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Abstract of the Thesis

AN INVESTIGATION OF PLASTIC FLOW
IN CONSTRAINED COPPER CRYSTALS

by
Barry Jay Berkdwitz

Master of Science

in
Materials Science
State University of New York at Stony Brook

. 1973

Comparative studies of the changes in microstructure and
micro-relaxation parameters weré made between high purity copper
‘single}crystals and identical single crystals which had a surface
mbdification. The latter specimens had a fine grain polycrystal-
line surface zone 20-40 microns thick, which was produced by
controlled deformation and subseqﬁent recrystallization. Such a
zone meets the requiremenfs of interface cohesion and is identical
to the substrate in chemical composition and elastic parameters.
Crystals with the surface zone exhibit a tripling of the yield
stress and a Stage I work-hardening rate not much lower than that
of Stage II. Relaxétion data for‘modified crystals showed large

recovered strains (about an order of magnitude larger than that



for single crystals) up to prestrains of‘10_3. Above this pre-‘
strain the recovered strain was essentially the same as for
copper Single crystals in Stagé I. Forest dislocation etch pit
studies in conjunction with the above findings indicate that for
) constrained crystals, dislocations tend to be blocked below the
. coating-substrate interface. These dislocations cause stress -
"concentrations (mostly due to;screw dislocations), thereby
playing a major role in producing an observed forest dislocation
build-up. 'Some comparative studies were also made on copper

plated single crystals.
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I. INTRODUCTION

The strengthening effect of coatings on single crystals
Is a well known phenomenon. Coatings produce plastic constraints
to the substrate,Athus limiting the mean free path for disloca-
tion giide.‘ The study of this Eehavior is essential; for a
plastically constrained single crystal serves as an analog for
pol&crystals, multiphase alloys, composites and other constrained
systems. In this study, mechan;cal testing and etch pitting
‘techhiqueé were employed to obtain information regarding the
role of dislocations in copper single crystals and coated
copper single crystals,‘AIt was found that plastic constraints
- cause an excess of dislocations in the substrate below the
- coating. This build-up of primary dislocations causes large
stress concentrations (mostly due to screw dislocations) which |

result in an increase in the forest dislocation density.

" 'Réview of Previous Work

It has been shown that the surface plays a dominant role
in the deformation process of face centered cubic metals. As
an illustration of this, the work by Suzuki and coworkers (1)
can be cited. They showed that there is a definite dependence
of the termination of easy glidé on the crystal diameter. The

. extent of easy glide must therefore be controlled in one way or



another by the presence of avsurface‘region, for as a crystal
diameter decreases, the ratio of surface region to bulk in- -
creases. Nakada and coworkers (2) further showed that the
sample thickness in the direction parallel to the burgers vector
has the most influence on the extent of easy‘glide;'indicating
that the interaction of dislocations with the surface Tegion
- must be an important factor.
| Fischer (3) postulated that the dislocation source
~ generation stress should be lower nearer to the surface of avx
cryétal. He explained that dislbcations that penetrate the
surface.are relatively free to move at one end and effectively
appear to be twice as long as the average interior dislocation
source. Therefore, Frank-Read type dislocation sources at the
surface should be capable of being activated at approximatély one
half the applied stress of an interior source. This was confirm-
ed experimentally by Kitajima (4), Adams (5); Worzalla (6), and
Latanision (7). More recently, Young and Sherrill (8), using
Xx-ray Bormann topography were able to show dislocations moving
in large mumbers from the surface into the interior of the
crystal during early stagés of deformation.

Recently, the influence of the surface region on the
deformation.process has been discussed by Fourie (9, 10). He
showed that the surface region of copper'single crystals hardens

more slowly than the interior during plastic deformation.



Fourie made these.ﬁeasurements in the unstressed state, and
Mughrabi (11) .confimmed these results' by irradiating samples
with neutrons, thereby pinning the dislocations in the stress
applied state, and compared transmission electron micrographs
of the surface region with the center of the crystal. The
result§ showed that after Stage II deformation the dislocation
density at the surface appears to still be characteristic of
Staée I (easy glide). Mughrabi (12) further showed that as a
result of this flow stress gradient, typical surface slip line
data is not necessarily representative of the bulk during all
stages of deformation and that an alternative formulation had
to be derived.

In contrast to the above findings, Kramer and coworkers

(13-21) suggest a debris layer model, whereby a crystal can

have its original yield stress restored by chemically removing
same of the surface. This effect was also shown by other
workers (4, 22). The work hardening in crystals can then bz
explained, in terms of.this model, by the accumulation of
dislocations in surface debris zones which Cfeates sufficient
back stress opposing éubsequent dislocation motion.

" Fourie (23) likewise found that the removal of a sur-
face envélope clearly reduces the yield point, but contrary to
the debris’ layer médel, he explains the phenomena simply as a

result of a flow stress redistribution which occurs when a



crystal with a freshly exposed surface is.further deformed.
There has been other contrasting-resuits:with_regard to
flow stress gradients and dislocation distributions. P.R.
Swann (24) using electron microscope and Block and Johnson (25)
using etch-pit techniques both found no dislocation denSityv
gradient after straining. On the othér'hand; Kitajima; Tanaka
* and Kaieda (26) showed by etéhrpit studies that the primary
dislocation density was higher in the surface region (50 - 100
micronsj than in the bulk.
| Another important influeﬁte of surface region on the
mechanical behavior of metals occurs when a crystal is coated with
a thin film. It was shown as early as 1936 by Roscoe (27) that
a thin film of oxide on a cadmium single crystal caused an in-
crease in the flow stress by a factor of about two, as compared
to that of an uncoated cryStal. This extraordinary effect was
shown not to have been caﬁsed by the added shear strength of
the film alone, and it was conciuded that there must have been
same unknown interaction betweeh the film and the substrate.
Subsequently J.C. Fischer (3) in interpreting these re-
sults, extended his model by proposing that dislocation sources
‘nearvthe surface which nomally operate at abbut half the shear
stress as an interior source, are now inhibited due to a pinning
of the normélly free end of the dislocation at the film-substrate

interface.



