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CHAPTER |
INTRODUCT ION

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 alloys used in the
most demanding situations possible for metals. Superalloys are used for
rotating components in high t;mperature 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 aproblem with high strength
ferritic steels and at temperatures of 200 to 250°K austenitic stainless
steels are affected also. The superalloys combine good mechanical prop-
erties, formability, and weldability 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 liquid



metals. More than 100 examplésvare known [8 1. 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 NOL4LOO), Inconel 600 (UNS NO6600), and Incoloy 800
(UNS N08800). The latter are representative of hajor alloy groups.

Monel 400 (UNS NO4400) is chosen as the most embrittled alloy [1, 3, 5]

while Inconel 600 and Incoloy 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 hardening éapability, slip character, strain rate
sensitivity, yield strength, and éold 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 RC [1o1.

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



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) of commercial superalloys.



CHAPTER 11

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-
plicable. 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 [1, 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, 111 and
Stoloff and Johnston [12]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 1). As the sample is stressed, the liquid
metal atom B is spontaneously adsorbed at the crack tip, reducing the

strength of the bond A-Ao. When the stress reaches anew, lower critical



Figure 1. Schematic Representation of the Displacement of Atoms
at the Tip of a Crack






stress, the bond breaks and the crack advances to bond A-A], 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 brittfe fracture.
The general criterion for predicting the ductileorbrittle behavior
of solids is discussed by Kamdar [11]1 who references Gilman [13] and Kelly
et al. [14]. The argument presented is as follows: Anvequi]ibrium
crack in a solid subjected to an increasing force will propagate in a
fully brittle manner if the ratio of the largest tensile stress, o, in
the vicinity of the crack tip to the largest shear stress, T, on the most
favorably-oriented slip plane near the crack tip is greater than the ra-
tio of the ideal cleavage stress, Omax’ to the ideal shear stress, T

max’

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

some plastic flow. As a rough approximation for metals, if o /T <
- max’ max -~
10, failure will be predominately by cleavage; if o __ /1 > 10, fail-
max’ max
ure will be predominately by shear. The ratio o /T 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-
lowing effects should be observed for LME:

1. Strain rate effects. Kamdar [11] predicted that an increase in
strain rate should increase embrittlement because of an increase in the
ductile-to-brittle transition temperature.

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

Ny

fracture stress should vary linearly with d , 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.



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 h[gher temperatures for embrittlement to
occur. This is to allow ''sufficient volume diffusion to dissipate grain
boundary penetration zones.'" Consequently, at constant temperature, in-
creasing strain rate should decrease LME in a normally strain rate insen-
sitive material.

3. AGrain size eféects. 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.



L. Cold work effects. The extra dislocations from cold work should
reduce embrittlement by providing channels to syphon embrittlier 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. liquid metal induced lowering of fhe 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 metais, occurring by intense shear on sur-
faces inclined at approximately 45° to the stress axis [19]. HE has
also been found in amorphous alloys [20, 21]. This modei 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 Dbac 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-Silicon 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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[171. In nickel and its alloys, this volume effect is unlikely because

14

the diffusivity of hydrogen in nickel at 25°C is only ~5 x10° mz/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].

Reduction of Surface Energy Model

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

energy necessary to form free surfaces. Since this would not provide
sufficient reduction in energyto 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 ét 900°C and either
quenched or furnace cooled. Auger anaiysis 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 gfain boundaries decreased the sus-
ceptibility to HE and mercury embrittlement due to increased packing

efficiency, and hence less adsorption.
Precursory Studies

Tensile Fracture of Nickel-Based Alloys in liercury

Price and Good [1] performed tensile tests on a range of nickel-
based alloys to determine their relative susceptibility to mercury em-
britflement at room temperature. Results indicated that all the alloys
were embrittled by mercury. The relative susceptibility by category
from most to least was Monel, Nickel, Inconel,and Incoloy. 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 embrittied.

