MAY 8 1964

LOW TEMPERATURE DEFORMATION OF COPPER SINGLE CRYSTALS
ORIENTED FOR MULTIPLE SLIP

by

SHIGEO SAIMOTO

B.A.Sc. (1958), M.A.Sc. (1960)

University of British Columbia

Submitted in partial fulfiliment of the
Requirements for the degree of
DOCTOR OF PHILOSOPHY
at the

Massachusetts Institute of Technology

January 1964

rd
Slgnature redacted

Signature of Author
/bepa/fhentfof Metallurgy

Certified by Slgnature redacted o
Thesis Advisor

/7 Vg, I /

Signature redacted

Accepted by gy acrey o
Cha n, Departmental Committee
on Graduate Students




72945}5
f??zﬁa ¢
/764
Fé.D,



e = 77 Massachusetts Avenue

Cambridge, MA 02139

M ITI—ibra rl eS http://libraries.mit.edu/ask

DISCLAIMER NOTICE

Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to
provide you with the best copy available.

Thank you.

The following pages were not included in the
original document submitted to the MIT Libraries.

This is the most complete copy available.



ii,

LOW TEMPERATURE DEFORMATION OF COPPER SINGLE CRYSTALS
ORIENTED FOR MULTIPLE SLIP

by
SHIGED SAIMOTO

Submitted to the Department of Metallurgy on January 17, 1964
in partial fulfiliment of the requirements for the '
Degree of Doctor of Philosophy

ABSTRACT

Tensile tests on copper single crystals of [Tlﬂ and [boﬂ
orientations and on coarse-grained polycrystalline copper were
performed at 4.2°, 78%, 162°, and 273°K. Certain broad cor-
relations were found between linear (Stage II) hardening in
[TII} and prominent slip-cluster formation, and between non-
linear hardening in [00{] with much less evident clustering.
The temperature insensitivity of initial hardening rates in
[00{] suggested that a non-linear Stage II was being displayed;
this possibility was supported by the fact that whenever
clustering did occur the initial hardening rate decreased

towards the Stage II value of [?ﬁf] as a lower limit.
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The Cottrell-Stokes law was found to be valid for both orienta-
tions upon cycling between 162° and 78°K, with éi; being lower for
[OO{]. Between 273° and 78°K, fié was independeZt of stress over
only a limited range, up to abouz 8000 psi.

Differences between [001| and [T11] in both isothermal hardening
and thermal-cycling behavior have been rationalized on the basis of the

character of jogs produced by the intersection of primary and critical

systems that is unique to [boﬂ .

Identical experiments on the coarsely polycrystalliine copper led
to the conclusion that its hardening behavior represents a transition

from [ooﬂ - type deformation at small strains to [Tl{] - type as

straining is continued.

[Tl{] crystals twinned in tension at h.Zo, 200, and 78°K, at
stresses that increased with temperature. [oof} could only be
twinned in compression; the stress at 4.,2°%K agreed favorably with
that for [Tlﬂ crystals in tension at this temperature. The active
systems were consistent with those predicted by the usual hard-ball

model of deformation twinning in face-centered cubic crystals.

Thesis Supervisor: Walter A. Backofen

Title: Professor of Metallurgy
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1.

INTRODUCTION

The present understanding of the deformation of face-centered cubic
metals has been derived mostly from the results of experiments on crystals
oriented for single slip,] The hardening pattern has been characterized
by three ''stages'' with reference to the shear stress-strain curve:

Stage I, easy glide; Stage II, rapid linear hardening; and Stage IIiJ,
dynamic recovery, characterized by a diminishing hardening rate. More
recently, the pattern has beer. elaborated with findings of two linear

regions of slightly differen: slope in Stage II,Z’B’h

5,6

and, in some cases,

of a linear region in Stage III.

It is generally agreed that the flow stress, T, of face-centered
cubic metals is comprised of a temperature-dependent part, Te and
another part, Tg, which is dependent upon temperature only through the
shear modulus. Three major theories associate rg with the stress

required (1) to drive dislocations through the relatively long-range

7

elastic stress fields around dislocation pile-ups, ’8(2) to drive

dislocations through the elastic fields around other (forest) dis-

2110 (3) to accomplish the

1150213

locations penetrating the glide plane,
non-conservative motion of sessile jogs. In both the

"long-range'' and ''forest' theories, TS is the stress for the mutual
cutting of dislocations in a forest relationship that leads to jog

formation, while in the '"jog' theory Ty is the stress required to

constrict interstitial-forming jogs.



From experimental observations, Stage II has been identified with an
increasing dislocation density, unchecked by annihilation based on cross
slip.!h Quantitative derivation of hardening rate is least complex for
Stage II, and all theories have been shown to predict the observed linear
hardening in Stage II. Also basic to the theories is a requirement for
slip on other systems than the most highly stressed as the pre-requisite
for production of dislocation barriers or forests. Accordingly, it has
long been felt that study of the hardening behavior of crystals oriented
for multiple slip in which the several active systems are known should
reveal additional information with which the mechanisms of hardening can

be better understood.

5 and Staubwasser16 working with aluminum crystals,

Lange and Lucke,
and Rosi‘7 and Diehl'8 with copper crystals, have shown that as the
tensile axis approaches the symmetrical orientations of [001] and [Tll},
the extent of easy glide decreases and the slope of Stage II rises.
Systematic study of these orientations was made by Hosford, Fleischer,
19

and Backofen ~ on aluminum and, more recently,by Ramaswarni20 on silver
and silver-gold alloys. Sawkill and HoneycombeZI found that for
orientations near [ooﬂ , deformation at room temperature involves non-
uniform thinning along the gauge length of both aluminum and gold
crystals. Hosford et al. confirmed this behavior in aluminum for the
[OOU orientation at 273°K, but at 200°K and below, a uniform,

symmetrical shape change with stability of orientation was observed;

in addition, it was learned that [TWI] was stable at all temperatures



3.

and that stability of [601] was associated with an initially higher rate
of hardening for this orientation than for ffiﬂ » In follow-up experi-
ments by F'Ieischer'22 on polycrystalline aluminum wires, a double

Q11> + Q100> fiber texture was found after drawing at 78k, whereas
only a single <j|i> texture could be developed by room-temperature
drawing. Thus there is a strong implication that the hardening
mechanisms operative in [ooﬂ and [Tﬁﬂ crystals are different whether
comparison is made at a fixed temperature or as a function of temper-

ature.

It has been suggested by Kocks23 from experiments on aluminum
at room temperature that multiple-slip hardening, even as it occurs
in polycrystalline material, is well represented in the behavior of
fflf] single crystals., Still others have investigated multiple-slip
deformation in polycrystalline material by focussing on the strain-
r'atez’+ and temperature dependence of hardening,25 and by observations
of dislocation structure with transmission electron microscopy.zs’27
However, considering the aforementioned evidence that multiple-slip
hardening is in fact both orientation and temperature dependent, any
extensive interpretation of such results is difficult. Essentially
for these reasons the present work on strain hardening in [001] and
[Tﬁl] single crystals of copper and in polycrystalline copper was

undertaken.



EXPERIMENTAL PROCEDURES

The copper single crystals were grown under helium by the direc-
tional solidification of premachined blanks embedded in graphite
powder (as described in Appendix I). The gauge length was 2.5-in;
and the cross section was square, about 0.120-in on a side (Fig. 1).
The variation of cross-sectional area was less than + 2 percent. A
standard 1/4 - 20 thread was machined initially at the ends of each
blank and grown into the crystal to minimize the gripping difficulties
which can arise with soft crystals. Axial orientations of [Tlﬂ and
[boﬂ were obtained by seeding. The starting material, obtained from
the American Smelting and Refining Company, was 99.999 percent pure,
according to spectroscopic specification. However, a chemical
analysis of one crystal revealed that impurities were picked up
during growth leading to a final distribution in weight percent of:
Si, 0.017; Fe, 0.005; Al, 0.013; Ni, 0.0015; Pb, < 0.001;

Zn and Na < 0.0002.

Growth occurred at a rate of 0.6 to 0.8 in/hr, after which the
crystals were annealed under helium for 36 hours at IOOOOC, cool ed
at about SOOC/hr down to 600°C, and then furnace cooled. Orienta-
tions determined by the Laue back-reflection method were within a9
of those indicated in the standard triangle (Fig. 2). Each of the
[bo{] and [TI{] crystals was prepared with one face approximately

28, 29

parallel to (110). Berg-Barrett photographs of a few



Fig. 1.

As-grown single crystal of copper with grown-in
standard 1/4 - 20 threads for gripping.



Fia. 2. Axial orientations of crystals tested (open circles).



electropolished crystal surfaces showed at most only one low angle

grown-in boundary which was parallel to the specimen axis.

Polycrystalline samples were prepared from the as-received rods
of 99.999 percent copper by first cold swaging to give a 55 percent
reduction in area. Cylindrical specimens with a 2.5-in long gauge
section of 0,150-in diameter were then machined and recrystaliized
in a single batch in an evacuated pyrex tube at 360°C. The final

grain size was rated by Heyn's intercept method30

as 10 grains per
square millimeter; anneal ing-twin boundaries were not counted in

this measurement.

The testing was carried out in an elastically '"hard" screw-
driven machine described elsewhere.31 The basic design involved
a moving rod suspended vertically inside a stationary tube. The
crystal was threaded into a universal joint at the lower end of
the rod (upper grip) and into a hemispherical nut surrounded by a
mating collar that was fastened at the bottom of the tube (lower
grip). From the difference in extension measured by crosshead
motion and with reference to fiducial marks on the sample, it is
estimated that the 'pulling out' at the grips under maximum load
reached in any of the tests represented less than 1 percent strain
over the gauge length. A voltage-suppression circuit was in-
corporated in the load recording system to obtain the smallest

scale used of about 100 1bs across the full width of the
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9-1/2 in wide chart paper. A constant strain rate of about 0.8 x 10_4

sec'] was used throughout.

Isothermal tensile tests were performed with the crystals com-
pletely immersed in a constant-temperature bath of liquid helium (4.29K),
1iquid nitrogen (78°K), ethyl alcohol at its freezing point (1629 + 2°),
or ice water (273°K)° One test was performed in helium vapor at
20°K_i 5°, Temperature was measured in the ethyl-alochol tests with a
copper-constantan thermocouple and in the helium-vapor test with a

calibrated graphite-resistance thermometer placed beside the crystal.

For the Eflﬂ and [ooﬂ crystals, shear stress-strain curves were
derived from the true tensile stress-strain values with a constant
Schmid resolving factor, m = cos A cos ¢, where ¢ and A are angles
between the tensile axis and the slip-plane normal (¢) and the slip
direction (A). 1In this procedure, the assumption is made that slip
occurs on octahedral planes in close-packed directions without lattice
rotation. For inside-triangle crystals, shear stress and strain were
computed from the loads and extensions by the single-slip formulae of

Schmid and Boas.32



RESULTS

Tensile Stress-strain Curves (g vs_€)

It is clear from the true tensile stress-strain curves of Fij. 3
that at all four temperatures the over=-all strain-hardening rate is
greatest for the [Tﬂﬂ and least for the [001] crystals. The general
behavior of both the [ooﬂ and polycrystalline samples was to harden
at monotonically decreasing rates, starting from yieid; therefore,
the initial portions of the curves could be represented, if only

approximately, by the relation33

o =g, + Ke" where g is the flow
stress, %, is the yield stress, and K and n are constants. Values
of n determined from the slopes of the initial linear regions of
log (o - 06) vs. log € plots (a typical plot is shown in Fig. 4)
and the strain, ep, at which this linearity terminated are re-

corded in Table I. The n values are similar for [boﬂ and poly-

crystalline samples and are almost temperature independent.

At 78° and 4.2°K the slope of the log (o - ao) vs log € plot
for polycrystalline samples was observed to increase beyond ep
instead of decrease as observed at higher temperatures; this re-
flects linear regions in the hardening curves and such regions are
indicated (beginning and end) by arrows in Fig. 3, although they
are only apparent upon plotting on much expanded coordinates. The

3

linear region has been attributed by Kocks2 to a hardening

comparable to that in Stage II of single crystals. In more detail,
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TABLE I. Work hardening parameters for [ooﬂ crystals and polycrystal tine material.
- ’ (:_T.) (.::_") Number

Cod est g T Y A =

ﬁNu:bzr Temp . _':3’ _‘; i “p - 7:_;'0]6 _TLLy o6 of
% %K | x 10~ psi |x 10 ° psi x 1073 psi | x 107 psi x 103 Clusters
-; Polycrystalline Material

i

{ P-3 273 .00 ——-- .82 | .087 ---- ---- ---- -
P-6* 1273 1.80 -—— e ———- ———— ———- ———
I

i P-1 162 3.00 ——-- .85 | .125 ———- —— ——— ———
} P-5* {162 2.00 e g amn e e e
% p-2 | 78 2.20 S .83 | .052 - - -——-- ————
| Pt we| 202 | - .86 | .068 S— ——e-
b (001] Crystal ‘
4 J-4 |273 478 194 .88 | .062 5.9 3.96 6.65 )20
4 9-8% [273 408 .166 ———m——— - 4.70 7.90 (5
ﬁ J-10% (162 2.5 ——— .82 | .068 73 4,87 7.30 {5
A J9-6% 1162 -820 .334 e --r= h.23 6.8 >20
g

% J-5 78 .696 284 .80 | .115 11 .7 5.57 8.74 (5
i

§ -2 L.2 .852 348 ~1.0 |---- ——-- 3.58 5.60 )30
i J-9 4,2 1.050 B29 | ~1.0 |- - 3.4 5,33 )30
E J-11 4.2 473 193 92 [-=—= === k.56 7.14 o

i,

!
{

" * Prestrained about 0.007
'} * Thermal cycling tests

Al
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Kocks has suggested that the hardening curves of all polycrystalline
face-centered cubic metals are initially linear. Here, however, the

linearity did not appear until after some hardening at decreasing rate;

33

a similar observation has been made by Jaoul with aluminum at ?BQK.

