Ductile Fracture of Aluminum

G. Y. Chin, W. F. Hosford, Jr.,and W. A. Backofen

The ductile fracturing process was studied in
single-crystal and polycrystalline aluminum de-
formed in lension over a ltempervature vange from
295° to 4,2°K. Al tempervatuves as low as 77 °K,
the fracture of ‘‘inclusion-free’’ matevial, including
zone -refined aluminum, was by vupture (~100 pct
RA). At 4.2°K, fracture was brought on by adia-
batic shear. Metallogvaphic examinalion did not
disclose any voids ov slip-band micvocvacks, thus
negating forv inhevently ductile metals any mech-
anism of void nucleation by vacancy condensation or
of crvacking due to dislocation pile-ups. In high-
purity aluminum not treated to be inclusion-free,
fracture at temperatures as low as 45°K was of the
double -cup type and a result of void formation, The
reduction-of-avea decreased as tempevature was
lowered, corvesponding to the earlier appearance
of voids. Such behavior was vationalized in tevms
of a larvgev increase, with decveasing lemperature,
in the flow stress velative to the strength of the
inclusion-matrix intevface. Evidence for low-tem-
perature adiabatic shear was found in discontinuous
flow at 4.2°K, in the transition to a localized shear
fracture at low tempervatures, and in the suppression
of shear fractuve with an elastically havrd pulling
device. A simple analysis for the initiation of
adiabatic shear permitted a general correlalion of
the various contrvibuting factors. It has been pointed
out that the duration of sheav depends upon effective

mass and elastic stiffness of the deformation system,

IT has long been recognized that fracture* may

*Throughout this paper, the term ‘‘fracture’’ is taken to mean any
process that results in the separation of a material into two (or more)
parts. Thus rupture as it may be encountered in a tension test leading
to 100 pct reduction-of-area is included in this category.

occur in a ductile mode, and that the process can be
of great practical as well as general interest. Much
information about ductile fracture has also been
accumulated over this period, but only recently has
an understanding of mechanism begun to appear.
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Ludwik,! in 1926, first reported fracture in a
tensile specimen starting with a central crack in
the necked section. Since then, other studies have
disclosed that such cracks may form by the coales-
cence of voids nucleated in this region where hydro-
static tension is highest.”™® Rogers® and Crussard
et al.® have emphasized void formation and reori-
entation along localized shear bands as a mode of
crack propagation. Pines® has considered the ten-
sile rod as a bundle of fibers joined by weak inter-
faces, which subsequently separate to allow indi-
vidual fiber contraction. The notion of cavity growth
and coalescence by purely plastic processes was
discussed by Cottrell,” who added that the tensile
reduction-of-area ought not to be sensitive to tem-
perature. On the other hand, it has been observed
that the reduction-of-area is greatly increased if
tests are carried out at high temperatures® or un-
der high hydrostatic pressure.®

Fracturing anisotropy in wrought products lends
support to the idea of void formation from pre-
existing flaws strongly aligned by earlier process-
ing.'*"* There is evidence that many voids result
from the fracturing of inclusions or separation at
the inclusion-matrix interface.>*° Another possi-
bility is that voids grow out of pore volume pro-
duced in the initial solidification and never fully
removed in later working. In general, a structure
of particles, pores, and weak interfaces can be ex-
pected, at least in materials of engineering interest.

Vacancy condensation has been suggested as an
alternative mechanism of void formation for mater-
ials considered to be inclusion-free.'® Yet experi-
ence has shown that tensile reduction-of-area in-
creases with purity, to the extreme of rupture as so
often observed in single crystals.

Adiabatic shear has an important bearing on duc-
tile fracture. It occurs when the decrease of flow
stress, as a result of local temperature rise from
heat generated during straining, becomes larger
than the increase due to strain and strain-rate
hardening. As demonstrated by experiments on
punching of pla,tes,“ a large temperature rise may
be brought about by rapid straining. Adiabatic flow
as a result of the high strain rate reached in an or-
dinary tensile specimen just prior to separation
may account for the cone formation in cup-and-cone
fracture;' evidence of such local heating has been
presented.'® For geometrical reasons, however,
pure sliding along the conical surfaces is unlikely,
and separation under tensile forces is probably an
important accompanying feature of the shear.” In
deformation processing operations, a high shear-
strain rate may exist at boundaries between plas-

VOLUME 230, APRIL 1964-437



tic and elastic fields; resultant local temperature
rise could lead again to adiabatic shear. At very
low temperatures, the specific heat is much re-
duced. Hence a large temperature rise can occur
even during quasi-static tension, the subsequent
adiabatic shear being responsible for discontinuous
slip and shear fracture.'® It has been further sug-
gested that the amount of unstable flow associated
with adiabatic shear must be influenced by the elas-
tic energy stored in the deforming system.'* In con-
firmation, it has been shown that the conical shear
surface in an Armco iron tension specimen is sup-
pressed with an elastically stiffened testing device

The role of dislocations in ductile fracture, be-
yond that in accomplishing slip, is not yet clear.
Dislocation pile-up cracking is known to be im-
portant when fracture involves cleavage. However,
its contribution in inherently ductile metals such as
copper and aluminum is in question at present, for
one reason because there is no clear evidence of
dislocation pile-ups in these materials, even after
heavy straining.'® Beevers and Honeycombe,'® on
the other hand, have interpreted their findings on
copper and aluminum in terms of the pile-up
mechanism.