Fatigue Behavior of Nickel-Based Alloy in Mercury

Price and Good [2] investigated the fatigue behavior of selected
nickel-based alloys in liquid mercury at room temperature. For alternat-
ing tension (R=0), it was found that the fatiqgue life was always less
in mercury and that a different fracture mode resulted. The alloys,
Nickel 200, Inconel 600, Incoloy 800, and Incoloy 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 tensile 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 Inconel 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 embrittling agent than mercury.
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Hydrogen and Mercury Embrittlement of Monel Alloys

Traylor [3] performed slow strain rate tensile tests and
alternating tension fatigue tests on Monel 400, Monel 405, and Monel
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 all 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 sﬁr-
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 a{tetnating tension fatigue tests
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 observationg 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 embrittling agent than hydrogen.

L. 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.



7.
8.

In mercury, slower strain rates enhanced embrittlement.

Cold work decreased embrittlement.

14



CHAPTER 111
EXPERIMENTAL PROCEDURE
The Materials

The materials chosen are repfesentative of various categories of
nickel-based alloys of varying complexity. The alloys chosen are Nickel
200 (UNS N02200), Monel 400 (UNS NOL4400), Inconel 600 (UNS N06600), and
Incoloy 800 (UNS N08800).

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 handling equipment énd biping.

Monel 200 (UNS NOLL0O) is a nickel-copper alloy. It is character-
ized by high strength, weldability, 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
othér heat exchangers.

Inconel 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 applicétions are carburizing baskets, jet engine combus-

tion liners, and nuclear reactors.

15
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The last alloy chosen, Incoloy 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 all four alloys may be found in
Tables | 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-hajf i;ch diameter rod. The
five-inch long specimens were of two geometries. For tenéile 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 lenath
was used to minimize the size of the environmental chambers. Tests in
air were repeated with smaller and larger diameter specimens to explore
possible variation of results With diameter. Tests in air were also re-
peated with varying degrees of annéa] 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 geoﬁetry. 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]. Inconel 600 and In-
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 |

ROOM TEMPERATURE MECHANICAL PROPERTIES OF NICKEL 200

Yield Strength

Tensile Strength (0.2% Offset, Elongation Hardness
Temper (kpsi) ‘ kpsi) in 21in.,% (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 11

ROOM TEMPERATURE MECHANICAL PROPERTIES OF MONEL 400

Yield Strength

Tensile Strength (0.2% Offset, Elongation Hardness
Temper (kpsi) kpsi) in2In.,% (Brinell)
Hot-Finished 80-100 Lo-100 60-30 140-241
Cold-Drawn,
Stress Re-
lieved 84-120 55-100 L0o-22 160-225

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




18

TABLE 111

ROOM TEMPERATURE MECHANICAL PROPERTIES OF INCONEL 600

Yield Strength

Tensile Strength (0.2% Offset, Elongation Hardness

Temper (kpsi) kpsi) in2In.,% (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 1V

ROOM TEMPERATURE MECHANICAL PROPERTIES OF INCOLOY 800

Yield Strength

Tensile Strength (0.2% Offset, Elongation Hardness

Temper (kpsi) kpsi) in21In.,% (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 Mn 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 NOA4400) M9631B 65.71 0.16 1.13 1.60 0.009 0.23 31.15 --- 0.013 ---
Inconel 600 x
(UNS NO06600) NX2830 73.75 0.09 0.51 9.13 0.003 0.19 0.36 15.97 -—- -——-
Incoloy 800
(UNS N08800) HHOO5L4A 32.28 0.07 0.94 43.85 0.001 0.35 0.34 21.23 0.46 0.38

6l



AS-RECEIVED MECHANICAL

TABLE VI

PROPERTIES OF ALLOYS TESTED

Yield
Strength Tensile Percent
(0.2% Offset, Strength Percent Reduction

Alloy Heat No. Hardness kpsi) (kpsi) Elongation of Area
Nickel 200
(UNS N02200) N72J5A 98RB 105.7 105.8 17 74
Monel 400
(UNS NO4L4OO)  M9631B 99R, 97.5, 117.7 25 64
Inconel 600 : .
(UNS N06600) NX2830 29RC 154.9 158.6 11 L6
Incoloy 800 .
(UNS N08800) HHOOS54A

xProperties not supplied.

