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CHAPTER I 

INTRODUCTION 

The purpose of this investigation is to explore the plastic deforma­

tion characteristics of sample nickel base alloys that might relate to 

their susceptibility to embrittlement by hydrogen. This investigation 

builds upon previous studies in the same laboratory by co-authors Price 

and Good [1, 2], by Traylor [3, 4], and by Fredell [5]. Nickel is an 

essential ingredient of all superalloys and indeed most superalloys are 

based upon nickel. The superalloys are the metallic al Joys used in the 

most demanding situations possible for metals. Superal loys are used for 

rotating components in high temperature turbines, for critical tubing in 

nuclear reactors, and for down hole tubing in sour gas wells [6]. Hydro­

gen embrittlement has long been recognized as a problem with high strength 

ferritic steels and at temperatures of 200 to 250°K austenitic stainless 

steels are affected also. The superal Joys combine good mechanical prop~ 

erties, formability, and weldabil ity with corrosion resistance. They 

are being used increasingly in the oil industry to combat corrosion, for 

example, in deep and sour gas wells [ 7]. With such applications have 

come an increasing awareness that nickel base alloys can be embrittled 

by hydrogen also. One pertinent question is whether the embrittlement 

is a surface or volume process. Liquid metal embrittlement (LME) must be 

a surface or near surface phenomenon and nickel has alloys which are af­

fected by mercury. LME involves specific couples of solid and 1 iquid 
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meta 1 s. More than 100 examp 1 es -are known [ 8 ]. Usually LME couples have 

limited mutual solubility. Accordingly, embrittlement by liquid mercury 

is studied for comparison. 

The alloys studied are Nickel 200 (UNS N02200) commercially pure 

metal, Monel 400 (UNS N04400), lnconel 600 (UNS N06600), and lncoloy 800 

(UNS N08800). The latter are representative of major alloy groups. 

Monel 400 (UNS N04400) is chosen as the most embrittled alloy [1, 3, 5] 

while lnconel 600 and lncoloy 800 exhibited interested properties in the 

preliminary study by Price and Good [1, 2]. Each of the alloys studied 

is chemically the simplest of each alloy group, thereby allowing analy-

sis of these solid solution alloys to be more straightforward. 

The embrittlement of these alloys relates at least in part to the 

chemistry of the alloys, but surely relates also to the mechanical prop-

erties such as strain hardeni~g capability, slip character, strain rate 

sensitivity, yield strength, and cold work. Thus,as previously mention-

ed, in steels it is .the high strength alloys that are affected, meaning 

that the same steel can be heat treated to different strength levels but 

only be embrittled when harder than about 22 R [100. 
c 

This thesis describes a comparison of the tensile test characteris-

tics of the four alloys tested in air, hydrogen, and mercury. In the 

first part, tensile tests were carried out in air with careful documenta-

tion to obtain, for example, complete engineering stress versus engineer-

ing strain curves and strain hardening exponents. In the second place, 

interrupted tests were carried out in hydrogen and mercury to observe the 

plastic deformation sequence (slip character, rumpling, etc.) and espe-

cially crack initiation and propagation. A third test sequence involved 
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chosen fatigue tests in the environments, again with interruptions for 

observations in some instances. The relevant aspect of fatigue tests is 

that cracks are initiated at stress levels low compared to the tensile 

strength. As a consequence of matters arising from the foregoing, relat­

ed additional tests were done on cold worked metal and on alloy speci­

mens of different grain sizes. 

The findings of Price and Good [1, 2], Traylor [3, 4], and Fredell 

[5] are expanded in this study to give a more detailed understanding of 

alloys in general and simple nickel-based superalloys in particular. 

Occasionally, their test data are· used directly, though their results 

were confirmed by reproducing some representative tests. The goal of 

this study is to obtain a clearer understanding of the hydrogen embrit­

tlement (HE) o,f commercial superalloys. 



CHAPTER I I 

REVIEW OF LITERATURE 

Introduction 

This study is a direct result of work done by Traylor [3] and 

Fredell [5]; therefore, their reviews of the literature are directly ap-

pl icable. Consequently, general background material and detailed explan-

ation of leading theories will not be included. A short review of the 

pertinent theories and a review of the work by Price and Good [l, 2], 

Traylor [6], and Fredell [5] are included. 

Embrittlement by Liquid Metals 

Liquid metal embrittlement (LME) is well documented yet not clearly 

understood. Numerous mechanisms have been proposed to explain LME. Some 

of the significant work is reviewed here. 

Reduction in Cohesion Model 

A leading theory of LME advanced by Westwood and Kamdar [10, ll] and 

Stoloff and Johnston [l2]suggests that the liquid metal causes an adsorp-

tion-induced reduction in the cohesive strength between the base metal 

atoms at the crack tip (Figure l). As the sample is stressed, the liquid 

metal atom B is spontaneously adsorbed at the crack tip, reducing the 

strength of the bond A-A . \.Jhen the stress reaches a new, lower critical 
0 

4 



Figure 1. Schematic Representation of the Displacement of Atoms 
at the Tip of a Crack 
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stress, the bond breaks and the crack advances to bond A-A1, where the 

sequence repeats. Therefore, Kamdar [11] proposed that LME is a special 

case of brittle fracture, and that the metallurgical and mechanical ef-

fects on LME can be attributed to the principles of brittle fracture. 

The general criterion for predicting the ductileorbrittle behavior 

of sol ids is discussed by Kamdar [11] who references Gilman [13] and Kelly 

et al. [14]. The argument presented is as follows: An equilibrium 

crack in a solid subjected to an increasing force will propagate in a 

fully brittle manner if the ratio of the largest tensile stress, cr, in 

the vicinity of the crack tip to the largest shear stress, T, on th~ most 

favorably-oriented slip plane near the crack tip is greater than the ra-

tio of the ideal cleavage stress, cr , to the ideal shear stress, T 
max max 

If the converse is the case, crack propagation will be accompanied by 

some plastic flow. As a rough approximation for metals, if cr /T < max max 

10, failure wi 11 be predominately by cleavage-; if cr IT > 10, fai 1-
max max 

ure will be predominately by shear. The ratio cr IT is determined 
max max 

by type of bonding in the solid (i.e., ionic, metallic, etc.), by crys-

tal structure, and by Poisson•s ratio. 

For the reduction in cohesion model to be considered valid, the fol-

1 owing effects shou 1 d be observed for U1E: 

1. Strain rate effects. Kamdar [11] predicted that an increase in 

strain rate should increase embrittlement bec9use of an increase in the 

ductile-to-brittle transition temperature. 

2. Grain size effects. In view of the brittle fracture idea, the 

-k: 
fracture stress should vary 1 inearly with d 2 , where d is the material 

grain size [11]. This means that refinement of grain size decreases em-

brittlement by decreasing the lengths of dislocation pile-ups. 
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Stress-Aided Diffusion Penetration Model 

Originally proposed by Krishtal [15], this mechanism for LME in­

volves stress-aided diffusion of embrittler atoms along the grain bounda­

ries of the base metal. In tests using Indium as an embrittler on 4140 

steel, Gordon and An [16] developed the Krishtal idea into a two-step 

process, whereby (1) the adsorbed embrittler atoms change to the dissolv­

ed state, and (2) the dissolved embrittler atoms diffuse along grain 

boundaries. The embrittler atoms lower crack resistance and decrease 

slip in the penetrated zones. Crack nucleation occurs when embrittler 

atoms have penetrated in sufficient quantity to a critical depth. The 

embrittlement process would be thermally activated and stress dependent. 

With the stress-aided diffusion penetration model, the following effects 

should be expected: 

1. Delayed failure should occur above some critical stress after 

the penetration zones have developed. 

2. Strain rate effects. According to Gordon and An [ 16, p. 458], 

increasing strain rates require higher temperatures for embrittlement to 

occur. This is to allow 11 sufficient volume diffusion to dissipate grain 

boundary penetration zones. 11 Consequently, at constant temperature, in­

creasing strain rate should decrease LME in a normally strain rate insen­

sitive material. 

3. Grain size effects. Refining the grain size should decrease 

LME by reducing the concentrations of embrittler atoms at dislocation 

pile-ups at grain boundaries due to the increased proportion of grain 

boundaries to bulk metal. 
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4. Cold work effects. The extra dislocations from cold work should 

reduce embrittlement by providing channels to syphon embrittler atoms 

from the grain boundaries, thereby inhibiting the concentration of em­

brittler atoms to a critical level. 

Adsorption Enhanced Localized Shear 

Lynch [17, 18], based largely upon fractographic studies using cad­

mium, nickel, aluminum alloys, and steels, has suggested that LME, and 

perhaps HE too, is a consequence of adsorption enhanced localized shear, 

viz. 1 iquid metal induced lowering of the shear modulus. The role of 

the embrittler atom is to facilitate dislocation nucleation, thereby con­

centrating plasticity into narrow zones at the crack tip. LME has been 

observed to occur in amorphous metals, occurring by intense shear on sur­

faces inclined at approximate~y 45° to the stress axis [19]. HE has 

also been found in amorphous alloys [20, 1n]. This model is similar to 

the reduction in cohesion model by Kamdar [11]. Lynch has recently de­

veloped his model further in a comparative study of HE and LME embrittle­

ment in D6ac steel [22]. 

Embrittlement by Hydrogen 

Hydrogen embrittlement in steels is a well documented phenomenon 

and the subject of extensive research. A recent review is by Thompson 

and Bernstein [23]. An even more recent study by Vehoff and Rothe [24], 

studied gaseous hydrogen embrittlement in lron-Sil icon and Nickel single 

crystals. They concluded that the fracture process occurred within 100 

nm of cracktip. Numerous mechanisms have been suggested to account for 

HE in metals. Some of these depend on diffusion into the metal lattice 
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[17]. In nickel and its alloys, this volume effect is unlikely because 

0 -14 2 
the diffusivity of hydrogen in nickel at 25 C is only -5 x 10 m /s. 

A few of the leading theories of HE are condensed below. 

Hydrogen-Assisted Cracking Model 

Beachem [25], in tests on steel, found a broad range of fractograph-

ic features which were dependent upon the stress intensity at the crack 

tip. Therefore, he suggested that concentrated hydrogen dissolved in 

the metal lattice just ahead of the crack tip enhances the deforMation 

process by unlocking dislocations and allowing them to move at lower 

stress levels. He found a crack progression sequence of intergranular 

to transgranular tearing and finally to microvoids with increasingstress 

intensity. His findings were significant because he showed hydrogen-

assisted cracking was not identified with one specific type of fracture 

surface. 