Shear stress-strain curves (Figs. 5-8) were computed for the poly-
crystalline material from the tensile quantities and the formulae

T =0.375¢ and ¥ = The 0.375 was chosen arbitrarily to show

. A

0.375 °
a parallelism between hardening in polycrystalline material and ETI{
34

crystals at large strains. By the analyses of Taylor,
l35

and Bishop
and Hil the appropriate factor would be 0.326 for a randomly
oriented aggregate. But since there could have been a broad fooﬂ

36

texture in the as-received copper rods, in which case a larger
factor could be expected on the basis of the above mentioned
analyses; there is some justification for the choice of 0.375. The
appearance of a linear hardening region in the polycrystalline case,
larger in extent at 4.2 than 78°K, also supports the effort to
show a similarity to [TI{} at large strains. However, at small
strains, just beyond yielding, the resolved shear hardening curve
for the coarse-grained polycrystalline copper of this work does
resemble that for [ooﬂ crystals. The implication is that the
hardening characteristics change with strain from those of an [ooﬂ

orientation to a [Tlﬂ . The clearest indication of the point being

made is found in Fig. 7.
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Shear Stress-strain Curves (T vs ¥)

Iilﬂ and Inside-triangle (Single-slip) Orientations: Two !inear

regions were found in Stage II, although they are not obvious in

% .
Figs. 5-8 owing to a reduction in scale. The slopes; QIIF and 9112,
and the corresponding shear stresses at the end of the first and
second, Tk and Tyype respectively, were determined from expanded curves

and are recorded in Table II, A comparison of @ at Z?SGK with the

LIy

room-temperature values from Diehiis and from Rosi!7 for similar
orientations near [T]ﬂ indicates fair agreement, while BIIp at h.ZOK

compares favorably with a value estimated from a curve of Blewitt,

39

Coltman, and Redman. The waviness of the [TIIJ curve at ZOOK,

caused by measurable temperature fluctuations during the test, made
the determination of 9112 and TI1T
sults, for the [TIIJ orientation GIII/u was temperature independent**

impossible. 1In the present re-

(Fig. 9). As shown in Fig. 9, the 9111/“ values for single-slip

orientations, which agree favorably with the mean value from Diehl
37

and Berner, are lower than those for [Tfﬂ crystals by a factor

of about 2.

4

ol

*  Notation after Mader, Seeger, and Leitz.

** The shear modulus, p = (1/3)(Cy; - Cj2 + Cyy) where the elastic
constants are those of Overton and Gaffney.
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TABLE II.

Work hardening parameters for multiple and single-slip orientations.

Paad ;:;t %o %o o1y K S5t sy g T
Pe -3 -3 -l -3 -4 -3 3
oK x10 " psi | x10 " psi | x10 " psi | x10 " psi | x 10 " psi |[x 10 ~ psi | x 10
[T1] crystals
D"7 273 .558 .]52 3.]2 605 2-:5] 807 5025
B-12% 273 .710 .193 -—-- -— ——-- ———- ———
D"9 ]62 !.242 -338 3052 65"" 2093 1008 5¢66
B-9% 162 749 .20 JR— S ———- R e
D"]L" 78 -l"gl" aIBL" 3011‘8 79] 3020 ] ] Sol"s
c-3+t 78 1.65 450 3.L4 7.6 3.24 11.8 5.40
D-10% 2045 1.81 492 ~3.50 S ———— —— 5.47
D"l ""oz -76“‘ .208 3.39 ]3-5 30]0 )]796 5n30
Diehl'8 295 ——— —— 3.55 -— e ———- —---
Rosil7 295 ———- ——— 2.70 -——— - -——- -——-
Blewit 4.2 ——-- ---- ~3.36 —--- .- —mme ----
et al.
[OOﬂ Crystals
J=2 L,.2 .852 .348 3.55 —— - s 5.55
J"g ‘+.2 l 0050 -428 3061" D = e S 5 '70
Single-slip Crystals '
B-7 295 -—-- .135 1.89 2.3 1.67 4.2 3.18
D-12 78 -—=- .075 2.03 9.5 1.77 12.3 .18

+

Thermal cycling test

Cylindrical specimen
Slightly prestrained

‘6l
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An initially concave-upward trend in the [T]ﬂ curves (Fig. 10) can
be termed ''easy glide'' and is probably the result of slight deviation
from true [Tlﬂ ; as demonstrated by Kock523 with aluminum of this
orientation. The larger extent at 12K might be attributed to the
use of a different type of lower grip in the test, one with the nut
bearing on a flat collar instead of the ball-and-socket arrangement,
and this could have aggravated the tendency towards a deviation from
true [Tlﬂ . However, a similar observation of increase in the extent
of easy glide with decrease of temperature has also been found in

19

aluminum.

5

A plot of log 7 vs T (used by Haasen” in determining stacking-

ITT
fault energy) is generally linear, although a discontinuity appears
for [T11] at 78% (Fig. 11). The [111] value for 4.2°k is not en-
tirely appropriate for this plot since it is identified with the
onset of twinning (Fig. 5); Stage IIT was never reached at 4.2%K so
that the true Topp Must be larger still. The single-slip results are
in reasonable agreement with a mean curve from Seeger, Berner;, and

38

Wolf;~" the slope is about three times that for frlﬂ .

[001] Orientation: The only indication of linear hardening is

found at 4.2°K (Fig. 5). At all temperatures, the initial rate of

hardening is greater than the maximum rate, © of Erlﬂ crystals.

1T
However, the rate decreases more rapidly in [bOIJ than [Tlﬂ and the

T vs ¥ curves cross at large strains. Such behavior has been observed
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for multiple and single slip. T, for [ooﬂ
be equivalent to Tyy7.

The dependence of Ti11 ©n temperature for crystals oriented
is considered to
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19

in aluminum - and silver,20 although in the latter case Ramaswami found

a linear region in the [OOfW curve at low strains over a range of
dr
temperatures. The slopes dy at an arbitrary strain of ¥ = 0.016

Tl
are listed in Table I and plotted against temperature in Fig. 9 whare

it may be seen that the general level is higher than that of GH_I for
[Tn].

Critical Resolved Shear Stress, T,

The basic load value for the calculation was taken from the strip
chart where the initial loading path was observed to deviate from a
straight 1ine. The corresponding plastic strain was about 5 x 10-4.
The yield stress of polycrystalline samples ¥, Was similarly defined,
and all values are recorded in Tables I and II. The 7 for [001] and
{Tld at 273°K are somewhat lower than those estimated from Livingston's
curves.ul However, the room-temperature value of T for the single-slip

18 and Rosi17 for similar

orientation is in accord with those of Diehl
purity. The noticeable scatter at various temperatures; which obscures
any temperature dependence, may be due either to the pre-test handling
of the crystals or to the variations of purity from crystal to crystal.
It has been observed that small differences in purity greatly affect
the temperature dependence of 1042 but do not influence the rate of
hardening in Stage II.'7 For example, the Stage II parameters in

Table II for crystals D-14 and C-3 agree quite well, even though Ty

43

differs by a factor of 3. As found by previous workers, ~ the yield

stress of coarse polycrystalline copper is quite temperature
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independent. Furthermore, it is considerably higher than that of single

crystals oriented for multiple slip.

Surface Observations and Lateral Strain Measurements

Eflﬂ Crystals: Slip clusters were observed at all temperatures.

Others have reported such markings after room temperature deformation

17,18 15,21 21

of copper, aluminum and gold™ crystals oriented near LTlﬂ

and [bOI]. Unlike aluminum crystals of this orientation, however,
copper crystals did not develop the ridges found by Hosford et al.‘9
In any one region, no more than two sets of clusters were observed.
Shown in Fig. 12 are typical markings with a fine structure between
them which has been described by Dieh!18 as ''cloth-like structure
with marked graininess''. Clusters, as viewed in the various photo-

micrographs, are not coincident with {lll} traces because of

elongation of the crystal subsequent to their formation.

Al though Laue spots were diffuse,* the zone taken through the
center of the spots indicated no lattice rotation. However, width
and thickness-strain measurements made with a micrometer on the
crystals after extension revealed more thinning in the [llo] than

T o—
Ulz], the cross section remaining rectangular. The differential

*  For annealed crystals, Laue spots were about 1/2° in diameter,
measured with the Greninger net, whereas after deformation the
spots were about 4° in diameter.
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straining cannot be explained in terms of single slip and easy glide
since; as shown in Fig. 10, crystal D-9 gave no indication of easy
glide yet was characterized by a e[ﬁ‘d}/e[jTi{ ratio of 1.3. Therefore,
the observed asymmetric deformation must result from different amounts
of slip on the 6 initially equally stressed systems, A computation
(Appendix II) shows that for e[i]d]je{}Ti] = 2 and for likely values
of shear strains on the different slip systems, a lattice rotation of
no more than 4° (for a tensile strain of 0.40) can be expected. Owing
to diffuseness of the Laue spots, such small rotations could not be
detected. If unequal amounts of slip on different systems should occur,
a Schmid-factor consideration shows that the tensile axis will tend to
rotate away from the [Tlﬂ along one of the {110} planes. This means

that a primary-conjugate® pair of systems would undergo the most slip.

jgoﬂ Orientation -- Cluster-free Crystals: Crystals which did

not exhibit linear hardening (78°K, 162°K, 273%K) were also almost
devoid of clustered slip. Usually the clusters that were present were
associated with geometrical irregularities such as depressicns formed
during growth on crystal edges. However, a few clusters were found
where geometrical stress concentrators were not apparent;, as seen in

Fig. 13a. The cluster-free regions also had the ''cloth-1ike structure'

fa

* Notation of slip systems after thaF adopted by Rosi and l“lathezws'.n:m"l'br
and by Clarebrough and Hargreaves.



Fig. 13.

(a) Large area of ''cloth-1ike structure' with a rarely
occurring cluster on a (110) surface of [001] crystal
extended to fracture at 789K; tensile axis horizontal,
X50. (b) Enlarged view of ''cloth-like structure'
found in (a); tensile axis horizontal, X1000.

28.



29.

as shown in Fig. 13b, the appearance of which did not change much with
temperature of deformation. In a few clusters penetrating from the
crystal edges, traces of several slip planes were clearly evident
within the cluster (Fig. 14a). Cross slip was abundant both in the

clusters and near the necked region in extended crystals (Fig. 14b).

No lattice rotation in cluster-free regions could be detected in
X-ray photographs. Laue spots were slightly less diffuse than those
from [TII] crystals, and were elliptical with axes of 3% and 1°. No
significant temperature dependence of the diffuseness was detectable
with either orientation. Staubwasser,6 has reported that asterism is
small for [ooﬂ and [T!i] crystals of aluminum. Micrometer measure-
ments of width and thickness strains in the [bOI] case revealed
axially symmetric deformation; which indicates that four <Ild>
directions and probably all eight slip systems had operated in equal

45 its

amounts. Since asterism is attributed to kink-band formation,
near absence is not surprising for orientations associated with such

intimate mixing of slip.

Similar observations of very limited slip clustering (except in
the vicinity of a neck), non-detectable lattice rotation, and axially
symmetric extension have been made on [OOﬂA crystals of aluminum at

Tow temperatures,l
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(b)
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(b) Cross

(110) surface, X250,

(110) surface, X250.
ear the fracture end tested at 273°K

(a) Large cluster which seemed to have been initiated from

the edge of [001] crystal tested to fracture at 162°K

tensile axis horizontal,
slip in [001] crystal n
tensile axis horizontal,

Fig. 14,
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[001] Orientation -- Crystals with Clusters: At h°2°K, slip clusters

>were observed on all crystals. However, clusters were not consistently
narrow as they were at higher temperatures, but many were broad with a
feathery appearance and did not span the width of the crystal (Fig. 15a).
Crystals J-2 and J-9 (Table I), on which large numbers of clusters
appeared, were also characterized by linear shear stress-strain curves,
the slopes of which were similar in value to that of Erﬂﬂ crystal at

this temperature (Table II). Crystal J-11, also tested at 4.2k, showed
less clustering than J-2 or J-9 together with non-linear hardening; at the
same time, its flow curve was initially lower than that of J-5 tested at

78°Kk (Fig. 16).

To relate cluster formation to the rate of hardening, clusters of
the type shown in Fig. l1ka, which seemed to be initiated at the edge of
the crystal, were counted and entered in Table I. It seems clear that
(%%) values are higher for those crystals with 4 or less clusters

y=.016
than for those with 10 or more. Owing to the sensitivity of (ﬁ%

7=.01 6
to the occurrence of clusters, it is difficult to determine whether the
temperature dependence of (%1) in Fig. 9 is significant.

