specimens are porous cadmium 

pSated-and-baked and chromate passivated. A minimum of three specimens are 

loaded in air to the values shown in Table 2 and the notched region immersed in the 

paint stripper or fluid. If two or more specimens fail within I 50hs the environment is 

considered embrittling. If one specimen fails, a further three specimens are tested 

and if any specimen fraciure during retests the environment is considered 

embrittling. 

2. MSL-R-83936B Amendment I4 

Four notched tensile steel specimens are cadmium plated-and-baked as 

outlined in MIL STD 870A . Specimens are then immersed in paint stripper for 4hs 

rinsed, dried and loaded in air to 75% of the notch tensile strength. Failure of one 

specimen within a period of 200h is sufficient to cause rejection of the paint 

stripper. 

3. M1L-R-25I34B5 

Four unplated and four cadmium plated-and-baked notched tensile 4340 

steel specimens are loaded in air to 75% of the notch tensile strength. The paint 

stripper is applied to the notched region of the specimen; wiped off carefully after 

10 minutes, and the process repeated to give four full cycles per day at two hourly 

intervals until either   lOOh has elapsed or until failure.    If the specimens are still 



APPENDIX (cont.) 

intact after the  lOOh period, the load is maintained for a further   IQOh and if any 

specimens fail, the paint strippers is considered to be embrittling. 

h.      M!L-R-8I2%B3 

Four cadmium plafed-and-baked 4340 steel notched C-rings are loaded to 

75% of the notched breaking strength in air* The C-ring specimens are immersed for 

60s with the notched side down to a point where the ring is covered approximately 25 

mm on either side of the notch. The rings are removed and allowed to hang notched 

side down in air for SOQh. Failure or cracking of any specimen within this period 

causes rejection of the paint stripper. 

5. Australian RAAF Engineering Specification K55 

Identical to M1L-R-8I294B3 except that either 4340 steel or D6ac steel 

can be used. Ultimate tensile strength of D6ac steel is specified to be within range 

1800-1930 MN/m2. 

6. Modified RAAF Specification K55 

Identical to K55 specification except that three notched C-rings are 

tested for 1 OOh and if two or more specimens crack or fail within this period, the 

paint stripper is considered embrittling. If one specimen fails, a further three 

specimens are tested and the paint stripper is considered acceptable only if all three 

specimens pass the I OOh test. 
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TABLE 3 - Results of Notched C-ring Tests In Paint Strippers 

Time to FailureThf 
Specimen I       Specimen 2      Specimen 3      Pass/Fail Paint Stripper 

A 
B 
Cl 
C2 
D 
E 

50% CI +50%C2 
65% CI +35%C2 
75% CI +25%C2 

75% CI+25%C2 (repeat) 

p P P Pass 
1 < I < I Fail 
p P P Pass 

1 < 1 [ Fail 
p P P Pass 
p P P Pass 
20 20 60 Fail 
24 24 48 Fail 
P P 60 ) 

)     Pass 
) 

P : specimen unbroken after lOOh 

AH specimens that passed the lOOh test were also found to be intact after !50h„ 



TABLE 4 -   Specimen Geometry and Stress Concentration Factor (Iky) of 

Notched Tensile Specimens Used In Standard Specifications 

for Hydrogen Embritt lenient Testing of Ultra-High Strength 

Steels 27 

Specification D(mm)       d(mm)     r(mm)    d/D r/D 

MIL-S-5002C 
MIL-R-83936B 
MIL-STD-870A 
MIL-STD-I50IB 
MIL-C-26074B 
QQ-P-4I6C 
HPS 1.04.05 

12.50        8.84        0.25       0.707       0.020      3.9 

AMS 2401C 12.7 9.07 0.30      0.714      0.024       3.6 

BAC 5854 ) 
BAC 580^ )    8.46 
ASTM F-519-77(1 a) ) 

