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ABSTRACT

This study addresses the stress-corrosion cracking susceptibility of
ligquid-phase sintered tungsten alloys during long-term storage. These
alloys are used for kinetic energy penetrators in military applications,
and it is essential that the structural integrity of the penetrator does
not diminish due to the combined action of chemical environment and
residual manufacturing stresses.

The paper describes test methods used for assessing the resistance to
stress-corrosion cracking in terms of the stress intensity parameter, Kiscc.
The alloys were obtained from different sources and had up to 10 weight per
cent additions of selected combinations of Ni, Fe, Cu and Co, and different
process variables. Cantilever bend specimens were used, and the test
environment was an immersion in 3.5% NaCl aqueous solution followed by
sustained loading in 95% relative humidity air.

The findings of this study were as follows: (a) Fracture mechanics was
shown to give a good assessment and ranking of the resistance to
stress-corrosion cracking of the various alloys. (b) The evidence of
stress-corrosion cracking was found in the region controlled by stress
intensity factor, generally designated as region III. (c) An unloading-
compliance procedure similar to that applied in J-integral testing was
shown to give accurate measurements of stress-corrosion crack growth.

(d) A crack closure phenomenon was identified using the
unloading-compliance procedure and attributed to the accumulation of
corrosion products between the crack faces following certain times of
exposure to the environment.

KEYWORDS

Stress-corrosion cracking, tungsten alloys, cantilever beam specimens,
fracture mechanics, fracture modes, crack extension.
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INTRODUCTION

Liguid-phase sintered tungsten alloys are produced by a powder
metallurgical technique in which powders of W, Ni, Fe and Cu are compacted
and then sintered at about 1400 C in a dry hydrogen atmosphere. The
resulting alloys possess high strength and density, and their typical
microstructure consists of rounded hard tungsten particles surrounded by
a comparatively soft matrix phase (or binder) rich in the above elements.

Work in the past was directed towards improving the strength and ductility
of sintered tungsten alloys by controlling their composition (O'Neil and
Salyer, 1965; Churn and German, 1984) and processing (Edmonds and Jones,
1979; Kang et al., 1981; Churn and Yoon, 1979; Muddle and Edmonds, 1980;
German and Hanafee, 1982) such as rate of cooling from the sintering
temperature. The stress-corrosion cracking susceptibility of high density
liquid-phase sintered tungsten alloys has not been investigated
extensively. In a recent study Chung and Duquette (1984) investigated two
such alloys. In general, their study showed that a 90wW-7Fe-3Ni alloy was
susceptible to stress-corrosion cracking in a NaCl solution, while a
97WNiFeCuCo alloy was immune to such cracking after 200 hours of exposure.
The current investigation addressed the stress-corrosion cracking
susceptibility of sintered tungsten alloy systems during long-term storage.
These alloys are used as long-rod kinetic energy penetrators in military
applications, and it 1is essential that both the 1launch integrity and
target-penetration capability of the penetrator does not diminish due to
the combined action of sustained loading and chemical environment. Residual
manufacturing stresses may be present in the penetrators, and exposure to
saline environment is common during storage of naval munitions.

The approach taken was to study four alloys of various tungsten and binder
composition, and determine their threshold stress intensities for
stress-corrosion cracking (Kigec) by applying a fracture mechanics analysis.
In addition to the determination of Kygec values, an unloading-compliance
procedure was applied to measure crack growth wunder environmental
conditions. The advantages of using the compliance procedure and the
results will be discussed in the following sections. Using tensile test and
indentation hardness data for one alloy system, a hardness-strength
correlation was determined, and was utilised in estimating the ultimate
tensile strength of the other three alloy systems. Detailed electron
microprobe analyses were performed to obtain the chemical composition of
the binder phase in each alloy system. The fracture surfaces were studied
using scanning electron microscopy and the stress-corrosion fracture
mechanism was described.