Still less clear is the nature of ‘‘hair-line’’
cracking as reported by Ludwik,' Puttick,” and Nei-
mark.”® Although no study has been made of this
phenomenon, the possibility of an association with
subgrain boundaries cannot be overlooked. Sub-
boundary cracking has been observed in fatigue
testing?*~* as well as in explosive deformation,”
while substructure formation during heavy straining
has been well-documented.*®

The background in ductile fracture thus involves
a complex interplay among several issues each of
which requires clarification before the basic pro-
cess is completely understood. By combining a
number of the important variables in a single test
program, it was hoped that the present experiments
would contribute to such an end. The work has been
based on aluminum in both single-crystal and poly-
crystalline form, tested in tension over a range of
temperatures in ‘‘hard’’ and ‘‘soft’’ machines.

EXPERIMENTAL PROCEDURES

Materials and Specimen Preparation. Single Crys
tals. Starting material was 99.995 wt pct pure Al.
Growth was by directional solidification under a
helium atmosphere in a horizontal furnace at a rate
of 0.4 in per hr. Crystals of [111], [100], and [110]
axial orientations were seeded; others were grown

%

Fig. 1—Sectional view of extra-hard arrangement. Dimen-
sions in inches.
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randomly. All were annealed at 600°C for 18 hr and
furnace-cooled over a 12-hr period. Orientation was
determined by the Laue back-reflection method.

The as-grown crystals had a cross section of 1/4
by 3/16 in. A gage section of about 3/16 by 1/8 in.
by 3 in. was produced by masking the ends with
Duco cement and then chemically etching in an
aqueous solution of 5 pct NaOH and 10 pct NaNOQ,.”
Prior to testing, most samples were electropolished
in a solution of 5 parts methanol and 1 part per-
chloric acid cooled to below —30°C. Seating align-
ment during testing was assured by casting Wood’s
metal into split-collar steel grips containing the
enlarged ends of the sample.”

Polycrystals. Polycrystalline specimens were
machined into rods of 0.112-in. diam with 1.125-in.
gage length. Three kinds of material were tested.

1) Wrought. Samples were prepared from the 1/4-
in.-diam as-received stock of 99.993 wt pct pure
Al. The original grain diameter, approximately
0.025 mm, was retained upon annealing at 300°C for
2 hr. Several samples were annealed at 500°, 450°,
and 400°C to produce grain sizes of 0.7, 0.35, and
0.15 mm diam, respectively. Metallographic exam-
ination revealed some fine strings of inclusions
parallel to the specimen axis. The density of in-
clusions was somewhat higher at the center.

2) “Purified’’. To minimize the number of in-
clusions, a length of 99.995 wt pct Al single crystal
was grown by the usual directional solidification and,
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after discarding the impure end, was converted to
polycrystalline material with a grain size of about
0.1 mm diam by swaging and recrystallization. Ex-
amination of this material revealed hardly any
inclusions.

3) Zone-refined. To assure ‘‘complete’’ freedom
from inclusions, specimens were made from pre-
viously zone-refined aluminum with each impurity
level believed to be below 0.1 ppm. This material
recrystallized at room temperature after swaging.
The grain size, though not uniform, averaged about
0.3 mm diam.

Testing. The samples were tested mostly in a
hard-type machine described elsewhere.’®>*® Basic-
ally, a screw-driven load cell was coupled to a
pull-rod, which moved within a tube that was
mounted rigidly in a vertical position. The lower
end of the rod was attached to the upper grip on the
specimen. The bottom grip on the specimen was
secured, in turn, to the lower end of the tube. This
‘‘standard hard machine’’ had a spring constant of
about 25,000 1b per in.

The effect of stored elastic energy on adiabatic
flow and shear fracture at 4.2°K was also studied
with an extra-hard arrangement achieved by using a
short specimen of small cross section surrounded
by a longer tubular specimen of larger cross sec-
tion, Fig. 1. Thus any sudden elongation in the inner
specimen would be restrained by the less highly
stressed outer specimen.

The testing machine was made elastically much
softer by inserting a series of beam springs between
the load cell and the pull-rod, Fig. 2. The spring
constant of the soft arrangement could be lowered
to about 300 lb per in. by changing the effective
length of the springs; the value of 300 lb per in. ap-
plies to all of the soft-machine tests reported below.

Experiments were made at 295°K (room temper-
ature), 77K (immersion in liquid nitrogen), and

Table I. Summary of F|ow and Fracture Data Obtained with the
Standard Hard Machine of Spring Constant 25,000 Lb Per In.

Test Temperature, °K 295 77 45 40 30 4.2

Type of Fracture*
Single crystals R R — — _ S

Polycrystals

Wrought material, 0,025 mm DC DC DC S S S
‘‘Purified’’ material, 0,1 mm R R — — — N
Zone-refined, 0.3 mm R R — — — S

Type of Load Record**

Single crystals a a — — — c, d

Polycrystals

Wrought material, 0.025 mm a a b b b b
““Purified’’ material, 0,1 mm a a — — — c, d
Zone-refined, 0.3 mm a a —_ — — b, ¢

Percent Necking-at-Fracmre,T Pct N

Single crystals - 100 100 — - - 0- 20
Polycrystals

Wrought material, 0,025 mm 99 97 87 72 68 65

“Purified’’ material, 0.1 mm 100 100 — — — 0- 30

Zone-refined, 0.3 mm 100 100 — — —  30-70

*DC —double-cup; S~ shear; R — rupture,
**¢Type of Load Record’” refers to curves in Fig. 4.
TPet ¥ =100 (1- Ay/An) where djand A, are the cross-sectional areas
at fracture and at start of necking, respectively.
Dash (~) indicates no test.

