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INTRODUCTION

Liquid-phase sintered tungsten alloys are produced by a powder metallurgi-
cal technique in which powders of tungsten (W), nickel (Ni), iron (Fe), and
copper (Cu) are compacted and then sintered at about 1400°C in a dry hydrogen
atmosphere. The resuiting 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.

Previous work was directed toward improving the strength and ductility of
sintered tungsten alloys by controlling their composition (refs 1,2) and proc-
essing (refs 3-7), 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 (ref 8) investigated two tungsten alloys. In general, their study
showed that a 90W-TFe-3Ni alloy was susceptible to stress-corrosion cracking in
a sodium chloride (NaCl) solution, while a 9TWNiFeCuCo alloy was immune to such
cracking after 200 hours of exposure. The current investigation addresses 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. 1t is essential that both the launch
integrity and target-. :netration capability of the penetrator are not diminished
due to the combined action of sustained loading and chemical environment.
Residual manufacturing stresses may be present in the penetrators, and exposure
to a saline environment is common during storage of naval munitions.

Four alloys of various tungsten and binder composition were studied to

determine their threshold stress intensities for stress-corrosion cracking

References are listed at the end of this report.




(K1scc) by applying a fracture mechanics analysis. In addition to the deter-
mination of Kigec vValues, an unloading compliance procedure was applied to
measure crack growth under environmental conditions. The advantages of using
the compliance procedure and the results are discussed in the following sec-
tions. Using tensile test and indentation hardness data for one alloy system, a
hardness-strength correlation was determined and was utilized to estimate the
ultimate tensile strength of the other three alloy systems. Detailed 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 (SEM) and the stress-corrosion fracture mechanisms are

described.

MATERIALS

Four tungsten-based alloys were selected for this study: 95WNiFe,
9TWNiFeCuCo, 90WFeNi, and 90WNiCu. Table I lists the nominal alloy compositions
and the average compositions of the binder phase obtained from electron
microprobe analyses. Microstructures of the alloys studied are shown in Figure
1. Note that the tungsten particle size is clearly the largest in alloy
9THNiFeCuCo. The S0WNiCu alloy contained two binder phases as shown in Table I.

A1l tests on the above alloys were performed in the as-received condition.
The post-sintering treatment for alloy 95WNiFe consisted of vacuum annealing at
1100°C followed by rapid air cooling. Alloys 97TWNiFeCuCo and 90WNiCu were in
the as-sintered condition. The post-sintering treatment for alloy 90WFeNi was
vacuum annealing at 1050°C for 1 hour, water quenching, followed by a swaging
operation of approximately 24 percent area reduction. Following swaging, alloy
90WFeNi was subjected to a heat treatment at 550°C for 1 hour, and then air

cooled.
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Figure 1. Microstructure of the alloys investigated: (a) 95WNiFe,

(b) 97TWNiFeCuCo, (c) 9OWFeNi, and (d) 90WNiCu. SEM
photos of polished surfaces etched with Murakami's reagent,
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TABLE 1. MATERIAL COMPOSITION, WEIGHT PERCENT

Alloy W Fe Ni Cu Co
9OWFeNi Nominal 90.0 5.0 5.0 - -
Matrix Phase 23.0 38.3 38.7 - -
SOWNiCu Nominal 90.0 - 7.5 2.5 -
Matrix Phase-1 33.7 - 53.8 12.5 -
Matrix Phase-11 2.4 ~ 38.4 59.3 -
97WNiFeCuCo Nominal 97.0 0.7 1.6 0.5 0.1
Matrix Phase 13.8 19.0 47.6 16.3 3.3
95WNiFe Nominal 95.0 1.5 3.5 - -
Matrix Phase 26.2 21.0 52.5 - -

