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PREFACE

A study of 1liquid mercﬁry and hydrogen embrittlement was conducted
on a 4142 steel. A computér program was developed to generate engineer-
ing stress-strain graphs in order to further enhance the fractographs of
samples from air, mercury or hydrogen enviromments. This program was
developed to use load and displacement values of the MTS machine in the
stroke control mo&e in order to control strain rate accurately. Various
axisymmetric geometries may be used and samples of reasonably close
geometries may be compared for their fespective stress—strain character-
istics.

The study revealed that hydrogen and mercury samples do have the
intergranular characteristic fractures of adsorption induced reduction
in cohesion, but the graphs of comparable mercury and hydrogen samples
show a difference. Hydrdgen samples break before the nominal yield
strength while mercury samples break after yield. Study of this steel
reveals trends in strain rate and microstructure worthy of further
investigation and is recommended with the aid of the MTIS stress-strain
program.

To everyone who encouraged me to continue this research at Oklahoma
State University, my sincerest thanks. My major advisor, Dr. C. E.
Price, I would thank the most for his patience and his thoughtful pro-

fessional approach to our work.
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the door to study in and work with the Mechanical and Aerospace Engineer-
ing Department. To the members of my committee, Drs. J.K. Good and
R. L. Lowery, a special thanks for studying instrumentation under them
and becoming inspired enough to write a program about it.

The support of my family helped me though months of hard work. Warm
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CHAPTER I
INTRODUCTION

In this investigation, Liquid Metal Embrittlement (IME) by meréury
of a quenched and tempered 4142 steel (UNS H41420) is compared to Hydro-
gen Embrittlement (HE). This study follows similar studies by Lynch
(1,2,3) upon nickel single crystals, an aluminum alloy containing zinc
and magnesium, and titanium 6-4. Lynch recently published a comparative
fractographic study of a Déac steel (4) in which the gaseous Hy and
liquid mercury environments produced similar intergranular fractures on
notched three point bend test specimens. Lynch has advocated that
dislocation nucleation at crack tips is enhanced by liquid metals and
that the mechanism of HE is similar to that of IME. Lynch published the
Déac study on crack propagation while this study was in progress. It
did not include stress-strain characteristic curves or cover the crack
initiation stage. This report will cover these aspects of IME and HE of
4142 steel.

Hirth (5) outlines many competing mechanisms of HE; however, Lynch
shows a striking similarity in fracture of the HE and IME specimens.
Comparable surface phenomena occur during HE and IME. This is important
because according to Lynch’s calculations (4), hydrogen diffuses in
steels on the order of 1 pms~l. According to Hirth (5), hydrogen
will cause changes in the plastic zone ahead of the crack tip, but, if

cracks propagate as fast or faster than hydrogen is transported through



the bulk metal in a specimen not precharged with hydrogen, then the
change in surface energy at the crack tip will logically control the
fracture and crack growth rate. This feature allows a comparison of HE
to IME because both embrittlers are adsorbed at the crack tip (4,5,6).

The adsorption of hydrogen is shown to be an important mechanism of
embrittlement by Vehoff and Rothe (7). They knew that oxygen replaced
adsorbed hydrogen on {100} surfaces of iron. With equal partial pres-
sures of hydrogen and oxygen, the hydrogen average adsorption rate would
decrease 10,000 fold (7). To test this they placed a hydrogen pre-
charged specimen made of Fe-=2.6%Z Si in an all hydrogen environment. The
mode of crack growth rate changed within one second after switching the
enviromment from hydrogen to oxygen. If HE is diffusion controlled the
change in fracture mode would be less abrupt, therefore the fracture is
controlled at the surface. Ficalora and Ransome (8) show the adsorption
of hydrogen to be a result of two competing mechanisms which reach a
local peak around room temperature. Physical chemisorption increases
with increasing temperature whereas an ionic desorption process acti-
vates just past room temperature. One way of visualizing the local peak
is to imagine that as hydrogen atoms experience a temperature increase,
more energy is available to initiate the adsorption reaction with more
hydrogen atoms being crowded onto a unit area. Physical chemisorption
therefore increases with a temperature increase. The local peak results
as electrons are ionized into a higher energy state, which increases the
ionic radius. This reduces the number of embrittler atoms able to
interact with the surface, thereby reducing adsorptionm. This ionic
desorption is likely a result of the majority of electrons jumping to a

higher energy state just past room temperature and would thereafter



remain constant for higher temperatures. Adsorption would again in-
crease with temperature increasing as a result of physical chemisorption
increasing.

The adsorption of Hg at the crack tip does bear some relation to
the adsorption of Hy at room temperatures. (See Figure 1 to 4 - All
figures will be in Appendix A.) The ability of an embrittler, Hg or
Hy, to be adsorbed and change the bulk metal lattice parameter can be
seen from equilibrium phase diagrams. If two metals form stable high
melting point compounds then embrittlement is unlikely, Kamdar (9).
Therefore, miscible metals with similar molar densities, i.e., similar
quantity of atoms per unit volume, will be chemi-physically stable. At
standard temperature and pressure, the elements will reach a nominal
spacing for component atoms which is reflected for example by the molar
densities of ironm, mercury and hydrogen (see Table I - All tables will
be in Appendix B). When a mercury or hydrogen atom adsorbs to an iron
surface the severity of embrittlement after adsorption becomes a matter
of the local reduction in atomic bond strengths and enhanced shear at
stress concentrations like a dislocation pile up or at a crack tip,
Stoloff, Ashok, Glicksman, and Slavin (10)¢ If the embrittler forms a
different solid crystal with the bulk metal, the adsorption of the
embrittler will change the lattice parameter of the surface area. The
change in the lattice parameter can either help or hinder embrittlement.
For example, oxygen and hydrogen have similar partial molar volumes, but
have different common valences and solid crystal structures (see Table
I). Their effect on iron alloys is also different. In addition to
Vehoff and Rothe (7) discussing oxygen replacing hydrogen, G. Hancock

and H. Johnson (11) demonstrated hydrogen embrittlement of steels



whereas oxygen bonded so strongly that its heat of adsorption blocked
the hydrogen out and blunted the crack tip advance.

IME has been studied less than HE, but enough to promote periodic
reviews by Rostoker, McCaughey and Markus (12), Kamdar (9), Stoloff
(13,14) and Nicholas aﬁd 01d (15). Many specific embrittlement couples
have been identified by Kamdar (9) and by Shunk and Warke (16). 1In all
the liquid metal-metal combinations, embrittlement has a prerequisite of
plastic deformation, even though macroscopic plastic deformation is not
apparent, Stoloff, Ashok, Glicksman, and Slavin (10). This is true of
amorphous metals as well as crystalline metals (10).