4.2°K (immersion in liquid helium), with particular
emphasis on 4.2°K because of the interest in adia-

(@)
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Fig. 3—Types of fracture in aluminum: (a) rupture (single crystal tested at 295°K); (b) double-cup (fine-grained wrought
sample tested at 45°K); and (¢) shear {fine-grained wrought sample tested at 4.2°K). The specimens were sectioned
along a plane containing the loading axis so as to illustrate the type of fracture. About X40. Reduced approximately 21
pct for reproduction.
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(b) MODERATE NECKING
Wrcught Sample

Grain diameter 0.025mm
Tested ot 30°K

Wrought Somple
400 Grain digmeter 0025mm

1Tesred at 77°K

Tu» EXTREME NECKING

200

° (¢) MILD NECKING
“Purified” Sample

400 | Gram diameterOlmm,
Tested at 4 2°K

(d) NO NECKING
"Puritied” Somple

Gran diometer Olmm,
Tested at 42°K

Load (Lb}
)

Uniform Elongation,&, or Total Elongation, €, (%)

Discontinyaus
Flow
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() 20 40 o 20 40
Plastic Elongolian ‘(%)
Fig. 4—Types of load record obtained with the standard
hard machine.

[ T I I

9|
%RA .
S %N 7
g J
[0
i
°. 90| .
[}
2
P ]
5 L 1
c
8
g
o 80_ 1
[}
[0
S
= L _
°\° J
QL; [ ]
3
5 70 / -
e .
w
S ,/ ]
o
[=
£
2
z 60| -
by <
T 1 | i | | j
0 100 200 300

Temperature (°K)
Fig. 5—Variation with temperature of percent necking-at-
fracture (pct N) and percent reduction-of-area {pct RA)
for the fine-grained material. Grain diameter, 0.025 mm;
purity, 99.993 pct.

batic shear. In addition, several tests were made
on fine-grain (0.025 mm diam) wrought material
between 4.2° and 77°K by raising the samples above
the liquid-helium level. Temperature in such cases
was determined with a 30-gage Au-2.1 at. pct Co vs
Cu thermocouple attached in the vicinity of the
specimen, using the liquid helium as the cold junc-
tion. This method was somewhat crude, the abso-
lute uncertainty probably being about +4°K with an
uncertainty between tests of about +2°K.
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Fig. 6—Variation with temperature of uniform elongation
and of total elongation for the fine-grained wrought ma-
terial. Grain diameter, 0.025 mm; purity, 99.993 pct.

Load was recorded as the output of a wire-re-
sistance strain-gage bridge. Extension was meas-
ured by recording cross-head motion. The over-all
strain rate was about 3 X 107™* sec™*.

RESULTS

General Behavior Patterns. The results of ten-
sile testing at various temperatures with the stand-
ard hard machine are summarized in Table I and
in Figs. 3 through 7. Three sets of data are pre-
sented in Table I: 1) the type of fracture (Fig. 3),
2) the type of load-elongation curve (Fig. 4), and
3) the values of percent ‘‘necking-at-fracture’’, de-
fined as pct N =100 (1 - A¢/A,) where Ay and 4,
are the cross-sectional areas at fracture and at the
start of necking, respectively.

As shown in Table I and Fig. 3, three types of
fracture were observed. At temperatures as low as
T7°K, the essentially inclusion-free materials (the
single crystal, the “purified’’, and the zone-refined
samples) exhibited rupture, while double-cup frac-
ture occurred in the inclusion-populated wrought
material. At 4.2°K, all samples fractured by skear.
A closer study of the wrought material revealed
that a transition from double-cup to shear took
place between 40° and 45°K.

The type of load-elongation curve, as designated
in Fig. 4, indicates the severity of necking. A more
definitive quantity, however, is the percent necking-
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Fig. 7—Temperature dependence of the tensile strength of
the fine-grained wrought material. Grain diameter, 0.025
mm; purity, 99.993 pet.

at-fracture (pct N). Thus pct N has a value of 100
for rupture and is zero when necking is absent, the
latter value characterizing some single crystals and
“purified’’ polycrystals tested at 4.2°K, Table I.
Contrary to Cottrell’s suggestion,7 necking-at-
fracture decreased with lower temperature; values
for the fine-grained wrought material, taken from
Table I, are presented in Fig. 5, together with data
on the percent reduction-of-area. The difference
between the two curves at very low temperatures is
the result of an increase with falling temperature
in the uniform elongation, plotted in Fig. 6 from ob-
servations on load maxima; such a trend is related
to the generally higher and more persistent rate of
strain hardening at the lower temperatures. The
total elongation in Fig. 6 was relatively insensitive
to temperature since the elongation after necking
was larger at higher temperatures. The variation
of tensile strength with temperature is shown in
Fig. 7 for the fine-grained wrought material; a steep
rise at temperatures below 77°K is noted. Values of
both uniform elongation and tensile strength com-
pare favorably with the data of Carreker and Hib-
bard.”

Grain-Size Dependence of Fracture Stress at
4.2K. Values of true tensile fracture stress, de-
fined as oy =Pf/Af where Py and Ar are, respec-
tively, the load and cross-sectional area at frac-
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Fig. 8—Fracture stress vs grain size for wrought ma-
terial tested at 4.2°K. The 0.1-mm-~diam data were taken
from the ‘‘purified”” material. Straight lines were drawn
using the method of least squares.

Toble 1i. Yalues of the True Tensile Fracture Stress and of the
Resolved Shear Stress at Fracture in Single Crystals Tested
at 4.2°K. Initial Axial Orientations are shown in Fig. 10.