MATERIALS

Four tungsten based alloys were selected for this study, designated as
95WNiFe, 97WNiFeCuCo, 90WFeNi and 90WNiCu. Table I 1lists the nominal
alloy compositions, and also the average compositions of the binder phase
obtained from electron microprobe analyses. Microstructures of the alloys
studied are shown in Fig. 1. Note that the tungsten particle size is
clearly the largest in alloy 97WNiFeCuCo. The 90WNiCu alloy contained two
binder phases as shown in Table I.

All tests on the above alloys were performed in the as-received condition.

The pos%—sintering treatment for alloy 95WNiFe consisted of a vacuum anneal
at 1100 C followed by rapid air cooling. Alloys 97WNiFeCuCo and 90WNiCu

1622

were in the as-sintered condition. Th% post-sintering treatment for alloy
90WFeNi was a vacuum anneal at 1050 ¢ for 1 hour then water que?ch,
followed by a swaging operation of agproximately 24% area reduction.
Following swaging, alloy 90WFeNi was subjected to a heat treatment at 550 C
for 1 hour, and then air cooled.

table II lists the hardness and density for the alloys iQ the as-received
The table also includes thie ultimate tensile strength and

condition. |
toughness of the alloys; the procedures followed will be

fracture

described in forthcoming sections.

(a);

Fig. 1. Microstructure of the alloys invest;gate§
(a) 95WNiFe, (b) JWNiFeCuCo, (c) 90WFeNi
and (d) 90WNiCu. SEM photos of polished
surfaces etched with Murakamis reagent.
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Table 1. Material composition, weight percent.

ALLOY W Fe Ni Cu Co
90WFeNi Nominal 90.0 5.0 5.0 - .
Matrix Phase 23.0 38.3 38.7 = =
90WNiCu Nominal 90.0 o= 7.5 2.5 =
Matrix Phase-I 33.7 = 53.8 12..5 -

Matrix Phase-II 2.4 - 38.4 59.3 &=
97WNiFeCuCo Nominal 97.0 0.7 1.6 0.5 0.1

Matrix Phase 13.8 1.9..0 47.6 16.3 3.3
95WNiFe Nominal 95.0 1...5 3.5 = =

Matrix Phase 26.2 21.0: 52..5 - =

Table II. Properties of the alloys investigated.
Alloy Brinell Density Ultimate Tensile Fracture

Hardness 3 Toughness,

Number, g/cm Strength,

BHN MPa MPa-ml/2
95WNiFe 283 18.1 901 (&) 59.5(°)
97WNiFecuCo 285 18.5 908 (P 49.5()
90WFeNi 395 16.9 1258(b) 54.5((:)
90WNicCu 290 17.1 924 ® 64.0(¢)

EXPERIMENTAL METHODS

Cant%lever beam specimens were electric-discharge machined to the
co?flguration shown in Fig. 2. Fatigue precracking was performed in three
pOlnF bending with a cyclic frequency of 15 Hz using a MTS servo-hydraulic
machlng. As recommended by ASTM Standard E-399-81, the maximum stress
intensity was kept below 60% of the Ky, value in the final 2.5% portion of
the crack length. The depth of the fatigue crack from the machined notch
was such as tolgive a final a/W ratio of approximately 0.5. All precracking
:iiizizi?cted in a clean laboratory environment, 20 * 2°C and 50% relative

(a) Determined from room temperature tensile tests.
(b) Determined using hardness/strength correlation.
(c) Determined by averaging Kpax values obtained from three-point bend

and caytilever—bend tests; only the toughness value for alloy
90WFeNi meets ASTM requirement (ASTM Standard E-399-81).
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APPLIED
LOAD, P

Z,

vz

Notch
gerails & = COD at edge of specimen.
t = thickness of specimen.

W - width of specimen

a = crack length.

PL - bending moment.

All dimensions in mm

Fig. 2. Specimen details and test set-up for stress-
corrosion cracking studies. Specimen thickness
= 7.5 mm and width = 15 mm.

4he stress—corrosion testing was performed in constant load cantilever
pending as shown in Fig. 2. The relative humidity during the tests was
saintained at 95 * 1% by using a saturated agqueous solution of casoO .H20 in
containers placed inside an environment chamber. Both the temperature and
fumidity inside the environment chamber were monitored continuously during

test.