Stoloff, Ashok, Glicksman, and Slavin (10) show that for four
amorphous iron based alloys without crystallographic slip planes or
grain boundaries to provide "barriers to plastic deformation" or without
"low energy crack paths,” the amorphous alloys will have plastic defor-
mation as a result of enhanced localized shear 45° from the stress axis.
The macroscopic strains are very small but the amorphous alloys will
fracture at yield because localized shear strain 1is so great. The
fractography of samples in hydrogen and liquid Hg-In alloy reveal
enhanced shear in both environments. This bears out Lynch’s 1977 work
(17) of the enhanced shear in environment sensitive cracking materials.

The amorphous iron alloys show shear, mode II fractures, while
crystalline iron alloys show cleavage, Mode I, type fractures. One
reason that there is a difference in the type of fractography for the
embrittlement of both types of alloy is related to the effect the
adsorbed 1liquid metal atom has on reducing the ideal cleavage stress,
Omaxe Kelly and Gillman (18,19), as attributed by Kamdar (9, p. 304),

stated that "if the ratio of largest tensile fracture stress, 0, in the



vicinity of the crack tip to the largest shear stress, T , « « .« is
greater than the ratio of the ideal cleavage, 0 p %, to the ideal shear
stress, Tp.-, then the crack will propagate by cleavage." Thus,
cleavage in high strength steels. is intergranular and indicates brittle
fracture. Generally, for 9/r < 10 fracture is by cleavage. For o/r >
20 then fracture is primarily shear. Therefore the embrittler atom
reduces op,. with respect to Tmax‘wheré Tmax 1s a function of

internal properties subject to tempering, alloy, and cold working.
Gillman’s criteria applies.to crystalline structures but the iron based
amorphous alloys of Stoloff, Ashok, Glicksman, and Slavin (10) also show

a quasicleavage type of fracture.



CHAPTER II
LITERATURE REVIEW

1. Susceptibility to Embrittlement

A figure by Miller (20), (Figure 5), illustrates the relation of
the resistance of metals to liquid metal corrosive attack. For example,
chromium nickel steel shows poor resistance to mercury but mild carbon
steel is reduced by gallium and not by mercury. Liquid metal corrosion
is only ;ne nicro-mechanism driving embrittlement but it does emphasize
that chemistry, the anodic corrosion as a function of electronegativity,
has a role in the severity of embrittlement. Westwood, Preece, and
Kamdar (21) have shown embrittlement is most severe when the electro-
negativity of the liquid metal is equal to the electromegativity of the
solid metal. Table I illustrates the relation of electronegativities
and valences when compared to Figure 5 and Table II of a few of the
known embrittlement couples. The susceptibility as a function of
corrosion (Figure 5), of a liquid metal embrittling a solid metal when
compared to the closeness of their respective valence (Tablé I) general-
ly parallels but sometimes contrasts with the severity of the embrittle-
ment when compared to their respective electronegativities (Table 1I).
In other words, susceptibility to embrittlement as measured by the
closeness of valences of an embrittlement couples 1is loosely allied to

the severity of embrittlement which is a function of the closeness of



electronegativities of the embrittlement couple.

Microstructural changes occur during tempering. These changes
reported by Tsutsui (22) in a chromium molylbdenum steel and by Bernabi,
Bombari, and Borruto (23) in a chromium manganese steel create condi-
tions of extreme hydrogen embrittlement. Tsutsui (22) showed a maximum
hydrogen embrittlement that occurred with the chromium molybdenum steel
tempered at 400 C while Bernabi, Bombari, and Borruto (23) reveal
similar maximum hydrogen embrittlement for their steel tempered at
500 C. These tempers in their respective steels are reported (22,23) to
cause the most grain boundary segregation and temper embrittlement.
Davies (24) determined in a tempered low alloy steel that for less than
10 percent martensite there is no significant HE. Above 10 percent, the
severity of embrittlement increases with increasing martensite content.
A plateau of embrittlement is obtained around 30 percent martensite
(1.e., the elongation to fracture stays the same for martensite content
greater than 30 percent).

Impurity grain boundary segregation also has a significant effect
with liquid metal embrittlement. According to Friehe (25), surface
coatings like hot dip galvanizing steels can bring on a form of liquid
metal stress corrosion cracking. Pickens, Precht, and Westwood (26)
emphasize that a powder metallurgy aluminum alloy has greater resistance
to Hg - 1.57 Ga than an ignot mold aluminum alloy due to a partial grain
boundary corrosion of MgZn, in the ingot mold aluminum alloy.

Another factor to consider in embrittlement susceptibility is grain
sizee A finer grain size may increase ductility and delay IME initia-
tion (Ramdar (9)), but with respect to Davies’s work (24) that may not

optimize the best resistance to HE. The susceptibility of a metal to HE



and IME can differ, but a similarity develops when the embrittlers

initiate a crack.
2. Initiation of a Crack

Krishtal’s proposed mechanism (27) for IME has the embrittler atom
diffusing into grain boundaries by tens of molecular diameters. There-
fore, time is necessary for diffusion to occur which Gordon and An (28)
refer to as the incubation period. Gordon and An (28) supported and
extended Krishtal’s proposed mechanism by investigating the embrittle-
ment of 4140 steel by solid and liquid indium. They concluded that
because of this incubation period, crack nucleation with embrittler
grain boundary diffusion is controlling crack initiation. Thus, two
separate stages in crack growth are controlled by two activation ener-
gles. The activation energies are for atoms diffusing from the ad-
sorbed state and for atoms actually diffusing through grain boundaries.
Gordan and An also illustrated that some embrittlement couples do indeed
relate to a delay in crack initiation (see Table II). In cont;:ast to
the argument of diffusion controlled crack initiation, Westwood and
Kamdar (29)_ have calculated closely the instantaneous initiation of
cracks in a zinc-mercury system as a function of an overall crack
initiation energy. The energy, ® , to fracture the bonds across the
fracture plane for zinc in liquid mercury is 1/2 that in the inert
nitrogen environment.