Specimen 04,10 Psi 751,10* Psi
s1 62.2 23.0
s2 50.6 20.4
s3 56.9 21.8
s3' 56.4 21.9
sS4 73.6 20.1
S5 79.0 21.5
s6" 45.8 20.6
S6 42.2 19.1
s7 79.3 21.6
s7' 83.8 22.8
S8 56.9 23.2
S9 54.8 22,2
510 57.7 23.6
S10' 50.6 20.7
s11' 49.0 *
S12 51.0 22.9
s12' 53.1 24.2
S13 44.2 19.6
si5 45.2 19.9
S16 79.8 21.7

[111]** 77 21.0

{100]** 57.5 23.5

*Laue spots at fracture were diffuse and final orientation could not
be detemined.
**From Ref. 25.

ture, are listed in Table II for the single crystals
tested at 4.2°K. Also presented in Table II are the
values of resolved shear stress at fracture, defined
as Tgr = mysoy Where my is the Schmid orientation
factor for resolving the shear stress on the most
highly stressed slip system at fracture. The value
of my was determined from the Laue back-reflection
photograph obtained near the fracture region. Sin-
gle crystals fractured at this temperature of 4.2°K
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Fig. 9—Slip cluster associated with discontinuous flow.
Crystal s2’ deformed in tension at 4.2°K; orientation in
Fig. 10. X100. Reduced approximately 25 pct for repro-~
duction.

[ e

Fig. 10—Initial axial orientations of single crystals tested
at 4.2°K. Encircled specimens exhibited discontinuous
flow.

by localized shear along slip planes (see Fig. 11)
after little or no necking (Table I). Therefore, both
or and Tg¢ are considered to be meaningful. It is
noted that, while of varied from about 42,000 to
80,000 psi, Tsf Was remarkably constant at an aver-
age level of approximately 22,000 psi. Constancy of
resolved shear stress at fracture for Al-5.5 wt pct
Cu single crystals tested from 77° to 373°K has been
reported by Beevers and Honeycombe.”

For the polycrystals tested at 4.2°K, the shear-
fracture plane was oriented at an angle, o, of 45 to
65 deg from the tensile axis. Values of both true
tensile stress of and shear stress at fracture (the
latter defined as Tpf = Of COS @ Sin Q) were propor-
tional to the inverse square root of grain diameter,
d (Fig. 8). Recently, Armstrong et al.*® and Arm-
strong®® have pointed out that propagation of plastic
flow in a polycrystal requires internal stress con-
centrations proportional to a2, They predicted
that the value of tensile flow stress, 0o, from ex-
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Fig. 11—Localized shear along active octahedral slip
planes preceding shear separation. Crystal S3’ (see Fig.
10) tested in tension at 4.2°K; dimensions indicated are
multiples of 1/32 in.

trapolation to 4”** = 0 would correspond to the

average flow stress of a single grain in the aggre-
gate: that is, the flow stress of a polycrystal as
analyzed by Taylor.*® On this basis, ¢, = m7¢ and
To = (m/2)7s (since oo = 270), where m is the Taylor
factor of 3.1 and 74 is the single-crystal shear
strength. In the present case of shear fracture at
4,.2°K, Tsf = 22,000 psi for single crystals, Table II.
Accordingly, the calculation gives oo = 68,200 psi
and 7o = 34,100 psi, whereas the extrapolated val-
ues from Fig. 8 are 78,000 and 35,300 psi, respec-
tively. This favorable correlation between ¢, and
7o from Fig. 8 and the experimental Tsf strongly
indicates that low-temperature shear fracture in
both single crystals and polycrystals proceeds by
crystallographic shear rather than by dislocation
pile-up cracking.

Low-Temperature Adiabatic Shear. Evidence for
low-temperature adiabatic shear was found in the
appearance of discontinuous flow at 4.2°K, in the
transition from one type of fracture to another at
low temperatures, and in the results of machine-
stiffness studies.

Discontinuous Flow at 4.2°K. In agreement with
Basinski’s findings,'® discontinuous flow in the fine-
grained wrought material at 4.2°K was somewhat
rare. A slightly more frequent occurrence was
noted, however, for the coarse-grained ‘‘purified”’
samples, which fractured after little or no necking
(Table I). That discontinuous flow was associated
with localized slip was shown by the slip-band
clusters often observed on the surface of single
crystals after such flow, Fig. 9.

Most single crystals oriented near [111] under-
went discontinuous flow, as shown in Fig. 10, in gen-
eral agreement with the data of Hosford, Fleischer,
and Backofen,®® who tested aluminum single crystals
of [111], [100], [112], and [123] orientations at 4.2°K
and found discontinuous flow only in the [111] crys-
tal. Criteria based on true tensile stress, resolved
shear stress, and so forth, were sought to explain
the orientation dependence of discontinuous flow,
Fig. 10, but none gave consistent results. Such an
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orientation dependence is probably related to the
nucleating process as discussed by Basinski,”® who
has pointed out that some prior concentration of
slip (the nucleating deformation) must take place
before the thermal softening can overcome the
strain and strain-rate hardening.

Fracture Transition. The transition at 40° to
45°K for the fine-grained wrought samples, Table I,
may be reasonably explained by the adiabatic shear
argument, which relies chiefly on the rapid de-
crease in the volume specific heat at low tempera-
tures.

The shear fracture of single crystals at 4.2°K oc-
curred by localized glide along closely parallel
slip planes, Fig. 11, similar to that observed in an
Al-2 wt pct Mg single crystal by Basinski.’® No
evidence for cracking could be found from examina-
tion of partially sheared samples such as that il-
lustrated in Fig. 11. At the same time, the narrow
shear band through the polycrystal of Fig. 12 em-
phasizes again the similarity of fracturing in single
crystals and polycrystals.