Planar Pressure Mechanism 

Zapffe [26] and Tetelman and Robertson [27] postulated that high 

pressure developed within internal hydrogen gas pores of hydrogen-

charged materials causes cracking. This theory cannot explain the em-

brittlement of steel by low pressure hydrogen because high pressures 

could not develop within the metal [28]. 

Reduct i·on of Surface Energy Mo.de 1 

Petch and Stables [29] proposed that diffused hydrogen reduces the 

energy necessary to form free surfaces. Since this would not provide 

sufficient reduction in energy to propagate a crack, this cannot be a 

significant effect in HE. 
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Effect of Grain Boundary Segregation 

In tests on nickel-copper alloys ranging from 10 to 67 percent 

nickel, Costas [30] found that phosphorus content had an effect on the 

alloys' susceptibility to mercury embrittlement. Segregation of the 

phosphorus to grain boundaries by furnace cooling improved the alloys' 

resistance to embrittlement by mercury. 

Funkenbusch, Heldt, and Stein [31] confirmed the earlier work by 

Costas [30] for Monel 400. Specimens were annealed at 900°C and either 

quenched or furnace cooled. Auger analysis showed phosphorus concentra­

tion at grain boundaries in furnace cooled samples to be twice that of 

quenched samples. Funkenbusch, Heldt, and Stein postulated that the in­

creased phosphorus concentration at grain boundaries decreased the sus-

ceptibility to HE and mercury embrittlement due to increased packing 

efficiency,and hence less adsorption. 

Precursory Studies 

Tensile Fracture 0f Nickel-Based Alloys in tk:rcury 

Price and Good [1] performed tensile tests on a range of nickel­

based alloys to determine their relative susceptibility to mercury em­

brittlement at room temperature. Results indicated that all the allays 

were embrittled by mercury. The relative susceptibility by category 

from most to least was Monel, Nickel, lnconel ,and lncoloy. Some alloys 

showed a progression in fractography from intergranular to transgranular 

to micro-void coalescence across the cross section. Relative embrittle-

ment of the alloys appeared not to correlate with mechanical properties or 
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stacking fault energies but perhaps with iron content. The alloys with 

higher iron content were least embrittled. 

Fatigue Behavior of Nickel-Based Alloy in Mercury 

Price and Good [2] investigated the fatigue behavior of selected 

nickel-based alloys ln 1 iquid mercury at room temperature. For alternat­

ing tension (R=O), it was found that the fatigue life was always less 

in mercury and that a different fracture mode resulted. The alloys, 

Nickel 200, lnconel 600, lncoloy 800, and lncoloy 825, that failed 

to show intergranular fracture in slow strain rate tensile tests did 

so in fatigue testing. In general, crack propagation began intergranu­

lar but eventually became transgranular. 

Hydrogen Embrittlement of Nickel 200 

Traylor [3] used slow strain rate ten-sile tests and fatigue tests 

to explore hydrogen embrittlement of Nickel 200 at room temperature. It 

was found that only dynamic charging with hydrogen led to embrittlement. 

There was no loss of tensile strength in the embrittled material. A 

crack progression sequence, beginning at the surface, was identified as 

intergranular cracking, non-crystallographic transgranular cracking, 

crystallographic transgranular cracking, and thence microvoid coales­

cence. This behavior closely paralleled the behavior of lnconel 600 in 

mercury observed by Price and Good [1, 2]. It was deduced that HE must 

be substantially a surface phenomenon. Interestingly, hydrogen was 

found to be a slightly more potent embrittl ing agent than mercury. 



Hydrogen and Mercury Embrittlement of Monel Al Joys 

Traylor [3] performed slow strain rate tensile tests and 

alternating tension fatigue tests on Monel 400, Monel 405, and Monel 

13 

K500 alloys at room temperature in air, in mercury, and in hydrogen. 

While mercury was found to be a more severe environment than hydrogen, 

fractures were initially intergranular for al 1 alloys in both embrittl­

ing environments for annealed and cold worked samples. In light of simi­

lar fractography and allowing that mercury embrittlement must be a sur­

face phenomenon, hydrogen embrittlement must also be a surface phenomen­

on. 

Some Factors Affecting Hydrogen and 

Mercury Embrittlement of Monel 400 

Fredell [5] used tensile-tests and alternating tensionfatiguetests 

to study the effects of strain rate, grain size, and cold work on hydro­

gen and mercury embrittlement of Monel 400 at room temperature. Signifi­

cant observations were: 

1. There is a loss in tensile strength. 

2. A crack propagation sequence occurred of intergranular to trans-

granular and sometimes to microvoid coalescence. 

3. Mercury is a more potent embrittl ing agent than hydrogen. 

4. Secondary (longitudinal) cracking is common. 

5. Embrittlement occurs in dynamic loading, as distinct from sta­

tic, only. 

6. In mercury, though perhaps not in hydrogen, large grain size 

inhibits embrittlement. 
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7. In mercury, slower strain rates enhanced embrittlement. 

8. Cold work decreased embrittlement. 



CHAPTER II I 

EXPERIMENTAL PROCEDURE 

The Materials 

The materials chosen are representative of various categories of 

nickel-based alloys of varying complexity. The alloys chosen are Nickel 

200 (UNS N02200), Monel 400 (UNS N04400), lnconel 600 (UNS N06600), and 

lncoloy 800 (UNS N088oo). 

Nickel 200 (UNS N02200) is commercially pure wrought nickel of at 

least 99.0 percent purity. It has good mechanical properties and excel­

lent corrosion resistance. Typical applications are food processing 

equipment and caustic hand! ing equipment and piping. 

Monel 200 (UNS N04400) is a nickel-copper alloy. It is character­

ized by high strength, weldabil ity, excellent corrosion resistance, and 

toughness over a wide temperature range. Typical applications are valves 

and pumps, process vessels and piping, and boiler feedwater heaters and 

other heat exchangers. 

lnconel 600 (UNS N06600) is a standard engineering material for use 

in severely corrosive environments at elevated temperatures. With a com­

bination of high strength and workability, and oxidation resistance to 

2150°F, typical applications are carburizing baskets, jet engine combus­

tion 1 iners, and nuclear reactors. 

15 
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The last alloy chosen, lncoloy 800 (UNS N08800), is a nickel-iron­

chromium alloy. The alloy is characterized by high strength and resis­

tance to oxidation and carburization at elevated temperatures. Typical 

applications are heat exchangers, carburizing fixtures, and electric 

range heating element sheathing. 

Typical mechanical properties for al 1 four alloys may be found in 

Tables I through IV [6]. The chemical analysis of the alloys tested 

may be found in Table V, and the as-received mechanical properties may 

be found in Table VI. 

All specimens were machined from one-half inch diameter rod. The 

five-inch long specimens were of two geometries. For tensile tests, the 

samples had a one-quarter inch diameter constant cross section and a 

gage length of either one inch or one-half inch. The short gage length 

was used to minimize the size of the environmental chambers. Tests in 

air were repeated with smaller and larger ~iameter specimens to explore 

possible variation of results with diameter. Tests in air were also re­

peated with varying degrees of anneal to explore variation of results 

due to annealing cycle. For fatigue tests, the central region was gradu­

ally decreased to one-quarter inch in diameter at the center. Figure 2 

illustrates the specimen geometry. This geometry is commonly used in 

stress corrosion cracking studies [32]. The principle behind the geo­

metry was to localize the fracture zone while avoiding a significant 

stress concentration. Nickel 200 and Monel 400 samples received a 600 

grit finish and then were chemically polished [33]. lnconel 600 and ln­

coloy 800 received a 600 grit finish and then were mechanically polished 

to a finish adequate for surface observations in an optical microscope. 
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TABLE I 

ROOM TEMPERATURE MECHANICAL PROPERTIES OF NICKEL 200 

Yield Strength 
Tensile Strength (0.2% Offset, Elongation Hardness 

Temper (kpsi) kpsi) in 2ln.,% (Brinell) 

Hot-Finished 50-60 10-25 60-40 75-100 

Cold-Drawn 60-100 35-90 35-10 125-200 

Annealed 50-60 10-25 60-40 75-100 

TABLE I I 

ROOM TEMPERATURE MECHANICAL PROPERTIES OF MONEL 400 

Yield Strength 
Tensile Strength (0. 2% Offset, Elongation Hardness 

Temper (kpsi) kpsi) in 21n.,% (Brinell) 

Hot-Finished 80-100 40-100 60-30 140-241 

Cold-Drawn, 
Stress Re-
l i eved 84-120 55-100 40-22 160-225 

Annealed 70-90 25-50 60-35 110-149 



18 

TABLE I II 

ROOM TEMPERATURE MECHANICAL PROPERTIES OF INCONEL 600 

Yield Strength 
Tensile Strength (0.2% Offset, Elongation Hardness 

Temper (kpsi) kpsi) in 21n.,% (Brinell) 

Hot-Finished 85-120 35-90 50-25 140-217 

Cold-Drawn 105-150 80-125 30-10 180-300 

Annealed 80-100 30-50 55-35 120-170 

TABLE IV 

ROOM TEMPERATURE MECHANICAL PROPERTIES OF INCOLOY 800 

Yield Strength 
Tensile Strength (0.2% Offset, Elongation Hardness 

Temper (kpsi) kpsi) in 21n.,% (Brinell) 

Hot-Finished 80-120 35-90 50-25 140-217 

Cold-Drawn 100-150 75-125 30-10 180-300 

Annealed 75-100 30-60 60-30 120-184 



TABLE V 

CHEMICAL COMPOSITION OF THE ALLOYS TESTED 

Alloy Heat No. Ni c t1n Fe s Si Cu Ce AL Ti 

Nickel 200 
(UNS N02200) N72J5A 99.64 0.07 0.25 0.01 0.001 0.02 0.01 

Monel 400 
(UNS N04400) M9631B 65.71 0. 16 LD 1.60 0.009 0.23 31.15 --- 0.013 

lnconel 600 
(UNS N06600) NX2830 73.75 0.09 0. 51 9.13 0.003 0. 19 0. 36 15.97 

lncoloy Boo 
(UNS N08800) HH0054A 32.28 0.07 0.94 43.85 0.001 0.35 0.34 21.23 0.46 0.38 

\.!) 