5.97 0.25       0.706       0.030      3.2 

ASTM F-519-77(1 b)       4.78        2.27        0.15       0.476       0.032       2.8 

MIL-R-25I34B 9.07        5.72 0.64      0.631       0.071       2.5 

Present Work 4.50        3.20        0.15       0.707       0.033       3.1 

See Figure 12 for definition of D, d a^d r. 
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Figure 1.        4340 steel round tensile specimens: 
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Figure 2*        Fracture stress of cadmium plated-and-baked 4340 steel notched 

specimens tested in air at various crosshead displacement rates. 
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Figure 3.       Fracture stress of eleetroless nickel plated 4340 steel notched 
specimens tested in air at a crosshead displacement rate of 

2xl(T4 mm/s. 
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Figure 4. Intergranular fracture initiation site of 4340 steel notched 

specimen which had been nickel plated, stripped, reflated, baked 

at 190°C/3h and tested in air at a crosshead displacement rate of 

2xl0"4 mm/s. 
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Figure  5. Mean fracture stress of cadmium plated-and-baked 4340 

steel notched specimens tested in paint strippers A and B at 

various crosshead displacement rates. 
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Figure 6. Effect of notch radius on mean fracture stress of 4340 bare 

steel specimens tested in air and cadmium plated-and-baked 

4340 steel specimens tested in paint stripper A at a 

crosshead displacement rate of 2x10     mm/s. 
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Figure 7. Comparison of notched C-ririg and slow strain rate results in 

mixtures of paint strippers Cl and C2* 
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Figure   9= Fracture stress of 4340 steel notched specimens tested 

under various conditions at a erosshead displacement rate of 

2x10~4 mm/s. 
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Figure   10. Percentage reduction in area at fracture of cadmium 

plated-and-baked 4340 steel unnotched specimens tested in 

paint strippers A and B at various crosshead displacement 

rates. 
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Figure 11. Calculated values of stress concentration factor (kT) for a 

grooved shaft in tension (R.E. Petersen, Stress 

Concentration Factors, Figures 30 and 31).27 



800 

600- 

Applied 
stress 

(MN/m2) 
^00 

200- 

^ 

\Notched 
\C- ring 

^Cylindrical notched 
^Ctensile specimens 

©\. specimens x\ 

_^ 

i                        1 !                            ! 1 

0.01 0.1 1 10 
Time to failure(h) 

100 1000 

Figure 12. Comparison of time to failure of notched C-ring (kj=4) and 

notched tensile specimens (kT=6*3) chromium plated to a 

thickness of 0,05mm and loaded in air to various values of 

constant applied stress    * 



DISTRIBUTION 

AUSTRALIA 

Department of Defence 

Defence Centra! 

Chief Defence Scientist 
Deputy Chief Defence Scientist 
Superintendent, Science and Program Administration ) ! copy 
Controllers External Relations, Projects and 

Analytical Studies 
Defence Science Adviser (UK) (Doc Data sheet only) 
Counsellor, Defence Science (USA) (Doc Data sheet only) 
Defence Central Library 
Document Exchange Centre, D1SB (18 copies) 
Joint Intelligence Organisation 
Librarian H Block, Victoria Barracks, Melbourne 
Director General - Army Development (NSO) {h copies) 

Aeronautical Research Laboratories 

Director 
Library 
Superintendent - Aircraft Materials 
Divisional File - Aircraft Materials 
N.E. Ryan 
B* Hinton 
G. Clark 
Author;   W.J. Pollock 

Materials Research Laboratories 

Director/Library 
Superintendent, Metallurgy 
B. Wilson 
F. Marsden 
Authors   C. Grey 

Defence Research Centre 

Library 

RAN Research Laboratory 

Library 

Navy Office 

Navy Scientific Adviser 
RAN Aircraft Maintenance and Flight Trials Unit 
Directorate of Naval Aircraft Engineering 

./cont. 