Effect of Machine Stiffness. In a ‘‘purified’’ sam-
ple tested at 4.2°K with the extra-hard arrange-
ment, Fig. 1, suppression of shear fracture was
noted. Instead of planar shear after little or no
necking, as observed with the standard hard ma-
chine, the necking was severe and the fracture sur-
face consisted of a series of small shear steps, so
that macroscopically it was oriented nearly at right
angles to the tensile axis.

) _NLEm '
PG\ b f
. T R
Fig. 12—Arrested shear fracture of a “purified’” sample
tested in tension at 4.2°K. Some regions within the shear
band have recrystallized after testing. Sample was sec-
tioned along the tensile axis, electropolished, and etched
with 5 pct HF. X50. Reduced approximately 3 pct for re-
production.
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With the soft arrangement, the ‘““purified’’ and the
zone-refined samples failed by shear as with the
standard hard machine, Table I. Since the latter
was already soft enough to allow shear fracture, a
softer system was really not expected to have any
effect on the type of fracture. However, if a sample
were to undergo frequent discontinuous slip, the
shear fracture would be expected to occur after
smaller extensions in the softer system. Such
reasoning explains the fact that a [111] single crys-
tal fractured in the soft machine at a resolved
shear stress of only Tsf = 15,400 psi, considerably
lower than the average value of 22,000 psi from the
hard-machine tests.

When fine-grained wrought specimens were
tested at 4.2°K in the soft machine, an unexpected
change in the fracture mode was encountered. Al-
though this material had failed by shear after 65 pct
necking in the standard hard machine, the fracture
now was of the double-cup type. The most probable
reason is a temperature rise in the necked region.
It is possible that the rapid flow allowed by the soft
system acted to raise the temperature of the neck
above the transition level of 40° to 45°K before adia-
batic shear could occur. Assuming conversion into
heat of the deformation energy from start of neck-
ing to fracture, the average temperature rise in the
neck may be calculated to be 140°K.

The Rupturing Process. The rupturing process in
the single crystals tested at 77°K and above, Table
I, proceeded mainly by the operation of two slip sys-
tems of primary and conjugate relationship that
resulted in a progressive thinning of the neck. Rup-
ture in the polycrystalline ““purified’’ and zone-
refined materials followed a broadely similar pat-
tern. Contrary to the observations of Rosi and
Abrahams'? on silver, copper, and Cu-0.1 at. pct Al
single crystals and of Koppenaal®' on Cu-10 at. pect
Al single crystals, no voids were detected in the
aluminum samples after rupture. And since there

\ v.""f | ,'; ; W
i IR P SRS
Fig. 13—Appearance of voids in double-cup fracture of a
fine-grained wrought sample tested at 45°K with the stand-
ard hard machine. Sample was sectioned along the ten-
sile axis, electropolished, and etched with 5 pct HF.
X150. Reduced approximately 25 pct for reproduction.
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was continual thinning to 100 pct necking, disloca-
tion pile-up cracking as envisaged by Beevers and
Honeycombe'® was a highly unlikely possibility.

The Double-Cup Fracture. In agreement with pre-
vious findings®’® the double-cup fracture in fine-
grained wrought samples tested above the transi-
tion temperature with the standard hard machine,
Table I, started with growth and coalescence of
voids formed around inclusions. Void formation at
smaller strains was seen to be responsible for the
decrease of percent necking-at-fracture (pct N)
upon lowering temperature, Fig. 5; while many voids
were observed below TT°K, Fig. 13, none were de-
tected in a specimen unloaded after as much as 95
pct necking at 295°K. Below the transition tempera-
ture, adiabatic shear contributed further to reduce
the necking-at-fracture.

Observations of Low-Temperature Grain Boundary

Cracking. Besides the appearance of voids, a small
number of grain boundary cracks (about one in fifty
grains) were observed in all materials tested at
very low temperatures. Several examples of such
cracks are given in Fig. 14. Briefly, the findings
were:

(b)

1) In wrought material, grain boundary cracks
were detected only at 40°K and below, the number
increasing somewhat with lower temperature.

2) Grain boundary cracking was observed even in
the zone-refined material; hence the process cannot
be ascribed to a brittle film at the boundary.

3) There was a tendency for the grain boundary
cracks to lie in a direction at about 45 deg to the
specimen axis. This is illustrated in the histogram
of Fig. 15, obtained from seven sectioned and
polished specimens fractured at 4.2°K.

Metallographic observations of a large number of
grain boundary cracks indicated a preference for
triple points and an association with deformation
““folding’’, ** Fig. 14. Such features, in addition to
the cracking tendency along 45-deg boundaries,
suggested boundary shearing, a notion later veri-
fied by surface metallography, Fig. 16. While grain
boundary shear in aluminum has been observed at
temperatures as low as 295°K,*® boundary cracking
has been detected only under fatigue conditions.*

In other materials, Hauser et al.*® have noted grain
boundary shearing and cracking in magnesium at

Fig. 14—Examples of grain boundary cracking. Material: (a), (4), (c)—*‘purified’” material; (d) —zone-refined ma-
terial. Preparation: (@), (b), (d)—sectioned along tensile axis, electropolished, and etched with 5 pct HF; (¢) —as de-
formed surface, photographed in polarized light. Magnification: (@) X250, () X500, (c) X50, (d) X250. Note ‘‘folding’’

at triple point in (@) and (b).
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Structure in (d) has recrystallized after fracture. All samples tested at 4.2°K.
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Fig. 15—Histogram of grain boundary cracking. Data ob-
tained from random sectioning (near the center) of seven
samples fractured at 4.2°K.