TABLE VI 

AS-RECEIVED MECHANICAL PROPERTIES OF ALLOYS TESTED 

Yield 
Strength Tensile 

(0.2% Offset, Strength Percent 
Alloy Heat No. Hardness kpsi) (kpsi) Elongation 
--

Nickel 200 
(UNS N02200) N72J5A 98R8 105.7 105.8 17 

t1onel 400 
(UNS N04400) H9631 B 99R8 97. 5, 117. 7 25 

lnconel 600 
(UNS N06600) NX2830 29Rc 154.9 158.6 l l 

lncoloy 800 ·'· 
(UNS N08800) HH0054A" 

.. k 
Properties not supplied. 

Percent 
Reduction 
of Area 

74 

64 

46 

N 
0 



Figure 2. Specimen Geometry foe Embrittlement Testing in Fatigue 
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Grain size was controlled by annealing at temperatures ranging from 

750°C to 1100°C, depending on the alloy. Specimens were furnace cooled 

to minimize specimen-to-specimen variation in microconstituent segrega-

tion. 

Testing 

All tests were performed at room temperature on an MTS machine. 

Tensile tests were done under displacement control with a ramp input to 

-5 -1 
give a ram velocity of 6xl0 in.-s . The strain rate of the waisted 

geometry was measured experimentally by mounting a one millimeter long, 

foil-type, variable resistance strain gage at the center of the specimen. 

Circuitry included a Vishay/El lis 20 Digital Strain Indicator, with tem­

perature compensation. \nth the MTS ram velocity at 6 x 10-5 in.-s-l, 

this arrangement ga~e a strain rate of 1.6 x 10-5 s -l. Fatigue tests 

were performed in load control in fluctuafing tension (R=O) at 30 to 35 

Hz, with a sinusoidal loading pattern. 

Testing was done in air,,mercury, and hydrogen. For the mercury 

tests, the samples were cleaned in HCl to ensure proper wetting of the 

specimen, then fitted into a small cup to hold the mercury at the gage 

length. For the hydrogen tests, the samples were ultrasonically cleaned 

in trichloro-ethylene, a degreasing solvent, to remove oils and pol ish-

ing compounds. The samples formed the cathode of an electrolytic cell 

-2 
and were dynamically charged at a rate of 200 A-m [3, 5]. Two plati-

num wires formed the noble metal anode. The electrolyte was sulfuric 

acid at a pH of 3.2, to which 0.25 gm/1 of sodium arsenite was added to 

inhibit recombination [3, 5]. Charging was accomplished usingaPrinceton 



Applied Research Model 173 Potentiostat/Galvanostat. Figure 3 i llus­

trates the environmental cell used for hydrogen testing. 

Data Recording and Reduction 

24 

After surface preparation and recording of initial diameter and 

hardness, the samples were mounted for testing in the MTS machine. Dur­

ing tensile tests in air, engineering stress versus engineering strain 

curves were obtained by plotting load versus strain curve on a Hewlett­

Packard Model 70115 X-Y Plotter, then rescaling the vertical axis. Strain 

was measured directly using an MTS electronic clip gage extensometer 

and MTS signal conditioning equipment. Log true stress versus log true 

strain curves of the plastic regime were plotted using discrete points 

from the original engineering stress versus engineering strain curves. 

A detailed development of this conversion of data can be found in Appen­

dix A. The strain hardening exponent was ~et~rmined by drawing the best 

I ine through the data and finding the resultant slope. 

An analysis in the text by Hertzburg [28~ shows that the amount of 

uniform strain is related to the magnitude of the strain hardening expo­

nent. The plastic true strain at the tensile strength is numerically 

equal to the strain hardening exponent. The validity of this analysis 

with respect to the alloys studied was investigated. For more detailed 

development, refer to Appendix B. 

Microscopic Observations 

In preparation for microscopic examination, each sample was cleaned 

ultrasonically. Some tests were interrupted periodically to document the 

surface damage as the test progressed. Surface damage vJas photographed 



Figure 3. Environmental Cell Used for Hydrogen Testing 
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on black and white 35 millimeter film through a Reichert optical micro­

scope. Though not used in the photographs, the Reichert microscope was 

outfitted with Nomarski interference contrast equipment. This gave~6ut­

standing views of very small height differences. This is especially use­

ful when observing the slip character early in the tests. After frac­

ture, the samples were first ultrasonically cleaned, then viewed in a 

Bausch and Lomb l0-70X Stereoscopic Zoom Microscope (SZM) and later 

examined and photographed in a Joel Model 35 Scanning Electron Micro­

scope (SEM). 



CHAPTER IV 

EXPERIMENTAL RESULTS 

Introduction 

In the present investigation, tests were conducted in three series. 

The results of experimentation are presented by series for clarity. Dis-

cussion of results appears in the final section of this chapter. 

Mechanical Properties Tests 

This series of tests was intended to form the data base for further 

tests. Additionally, Traylor-[ 3] suggested that in nickel-based alloys, 

at least, the strain hardening exponent of each alloy appears to corre-

late with the susceptibility to embrittlement by hydrogen and mercury. 

Consequently, the alloys Nickel 200 (UNS N02200), Monel 400 (UNS N04400), 

lnconel 600 (UNS N06600), and lncoloy 800 (UNS N08800) were tested as 

closely as possible to American Society for Testing and Materials stan-

dards [34]. To facilitate calculation of the strain hardening exponent, 

samples were fully annealed for two hours in a mild vacuum (-23 P ) , 
a 

then furnace cooled [35]. The various annealing temperatures, hardness 

values, and grain sizes are listed in Table VI I. Henceforth, standard 

annealing temperatures are 750°C for Nickel 200 and Monel 400, 1100°C 

for lnconel 600, and 1050°C for lncoloy 800. 

The tensile tests performed on the annealed samples generated a 

large amount of data. The mechanical properties which were extracted 

28 



Materia 1 

Nickel 200 

Monel 400 

lnconel 600 

lncoloy 800 

TABLE VII 

ANNEALING TEMPERATURE FOR NICKEL 200, MONEL 
INCONEL 600, AND INCOLOY 800 

2hr Annealing Grain ~ize, Hardness 
Temperature, °C 10- m RB 

750 35 37 

750 32 66 

1000 7 83 

1050 13 82 

1100 70 77 

1000 12 80 

1050 60 66 

1100 64 

29 

Hardness, RB 

28-54 

62-80 

67-86 

67-89 
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from the data appear in Table VI I I. As stated in Chapter I I I, Experimen­

tal Procedure, a graph of log true stress versus log true strain was gen­

erated to find the strain hardening exponent. Those graphs are present­

ed as Figures 4 through 8. Three different diameters were tested to ex­

plore possible surface zone effects on the value of the strain hardening 

exponent. The lack of effect of varying diameters is particularly well 

illustrated by Figure 4 for Nickel 200. The effect of the two-hour an­

nealing temperature was explored. Figure 8 for lncoloy 800 is especial­

ly illustrative. In general, the value of the strain hardening exponent 

increased with increasing temperature. It seems that numbers approach 

some limiting value. The best value of the strain hardening exponent is 

found in Table IX. 

Tensile Damage Tests 

Surface Damage and Fracture 

The fracture surface characteristics of the four alloys in the en­

vironments considered have been adequately documented in the precursory 

studies, especially for Nickel 200 and Monel 400, yet the nature of dam­

age leading to fracture is not known. This series of tests was intended 

to answer several questions: 

1. When do cracks initiate in the respective environments? 

2. Does failure follow crack initiation promptly in the environ­

ments? 

3. Since tests on lnconel 600 and lncoloy 800 are very limited in 

preceding studies, is there any loss in tensile strength in mercury and 

hydrogen? 



TABLE VI II 

MECHANICAL PROPERTIES OF ALLOYS TESTED 

Annealing In it i a 1 Elastic Tensile Yield True Reduction 
Temperature Diameter ~1odu 1 os Strength Strength Strain at in Area Hardness 

Materia 1 (oc) (1 o6 psi) (kpsi) (kpsi) Neck (%) (RB) 

Nickel 200 750 .250 34.9 73 17 .213 84 45 
750 -375 - 81 16 .267 84 37 
750 . 126 34.0 79 22 .239 90 36 

Monel 400 750 .250 29.9 92 37 .213 77 66 
lnconel 600 1000 .250 35.0 122 62 . 182 63 83 

1050 .250 26.0 122 46 .210 67 82 
1100 . 125 - 106 33 .252 66 63 
1100 .250 33.8 11 9 36 .235 64 77 
1100 .365 36.0 1 12 33 .269 60 64 

lncoloy Boo 1000 .250 29.8 107 37 - 64 80 
1050 .250 - 94 35 .265 65 66 
1050 .365 36.0 94 30 .286 67 66 
1100 .250 34.0 92 29 .290 66 64 

w 



Figure 4. Log True Stress Versu~ Log True Strain for Nickel 200 
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Figure'S. Log True Stress Versus Log True Strain for Monel 400 
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Figure 6. Log True Stress Versus Log True Strain for lnconel 600 for 
Various Annealing Temperatures 
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Figure 7. Log True Stress Versus Log True Strain for lnconel 600 for 
Various Specimen Diameters 



5.2 

5.1 

5.0 

t 
(!) 

9 
4.9 

4.8 

4.7 
Oonnealed 1000°C 
Oannealed 1050°C 
Oanneated 1100° C 

39 

.25 11 dia. 

.2511 dia. 

. 2511 dia. 

4.6 ~------~------~--------------~--------~ 
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 

LOG €r 



Figure 8. Log True Stress Versus Log True Strain for lncoloy 800 
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TABLE IX 

STRAIN HARDENING EXPONENT VALUES 

Alloy 

Nickel 200 

Monel 400 

lnconel 600 

lncoloy 800 

Exponent 

0.44 

0.37 

0.42 

0.45 

42 
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4. Recognizing that the four alloys have relatively similar strain 

hardening exponents but apparently different stacking fault energies, 

how do the slip characters compare, at crack initiation, at necking, and 

at fracture? 

Slow strain rate tensile tests were performed on each of the four 

alloys in air, mercury, and hydrogen. The tests were interrupted period­

ically to examine the surface damage under the optical microscope, then 

manually reloaded to just below the previous stress, and then the test 

was resumed. The results of alloys are described below, each in turn. 

Alloy Nickel 200. Nickel 200 showed no loss in tensile strength in 

either mercury or hydrogen. There was some loss in ductility as reflect­

ed in the reduction in area. Hydrogen was the more severe environment. 

