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ABSTRACT

N

Stress corrosion cracking behavior of 90W-Ni-
Fe (W-10) and 97W-Ni-Fe-Cu-Co (W-3) alloys has been studied
in solutions of NaCl, NACE and 10% H,S0,. The influences
of electrochemical polarization, hydrogen catalyst, and

heat treatment on K static load crack growth rate,

Iscc’
and fracture morphology were studied.

The W-10 alloy exhibited SCC susceptibility
in NaCl solution. Electrochemical polarization, addition
of a hydrogen catalyst (As) to the NaCl solution and heat
treatment in hydrogen increased SCC susceptibility. SCC
susceptibility was also observed in the sulfide cracking
solution and when cathodically charged in 10% HZSO4 with ‘
a hydrogen catalyst (As). At the corrosion potential
and anodic potentials in NaCl solution, SCC propagated
by separation of tungsten-tungsten and tungsten-matrix
interfaces with ductile rupture of the matrix. In other
cases, cracks propagated by separation of tungsten-matrix
and tungsten-tungsten interfaces with some cleavage of
tungsten grains.

The W-3 alloy did not exhibit SCC susceptibility
in NaCl solution, under any conditions. SCC did occur
in the sulfide cracking solution and when cathodically
charged in 10% HZSO4 with a hydrogen catalyst (As), however,

it was much more resistant than the W-10 alloy. Fracture

®

xiii




occurred primarily by aimple formation in the matrix and
cleavage of tungsten grains.

SCC in the W-10 alloy is thought to occur by
electrochemical dissolution of the matrix. Small matrix
volume and high tungsten contiguity in the W-3 alloy pre-
vents cracks from growing even though severe matrix dissolu-
tion occurs.

The observed susceptibility of both alloys to
crackiné in the NACE recommended sulfide cracking solution

and when cathodically charged in 10% sto4 with As indicates

that both alloys are highly susceptible to hydrogen embrittle-

ment.
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PART 1

INTRODUCTION

Due to their high densities and strengths,
tungsten-based materials known as heavy alloys are used
in mass balancing, inertial systems, structural radioactive
shielding, heavy duty electrical contacts, artillery
shell cores, etc.

The alloys are manufactured by liquid phase
sintering. 1In this process, tungsten dissolves in the
nickel-iron or nickel-copper liquid so that finally ;h apparent-
ly two-phase structure is obtained, consisting of rounded
tungsten grains and a matrix solid solution of tungsten-
nickel—iron or tungsten-nickel copper. The detailed
characteristics of the manufacturing process have been docu-
mented previously.1

The mechanical properties of heavy alloys are
affected primarily by the nickel:iron and nickel:copper
ratios, tungsten contiguity, sintering conditions, and
conditions of post sintering heat treatment. For the tungsten-
nickel-iron alloys the optimum strength and ductility is

1,2

found when the nickel:iron ratio is 7:3 to 3:7. The

maximum elongation depends strongly upon tungsten contiguity.
A high contiguity produces a lower ductility.3 The lower

sintering temperature yields better mechanical properties

due to finely distributed porosites and reduction of grain




growth.4 Annealing combined with quenching as the post ‘
sintering heat treatment improves strength and ducf:ility.s'6
The influence of heat treatment is connected with grain

size, distribution of impurities, intermetallic compound
formation, and matrix phase composition.

Although numerous studies on the sintering
mechanism, mechanical properties, and fracture behavior
have been done for liquid phase sintered tungsten heavy
alloys, little work has been‘done on the stress corrosion
cracking behavior of these alloys.

This investigation was undertaken with the
aim of examining the stress corrosion cracking behavior
of the tungsten heavy alloys in several agqueous solution.
The overall investigation involves the evaluation of the ’
KISCC and static load crack growth rate performances in
sodium chloride solution and NACE recommended sulfide cracking
solution. Additional variables being studied in this program
include solution chemistry, influence of heat treatment,

and influence of electrochemical polarization.




PART 2

LITERATURE REVIEW

2.1 Alloy System

The group of tungsten-based alloys known as
heavy alloys by virtue of their high density (16 to 18.5
g/cm?’) have found an increasing number of applications
in mass balancing and inertial systems, for example, gyroscopes
and vibration dampeners, and in ordnance, radioactive shielding
and heavy duty electrical contacts.
The alloys are manufactured by first pressing
mixed powders to produce a green compact which is then
sintered in a dry hydrogen atmosphere at a temperature
sufficient to cause melting of the non-tungsten components
of the system.
The liquid phase dissolves some of the tungsten
and to minimize surface energy some tungsten particles
grow at the expense of others. This is thought to occur
by dissolution and precipitation,7 and coalescence.8 The
final structure is an apparently two phase structure containing
rounded tungsten grains and a matrix solid solution.
The non-tungsten components which have received
the most study are nickel-iron and nickel-copper. Nickel
is used because it has the high solubility for tungsten

necessary for its transport during sintering; according




to Ellinger and Sykes,9 nickel can dissolve up to 45 ‘
wt. pct tungsten in the binary system at 1495°C. The

ternary alloying element is used to reduce the melting

point of the matrix and hence enable lower sintering
temperatures to be employed, but both iron and copper

reduce the solubility of tungsten in the nickel.