1 specimen for the tests was immersed in a 3.5% NaCl-distilled water
sotlution for 1 hour, and following removal, left to dry in laboratory air
The specimen was then installed in the cantilever bend test
inside the test chamber

for 24 hours.
set-up, and test loading commenced after the air

reached 95% relative humidity.

individual specimens were loaded to preselected values. A clip gauge of
\ he ASTM Standard E-399-81 type was mounted across the specimen notch and
ihe crack opening displacement, §, was monitored through a data acquisition
wyrtem. The system consisted of a 20-channel amplifier receiving the clip
4auge signal, an analog to digital converter and a printer which was
programmed to print and record at pre-set time intervals.

se form of the relation for § in terms of a/W given by Tada et al.

An inver
t1973) for pure bending was used to calculate a/W. This relation is
2 2
SBWE = 24(a/W) [0.8 - 1.7(a/W) + 2.4 (a/W)° + 0.66/(1-a/wW) ] (1)
PL
AFR2—Y
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for the range 0 < a/w < 1

where
a/w = crack length to specimen width ratio
B = specimen thickness
PL = bending moment at the crack plane
E = Young's modulus.

Joyce et al. (1980) expressed the above relation in an inverse polynomial
form which was further modified (Underwood et al., 1987) for use here :

a/W=1 - 3.83A - 1.81A2 + 32.3A3 - 44.2A4 = 52.7A5 (2)

where A = l/[(cSBWE/PL)l/2 + 1]

for the range 0.3 <a/mW<1l
Using the crack length and the applied loads, the stress intensity, K, at

the crack tip was evaluated from the expression described by Tada et al.
(1973) 1/2 4

KBW3/2 /PL = 6 (2 tan ) (0.923 + 0.199 (1-sin )

=l

X
2

Ccos

Nf=
=

(3)

for the range 0 <a/w<l

In this study, the § expression used, Egn. 1, is for plane-stress
conditions. The reason for this is that the § measurements were at some
distance away from the crack tip and therefore involve a large portion of
the specimen. Plane-strain conditions dominate only very near the crack
tip, whereas any displacement measurement away from the tip should be
predominately plane-stress. From this reasoning, the critical values of
K (KIC and Kygee ) are plane-strain values, whereas the § values are
plane-stress. Later, it will be shown that a/W values calculated from §
(assuming plane-stress conditions) were in close agreement with those
determined directly from fracture surfaces. An analogy can be found in
Newman's (1974) work on the standard compact specimen. This author showed
that 8 measurements for a range of a/W ratios were bounded by the
calculated & values for plane-stress and plane-strain conditions. A
closer observation showed that the § measurements at and above a/W = 0.5
were in much closer agreement with the plane-stress calculations than with
plane-strain.

RESULTS AND DISCUSSION

Strength and Toughness

The complex chemistry and structure of the liquid-phase sintered tungsten
alloys can lead to difficulty in understanding the resultant mechanical
properties. For example, in Table II, there is no significant difference
in the as-received composite hardness with variations in tungsten particle
size, tungsten composition and matrix phase elements (c.f. alloys 95WNiFe,
97WNiFeCuCo and 90WNiCu) . Considering the as-received condition of alloy
90WFeNi, it appears that an increase in hardness and strength can be
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achieved by a post sintering mechanical operation such as swaging. This
increase in composite hardness is associated with the deformation and
senulting hardening of the matrix structure.

sinalysis of the tensile test data and Brinell hardness (ASTM Standard
|0-78) measurements on alloy 95WNiFe was performed in order to obtain a
srrelation between ultimate tensile strength and hardness. Using the
it imate tensile strength of 901 MPa wzng/mm2) and hardness of 283HB
fqu/mmz) for alloy 95WNiFe the following hardness to strength correlation
«a= obtained :

o = 0.325HB (4)
uts
determination of Outs for ‘the other three alloys was carried out using
t 1 above correlation and their respective hardness values.