Reduction in area declined from 83 percent in air to 62 percent in mer­

cury to 40 percent in hydrogen. In mercu~y, ~racking initiated at about 

90 percent of the tensile strength in air after the onset of necking. In 

hydrogen, cracking initiated at the tensile strength. In both environ­

ments, failure was preceded by a large amount of plastic deformation. 

As a base 1 ine, the sample tested in air was examined in the SEM for 

side cracking and slip. As shown in Figure 9, rumpling and plastic 

flow are the dominant features. No cracks are visible at this magnifica­

tion but in the enlargement, Figure 10, side cracking is visible. In 

this view in the necked region, cracking is predominantly longitudinal 

but cracks at 45° to the tensile axis are not uncommon. Farther from the 

neck, Figure 11, cracking is roughly transverse to the tensile axis. 

Figure 12 is an optical micrograph of the surface of a fine grained, 

35 ~m, Nickel 200 sample which has been loaded in hydrogen to 30 percent 

of the tensile strength. The tensile axis in this figure and all side 



Figure 9. Surface .Damage of Nickel 200 Broken in Air at Side of Neck 
(lOOX). 

Figure 10. Enlargement of Figure 9 Near Fracture 
(lOOOX) 
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Figure 11. En1a·rgement ·of ,Figure 9 Away from Fracture 
(1000X) . 

. ' 
' ' 
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;., : 

Figure 12. Surface Damage of. Nickel .200· in Hydrogen \-lith Stress at 80% 
of Tensile Strength (200X)· 

\ 
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views in this thesis is horizontal. The surface of the sample is rum­

pled and some slip is visible. Cracking initiated at the tensile 

strength; this is shown in Figure 13. The cracks are initially short, 

wide, and transverse to the tensile axis. Rumpling and plastic flow 

are extensive. After fracture, the side cracking was examined in the 

SEM. In Figure 14, side cracking is widespread and tends to be linked 

at 45° to the tensile axis. Rumpling is about the same as at crack ini­

tiation. Figure 15 is an enlargement of the previous figure to examine 

the slip character. Slip has occurred on at least two systems and is 

somewhat wavy. 

After fracture in mercury, the side cracking is less widespread 

than in hydrogen but the cracking is deep and at 45° to the tensile axis 

(Figure 16). Plastic flow is more visible than in hydrogen. The en­

largement, Fiqure 17, reveals extensive wavy slip. 

A large grained Nickel 200 sample was tensile tested in hydrogen 

for comparison. Figure 18 is a view at 80 percent of the tensile strength. 

Slip is prominent and relatively straight. Once again, cracking initiat­

ed at the tensile strength (Figure 19). Rumpling is severe and wavy 

s 1 i p i s very vi s i b 1 e. 

A similar test in mercury shows almost identical slip character at 

80 percent of the tensile strength (Figure 20). The slip is perhaps a 

little heavier. At the tensile strength (Figure 21), cracking has not 

yet initiated. Cracking did not begin until just after the onsetofneck­

ing. At the tensile strength, rumpling and slip are like that in hydro­

gen. 

Alloy Monel 400. The base line test in air was examined. The neck­

ed region of the cuo-cone fracture, Figure 22, has a conspicuous plastic 



Figure 13. Surface Damage of Nickel ]00 in Hydrogen With Stress at 
Tensile Strength (200X) 
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Figure 14. Si·-de Cr.acking·of Nickel. 200 After Fracture in Mercury 
(loox) 

Figure 15. E~l~rgemenbof Figure 14 to Show Slip 
(fOOOX) 
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' Figure 16. ~ide Cracking of Nickel 200 After Fracture in Mercury 
(lOOX) 

Figure 17. Enlargement of Figure 16 to Show Slip 
(lOOOX) ' 
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Figure 18. Surface Damage of Large train (120 pm) Nickel 200 in Hydrogen 
at 80% of Tensile Strength (200X) 

Figure 19. Surface Damage of Large Grain Nickel 200 in Hydrogen at 
Tensile Strength· (200X) 
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Figure 20. Surface Damage of Large Grain (120 ~m) Nickel 200 in Mercury 
at 80% of Tensile Strength (200X) 

Figure 21. Surfac~ Damage of Large Grain Nickel 200 in Mercury at 
Tensile Strength (200X) 



60 



Figure 22. Side Crac~fng of Monel 400 in Air After Fracture 
(lOOX} 

I. 
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flow pattern at 45°tothe tensile axis. The enlargement, Figure 23, re­

veals cracking as well as plastic flow along 45° planes. This is inter­

esting because side cracking in air was not entirely expected. 

Monel 400 loaded in hydrogen to 80 percent of the tensile strength 

(Figure 2~) is fine grained (30 ~m) and extensively rumpled. The dia­

gonal marks are remnants of polishing. Fracture occurred without neck­

ing at 95 percent of the tehsile strength. The side cracking after frac­

ture (Figure 25) is a network of fine intergranular cracks. There is no 

visible plastic flow. The enlargement, Figure 26, confirms the inter­

granular nature of the side cracks and reveals almost no slip markings. 

Apparently rumplinq is due to slip of one grain with respect to another 

rather than slip within each grain. 

In mercury at 80 percent of the tensile strength, the side surface 

is the same as that in hydrogen (Figure 27). Rumpling is the dominant 

surface feature. Fracture occurred at 84 percent of the tensile strength 

without evidence of necking. The side cracking after fracture, Figure 

28, is sparse. Rumpling is notable and a few small cracks are visible. 

The enlargement, near one of the cracks (Figure 29), shows small deep 

cracks and light slip; both tend to be transverse to the tensile axis. 

Seemingly, the first crack in either mercury or hydrogen propagated 

rapidly to failure. 

Alloy lnconel 600. A0ain, a sample tested in air was examined for 

side damage. As shown in Figure 30, plastic flow and rumpling are promi­

nent. Like Monel 400 in air (Figures 22 and 23),cracking and plastic 

flow are at 45° to the tensile axis. Cracks are wider but not as numer­

ous. As shown in Figure 31, plastic flow is extensive enough to obscure 

the slip character, though some faint slip lines are discernible. 



Figure 23. Enla.rgement of Fig"ure 22 Showing 45° Cracking 
(l000X). 
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Figure 24. Surface Damage on Side of Monel 400 in Hydrogen at 80% of 
Tens i 1 e Strength (200X) 
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Figure 25. Side Cracking of ~onel 400 in Hydrogen After Fracture 
(1 OOX) _ 

Figure 26. Enlargement of Figure 25 Showing lntergranular Cracking 
(1 OOOX) 
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Figure 27. Side Surface of Monel .4o.o·in Hydrogen at 80% of the Ten­
s i 1 e Stren.gth (200X) , 
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""' Figure 2-8. Side Cracking of·Monel 4oo. in M~rcury After Fracture 
(.1 ~nx) 

figure 29. Enlargement of FJgure 28 Showing Slip 
(1 QOQX) 

', .. ! 
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Figure 30, Side Cracking of lnconel 600 Tested in Air 
(lOOX) 

Figure 31. Enlargement of Figure 30 Showing Slip 
(1000X) 

' ' 
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lnconel 600 tested in hydrogen had a striking behavior. At 80 per-

cent of the tensile strength, the sample had extensive intergranular 

cracks (Figure 32). Cracks transverse to the tensile axis are slightly 

wider. At the peak stress, transverse cracks are extensive and wide; 
/ 

all cracks are intergranular (Figure 33). Fracture occurred at 96 per-

cent of the tensile strength. As shown in Figure 311, side cracking is a 

network of intergranular cracks with a few large transverse separations. 

In the enlarged view (Figure 35), the separation of each grain is clear 

and slip markings are conspicuously absent. 

Figure 36 is a sample stressed to 80 percent of the tensile strength 

in mercury. Instead of intergranular cracks, rumpling and slip marks 

are the notable features. At the tensile strength, rumpling is exten-

sive and slip marks are prominent (Figure 37). As might be expected, 

fracture occurred after necking. The side cracking~ as shown in Figure 

38, is at 45° to the tensile axis. This is clarified by Figure 39, a 

tracing of the previous view. Rumpling of the surface is notable but 

not severe. The enlarged view (Figure 40) shows extensive slip which is 

slightly wavy, though not nearly as wavy as Nickel 200 in mercury. 

Alloy lncoloy 800. The baseline specimen shown in Figure 41 resem-

bles the Monel 400 tested in air (Figures 22 and 23) more than the In-

cone] 600 tested in air (Figures 30 and 31). A pattern of heavy plastic 

flow and some cracks are visible at 45° to the tensile axis, though not 

as distinctly as in the Monel 400 sample. Figure 42, an enlargement of 

the previous view, details the l15° cracking and heavy plastic flow which 

is extensive enough to obscure the slip character. 



Fjgure 32. Side Cracking of lnconel 600 in Hydrogen at 80% of 
Tensile Strength (200X) 

Figure 33. Side Cracking' of lnconel 600 in Hydrogen at 
Tensile Strength (200X) 
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Figure 34. Side Cracking of lnconel 600 After Fracture in Hydrogen 
(!bOX) 

Figure 35. Enlargement of Figure 34 to Show Slip 
(lO~OX) 
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Figure 36. Surface Damage of lnconel 600 in Mercury at ~0% of 
Tensile Strength (200X) 

Figure 37. Surface Damage of lnconel 600 in Mercury at Tensile 
Strength (200X) 





Figure -38. Side Cracking of lnconel 600 After Fracture in Mercury 
(lQOX) 

Figure 39. Detail of Figure 38 Illustrating 45° Cracking 
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Figure 40. Enlargement of Fi~ure 38 Showing Slip 
(lOOOX) 
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Figure 41. Sid~ Cracking of lncolny 800 After Fracture in Air 
(lOOX) 

Figure 42. Enlargement. of Figure 40 Showing Slip and 45° Cracking 
(lOOOX) 
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lncoloy 800 loaded in hydrogen to 80 percent of the tensile strength 

had very little surface slip but rumpling was notable (Figure 43). Crack­

ing initiated at the tensile strength, transverse to the tensile axis. 