/-;%-7=.016

From examination of a crystal after four percent extention at 4.2°K,
it was found that the regions of predominantly single-slip traces, which
give rise to the feathery appearance, are surrounded by traces of other
slip planes. The suggestion is that at this temperature slip has a
greater tendency to be confined to parallel planes and intermixing of

slip systems is avoided if possible. Where the regions of different
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Fig. 15a. Broad feathery cluster with bounding ''deformaticn boundaries"
on [001] crystal extended four percent at 4.29K; tensile axis
vertical, (110) surface, X100.
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Fig. 15b. Schematic drawing of (a) designating the ''deformation-

boundary'' traces and the slip systems which formed them.
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traces meet, diffuse boundaries or ''deformation boundaries'' are formed.
Although at low strains the sharpness of the boundaries varies from
cluster to cluster, when a distinct boundary does form, its trace on a
(110) face is parallel to either a (TOF).or (010) trace and becomes
more distinct with increasing deformation. The predominant siip
systems operative on each side of the boundaries were determined with
reasonable certainty from the lattice rotations found in Laue pictures
taken with the X-ray beam siraddling the observed deformation boundary.
The active slip systems in the region of Fig. 15a are schematically
represented in Fig. 15b. Since a two-surface analysis was not
possible, the planes of the deformation boundaries could not be
determined uniquely. However, it can be shown that strains due to
(111) [Toﬂ and (111) [Tbl] slip are compatible across (To1) and,
similarly, (111) [TO{] and (111) [Ioﬂ slip are compatible across
(o10). Kearhe has recently considered "two-dislocation boundaries”
formed by these types of slip interactions. It seems reasonable

that two slipping regions interact in such a way as to minimize the
lattice strain. Hence, it is concluded that the observed deformation
boundaries are traces of (101) and (010), and correspond to Kear's

case 1 and case vi, respectively.

At low strains, very intimate mixing of slip lines from at least
three planes was observed (the fourth trace is parallel to that of the
third on the (110) surface). Examination of the ''cloth-like structure'

revealed that it should not be attributed to slip steps but rather to
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general topographical upheavals caused by the intermixing of slip

systems.

Temperature Dependence of Flow Stress

Thermal cycling experiments similar to those of Adams and ﬁottrel]u7

were performed between 162° and 78°K, and between 273° and 78%K. The
difference in flow siress, AT, was determined by changing the testing

temperature from high to low, to avoid work softening effects;, and by

extrapolating through the yield point as suggested by Makinl+8 to

eliminate unloading effects. The results are presented as /AT vs T78

49

plots in Fig. 17. The Cottrell-Stokes Law -~ seems to be obeyed in both

orientations for cycling between 162° and 78°K, with the éﬁL ratio being
. 78
lower for the [bo{], However, in cycling tests between 273° and 78°K,

ar is not constant (Fig. 17) beyond a 178 of about 8000 psi. Moreover,

T

78 i _

the difference between Lpoﬂ and [llﬂ orientations disappears. In the
linear regions the temperature dependence of flow stress compares favor-

ably with the values estimated from Basinski's‘o results on single-slip

orientations (insert in Fig. 17).

The results of similar tests on polycrystalline copper are in-
cluded in Fig. 17; again, 0.375 was used as the resolving factor.
Initially, at low stresses, the %?21 points for 1629k fall along
those for [001] crystals before shifting at higher stresses towards
those for [Tll] crystals. 1In cycling between 273°% and 78%K the

éll trend is essentially identical with that of [ooﬂ and Efld .
78
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For the lower temperature, the trend suggested by the stress dependence

of é&l is consistent with that observed earlier in the hardening curves
78 o

(Figs. 5-8), suggesting a transition from [poﬂ - type to _1]{5 - type

hardening with increasing strain.

Deformation Twinning

Eflﬂ Crystals: During tests of [Tﬁ!] crystals at hazgy 20° and

78°K, the load was observed to drop abruptly and to register in an
irregular fashion at some lower level, as previously reported by
Blewitt, Coltman, and Redman..50 Stress-strain curves (engineering
basis) are given in Fig. 18. Comparison of Fig. 18 with Figs. 5 and 6
shows that twinning occurred in Stage II at 4,2% and in Stage III at
78%°K. In which stage twinning occurred at 20%K could not be determined
owing to the previously mentioned temperature fluctuation during the
test. The variation of load evident in the three curves after the
initial drop is most probably caused by slight variationc in cross-
sectional area preventing smooth propagation of Liiders-type band of
twinned material. Examination of one crystal tested at 78°K and
pulled somewhat beyond the abrupt load drop revealed that the Luders
band consisted of thin lamellae of alternating twinned and untwinned
material; X-ray back-reflection photographs contained two sets of
spots, one corresponding to the original [Tli} orientation and the
other to a twinned orientation, (111) [Elﬂ , as reported by

Blewitt et al.
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The geometry of the specimen was found to affect Luders-band
formation as it is being reported here. Preliminary tests on crystals
with slightly tapered gauge sections showed that, when twins are
nucleated near the grip, where the diagonal spreading of a twinned
region is inhibited by the grip, the stress concentration produced
near the head of the first set of twins initiated the operation of a
second twin system. Twinning on the two systems propagated with a
V-shaped front, apparentliy without intersecting. However, with
crystals of uniform cross-section, twins of only cne system were

formed and propagated throughout the gauge !ength.

In Fig. 19a, twinned regions appearing as dark wavy bands can
be seen together with slip clusters which formed both before and
after twinning. The clusters in the untwinned material which formed
prior to twinning are not parallel to {]Il} slip traces since these
markings have rotated with elongation, whereas the lattice has not.
In Fig. 19b, twin lamellae are observed as white-appearing bands at
least some of which are less than one micron thickness in accord
with the electron microscopy observations of Venabless.l The wavy
slip traces crossing both the twinned and untwinned matrix are

parallel to planes sharing a common {110)%, as in the case of

deformation by '"pencil glide' (Appendix III).

The shear stresses for twin initiation, 7., and for Luders-band

propagation of the twinned material,t__, are listed in Table III.

tp
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(a) Twin lamellae (wavy dark traces) in []lﬂ crystal tested
at 78%K. The long clusters at low angles to the tensile axis
were formed before twin initiation, whereas the fine white
traces in the untwinned (center) section were formed after
twinning, (112) surface, X18. (b) Twin lamellae (white
traces) in [111] crystal tested at 4.2°K; tensile axis
horizontal, (110) surface, X500.



TABLE III. Twinning stresses at various temperatures.
Code Test Initiation Propagation
Number Temp o stress stress
o -3 =3 |
K T, X 10 ~ psi Ttp x 10 psii
ﬁWl] in tension
C-3 78 21+0L|' 2] nL"
D-5 78 2L .4 21.4
B-9* 78 2h.9 22,2
D-10 2045 22.7 20.1
-1 L,2 20.3 17.9
-2+ 4,2 19.7 17.5
]ﬁoﬂ in compression
J=1 4,2 <21,2 -——

Thermal cycling test

* Tested in soft machine
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Crystal D-2 was tested in another machine (described eisewheresz) having
a spring constant two orders of magnitude smaller than that of the
standard machine employed for crystal D-1; apparently, Te and Ttp are
not influenced by machine stiffness. Prior thermal cycling of crvetal

B~9 between 162° and 78°K had Vittle effect on the twinning stresses at

78°K, Thus T and o also seem to be independent of prior strain.

[Tld crystals were compressed at h.ZOKy but this orientation was not
stable; the compression axis rotated away from [TI{} and a banded

structure was developed without twinning.

In previous report553-55

of the twinning stress, large scatter
has obscured any temperature dependence. However, the present findings

clearly show that T rises with increase in temperature (Table III).

t

Lgoﬂ Crystals: These did not twin in tension, although twins

were formed in compression at 4,2°%. A crystal with square cross
section and height-to-width ratio of about 1.3 was compressed in a
special cage adapted to the already-described tensile machine. The
loading plates and surfaces of the crystal were coated with Aqua Dag
for lubrication. At a load which corresponded to a shear stress of

3

21.2 x 10 psi on a preferred twin system, the crystal was unloaded,

metal lographically polished, and etched with Young's {Oll} etch.56
In Fig. 20a a few twins with traces parallel to three (and possibly

four) {Ill} planes are evident. By examining etch pits™ (Fig. 20b)

* The formation of crystallographic etch pits is attfibuted to the
presence of impurities in the copper.
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Fig. 20. (a) Twins in [001] crystal compressed at 4,2°K and sectioned
parallel to (110). The dark rectangular spots are etch pits;
tensile axis horizontal, X250. (b) Enlarged view of twins in
(a) showing distortion of crystallographic pits at the twin
boundary, X1000.
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in the twinned and untwinned matrix, the lattice rotation was found to
be 70° + 5°, which is in good agreement with the predicted 70°32'.
Another [pol] crystal was compressed to a shear stress for twinning of
25.9 x IO3 psi; no irregular loading behavior was recorded, but zfter
metal lographic polishing profuse twinning was observed throughout the
section. As a result of these observations, it was concluded that the
shear stress for twinning in compression at 4,2°¢ must be siightly lower
3

than 21.2 x 10° psi. This corresponds favorably with observed values

for [Tlﬂ crystals in tension.

Discontinuous Flow

Discontinuous flow similar to that observed by Blewitt et al.50
occurred in ;boﬂ crystals at 4.29K at a tensile stress of about
B x 10 psi (v = 16.2 x 103 psi); a difference in machine stiffness
by a factor of about 100 had no effect on this value of 7. 1In :flﬂ
crystals, discontinuous flow was not observed until after twinning,
although twinning did not begin until a tensile stress of about

6L x 103 psi (v = 17.4 x 103

psi) was reached. The load drops were
of the order of one percent of the applied load and did not vary

significantly between the hard and soft machines. However, the ex-
tension per load drop was larger for the softer machine. The adia-
batic heating which has been demonstrated to be responsible for the
57

load drops”’ was reflected in the fracture appearance of the crystals
at 4.2°K; the crystal tested in the hard machine failed by shear,
whereas that tested in the softer machine failed by necking to

rupture, which was the mode normally observed at 78°K.
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Warming the crystal up to room temperature after straining at 4,2%K
produced a yield point and heterogeneous flow upon retesting at 4,2%
(Fig., 21). This yield phenomenon is attributed to unloading and strain —

58,59 Examination of the crystal after electropoiishing

aging effects.
(at room temperature) and further extension at 4.2°K, part way into the
heterogeneous region, showed a Luders band consisting of the ''fine cloth-
like structure' and slip bands (Fig. 22b). Comparison of the same region
before electropolishing (Fig. 22a) and after electropolishing and re-
testing (Fig. 22b) makes it clear that the slip bands appear only in
areas where clusters were iormerly present. Furthermore; slip traces

50

of an additional plane are evident. Blewitt et al.” also observed
intersecting slip bands in copper crystals oriented for single slip
after electropolishing and retesting, but did not'report any yield
point. Recently Buck60 has performed a similar test;, also with a
copper crystal. However, it was his finding that upon reloading
discontinuous flow did not occur before fracture intervened. These
observations suggest that the process by which adiabatic flow is

57

nucleated is structure sensitive.

During the deformation of a polycrystalline sample at h.ZOK,
load drops similar in size and frequency to the load drops observed

with [boﬂ crystals were initiated at a tensile stress of 58.5 x 103

psi.
Al though metal lographic examination after fracture revealed profuse
deformation twinning, these load drops are attributed to adiabatic

heating. One indication that twinning is not responsible in this
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Fig. 22, (a) Feathery clusters in [OOI] crystal tested at 4.2°K and
unloaded at start of discontinuous load drops, tensile axis
horizontal, (110) surface, X150. (b) Same region as (a)
showing intersecting slip bands in former regions of clusters
and ''cloth-1ike structure'' after electropolishing and
retesting at 4.29K, X150.
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case is that many twins were found in the vicinity of the neck in a
polycrystalline sample tested at 780K, yet no load drops were ocbserved.
On the other hand, even if the actual load drop should not be associated
directly with twinning, the formation of a twin lameila may provide the

necessary local heating to initiate adiabatic flow at 4.2%.

DISCUSSION

Strain Hardening of Crystals Oriented for Multiple Slip

The processes underlying the linear hardening region in the shear
stress-strain curve of single crystals (Stage II) involve dislocation
generation on more than one {jll} plane and some kind of interaction
which prevents extensive dislocation motion. All dislocations are
imagined to be confined to the planes on which they originate and/or

travel; there is no cross slip in Stage II.

The observation of non-linear hardening in [boﬂ crystals con-
trasted with the linear hardening of {Tld crystals (Figs. 6-8), might
be interpreted as showing either that Stage III is initiated at yield
or that a non-linear Stage II exists. Assuming that the cross-slip
model of Schoeck and Seegersl applies for both [bOI] and [Tll] crystals,
it can be argued that the monotonic decrease of %% in the case of
[poﬂ (Figs. 6-8) is not caused by ''dynamic recovery' setting in with
62,63

yielding. For one reason, dislocation pile-ups behind Lomer-Cottrell

(L-C) barriers in [00@ crystals would be of mixed character, in contrast
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to the pure screw to be expected in [Tlﬂ ; accordingly, cross slip should
occur with more difficulty in [boﬂ ; the orientation that exhibits non-
linear hardening. Secondly, if ''dynamic recovery'' were initiated at
yield, the initial rate of hardening in [00{] cught to be smaller than
that in [Tlﬂ in Stage II, contrary to observation, and the temperature
dependence of (gi)t=50]6 should be larger than observed (Fig. §).
Therefore, it is toncfuded that a non-linear Stage II exists for

[boﬂ crystals. An obvious difficulty arises in finding the strain

at which Stage II passes into Stage III; a reasonable approach is to
choose a value near o where the log (o - ao) vs log € plot (Fig. 4)

deviates from linearity. Such a choice results in a stress rp which

is about the TI11 value for single-slip orientations (Fig. 11).