T7°K, while boundary shear in iron at 4.2°K has
been reported by Gindin and Starodubov.*

DISCUSSION

Fracture by Void Formation. In the inclusion-
populated wrought material, the necking-at-fracture
decreased rapidly below 77°K (Table I, Fig. 5) be-
cause of void formation at smaller and smaller
strains. The explanation is that, as temperature is
lowered, the strength of the inclusion-matrix inter-
face (or of the inclusion) does not increase as much
as the flow stress of the matrix. Therefore less
strain is required, with a falling temperature, be-
fore interface separation begins.

Several studies support the concept of interface
strength as governing void nucleation in ductile
fracture. Hertzberg and Kraft’” have reported that
in a Cr-Cu alloy the strong interface between
chromium whiskers and the copper matrix remained
intact at fracture. While studying the pore mech-
anism of ductile fracture by embedding polystyrene
balls as inclusions in plasticine, Rhines®® noted that
the reduction-of-area could be increased substanti-
ally if the specimens were aged so as to obtain a
better wetting between polystyrene and plasticine.
Wetting between aluminum and its oxide is con-
sidered good,*® which may account for the difficulty
of void formation here. Likewise, the ease of void
formation in copper as observed by Puttick® and
Rogers4 may be explained by the weak cohesion be-
tween copper and its oxide inclusions.

Backofen and Hundy'' found that a torsional pre-
strain greater than one at the surface of round
specimens of several materials was sufficient to
decrease the subsequent tensile fracture stress and
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Fig. 16—Grain
boundary slid-
ing indicated by
displaced tool
markings and
scratches.
““Purified”’
sample tested
at 4.2°K.
X1000. Re-
duced approxi-
mately 21 pct
for reproduc-
tion.

strain markedly. The fracturing behavior of com-
mercial-purity aluminum, however, was not altered
by torsional prestrain up to a value of 6; high-purity
aluminum followed the same trend, a mild altera-
tion in properties being observed only after a pre-
strain greater than 4. A strong cohesion at the in-
clusion matrix in aluminum may well account for
the apparent anomaly with respect to this material.
It is to be noted that the double-cup fracture in
aluminum is merely one form of separation in in-
clusion-populated materials that seems to occur at
a relatively high-purity level, the usual fracture in
commercial products such as tough-pitch copper
and alloyed aluminum being cup-and-cone. The de-
pendence on purity may be rationalized with Fig. 17.
Fig. 17(a) represents the necked section of a speci-
men where void coalescence has produced a lens-
shaped crack. Subsequent growth can take place
either by general deformation, Fig. 17(b), or lo-
calized shear, Fig. 17(c). The latter would be
favored by reduced strain hardening and plane-
strain deformation,'*'" so that it ought to occur at
some late stage of growth. In the relatively pure
material, growth may be expected to continue by
this process, Fig. 17(c), each growth step shifting
the crack tip so as to initiate a new shear band in
the way shown by broken lines; the end result will
be double-cup fracture. As demonstrated by the
soft-machine tests at 4.2°K on the fine-grained
wrought samples, any heat generated by fast strain-
ing is apparently insufficient in itself to induce cone
formation in high-purity material. In a sufficiently
impure material, however, the situation must be
different. As growth occurs by localized shear,
new voids may be generated within the band*”® to-
gether with a realignment of voids already formed
into the plane of the band,*®" Fig. 17(d), so that the
effective band area is reduced; relatively lower par-
ticle-matrix cohesion as well as adiabatic softening
would contribute further to this development. In-

_stead of continued growth by the deformation being

shifted to a new band, as in double-cup fracture,
strain would be confined to the weakened band by the
increased shear stress acting upon it. The final
fracture could then be a combination of shearing
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{a) (b)

(¢) (d)

Fig. 17—Crack growth in tensile fracture. (@) Initial crack
formation by void coalescence. (b) Crack growth by gen-
eral deformation within shaded region. (¢) Alternative
mode of growth by localized shear; double-cup fracture
results from continuation of this process as indicated by
the broken-line configuration. (d) Void nucleation and re-
alignment weakening the shear band and confining de-
formation there, with cup-and-cone fracture as a final
result.

and tensile separation along the conical surface (the
weakened band) as suggested by Cottrell.”

In OFHC copper studied by Rogers,* early crack
growth seems to occur by a ‘‘void-sheet’’ mechan-
ism due to shear-strain concentration ahead of the
crack tip, rather than by general deformation, Fig.
17(c). Presumably, the former process is favored
by a high flaw density and ease of void nucleation.

Adiabatic Shear. This has been encountered in a
variety of deformation modes. It has even been
recognized in an area as superficially removed
from metal fracture as seismic faulting.*® Yet there
has been surprisingly little attempt to interrelate
the variables responsible for the basic plastic in-
stability.’* One may start with the present case of
low-temperature discontinuous tensile flow, in
which instability arises if an increment of elonga-
tion produces locally a thermal softening larger
than the strain and strain-rate hardening. Neglect-
ing the lesser strain-rate effect, this condition is
given as

oo\ dT o0 2 c o0

(57  de 7 (’a?)T or o%*> Lo o (SE)T (1]

_a_ [
o\oT/¢
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where o* is the minimum stress to initiate discon-
tinuous flow; (d0/8€)r is the slope of the isothermal
stress-strain curve; (1/6)(06/8 T) is the fractional
change of flow stress with temperature; and o <1
depending upon how nearly adiabatic the deforma-
tion. For aluminum at 4.2°K, ¢p = 0.12 psi per °K,*
and (1/0)(80/3T)c = —0.0025°K-*.4* Assuming « = 1,
[1] becomes o** > 50(90/2€)r. The maximum value
of (80/0€)r is found at yielding and for aluminum at
4.2°K is somewhat less than 10° psi. Taking
(30/9€)r as 10°, o* = T000 psi, a value slightly
higher than the yield stress.* Thus, if deformation

*Implicit in this argument leading to o* > 7000 psi is an assumption
that the system is perfectly soft, or that K, the ‘‘spring constant,”” is
zero. The argument is shortened by the assumption, and the conclusion
is not basically different from that reached by recognizing that K is
much greater than zero,

were adiabatic {o¢ = 1), discontinuous flow ought to
start soon after yielding. That it did not is most
probably a result of the initial value of a being too
low.