‘1w fracture toughness of the alloys was determined using both three-point-
twond and cantilever-bend tests. The toughness values reported in Table II
are average Kpayx values obtained from one of each type of test. Figure 3
ows the results from cantilever-bend tests in terms of applied stress
intensity, Kgapp)’ as a function of 6. One alloy, 90WFeNi, was found to
t the specimen size requirement for plane-strain fracture toughness
/'M Standard E-399-81). For other alloys the fracture toughness values
ir Table ITI may be higher than the actual values, perhaps by about 5%.

{7
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Fig. 3. Response of notched alloy bars in cantilever-
bend tests-

%t results show the loss in fracture toughness as the binder content
lecreases (c.f. alloys 97WNiFeCuCo, 95WNiFe and 90WNiCu); even a
jomt ~sintering mechanical treatment did not appear to cause as significant

{65 in toughness as that associated with a reduced binder content (c.f.
siloys 97WNiFeCuCo and 90WFeNi) .
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The fracture surface in the bending overload region for alloys having 10%

Fractography and 5% binder consisted primarily of binder failure by microvoid

coalescence, cleavage of tungsten and tungsten-tungsten separation. In
Fractures in Fatigue and Bending Overload. Examination of the fatigue the case of a»lloy 97WN%FeCuCo, which had 3%-binder, the O\ferload fractul?e
precrack region of the fracture surfaces showed the characteristic fatigue Kegron CO“SAISted r.nalnly of  tungsten-binder  separation, microvoid
striations in the binder, areas of tungsten-tungsten separation, and areas coalescence 1in the binder a‘_"‘d. tungsten—ﬁungsten separation; cleavage of
of tungsten cleavage. Areas of tungsten-binder separation were also seen ‘”“gSte“vparthleS Wa's ﬁeqllglble' _ Figure 5 shows the overload region
in alloy 97WNiFeCuCo which had the lowest binder content. Figure 4 with various modes of failure as mentioned above.

depicts the modes of fatigue crack growth as mentioned above.

20HM

Fig. 5. SEM fractographs showing the various modes of

Fig. 4. SEM fractographs illustrating modes of failure failure in bend}ng ovgrload; tungsten particle
i under fatigue loading; tungsten particle - cleavage (A), microvoid coalescence in the
cleavage (A), fatigue striations in the - binder (B) tungsten-tungsten separation
binder (B) tungsten-tungsten separation (C) : (C) and tungstenfblnder separation (P);
and tun¢sten-binder separation (D). : (a) Alloy 90WFeNi and (b) Alloy 97WNiFeCuCo.

(a) Alloy 95WNiFe and (b) Alloy 97WNiFeCuCo.
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several investigations (Churn and German, 1984; Krock, 1966; Zukas, 1976)
have identified similar failure modes in tungsten alloys. Generally,
these studies showed that tungsten-binder separation, as seen in alloy
97WNiFeCuCo, tends to reduce the ductility of these alloys. The present
study shows that tungsten particle cleavage is associated with the presence
of two conditions. First, in order to bring about cleavage failure, a
certain amount of particle-particle contact seems to be required. Second,
the plane of the cleavage crack is typically observed to be at right angle
to the particle-particle contact area. Figures 4a and 5a show examples of
these features of the cleavage failure mechanism. Note the extension of
cleavage fracture pattern from one particle to another over the contact
boundary. In a situation where the crack plane lies approximately in the
plane of the contact surface, then crack extension occurs by separation at
the tungsten-tungsten interface.

Fracture under Stress-Corrosion. A knowledge of residual manufacturing
stresses in these alloy systems is of great importance. If significant
residual stresses are present, the long-term structural integrity of
components could be affected. One way to observe their presence is to
expose the alloys to the test environment free from externally applied
stresses. In such conditions, cracking may occur if high enough tensile
residual stresses are present in locations exposed to an aggressive
environment. Such a study was conducted on 10 mm square polished
specimens. After 500 hours exposure, isolated regions of the binder
showed dissolution which resulted in the formation of mud-crack like
pattern on the surface. These regions were numerous in alloy 90WNiCu
while alloy 97WNiFeCuCo, having the lowest binder content, displayed fewer
such regions. Alloys 90WFeNi and 95WNiFe were also found to be
susceptible to such behaviour but to a much lesser extent. Figure 6
illustrates the regions where the above phenomenon occurred in the test
environment. Chung and Duquette (1984) made similar observation in a
90WFeNi alloy and associate it with the presence of a brittle interphase