The question to be considered is whether current hardening
mechanisms which are used to predict linear Stage II are sufficiently
flexible to explain a non-linear 'Stage II as well; in view of the
nature of the theories, an answer in the affirmative might well be

expected.

The long range stress-field theories require L-C dislocations
to act as barriers to dislocation motion. Although it is conceivable
that different arrangements of such barriers may give rise to linear
and non-linear hardening, the abundant clustering and the tendency for
easy glide in [Tli] crystals but not in [00(1 cannot easily be ex-
plained by changing the array of sessile dislocations. As discussed

19

by [(ocks,65 and by Hosford, Fleischer and Backofen, there are
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four ways to produce L-C dislocations lying paraliel to the two unstressed

Q10> directions in crystals of [001] orientation, while there are three
ways of producing them in [Tlﬂ crystals;, all lying paraliel to potentially
active <110> directions. Now, since the sessile dislocations in [TI{]
orientation lie along the intersection of two potentially active planes,
the hardening rate in this orientation would be expected to be larger

65 also

than that in [ooﬂ , again contrary to observation (Fig. 8). Kocks
could not explain, in terms of the formation of L-C barriers, the work
hardening behavior of aluminum crystals oriented for various types of

multiple slip.

A specific disagreement with Seeger's theory of hardening arises
for [Tll] crystals. According to the theory38 the sEacking-fault
€
energy can be derived from the expression B = % log EQ ; where B is

the slope of the log 7 vs T plot, k is the Boltzmann constant, A

III
is a parameter which is principally sensitive only to the stacking-
fault energy, € and éo are the strain rates at any given temperature
(at which TIIT is evaluated) and at 0°K, respectively. éo’ which is
determined from the strain rate sensitivity of TIrr is not expected
to be highly orientation sensitive. Thus the plots in Fig. 11 for
[TII] and single-slip orientations shoufﬁ be nearly parallel, which

they are not. Such a finding rules against long-range stresses from

pile-ups at L-C barriers as the dominant source of hardening.
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Other mechanisms of hardening are based on forest dislocatiOnsg’Io
and _‘iogs.‘i3 To investigate implications from these mechanisms; all
possible interactions among slip systems are classified into five types
(Appendix IV), and the number of ways in which each type can occur for
the two orientations of interest are listed in Table IV. According to
CottreHsG7 siip systems activated by the same applied stress undergo
screw-screw intersections which produce interstitial-forming jogs,
except for type-d intersection which produces equal numbers of inter-
stitial-forming and vacancy-forming jogs. Those pairs of slip systems
which are capable of producing jogs are indicated in Table IV together
with the relative numbers of interstitial-forming jogs, NI’ and of
vacancy-forming jogs, Nv’ assuming equal amounts of slip on all systems.
Although the numbers of interstitial and vacancy-forming jogs actually

produced are impossible to determine, the ratio might reasonably be

E:N
assumed to be proportional to ——;

1L
According to the jog theory of hardening; the temperature in-
dependent part of the flow stress, 19, is the result of the drag on
dislocations caused by vacancy-forming jogs; the temperature dependent
part, Tgs arises from the stress-aided constriction of extended

interstitial-forming jogs which permits conservative glide along the

T
screw dislocations. Hence, it would seem that ?2 ought to be
N g
dependent on the ratio =X However, the temperature dependence

i,

v

of the flow stress (Fig. 17) is smaller for the [bo[] orientation
N

which has the larger Sfﬁl ;s contrary to this prediction. Thus the
v

66
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TABLE IV.

Interacting combinations of slip systems and the types of jogs formed.

Orientation Type of Number of Product of Ng, relative | Ny, relative Z:NI
interaction possible interaction number of number of N
ways of . interstitial vacancy Ny

interaction iogs _jogs

[EIT] a 3 none = e
b 3 ! iy S 2_3
c 3 2 jogs 6 0 3

d 6 ! kink,1 jog 3 3

[GOIJ a L none == “ee
b L4 I 28_
c L 2 jogs 8 0 L=

d 8 1 kink,1jog 5 b

e 8 2 jogs 16 0

Interacting

(2) Primary
(b) Primary
(¢) Primary
(d) Primary

(e) Primary

combinations of slip systems

different Burgers vector with common glide plane.

Ccross

conjugate

intersecting system with Burgers vecter parallel to the

other than combinations a and b.

critical

primary planeg

'€
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extension of jogs in the manner envisaged by Hirschi3 to account for

temperature dependence is not likely.

From a forest-hardening viewpoint, differences between {0035 and
ETI{] hardening must follow from differences in the character of the
forest dislocations. Table IV shows that only the primary-critical
intersection is not shared by both [00{] and [Tﬁﬂ o This attaches a
basic importance to the intersection of disiocations, unique in [poﬂ P
with Burgers vectors at 90° to wsach other (90° intersection). The
absence of any trace of easy glide, the initial high rate of hardening,
and the axially symmetric straining without cluster formation of [poﬂ
crystals (Table I) suggest that the 90° intersections give more
hindrance to slip than 60° (or 120°) intersections alone. Also, the
observed difference in 4%§g for [ooﬂ and [Tlﬂ crystals (Fig. 17)
could be interpreted to mean that the thermally activated process may
be different in the two cases of intersection. On the other hand the

= difference can equally well be rationalized by pointing out that

T
jzgs resulting from 90° intersections may be less mobile tnan those
from 60° intersections; the point made by Stroh68 that the plane
defined by the jog-line and the Burgers vector of the jog formed from
90° intersection is a {IOO} plane, not {l}l} as in the case of 60°
intersection, supports this argument about the character of 900—
intersection jogs. The less mobile jogs can act as pinning points

contributing to Tg but not to Tes the result should be a reduction

éél for [ooﬂ ; but not for [TI{; in which such pinning is absent,
78
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and an increase in hardening rate for [ooﬂ . Certainly when long jogs
are formed by 90° intersections, they may dissociate and produce sessile

dislocation as discussed by Hosford and Fleischer.69

If jogs from 90o intersection cam pin so much more effectively than
those from 60° intersections, their formation should also intéfFere, more
than that of the other type, with long-distance dislocation motiocn and
discourage the localization of siip leading to clusters. Ordinarily,
the predominant slip system would be that with the largest density of
dislocations, for this could operate with the least amount of forest
cutting. However; from the symmetry of [boﬂ it can easily be imagined
that the forest dislocations interacting at 90° with each equélly
stressed slip system aré of nearly the same density for all. Therefore,
with the high pinning capacity of the 90°~intersection jogs, the amount
of slip on all systems ought to remain about the same. From yielding

onward, this situation should prevail for the L00ﬂ| orientation and

thus account for its stability.

Since 90°-intersection Jjogs are not produced in jTlﬂ crystals,
only forest dislocations can act as &kraking agents to control long-
range dislocation motion. Accordingly, the stability of this
orientation should be very sensitive to slight variations in forest-
dislocation density. The observed tendency for easy glide and
cluster formation could be interpreted as reflecting such a condition.
If it were not for the grip effect, these tendencies would be expected

70

to be even more apparent. However, as discussed by Huaser and Jackson,
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all six slip systems are made operative. Equal slip on the six systems
is predicted as a consequence of the gripping; that it is not observed
(asymmetric straining being found) indicates an inequality of flow stress
among the systems. This finding is also consistent with the notion that
without the presence of 90°-intgrsection jogs the system which iz first

to operate will operate the most.

Strain Hardening in Polycrystalline Copper

It has already been argued from comparisons of isothermal hardening
behavior (Figs. 5-8) and the stress dependence of the féi ratio (Fig. 17)
that coarse-grained polycrystalline copper hardens simiTZrly to [ooﬂ
crystals at low strains and [T]ﬂ crystals at high strains. In the pre-
vious section, an attempt was made to attribute the [00@ hardening be-
havior to the presence of 90° dislocation intersections, in among 60°
intersections;, and the [Tlﬂ behavior to the presence of 60° inter-
sections only. Therefore, along such lines, it is further suggested
that as plastic straining begins in polycrystalline material, slip on

systems with 90o intersections is significant, but that with increasing

strain the amount of 90o intersection and its importance decrease.

Some reasons can in fact be found for anticipating that slip
systems with 90° intersections will be most active at yield and become

Lin7l’72 has considered the possible

increasingly inactive with strain.
sequence in which slip systems in a grain of an aggregate become
operative under rising load; he investigated a range of strain that

might well be identified with the pre-yield region of microstraining.
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The sequence calculated by Lin seems to require siip on systems leading
to both 900 and 60° intersections. However, as the aggregate becomes
fully plastic, it is only necessary that at least five independent slip
systems in each grain be operative to ensure compatibiliry of strain at
grain boundaries; there are many possible combinations for this purpose.
Unl ike the [boﬂ case, slip in a grain of an aggregate undergoes dif-
ferential amounts of siip in the microstrain region. Therefore, the
density of 90°-intersecéibn forest dislocations confronting any one
slip system would vary at full plasticity. Those systems which have

to cut through a higher 90°-intersection forest would harden more
rapidly than others, and their operation would gradually cease. With
the decrease in operation of one system, the imposed strain would be
accommodated by operation of other systems with lower active hardening.
In this way it is possible to eliminate slip systems with 90°

intersections.

Deformation Twinning

Geometry: The process of mechanical twinning can be modeled with
a close-packed afray of hard balls. Within the twin, each {lll} plane
of a particular family must slide, relative to its neighboring planes,
by the same distance along one of the three <§]l> directions; passing
through the ''saddle' lying along these directions. The upper half of
an octahedron bounded by four {lll} planes (shaded atoms) is shown in
Fig. 23a. The possible movements of an atom (white ball in Fig. 23a)

in the next {?ll} plane; through the saddle-regions in the planes of
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e
o

Fig. 23. (a) Hard-ball model of top half of octahedron bounded by
{llﬂ planes showing twinning directions on (111); mirror

plane is the shaded layer. (b) Projection of octahedron
on (001) plane showing all the twinning systems.
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shaded atoms;, immediately determine all possible twinning systems

(Fig. 23b). Since the saddle path is available for only one direction
of shearing, twinning must be a unidirectional process: with a given
stress axis, some systems can operate under tension only; the others
under compression only. All possible twinning systems are listed in
Table V, together with the Schmid factors for twinning, m. s in crystals
loaded along LOOE‘ and ETE@E, Positive and negative signs on m, in-
dicate systems operating under tension and compression, respectively.
It may be noted that there are six possible systems capable of
operating under compression parallel to [Tld although only three

were listed in a previous analysis.73

In this conventional hard-ball model; a possible twinning system
for [Tll] in tension is (111) [E&l], the operation of which was con-
firmed in the present work by the Laue back-reflection method.
Twinning was also observed in [ooﬂ crystals under compression

(Fig. 20), and the resolved shear stress for the predicted system
3

was calculated to be approximately 21.2 x 10” psi. The agreement

3

with the twinning stress for 111 in tension, of about 20 x 10 psi
s

(Table III), is good. Under tension along [pOIi, m, for twinning is

t
only 0.236, while that for slip is 0.408. Thus a necking down and

fracture could be expected before the twinning stress was reached,
and this proved to be the case in crystal J-2 (Fig. 3). If the
stress at fracture is resolved onto the predicted twin system in

3

J-2, the result, 14.9 x 10° psi, is much below those noted above



TABLE V. Twinning systems with the resolving factors for
the given orientations.

Twin system (00t] [T11]
paraliel to paraliel to
load axis load axis
an) Nz - 472 - 4157
[121] + .236 =157
[211] + 0236 + 315
an) [12) - 472
[211] + .236 0
121] + 236
any [7iz) - 472 G 7
[T21] + .236 + .315
[2T1] + 236 -~ 157
amy [172, - L72 + .315 .
[121] + .236 - .157
[211] + ,236 - 157

(+) tension

(=) compression
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3 3

(20-21.2 x 10” psi) and the 17.5 - 23.5 x 10° psi range reported for
copper singie crystals at 4, 2% by Thornton and Mitche!ﬂogh Any
possible operation of twinning systems in the direction reverse to
that deduced from the hard-ball model must require a substantially
higher stress, since no twinning was observed in crystal J-2 although
the shear stress for reverse operation of twinning systems reached

3

29.8 x 10”7 psi.