As shown in Figure 44, rumpling of the surface is extreme and the begin­

nings of plastic flow can be seen. Fracture occurred with virtually no 

loss in tensile strength. The side view after fracture (Figure 45) re­

veals heavy rump! ing and numerous cracks at 45° to the horizontal ten­

sile axis. A tracing of the previous figure (Figure 4~ illustrates the 

extent and nature of the major cracks. An enlargement of the side 

(Figure 47) shows the waviness of the slip and the tendency of cracks 

to follow slip marks. Slip is wavy, perhaps slightly more than Nickel 

200 in hydrogen (Figure 15) and definitely less wavy than Nickel 200 in 

mercury (Figure 17). 

In mercury at 80 percent of the tensile strength, for lncoloy 800, 

rumpling and slip are notable but no cracks had appeared (Figure 48). 

At the tensile strength, plastic flow and rumpling obscured slip marks 

and still no cracks had appeared (Figure 49). Fracture actually occur­

red after considerable necking and resulted as with all tensile tests of 

lncoloy 800 in cup and cone fractures. The side cracking after fracture 

(Figure 50) is minimal and at 45° to the tensile axis. Plastic flow and 

surface rumpling are prominent features. A tracing of the previous fig­

ure (Figure 51) illustrates the nature and extent of the side cracking. 

An enlarged view of the side (Figure 52) shows heavy, wavy slip which is 

about the same as Nickel 200 in mercury (Figure 15). 

Summary. A compilation of tensile strength, reduction in area, and 

stress to initiate cracking in air, mercury, and hydrogen for each alloy 



Figure 43. Surface Damage of lncoloy 800 in Hydrogen at 80% of 
, Tens i 1 e Strength (200X) 

Figure 44. ·surface Damage of lncoloy 800 in Hydrogen at 
Tensile Strength (200X) 





Figure 45. Side Cracking of lnco}oy 800 After F~acture in 
Hydrogen (lOOX) 

Figure 46. Detail of Figure 44 Illustrating 45° Cracking 
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Figure 47. Enlargement of Figure 38 Showing Wavy Slip 
(lOOOX) 
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Figure 48. Surface Damage of lncoloy 800 in Mercury at 80% of 
Tensile Strength _(200X) 

Figure 49. Surface Damage of lncoloy 800 in Merucry at 
Tensile Strength (200X) 





Figure 50. Sid~ Cracking of lricoloy 800 Afte~ Fracture in Mercury 
(lOOX). 

Figure 51. Detail of Figure 50 Illustrating 45° Side Cracking 
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Figure 52. Enlargement of Figure 50 Showing Wavy Slip 
(loodx) 
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appears in Table X. A careful examination of this table reveals much 

about the relative propensity for embrittlement of each alloy. 

The fracture surface details of each alloy in each environment have 

been documented and photographed reasonably well in previous studies and 

therefore do not merit repetitive analysis and description here. The 

fracture surface characteristics of each specimen are still of interest; 

therefore, each surface is catagorized in Table XI. This compact descrip­

tion simp] ifies analysis of qualitative data. 

Mechanical Property Degradation 

Introduction. In the performance of tensile tests to observe physi­

cal damage, a great deal of mechanical property data for air, mercury, 

and hydrogen environments was generated for all four alloys. 

Engineering stress versus engineering strain curves were generated 

for annealed samples of all four alloys and appear as Fi9ures 53 throu9h 

56. These standard graphs are useful for comparing one alloy to another 

in air. Accurate representation of specimen behavior in environment was 

not feasible due to environmental limitations of the extensometer._ 

In this and precursory studies, several different annealing cycles 

were used. The material behavior in environment with respect to proper­

ties in air shows trends in alloy susceptibility to embrittlement. Em­

brittlement is considered as loss of strength and/or ductility; this is 

usually reflected in the tensile strength or reduction in area or both. 

Those two properties were among those monitored during tensile tests. 

Using data taken from preceding studies with data from this study,tables 

were generated for each alloy to show the trends in embrittlement. 



Tensile 
Strength 

Alloy (kpsi) 

Nickel 200 77 

Monel 400 92 

lnconel 600 119 

lncoloy 800 95 

Air 

TABLE X 

EMBRITTLEMENT AND CRACKING STRESS FOR NICKEL 200, 
MONEL 600, INCONEL 600, AND INCOLOY 800 

Mercury 
Reduction Tensile Reduction Stress at Tensile 

in Area Strength in Area, Cracking, Strength 
(%) (kpsi) (%) (kps i ) (kpsi) 

83 77 62 68''' 77 

77 76 12 76 88 

64 11 9 59 94''' 11 4 

65 94 62 75''' 94 

* After onset of necking 

Hydrogen 
Reduction 
in Area, 

(%) 

40 

15 

41 

65 

Stress at 
Cracking, 

(kps i) 

76 

85 

<91 

93 

0 ......, 



TABLE XI 

FRACTURE SURFACE CLASSIFICATION OF THE ALLOYS TESTED 
IN AIR, MERCURY, AND HYDROGEN 

Alloy Air Mercury Hydrogen 

Nickel 200 M T T - i 
(UNS No. 2200) 

Monel 400 M I - t 
(UNS No. 4400) 

lnconel 600 M M - t I - T 
(UNS No. 6600) 

lncoloy 800 M M - M -
(UNS No. 8800) 

M,m - microvoid coalescence 

T,t - trangranular fracture 

l,i - intergranular fracture 

Upper Case - major feature 

Lower Case - minor feature 
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Alloy Nickel 200. For Nickel 200, the data for a two-hour anneal 

at 750°C were consistent with the results by Traylor [ 3]. There was no 

loss in tensile strength in either mercury or hydrogen, while reduction 

in area dropped from 83 percent in air to 62 percent in mercury to 40 

percent in hydrogen. Available data are compiled into TableX'II,which 

shows tensile strength and reduction in area in air, mercury, and hydro-

gen for several annealing cycles. As the annealing temperature, hence 

the grain size, increases the susceptibility of Nickel 200 to embrittle-

ment by mercury or hydrogen decreases. 

Alloy Monel 400. Tensile test data for Monel 400 were checked in 

air, mercury, and hydrogen. Consistent with Fredell [ 5], about 5 per-

cent loss in tensile strength in hydrogen and 15 to 20 percent loss in 

mercury was noted for 30 to 35 ~m grain size. More striking is the loss 

of ductility as reflected in the reduction in area. Also consistent 

with Fredell [ 5], reduction in area declined from 75 percent in air to 

15 percent in hydrogen to 12 percent in mercury. Available data are com-

piled into Table XIII in the same format as the previous table. From the 

table, increasing annealing temperature, hence grain size, decreases em-

brittlement in both hydrogen and mercury, though the effect is much more 

pronounced in hydrogen. 

Alloy lnconel 600. Less preliminary data were available for lnconel 

600, one of the two commercial superalloys in this study. Consequently, 

the purpose was to check and extend the previous data by Price and Good 

[ 1 ] • Consistent with Price and Good [ , l 

I J ' 
no loss in tensile strength 

in either mercury or hydrogen was notable. More significantly, for sam-

ples annealed two hours at 1 l00°C, reduction in area dropped from 64 



Temp 
oc 

750 

1000 

1050 

1090 

TABLE X II 

NICKEL 200--TENSILE STRENGTH AND REDUCTION IN AREA 
FOR SEVERAL ANNEALING CYCLES 

Air Mercury Hydrogen 
Time Ten. Str. R.A. Ten. Str. R.A. Ten. Str. 
hrs (ksp i) (%) (kspi) (%) (kspi) 

2 77 83 1 77 62 1 771 

2 72 61 2 71 

2 73 772 69 

2 71 702 70 45 3 

1This study 

2 Traylor [ 4] 

3Frede 11 [5] 

1 14 

R.A. 
(%) 

401 

4o2 

43 3 



Temp 
oc 

700 

750 

800 

900 

1000 

1075 

Time 
hrs 

2 

2 

2 

2 

2 

3 

TABLE X Ill 

MONEL 400--TENSILE STRENGTH AND REDUCTION IN 
AREA FOR SEVERAL ANNEALING CYCLES 

Air Mercury Hydrogen 
Ten. Str. R.A. Ten. Str. R.A. Ten. Str. 

(kspi) (%) (ksp i) (%) (ksp i) 

. 92 673 73 122 81 

92 771 76 121 88 

73 - 102 

71 1l 81 

63 122 86 

89 702 63 11 2 83 

1Thi s study 

2 Frede 11 [5] 

3Tray1or [4] 

115 

R.A. 
(%) 

12c 

15 1 

192 

432 

3l 
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percent in air to 59 percent in mercury to 41 percent in hydrogen. Avail­

able data are compiled into Table XIV in the same format as before. As 

with Nickel 200 and Monel 400, as the annealing temperature increases-­

hence the grain size--the susceptibility to embrittlement by mercury de­

creases. It appears that the susceptibility to hydrogen embrittlement 

increases with decreasing grain size. The effect is not large and hence 

may be a result of experimental scatter. 

Alloy lncoloy 800. Also of primary interest is lncoloy 8~0, the 

other commercial superal loy in this study. Very little tensile test 

data were availabl'e from precursory studies. Consequently, both verti­

cal and horizontal series tests were performed. Specimens from three 

different annealing cycles were tested in air and specimens from the in­

termediate cycle were tested in mercury and hydrogen. As expected, ten­

sile strength decreased with increasing annealing temperature. Hydrogen 

caused no notable decrease in tensile strength or ductility. In mercury, 

the tensile strength decreased only slightly and reduction in area de­

creased only 10 percent. The available data are compiled into Table XV. 

In every test, the failure was cup and cone. Because of cup and cone 

fractures and lack of notable embrittlement, further tensile tests would 

probably be unproductive. 

Fatigue Tests 

Fatigue testing offers a method of introducing cracks at stress lev­

els much below the tensile strength, hence should increase the propen­

sity toward intergranular failures. This might prove especially useful 

in investigating alloys which are somewhat resistant to embrittlement. 



Temp Time 
oc hrs 

1000 2 

1050 2 

1100 2 

1This 

2 Good 

TABLE XIV 

INCONEL 600--TENSILE STRENGTH AND REDUCTION IN 
AREA FOR SEVERAL ANNEALING CYCLES 

Air Mercury Hydrogen 
Ten. Str. R.A. Ten. Str. R.A. Ten. Str. 