Hydrogen embrittlement can also cause a type of delayed failure
with hydrogen interacting in the plastic zone about a crack tip as a
function of diffusion and adsorption. For example, Bernabi, Bombari,

and Borruto (23) revealed the delayed HE failure of a 1 Cr = 1 Mn steel



will reach a maximum at a temper that produces the most grain boundary
impurity segregation and temper embrittlement. Delayed failure must
meet two criteria for the onset of hydrogen induced delayed plasticity
and cracking. Chu, Li, Hsiao, and Ju (30) have shown in a 30 Cr2MoV
steel as well as eight other steels that if Ky > Kygce and if the
strength of these steels exceeds a critical value then the plastic zone
size was increased and the degree of plastic deformation increased
continuously with time. According to Hsiao and Chu (31), hydrogen
induced delayed plasticity and cracking in a 30 CrMnSiNi2 steel will
enlarge the plastic zone ahead of a crack as a function of the reduced
local shear strength. The critical local shear strengtﬁ, y*, relates
directly to the onset of the induced shear stress crack fracture tough-
ness, Kyscce Charging with hydrogen lowers (* which lowers Kygcce
Also, if the hydrogen exceeds the solid solubility 1limit in a hydride
forming metal, a metal hydride, MH;, will precipitate out. Charging
or precipitation will both increase the lattice parameter and increase
the embrittlement. Also according to Hsiao and Chu (31), surface
cracking will also initiate after MH; forms. TFormation of MH, locally
imposes a tensile stress that aids martemsite in transforming to a', and

this results in surface cracking.
3. Propagation of Cracks

Under hydrostatic tensile stress, 9y, van Leeuwan (32) proved
hydrogen can induce cracking when the lattice chemical potential is
reduced. With the assumption of a constrained yield stress, van Leeuwan
modified the chemical potential equation of Li, Oriani, and Darken (33)

by dropping the quadratic terms. The resulting equation of chemical



10

potential, u , becomes a function of the hydrostatic stress, °g, and
the partial molar volume of hydrogen, Vg

= uo - O'HVH 1.
Hsiao and Chu (26) presented the concentration of hydrogen, C, at a

crack tip as another function of Vg and og.

C =C, e(°HH/RT ) 2.
The ability of the embrittler, Hy or Hg, to stay and adsorb at the
crack tip will assist the rate of crack nucleation, but is dependent on
the embrittler being there. As a gas, hydrogen transports easily and
quickly to the crack tip, but some question remained if Hg is fast
enough to keep up with a propagating crack. Gordon (34) showed bulk
liquid flow is the means of embrittler transport for liquid metals. For
equivalent crack depths of one to two mm, Gordon and An (28) deliver the
time of crack propagation as less than 0.1 seconds. Kamdar (9) has
noted that IME can occur on the order of ms-l.

One method of crack propagation studied by Lynch (4) is dislocation
ingress at ‘crack tips which is helped by the adsorbed hydrogen and
mercury atoms which coalesce cracks with voids ahead of the crack tip.
It is debatable whether the resultant intergranular fracture is a result
of localized slip of Beachem (35) and Stolof (36) or if it is entirely
the lattice decohesion mechanism of Oriani (37). Both mechanisms may be
valid, but, according to Liaw, Roth, Saxena, and Landes (38) neither
explain why the rate of fracture propagation is independent of the
amount of intergranular fracture observed. They (38) also report
fatigue crack growth rates for a Mn-Cr austenitic steel comparable to

the results of Irving and Kurzfield (39) on a 4340 steel. Briefly, the
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combined information (38,39) on these steels have cracks growing twice

as fast in Hy than in air and 10 times as fast in Hg than in Hpe
4. Fracture of Nickel Alloys at 0.S.U.

Recent studies conducted at Oklahoma State University under the
advisement of Dr. C. E. Price for nickel alloys in wet Hy and liquid
mercury enviromments led to the present investigation of 4142 steel in
mercury. The temsile fracture characteristics and fatigue behayior of
nickel, Monel, Inconel, and Incoloy alloys investigated by Price and
Good (40,41) show an interesting transition from intergranular to
transgranular to microvoid coalescence across the cross section of the
specimens. The higher the strain levels the more microvoids form at
fracture. Some alloys (Nickel 200, Incomnel 600, Incoloy 800, and
Incoloy 825) that did not show intergranular fracture in slow strain
rate temsile tests did show intergranular fracture in fatigue tests.

Price and Traylor (42) compared HE to IME for Nickel 200 at room
temperature and found that nickel is embrittled similarly by hydrogen
and mercury. Prior cold working reduced the amount of intergranular
cracking under fatigue loading. Plastic deformation was necessary for
crack initiation since the coldworked material was stronger than the
unworked metal.

By varying grain size and strain rate, Price and Fredell (43)
studied the comparative behavior of Monel 400 in hydrogen and mercury.
An increase in grain size, with one exception at the coarsest (500 mm)
grain size in mercury, resulted in increasing embrittlement in mercury.

In mercury, loss of ductility was conspicuous leading to abrupt totally
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intergranular fracture. As strain rate increased in the mercury
environment, tensile strength rose from 398 to 653 MPa and reduction in
area increased from 9 to 64 percent. Hydrogen environments produced
less embrittlement. The tensile strengths started at 563 MPa and
reduction in area started at 30 percent for the 1.6.10~6s=1 strain
rate. Price and Morris (44) reported similar tendencies for strain rate

sensitivity for Inconel 600 and Incoloy 800.



CHAPTER III
EXPERIMENTAL PROCEDURE

1. Selection of Material and Sample Geometry

An initial investigation of 1045 carbon steel and 4142 chromium
molybdenum steel in air and Hg confirmed embrittlement in both steels
(Table III). 4142 steel did not require a vacuum anmneal and had a
controlled range of hardness from RC 25 to RC 45. For 4142 steel grain
size was a constant 20 ym throughout these hardnesses. Martensitic 4142
steel therefore became the steel of choice for this experiment.

AISI 4142 contains approximately 0.42 C, 0.03 Ppaxs 0404 Sp 4,
0.2 si, 1.1 Cr and 0.2 Mo. Cold rolled round bar stock was machined as
shown in Figure 6 into a symmetric smooth specimen. This specimen
geometry was required to evaluate the initiation and propagation parts
of craék growth in the tensile tests and was also used in some fatigue
tests. The small diameter section was chosen to be 0.2 inches diameter
by 1.3 inch long due to the threaded holders breaking before larger

diameter specimens fractured.
2. Preparation and Testing on Samples

The specimen’s test surface was mechanically polished using a final
light grind with 600 grit alumina sandpaper on a lathe running at 5000
rpme. An additional chemical polish was performed by immersing the

specimens 1in a solution of diluted 100g/1 oxalic acid (25% acid to

13
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water) for 20 minutes at room temperature (Tegart, 45).

Heat treatment consisted of: 1) austenize at 900 C for 10 minutes,
2) oil quench to room temperature, 3) temper at desired temperature for
five minutes, 4) air cool three minutes, and 5) again oil quench to room
temperature. By tempering at 338, 627, and 716 C, hardnesses of RC 45,
35 and 25 resulted, respectively. (See Figure 7 )

Special threaded holders were made to hold the higher hardness
steel specimens (Figure 8) on the MTS machine and improve the data at
lower loads and displacements. This improvement resulted from the
slight compressive stress used to set the threads which in turn prevent-
ed any slipping that regular friction grips would have. Accurate
control of the initial specimen strain rate was then possible.

At 507 stroke control, strain rate was derived (see Appendix C) in
terms of an equivalent initial length (see Appendix D). Strain rate was
held at either 1.104 s~l or 1.10-5 s-1 for a given sample.