DISTRIBUTION (con.t) 

Director 
R. Stock 

Superintendent, Aircraft Maintenance and Repair 

Army Off ice 

Scientific Adviser - Army 
Army Gual'ty Assurace Service 

L. Bye 
T. Wintells 

Engineering Development Establishment, Library 
Royal Military College Library 
US Army Research, Development and Standardisation Group 

Air Force Office 

Air Force Scientific Adviser 
Aircraft Research and Development Unit 

Scientific Flight Group 
Library 

Technical Division Library 
Director General Aircraft Engineering - Air Force 

A1RENG5 
Director General Operational Requirements - Air Force 
HQ Operational Command (SMAINTSO) 
HQ Support Command 

SLENGO 
A1RENGI 
AIRENG4 
AIRENG4A 
AIRENG4C 

Quality Assurance Laboratories, Highett (Mr C.H, Bott, OIC) 
RAAF Academy, Point Cook 

Government Aircraft Factories 

Manager 
Library 
R. Warwick 

Department of Aviation 

Library 
Flight Standards Division 

Statutory and State Authorities and industry 

CSIRO, Materials Science Division, Library 
Trans-Australia Airlines, Library 
Qantas Airways Limited 
Gas and Fuel Corporation of Victoria, Manager Scientific Services 
SEC of Vic, Herman Research Laboratory, Library 
Ansett Airlines of Australia 

/- 



DISTRIBUTION (corut) 

Library 
Mr J. Veitz 

BHP, Melbourne Research Laboratories 
Commonwealth Aircraft Corporation, Library 
Hawker de Haviiland Aust. Pty Ltd., Bankstown 

Library 
Dr A. Crosky 

Rolls Royce of Australia Pty Ltd, Mr C.G.A. Bailey 
Turco (Australia), Mr A. Robertson 
Dulux Chemicals (Australia) 
Gibson Chemicals, Mr G„ Mills 
Brent Chemicals, Mr J. Smart 
Dunlop Aviation Australia 
All-Brite Plating 
Avin Plating (Aust) Pty Ltd 
Rustproofers Melbourne 
Electroform Australia Pty Ltd 
W B Plating Co 
Lawrence Smith & Canning Pty Ltd 
Whitelaw Chemicals Pty Ltd 

Universities god Colleges 

Adelaide Barr Smith Library 

Flinders 

La Trobe 

Melbourne 

Monash 

Newcastle 

Sydney 

NSW 

Queensland 

Tasmania 

Library 

Library 

Engineering Library 

Hargrove Library 
Professor I.J. Polmear, Materials Engineering 
Professor B.W. Cherry,, Materials Engineering 

Library 

Engineering Library 

Physical Sciences Library 

Library 

Engineering Library 

Western Australia     Library 

RM!T Library 

CANADA 

International Civil Aviation Organization, Library 
NRC 

Aeronautical & Mechanical Engineering Library 

Universal les and Colleges 

Toronoro institute for Aerospace Studies 

•••/cont. 



DISTRIBUTION (con.t) 

FRANCE 

ONERA, Library 

INDIA 

CAARC Coordinator Materials 
Defence Ministry, Aero Development Establishments Library 
Hindustan Aeronautics Ltd, Library 
National Aeronautical Laboratory, Information Centre 

JAPAN 

National Aerospace Laboratory 
National Research Institute for Metals, Fatigue Testing Division 
Institute of Space and Astronautical Science, Library 

NETHERLANDS 

National Aerospace Laboratory (NLR), Library 

NEW ZEALAND 

Defence Scientific Establishment, Library 
Transport Ministry, Airworthiness Branch, Library 

Universities 

Auckland Prof. G.A* Wright, Chemistry 

SWEDEN 

Aeronautical Research Institute, Library 
Swedish National Defence Research Institute (FOA) 

SWITZERLAND 

F-s-W (Swiss Federal Aircraft Factory) 

UNITED KINGDOM 

Ministry of Defence, Research, Materials and Collaboration 
CAARC, Secretary 
Royal Aircraft Establishment 

Bedford, Library 
Farnborough, Dr G. Wood, Materials Department 

Admiralty Research Establishment 
St Leonard's Hill, Superintendent 

National Engineering Laboratory, Library 
British Library, Lending Division 
Aircraft Research Association, Library 
British Ship Research Association 
Rolls-Royce Ltd, Aero Division Bristol, Library 

