Communications

Observations of Stress Corrosion
Crack-Front Bowing in High-Strength
Aluminum Alloy Double Cantilever
Beam Specimens

PETER J. BLAU

The bolt-loaded double cantilever beam specimen,
DCB (Fig. 1) has been used in the past for measuring
the growth rates of stress corrosion cracks in high
strength aluminum alloys (e.g., Refs. 1to4). Ina
number of previous studies, the crack progress was
optically monitored on the sides of the specimens.
These crack lengths were used to calculate the de~
pendence of crack growth rate on the applied stress
intensity at the crack tip.

Examination of broken open high strength aluminum
alloy DCB stress corrosion specimens has revealed
their innate propensity toward crack front bow-out,
or tunneling. This phenomenon may be due in part
to the change in the state of stress with depth in the
sample and to the presence of surface residual
stresses in the wrought product from which the DCB
was machined.”’® Whatever the cause, the development
of crack front bowing during the stress corrosion test
would lead to errors in the crack growth rate (da/dt)
determination, especially if the bow out increased at
a greater rate than did the external crack length, The
purpose of this communication, then, is to display an
example of how the crack front may develop internally
during the testing of aluminum alloy DCB specimens.

The specimen used herein was part of a study being
conducted in-house at the Air Force Materials Labora-
tory on the reliability of high strength aluminum al-~
loys.’ Its composition is Al, 5.68 Zn, 2.13 Mg, 1.51
Cu, 0.04 Fe, 0.02 8i, 0.12 Zr, 0.005 Ti, and <0.01 wt
pets of Cr, Ni, and Mn. It was processed as 32 mm
thick plate to the standard T651 temper. The longi-
tudinal and long-transverse tensile yield strengths
of plate from the same ingot were both 75 ksi (5186
MPa).® The DCB specimen, machined to the specifi-
cations of Fig. 1, was {ested in constant immersion in
3.5 pct NaCl solution. The plane of the crack lay along
the rolling direction normal to the plate surfaces.
Four values of crack length were obtained during
each measurement procedure. Two values were
measured on 2 calibrated optical microscope on al~-
ternate sides of the DCB, and the other two were
measured on the sides parallel to the plane of the
crack using an ultrasonic pulse-echo nondesiructive
inspection technique. The pulse-echo technigue had
an empirically determined uncertainty of about +0,03
in, {£0.78 mm).

The crack {ront historical profile for the selected
DCB specimen was plotted in Fig. 2 assuming that the
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longest internal crack length occurred at the center

of the specimen. Table I lists the data used in plot-
ting Fig. 2. Optical ‘‘Side 17’ dafa was plotted on the
left of the figure, ‘‘Side 2’ data was plotted on the
right, and the average of the two ulirasonic values was
plotted in the center. A best naked-eye {it was drawn
in each case. It should be noted that the crack position
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Fig. 1—The double-bolt-loaded double cantilever beam stress
corrosion specimen.

Table 1. Crack Growth Measurements of a High-Strength
Aluminum Alloy DCEB Specimen

Sides Center
Optical Measurements, Ultrasonic
mm Measurernents, mm
Time,
h Side 1 Side 2 Top Bottom
o* 150 127 ki T
Bt 203 211 33 234
96 22.1 24.1 26.3 27.8
168 246 26.6 282 27.8
241 252 26.7 3t 284
361 263 273 332 328
432 28.1 287 35.6 353
528 304 368 36.7 36.7
743 31.0 31.5 374 371
910 314 324 37.7 373
1102 3t9 324 38.1 37.8
1506 350 32.7 383 3%.6
Broken Specimen Optical Data
1506 36.5 323 388