Mechanism: A corrollary to the above results i: that twins are
formed by a sequence of abc/bcabec type stacking faults, classed as
intrinsic, rather than by faults of an extrinsic type; abggabc,7h
Hence any dislocation model for twin formation must involve a
partial dislocation which trails an intrinsic fault. This view is
in accord with Venabies“75 proposal; supported by electron microscopy
observations,,76 that intrinsic faulting is responsible for twinning;

not extrinsic faulting. A number of proposed mechanism553’77’78 ma

¥
be ruled out on this basis since their operation would most probably
result in partial dislocgtions trailing extrinsic rather than in-
trinsic faults.75 The most recent suggestion of Cohen and Weertman79
requires that dislocations of the conjugate systems near the head of
pile-up become constricted and dissociate on the primary plane sending
out twinning dislocations. Since the constriction process is thermally
activated,sl such a mechanism ought to require a twinning stress that

increases as temperature is lowered, which is contrary to observation

(Table III). The only other possibility is the ''double-pole'' mechanism
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of Venablesﬂso which does seem to be in accord with the present

observations.

which is

required for the nucleation of a twin lamella is expressed 3575”80

In the mechanism of Venables; the twinning stress T,

o ub
e e !
J'B’[ft bg e E

when n is the local shear-stress concentration factor, ¥y the stacking

fault energy, b the Burgers wvector of the twinning dis!ocation, p the

]
shear modulus, / the length of the twinning source, and o< a.value of
order unity. In relation to this formula, a temperature dependence of
T, must grow out of n and Z. Tn pqrticularg te account for Te in-
creasing with temperature;, n and.g ought to be shown to decrease. A
basis for doing this is found in dynamic recovery. At hnZOK; the
temperature is sufficiently low that twinning begins before dynamic
recovery (Fig. 5). However, at 78°K twinning occurs in Stage III
(Fig. 6) presumably after dynamic recovery has started to relieve
stress concentrations and thus acted to lower n. With the reduced

value of n in the latter case;, the higher T_ can be understood, at

t
least partially, from the Venables equation. With reference to-g 9
the twinning source is a long jog formed by the successive cutting
of a dislocation of the conjugate system by others of the primary

system. The jog 1engthg,ﬂ ; will increase the longer it remains in

the primary plane. However, it can glide on the cross-siip plane
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and would be expected to with dynamic recovery. As a result, increase
in,f would be limited so that the appropriate / at VBQK could well be
less than that at 4.2°K. 1In that event; the formula again ieads to the

prediction of higher Tt  at the higher temperature.

t

CONCLUSTIONS

The tensile deformation of the multiple-siip orientation [qu
differed from that of [ooﬁ in certain characteristic details. Over
a range of temperatures (4020 = Z?BQK) there was a well-defined
Stage II in the [Tﬁﬂ hardening (with some evidence for a subdivision
into Stages of only siightly different slope); the over-all slope was
about twice that for single-slip orientations. Beyond this, prominent
slip clusters were formed and the transverse strains were unegual. A
tendency towards easy glide was apparent. In the [ﬁOYJ crystals,
hardening was non-linear throughout; cluster formation was less
evident; the cross section was reduced uniformliy; and there was no
indication of easy glide. The shear-hardening rates in [poﬂ were
initially higher and finally lower than the maximum Stage IT slope
of [Tli], and this has been associated with non-linear Stage II in
[bOI] largely on the basis of insensitivity to temperature of the
early hardening in [ooﬂ . With these observations, linearity of
hardening (or its absence) could be correlated with the presence

(or absence) of slip clusters.
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From temperature-cycling experiments, the Cottrell-Stokes Law was

found to app!y between 162° and 78°K for both orientations, with ééi

o 78
being less for LOOU . Between 273° and 78°K and beyond T of about

8000 psi fil increased with stress.
78

Of all possible slip interactions, that involving primary and
critical systems is unique to [poﬂ . It has been suggested that the
jogs so formed would be less mobile than those formed from other
intersections since the former iie on a cube plane rather than a
plane of close packing. Differences between [Tiﬂ and Looﬂ , both
in isothermal hardening and in temperature-cycling results, have

been rationalized on this basis.

The hardening of coarse-grained polycrystalline copper was
evaluated from isothermal tension as well as thermal-cyciing tests
as representing a transition from [ooﬂ to [Tiﬂ behavior during

the deformation process.

Deformation twinning occurred in [Tlﬂ under tension at hozoj
200, and 78°K° The twinning stress, Tes increased with temperature.
Twinning was also found in [ooﬂ under compression at h.ZOK; T, was
approximately that for twinning of [TI{] in tension. All results
are consistent with the usual hard-ball model that operates with a

layer-by-layer shear along <ﬁli> to generate a twin from intrinsic

stacking faults.
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APPENDIX I

Description of Crystal-growing Furnace and Procedure
for Crystal Growth

Furnace: Basically the furnace consisted of a graphite heater
(to be discussed below) shielded with concentric nickel sheets, all of
which were enclosed in a three-foot vycor tube which was surrounded in
turn by fire bricks. Two water-cooled bus bars were heid in place
with a rubber stopper which sealed one end of the tube. The graphite
boat (to be described beilow) was placed in the furnace through the
other end of the tube, which was also sealed with a rubber stopper
during crystal growth. The sealed furnace could be evacuated and an
atmosphere of helium under which the crystals were grown could be
introduced through appropriate valve arrangement. The boat was
drawn out of the heater by winding up the wire attached to the boat
with a clock motor at about 1.5 cm/hr. Thé power was supplied by a
step-down transformer. During crystal growth the furnace operated
at about 20 volts and 100 amperes. The temperature gradient at the
solid-liquid interface was estimated by thermocouple measurements to

be larger than 1000°C/1in.

Graphite Heater: The heater shown in Fig. 1-I was made from a

graphite® tube of 0.0ho-in wall thickness which had been slit with a

jeweller's saw such that two heating elements were in parallel circuit.

*  The graphite used was CS grade obtained from the National Carbon Co.
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The insulation used as indicated in Fig. 1-1 was mica sheets and the
water-cooled bus bars were clamped onto the heater with a stainless

steel hose clamp, thus holding the cylindrical heater rigid.

Graphite Boat: A cantilevered boat (Fig. 2-I) was built so that

it could slide inside the vycor tube and the protruding end could be
located inside the graphite heater. The seed was placed on the sill
indicated in Fig. 2-1 and butted against the specimen blank which was
held in a soft mould as described below. The open spaces were then
filled witﬁ graphite powder and the cover placed over the slot. The

boat was then ready to be placed in the furnace.

Positioning of Charge in the Mould: The premachined blank which

is shown in Fig. 3-I was first iightly polished with 1 and 1/0 emery
polishing paper to remove machining marks. Then the charge was
chemically polished in 1/3 acetic, 1/3 orthophosphoric and 1/3 nitric
acid (full bottle strength) solution and it was completely immersed
with a slurry of Aqua Dag except for the end which came in contact

with the seed. After the graphite coating was completely dry, the
blank was centrally positioned in a cylindrical mould using the jig
shown in Fig. 3-I. 200 mesh 99.9 percent pure graphite powder which
had been fired in vacuum at 1500°C for 24 hrs to drive off contaminants
was tamped around the blank (Fig. 3-I). The bus bar end of the furnace
was slightly raised and a copper rod attached to the end of the blank;
thus a small hydrostatic head sufficient to retain the edges and the

threads of the sample was created.
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APPENDIX II

Estimation of the Amount of Lattice Rotaticn
During Extension of [Il!] Crystals

The six components of strains, € € 5 €

xx’ Tyy
the three components of rotation; W s wy, w,; can be computed from the

€ € and
] $ VZS‘

22° Sx
4 y' Txz

displacement vector, u. For small strains, in which case the higher

order differentials are disregarded, the strains and rotations are

given by
&u du ﬂuz
Cxx = e E?x ’ =3z
| du
oy =2 (3 f + 3 Ly
| du &uz
s @ v
L Juy |, 8y
€YZ =2 ( z b 5;— {t)
1 du_ duz
W, =E(Z .aT)
ke
W oolx_ Tz
y 2 dz dx
| dux dql
v, 2 & &)
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The displacement vector at any point can be found from the equation

where 7dI is the amount of slip in plane d in the 1 direction, r is the
radius vector from the origin of the original coordinates to any point
(%, ys 2), ﬂd is the unit vector normal of the plane d, and %d] is the
unit vector along the shear direction. The displacement equation is
geometrically illustrated in Fig. 1-1II. Taylor] was the first to use
this form of the displacement vector as applied to small plastic strains

arising from slipping on crystallographic planes.

For the face centered cubic lattice, the slip systems are {!II} <Tbﬁ>
where the Miller index notation signifies that the coordinates referred
to are Cartesian with [100], [010] and [ooﬂ as axes. To calculate the
strains and notations for extension along the fflﬂ 5 it is convenient to
use [}TZ], [ITO}, and [Tll] as coordinates as shown in Fig. 2-II. The

matrix for the transformation of axes is given by2

old
xl Y ] z ]
o gllely el 2
Ve 6
new Y 'l' & 0
V2 2
S It T
R VE S
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Geometrical

arc tan ydl

representation of displacement vector pu = 74
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Fig. 2-II. Diagram designating the active slip systems under
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Using this transformation matrix, the displacement caused by the
shearing on {III} <fld> s1ip systems can be related to the new axes.
For extension along [Tlﬂ ;s the active slip systems and the amount of

slip on each are:

= g
(111) |01, 74 (111) [no}, 74
1 2

) [o1], 7 (M) [To), 7,
3 2

(am) [T, 7, atn [on], 7l
Tl 3

A sample calculation to determine u for slip on (111) [TO{[ with

respect to the new coordinates follows: using the transformation

coordination where 1]’2’3

coordinates and jl 2,3 to the new coordinates,
p =

are unit vectors referred to the old

" i
Tan) “-ﬁ
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Using u = d; (Feﬁd) §, where 7, has been replaced by dys

]

d
- 1 [2 ? 1 1. P 9 1
u = - SR = e ey = dy T s T T 1
V6 6 V2 V3 Ve ! V2 2 o3 3
thus
d 1
1 |2 2 }
u o = = x + = S = Z
X 6 I\6 \2 V3 J
d
.- -_*e_ﬂg_“%“,-':z}
Y 2/3 Ve V2 3 |
2d. | 1
uz= —_’1.[ ;X-P Fg—_ + [l: Z|e
32 Ve V2 o V3

Similarly computing u for all six siip systems and differentiating it

as shown in Eqs. (1), the components of strains and rotations are

3,/6 € = d) = 2d, - 2a) - 2a3 4¢3 - 2, (2)
V6 €y =" dy - <5 (3)
%\[g €y =4y +dy ta agtegt (&)
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1
;f7§ €yt d, + a; - a3 + ¢, (5)
)
TE&? €™ 5d1 + 2d2 - 7a, - 7a3 + 5c3 + 2c2 (6)
1 _ _ _— _ s
T €z = 3d, +4d, - a) + a5 - 3¢, he, (7)
3\,':?. wxx-d2+d.i+a3-ai-c3+c.2 (8)
u~§— w ==-2¢, - ¢, + 3a, + 3a, - 2d, - d ' (9)
a y 2~ "3 3 1 2"
T% W, » hcz + Sc3 -a +a,- hdz - SdI (i0)

In the present work, during the tensile extens$ion of [T!I] crystals,
the cross section of the crystals remained rectangular. This indicates
that Exy = 0. Since the ends of the crystals were firmly éripped, any
shear ﬁtrains parallel to the tensile axis would be minimized, as
discussed by Hauser and Jackson.3 Hence € s and eyz can be assumed to

be zero or near zero. From the conditions

and relations 5, 6, and 7, the three shear magnitudes can be expressed

in terms of the other three. These are



82.

= 4
d] = a3 5 <,
d2 =a - a3 +c, (11)
2 _2
c3 = a + 3 a3 5 ¢,

From Eqs (2-4) and substituting (11), it follows that

Sy _ 9%
€ (333 - 5a - 8c2)

- 5aT + hcz)

(12)

and

L
= (lla] + a - 3c2) (13)

eZZ
156

Lateral strain measurements of [Tlﬂ crystals which were extended

€

about 30 percent showed that E!l for these crystals were less than 2.
' XX

f; = 0.4 for calculation convenience and Exx = 2,

V6 XX

the rotations can be estimated only if another relation is found to

Hence using €w ™

determine uniquely the shear magnitudes; that is, there are only 5
relations relating 6 unknowns. A sixth relation of €.  + € +€__ =0
XX yy zz
exists but this relation does not aid the computation since the shear
magnitudes necessarily cancel each other. One reasonable assumption

to make is that if the tensile axis should move away from the [Tlﬂ

orientation, then Schmid factor considerations will show that the
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amount of slip on one set of primary and conjugate systems should
operate equal amounts. Letting d] = c3 and using relations 11, 12,
I3Jthe six shear magnitudes can be computed. Upon inserting these

values into 8, 9, 10

It is important to note that this numerical computation was performed
using relations derived for small plastic strains. However, even if
the non-linear terms of the strain and rotation components are con-
sidered, the derived value would not be expected to change by more
than a factor of two. This is borne out by the fact that Laue X-ray
studies which could easily detect rotations larger than 4% did not

do so. This exercise shows that under multiple slip conditions,
axially asymmetric straining is possible without measurable change

in the orientation of the crystal.
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APPENDIX IIIX

Slip in Twinned Crystals

Since the time Blewitt, Coltman, and Redman] first reported
deformation twinning in copper single crystals;, other workers have
also reported deformation twinning in other face-centered cubic

metals.z’3

However slip in twinned crystals, which is of interest
in the study of ductile fracture in twinned crystals or in grains
of polycrystalline metal with annealing twins, has not been con-

sidered. The purpose of this Appendix is to present a simple

geometrical analysis of deformation in a twinned structure.

During the testing of crystals with the tensile axis parallel
to [Tll} bounded by faces parallel to (110) and (ITZ), deformation
twinning was observed at 780, 200, and h.ZOK.h Twinning does not
convert the whole crystal to the twin orientation, rather a
laminated structure of alternating twinned and untwinned matrix

results.