Table II lists the hardness and density for the alloys in the as-received
condition. Also included are the ultimate tensile strength and fracture tough-

ness of the alloys; the procedures followed are described in the following sec-

tions.
TABLE II. PROPERTIES OF THE ALLOYS INVESTIGATED

Brinell

Hardness Fracture

Number Density Ultimate Tensile Toughness
Alloy BHN _g/cm? Strength, MPa MPa m%
95WNiFe 283 18.1 901* 59 . 5¥kx
97WNiFeCuCo 285 18.5 908** 49, 5%%x
9OWFeN 395 16.9 1258%* 54 . 5%%x
90WNiCu 290 17.1 924%* 64 . 0%*%

*Determined from room temperature tensile tests.
**Determined using hardness/strength correlation.
***Determined by averaging Kggy values obtained from three-point bend and
cantilever-bend tests; only the toughness value for alloy 90WFeNi meets
the ASTM requirements (ref 9).




EXPERIMENTAL METHODS

Cantilever-bend specimens were electric-discharge machined to the con-
figurations shown in Figure 2. Fatigue precracking was performed in three-point
bending with a cyclic frequency of 15 Hz using an MTS servo-hydraulic machine.
As recommended by ASTM Standard E-399 (ref 9), the maximum stress intensity was
kept below 60 percent of the Ki. value in the final 2.5 percent portion of the
crack length. The depth of the fatigue crack from the machined notch gave a
final a/W ratio of approximately 0.5. A1l precracking was conducted in a clean

laboratory environment, 20 : 2°C and 50 percent relative humidity.

N
c &3

APPLIED '
LOAD, P

7

& * COD a1 edge of specimen.
1« thuckness of specymen

W = wigth of specimen.

&« crachk length.

PL = bending moment.

AH dimensions in mm

Figure 2. Specimen details and test setup for stress-corrosion
cracking studies.

The stress-corrosion testing was performed in constant load cantilever
bending as shown in Figure 2. The relative humidity during the tests was main-

tained at 95 t 1 percent by using hydrated calcium sulfate salts (CaSO4+H20) in
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containers placed inside an environmental chamber. Both the temperature and
humidity inside the environmental chamber were monitored continuously during the
testing.

The specimen for the tests was immersed in a 3.5 percent NaCl distilled
water solution for 1 hour, and following removal, left to dry in laboratory air
for 24 hours. The specimen was then installed in the cantilever-bend test set-
up, and test loading was commenced after the air inside the test chamber reached
95 percent relative humidity.

Individual specimens were loaded to preselected values. A clip gage of the
ASTM type (ref 9) was mounted across the specimen notch and the crack opening
displacement, §, was monitored through a data acquisition system. The system
consisted of a 20-channel amplifier receiving the clip gage signal, an analog-
to-digital converter, and a printer which was programmed to print and record at
preset time intervals.

An inverse form of the relation for § in terms of a/W given by Tada et al.
(ref 10) for pure bending was used to calculate a/W. The Tada et al. relation
is

9%%‘5 = 24(a/W)[0.8 - 1.7(a/W) + 2.4(a/W)2 + -=2:88__ (1)

for the range 0 < a/W < 1
where
B8 = specimen thickness
PL = bending moment at the crack plane
E = Young's modulus
Joyce et al. (ref 11) expressed the above relation in an inverse polynomial form

which was further modified (ref 12) for use here
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a/Md =1 - 3.83A - 1.81A% + 32.3A% - 44,.2A¢ - 52.7A¢ (2)
where
A = 1/[(8BWE/PL)¥ + 1)
for the range 0.3 < a/W < 1.
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. (ref

10)
, x ay (0:923 +0.199(1-sin 2 s)'
KBWS/2/PL = 6(2 tan 5 3)%F cccmcmmmcmomemea 2N (3)
2 cos g 2

for the range 0 < a/W < 1.