From heat-flow considerations, a can be shown
to depend on the ratio I/Vkf, where [ is the thick-
ness of the flowing zone, « the thermal diffusivity,
and ! the time of flow. In high-purity aluminum at
low temperature, « is high; hence a relatively large
! is required to increase a and so establish the in-
equality of [1]. To this end, an appreciable amount
of prior deformation (the nucleating deformation)*®
has to be concentrated in a sufficiently thick zone
within a very short time. It is this nucleating de-
formation that must somehow be related to the ori-
entation dependence of discontinuous flow in the
single crystals, Fig, 10. Ordinarily in high-purity
aluminum tested at 4.2°K, the energy for nucleating
a load drop may be supplied by lightly tapping the
machine.

In the 2024 aluminum alloy, x and therefore the
required ! are much smaller than in pure alumi-
num; hence the energy liberated in forming regular
slip bands may be sufficient to nucleate discontinu-
ous flow from the beginning.’® On this basis, nucle-
ation ought to be extremely easy in polymeric ma-
terials, with values of k¥ several orders of magnitude
smaller than those for pure metals.

In iron, the nucleating deformation can be sup-
plied in the initial yield drop; thus, in some iron
samples tested at low temperatures, a local adia-
batic condition is established right at yielding, often
leading to fracture under continuously decreasing
load. 4%

The implication of adiabatic shear may be ex-
fended to other than problems of testing. In de-
formation processing operations such as rolling or
extrusion, the temperature rise in a plastic-elastic
transition zone is increased by higher processing
speed (contributing to more nearly adiabatic strain-
ing) and by a narrowing of the zone (acting to in-
crease local shear-strain rate). The latter would
be aided by an approach towards nonhardening or
“‘perfect’’ plasticity. Thus shear cracks may have
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their origins in an adiabatic flow with a {law re-
alignment in such zones.

In a creep-instability theory of seismic faulting,
Orowan®® has proposed that the earth’s mantle at
great depths is crystalline and, being hot, can under-
g0 quasi-viscous creep. Since the creep process
produces structural defects such as voids and
grain boundary cracks, deformation will tend to be-
come confined to narrow zones of shear in'which
the defects have reduced the effective stress-car-
rying cross section. The localized deformation then
becomes self-accelerating as the structural de-
fects within the zones increase and as the local tem-
perature rises, finally leading to local melting and
faulting. Adiabatic shear from this source can also
be considered with reference to an inequality simi-
lar to [1]. Since stress in creep is more dependent
on strain rate (€) than on strain, [1] may be modi-
fied as

o*t =

@ (%) de
—al (8_0) o€/ de
o\oT/;

The main point about [2] is that at very high strain
rates o approaches unity (adiabatic conditions)
while (30/9€)7 diminishes to negligible values, so
that the inequality becomes more and more favor-
able.

The fulfillment of [1] or [2], it is noted, means
only that conditions are favorable for adiabatic
shear. The duration of an unstable flow, on the
other hand, depends highly on the elastic energy
stored in the deforming system and can be shown
to be roughly proportional to vm /k, where m and
k are the effective mass and stiffness of the elas-
tic members. For this reason, the low-temperature
discontinuous flow and resulting shear fracture
were suppressed by the extra-hard arrangement in
the present study. Relative to processing systems,
tool designs acting to increase stiffness could be of
value in controlling and suppressing the various ex-
amples of shear cracking. The role of effective
mass, however, is more complex. Although a mas-
sive loading system would extend the duration of
unstable flow, its high inertia should have the de-
sirable effect of making initiation more difficult.

Grain Boundary Shearing and Cracking at Low
Temperatures. For obvious reasons, the grain
boundary shear observed at low temperatures can-
not be regarded as a sliding between viscous layers.
Instead, it is proposed that such sliding occurs when
the flow stress exceeds the inherent grain boundary
shear strength.

The argument may be summarized in a modified
‘“‘equicohesive-temperature’’ diagram. Three solid
curves are shown in Fig. 18; besides the two famil-
iar curves representing the flow stress of the crys-
tal and the viscous boundary strength, a third curve,
for the inherent boundary strength, is introduced.

In current thinking, the grain boundary is regarded
as a transition lattice two or three atom layers thick.

(2]
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Fig. 18—Modified ‘‘equicohesive-temperature’’ diagram.

Broken curves refer to higher strain rate, é. T, melt-

ing point; T.q, T4y, Tep, Tey, 2ll equicohesive tempera-
tures.

Except for some atomic disregistry, the boundary
resembles a crystal plane, and, as such, has an in-
herent shear strength. This value would be some-
what less than that for a perfect crystal and depend
on temperature only through the elastic modulus,
accounting for the rather flat curve in Fig. 18. The
steep rise in the flow stress at low temperatures is
the result of increased strain hardening, while the
viscous boundary strength varies according to the
temperature effect on viscosity. The two broken
curves in Fig. 18 are for higher strain rate; there
is no effect of strain rate on the inherent boundary
strength.