../conL 



DISTRIBUTION (con.t) 

British Aerospace 
Kingston-upon-ThameSj Library 
Haffield-Chester Division, Library 

Universities and Colleges 

Cambridge Library? Engineering Deportment 

Cranfield Inst. of Technology Library 

Imperial College Aeronautics Lib ary 

UNITED STATES OF AMERICA 

NASA Scientific and Technical Information Facility 
Metals Information 
The Chemical Abstracts Service 
United Technologies Corporation, Library 
Lockheed-California Company 
Lockheed Missiles and Space Company 
Lockheed Georgia 
Mcdonnell Aircraft Company, Library 
Metals Abstracts, Editor 

Universities and Colleges 

Massachusetts Inst. of Tech„ MIT Libraries 

SPARES (20 copies) 
TOTAL (154 copies) 



Dspftrtmant of Dofanc* 

D0CUMEMT COMTROL DATA 

1. s. Afl No 

AR-004-06Q 

t.b. Establishment No 

ARL-MAT-R-II8 

^^siow STRAWRATETESTTNG OF HIGHSTRENGTH 
LOW-ALLOY STEELS: A TECHNIQUE FOR ASSESSING 
THE DEGREE OF HYDROGEN EMBRITTLEMENT 
PRODUCED BY PLATING PROCESSES, PAINT STRIPP- 
ERS & OTHER AIRCRAFT MAINTENANCE CHEMICALS 

2. Documgtis Date 

December 1985 

3. T«$k No 

DST 82/014 
5. Security 
«. document 
UNCLASSIFIED 
b. title 

u u 

6. No Pam 

34 

29 

S. Authcrfe) 

W.J. POLLOCK 
C. GREY* 
* Materials Research Laboratories 

9. Downgrading trwtnjctiomi 

10. Corporatt Ayrtor end Address 

Aeronautical Research Laboratories 
PO Box 433 I 
MELBOURNE  VIC  300I 

11. Aushorisy fas apgffopmm) 

12. UmemtOMy D«ss?ttwtJon (of this document) 

Approved for Public Release 

Owratss anQuiiwi, oiraidfl n~wd limitations tfaouta ba rtfmmfl through ASDIS, Defense Information Services Bimeh, 
Om^mamt of Defence. Osroptwll Pwk, CANBERRA ACT 2601 

13. s. This ^oo»n«>t may to ANNOUNCED in catalogues and awrarenew services awoilsble to 

No limitations 

13. b. Cittsisw <®r oth* purposas to cuualmmomanmens) may he Isofectl anremlaedief! m for 13 a. 

14. Descriptors" """"   ~~~  

Hydrogen embrittlement 
High strength steels 
Low alloy steels 
Slow strain rates 

Plating 
Paint removers 

IS. COSATl Grow 

11060 
1113 

16. Atetirges 

The present work demonstrates how a slow-strain rate tensile test can be 
used to quantify rapidly in a statistically rigorous manner the severity of 
hydrogen embrittlement produced in high strength 4340 steel by paint 
strippers and plating processes. The results of multiple slow strain rate tests 
conducted at a crosshead displacement rate of 2 x 10'^ mm/s using notched 
specimens in various paint strippers show that a minimum mean fracture 
stress and maximum standard deviation can be defined that correlates with 
the pass/fail criterion in standard notched C-ring tests. The advantages of 
using a slow strain rate test as a viable alternative to existing standard 
methods for hydrogen embrittlement testing are discussed. 

J 
PFSS 



•->-". -.1 • 

This psp is to bs usad to record information which is mqutred by the Establishment for its own ma tat 
which will not bo addtd to the DISTIS data bssa unless specifically requested. 

16. Ateiiet fOwofj 

1 ?. Imprint 

Aeronautical Research Laboratories, Melbourne 

18- Bocunrwm Series and Numto»r 

Aircraft Materials 
Report I 18 

10,C©stC«Kte 

35 4730 

20. T^ps of Report sod Puriod Cewtd 

21. Cempnw Pr^iw» U»d 

22. Esmbii*mmti film Rrf U> 