In this study the § expression used (Eq. (1)) is for plane-stress con-
ditions. The reason for this is that the 5 measurements were at some distance
from the crack tip and therefore involve a Targe portion of the specimen.
Plane-strain conditions dominate only very near the crack tip, whereas any
displacement measurement away from the tip should be predominantly plane-stress.
From this reasoning, the critical values of K (Ki. and Kigec) are plane-strain
values, whereas the § values are plane-stress. Later, it is shown that a/W
values calculated from 5 (assuming plane-stress conditions) were in close
agreement with those determined directly from fracture surfaces. An analogy can
be found in Newman's (ref 13) work on the standard compact specimen. Newman
showed that § measurements for a range of a/W ratios were bounded by the calcu-
lated 5§ values for plane-stress and plane-strain conditions. A closer obser-
vation 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.
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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 proper-
ties. For example, in Table II there is no significant difference in the as-
received composite hardness with significant variations in tungsten particle
size, tungsten composition, and matrix phase elements (cf. alloys 95WNiFe,
97WNiFeCuCo, and 90WNiCu). Considering the as-received condition of alloy
90WFeNi, it appears that an increase in hardness and strength can be achieved by
a post-sintering mechanical operation such as swaging. This increase in com-
posite hardness is associated with the deformation and resulting hardening of
the matrix structure,

Analysis of the tensile test data and Brinell hardness (ref 14) measure-
ments on alloy 95WNiFe was performed in order to obtain a correlation between
ultimate tensile strength and hardness. Using the ultimate tensile strength of
901 MPa (92 Kgf/mm®) and hardness of 283 HB (Kgf/mm®) for alloy 95WNiFe, the
following hardness-to-strength correlation was obtained:

Oyts = 0.325 HB (4)
The deterzination of o,.g for the other three alloys was carried out using the
above correlation and their respective hardness values.

The fracture toughness of the alloys was determined using both three-point
bend and cantilever-bend tests. The toughness values reported in Table II are
average Kg,. values obtained from one of each type of test. Figure 3 shows the
results from cantilever-bend tests in terms of applied stress intensity, K,pp1,
as a function of 8. One alloy, 90WFeNi, was found to meet the specimen size

requirements for plane-strain fracture toughness (ref 9). For other alloys the



fracture toughness values in Table II may be higher than the actual values,
perhaps by about 5 percent.

The results show the loss in fracture toughness as the binder content
decreases (cf. alloys 9TWNiFeCuCo, 95WNiFe, and SOWNiCu); even a post-sintering
mechanical treatment did not appear to cause as significant a loss in toughness

as that associated with a reduced binder content (cf. alloys 97WNiFeCuCo and

90WFeNi).
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Figure 3. Response of notched alloy bars in cantilever-bend tests.

Fractography
Fractures in Fatigue and Bending Overload

Examination of the fatigue precrack region of the fracture surfaces showed
the characteristic fatigue striations in the binder, areas of tungsten-tungsten
separation, and areas of tungsten cleavage. Areas of tungsten-binder separation
were also seen in alloy 9TWNiFeCuCo which had the lowest binder content.

Figure 4 depicts the modes of fatigue crack growth as mentioned above.

PRI 9 7 e 2 €36 B T ™ B 8.k S AT AL W > TR e DA R 2 > oy e A R

- A

[——




Figure 4.

Scanning electron fractographs {illustrating modes of failure
under fatigue loading: tungsten particlie cleavage (A), fatigue
striations in the binder (B), tungsten-tungsten separation (C),
and tungsten-binder separation (D). (a) Alloy 96wWNiFe and (b)
alloy 9TWNiFeCuCo.
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The fracture surface in the bending overload region for alloys having a 10
and 5 percent binder consisted primarily of binder failure by microvoid
coalescence, cleavage of tungsten, and tungsten-tungsten separation. In the
case of alloy 97TWNiFeCuCo, which had a 3 percent binder, the overload fracture
region consisted mainly of tungsten-binder separation, microvoid coalescence in
the binder, and tungsten-tungsten separation; cleavage of tungsten particles was
negligible. Figure 5 shows the overload region with various modes of failure as
mentioned above.