(kspi) (%) (ksp i) (%) (ksp i) 

122 63 1 125 51 2 138 

121 67 1 124 61 2 123 

119 64 1 119 59 1 114 

study 

[2] 

117 

R.A. 
(%) 

472 

452 

41 1 



Temp 
oc 

1000 

1050 

11 00 

1 

Time 
hrs 

2 

2 

2 

TABLE XV 

INCOLOY 800--TENSILE STRENGTH AND REDUCTION IN 
AREA FOR SEVERAL ANNEALING CYCLES 

Air Mercury Hydrogen 
Ten. Str. R.A. Ten. Str. R.A. Ten. Str. 

(ksp i) (%) (kspi) (%) (ksp i) 

107 64 109 4 1 1 

95 65 94 62 94 

92 66 

Good [2) 

118 

R.A. 
(%) 

65 
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Fatigue testing also provides a second set of test conditions to compare 

hydrogen and mercury embrittlement, thereby broadening the data base. 

Annealed Materials 

Alloys Nickel 200 and Monel 400 have been studied by Traylor [ 3] 

and Fredell [ 5], respectively; therefore, attention was concentrated on 

the commercial superalloys lnconel 600 (UNS N06600) and lncoloy 800 (UNS 

N08800). For Nickel 200 (UNS N02200), Traylor found that intergranular 

failures, which were uncommon in tensile testing, occurred in hydrogen 

and mercury in fatigue. Additionally, fatigue lives were much reduced 

in mercury and somewhat reduced in hydrogen. For Monel 400 in fatigue, 

Fredell [ 5] found that failures were intergranular in both mercury and 

hydrogen. While fatigue I ives in hydro~en were much reduced, the I ives 

in mercury were reduced to less than one percent of the I ife in air. 

The background for lnconel 600 came from the limited, preliminary, ex­

ploratory work of Price and Good [I]. Their study hinted at relatively 

little embrittlement in mercury in fatigue. In the same study, lncoloy 

800 failed intergranularly when fatigued in mercury, when tensile tests 

had given cup-cone failures. 

In 1 ight of the I imited data on lnconel 600 and lncoloy 800, tests 

were performed on both alloys in air, mercury, and hydrogen at a stress 

equal to 70 percent of the tensile strength in air. The results appear 

in Table XVI. Seventy percent of the tensile strength in air was select­

ed as being a stress level in the high cycle fatigue regime without giv­

ing excessive lives. The results were disconcerting in two respects: 

(I) in general, failures were transgranular in contrastwith intergranular 



Alloy 

lnconel 600 

lncoloy 800 

= 

120 

TABLE XVI 

ENVIRONMENTAL FATIGUE LIVES OF INCONEL AND INCOLOY 
800 AT 70 PERCENT OF THE TENSILE STRENGTH 

Stress 
Kspi 

77.0 

64.4 

Fatigue Life (x 1000 Cycles) 
Air Mercury Hydrogen 

204 

142 

56 

98 

234 

155 
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fa i I ures in 1 i mi ted data by Price and Good [l, 2:]; and (2) fatigue 1 i ves 

were enhanced in hydrogen. 

The fracture surface of lnconel 600 in air was covered with ridges 

or tears in the fatigue zone, Figure 57· At the origin, Figure 58, the 

fracture was slightly faceted but a few grains deeper only tear ridges 

were visible. The sample fatigued in hydrogen did not have the faceted 

appearance at the origin but tear ridges were more prominent (Figures 59 

and 60). This appears to be consistent with the enhanced life in hydro­

gen without explaining it. The fracture surface of the sample broken in 

mercury was not completely transgranular (Figure 61). The fracture orig­

inated cleanly intergranular, but at 5 to 7 grains deep changed to trans­

granular (Figure 62). Scanning the surface some small secondary cracks 

could be discerned beneath the veil of tear ridges. 

The fracture surface of lncoloy 800 (UNS N08800) in air was trans­

granular and covered with intense tear ridges with a slight faceted ap­

pearance at the origin (Figures 63 and 6lf). Similarly, the fracture sur­

face of the sample fatigued in hydrogen was covered with intense tear 

ridges but without the faceted appearance at the origin (Figures 65 and 

6~. The fracture surface of the sample fatigued in mercury was substan­

tially transgranular (Figure 67) but some faceting and clean grain faces 

were visible at the origin (Figure 68). This is evidence of some inter­

granular character, though not nearly so clean as the aforementioned In­

cone] 600 sample fatigued in mercury (Figures 61 and 62). 

After completion of the initial series of fatigue tests, the pro­

gression of fatigue damage was thence monitored for an lnconel 600 speci­

men in mercury by removing the sample periodically for observing and 



Figure 57. Fracture Surface of lnconel 600 Fatigued in Air at 70% 
of Ten_sile Strength (16X) 

:. . 

Figure'58: Origin Zone of Figure 57 
{500X) 
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Figure 59. Fracture Surface of lnconel 600 Fatigued in Hydrogen 
at 70% of Tensile Strength (l6X) 

Figure 60. Origin Zone of Figure 59 
· (500X) 
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Figure 61. Fracture Surface of lnconel 600 Fatigued in Mercury at 70% 
of Tensile Strength (16X) 

Figure 62. Origin Zone of Figure 61 
(lOOX) 
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Figure 63. Fracture Surface of lncoloy 800 Fatigued in Air at 70% 
of Tensile Str-ength (l6X) 

Figure 64. Origin Zone. of Figure 63 
(SOOX) 
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figtire 65. Fract~re Surf~ce o~ l~colo~ 800 F~tigued in Hydrogen at 70% 
of Tensile Strength (16X). 

•, 
·' 

Figure 66. Origin Zone of Figure 65 
(500X) 
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Figure 67. Fracture Surface of lncoloy 800 Fatigued in Mercury at 70% 
of ,Tens i 1 e Strength ( 16X) 

Figure 68. Origin Zone of Figure 67 
. (500X) " 
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photographing in the Reichart optical microscope. The continual inten­

sification of surface damage throughout the fatigue 1 ife can be seen in 

Figures 69 through 71. The fatigue life was 81,600 cycles at 70 percent 

of the tensile strength in alternating tension. Notice the crack in the 

initial figure. It may be followed through the series. Surprisingly, 

though the crack is apparent at 34 percent of the fatigue 1 ife, it is 

not appreciably larger at 83 percent of the life. This was the first 

crack observed yet failure did not occur there. Because of difficulty 

in discerning the fine details of the crack initiation stage with the 

optical microscope approach, it was deemed prohibitive to extend the pro­

cedure to other environments, stress levels, or the lncoloy 800 alloy. 

Further study concentrated on following up the disconcerting observ­

ations of the lack of intergranular fracture and enhanced life in hydro­

gen. The enhanced life in hydrogen was confirmed by Good [2] for 

lnconel 600. Scrutiny of the broken samples of Good showed intergranu­

lar failures. The only apparent difference between the samples of Good 

and this study was the finer grain size in the former. This stimulated 

a recollection from the work of Fredell [5] that given a coarse enough 

grain size, nonintergranular tensile fractures could even be achieved in 

extremely embrittlement sensitive Monel 400. Some of his data appear as 

Table XVI I. Consequently, the next stage of the investigation was to 

put the foregoing matters to immediate investigation for lnconel 600 and 

lncoloy 800. 

Accordingly, fatigue tests were performed on lnconel 6QO in air, 

mercury, and hydrogen at a larger grain size than that used by Good [36]. 

This study used a grain size of about 70 ~m; Good used a grain size of 



rigure 69. Surface Damage of Jnconel 600 Fatigued in Mercury for 34% 
of Life (28030' Cycles) (200X) 

Figure 70. Surface Dama,ge.of lnconel 600 Fatigued in Mercury for 69% 
of Life (56610 Cycles) (200X) 
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-Figure71. Surface Da~~ge of lncon~l ~00 Fatigued in Mercury for 83% 
of Life (67390 Cycles) (ZOOX) 
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TABLE XV II 

ENVIRONMENTAL FATIGUE LIFE OF MONEL 4oo 1 

35 

250 

250 

1Fredell [5] 

Peak Stress 
(ksp i) 

60 

56 

40 

Fatigue Life (x 1000 Cycles) 
Air Mercury Hydrogen 

630 

635 

3.4 

644 

79 

173 



about 7 ~m. The results appear in Table XVI I I with those of Good for 

comparison. 
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Next, fatigue tests were performed on lncoloy 800 in air, mercury, 

and hydrogen for two different grain sizes, 12 ~m and 60 ~m, and for dif­

ferent stress levels. As before, environmental tests were performed at a 

peak stress of 70 percent of the tensile strength in air. The results 

are found in Table XIX. It is apparent that the large grained materi-

al is not as adversely affected by mercury, nor is the 1 ife as enhanced 

in hydrogen. The fracture surface characteristics of the large grain 

samples were previously describedon page··. and are shown in Figures 63 

through 68. In contrast, the small grained samples sho\1-Jed much more 

intergranular-type failure. The sample tested in mercury illustrates 

the difference wel 1, because mercury increases the tendency toward inter­

granular failure. Figures 72 and 73 show that the fracture was inter­

granular with tear ridges on some grains. The samples tested in hydro­

gen and air have almost identical fracture surfaces because the sample 

exposed to hydrogen did not break in the exposed gage length. Recalling 

the waisted geometry, the fracture occurred at a lower stress level in a 

protected area rather than at a higher stress in the exposed gage length. 

Notice that the fatigue life was exc~ptionally high for this series. Un­

fortunately, the life in hydrogen is not really known, though fatigue 

life enhancement is undeniable. The fracture surface of the sample fa­

tigued in hydrogen, Figures 74 and 75, shows -3 great deal of transgranu­

lar tearing and 1 ittle else. This seems to confirm for lncoloy 800 that 

increasing grain size decreases the susceptibility to hydrogen and mer­

cury embrittlement in fatigue. One curiosity is that despite ·the greater 

propensity for intergranular failure of the fine grain size material, 



Grain Size 
(1 o-6 m) 

7 

70 

TABLE XV Ill 

ENVIRONMENTAL FATIGUE LIFE OF INCONEL 600 AT 70 
PERCENT OF THE TENSILE STRENGTH 

Hardness Fatigue Life (x 1000 
RB Air Mercury 

81 200 1 601 

61 204 56 

1 Good [2] 

141 

Cycles) 
Hydrogen 

223 

234 



Grain Size 
(1 o-6 m) 

12 

60 

1did 

TABLE X IX 

ENVIRONMENTAL FATIGUE LIFE OF INCOLOY 800 AT 
70 PERCENT OF THE TENSILE STRENGTH 

Hardness Fatigue Live (x 1000 
RB Air Mercury 

85 361 69 

65 142 98 

not break in gage length 

142 

Cycles) 
Hydrogen 

8761 

155 



Figl!re 72. 