2.1.1 Sintering Mechanisms

In 1938, Price, Smithells and Williams’ dis-
covered the heavy alloys where they wére able to achieve
full density by liquid-phase sintering tungsten-nickel-
copper at temperature well below half of the absolute
melting temperature of tungsten. The growth of the tungs-
ten particles was attributed to the dissolution of the .
small tungsten spheroids with simultaneous precipitation
of tungsten from the molten matrix onto the larger spheroids,
the process being driven by the difference in surface
energy between the smaller and larger spheroids.

A theory for the sintering of metal particles

was proposed by Kuczynski10

in 1949, when he found that

the interface formed between two particles during sintering
changed at different rates if the growth was due to either
(1) wviscous or plastic flow, (2) evaporation and conden-
sation, (3) volume diffusion, or (4) surface diffusion.

11 of these various diffusion

A theoretical treatment
mechanisms showed that the predominant mechanism respon- ‘

sible for particle growth during sintering under any

]




particular set of sintering conditions could be identified.

Cannon and Lenel12

divided the sintering process
into three stages, "liquid flow", "solution and repreci-
pitation" and "solid phase sintering”. The density of

the compact increases during the liquid flow stage, and
the particles grow during the other stages. The final
particle size should be limited because a very low dihed-
ral angle is reached between two solid-liquid surfaces

and the liquid phase will not permit two particles of

the solid phase to touch each other as long as the parti-
cles have different orientations.

Zukas and Sheinberg9 proposed that the spheroids
coalesce when contact is made between spheroids of similar
orientations, and that this process occurs throughout
the liquid phase sintering cycle. Undoubtedly, dissolu-
tion of the small spheroids and reprecipitation of tungsten
from the molten matrix onto the larger spheroids occurs
simultaneously, but the spheroid growth from this process

is slow.

2.1.2 Mechanical Properties and Embrittlement

The mechanical propertie§ of tungsten heavy
alloys are affected primarily by the tungsten content,
nickel:iron ratio, sintering condition, and post-sintering
heat treatment condition. As the tungsten content in-

creases, there is less chance for the tungsten grain




to be completely surrounded by matrix phase.13 According-

ly, there is a higher tungsten contiguity as the volume ‘
fraction of solid increases. Contiguity is defined as

the ratio of the surface area involved in tungsten-tungsten
contacts and the surface area of tungsten grains. In

tungsten heavy alloys, the maximum elongation depends

strongly upon its contiguity. A high contiguity produces

3

a lower ductility. For the tungsten-nickel-iron alloys,

the optimum strength and ductility is found when the

nickel:iron ratio is 7:3 to 3:7.1'2

The lower sintering
temperature yields better mechanical properties due to
finely distributed porosites and reduction of grain
growth. . Annealing combined with quenching as the post sin-
tering heat treatment improves strength and ductility. 3:6 ’
The influence of heat treatment is connected with grain
size, impurity distribution, intermetallic compound forma-
tion, and matrix phase composition.

The embrittlement of heavy alloys is caused
by intermetallic phase formation, impurity segregation,
hydrogen embrittlement, shrinkage pore formation, etc.
From Charpy impact tests with 90 W-5 Ni-5 Fe aloy, Edmonds

and Jones14

found that intermetallic compound formation
at the matrix-tungsten interfaces was responsible for
embrittlement. This intermetallic compound formation

has also been suggested as the cause of embrittlement

in slowly cooled alloys with a nickel:iron ratio of 7:3.]'5 ‘

-




16 claimed no detrimental effect

However, Henig, et al.
from this intermetallic compound. Other investigatorsl
have been unable to 9onfirm the existence of this phase
in embrittled material with a nickel:iron ratio of 1:1.

¥ have shown a strong impur-

Several reports
ity influence, wherein the elements such as phosphorus
and sulfur segregate to the tungsten-matrix interface
during slow cooling from elevated temperatures.

Yoon et al.18

found strength and ductility
degradation with heat treatment in a hydrogen atmosphere.
Sczerzenie and Roger519 have found that the sensitivity
of the heavy alloys to hydrogen embrittlement is dependent
on the matrix composition in the tungsten-nickel-iron
alloys. The effect of hydrogen is thought to weaken

the tungsten-matrix interfaces.

20 have shown mechanical property

Kang et al.
decrements due to rapid cooling from the sintering tempera-
ture. The formation of matrix phase solidification poro-

sity with rapid cooling is quite detrimental to the proper-

ties: Churn and Yoon4 have given a clear demonstration

of the porosity effect.

2.1.3 Practure Behavior

In tungsten heavy alloys, fracture usually
occurs by one or more of the following four possible paths:
(1) failure of the tungsten-tungsten

grain boundaries,




(2) separation of the tungsten-matrix
interfaces, ‘
(3) failure in the matrix phase, and

(4) cleavage of the tungsten grains.