The environment was controlled by running the tests at room temper=-
ature and then varying the enviromment from air to Hg to Hy (wet) on a
sample set of equivalently heat treated specimens. The Hg and wet Hy
environment chambers (Figure 9 and Figure 10, respectively) are made of
clear plastic to enable the observer to note whatever might be of
interest. Hy) was electrically generated by exposing the specimen’s
surface (see Appendix E) to 200 amp/m2 in an electrolyte solution of
dilute HySO04 acid with .25 g/1 NaAsOj at a pH = 3.2 (10). The Hy samples

were not precharged before stress/strain was applied.

3. Reduction of Data

Tensile engineering stress and strain data generated by the MTS
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Stress-Strain program (Appendix F) are summarized in Table 4 and are
listed according to their environment, strain rate and hardnesses. The
values for hydrogen in parenthesis were extrapolated from the closest
values to their respective hardness and strain rate in air. After the
stress-strain values were calculated from the loads and displacements
read from the MTS machine, the stress-strain values were graphed. For
examples see Figures 1l through 16-

The graphs were then used to derive the yield strength, YS, and
strain at yield, SAY, by using the 0.2 percent of fset method. The
fracture strength, FS, and strain of fracture, SAF, were taken where the
curves stop. The values of yield strain emergy (SEY), fracture strain
energy (SEF), and plastic work (MPW) were derived from the graphs by
calculating the area under each curve which relates to a certain energy
per unit volume. In the case of these graphs a unit area was taken to
be 100ksi/1%Z strain = 1000 1b-in/in3. The yield strain energy was
equivalent to the area under the curve up to yield. The fracture strain
energy then became the area under the whole curve while plastic work
became the difference of SEF - SEY.

Time to failure, TTF, was calculated by using the initial strain
rate, ISR, and total displacement at fracture, TDF .

TDF = Fracture Displacement - Zero Load Displacement

TTF = RATE 1 * TDF/3.
4. Evaluation of Data

In the tensile tests, the investigative procedure was a matter of

recording loads and displacements to failure and then cogitating numbers
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with a computer program (see Appendix F) to yield engineering stress
versus strain diagrams. These stress versus strain diagrams were
correlated with SEM and optical microscopy data.

The effect and severity of IME was then evaluated with respect to
HE. The initiation of a crack was determined in each specimen as a
result of some mechanism of microecrack initiation. Since Hg can
initiate a crack in steels, the crack propagation stage was more impor-
tant in comparison between HE and IME. Therefore particular attention
to intergranular fracture in wet Hy and Hg helped in investigating the
dominant mechanism of érack growth, in either environment.

In fatigue tests,lthe adsorption theory was put to the test by
fracturing specimens cyclically fatigued at 70 to 907 of the ultimate
strength. The fatigue and tensile tests were compared with Lynch’s work
(4) to buttress the favored decohesion theory and hint if other mechan-

isms are involved.



CHAPTER IV

RESULTS

1. Data from Tensile Tests

Figures 10 through 15 are stress-strain diagrams generated by the
MTS strain program listed in Appendix D. Good agreement to values
measured with an MTS strain gauge can be seen in Figures 13 and 15. In
all the figures, 11 through 16, some general features are standard.

The air samples reveal with their diagrams that a change in strain
rate from 10~% to 10~3s~! does not affect the curves at each general
range of hardness. At approximately RC 45 the percent strain at failure
is 6 to 7 percent while the lower hardness range at approximately RC 35
breaks around 7 percent strain. The hardness of air samples decreases
when ductility (measured as percent strain at fracture) increases.

At the slow strain rate, 10‘55'1, in the hardness range of RC
22, Figure 11 shows Hg and air curves virtually similar with ultimate
strength, UTS, very close while ductility is 9 and 10 percent, respec-
tively. A general trend for mercury is a decrease in ductility with an
increase in hardness, but some differences with respect to air samples
are evident. At the highest hardness range Hg samples fracture before
UTS with the higher strain rate sample fracturing closer to UTS than the
slow strain rate.

The hydrogen samples have both tensile strength and ductility

diminishing as hardness increases. As strain rate increases the

17
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fracture strain and fracture strength increase. (Note here, these
samples are not precharged with H9, therefore diffusion enhanced
embrittlement may be happening and will be discussed in the next chapter
A faster strain rate allows less time for diffusion, less embrittlement,
therefore a greater strain and strength at fracture.) The hydrogen
sample in Figure 14 shows a similar bend in the curve that may be an
early yield like the early yield in Hg in Figure 12. All in all,
hydrogen is far the more strain rate sensitive environment when compared
to mercury. A graphic example showing typical curves of Hg, Hg, and
air for different hardnesses at a fast strain rate, 10‘45'1, illustrates
in Figures 17 and 18 that there is a strain rate sensitivity for hydro-
gen not seen in air or mercury.

Another revealing graph is Figure 19 where strains at fracture for
Hg, wet Hyg, and air samples are plotted as a function of hardness.
The slope for Hg samples is steeper than that for air or Hy9e Extrapo-
lating from this graph, the Hg samples behave similarly to air at low
hardnesses while for the high hardnesses, Hg samples behave like the
Hy samples. Strain at yield, SAY, and strain at ultimate strength,
SAT, are shown for air and Hg in Figures 20 and 21, respectively. SAY
is not shown here to be strain rate sensitive in air but a significant
event is seen in SAY for Hg as a function of strain rate. The higher
strain rate Hg samples have higher SAY except at the lowest hardnesses,
RC 25 or less. For Hg samples harder than RC 40, SAT is the strain at
fracture.

A pertinent relation between strain rate and environment as a
function of hardness is detailed in Figure 22. The slow strain rate Hg

samples have yield strain energies averaging lower than the air values
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while the fast strain rate Hg samples have data points averaging higher
than the air values.

The total strain energy to fracture, SEF (derived from the entire
area beneath the stress-strain curve), is a good measure for embrittle-
ment, Figure 23. At the slow strain rate, as hardness increases from
around RC 25 to 45, air samples taken approximately 25 to 195 times the
energy to fracture than Hy samples need to fracture; while Hg samples
take 23 to 60 times the energy to fracture than Hy samples. At the
high strain rate of around RC 45 air samples take aﬁout 52 times more
energy to fracture than H) samples while Hg samples merely take 13
times the energy to fracture. (Note here, a similarity is seen in
Figure 19 with respect to Figure 23. Two mercury samples, one at the
high strain rate and one at the low strain rate, have higher % strains
and higher strain energies than the trends show. These anomalies are
likely due to changes in the 4142 steel and/or the Hg with the possi-
bility that mercury oxides and temper hot spots created these two points
in Figures 19 and 23.)