20HM

Fig. 6. SEM micrograph showing mud-crack like pattern
in the binder after the polished specimen
of alloy 90WNiCu was immersed in 3.5% NaCl
solution and then exposed for 500 hrs in
95% R.H. with no external stress.
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boundary precipitate. The existence of a brittle intermetallic phase was
also identified previously by other workers (Edmonds and Jones, 1979;
Muddle, 1984; Woodward et al., 1985) in tungsten alloys. Optical

metallography of sections beneath this product showed the absence of
sub-surface cracks thus ruling out manufacturing residual stresses in the
alloys as causing SCC.

'he fracture surface of the specimens which failed under sustained external
stress-corrosion displayed cleavage of tungsten particles,
tungsten-tungsten particle separation and microvoid coalescence in the
tinder. As mentioned before, alloy 97WNiFeCuCo displayed, in addition to
above failure modes, tungsten-binder separation. These failure modes, in
combination with dissolution of the isolated regions of the binder,
ansisted in the overall crack growth. Figure 7 shows the SCC fracture
surfaces with mud-crack like pattern clearly visible.

Fig. 7. SEM of SCC fracture surfaces (a) 90WFeNi
and (b) 90WNiCu.
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Unloading-Compliance Method Table IV. Calculated and measured crack length data
for alloy 90WFeNi. E = 370,000 MPa;

The concept of using a compliance technique to measure crack extension was Effective Modulus, E* = 349,500 MPa.

first put forward by Irwin (1964) . Later, Clarke ef al. (1976) developed Failure Time = 92 hrs 46 mins.

this technique and successfully applied it to single specimen crack

extension measurement for J-integral fracture toughness testing. The

unloading-compliance technigue was found to be suitable in this present sustained Load SEBW/PL a/w SE*BW/PL a*/w
study for a number of reasons. First, the technique overcame the problems fime Increment Unloading Calculated; Measured; Unloading Calculated;
of mechanical and electrical drift commonly observed in long-term Kiscc Eq-1 5-point Eq-1
tests. Also, the technique gave measurements averaged over the whole average

crack front. Finally, the inherent difficulty in direct observation of
stress-corrosion crack growth on the specimen surface was removed through
the use of unloading-compliance.