The fracture behavior of the tungsten heavy
alloys has been studied by several investigators. How-
ever, there is some controversy in the literature concerning
the relationships between both strength and ductility
with fracture behavior. Edmonds and Jones14 reported
that tough material requires good adhesion at the matrix-
tungsten interfaces such that failure occurs by ductile
rupture of the matrix with separation of the tungsten-
tungsten interfaces and/or cleavage of the tungsten ‘
grains.

Sczerzenie and Rogers:L9 showed that the fracture
behavior of the tungsten phase in heavy alloys is con-
trolled by the strength of the tungsten-matrix interface.
When the matrix-tungsten interface is strong, frac-
ture occurs by transcrystalline cleavage of the tungsten
phase with a knife edge failure in the matrix. When
the matrix-tungsten is weakened by hydrogen, there is
an early separation of tungsten particles and matrix,
and the matrix can neck down and rupture independent
of the tungsten particles.

However, Brandon et al.21 demonstrated that

the presence of the strong tungsten-tungsten grain ‘

e




boundaries is obviously a key to the strong and ductile

material.

2.2 Stress Corrosion Cracking

Stress corrosion cracking (SCC) is defined
as premature cracking under the simultaneous action of
a generally specific corrosive agent and a tensile stress.
To obtain the specific result of SCC, four primary agents
must be concurrently contributing:
(1) a specific alloy composition,
(2) a unique microstructure resulting
from metallurgical processing,
(3) a tensile stress at exposed surfaces,
and,

(4) a specific environment.

2.2.1 Test Methods for SCC

2.2.1.1 Constant Strain and Constant Load

Tests. The traditional method of determining SCC re-
sistance of an alloy has been to expose stressed, smooth
specimens in the environment of interest. Such specimens
usually are exposed under applied stresses near or beyond
their yield strengths. Specimens may be tested under
conditions of constant strain or constant load. Examples
of constant strain specimens are plastically deformed
U-bends, C-rings, and beams supported in restraining

jigs. The major advantages of constant strain specimens
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are that they are compact and relatively inexpensive, ‘
which makes them suitable for multiple, long term exposure
tests or exposure in restricted condition, e.g., in tubing
or casing. A disadvantage of constant strain tests is
that stress levels are not known accurately and are dif-
ficult to reproduce from specimen to specimen.

Constant load tests employ either tensile or
bend specimens. They require more complex apparatus
than constant strain tests, but they have the advantage
that the stress level is well defined and easily measured.
Loads may be applied by weights, levers, springs, or
hydraulically. An advantage of constant load tests com-
pared to constant strain tests is that crack propagation
decreases the cross sectional area and increases the
net section stress. Consequently, such tests are more
likely to lead to early and total failure than are con-
stant strain tests.

Both types of specimens are normally exposed
in the environment of interest for a predetermined period.
The susceptibility to SCC may be expressed quantitatively
by time to failure. Such tests have produced much useful
inforamtaion, particularly for léw:strength alloys.
However, results can be very misleading because time
to failure represents the sums of the times required
for crack initiation, subcritical crack growth, and fast

fracture. If an alloy is not susceptible to or is highly ‘
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resistant to pitting, failure may not occur within the
exposure period and the alloy may be classified as immune
to SCC, when, in fact, it may be highly susceptible to
crack propagation. To be sure of complete immunity,
it would be necessary to expose specimens for excessive
periods. This is impractical in most engineering appli-
cations.

A method which has frequently been used to
speed up the generation of SCC susceptibility data is
to increase the severity of tests by altering the composi-
tion of the environment, raising the temperature, or
introducing a notch or a precrack. While notched or
precracked specimens are very useful in the study of
crack propagation kinetics and crack arrest conditions,
they have the disadvantage of eliminating the initiation

stage which is rate controlling in many systems.

2.2.1.2 Constant Strain Rate Tests. Many

of the disadvantages of constant strain and constant

load tests are eliminated by testing smooth specimens

at a constant strain rate. The constant strain rate

test is a form of simple tensile test in which a smooth
specimen is pulled in tension in the environment of in-
terest at a constant strain rate until failure occurs.
The major advantage of the test is its ability to produce

rapid, positive indications of SCC susceptibility. SCC
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growth markedly decreases the ductility of the specimen
and results in the formation of secondary cracks near
the main fracture. The test requires a few days at most,
depending upon the ductility of the alloy and the strain
rate.

Conceptually, the constant strain rate test
achieves a balance between the rates of mechanical pro-
cesses which promote ductile failure and the rates of
corrosion processes which promote SCC propagation and
brittle fracture. So, the choice of the strain rate
used is the most important factor governing the outcome
of a test. In most systems, SCC occurs at.strain rates

3 to 10-7/sec. However, the optimum rate

between 10
will vary with material and environment and should be
determined for each case.

SCC susceptibility may be classified by com-
paring time to failure, percent reduction in area, percent

elongation, plastic strain to failure, or energy absorbed

prior to fracture.

2.2.1.3 K gcoc-Tests. The application of linear
elastic fracture mechanics concepts to study SCC has

met with considerable success. Because stress corrosion
a<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>