0¢



Figure 2. Specimen Geometry for Embrittlement Testing in Fatique
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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
give a ram velocity of 6 xlO_5 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/Ellis 20 Digital Strain Indicator, with tem-

5

perature compensation. With the MTS ram velocity at 6x10 in.—s—],

this arrangement gave a strain rate of 1.6 x]O_5 s_]. Fatigue tests
were performed in load control in fluctuating tension (R=0) 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 polish-
ing compounds. The samples formed the cathode of an electrolytic cell

2 [3, 5]. Two plati-

and were dynamically charged at a rate of 200 A-m
num wires formed the noble metal anode. The electrolyte was sulfuric

acid at a pH of 3.2, to which 0.25 am/% of sodium arsenite was added to

inhibit recombination [3, 5]. Charging was accomplished usingaPrinceton
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Applied Research Model 173 Potentiostat/Galvanostat. Figure 3 illus-

trates the environmental cell used for hydrogen testing.
Data Recording and Reduction

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 7045 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 thii conversion of data can be found in Appen-
dix A. The strain hardening exponent was determined by drawing the best
line 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 was 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:out-
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 10-70X Stereoscopic Zoom Microscope (SZM) and later
examined and photographed in a Joel Model 35 Scanning Electron Micro-

scope (SEM).



CHAPTER 1V
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 o% 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 NOA4400),
Inconel 600 (UNS N06600), and Incoloy 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 Pa),
then furnace cooled [35]. The various annealing temperatures, hardness
values, and grain sizes are listed in Table VII. Henceforth, standard
annealing temperatures are 750°C for Nickel 200 and Monel 400, 1100°C
for Inconel 600, and 1050°C for Incoloy 8900.

The tensile tests performed on the annealed samples generated a

large amount of data. The mechanical properties which were extracted

28



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

TABLE VII

29

2hr Annealing Grain Size, Hardness
Material Temperature, °C 10°° m Rg Hardness, Ry
Nickel 200 750 35 37 28-54
Monel 400 750 32 66 62-80
Inconel 600 1000 7 83 67-86
1050 13 82
1100 70 77
Incoloy 800 1000 12 80 67-89
1050 60 66
1100 -- 64
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from the data appear in Table VIII. As stated in Chapter |Il, 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 Incoloy 800 is especial-
ly illustrative. In general, the value of the strain hardening exponent
increased with increasing temperature. |t 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 Inconel 600 and Incoloy 800 are very limited in
preceding studies, is there any loss in tensile strength in mercury and

hydrogen?



MECHANICAL PROPERTIES OF ALLOYS TESTED

TABLE VI

Annealing Initial Elastic Tensile Yield True Reduction
Temperature Diameter Modulos Strength Strength  Strain at in Area Hardness
Material (°c) (106 psi) (kpsi) (kpsi) Neck (%) (RB)
Nickel 200 750 .250 34.9 73 17 .213 8L L5
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
Inconel 600 1000 .250 35.0 122 62 .182 63 83
1050 .250 26.0 122 L6 .210 67 82
1100 .125 o 106 33 .252 66 63
1100 .250 33.8 119 36 .235 64 77
1100 .365 36.0 112 33 .269 60 64
Incoloy 800 1000 .250 29.8 107 37 —_— 6L 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

L€



Figure 4. Log True Stress Versus Log True Strain for Nickel 200
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Figure 5. Log True Stress Versus Log True Strain for Monel 400
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Figure 6. Log True Stress Versus Log True Strain for Inconel 600 for
Various Annealing Temperatures
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Figure 7. Log True Stress Versus Log True Strain for Inconel 600 for
Various Specimen Diameters ’
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Figure 8. Log True Stress Versus Log True Strain for Incoloy 800
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TABLE IX