Figure73. 

Fracture Surface of Small Grain (12 11m) lncoloy 800 
Fatigued in Mercury at 70% of Ten·si le Strength 
( 16X~ 

Origin Zone of Figure 72 Showing~ Dirty lntergranular 
Fracture (SOOX) 
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Figure 74. 

_Figure 75. 

Fracture Surface of Small Grained lncoloy 800 Fatigued 
in Hydrogen at 70% of Tensile Strength (l6X) 

Origin Zone of Figure 7~ Showing lntergranular Tearing 
(500X) 
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the fatigue life in hydrogen is enhanced more than the large grain size. 

The next series of fatigue tests on lncoloy 800 investigated the 
I 

environmental behavior at different peak stress levels. The 60 ~m grain 

size samples were used. Stress levels tested were 70, 80, 90, and 95 

percent of the tensile strength in air. The resulting fatigue lives 

shown in Table XX indicate some trends. As anticipated, the life in 

air decreases with increasing stress. This is also true in mercury and 

hydrogen, except for the samples tested at 70 percent of the tensile 

strength. Due to sample availability, these samples were of the con-

stant cross section geometry rather than the waisted geometry 1 ike the 

others. The variation in stress field would surely have an effect on 

crack initiation and hence fatigue 1 ife. The constant cross section 

fatigue samples broke at the fillet. If we overlook the 70 percent ten-

sile strength data, the remaining points are reasonable. Allowing for 

statistical variation, notice the lack of effect of mercury and enhance-

ment of hydrogen. It appears that the amount of life enhancement is in-

dependent of stress level. As stress level was increased the fracture 

surfaced tended to become more transgranular and less intergranular, 

though not markedly. Otherwise, the general fracture surface character 

remains the same as the 70 percent tensile strength level. 

Cold Worked Material 

The final aspect of this thesis involved some tests on cold worked 

specimens of lncoloy 800 (UNS N08800) to determine whether the effects 

parallel those found in Nickel 200 and Monel 400 by Price and Good [ 1] 

and Traylor [ 3 ]. Both investigations found comparatively 1 ittle embrit-

tlement of the al Joys in the cold worked state in either mercury or 



148 

TABLE XX 

FATIGUE LIFE OF LARGE GRAIN (60 ]lm) INCOLOY 800 

Fatigue %Tensile Strength Life (xlo3 Cycles) 
Stress (kspi) In Air Air Mercury Hydrogen 

64.2 70 142 98 155 

73.6 80 131 168 509 

82.8 90 105 84 307 

87.4 95 52 60 187 



149 

hydrogen for tensile tests and fatigue tests. Consequently, cold worked 

(as received) samples of lncoloy 800 were fatigue tested in air, mercury, 

and hydrogen at 70 percent of the tensile strength in air. The results 

of these tests and the tests on the large grained material at the same 

stress level are shown in Table XXI. It appears that in all three envir­

onments the cold worked material performs slightly better than the large 

grained, annealed material. This effect might be due to work softening 

of the cold worked material. 

Considering the relative fatigue 1 ives and previous fractography, 

as expected the fracture surface characteristics were almost identical 

to the large grained sample except, of course, for the grain size. Once 

again, the samples from air and hydrogen environments were transgranular 

failures while the samples from mercury were transgranular with a tenden­

cy toward intergranular. 

The fundamental result was that cold work decreased the relative em­

brittlement susceptibility in lncoloy 800 just as in the prior studies 

of the other alloys. 

Discussion 

Embrittlement Correlation 

Several studies have attempted to correlate propensity for embrit­

tlement with various factors such as stacking fault energy, strain hard­

ening exponent, and slip character. Relative embrittlement is ambiguous 

in fatigue in either mercury or hydrogen. Monel 400 is extremely embrit­

tled by both environments while the other alloys show very similar behav­

ior. Except for Monel 400, the fatigue lives are reduced in mercury to 

70 to 80 percent of that in air and are enhanced in hydrogen. This does 
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TABLE XXI 

FATIGUE LIFE OF COLD \JOR!~ED MJD ANNEALED INCOLOY 
800 AT 82 KSP I 

Hardness Grain Size Life (x I 000 Cycles) 
Condition (RB) (l o-6 m) Air Mercury Hydrogen 

Cold Worked 92 20 154 105 546 

Annealed 65 60 105 84 307 
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not appear to correlate with any material property. The relative ranking 

is the significant aspect. Table XXI I 1 ists an estimation of the stacking 

fault energy of each alloy as compiled from various sources [36, 37, 38]. 

Table XXI I I is a ranking of various properties against relative embrit­

tlement by mercury and by hydrogen. The highest strain hardening expon­

ent, the highest stacking fault energy, the waviest slip character, and 

the least embrittled alloy are rank one; the other alloys follow by rela­

tive rank. Notice that the strain hardening exponent and relative embrit­

tlement in mercury seem to correlate. Because of the small difference in 

value, the strain hardening exponent is not deemed a reliable property at 

this level of investigation. It was hoped that the stacking fault energy 

and slip character would correlate but this is not so. The lack of any 

correlation with hydrogen and embrittlement is also noted. It does not 

seem that propensity for embrittlement by hydrogen and mercury correlates 

with a single material property. A relationship might be found among 

several properties but that is beyond the scope of this study. 

Relative Embrittlement of Hydrogen and Mercury 

In tensile and fatigue tests on Monel 400, Fredell [ 5] found that 

mercury was a more potent embrittl ing agent than hydrogen. In tensile 

tests on Nickel 200, Traylor [3] found that hydrogen was somewhat ~ore 

potent than mercury. For tensile tests, at least, the current study sup­

ports the findings of both studies. Furthermore, lnconel 600 and Inca­

loy 800 were found to be more embrittled by hydrogen than by mercury. 

Both Traylor [3] and Fredell [5] showed that relative embrittlement by 

hydrogen was not a result of inadequate hydrogen based on tests perform­

ed with different diameter specimens. 



TABLE XX II 

STACKING FAULT ENERGIES OF THE FOUR ALLOYS 

SFE 
Alloy (erg-cm-2) 

Nickel 200 130 

Monel 400 80 

lnconel 600 35 

I nco loy 800 70 

Source: Kotval I [36], Gallager [371, and Beeston 
[38] . 

TABLE XXIII 

152 

EMBRITTLEHENT CORRELATION \oJITH VARIOUS t1ATERIAL PROPERTIES 

Strain Stacking Embrittle- Embrittle-
Hardening Fault Slip ment in ment in 

Alloy Exponent Energy Character t~ercury Hydrogen 

Nickel 200 2 2 2 3 

Monel 400 4 2 3 4 4 

lnconel 600 3 4 4 3 2 

lncoloy 800 3 
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At least initially, embrittlement would seem a surface or near sur-

face process. t1ercury, with its large atom size, surely cannot pene-

trate below the surface of the metal. Hydrogen penetration should be 

minimal, since the diffusion rate of hydrogen in nickel is very low at 
-14 2 

5x 10 m /sat 25°C [39] and should be of the same order of magnitude 

for all four alloys. Depth of penetration is a function of the square 

root of the product of diffusivity and time [40]; hence the maximum pene-

tration of hydrogen ahead of an advancing cracking is -0.5 ~m [39]. This 

does not seem significant for grain sizes greater than 25 ~m. It would 

seem that the grain size would have to be less than 10 ~m for hydrogen 

penetration to have a notable effect at room temperature. 

A comparison of hydrogen embrittlement of the four alloys tested 

and hydrogen embrittlement of steels can be made. Due to the much high-

er diffusion rate of hydrogen into steels [uJ], cracking initiates below 

the surface in the plane strain zone and surface break, though it occurs 

later. If hydrogen penetration were significant, similar subsurface 

crack initiation would be expected. Fredell [5] found no evidence of 

subsurface crack initiation in Monel 400 and this study concurs. Further-

more, no evidence of subsurface crack initiation was found in any of the 

alloys tested. 

Fracture Surface Characteristics 

After Beachem [25] and precursory studies, a generalized fracture 

sequence was identified. If we extend the rang~ of characteristics to 

include all four alloys in air, mercury, and hydrogen for tensile and 

fatigue tests, then the surface to center cracking sequence is inter-

granular, crystallographic transgranular, noncrystallographic 
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transgranular, and thence microvoid coalescence. Certainly, no one alloy 

exhibited the entire sequence but each may be fitted into the series for 

all testing conditions. Cracking in Monel 400 tends to begin at the 

intergranular level while lncoloy 800 tends to begin at the transgranular 

level. Cold work delays cracking to later in sequence, as does increas­

ing grain size. For Monel 400, cracking due to hydrogen is a little 

later in the sequence than that due to mercury. The other alloys tend 

to start the sequence a little later. Since fatigue initiates cracking 

at lower stress, samples tested in fatigue initiate cracking earlier in 

the sequence than tensile tested samples. Beachem [25] correlated the 

transition in fractography with an increase in stress intensity factor, 

i.e., intergranular fracture at low stress intensity, going to trans­

granular and microvoids at higher stress intensity. The greater propen­

sity of intergranular fracture in mercury indicates fracture at lower 

stress intensity. This is consistent with the findings by Traylor [ 3] 

for Nickel 200 and this study for lnconel 600 and lncoloy 800 that inter­

granular fracture may be found in fatigue but not in tensile tests. The 

propensity for clean intergranular fracture was greater in lnconel 600 

than in lncoloy 800. This is also consistent with the significant loss 

of strength and ductility in Monel 400. 

The stress intensity is proportional to the square root of the plas­

tic zone radius [28]. Therefore, increasing stress gives increasing 

strain around the crack tip. It can be argued that at some critical 

stress intensity the plastic deformation and dislocation density reach 

threshold value where specific planes of atoms within the grain become 

more thermodynamically active than the grain boundary atoms and there­

fore react at least equally if not preferentially. This is consistent 
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with the results of the precursory studies and this study on cold worked 

(prestrained) Nickel 200, Monel 400, and lncoloy 800. The results have 

not been verified for lnconel 600 but contrary behavior is not likely. 

The threshold strain is probably different for each alloy. 