0 42.7 519 .509 40.3 +509
1 43.8 .524 = 41.4 .515
Consider for example, alloy 9QWFeNi, which was subjected to an applied 2 46.8 .536 - 44.2 .526
stress intensity of 45.9 MPa.m in the environment described previously. 3 51.3 .552 - 48.5 .542
Table III compares the calculated plane-strain and plane-stress a/W values a 53.7 .559 - 50.7 .550
with the measured values of the fatigue precrack length from the fracture 5 64.4 .590 - 60.9 .581
surface. The maximum difference between the calculated plane-stress 6 - = .664 - =
values and the measured a/W values was less than 2%. For a similar
comparison using plane-strain conditions, the disagreement widens between
the calculated and measured a/W values, as shown in Table III. This shows
that the plane-stress assumption is more appropriate for an unloading 0.60
compliance procedure which involves a large portion of the specimen. In r
i contrast, plane-strain conditions predominate very near the crack tip so -
: that f:a.lculated stress intensities (ie Kappl and KIscc) are plane-strain ALLOY 90WFeNi
quantities. e e e °
0.58
i Table IIT. Comparison of calculated a/W under From fracture surface (a/Wlg,, = 0.509
: lane-stress and plane-strain conditions -
i 5ith neasured a/wl? (a/W)pinar = 0.664
0.56 - Applied stress intensity, Kappl. = 45.9MPa.m"2
i Time to failure, t; = 92hr 46min
i Calculated a/W Measured a/W Alloy = - °
£ Plane Strain Plane Stress 5-pt Average P .
0.54
0.536 0.519 0.509 90WFeNi
£ 0.533 0.517 0.507 90WNiCu B ®
: 0.522 0.505 0.501 97WNiFeCuCo
§ 0.525 0.508 0.504 95WNiFe . 052
.
Another set of example results shows that stress-corrosion crack growth was ¢ L L4
g conveniently monitored using the unloading-compliance procedure. Alloy =
; OOWFeNi was subjected to an initial sustained stress intensity of 45.9 0.50 L . 4 . ! L . L 5 L
MPa.m /2 in the test  environment. Table IV shows the calculated and 0 20 40 60 80 100
measured crack growth in this particular test. As indicated in the
footnote, the assumed Young's modulus was corrected to an effective modulus TIME, hours
so that the calculated a/W (determined using unloading-compliance) agreed X . . .
with the measured a/W (from the fracture surface) at time equals zero. This Fig. 8. Stxfess—corro;lon crac},‘ sxtension as determined
procedure improves the accuracy of subsequent crack growth calculations. us%ng unloading-compliance pro<.:ec.lure? The data
Figure 8 shows a plot of a/W* versus time, where a/W* values were points correspond to the quantities in
calculated using the effective modulus. Due to the difficulty in Table IV.
monitoring fast crack growth in the final stages, the last calculated a/W s
data point did not occur at the same time as the final failure. . [ SEBW/PL measured; t=o ]
- 5 SEBW/PL calculated; t=o
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Unloading-compliance measurements were used to identify an apparent crack
closure phenomenon during some of the Kigcc tests. Typically, general
corrosion was occurring, and the corrosion products were hindering the
normal movement of the notch faces during the partial unloading/reloading
exercise. This resulted in an apparent decrease in calculated a/W as a

function of time.

Figure 9 illustrates the result corresponding to the crack closure
phenomenon in terms of calculated a/W versus time. The alloy was 90WFeNi
and was loaded to a stress intensity of 40.0 MPa.m , a value below the
alloy's Krgce- The test was stopped after 500 hrs, and the corrosion
products were cleansed from between the notch faces. Following this the
specimen was loaded again to the stress intensity level initially used and
an immediate unloading/reloading was performed to determine the a/W. As
shown in Fig. 9, the value of a/W recovered approximately to the value
obtained at the start of the test.

053 ALLOY 90WFeNi
From fracture surface (a/W)gtar = 0.512
-
Applied stress intensity, Kpp, = 40.0MPa.m™
°
0.51
P ® e’ ec e
® °
=
° o
S 049 +
[ )
0.47 [ 1]
oo o
°
- °®
e o oo ©
0.45 1 1 1 b 1
0 100 200 300 400 500
TIME, hours
Fig. 9. Crack closure phenomenon as observed during SCC

testing using unloading-compliance technique.
The open circle corresponds to a/W obtained
after cleaning off the corrosion products.

Similar apparent crack length reduction was observed by Joyce et al. (1980)
working with depleted Uranium specimens. In their study the reduction in
crack length occurred over the first 5 hrs of the test, and which resulted
in specimen failure. The authors associated this behaviour to the
presence of residual stresses and a plastic zone resulting from fatigue
precracking. By contrast, in the present study, the apparent reduction in
a/W was seen for an extended period in specimens which did not fail, and
was due to the accumulation of corrosion products between the notch faces.
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stress—-Corrosion Threshold

“he resistance of materials to stress-corrosion cracking is measured in
terms of a stress intensity threshold, designated as Kjygec below which no
¢rack extension occurs. Two approaches (Brown and Beachem, 1965; Speidel
and Hyatt, 1972) have been used extensively in which specimens are loaded
to various levels of stress intensities and either the crack velocity,
d4a/dt, or the time to failure, tf, is measured, as shown in Fig. 10 below.

