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A Study of Stress-Corrosion Cracking

by Wedge- Force Loading

H. R. Smith, D. E. Piper, and F. K. Downey

Abstract

Wedge-force loading a center-cracked sheet specimen provides a
unique resolution of whether stress-corrosion cracking (SCC) depends
on an applied crack-tip stress-intensity factor or on net-section
stresses. With this loading, crack extension causes a decreasing
stress-intensity factor at the crack tip, while the net-section stresses
increase. Therefore, when stress -corrosion crack growth is arrested
in this specimen, the dependency on stress intensity is proved. The
stress intensity at arrest agrees remarkably well with KSCC values
determined by more conventional techniques that establish crack
initiation thresholds through multiple tests. Crack growth rate data im-
portant to the establishment of inspection intervals in structure can also
be obtained. Finally, the technique affords considerable economy of
test time and material costs in stress-corrosion studies.
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Introduction

Recent studies have associated the initiation of stress-corrosion
cracking (SCC) with stress concentrations due to localized fretting at-
tack or other surface imperfections (1, 2). Previously, a measure of

susceptibility to SCC was sought by testing smooth specimens in cor-
rosive environments and recording the time to fdllure at different stress
levels. This procedure resulted in the rate of pit growth being inter-
preted as the rate of stress-corrosion crack growth. Furthermore,
some titanium alloys that were highly susceptible to SCC were immune
to pitting in the same environment, so that tests conducted on speci-
mens without stress raisers resulted in the erroneous conclusion that
these alloys were immune to SCC. For these alloys, it was obvious
that artificial stress raisers must be provided. Several arguments
can be offered in favor o ~providing artificial stress raisers for SCC
testing of all materials: 1B

0 Testing time can be shortened by eliminating the need for pit
growth.

I * Testing for SCC can be accomplished in alloys that do not pit.

* A stress raiser can easily be provide( in the form of a machined
notch of controlled geometry that is sharpened to crack acuity by
fatigue loading. This facilitates a fracture mechanics approach
to the analysis of the stress field near the tip of a stress-corrosion
crack, which would be difficult if the stress raiser were in the
form of an irregularly shaped pit.

The fracture m ganics approach to stress analysis of cracks, first
introduced by Irwin is now well established. In this analysis, it
was shown that the stress-intensity factor K characterized the stress
field in the vicinity of q4crack tip. This analysis was extended by Paris,
Gomez, and Anderson to describe the mechanics of subcritical
crack growth observed in fatigue tests. A uniform stress applied nor-
mally to the plane of a crack is intensified in the region of the crack tip
by an amount proportional to K. As the load producing the stress in-
creases, K increases; when K reaches a value critical to the material,
fracture occurs. This value is termed the critical stress-intensity
factor or "fracture toughness" of the material.

Several investigators (1, 2,,5) have shown that there is a threshold
K value below which SCC does not initiate. However, the micropro-
cesses of stress-corrosion crack growth are controlied in part by the
state of stress at the crack tip. Several titanium alloys have been
tested in different sheet and plate thicknesses (5,6) and the data show
that, whereas stress-corrosion cracks extend readily under plane-
strain conditions, they often do not propagate in somewhat thinner sec-
tions. This leads to the conclusion that the K threshold for the initiation
of SCC is strongly influenced by the state of stress. Unfortunately,
little has been done to classify thresholds as to plane stress or plane
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strain. Thus, at present, the K threshold in sheet material is simply
termed KSC C and in plate material, KISCC.

Although the opinion is widely held that SCC is K controlled, it can
be argued that a threshold can be described in ,tJrms of net-section
stresses. For example, Brown and Beachem " demonstrated that
KISCC is an intrinsic material property when they obtained the same
KISCC values on three different specimen configurations of a 4340 steel
(center-cracked and surface-flawed tension specimens and cantilever
bend specimens). The graph of K as a function of time to failure is
shown in Fig. 1; it can be seen that the curves delineate similar KiSC C
values of approximately 14 ksi Vin. When net-section stresses calcula-
ted from Brown and Beachem's data were plotted against time to failure,
a similar threshold anSCC was indicated (Fig. 2). However, Brown and
Beachem noted that identical values of KISCC were obtained from ob-
serving the initiation of crack growth in a center-cracked and in a sur-
face-flawed tension specimen. At the same time, they noted that the
net-section stress of the center-cracked panel at failure was approxi-
mately 20,000 psi less than that of the surface-flawed specimen. From
this they concluded that net-section stresses were too strongly influenced
by geometry to act as criteria for initiation of SCC.

The K dependency of SCC can be demonstrated more convincingly by
means of the wedge-force-loaded, center-cracked tension specimen
shown in Fig. 3. The stress-intend factor at the tip of a crack sub-
jected to wedge forces is given by: ,! f

I
21r/2[ (a 23 j ~ i- 1

where
P = load
t = thickness
v = Poisson's ratio
a = half crack length
W = width
S = distance between the point of load application and the crackline

When S is sufficiently small compared with a and a is small compared
with W, K ,aries inversely as NM. Equation (1) is plotted in terms of
Kt f 2a 2a
- 2 --verus- W in Fig. 4. A minimum on the curve appears when WW W
equals approximately 0.5 because of the influence of the sine function.