Deformation after Luders-band type propagation through the
gauge section was observed to proceed by slip on systems which did
not violate strain compatibility across the twin boundary.

Figure 1-III shows two tetrahedra bounded by {lll} planes and

<{110) directions, one on the left corresponds to the original

85.

matrix with the tensile axis parallel to [Tlﬂ and one on the right,

the twinned orientation. Twinning in the (111) [Tzﬂ as indicated



(o1}

untwinned

Fig. 1-III.

€6.

twinned

Two tetrahedra with a common (111> (twinning) plane;
) [a1) , the twinning system. That on the left
represents the original, untwinned orientation, that
on the right the twinned orientation. T

and Ty, the octahedral slip planes in the twinnea

orientation. Tensile axis parallel to !ll
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results in an orientation which has the tensile axis parallel to a
{no} 19° 28! toward Q01> from <112 . The {111} planes in the
twinned orientation are labelled T1, TZ’ T3 and Th§ the twinning
plane is that plane common to both orientations and parallel to (TTI}
and TI' From Fig. 1-1III it is evident that slip can take place on

T, [on], T, (T10] and on T, in [011] and [T10] without violating

I
strain compatibility. Furthermore 'il“,+ [01{] can cross-slip onto (TIT)
and T3 \TIOJ onto (i111). It was possible to determine from the

angular deflection as the slip trace crossed the twin bouﬁdary which

o

flll% planes were continuous.” 1In every case it was found to be

either T~ (M7) or 73-(111),

Figure 2a-1IT clearly shows the continuity of the slip traces as
slip proceeds across a twinned region. Note the large amount of cross
slip of the systems in Th (or T3) onto TI’ the plane parallel to the
twin plane. Figure 2b-III shows similar slip traces. Near the
fracture the short cross traces join up and the slipping off occurs

by localizing shear in a zone parallel to these traces.

The propensity to cross slip in the twinned orientation is due
to the high resolved shear stress on Th.[bll] and T3 [TIO], since the

:Schmid factor is 0.455 compared to 0.272 for all active slip systems

* This determipation was facilitated by the fact that the lattice

rotation in [}ll} crystals was small making the surface analysis
simple.
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Fig. 2a-III.

Wide twinned band diagonally across the micro-
photograph. Large clusters at low angles to
tensile axis_(horizontal) were formed prior to
twinning; (112) surface, X250.
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Fig. 2b-III.

Laminated structure of twinned and non-twinned
matrix. Traces of twin plane run diagonally
down from left to right; tensile axis horizontal,
(110) surface, X250. '
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in the original orientation. Owing to this geometrical softening upon
twinning, should a shear stress concentration build up at the twin
plane, Livingston and Chalmers' analysis5 of computing resolved shear
stresses on slip systems across a grain boundary shows that the most
highly stressed systems in the original matrix are the (M) [Ol!] and
(111) {TIO]. These systems are precisely those which are favored from

strain compatibility conditions.

From the symmetry of the orientation of (117) [plﬂ =i [OI[] and
(1) [Tlo] - T3 [Oll] combinations with respect to the tensile axis,
for a crystal which upon twinning still remains geometrically uniform,
double shear is expected. A crystal displaying just this is shown in
Fig. 11-VI, For twinned crystals originally oriented for single slip,
one of the above combinations has a larger resolved shear stresses and
hence planar shear would be expected. The shear fracture in twinned
crystals observed by Blewitt, Coltman, and Redman6 could be explained

in this way.
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APPENDIX IV

Determination of Different Combinations of Slip-system
Pairs in Face-centered Cubic Lattice

In the face-centered cubic iattice the slip plane in the flll}
plane, of which there are four; the siip directions are the <]IO>
of which there are three on =ach {131} plane. Hence, in all; there
are 12 slip systems. On the reference sphere, on which the crystal-
lographic planes intersect as great circles, there are 48 basic
triangles bounded by {ooﬂ 3 (ﬁio} and {le% type traces, 24 of these
appear on the stereographic projection of Fig. 1-IV. Any arbitrary
orientation of the tensiie axis will appear in one of the triangles.
Over each triangle the slip system with the largest Schmid factor
will be one of the 12. Since there are 4B trinagles, the same slip
system will appear four times, twice under tension and twice under

compression.

In Fig. 1-1IV, the four slip planes are designated P, U, K and Q

after the notation of D:l.e:hl.l’2

The slip system is denoted by two
letters, the first refers to the slip plane while the second identifies
another intersecting plane with the slip direction defined by the
intersection. A bar over the two letters indicates slip in a direction

opposite (or negative) to that when the bar is absent. The most highly

stressed slip system in each of the triangles is labelled in Fig. 1-IV.



9k,

Fig. 1-IV. Standard stereographic projection showing Diehl's
notation for slip systems.
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As shown by Kocksy3 when slip on two systems interacts, the

different types of interactions can be grouped into five categories:

(a)

(b)

(c)

(d)

(e)

The primary and another system sharing the same plane
but with different Burgers vector (first letters of

both are the same); no kink or jog is formed.

primary - cioss-zlip combinations (letters are

reversed); no kink or jog is formed.

primary - conjugate combinations (second letters are

the same); a2 jog in each dislocation is formed.

the primary and another system with Burgers vector
paraliel to the plane of the primary (first letter
in one of the systems is the same as the second

letter in the other); a kink is formed in one dis-

location and a jog in the other.

primary - critical combinations (no letters appear

twice); a jog in each dislocation is formed.

In the [OOI] orientation, eight systems are equally stressed:

PQ, UK, QK, PU, KU, QP, UP and KQ. All possible combinations may be

classified according to the above scheme, as follows:

(a)

PQ - PU
QP - &K
KQ - KU

UK - UP



(b) PQ - QP
PU - UP
QK - KQ
KU - UK
(¢) PQ - KQ
UK - QK
PU - KU
QP - UP
(d) PQ - UP KQ - UK
PU - QP UK - PU
QP - KQ UP - KU
KU - QK Ok - PQ
(e) PQ - UK QP - UK
PU - KQ QP - KU
PQ - KU QK = PU
PU - QK QK - UP

In the [Tl ‘i} orientation, the equally stressed (active) siip

systems are PQ, KQ, KP, @, QK and PK. All possible combinations

are:

(a) PQ- PK
QP - K
KP - KQ

(b) PQ - QP
KQ - QK
PK - KP

(¢) PQ - KQ
PK - &K
QP - KP

(d) oK - PQ KQ - PK
PK = KP PK - QP
QP - KQ KP = QK

(e) none
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In the discussion of the present study of the deformation of
copper crystals oriented for multiple slip, the different types of
jogs possible in a face-centered cubic metal have been emphasized.
A brief review on this topic with relation to the above classifica-

" tion of dislocation interactions seems to be in order.

A jog may be defined as a short segment* of dislocation
connecting other portions of a dislocation lying on parallel but
not the same plane. A dislocation kink connects a dislocation
lying on the same plane and hence can easily be eliminated by
glide of the dislocation. The glide plane of the jog i; that in
which the jog Iine-and its Burgers vector lie. This means that
the vector normal to the glide plane of a jog formed by any inter-
secting dislocations is defined by the cross product of the Burgers
vectors of the two intersecting dislocations. 1In the face-centered
cubic lattice cross products of {Ild} with 60° (or 120°) between
them result in <111) , whereas those with 90° result in <OOI> .
Therefore it follows that all 60° intersections produce jogs with

{lll] glide planes and 90° intersections with (001} glide planes,
as pointed out by Stroh.u Hence in the preceding classification of

dislocation interactions it is evident that type e (90° intersection)

* Length of a jog can vary from a segment about the magnitude of a
Burgers vector (unit or elementary jog) to that of several hundred
angstroms (long jogs).
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produces jogs which are different from those of types c and d

(60° intersection).

Seeger and Blanks"6

have shown that for unit jogs in an un-
extended dislocation™ the above specification of the glide plane

is not valid. 1If the atomic configuration in the face-centered
cubic lattice is considered, the glide planes for unit jogs

formed by any type of intersection (either 60° or 900) are either
{Old} or (lld}.s’s If an intersecting dislocation forms a

{100% - type jog on an intersected dislocation, the same dis-
location but with antiparaliel Burgers vector will produce a $110} -
type jog on the intersected dislocation. However, should the jog
length become larger than a few Burgers vectors (greater than three)

the glide plane would become the geometrically predicted {001} for

90°-intersect10n jogs and {lil} for 60°-intersection jogs.

The first and simplest way to produce long jogs is by multiple
intersection at the same place. Since Frank-Read source produce
many dislocations on the same plane, formation of long jogs are not
a rare event. A second means by which unit jogs can grow 1is by
conservatively gliding along a pure screw8 and coalescing with one
another. However, this event is quite rare since the glide planes

of the jogs must be identical. For the same reason, jogs in edge

W%

A detailed study of extended jogs has been presented by Hirscl‘:.7
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dislocations cannot coalesce or annihilate by conservative motion.
A third process by which jogs can grow is by climb. By the
aggregation of jogs in cusps formed on jogged screw dislocations
as described by Louat and Johnson,9 jogs can lengthen by climbing
only short distances. Since annealing expefiments indicate point-
defect migration at reasonably low te#peratures, climb at ambient

temperatures cannot be totally discounted.
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APPENDIX V

Deformation of [Olﬂ Crystals

In the program to study multipie-slip orientations, iO?!
oriented crystals were tested in tension. This orientation in which
four slip systems are initially equally stressed was unstable, and
the tensile axis rotated away from the [Olﬂ with strain. However,
interesting deformation boundaries were observed and their formation
was found to be temperature dependent. Since deformation boundaries
are a result of dislocation interactions, the study of the temper-
ature dependence of deformation-boundary formation could reveal the
rel ative importance of different types of dislocation interaction
with regard to strain hardening. The observations recorded below
seem to indicate that at low temperatures forest hardening,
especially by systems of primary-critical (900-1nteraction)

relationship, prevails.

Square crystals of [Oll] orientation (within 2°) approximately
bounded by (0T1) and (100) faces were tested in tension at 2950, 78°
and 4.2°. The dimensions of the crystals directly after annealing
were measured at three places with a micrometer, except for crystal
L-5 which was measured using an optical comparator. After measure-
ment, the crystals were electropolished and about 0.001 in, removed
from each face. However, Bert-Barrett photographsl’2 of the

electropolished surface showed that the plastic strain caused by
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micrometer had not been removed, thus forming new dislocation sources

(as contrasted with grown-in sources) at such places.

The shear stress-strain curves are presented in Fig. 1-V together
with the curves for inside-triangle (single-slip) crystals, the
orientations of which are found in Fig. 2-V. The critical resolved
shear stresses and 8¢ values are listed in Tabie i1-V. The variation
in the : I values is-attributed to differences in purity from crystal

to crystal and to handling effects.

gggfgi Lattice rotation of an extended [Olﬂ crystal showed
that although only a single set of slip traces was metallographically
observed over most of the gauge length equal amounts of slip in two
directions on the operative plane hgd taken place. This behavior

would account for the higher 8_ value of this orientation compared

E
to that for single slip (Table 1-V). Edwards, Washburn and Parker>
have made similar observations in zinc crystals. Surface sources
introduced by micrometer markings did not seem to inhibit primary
slip during easy glide, since neither surface indications of slip
traces nor Berg-Barrett photographs revealed extensive plastic
strain due to slip on a second plane at their locations. However

a short segment adjacent to the grip underwent slip on a plane
other than that which was dominant throughout the remaining gauge
length of the crystal. In a region on the (011) surface where the

different traces met and became interpenetrating, the Berg-Barrett

photographs revealed a definite boundary across the width of the
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[0o1] o]

Fig. 2-V. Axial orientations of the crystals tested (open circles).



TABLE 1-V.,. Work hardening parameters during easy glide.

Code Test T QI
Number Temp. -3

S psi x 10 ~ psi
[011] crystals
L"‘O 295 ]]3 307
L-15 78 98 3.1
L-5% 78 155 1.7
L-7 L.2 i51 1.3
L-L k.2 148 1.9
Single-slip Crystals

B-7 295 135 1.6
D-12 78 75 1.1
L-Z "{'-2 133 '.65
%

others with micrometer.

Dimensions measured with optical comparator, all

105.
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crystal. The plane of the boundary appeared to be normal to the
tensile axis. A determination of the combination of slip systems
responsible for the formation of this boundary was not possible

since the relative lattice rotation was too small.

nggi On testing at this temperature, [Olﬂ crystals ''broke up'
into regions of different active slip systems as shown in Fig. 3-V,
at the location of the surface sources introduced by the micrometer.
However, the differeqt systems formed deformation boundaries so that
for low strains the thinning of the crystal was macroscopically
uniform. In this case the slip systems responsible for the formation
of one distinct deformation boundary were determined. In Fig. La-V,
traces of two boundaries appear at right angles to each other, the
vertical one being parallel to (100) trace and the horizontal one,
to (010) trace. 1In the regions removed from the boundaries where
only a single set of slip traces is evident, one slip system is
active and the lattice rotates in the manner described by Taylor
and Elam.u The relationship of the slip systems across the
deformation boundary, deduced from the lattice rotation on either
side of it, is primary-¢ritical. This combination can form ''two-

5

dislocation boundaries'' as discussed by Kear” which are parallel
to (100) and (010). Hence the observed boundaries correspond to
Kear's case vi and are schematically illustrated in Fig. 5b-V with

(111) LTO@_ and (111) []01], the primary and critical slip-systems,



P o P

(a) (b)

'Break-up' of [Oll] crystal tested at 78°%K into regions of different
slip systems at locations of micrometer-induced surface sources. Two
examples, (a) and (b), at different places on (011) surface; tensile
axis vertical, X100. -

*L01
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(a) [ﬁl[] crystal tested at 78%K showing ''two-dislocation boundaries' as

depicted in (b); tensile axis vertical (010) surface, X100. (b) Schematic
representation of (100) and (010) ''two-dislocation boundaries'' formed by

the slip systems indicated.