Grain Size Effects 

Kamdar [11] and Gordan and An [16] proposed that in LME the fracture 

strength of the metal is proportional to the inverse of the square root 

of the average grain diameter, the Petch relationship. The relationship 

has been verified for zinc [h2] and cadmium [12] which have hexagonal 

close packed (HCP) crystal structures. The relationship has also been 

validated for BCC metals but not conclusively for the FCC alloys of this 

study. Fredell [5] found a slight increase in embrittlement for rela­

tively small grain size samples and a decrease in embrittlement for very 

coarse grains (250 ~m). In this study data for lnconel 600 and lncoloy 

300 are available for two different grain sizes. In both alloys embrit­

tlement by either mercury or hydrogen was less at the larger grain size. 

This does not support the Petch relationship. There are not enough data 

to detect a reversal of the trend as noted by Fredell [5] for Monel 400. 

Side Damage Observations 

It was noted that all four alloys show side cracking in tensile 

tests in air at slip bands, elongated grain boundaries, and presumably 

inclusions. Monel 400 is much more severely embrittled by both hydrogen 

and mercury than the other alloys. Perhaps it is pertinent that Monel 

400 shows more side cracking when fractured in air than the other alloys. 

Presuming that air is not an active environment, something about Monel 
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400 makes it inherently the most susceptible to cracking. In tensile 

tests, Nickel 200, lnconel 600, and lncoloy 800 were more embrittled by 

hydrogen than by mercury but apparently Monel 400 differs, but even in 

Monel 400 the side cracking seems to be more extensive in hydrogen. 

It appears, therefore, that hydrogen does not stimulate crack propa­

gation once the mode ceases to be intergranular. An example of this is 

lnconel 600 tested in hydrogen which cracked very extensively, intergranu­

larly well below the tensile strength, yet there was no significant loss 

of tensile strength (Figures 29 through 32). Also, for fatigue tests of 

Nickel 200, lnconel 600, and lncoloy 800, fatigue lives are improved in 

the presence of hydrogen, which presumably hinders crack propagation be­

cause cracks generally initiate early in fatigue. 

Working Hypothesis of LME and HE 

By utilizing concepts from several models by other investigators, 

combining the pieces, and extending the result, a working hypothesis has 

been developed consistent with most of the observations of this and the 

precursory studies, that may merit a follow up. 

Initially, the embrittl ing atoms are chemisorbed at the metal sur­

face as per Kamdar [ll]. If, for the moment, we allow that boty hydro-

gen and mercury act by decreasing the cohesive stress as suggested by 

Kamdar, then the applied stress initially facilitates intergranular crack-

ing, because intergranular failure is favored by one or more of the fol-

lowing: 

l. Atoms in a higher energy state than surrounding atoms are more 

susceptible. 

2. Preferential adsorption at grain boundaries due to less effi­

cient packing. 
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3. Different atoms species due to segregation. 

4. Grain boundary relaxation processes. 

After initiation, as the crack advances, the stress intensity at 

the crack tip increases and this favors plastic deformation. If chemi­

sorption leads to a decrease in cohesive strength, then it may also de­

crease the shear strength. 

Again, allowing for the moment, that both hydrogen and mercury pro­

mote plastic deformation, perhaps by increasing dislocation initiation 

as proposed by Lynch [17], then extensive but localized plastic deforma­

tion will blunt the crack tip, thereby inhibiting grain boundary cracking. 

Plastic deformation can produce slip band cracking (recall the behavior 

of the specimens tested in air which developed cracks at the side of the 

neck). Therefore, we get shear for slip band cracking instead. More 

plastic deformation implies more work hardening; therefore, the crack 

does not grow unstably. Additionally, plastic deformation occurs in an 

enclave at the crack tip and total behavior is dominated by surrounding 

bulk material. Therefore, increased stress is needed to move the cardi­

odal zone of influence and advance the crack tip. 

Both mercury and hydrogen can act at the crack tip, for example, to 

facilitate dislocation nucleation, but only hydrogen can diffuse ahead 

of the crack tip or channel along dislocation 1 ines or along slip planes, 

thereby also influencing plastic deformation in a larger zone. Therefore, 

hydrogen is a more effective promoter of plastic deformation and conse­

quently blunts the crack tip more than mercury. The mercury must be a 

surface effect; hydrogen can be, to a limited extent, a volume effect. 

Perhaps also, as Vehoff and Rothe [24] indicate, the smaller hydrogen 

atom can get closer to the tip of a sharp crack and thereby facilitate 



blunting at a lower stress intensity. While hydrogen may cause more 

intergranular cracking initially, it will cause more blunting, hence 

less integranular cracking eventually. Given enough strain, enough 

stress intensity, voids can form ahead of the advancing crack tip and 

void coalescence mechanism takes over, as per Beachem [25]. 
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Those conditions restricting plastic deformation promote intergranu­

lar embrittlement; conditions favoring plastic deformation restrict in­

tergranular embrittlement, particularly in hydrogen. If the foregoing 

ideas are valid, they must be consistent with actual observations. Some 

of the consequences of this explanation are the following: 

1. Plastic constraint conditions such as triaxial stresses and 

plane strain will promote transgranular fracture. From Good (1], for 

example, if a sample is broken quickly in mercury, the result is a cup­

cone fracture with extensive longitudinal cracking. The effect is great­

er in cold worked materials. 

2. Increasing grain size should have relatively 1 ittle effect on 

stress levels to initiate i~tergranular cracking. Increasing grain size 

should decrease the yield strength and should encourage plastic deforma­

tion, thereby inhibit intergranular cracking and promote ductility as 

grain size increases. 

3. Increasing strain rate should: (a) inhibit plastic deformation 

by increasing the yield strength; (b) allow less time for any hydrogen 

penetration ahead of the crack tip; and (c) if, 1 ike Gordon and An [16], 

there is an incubation period for crack initiation, intergranular or 

transgranular, it should inhibit initiation. Thus (a) and (b) would pro­

mote intergranular embrittlement, while (c), if operative, would decrease 

embrittlement. \·Je know from Fredell [5] that increasing strain rate de-



creases mercury embrittlement and at a high enough strain rate we get 

cup-cone fracture. Likewise in hydrogen embrittlement but the effect is 

less conspicuous. 

4. In fatigue, crack initiation is easy, rapid crack propagation 

behavior matters. Therefore, if hydrogen promotes plastic deformation 

and blunting while mercury does not, fatigue lives may be improved in 

hydrogen but worse in mercury. At the stress intensity levels of fatigue 

testing, the threshold for blunting has been reached in hydrogen but not 

in mercury. Fatigue fractures tend to be transgranular in hydrogen and 

intergranular in mercury. 

The foregoing ideas seem to explain the observations of this and 

precursory studies but the detailed investigation necessary to validate 

the ideas is beyond the scope of this investigation. The concepts have 

merit and bear further scrutiny. 



CHAPTER V 

SUMMARY 

1. All four alloys tested are embrittled by hydrogen and mercury. 

For Monel 400, mercury is the more severe environment, though loss of 

strength and ductility occurred in hydrogen as well. The other three 

alloys were more severely embrittled by hydrogen in tensile tests but 

not in fatigue testing. 

2. A common fracture sequence of intergranular, crystallographic 

transgranular, noncrystallographic transgranular, and microvoid coales­

cence was identified for all four alloys in both environments. The ini­

tial cracking mode of each sample was gove~ned by alloy, grain size, cold 

work, and environment. Strain rate effects were not investigated. This 

sequence was associated with an increasing stress intensity at the advanc­

ing crack tip. 

3. All four alloys seem to eventually exhibit a decrease in embrit­

tlement by hydrogen and by mercury for increasing grain size. It does 

not appear that changes in embrittlement occur at the same rate for each 

alloy. 

4. The gatigue life of all four alloys was reduced in mercury and, 

except for Monel 400, fatigue lives were enhanced in hydrogen. 

5. The foregoing were explained using aspects of embrittlement 

theories extant in the 1 iterature. Following chemisoption, both hydro­

gen and mercury promote intergranular embrittlement initially by a 
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reduction in bond strength but that eventually plastic deformation dis­

sipates the localized stress intensities. 
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APPENDIX A 

CALCULATION OF THE STRAIN HARDENING EXPONENT 

This appendix reviews the conversion of engineering stress and engi-

neering strain to true stress and true strain. Then the method used to 

obtain the strain hardening exponent and the strength coefficient is 

shown. Let 

aE =engineering stress; 

EE engineering strain; 

aT true stress; 

ET = true strain; 

A. incremental cross sectional area; 
I 

A original cross sectional area; 
0 

~£ change in length; 

£ original length; and 
0 

P load. 

Recall 

(A. l) 

(A. 2) 

p 
eST = (A. 3) A. 

I 

Assume plastic deformation which is constant volume. Therefore, 
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A !/., 

A. 0 0 =--
I !/.,. 

(A. 4) 
I 

Hence 

PL 
(J I =--
T A !/., 

(A.5) 
0 0 

which reduces to 

(J = (J ( 1 + EE) T E (A.6) 

The resulting values for true stress and true strain were plotted 

on a log-log scale. This should result in a linear graph. Recal 1 

where 

(J 

T 

n = strain hardening exponent; and 

K = strength coefficient, a material constant. 

Taking the log of both sides, 

log crT = log K + n log ET 

(A. 7) 

(A. 8) 

The form of the equation is 1 inear with n being the slope and log K be-

ing the y intercept. 



APPENDIX 8 

STRAIN HARDENING EXPONENT IN TERMS OF TRUE STRAIN 

This analysis by Hertzberg [28] shows that the plastic true strain 

at necking is numerically equal to the strain hardening exponent. 

where 

and 

where 

also 

Recall that 

a = Ksn 

a= true stress; 

s true strain; 

n = strain hardening exponent; and 

K strength coefficient, defined as the true stress at a true 

strain of I .0; 

p a A 

P incremental load; and 

A incremental area; 

dP = adA + Ado 

Recalling that necking occurs at maximum load, 

dP = 0 
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( 8. l) 

(8.2) 

( 8. 3) 

(8.4) 



so that 

dcr 
(J 

dA 
A 
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(B. 5) 

Recall that plastic deformation is a constant volume process such that 

hence 

Ad)( + J(dA = 0 

Since d)(/J( _ dE, we find 

dcr 
(J =­

ds 

Using Equation (8.1) 

n n-1 
Ks = Kns 

Therefore, 

n = s 

(B. 6) 

(B. 7) 

(B. 8) 

(B.9) 

(B. 10) 

(B. 11) 
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