%Wt 2aFigure 4 also includes a graph of L ves For a specimen
v u F
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of given dimensions subject ed to a constant load, the only variables are
K and 2a. Therefore, from Fig. 4 it can be seen that if SCC Is K de-
pendent, crack growth should be arrested if K 'lecreases to KSCC before
the crack grows to a value of ~aequals 0. 5. On the other hand, if SCC
is a dependent, crack growth should con~tinue until the specimen fails,

adno arrest should occur.
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Results and Discussion

Th-e wedge-force test setup is shown in Fig. 5. Specimens were
fabricated from mill-annealed, 0. 160-in. -thick Ti SAl -1Mo-IV sheet.

The yield strength of the material was approximately 145 ksi and its
indicated KSCC was 24 ksi Vff.( 5 ). Each specimen was fitted with a
container surrounding the notch area and was fatigue precracked by
sinusoidal wedge-force loading where Pmax was 6.35 kips and the ratio

of minimum to maximum loads R was 0.05. It was necessary to have the
fatigue precrack at least 0.8 in. long to avoid errors in the crack-tip
stress-intensity factor caused by the pinhole stress concentration that
exists for a distance of 2S along the crackline. The final cycle of
fatigue loading was interrupted to cause a static load of 6.35 kips to be
maintained over the crack length of 0.8 in. Under these conditions,
the K value was 35 ksi Yin. Salt solution (3.5 percent NaCl) was added
to the container to begin the SCC study.

-Ni

FIG. 5 WEDGE.FORCE TEST JIG
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The fatigue precrack grew immediately under the influence of
the static load and aqueous environment. Crack growth was monitored
by means of a telescope mounted beside the specimen, as shown in
Fig. 5. Crack growth rate was rapid in the beginning, decreased as
the crack extended, and finally appeared to be arrested. After the
crack was first judged to be arrested, an additional hour at stress was
allowed to insure that no further crack growth occurred. It was found
that the process could be repeated on the same specimen by increasing
the load, provided that the T-V ratio did not exceed 0. 5 at arrest.

Three specimens were tested in this manner, and each time the crack
growth was arrested the calculated value of K was between . nd
22 ksi Nri. These values were in excellent agreement with tht KSCC
value of between 20 and 25 ksi ffn. determine Lfor mill-annealed ,
Ti 8AI-1Mto-IV sheet by Piper and associates (o). it was concluded,
therefore, that SCC arrest occurs in the wedge -force -loaded specimen

at KSCC . A test was also perfor~med whereby a load was selected that

Ea

resulted in a K value greater than KSC C at W equals 0. 5. In this test

the crack continued to grow until the specimen failed.!

In Fig. 6, the crack growth rate from a tpical test is plotted

against both K and an Tue relationship with K is direct, whereas

with an it is inverse, which again suggests that SCC is K dependent. A

compilation of the crack growth rate data obtained from multiple tests
on three specimens is shown in Fig. 7. The fact that the crack growth
rate appears to have less acceleration at the higher K levels indicates
that the SCC process is time dependent and cannot keep pace with the

rate of increase of K.

For one of the tests the wedge-force assembly was removed to
the ends of the specimen after the first arrest was obtained. The
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stress-corrosion crack was then extended by fatigue loading in air to a
TV value of 0.45. The specimen was failed in tension to obtain the ex-

pected (5) Kcvalue of 72 ksi Vin.
1
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FIG. 7 CRACK GROWTH RATE DATA FOR MILL-ANNEALED Ti BAI-IMo-iV ALLOY
SHEET

The pinhole diameter for wedge-force loading shown in the speci-
men in Fig. 3 is suitable for tests involving a maximum K value of
45 ksi Vin. in titanium alloys. Above this limit, higher loads are re-
quired and bearing failures at the pinholes become a problem, which
necessitates larger pinhole diameters. Care must be taken not to cal-
culate critical K values for crack lengths less than 2S. the crackline
length over which a stress concentration due to the pinhole diameter
influences the crack-tip stress intensity. Specific dimensions for pin-
hole diameters ca.. be calculated by using the familiar relationships
between sheet dimensions, bearing strength, and applied loads.

In view of these results, it seems reasonable that stress-corrosion
testing of one or two center-cracked specimens,using wedge-force and
end loading, should yield both KSCC and KC. as well as crack growth
rate data. The advantage of the wedge-force loading technique is ob-
vious when it is compared with the techniques that involve 4 or 5 speci-
mens exposed for extended periods of time to develop the K versus time-
to-failure relationship. At the same time, it is inherently reassuring
to observe from the wedge-force test that a structural design exists in
which crack growth can be arrested in corrosive environments.
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