Several investigations (refs 2,15,16) have identified similar failure modes
in tungsten alloys. Generally, these studies have showed that tungsten-binder
separation, as seen in alloy 51HNiFeCuCo, 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 a 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 the
cleavage fracture pattern from one particle to another over the contact bound-
ary. In a situation where the cleavage plane lies approximately in the plane

of the contact surface, crack extension occurs by separation at the tungsten-

tungsten interface.

Eracture Under Stress-Corrosion

A knowledge of residual manufacturing stresses in these alloy systems is
of great importance. If significant residual stresses a‘e 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

11




Figure 5.

Scanning electron fractographs showing the various modes of
failure in bending load: tungsten particle cleavage (A),
microvoid coalescence in the dbinder (B), tungsten-tungsten
separation (C), and tungsten-binder separation (D). (a) Alloy
9OWFeNi and (b) alloy 97TWNiFeCuCo.
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externally applied stresses. In such conditions, cracking may occur if high
enough tensile residual stresses are present in locations exposed to an aggres-
sive environwent. Such a study was conducted on 10-mm square polished speci-
mens. After 500 hours of exposure, isolated regions of the binder showed
dissolution which resulted in the formation of a mud-cracklike 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 behavior, but to a much

~———ry,

lesser extent. Figure 6 illustrates the regions where the above phenomenon

Figure 6. Scanning electron micrograph showing mud-cracklike pattern in the
binder after the polished specimen of alloy S0WNiCu was immersed
in 3.5 percent NaCl solution and then exposed for 500 hours in
95 percent relative humidity with no external stress.
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occurred in the test environment. Chung and Duquette (ref 8) made a similar
observation in a 90WFeNi alloy and associated it with the presence of a brittle
interphase boundary precipitate. The existence of a brittle intermetallic phase
in tungsten alloys was also identified previously by other researchers (refs
3,17,18). Optical metallography of sections beneath this product showed the
absence of sub-surface cracks, thus ruling out manufacturing residua)l stresses
in the alloys as causing stress-corrosion cracking.

The fracture surface of the specimens which failed by stress-corrosion
with the usual sustained external loading displayed cleavage of tungsten par-
ticles, tungsten-tungsten particle separation, and microvoid coalescence in the
binder. As mentioned before, alloy 97TWNiFeCuCo displayed, in addition to the
above failure modes, tungsten-binder separation. These failure modes, in com-
bination with dissolution of the isolated regions of the binder, assisted in the
overall crack growth. Figure 7 shows the stress-corrosion crackihg fracture
surfaces with mud-cracklike patterns clearly visible.
Unloading Compliance Method

The concept of using a compliance technique to measure crack extension was
first put forth by Irwin (ref 19). Later, Clarke et al. (ref 20) developed this
technique and successfully applied it to single specimen crack extension
measurement for J-integral fracture toughness testing. The unloading compliance
technique was found to be suitable in the present study for a number of reasons.
First, the technique overcame the problems of mechanical and electrical drift
commonly observed in long-term Krgcc tests. Also, the technique gave measure-
ments averaged over the whole crack front. Finally, the inherent difficulty in
direct observation of stress-corrosion crack growth on the specimen surface was

removed through the use of unlcading compliance.
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Figure 7.

Scanning electron micrographs of stress-corrosion cracking
fracture surfaces: (a) 90WFeNi and (b) 90WNiCu.
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Consider for example, alloy S0WFeNi, which was subjected to an applied
stress intensity of 45.9 MPa »% in the environment previously described. Table
111 compares the calculated plane-strain and plane-stress a/W values with the
measured values of the fatigue precrack length from the fracture surface. The
maximum difference between the calculated plane-stress values and the measured
a/W values was less than 2 percent. For a similar comparison using plane-strain
conditions, the disagreement widens between the calculated and measured a/W
values, as shown in Table I1I. This shows that the plane-stress assumption is
more appropriate for an unloading compliance procedure that involves a large
portion of the specimen. In contrast, plane-strain conditions predominate very
near the crack tip so that calculated stress intensities (i.e., Kapp1 and Kygec)
are plane-strain quantities.