0801



109.

respectively. Not all deformation boundaries were as geometrically
simple as the one described above. Complex configuration such as

those in Fig. 3a-V and 3b-V were also observed.-

One crystal, L-5;, as mentioned eariier, did not have surface
sources artificially introduced. When extended 18 percent into the
Stage II region, it did not break-up but manifested targe prominent
kink bands and less distinct striae or bands of secondary slip

7

similar to those observed by Cahn6 and Calnan,’ respectively. A
few short cross-siip traces were also observed in bands roughly
parallel to the primary slip trace. The absence of surface sources
and slip on one active system determined from lattice rotation
resulted in a 8] value smaller than that of L-15, upon which many
deformation boundaries appeared, but similar to that of inside-
triangle orientations (Table 1-V). Furthermore, the extent of

Stage I was much larger than that of either L-15 or the inside-

triangle crystal (Fig. 1-V).

54325i The tendency to form deformation boundaries which makes
uniform macroscopic thinning possible in the low strain region was
less at 4.2°K than at 78°K. After 3.2 percent extension, the regions
at the location of the micrometer-induced surface sources underwent
less thinning than the remaining sections. In sections where a
single set of traces was found, Laue X-ray studies confirmed that

single slip had occurred, as was the case at 78°K. In the region
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of the surface sources, the tensile axis rotated along the (100) trace
towards [pof] indicating equal operation of primary and critical systems.
In this work, the crystal with the lower initial shear stress, which 1is
assumed to be purer, formed boundaries more readily and over larger
areas. However, the qualitative observation that the tendency towards
formation of deformation boundaries is lower at 4.2° than at 78K seems
reasonable since crystals with similar critical rescived shear stress

also gave the same result.
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APPENDIX VI

Ductile Fracture in Copper Single Crystals

INTRODUCTION

A single crystal of ductile metal generaliy fails under tensile
load in one of two wéysz either it necks and tapers down to a chisel
edge, termed rupture in the case of 100 percent reduction of area, or

it separates by shear in a localized zone.

It has been shown by Chin, Hosford, and BackofenI that rupture
is usually associated with high purity and with high stiffness of the
testing apparatus. On the other hand, shear fracture is more commonly

2,3 or in pure metals at low temper=~

found in stronger alloy crystals
atures.} Chin et al]’LF further demonstrated that adiabatic heating
is responsible for shear fracture at low temperatures, and that
elastic softness in the loading device is an important factor con-
tributing to adiabatic shearing. In principle at least, shear

fracture at ambient temperatures could also be the result of

adiabatic heating.

Rupture in the strict sense of necking down to a chisel edge

may be prevented in crystals of lesser purity by volds being

nucleated around extra-phase particles, such as inclusions,s’6
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which lead to the ''double wedge“# fracture observed in aluminum crystals
by Eiam,2 and by Karnop and Sachs.7 Further study of Elam's crystals by
Puttick8 has shown that the internal fracture did indeed originate at
particles of an intermetallic phase. In a different vein, Rosi and
Abrahamsgand also Koppenaallo have suggested that voids may be formed

by vacancy condensation in materials supposedly free from inclusions.
However, the finding by Chin et al.] of rupture in every single-crystal
and polycrystal!ine sample of high purity aluminum rules against the

notion of a vacancy basis for void formation.

The shear-fracture surface, as usually observed, is characterized
by a ''dimpled'' appearance growing out of voids developed around included
particles. However, it is also possible to encounter what might be more
appropriately called planar rupture, in that it results from a complete
separation by plastic shear; hot deformation may supply an obvious
emample.,]I Elam2 found that many crystals of high-zinc aluminum alloys
sheared apart under tension along surfaces parallel to {lll?u Similar
behavior was noted in aluminum : 5 percent copper crystals by Karnop

and Sachs.3 12

Recently Beevers and Honeycombe, studying the tensile
fracture of aluminum : 5.5 percent copper crystals observed that for
orientations away from [Tl[\ the fracture surface was parallel to the

active octahedral plane, but that for others near [Tl{] the fracture

*  The counterpart to ''double wedge'' in polycrystalline metal is

""double cup'.
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surface was parallel to a cube plane. 1In all cases, however, fracturing
was identified with a nearly constant shear stress resolved on the most

favored octahedral slip system.

Stiil more recently, tension tests were made on copper singie
crystals oriented for single and multiple 5|ip.]3 The original
purpose was to investigate hardening characteristics, but observa-
tions were also made on an orientation dependence of the fracturing
process. Both metallographic and X-ray studies were carried out in
the vicinity of the necks that formed. From results on the relation
between operative slip systems and lattice rotations the geometrical
understanding of ductile fracture in single crystals has been

improved. That work is described below.
EXPERIMENTAL PROCEDURES

The methods of growing shaped crystals and of tensile testing
in a "hard-type' machine are described elsewhere.|3 Testing speed
was 0.013 in/min. Crystals after growth were annealed in helium
for 36 hours at IOODOC, cooled at about 50°C/hr down to 600°C, and
then finally cooled in the furnace simply by shutting off the power.
Purity was sacrificed in the process, for \(oung”+ has shown that
cuzo can be formed from the small amount of oxygen in tank helium.
Therefore, the crystals in this study would be expected to be

popul ated with small oxide inclusions.
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For metallographic examination after pulling, the crystals were
copper plated, mounted in an epoxy plastic setting at rcom temperature
and sectioned by grinding on metal lographic polishing paper. The
mechanical ly abraded surface was further polished chemically by
immersion in a solution of 1/3 acetic, 1/3 orthophosphoric and
1/3 nitric acid by volume, all in concentrated form. Etching was

15

also practiced in a solution described by Young -~ as consisting of

0.53 gm of NH, CI, 22.82 gm of (NHu)z $,0g; 34.5 ml of NH, OH and
65.5 ml of H,0.

RESULTS

Single~slip Orientation

An initially square single crystal was extended at room temper-
ature until a neck had been formed (Fig. 1-VI). The final orientation
of the tensile axis in regions well removed from the neck was in the
(110) plane about 6° from LTIZ}, approaching this stable end-
orientation from the lTﬁi} side (Fig. 2-VI). The result of section-
ing nearly parallel to the (ITI) cross-slip plane (through A-A
indicated in Fig. 1-VI), chemical polishing, and 1ight etching is
shown in Fig. 3a-VI; two distinctly dark-etching shear zones have
been made apparent, one more prominent than the other. Firgure 3b-VI
1s a schematic representation of 3a-VI to identify the zones more
clearly as well as the trace, S-S, of a symmetry plane parallel to

(110) along which the zones intersected. One zone is associated



Fig. 1-VI.

Necking in a copper crystal initially oriented for
single slip.

]]6‘
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100

——0I10

010

Fig.

2-VI.

100

Standard stereographic diagram with poles of planes
and directions mentioned in the text. Position X is
the orientation of the tensile axis in the neck of
the 111 crystal (the X-ray beam was positioned
about 0.10 in to the left of area shown in Fig. 10b).



Fig. 3a-VI.

Section parallel to (171) through A-A in Fig. 1-VI,
etched to reveal shear zones. Crystal surface is
copper plated; tensile axis vertical, X50.
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Fig. 3b-VI.

119.

Schematic diagram of (a) illustrating the two shear
zones, 1 and 2, the width of the alternating shear
lamellae, w, the width of the shear zone, W, and
the trace, S-S, of the symmetry plane defined by
the intersecting shear zones.
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with the primary™ slip system, (111) ETDJ ; the other with the conjugate,
(ﬂfl) ;Olf . The strong etching contrast between the shear zones and the
triangular portions in the parallel section indicates a sharp dis-
continuity in shear strain along the boundaries. To account for the
appearance of the shear-zone termination -along the symmetry plane,
formation of a zone must be viewed as a gradual development something
like the step-wise process pictured schematically in Fig. 3b-VI; here,
the intent is to suggest that shear in lamellae of width w occurs
alternatively on primary and conjugate systems, and in this way acts

to increase zone width W at the expense of the non-deforming triangular

regions. If no voids opened up internally, the crystal should fail by

a chisel-edge rupture.

A tear is evident at one edge in Fig. 1-VI. To observe its
relation to the shear zones, another section was made along B-B.
. After brigf chemical polishing, a quadrangular cavity with internal
angles of 60° + 5 and 120° + 5 appeared (Fig, 4a-VI). Further
polishing and etching revealed that the sides of the cavity were
continuations of the boundaries of shear discontinuity and were
parallel to (111) and (1) traces. The preferential etching at

the edges of the cavity has made it difficult to illustrate this

* Notation of slip systems after Rosi and Matﬁewson,l6 and Clarebrough
and Hargreaves.



Fig ° l""VIo

(a) (b)

(a): Section parallel to (111) through B-B in Fig. 1-V¥I, chemically polished. The
quadrangular cavity has not been completely filled by the copper plating. Tensile
axis vertical, X1000. (b) Same secticn as (a) etched to reveal shear zone with
distinct boundary of shear discontinuity; X250.

* ¢l
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point with photomicrographs (Fig. 4b-VI). Upon continued extension

this would result in ''double wedge'' fracture.

The orientations in various regions of the neck as determined
from the etch pits, are summarized in Fig. 5-VI. X-ray photographs
taken at points a and b (Fig. 5-VI) confirmed the reliability of
orientation determinaticons by etch pits. Changes in orientation
are such that in the neck on either side of the plane of symmetry
the [Tli] is rotated away from the tensile axis, the amount of

rotation increasing with distance from the symmetry plane,

Figure 6-VI is a magnified view around point D in Figs. 4b-VI
and 5-VI and shows that the lattice on one side of the shear dis-
continuity is misoriented by about 17° with respect to the other.
Above, in the shear zone, the boundary is parallel to one edge of
a triangular etch pit, while below it is not. The misorientation
disappears, however, as the cavity is approached; here, the boundary
of shear discontinuity makes an angle of 30° to the tgnsile axis, as
it must if it represents either (111) or (1T1) with tensile axis
along frlé}. In the region arsund Fig. 6-VI, the angle to the
tensile axis is h7°, resulting from the I7° rotation in the shear
zone near the surface of the neck. Recently Puttick8 identified
the boundary of the shear zone in Tipper's aluminum crystals as a
{321} slip plane. 1In the present work, the trace of (123) on the

(1T1) plane makes an angle of 41° with the tensile axis (Fig. 2-VI)



Magnification

Magnification x 50
x 150 e
|8° ‘-,_—?;ﬂ_zzziij::_
D4I?O 9°
N\ = a7/ < e
4@\Unshe0re y (e,
/6‘\

\)430° Trace of (110) .
— = 5

———Tensile Axis[T12]

|10°

J—o0.07in. ———

4b-VI indicating the lattice orientation at various
and the rotations in-

‘€21

Fig. 5-VI. Schematic diagram of Fig.
points in the neck. All arrow heads ind1c1tel llﬂ

dicated are in the plane of observation, (111).



124,

s
\\\i -

Magnified view of boundary of shear discontinuity

Fig. 6-VI.

showing crystallographic etch pits and a kink in
the row of pits which straddles the boundary.

Tensile axis vertical, X1000.
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if it is assumed that the tensile axis is parallel to LTIZJ throughout

the neck. Hence the {32ﬂ- is probably only an apparent siip plane.

A micro-hardness survey was made on the section of Fig. 4-VI with
the results given in Fig. 7-VI. Maximum hardness was found in the
shear zone with comparable hardness on either side -- in the triangular
reservoir of material passing into the zone, at the one extreme, and in

regions well removed from the neck, at the other.

711l eriestation

Crystals extended at 162°K and 273°K underwent no more than about
20% reduction of area after necking and before beginning to separate
by shear along a single localized band. An arrested shear during
testing at 273°K (after prestraining at 78°K) is shown in Fig. 8-VI.
From the relative displacement of the edges of the crystal, the
direction of shear (in Fig. 8-VI, at about 45° to the tensile axis)
was determined to be [bll] +» The orientation of the crystal with
respect to its surfaces is represented in Fig. 9-VI. Surface
analysis® of the shear zone revealed that the normal to the plane
of shear was coplanar with the tensile axis and the shear direction,
and within 50 of [de}. This means that the slip systems operative
in the shear zone were in primary-cross relationship, namely (TTI)

[on] and (117) [_on] (Fig. 9-VI). Hosford, Fleischer, and Backofen'©

* ~Surface analysis was facilitated by the fact that during deformation
of llﬂ‘ crystals lattice rotation was small.