Plastic work is taken as the difference of SEF - SEY = MPW and in
Figure 24 the similarity to Figure 23 is obvious for air and Hg. (The
0.2 percent offset method for determining yield did not see yield in all
but one sample of Hy and therefore was not included in Figure 24.)
About RC 40 where the changes in slope of SAY and SAT for Hg and air
occur, the graph of plastic work in air also increases but the plastic
work in Hg decreases. The macroscopic plastic work of air increases by
a factor of 4.5 over the MPW of Hg as hardness increases from approxi-
mately RC 25 to 45. Another similarity is that the two points for Hg in

Figures 19 and 23 also show up in Figure 24. A local soft spot in the
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samples for these two points might explain why the high values of
plastic work (MPW) decrease at about the same slope as the majority of

Hg points.

2. Fractography of Tensile Air Samples

All fractures were observed under a stereoscopic zoom microscope
and in the scanning electron microscope. An obvious difference in the
appearance at higher hardness levels of specimens tested in air was the
absence of secondary longitudinal surface cracks, Figures 25 to 27. The
separations were completely by microvoid coalescence; a typical example
is given in Figure 28. The microvoid fracture at a typical secondary
crack is shown in Figure 29. The features of interest are the smooth
not jagged edges to the longitudinal crack and the continued occurrence

of microvoids.

3. Fractography of Tensile Mercury Samples

In Figures 30 through 32, the slow strain rate fractures illustrate
the typical fractures in mercury of samples tempered to different
hardnesses. Secondary cracking occurs in all instances. (Note here the
striking difference of fracture as hardness increases. Major secondary
cracks at the low hardness progress to a very flat horseshoe-shaped
fracture at the higher hardness. Except in the lowest hardness samples,
the cracks obviously originated at ome location at the surface, with
shear lips occurring on the opposite side.) A-similarity to air frac-
tures is that the secondary cracking is minimal at the highest hardness
level. Figure 30 is at a slight angle to show the presence of other

surface cracks. The reduction in area can be seen to be much greater in
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Figure 30 than in Figures 31 and 32. Along with the fractures revealing
definite origin zones, this indicates that cracking initiation in
mercury is limited at all these hardness levels but that crack propaga-
tion by mercury is limited only in specimens whose hardness is < RC
30.

The fracture control mechanism corresponds to the fracture surface
visible at low magnification. Fractures above RC 30 were intergranu-
lar initially, Figure 33. A transition to microvoid coalescence eventu-
ally occurred, Figure 34. Initially the intergranular zone was largely
free of secondary cracks but later the majority of grains were cracked
a;ound their boundaries. The transition zone to microvoid coalescence
was.a region of extensive secondary cracking, Figure 34. The microvoids
in mercury were like the well defined microvoids reported by Lynch (4).
Figure 35 is a view of one of the major secondary cracks in Figure 32
where the flat microvoids give way to the final fracture shear slip. In
contrast to the microvoids shown in the air specimen, Figure 29, the
microvoids in mercury have jagged and abrupt secondary cracks. Inter-
granular cracks appear even when the primary crack is by microvoid
coalescence.

At hardness 1levels below RC 30, the cracking was less inter-
granular in mercury than a form of transgranular shear without obvious
crystallography, Figure 36. A multitude of secondary cracks are revealed

at the sample’s edge of Figure 36 but do not appear intergranular.
4. TFractography of Tensile Hydrogen Samples

A sequence of four low magnification views is shown in Figures 37
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through 40 to contrast with the series of Hg and air shown previously.
An extra view is included to illustrate the strain sensitivity by
fractography of Figures 38 and 39. (Note here the greater reduction in
area of Figure 39 for the higher strain rate as opposed to Figure 38 at
the slower strain rate.) Despite the apparent brittleness of fractures,
different zones are visible. Figure 41 is a magnified slightly tilted
view of the bottom edge of Figure 40 and clearly shéws the transition
from bottom to top of an initial transgranular to intergranular to
microvoid fracture. Secondary cracking is easily observed in the
transition from intergranular to microvoids. Figure 40 is particularly
interesting because it shows both a series of crack propagation ridges
radiating from the origin and a number of primary secondary cracks lying
transversely to the crack propagation direction and extending in an area
over much of the sample width. Figures 42 through 45 detail the frac-
ture. Figure 42 taken at the edge shows a transgranular fracture
propagating from the interior of the sample which gives way to an
intergranular fracture, Figure 43. Both the transgranular and inter-
granular facets appear at the edges which leads to the interesting
supposition that the fracture started in a band or zone in the interior,
propagated transgranularly to the edge, then transformed to intergranu-
lar fracture around the edge to final microvoids in the interior. Small
shear ridges were seen around the circumference on some specimens. At
one transition of intergranular fracture to microvoids, a secondary
crack is visible in Figure 44 transverse to a tear ridge. Figures 42
and 43 are taken close to one of the whitish tear ridges and in Figure
45 an abrupt transition at a tear ridge of intergranular fracture to

microvoids indicates that fracture finally proceeds by microvoid coales-
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cence to the center of the sample. In contrast to the high hardness
sample in Figure 40, Figure 39 was taken at the same strain rate but at
RC 33 and shows less secondary cracking in the transition of microvoids
and the partially intergranular transgranular fracture, Figure 46,
Figure 47 shows microvoids which are at the center of Figure 39 that are
less flat and more sharply featured than those found in the center of

the higher hardness sample.
5. Fractography of Fatigue Samples

Fatigue testing of smooth tensile specimens provides a means of
studying crack initiation at lower stress levels than occur in tensile
tests. In this instance specimens of around RC 35 were tested at stress
levels of approximately 70 and 90 percent of the temsile strength in the
appropriate environment. The lives in all cases were brief, Table V. A
fracture in air is seen in Figure 48 with an origin zonme detailed in
Figure 49. The fracture in air 1is transgranular and superficially
resembles the transgranular fracture found in the tensile hydrogen
sample, Figure 42. A late fatigue zone, illustrated in Figure 50 has
many small secondary crécks. The fracture in Hg is shown in Figure 51
with details of an origin zone and a late fatigue zone in Figures 52 and
53. The fracture is intergranular initially and largely intergranular
subsequently. The fracture in hydrogen, Figure 54, was mainly trans-

granular with occasional intergranular zones, Figure 55.



CHAPTER V

DISCUSSION

l. Comparison to Selected Research

This investigation of 4142 steel complements the recent work Lynch
(4) conducted on D6éac steel. The experimental approaches on 4142 steel
and D6ac steel will be discussed first and the results of these slightly
differing approaches will then be considered. A comparison to other
research will follow.