TABLE III. COMPARISON OF CALCULATED a/W UNDER PLANE-STRESS AND
PLANE-STRAIN CONDITIONS WITH MEASURED a/W

Calculated a/W Measured a/W
Plane-Strain Plane-Stress Five-Point Average Alloy
0.536 0.519 0.509 9OWFeN i
0.533 0.517 0.507 90WNiCu
0.522 0.505 0.501 9TWNiFeCuCo
0.525 0.508 0.504 95WNiFe

Another set of example results shows that stress-corrosion crack growth was
conveniently monitored using the unloading compliance procedure. Alloy 30WFeNi
was subjected to an initial sustained stress intensity of 45.9 MPa m%¥ in the
test environment. Table IV shows the calculated and measured crack growth in

this particular test. As indicated in the footnote, the assumed Young's modulus

was corrected to an effective wmodulus so that the calculated a/W (determined




o

using unloading compliance) agreed with the measured a/W (from the fracture sur-
face) at time equals zero. This procedure improves the accuracy of subsequent
crack growth calculations. Figure 8 shows a plot of (a/W)* versus time, where
the (a/W)* values were calculated using the effective modulus. Due to the dif-
ficulty in monitoring fast crack growth in the final stages, the last calculated
a/W data point did not occur at the same time as the final failure.

Unloading compliance measurements were used to identify an apparent crack

closure phenomenon during some of the Kigcc tests. Typically, general corrosion

ey -

Bz,

was occurring and the corrosion products were hindering the normal movement of

the notch faces during the partial unloading/reloading exercise.

in an apparent decrease in calculated a/W as a function of time.

This resulted

TABLE IV. CALCULATED AND MEASURED CRACK LENGTH DATA FOR ALLOY 9OWFeNit
a (a/W)*
Sustained Load SEBW/M Calculated Measured SE*BW/M Calculated
Time Increment | Unloading Eq. (1) 5-Point Unloading Eq. (1)
Average
0 42.7 0.519 0.509 40.3 0.509
1 43.8 0.524 - 41.4 0.515
2 46.8 0.536 - 44.2 0.526
3 51.3 0.552 - 48.5 0.542
4 63.17 0.559 - 50.7 0.550
5 64.4 0.590 - 60.9 0.581
6 - - 0.664 - -
R R E o

tSpecimen immersed in 3.5 percent NaCl aqueous solution followed by sustained
loading in 95 percent relative humidity air; E = 370,000 MPa; effective
modulus, E* = 349,500 MPa; failure time = 92 hours, 46 minutes.
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0.58 |- °

From fracture surtace (a/Wg,,,, = 0.509
(a/W)gne =0.664

0.56 - Applied stress intensity, Ky, = 45.9MPa.m"
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2 - ™
P
0.54 °
e
0.52
°
L 2 ® ®
0.50 Y ] 3 1 N i I 1 ) I
0 20 40 60 80 100
TIME, hours

Figure 8. Stress-corrosion crack extension as determined using
the unloading compliance procedure. The data points
correspond to the quantities in Table IV.
Figure 9 illustrates the result corresponding to the crack closure phenome-
non in terms of calculated a/W versus time. The alloy, 90WFeNi, was loaded to a
stress intensity of 40.0 MPa %, a value below the alloy's Kigec. The test was
stopped after 500 hours and the notch area was flushed with distilled water in
an attempt to remove any corrosion products from between the notch faces.
Following this, the specimen was loaded again to the stress intensity level ini-
tially used and an immediate unloading/reloading was performed to determine the
a/M. As shown in Figure 9, the value of a/W recovered to about the value

obtained at the start of the test.
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Figure 9. Crack closure phenomenon as observed during stress-corrosion
cracking tests using the unioading compliance techique.
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. (ref
11) working with depleted uranium specimens. In their study, the reduction in
crack length occurred over the first § hours of the test and resulted in speci-
men failure. The authors attributed this behavior 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