(a)
&
Q{o

REGION I

LOG (da/dt)

c

STRESS INTENSITY

TIME TO FAILURE (LOG)

Fig. 10. Two approaches in determining Kjygecci

(a) da/dt versus K and (b) K versus tf.
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The da/dt versus K approach involves three regions with regions I and III
being strongly stress dependent. The Kig.c is obtained by extrapolating
the lower end of region I to the abscissa. However, the measurement of
Kigcc using da/dt Vs K curve pecomes difficult where the material behaviour
does not show region I. 1n such a case the K ygcc can be conveniently
determined from K Vs t_ curve (Fig. 10b) by observing at what initial K
level no failure occurs after a certain test duration, eg. 500 hrs.

In the alloys investigated here, the evidence of stress-corrosion cracking
was found in the stress-intensity dependent region IIT. For this reason
the ranking of the alloys according to their resistance to stress-corrosion
cracking was accomplished by measuring Kigcc from the Kzppl Vs t_ curve.
All the alloys showed susceptibility to stress-corrosion failure in an
environment of 3.5% NaCl immersion followed by sustained loading in 95%
relative humidity air.

Figure 11 illustrates the overall results in the form of Kappl versus t
curves. These curves were extrapolated upwards to coincide with the
respective alloys' fracture toughness, since the toughness is unlikely to
pbe affected by environment in the fraction of a second required for fast
failure. The threshold Kp_.. for the alloys varied from 32.6 MPa.ml/2

for alloy 97WNiCuFeCo to 53.6 MPa.ml/2 for alloy 95WFeNi.  The Kiscc “as
not a great deal different for the two 10% binder alloys, although the
90WNiCu alloy displayed a larger drop from its fracture toughness value to

its K value.
Iscc
Alloy Symbol Kuax Kiscc
MPa-m"?
70 97WNiFeCuCo| @ 495 | 326
95WNiFe (| 595 | 536
K
. MAX 90WFeNi A 545 452
= 90WNiCu O | 640 | 436
= Iz
e O ~—
g VX B
o —
s \/ \ O
/AN
£ sof ~ao O
I~
z \ ~ VAN
w S
z AN o Ab_o SG—
> N\
\
i 40 AN gg;”
[ ‘®. o=
w
@ \.
g ——— oo e
-4 p—
&
< 30F o
.—.
20 1 ; 10 N I 1 1 111l 1 1 T B R U

1 10' 10 10°
TIME TO FAILURE, HRS

Fig. 11. stress-corrosion cracking of W-alloys in terms
of applied stress-intensity as a function of
time to failure.
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One of the alloys tested here, 97WNiCuFeCo, had the same composition as an

alloy tested by Chung and Duquette (1984). Also, a similar environment
was used, albeit in a different way. The Kigcc results were quite different
from that observed in the present study- The earlier work found no
evidence of stress-corrosion cracking, whereas in the present work, Kiscc =
32.6 MPa.m * 2, This difference in Ky .. results may be due to the
difference in environment, exposure time and type of loading: the

bolt-loading used in the earlier study involved a value of Kiscc at about
the level of Ky . which could cause extreme crack tip plasticity and so
prevent or delay stress-corrosion cracking. The lower values in
cantilever-loading, which established the KIscc in the present study,
precluded any such overload.

The practical implication of the present study is that for tungsten alloy
components subjected to significant levels of sustained tensile stress,
including residual manufacturing stresses, storage should preclude chloride
containing environments, especially marine, in order to extend their
~helf-life and maintain their structural integrity in application.

CONCLUSIONS

The following conclusions were drawn from this study.

L All the alloys investigated displayed susceptibility to
stress-corrosion cracking in an environment of 3.5% NaCl immersion followed
by sustained loading in 95% relative humidity air. Alloy 95WFeNi has

.hown the least susceptibility and narrowest range for SCC.

Fracture mechanics provided a guantitative assessment and ranking of
the resistance to stress-corrosion cracking of the various alloys.

L A variety of failure modes were observed in the alloy systems. The
environment caused localized dissolution of binder regions and was
responsible for crack growth under external sustained loads.
4 An unloading-compliance procedure similar to that applied 1in
J-integral testing was shown to give accurate measurements of
stress-corrosion crack growth.
5 A crack closure phenomenon was identified using the
unloading-compliance procedure and attributed to the accumulation of
corrosion products between the crack faces following certain times of
exposure to the environment.
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