STRAIN HARDENING EXPONENT VALUES

Alloy Exponent
Nickel 200 0.44
Monel 400 0.37
Inconel 600 0.42

Incoloy 800

0.45

42
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L. 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 mercury, cracking 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 line, the sample testedin 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 um, 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
(100X) .

o

Figure 10. Enlargement of Figure 9 Near Fracture
(1000X) ' ’
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Figure 11. Enlargement ‘61’ JFigure 9 Away from Fracture
(1000X) ‘
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Figure 12. Surface Damage of Nickel .200-in Hydrogen With 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, Figure 17, reveals extensive wavy slip.

A large grained Nickel 200 sample was tensile tested in hydrogen
for comparison. Fiqure 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
slip is very visible.

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 onset of neck-
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 cup-cone fracture, Figure 22, has a conspicuous plastic



Figure 13. Surface bamage of Nickel -200 in Hydrogen With Stress at
Tensile Strength (200X)
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Figure 14. Side Cracking"bf Nickel,ﬁob After Fracture in Mercury
(100X) e

Figure 15. Enldrgement of Figure 14 to Show Slip
(1000Xx) o
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Figure 16. Side Cracking of Nickel 200 After Fracture in Mercury
(100X) : ‘

Figure 17. Enlargement of Figure 16 to Show Slip
(1000X) '
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Figure 18. Surface Damage of Large Grain (120 um) 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 um) Nickel 200 in Mercury
at 80% of Tensile Strength (200X)

Figure 21. Surface Damage of Large Grain Nickel 200 in Mercury at
Tensile Strength (200X)
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Figure 22. Side Cra.cléi'ng of Monel 400 in Air After Fracture
(100X) -
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flow pattern at 45° to the 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 24) is fine grained (30 um) 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 rumpling 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 vis}ble.
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 Inconel 600. Again, 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. Enlar’gemenf of Figure 22 Showing 450 Cracking
(1000X)
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Figure 24. Surface Damage on Side of Monel 400 in Hydrogen at 80% of
Tensile Strength (200X)
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Figure 25. Side Cracking of Monel LOO in Hydrogen After Fracture
(100X)

Figure 26. Enlargement of Figure 25 Showing Intergranular Cracking
(1000X)
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Figure 27. Side Surface of Monel hOOjvin Hydroge\n at 80% of the Ten-
sile Strength (200X) .
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. ‘ -
Figure 28. Side Cracking of ‘Monel L400. in Mercury After Fracture
(100x) - ]

Figure 29. Enlargement of Fjgure 28 Showing Slip
(]QOQX) , .

]
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Figure 30. Side Cracking of Inconel 600 Tested in Air
) (100x)

Figure 31. Enlargement of Figufe 30 Showing Stip
(JOQOX)
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Inconel 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 (Figufé 33). Fracture occurred at 96 per-
cent of the tensile strength. As shown in Figure 34, 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 markinés 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 enlargedview (Figure 40) shows extensive slip which is

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

Alloy Incoloy 800. The baseline specimen shown in Figure 4l resem-

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

conel 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 5° cracking and heavy plastic flow which

is extensive enough to obscure the slip character.



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

Figure 33. Side Cracking of Inconel 600 in Hydrogen at
Tensile Strength (200X)






Figure 34. Side-Cracking of Inconel 600 After Fracture in Hydrogen
(100x) . |

Figure 35. Enlargement of Figure 34 to Show Slip
(1000X)
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Figure 36. Surface Damage of Inconel 600 in Mercury at 80% of
Tensile Strength (200X)

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



82




Figure-38. Side Crgcking of Inconel 600 After Fracture in Mercury
(100X

Figure 39. Detail of Figure 38 Illustrating<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>