The grain size in both steels was around 20 ym and the alloy
composition of the steels differed only in the molybdenum and vanadium
content. Hardness values in this 4142 steel varied from 20 to 48 RC
while those in Lynch’s (4) Déac steel varied from 35 to 58 RC. Lynch
therefore avoided conditions where embrittlement could be minimal and
did not explain whether the limiting hardness was similar in air and
mercury. The phosphorous and sulfur impurities in 4142 were most likely
higher than those found in Déac, but neither steel showed temper embrit-
tlement in the fractography. According to Lynch, dislocation egress
with strong oxygen bonds at crack tips was not evident since no prefer-
ence for prior austenite grain boundaries, where impurities would
segregate, was revealed in his fractography. In short, intercrystalline
fracture surfaces did not dominate in the air environment. Fractography

of 4142 steel also reflects this as well the stress-strain graphs
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supporting the expected ductilities in air.

The slight difference in alloy content of these steels is 1less
distinct than the geometry and loading of these steels. Lynch sets his
notched three point bend specimens to reveal plane strain growth of
cracks to final fracture. The smaller diameter smooth tensile specimens
of this investigation revealed initiation as well as propagation to the
final microvoid stage of fracture. The fact that Lynch maintained crack
growth in a mostly plane strain stress regime may be a clue to the
unusual similarity in fractography of comparable D6ac samples in Hg and
Hy environments. The differences found in the 4142 study in the 4142
study include surface initiation in Hg where Hy initiated cracks
subsurface-wise in the plane stress regime. Some closeness in fractog-
raphy also exists in the 4142 fractographs for a given sample condition.
The parallel fractographies in both steels of HE and IME showed up under
the scamning electron microscope (SEM) but Lynch used the transmitting
electron microscope (TEM) to further amplify his fractography.

Because of the remarkable similarity of fracture for a given
specimen condition in Hg and Hy, Lynch proposes that HE is largely due
to adsorption of hydrogen at the crack tip. Earlier studieé by Kamdar
(9) and Stoloff (l4) generally support IME is by adsorption induced
reduction in cohesion. With the aid of TEM fractography, Lynch makes a
strong argument with previously unseen dimples that hydrogen also
reduces cohesion at the crack tip by adsorption of embrittler hydrogen.

Since adsorption influences the crack tip interatomic bonds, Lynch
postulated that the embrittler aids dislocation ingress to counter
normal dislocation egress. This in turn would reduce the plastic zone

size at the crack tip, and thereby lower the energy necessary to
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propagate a crack. Lynch’s evidence of crack ingress by TEM revealed
shallow microdimples along quasicleavage fracture facets. These micro-
dimples are the probable remains of the reduced void sizes associated
with the decreased plastic zone size. Extensive dimpling is not revealed
on the SEM fractographs of 4142 steel but secondary microcracking
aggravated by tempering (see Figures 56 and 57) is evident on all 4142
samples. Secondary microcracking often is seen at abrupt changes or
transition from intergranular fracture to microvoids and this secondary
microcracking might explain some of the differenées in fractography for
4142 steel in Hy and Hg. This will be discussed further on in this
report, but first to consider the test results of our respective re-
portse.

Adsorption discussed by Lynch (4) on D6ac steel helps the crack
propagate because of preferential adsorption at boundary/surface inter-
sections, because of voids forming more easily along grain boundaries,
and because embrittlers have greater affinity to impurity grain boundary
segregation. He noted in his discussion that D6ac steel definitely sees
a 2% segregation of phosphorous and an enrichment of chromium and
molybdenum to prior austenite grain boundaries. Tempering probably aids
LME and HE slightly by making intercrystalline fracture more probable
with the process of grain boundary segregation; however, temper embrit-
tlement 1is unlikely since no evidence in air revealed fracture along
prior austenite grain boundaries. Both investigations of D6ac and 4142
steel revealed differences in the fractography between air and the
embrittling environment on comparable samples. The dimples in air for
Déac steel were feathery and less well defined than those found in Hg

and Hj. This report found rounded microvoids in air for 4142 steel
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while jagged microvoids were revealed in the Hy and Hg environments.
The microvoids found with the aid of the SEM do not reveal as much as
the dimples found with the TEM since localized plastic flow along with
decohesion might have been at work to allow local slip in the [112]
direction from the quasicleavage plane {100}. Therefore, Lynch observed
that adsorption may dominate crack growth in D6fac steel. In contrast,
some fractographic evidence in 4142 steel indicated areas where secon-
dary cracking probably effected fracture initiation micromechanisms.

Secondary cracking did distort the fractography somewhat in 4142
steel. Initiation of a crack in mercury looked transgranular where
extensive surface cracking was even though fatigﬁe and tensile tests in
mercury revealed the majority of fractures initiated intergranularly.
Since the solubility of this steel with Hg is practically nil as evi-
denced by the difficulty in wetting the smooth steel surfaces, a certain
strain energy probably had to be achieved before adsorption of Hg
brought on IME. Lynch noted this for D6ac also.

Initiation of a crack in hydrogen for 4142 appeared transgranular
in a fatigue test but in tensile tests, although surface zones were
transgranular, the fracture ‘appeared to initiate in the intergranular
zone within the sample interiors. The secondary cracks most likely
transported enough hydrogen during hydrogen charging to be unable to
tell if adsorption or diffusion dominates initiation. Without secondary
cracking to complicate fracture, Lynch observed that this effect in D6ac
steel of dissolved hydrogen was probably not significant. Nucleation of
voids was most likely aided by. dislocation activity in transporting
hydrogen. In any case, he noted voids and cracks would probably be

promoted by adsorption of hydrogen if a significant enough amount of
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hydrogen were available within internal cracks and voids.

A question therefore arose for the 4142 steel with respect to
adsorption by hydrogen. The 10=5s~1 strain rate hydrogen samples
had lower strengths and less ductility than the 10=4s-l samples. If
the adsorption induced reduction in cohesion is controlled by the
kinetics of the adsorption process (6), should strain rate have had such
a significant effect on the hydrogen samples? Ductility as measured as
strain at fracture and ultimate tensile strength were both half the
values at the slow 10~9s-l as they are at 10~4s=1, The time it took to
fracture these comparable samples was only 4 to 6 times longer at
10-5s=1 than at 10=%4s~l which is again approximately half the time
expected since 10755~ is 10 times slower than 10~4s-l, Lynch (4) has
shown that diffusion of hydrogen is on the order of one pms~! and since
these 4142 samples are not precharged, diffusion may have something to
do with these differences. The 4142 samples in Hy break on the order
of a few minutes.