The resistance of materials to stress-corrosion cracking is measured in
terms of a stress intensity threshold designated as Krgoc below which no crack
extension occurs. Two approaches (refs 21,22) have been used extensively in
which specimens are loaded to various levels of stress intensities and either

the crack velocity, da/dt, or the time to failure, tg, is measured (see Figure

10).
Kie
l ¢
| \
[ < AN
{ &
2
: i
| z
| »
i  ——
-
| L Klsce
'u
| K
1
: K lsce E/ ¢
J
K TME TO FALURE (LOG)

Figure 10. Two approaches in determining Kigec: (a) da/dt versus K
and (b) K versus tg.

The da/dt versus K approach involves three regions with regions I and III
being strongly stress-dependent. The Krgcc 1S obtained by extrapolating the
lower end of region I to the abscissa. However, the measurement of Kigec using
da/dt versus K curve becomes difficult where the material behavior does not show
region I. In such a case, the Kigcc can be practically determined from the K
versus tg¢ curve (Figure 10b) by observing at what initial K level no failure

occurs after a certain test duration, e.g., 500 hours.
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In the alloys investigated here, the evidence of stress-corrosion cracking
was found in the stress intensity-dependent region III. For this reason the
ranking of the alloys according to their resistance to stress-corrosion cracking
was accomplished by measuring Kigce from the Kgpp) versus tg curve. A1l the
alloys showed susceptibility to stress-corrosion failure in an environment of
3.5 percent NaCl immersion followed by sustained loading in 95 percent relative
humidity air.

Figure 11 illustrates the overall results in the form of Kappy versus t¢
curves. These curves were extrapolated upward to coincide with the respective
alloys' fracture toughness, since the toughness is unlikely to be affected by
enviromment in the fraction of a second required for fast failure. The
threshold Kigce for the alloys varied from 32.6 MPa m% for alloy 97WNiFeCuCo to
53.6 MPa m% for alloy 95WNiFe. The Kygcc Was not much different for the
two 10 percent binder alloys, although the 90WNiCu alloy displayed a larger drop
from its fracture toughness value to its Kigce Vvalue.

One of the alloys tested here, 97WNiFeCuCo, had the same composition as an
alloy tested by Chung and Duquette (ref 8). Also, a similar environment was
used, albeit in a different way. The earlier Kigce results were quite different
from those observed in the present study. The earlier work found no evidence of
stress-corrosion cracking, whereas in the present work, Kigec = 32.6 MPa m%,
This difference in Krgcc behavior 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 Kapp) at about the level of Kic, which could cause extreme
crack tip plasticity therefore preventing or delaying stress-corrosion cracking.
The Jower values in cantilever lToading, which established the Kigee in the pres-

ent study, precluded any such overload.
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Figure 11. Stress-corrosion cracking of W alloys in terms of applied

stress intensity as a function of time to failure.

An important practical implication of the present study is the following.
wWhen tungsten alloy components are subjected to significant levels of sustained
tensile stress, including residual manufacturing stresses, storage should
preclude chloride-containing environments, specially marine, in order to extend

their shelf life and maintain their structural integrity in application.

CONCLUSIONS

The following conclusions were drawn from this study:

1. A1l the alloys investigated displayed susceptibility to stress-
corrosion cracking in an enviromnment of 3.5 percent NaCl immersion followed by
sustained loading in 95 percent relative humidity air. Alloy 95WNiFe showed the

Jeast susceptibility and the narrowest range for stress-corrosion cracking.
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2. Fracture mechanics provided a quantitative assessment and ranking of
the resistance to stress-corrosion cracking of the varijous alloys.

3. A variety of failure modes were observed in the alloy systems. The
environsent 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 in J-integral
testing gave 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 exposure times to the environment.
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