Fig. 7-VI. Micro-hardness values taken on the section of Fig. 4b-VI with Vickers indenter
and 100-gm weight; X75.
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Fig. 8-VI. An arrested shear in a Llll} crystal tested at 273°K
after prestraining at 789K. Crystal surface on right
is parallel to (110) and that on left is parallel to
12y X2



Figo 9"VI-
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Tetrahedron bounded by /111, planes and (110)
directions projected on the (111) plane. Tensile
axis 1s parallel to [Illj (perpendicular to the
plane of view) and the projections of the stressed
slip directions are shown as dashed lines.
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also found a fracture surface nearly parallel to (TOO) in aluminum
crystals of this orientation. As noted above, in the work of Beevers
and Hone\,rcombe-.']2 on aluminum : 5.5 percent copper crystals, fracture
surfaces parallel to (100) were observed in orientations near ?Tﬁii;
in that instance, however;, results were interpreted in terms of
cubic slip,]9 tOOI} <jld> « In the present study, slip clusters near
the shear zone were generally wavy in appearance (Fig. 8-VI); some
were parallel to a {l]l} trace at a distance from the shear zone but
curved enough to lie parallel to (TOO) as the zone was approached,

indicating octahedral rather than cubic slip.

Another crystal, after failing by shear at 162°K, was sectioned
parallel to (017) which contained the shear direction (Fig. 9-VI).
Chemical polishing disclosed an intense shear zone, voids appearing
at one end (Fig. 10a-VI) but not at the other (Fig. 10b-VI). Distinct
crystal lographic etch pits could not be produced on the surface shown
in Fig. 10-VI, but it was found from X-ray studies that in the neck
the tensile axis had rotated about 5° from [TI{} towards {Tbo}*

(Figo 2"VI) .

T

% The measurement could only be approximate since the beam was
0.020-in. in diameter. '
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Fig- ] 0' VI'

(a) (b)

Section parallel to (011) through a Uilj crystal after falling by shear
at 162°K. (a) One end of the shear zone in which a large void is evident,
towards the right. The many smaller dark spots are stain markings rather
than voids. Crystal surface cooper plated; tensile axis vertical, X150.
(b) The other end of the shear zone shown in (a). Tensile axis vertical,

X150.
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Twinned 111 Crystals

Twinning occurred in Llii’ crystals at 78°%, 20° and 4.29K, first
locally and then generally with the propagation of a Luders-band type
of deformation. After this twinning front had travelled the ful!
length of crystal and some further work hardening had taken place,
fracture proceeded by s$lip in two intersecting zones. As in the
case of the single-siip orisntation, a cavity appeared at the inter-
section of the zones and grew into the quadrangular channel noted
earlier (Fig. 11a-¥I). The boundaries of shear-strain discontinuity

were parallel, as before, to the sides of the channel (Fig. 11b-VI),

Slip at fracture was confined to the two zones for simple
geometrical reasons. Twinning does not convert the whole crystal
to the twin orientation; rather, a laminated structure of alter-
nating twinned and untwinned matrix results. The relative orienta-
tion of twinned and untwinned regions is represented in Fig. 12-VI
with two tetrahedra bounded by { 111} planes and <110y directions;
that on the left corresponds to the original orientation with tensile
axis parallel to ETI{F, while that on the right gives the twinned
orientation. The two most highly (and equally stressed) slip systems
I and T3
representing (ll!} planes. The slip systems in the untwinned matrix

on the twinned tetrahedron are T, [plﬂ and T3 ETIO}, and T

which will not disrupt strain compatibility across the twin boundary
by their operation are (TIT) {0]{} and (111) [Fld} (also equally

stressed). As each of the two pair, (117) [GII] and T, EOI@ 3



(b)

(a)

Fig. 11-VI. (a) Twinned TI l_i crystal tested at 78%K showing quadrangular channel formed
by intersecting slip, X7. (b) Magnified view showing that the sides of the
channel in (a) are coincident with the boundary of shear discontinuity, X20.

*Zel
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Fig. 12-VI. Two tetrahedra with a common (l![) (twinning) plane.

That on the left represents the original, untwinned
orientation, that on the right the twinned orienta-
tion. T3 and Ty, the active slip planes in the _
twinned orientation. Tensile axis parallel to [1]1].
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and (111) [TIGJ and T3 [TIOJ, has a slip direction in common, an
essentially pencil-glide type of slip is possible. Thus slip occurs
in two intersecting bands which were macroscopically paraliel to

planes about 500 to the tensile axis.

[00(] Orientation

At 78%K and above, [oofr crystals fractured either by rupture or
by void formation after large reduction of area. Necking devel oped
by practically equal .amounts of slip either on four Tllf? planes
(Fig. 13a-VI) or on two {]I]f planes (Fig. 13b-VI). The example in
Fig. 13b-VI is another of the ''double wedge' fracture associated with
impure crystals. The difference in Fig. 13-VI is most probably a
result of the tensile axis being parallel to :0011 for (a), so that
four planes were equally stressed, but not being so closely aligned

for (b), resulting in only two planes equally stressed.
DISCUSSION

Void Formation by Slip Intersection

High strains would be expected at the intersections of shear
lamellae, such as pictured at point C in Fig, 3b-VI. 1If voids were
to form, e.g., because of oxide inclusions, this would be the
logical site at which to expect them. A total strain estimate may
be based on the shear strain, 7, at the boundary between the un-

sheared triangle and the shear zone; from the kink in the row of



(a) (b)

*SE

Fig. 13-VI. (a) Appearance of fracture in an [001] crystal pulled at 78K showing the

: symmetry from equal slip on four {'lll} planes; X13. (b) Appearance of
fracture in an |001] crystal pulled at 2739K showing the two-fold symmetry
from slip on only two {111} planes; X13.
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etch pits straddiing this boundary (Fig. 6-VI), 7y is found to be

about 0.8. The full width of the shear zone, W, can be measured in
Fig. 3a-VI. For a value of w, the width of a shear lamella; the side-
length of the quadrangular cavity (Fig. 4a-VI) might be taken. Then,
assuming that the crystal elongated by alternating shear in zones |
and 2, the total shear strain at point C is given by Yo 2(W/w) 0.8.
% to obtain tensile strain

yields a value of approximately 5. If the crystal could have been

Further multiplication by a factor of

extended more, the tensile strain would, of course, have been even
larger. It follows that along the symmetry plane 5-5, the tensile
strain decreases from a maximum value at C to that at which necking
began in regions far removed from the neck. The voids observed by

Rosi and Abrahams9

occurred in a region about where the symmetry
plane would be expected to lie, suggesting that the voids in that

work resulted from intersection of slip.

Once a void has been formed, its growth can be explained with
the alternating slip process suggested by Orowan.20 Crystallo-
graphic boundaries on a cavity so formed would follow from that

process.

Channel development in the twinned crystal (Fig. 11-VI) and
the appearance of fracture in the [00{] crystal (Fig. 13b-VI) can
be understoocd in the same way. In general, this agreement would

seem to explain the ''double-wedge' fracture in single crystals.
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If shear is confined to a single zone, as in Fig. 10-VI; the
rationale for void nucleation and growth does not have such a simple
geometric basis. However, the combination of shear and tensile strain
in the zone should be quite sufficient for void development (Fig. '0a-VI),
even leading to the ''void sheets' described by Rogerszr in polycrystal line

copper .

Lattice Rotation in the Vicinity of the Neck

The lattice rotation represented in Fig. 5-VI is a natural con-
sequence of the strain gradient in a region of necking. The gradient
is drawn schematically in Fig. 14a-VI. Extension is accomplished by
slip on the two systems in primary-conjugate relationship. If the
strain in a lamella (shaded) in Fig. 14b-VI is considered, it is
evident that there must be a gradient of shear strain from a maximum
at the center of the neck to some lesser amount near the ends of the
famella. Because of such differential straining, there is a rotation
away from the tensile axis as shown in Fig. lThc-VI. A lamella
identified with the second system is indicated by dashed lines as
undergoing rotation in the opposite sense. If the neck is imagined
to consist of lamellae, a lattice rotation reaching a maximum at the
inflection point in the curvature of the crystal surface is predicted.
Furthermore, rotation along the symmetry plane S-S ought to be zero
because the effect of lamellae intersection here would be to cancel
completely; at points approaching the crystal surface, the amount
of cancellation must become less. Such predictions are consistent

with the findings.
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Fig. 14-VI. (a) Schematic representation of the gradient of tensile strain in the neck of
a crystal. (b) Schematic diagram of a necked crystal illustrating a lamella
undergoing differential shearing. (c) Schematic diagram of the lamella in

(b} which has undergone a differential strain resulting in a bending away
from the tensile axis.
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There is some problem attached to explaining why deformation in
the necked region becomes localized in the form of shear lamellae
(Fig. 3b-VI). However, the reason may be found in one consequence
of the tensile axis rotating away from the [Tfi] and the active slip
direction; this is an increase in Schmid factor of the active system22
or, equivalently, a geometrical softening, which could outweigh the
strain hardening and thus allow a localized shear to develop. Beyond
this, it can be argued that the rotation in a lamella acts to sustain
its flow because dislocations are accumulated within it as a result
of the bending, and these serve to harden the latent (intersecting)

system relatively more.

The lattice rotation in the neck of a [Tlt] crystal is shown in
Fig. 2-VI by the placement of the tensile axis some distance from
[Tlﬂ . Again, the idea of a differential shear strain or the
operative (111) [@][} and (117) {Olﬂ slip systems (in primary-cross
relationship, Fig. 9-VI) can be used in explanation. However, a
problem is posed by the coﬁtinued operation of the observed systems
during the rotation. Considering only changes in Schmid factor, the
systems in primary-conjugate relationship, (111) [TIO] and (117) {Tb{],
become the most highly and equally stressed. The primary-cross
combination can, nevertheless, be expected to continue in operation
for two reasons: (1) The primary-cross Schmid factor also increases,22
although not as rapidly as that for the primary-conjugate combination.

(2) Hardening on the primary-cross combination ought to be less.
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Thus with geometrical softening from lattice rotation and a more
rapid drop in hardening rate, it seems reasonable for plastic in-
stability to develop as observed., The localization of flow is
facilitated by the fact that equal operation on these systems can
be confined to a single zone bounded by (T00) without violating
strain compatibility. On this basis, the observation of single-
shear (Fig. 8-VI) rather than double or even triple-shear zones

can be understood.

The principal difference between ?Tlﬂ crystals (with tendency
to shear fracture) and crystals initially oriented for single slip
(with tendency to rupture) is that a stable orientation is reached
in the Iatter(namely[?lib and duplex » (intersecting) slip persists
during necking; in [T]ﬂ crystals, however, some single primary-
cross combination is favored at necking, and its operation acts to

1

rotate the tensile axis away from [TI[J and thus to insure its

continued operation for reasons just discussed.
CONCLUSTIONS

The tensile fracture of copper single crystals occurs in either
of two general modes, depending upon orientation. In crystals of [Tli]
and [POI] orientation, and in partially twinned crystals of [Tlﬂ
orientation, a symmetrical-positioning of slip systems about the
stress axis permits the crystals to neck and to undergo large re-

ductions of area, approaching rupture along a chisel-edge in the
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extreme, Because of impurities (presumably oxide inclusions) voids
are nucleated at the intersection of shear zones and grow into
quadrangular channels penetrating the crystal. Large strains may
be required for the nucleation; a tansiie strain estimate of wore

than 500 percent was made in these experiments.

Lattice rotations in the necked region are a natural consequence
of the gradient of strain éver the length of the neck. As a result,
slip planes may become curved and give the appearance of other than
octahedral planes; this was most apparent in crystals of the end-

orientation [TIZ .

1

In crystals of [TII; orientation, the active systems when necking
begins are in primary-cross relationship and non-symmetrically disposed.
For that reason, such crystals fractured by shear in a narrow zone

parallel to (100). Voids appeared within the zone.
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SUGGESTIONS FOR FUTURE WORK

The present study on crystals oriented for multiple slip strongly

suggests that obstruction to dislocation motion is greater with forest

dislocations of 90° intersection than those of 60° intersection. It

was suggested that such a behavior may be due to the lower mobility

of the jogs of the former case. To investigate this process further

two experiments can be performed.

(1)

(2)

Etch pit studies of [@0[] crystals: The determination
of the relationship between the flow stress and etch
pit density is expected to result in a rcx-f" relation-
ship with n larger than % « However, diligent experi-
mentation would have to be done on different low index

planes since debris density may be large, resulting in

a large scatter.

Strain-rate studies on crystals involving only two
specific interactions at temperatures below 78%:

It was shown in Appendix V that tensile deformation
of EOIIW crystals with new dislocation sources in-
troduced at the surfaces operated only primary_and
critical systems in equal amounts at 4.2°K. Similar
introduction of surface sources in LTIZ} crystals
should operate only primary and conjugate systems,

eliminating extensive easy glide.
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Strain-rate dependence of flow stress of these crystals
should manifest differences in the thermally aided
intersection of forest dislocations from which further

elucidation of the intersecting process can be derived.

The study of hardening in polycrystalline material has indicated
that the relative higher hardening owing to the presence of 90°-
intersection forest dislocations may dictate.the choice of slip
systems which are required by the imposed strain. Such behavior may
give é clue towards understanding the difference in the deformation’
texture of different fac;-centered cubic metals, A theoretical
calculation similar to Bishop and Hill, and Lin and Lieb using only
those slip systems which minimize the 90o intersection could lead to
accounting for the higher LQO{] component in the fibre texture of

lower stacking-fault energy metals.
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