Some micromechanism 1is probably responsible for increasing the
effects seen on the stress-strain generated data listed in Table 1IV.
Since adsorption of hydrogen is ; constant at constant room temperature,
something might be magnifying the effect hydrogen is having at the crack
tip. Void nucleation with extreme internal void pressures augmenting HE
might have done the trick but SEM fractographic evidence showed little
in the way of increased intergranular fracture as a function of strain
rate. The secondary microcracking probably aided diffusion enhanced
adsorption but to determine this requires a TEM and is beyond the scope
of this investigation. But, beyond the diffusion enhanced adsorption is

the practical effect charging has on steels. Lee, Goldenberg, and Hirth
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(46) show results on a 4340 steel that indicate precharged specimens
have internal crack nucleation while dynamic charged specimens go to a
Mode 1 type fracture when the surface reached yield. Similar internal
crack nucleation and quasicleavage fracture is seen on the SEM for 4142
steel, Figures 42 and 43.

Another question occurred during the investigation of 4142 steel
with respect to Lynch’s work. If adsorption is the dominant microcrack-
ing mechanism in Hy and Hg for D6ac steel, why was there such a differ-
ence in the comparable stress-strain graphs of Hy and Hg for 4142
steel? The slow strain r;te samples in Hg with respect to the fast
strain rate samples in Hg, actually had the strain at fracture increase
around RC 45, decrease around RC 35 and then increase again around RC
25. The UTS also showed a slight increase around RC 45, a decrease
around RC 35 and slight decrease around RC 25. The comparable Hy
samples consistently were 507 less ductile at slow strain rates while
the trend for comparable Hg samples showed a dip around the medium
hardness. A difference in the trend of embrittlement and its magnitude
for Hyp and Hg exists, but what that difference means is hard to say.
The stress strain graphs do give a clue for one basic difference in the
comparable Hg and Hy samples.

The Hg samples of 4142 steel exceed yield in every sample while the
hydrogen samples don’t. Therefore activation of HE does not require
much, if any, plastic deformation as IME does require. Lynch (4) does
not indicate what amount of plastic deformation is necessary, but Lee,
Goldenberg, and Hirth (46) show that an AISI 4340 steel has plastic
strain reduced to essentially zero during dynamic Ho charging. 4142

steel is dynamically charged, therefore macroscopic plastic deformation
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may have been unnecessary since local yielding could occur with favora-
bly oriented grains. Whether this means another micromechanism was at
work in HE or if adsorption was enhanced by secondary microcracking
could not be determined. What can be said is the micromechanism of
fracture of HE and IME has some basic similarities probably largely due
to adsorption induced reduction in cohesion of atomic bonds at an
advancing créck tip, with the note that microstructure and strain rate
are probable important elements in the functioning of adsérption activi-
ties.

The fracture surfaces of the 4142 samples in Hy or Hg do clue one
feature of grain boundary segregation that is important in understanding
a basic difference of HE and IME of 4142 steel. Intergranular fractures
in 4142 steels are dominant in the crack nucleation stage of Hg samples
but Hy samples have a mixture of intergranular and transgranular
features. This is not entirely unexpected. For a five percent Ni
steel, Takeda and McMahon, Jr. (47) suggest that for samples in gaseous
hydrogen, intergranular fracture indicated a plane stress regime where
segregated metalloid impurities resulted in a concurrent reduction in
cohesive energies while quasicleavage fracfure indicated a plane strain
regime related to dislocation motion and hydrogen transport to allow
glide plane decohesion. An interesting comparison developed in the Hg
and Hy samples in 4142 steel. The plane strain criteria of Hertzberg
(48, p. 283) were used to calculate whether stress or strain controlled
the fractures in air, Hg, and Hy for this 4142 steel. Using the
fracture toughness values listed in Table VI and the yield strength
values in Table IV, the results indicated that the only valid plane

strain tests were done in the hydrogen environments for higher hardness
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samples. Hg tests were plane stress and Hg initiated intergranularly,
while Hy tests were plane strain with internal crack nucleation.
Therefore, the difference in stress-strain regime, as well as the
similarities in crack initiation by plastic deformation, relate to the
environment affecting the size of the plastic zone at an advancing crack

tipc
2. Uses and Limitations of MTS Program

The assumption of equivalent initial length does not include the
non-linear portion of the elasto-plastic behavior of materials, espe-
clally the nonferrous metals. Accuracy cannot be assured for nonwork
hardening materials since the transformation to plasticity with increas-
ing tensile stress is calculated in the constant cross sections under an
effective smallest diameter. To keep accuracy, a nonlinear second order
equation using aspects of finite elements can base the transformation in
a finite mesh, but the computer this program is used on is a Texas
Instrument CC-40 and limits the number of points the 8-bit processor can
compute in a reasonable amount of time. Fortunately, an order increase
in accuracy can be had by doubling the number of points input as load
and displacement. Unfortunately, the points have to be input by hand.

Advantages of this program are the flexibility in choosing the
modulils of elasticity with a choice of the best ipcremental modulis or
best average in the linear range and being able to input the modulis of
choice. The measurements are easy to read and input but are tedious to
dos The zero load displacement is calculated from the input data to

start all graphs at nominal stress and strain of zero. Precise relative
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stress-strain curves are generated and conformity and accuracy are
within 5 to 107 at final fracture and 1 to 5% of ultimate tensile
stress.

With the generation of stress-strain graphs, many metallurgical
factors can be estimated with better than ballpark accuracy. The strain
energies calculated for Table IV give a clue to the relative embrittle-—
ments of hydrogen and mercury but comparable figures are scarce in the
literature. Therefore it was hard to determine how close to real world
values these were beyond the comparative strain gauge values. An
estimate of fracture toughness derived in Appendix G and listed in Table
VI gave reasonable values of fracture toughness and comp;réd well with
the plane strain fracture toughness from the Metals Handbook (49, p.
426) for the higher hardness in a similar 4340 steel in air. Estimated
values here are within 207 of real world values and probably reflect the
difference of smooth tensile specimens of small diameter which carry the
stress-strain relations into the plane stress regime from plane strain
initiation.

The disadvantages are primarily the finite number of points that
can bé input and the use of the program requires at least a working
knowledge of the material to be studied. Also, the program must be
modified somewhat if variable geometry specimens are to be used.
Nevertheless, the data generated will amplify and reveal trends that

otherwise could not be known with a visual record.



CHAPTER VI
CONCLUSIONS

The research and study of samples in mercury and wet hydrogen
charged environments revealed fracture and stress-strain characteristics
that were similar in nature, yet also different. In summary, the major
findings of this report on hydrogen and liquid mercury embrittlement
are:

l. Adsorption induced reduction in cohes?on is the major
micromechanism of fracture in liquid mercury and wet hydrogen charged
environments for quenched and tempered martensitic 4142 steel. The
intergranular fracture associated with the adsorption mechanism occurs
largely throughout the initiation and propagation phase for mercury, and
occurs throughout the propagation stage in hydrogen.

2. 1Initiation of a crack in Hg requires some surface yielding
whereas initiation of a crack in H; requires only local plastic defor-
mation. The stress-strain curves for Hg samples show them breaking
after yield while the fractures were initiated intergranularly from one
surface origine. Hydrogen samples broke before yield and had cracks
originate from a transgranular internal zone.