Two equicohesive temperatures are noted in Fig.
18. Grain boundary shear above the well-known T,,
is generally achieved by lowering the viscous bound-
ary strength (enforcing a low creep rate) to a level
under the flow stress; sliding below T, , on the
other hand, results from raising the flow stress by
strain hardening to the level of the inherent bound-
ary strength of about G/30, or roughly 130,000 psi
for aluminum, Fig. 19. The maximum (macro-
scopic) shear stress attained in the present tests
below 40°K was 40,000 to 70,000 psi, a factor of
only 2 to 3 below the theoretical estimate which
might easily have been reached in regions of stress
concentration such as triple points at the ends of the
45 deg boundaries.

One implication in this view of boundary sliding
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Fig. 19— Tensile test below T,y. Grain boundary sliding
starts when ¢ > ogp.

bears on the effect of strain rate (broken curves in
Fig. 18). While boundary shearing at the high-tem-
perature end of Fig. 18 is suppressed by an in-
creased rate, the opposite is true at low tempera-
tures. To determine whether T,, could in fact be
raised above 40°K in this way, two Charpy speci-
mens of polycrystalline aluminum (99.995 pct pure)
were fractured by impact, one at 77°K and the other
at 295°K. Metallographic examination after section-
ing and polishing did indeed reveal grain boundary
cracks in the 77°K specimen, although none were
detected in the 295°K sample.

Since grain boundary shear has been established
at temperatures as low as 4.2°K, this process cannot
simply be ruled out in any situation by temperature
arguments alone. Rather, the decision must be made
as to whether the level of boundary strength (itself
a complex quantity) has been reached under the
conditions of deformation.

SUMMARY AND CONCLUSIONS

Several conclusions may be drawn from the
present work. Although they are based on experi-
ments with aluminum, it is reasonable to expect
that they apply generally to ductile metals.

1) The tensile deformation of ““inclusion-free”’
materials at normal temperatures (around room
temperature) ends in rupture (~100 pct RA); at very
low temperatures (around 4.2°K), fracture is still
purely plastic but now brought on by adiabatic
shear. In these experiments there was no evidence
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of void nucleation by vacancy condensation, nor was
any support found for dislocation pile-up cracking.

Fracture of inclusion-populated materials over a
range of temperatures is nucleated with the forma-
tion of voids as the local tensile stress exceeds the
strength of the inclusion-matrix interface or of the
inclusion itself. Crack growth begins with void
coalescence, and in the early stage proceeds by
general deformation in the neck; at a later stage,
growth may involve localized shear. Final separa-
tion can occur in either one of two ways: if the
material is relatively pure (free of inclusions), con-
tinued growth by localized shear results in the
double-cup fracture; if impure, creation of voids
and realignment of existing voids along the shear
bands confine deformation there and lead to a cup-
and-cone fracture.

2) Adiabatic shear in low-temperature discon-
tinuous flow requires a transient energy pulse, such
as that provided by tapping the machine or obtained
from a local concentration of slip. Other sources of
local temperature rise for an unstable flow (and
fracture) may be imagined, however, as in the vari-
ous deformation processing operations or in the de-
formation responsible for seismic faulting.*® Once
initiated, the duration of unstable flow is controlled
by the effective mass and elastic stiffness of the de-
formation system.

3) Grain boundary cracking in aluminum at 40°K
and below was established to be a result of grain
boundary shear, showing that viscous flow is not
necessary for boundary sliding. Instead, a low-
temperature boundary shear may occur when the
local stress in regions such as triple points is ele-
vated to the level of the inherent boundary shear
strength.
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The Surface Diffusion of Germanium on Copper

P. G. Shewmon and J. Y. Choi

The surface-diffusion coefficient for Ge*®, Dg (Ge),
has been measured on (111) and (100) suvfaces of
copper from 1000° to 620°C. Dg (Ge) on the (111) is
two to three times that on the (100) as was found
earlier for copper and gold on copper. Dg (Ge) on
both (111) and (100) is about thirty times that found
for gold or copper tracers on the same surfaces,
while in the tempevature range wheve both Dg(Ge)
and Dg(Au) have been measured the activation en-
ergy for germanium is the same as that for gold.
The apparent activation energy for Dg(Ge) is not a
constant, but decreases with temperature.

IN a recent paper we reported on the application of
a new tracer technique to the determination of the
surface-diffusion coefficient (Dg) for gold and cop-
per on (111) and (100) surfaces of copper.' In this
paper, we shall give the results obtained when the
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same technique was used to measure Dg for ger-
manium on the (111) and (100) surfaces of copper.

In addition to providing data on D, for an addi-
tional element on copper, the longer half-life of ger-
manium (275 days) meant that Dg could be measured
down to a much lower temperature and thus over a
much wider temperature range (1000° to 620°C) than
was used in our gold-tracer work (1060° to 780°C)
or copper mass-transport studies (1060° to 800°C).%3
The apparent activation energy for D.(Ge) is essen-
tially the same as that found for gold or copper in
the same temperature range, though the values of
D¢ (Ge) are thirty times greater than those found
for gold or copper tracers.

The most interesting new result found is that the
apparent activation energy for Dg(Ge), and thus Dy,
definitely increases with temperature. Such a trend
was much more apparent in Gjostein’s* mass-
transport work on copper than in our own, though in
an earlier paper we mentioned the difficulty of fit-
ting all of our points with one straight line:*> No real
explanation of this is given though experiments done
on grain boundary groove growth at various ambient
pressures demonstrate unequivocally that vapor
transport plays no part in the increase in activation
energy with temperature.
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