*“Pop-in” crack length.
1Too short to measure with available test stand.
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along the left and right sides of the specimen dis-
played several instances of arrest and acceleration
while the center position advanced relatively uni-
formly. After 50 h of immersion the difference be-
tween the minimum external crack length and the
center bow-out point was 0.113 in, (2.87 mm), while
the 1102 h difference was 0.203 in, {5,186 mm), The in-
ternal crack shape after 1506 h is shown in Fig, 3
where the specimen was broken open by turning the
loading bolts. Studying the stress intensity factor
scales at the left of Fig. 2 will show the magnitude
of the potential errors in using external crack
lengths in reporting (da/dt) data. The values on the
scale were caleulated using the crack opening dis-
placement cormpliance curve for the DCB specimen’

Time (hrs)

® 1506 HR. FRACTURE MEAS. -

@ 1506 HR. EXTERNAL MEAS.
~ ~s
----— 1506 HR. TRUE SHAPE

ESTIMATED PROFILES

A
SIDE 1

A
SIDE 2

Fig, 2—Crack front profiles as a function of time in a DCB
specimen., The last set of side and center readings before
breaking the specimen are represented by diamond symbols,
Solid cireles represent optical measurements on the broken
specimen.

Fig. 3-—~~Ii'ost~test~ appearance of the DCB specimen of Fig. 2
and Table I showing the bowed crack front (darker shaded).
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Fig. 4~Typical behavior of a growing crack in an high
strength aluminum DCB specimen.

based upon the crack lengths at the right hand scale
of Fig. 2.

Another means of displaying the information from
Fig. 2 is the more conventional plot in Fig. 4 where
cracklength is shown as & function of time in the salt
bath. The lower curve depicts optical surface
crack measurements and the upper curve depicts
the internal erack measurements obtained by nonde-
structive technigues. Fig, 4 shows how optical data
alone may not characterize the stress corrosion crack
advance. Not only does the difference between the
curves increase with time, but the value of the growth
rate {da/dt) at any given value of applied stress in-
tensity (calculated from the instantaneous crack-
length) is greater internally than at the surface. For
example, consider the slopes of the two curves at
points A and B in Fig. 4. It is not known why the bow-
out increases as the stress corrosion crack grows
{i.e., the stress intensity decreases}); however, the
possibility of corrodant concentration with time at the
center of the crack front should be considered. Fur-
ther work in this area is indicated.

The proper choice of a crack length to calculate the
effective stress intensity factor in the presence of a
curved through-crack remains a subject of consider-
able controversy. It was not the purpose of this
short communication to address that subject, but only
to provide data supporting the contention that external
measurement of DCB crack lengths could lead o cer-
tain types of errors in evaluating stress corrosion
crack growth rate.

Careful analysis of crack front bow-out develop-
ment would also provide insight from the standpoint
of surface creation during stress corrosion cracking.
Of course the amount of surface created would depend
not only on the geometrical properties of the crack
front, but also on the topography of the new surface,
Nevertheless, it is felt that information gained by com~
bined optical and ultrasenic techniques could contri-
bute to the undersianding of the stress corrosion
mechanism in these and other alloys.

The technical assistance of Mssrs, Marlin Cook
and Charles Smith, University of Cincinnati, is grate-
fully acknowledged. This project was part of an Air
Force Materials Laboratory, Metals and Ceramics
Division, Structural Metals Branch, in-house effort
investigating the influence of purity level on micro-
structure~property relationships in high strength
aluminum alloys.

METALLURGICAL TRANSACTIONS A



1. M. ¥ Hyatt and M. O. Speidel: Stress Corrosion Cracking in High Strength
Steels and in Titanium end Aluminum Alloys, Chap. 4, B. F. Brown, ed., U.S.
Gov. Printing Off., No. 0851-0058, Washington, D.C., 1972,

2.M. V. Hyatt and H. W. Schimmelbusch: Development of ¢ High-Strength Stress-
Corrosion-Resistant Ahuminum Alloy for Use in Thick Secrions, 167 pp., Air
Force Materials Lab. Tech. Report AFML-TR-70-109, 1970.