3. Mercury embrittlement is not strain rate sensitive at the
strain rates of 1073s~l and 10‘45‘1, but hydrogen embrittlement is.
The fractures and stress-strain graphs for mercury samples of comparable

hardness but different strain rate have shown close likenesses to each

33
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other. However, the graphs for hydrogen show a decrease in embrittle-
ment for the higher strain rate due in part to diffusion. These hydro-
gen samples are not precharged, therefore hydrogen diffusion, which is
one ums‘l, logically will affect samples which break in five minutes.
The extensive secondary cracking aids hydrogen transport to grain
boundaries which are subsequently embrittled with hydrogen adsorb-

ing onto then diffusing into the grain boundaries.
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Figure l. Illustration of change in lattice parameter at the crack
tip in the presence of a tensile stress shows decrease in
the strength of metallic atomic bonds between 1 and 2 by
adsorbed E which increases the lattice parameter by
sharing more electrons with an extra atom
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Figure 2. Intergranular fracture assisted by 1) adsorbed embrittler
attacking grain boundary segregation impurities and 2)
initiated by Krishtal's diffusion of embrittler ten
diameters into grain boundaries to delay plastic flow

Figure 3. Brittle transgranular fracture of embrittler aided trans-
crystalline slip up to 2 to 3 diameters deep into grain
surfaces






Figure 4. Hydrogen embrittlement assisted 1) by crack initiation from
formation of MHx, 2) by reduction in cohesion strength at
propagating crack tip, and 3) by creation of hydrogen
cloud in presence of a stress gradient which in conjunc-
tion with natural diffusion helps to nucleate voids ahead
of cracks
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Figure 5. Special summary of chemical resistance of metals and alloys
to liquid metals at 300, 600, and 800 C
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Figure 6. Geometry of the threaded cylindrical smooth tensile specimen
with experimental dimensions
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Figure 7. Plot of tempering temperature vs hardness for the smooth
tensile specimen of 4142 steel where tempering temperature
is the temperature a specimen is held at for five minutes
during the heat treatment (of austenitizing at 900 C for
ten minutes, at temper temperature, air cool for 3
minutes, and final o0il quench to room temperature
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Figure 8. Diagram of special threaded holders in regular MTS threaded
grips to hold the threaded tensile specimens

1) MTS threaded holders

2) Connection to load cell or hydraulic device
3) Hex screws, &4

4) Adapter, 1/2 by 20 threads

5) Set plug

6) Threaded sample
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Figure 9. Mercury environmental chamber of clear plastic with teflon
tape seals

1) Plastic Hg environment chamber
2) Hex screws, 4

3) Hg £ill plug

4) Teflon tape

5) Test sample
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Figure 10. Hydrogen envirommental chamber showing platinum electrodes
with wax seal

1) Hp environment chamber

2) Platinum cathode junction
3) Hex screws, 4

4) Plastic 1lid

5) Wax sealant

6) Electrician's tape
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Figure 11. Tensile stress-strain diagram comparing wet H,, Hg, and

air samples at 24 C wégh_?ardness RC 22 at an initial
strain rate of 1 . 10 “s
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Figure 12. Tensile stress-strain diagram comparing wet , Hg, and
air samples at 24 C wigh_izardness RC 35 at™an inital
strain rate of 1 . 10 s
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Figure 13. Tensile stess-strain diagram comparing wet H,, Hg, and air
samples aESZéIC with hardness RC 45 at an initial strain
rateof 1 . 10 “s
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Figure l4. Tensile stress—strain diagram comparing wet H,, Hg and
air samples °f-£4..‘f with hardness RC 35 at an initial
strainrate of 1 . 10 s
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Figure 15. Tensile stress-strain diagram comparing wet , Hg, and
air samples at 24 C wi&h_i\ardness RC 45 at"an initial
strain rate of 1 - 10 s ’
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Figure 16. A tensile stresé-strain.diagram of samples in a Hg environ-
ment to illustrate the change in curve as a function of
hardness
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Figure 17. A comparative diagram of the ultimate strength and fracture
stggngths 52 Efrdness of wet H2 and Hg samg%eglat
10 -~ to 10 's ~. Dark points rgRrgfent 10 “s
while light points represent 10 's
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Figure 18. A diagram of the ultimate strength_gnd fragguzf strengths
to hardness of air samplgg at 10 " to 10 s ~.
Dark points Egpgfsent 10 s ~ while light points
represent 10 s
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Figure 19. A comparative diagram of the strain at fracture to_hardness
of wet H,, Hg, and air sagglg at 10 ~ to 10 s .

Darks points_zeB{esent 10 “s * while light points
represent 10 s
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Figure20. A comparative diagram of percent strain at ultimate
tensile strength, SATS, and at yield strengEB,_fAY, to
hardness in air. Darks points Egpgfsent 10 “s
while light points represent 10 's
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Figure 21. A comparative diagram of percent strain at ultimate
tensile strength, SATS, and at yield strenggh)_ISAY, to
hardness in Hg . Dark points represent 10 ~s
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Figure 22. A yield strain ggergy tgahgfdness diagram of samples in Hg
and air at 10 ~ to 10 's ~ to illustrate the crack

initiation phase in Hg. Dark pg}ngf represent 10-58_1
while light points represent 10 's
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Figure 23. A fracture strain energy to_gardnesgad;fgram of samples in
wet H,, Hg, and air at 10 to 10 s to
illustrate the fracture characteristggs_gf tensile
specimens. Dark points repregent 10 “s ~ while
light points represent 10 s
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Figure 24. A plastic wggk to hgzdgfss diagram of samples in Hg and
air at 10 © to 10 s ~ to illustrate the crack _5 -1
propagation phase in Hg. Dark Bgigfs represent 10 “s
while light points represent 10 s
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Figure 25. Typical cup and ggnglfracture of specimen 7-2, RC 21 at a
strain rate 10 “s in air. Note the radial tear
ridges along with extensive secondary cracking

Figure 26. Cup and cgaelfracture of specimen 9-1, RC 34.5 at a strain
rate 10 's° in air. The reduction in area is less
than that in Fig. 24 and the radial ridges are much more
pronounced and cover a greater area with less visible
secondary cracking ,
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Figure 26.



Figure 27. Cup agd fone fracture of specimen 8-4, RC 45.2 at a strain
rate 10 s in air. The higher hardness results for Fig.27
radial tear ridges disappear as well as the secondary

cracking

Figure 28. A typical microvoid_zppearance from specimen 6-4, R943§lat
strain rate of 10 ', RC 33 at a strain rate of 10 s

in air



Figure 27.

Figure 28.
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Figure 29. The vicinity of a secondary crack of specimen 9-4, RC 36.6 at
strain <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>