3.C.F. Babilon, R. H. Wygonik, G. E. Nordmark, and B. W. Lifka: Mechanical
Properties, Fracture Toughness, Fatigue, Environmental Fatigue Crack Growth
Rates and Corrosion Characteristics of High Toughness Aluminum Alioy Forg-
ings, Sheet and Plare, 226 pp., Air Force Materials Lab. Tech. Report AFML-
TR-73-83, 1973.

4. M. V. Hyatt: Program to Improve the Fracture Toughness and Fatigue Resisuance

of Aluminum Sheet and Plare for Airframe Applications, 198 pp., Air Force Ma-
terials Lab. Tech. Report AFML-TR-73-224, 1973

5. P. 1. Blau: Effect of Iron and Silicon Content on Stress Corrosion Crackingina
Thermomechanically Processed Aluminum Alloy, 34 pp., Air Force Materials
Lab, Tech. Report AFML-TR-75-215, 1975.

6. P. 1. Blau: Influence of Iron and Silicon Content on the Tensile Properties of
7 X 75 and ZrModified 7 X 75 Aluminum Plate, 35 pp., Air Force Materials
Lab. Tech. Report AFML-TR-75-140, 1975.

Increasing the Fracture Toughness of
a Maraging Steel Type Alloy
B, FRANCIS

Recent unpublished studies’ have shown that the
fracture toughness of a Fe-16Ni-1.5Ti maraging steel
type alloy may be greatly improved by age hardening
at higher temperatures (550°C to 600°C) than those
conventionally used (~450°C) for maraging steels,
The purpose of this note is to describe the mech-
anisms believed to be responsible for the improved
fracture toughness in specimens aged at the higher
temperature,

In this alloy, austenite can form at all the aging
temperatures investigated {(450°C to 600°C); whether
or not it does form is strongly dependent on the time
at temperature, as shown in Fig. 1, which shows the
volume percent of austenite formed as a function of
time of aging at 450, 500, 550 and 600°C. The data in
Fig. 1 is for the isothermal rate of formation of
austenite at the aging temperature. This is not neces~
sarily the same as the rate of formation of retained
austenite measured at room temperature subsequent
to aging. Thus there is no measurable retained
austenite in the Fe-16Ni-1.5Ti alloy for any of the
aging temperatures and times reported in Table I
{450°C 1 h, 550°C 4 min and 800°C 10 min), despite
the large amount of austenite formed at temperature
during aging for the higher aging temperatures. This
result is based on a combination of X-ray and trans-
mission electron microscopy technigques for measur-
ing retained austenite, The formation of austenite in
Fe-Ni-Ti alloys has been discussed by Jin® and
Peters.’ The data in Fig. 1 was obtained by a mag-
netic technique reported in detail by Yuen.,® It was
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observed that the austenite forms initially at the prior
austenite and martensite lath boundeo.ries,"3 as it has
similarly been observed fo do in more conventional
maraging steels,’

The precipitate in this alloy, hexagonal NisTi {(DOs,),
does not appear to precipitate in austenite, For ex-
ample, in specimens aged at 650°C (a temperature at
which a considerable amount of austenite is formed
very rapidly) no precipitation is observed in the aus~
tenite; precipitation occurs only in the martensitic
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Fig. 1—The vol pet austenite and the Rockwell C hardness
of the 18-Ni~1.5Ti alloy as a function of aging time.

Tabie . Fracture Toughness for Various Aging Temperatures

Re Kie CYN
Aging Hardness MPa-m'/? NM
Alloy, Wt Pt Temperature (0¥ ~ 1,379 MPa) (23°C) (23°C)
Fe-16N-1.5Ti 600°C 43 ~125 37
{Vacuum induction
melted)
550°C 43 ~55 %
450°C 43 - 4

200 ksi = 1,379 MPa.
1 ksi/in. = 1.1 MPa m*/2,
1 ftlb=1361J.
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