Ma.nypther .wquers. have since proposéd theories’ to
explain this film strengthening phenomena. A:K: Head (28) has -
suggested an analogy between dislocations and electrostatic
line Charges. For films of higher elastic modulus than the
substrate, the dislocations at large distances from the £ilm
‘are attracted to the surface while dislocations near to . the
film feel a short-range r'eputlsive force. This theory was.-,furﬂler
elucidated by A.H. Cottrell (29) predicting an excess dislocation
density near the film. C.S. Barrett (30-32) proposed a barrier
effect whereby the mobile dislocations cannot leave the crystal
during deformation due to the hard film. in uncoated crystals,
ﬂua dislocations would lédve the crystal at the surface, but a
barrier prevents the dislocations from 1eaving and as a result -
high local diglocation densities should occur just below tﬁe‘ )
fi]m-suBstrate interface. | Elbaum (33), Liviﬁgston and Cha]mefs
(34) and Hausser and Chalmers (35) showed that the macroscopic
incompatibility of grain boundaries results in multiple slip
extenting large distances into -' the grain.A Nakada and Chalmers.
(36) extend the above to suggest that the excess dislocation
pile-up under the film causing sﬁress concentrations which. can
only be relieved by means. of secondary slip in the bulk. This
causes enhanced dié.location interactions and therefore a sub-

stantial increase in the flow stress of coated crystals.

bt



It has been suggested by..thnSon and Block (37) that most
of the 'qbserired' £ilm stre_n‘gthehiqﬁg “in chromium plated copper |
crystals can be attributed to cracks in the plating; which
result in high local streé's concentrations in the 'subs'trate.'f
This was subsequently questioned by Bilello (38) based on cal-

. culations which showed that only a small percentage of the
strengthening can be caused be- this effect. It was later
demonstrated by Pridans, Berkowitz and Bilello (39) that crystals
with platings exhibit .appreciable strenéthening even though

the platings were shown to be completely crack--free‘.,:

In a recent study of film strengthening, Pridans and
Bilello (40) showed that the Strengthenqug could be attributed
to both short-range film repulsion plus a long-range interactibn
which extends deep into the bulk. It was suggested that this -
long-range interaction causes secondary slip activity to become
more dominant throughout the bulk with increasing strain.

More recently, Livesay and Starke (41) studied the
possible causes for film strenéthening using extremely thin
substrates and coatings (30 - 100 microns and 22008 respectively)
and found that the elastic modulus difference provided the
primary strengthening mechanism for some FCC.systems.

In other works, Patterson and Greenfield (42) showed

in gold, and nickel diffused copper crystals.  Also, Nakagawa



and Greenfield (43) studied silver diffused copper explaining
strengthening in téms of a high density of sessile misfit

dislocations near the interface.

...............

. There have been two kinds of ‘arguments to explain the
role of surfaces in the defc.mnation processes of FCC metals.
Some workers (9-12) showed that during deformation of copper
single crystals, the surface of the crystal seemed to deform /
slower than the interior and that the dislocation density-at -
the surface was very much lower than that of the bulk after a
few percent strain.

On the other hand, other experiments on copper crystals -
‘(13-21) showed contrasting results, i.e. after deformation the
.disiocation density was found to be higher at the surface.

The reason for the disparity probably lies in the iethod
of crYstal preparation. It should be noted that all of the
workers (13-21) that found a ﬁardened surface zone prepared
their crystals using modified Bridgman techniques involving
hard graphite or porcelain molds, while experiments Wthh
revealed a soft surface region (9-12) used éi'thei*‘ an open boat
~ growth technique or a soft powdered graphite mold metho'd..‘ One
possible éxplanation may.be that the observed differén'ées"ar¢ '

. due primarily to the initial structure, for'a crystal with



constricted surfacés.during'grqwth,would seem.to have a higher
initial dislqcation“density'at the'surfgce‘While one with free
surfaces would exhibit a more uniform initial structure. This
. .certainly could give rise to the’aforementioned'differénées'in
dislocation structures of strained crystals. TherefOret‘greaf
care ﬁas taken in the present experiments to compare results -

only to known initial dislocation structures.

" Experimental Plan

In view of past work, the present experiments wete
planned to observe the influence of a constrained single crystal,
with as far as possible, no other intervening effects present
i.e. excluding modulus differences, interface non-coheSion;
surface energy differences, surface zone solid solutions;'etC;
It was felt that a new approach was needed to do this. In the
past, workers have used plated or sputtered film techniques’
as a means of studying surface effects, but the problems with

films are that they are not nécessarily cohesive with the sub-
strate and may crack or even disengage. Instead, inherent
polycrystalline surface layers were produced by extending the
methods developed by others for zinc and tin (44, 45).

In this study a modified single crystal was developed
with a very fine grained, inherent, polycrystalline surface

region. This new completely cchesive surface of identical



material- and elasgi,c constants. was then employed to  explore the
deformation processes in normal single 'c_rystals'.

The most important tool for this study was a tensile
‘testing machine. From the load-elongation data, information
cqncerni'ng the combarisons of quified and normal single crystals =~
were obtained.  Relaxation i_nformation; which gave new insight
into possible deformation mechanisms, was also gathered.

o Etch pit data was also obtained in order to better char-
acterize the role that both edge and screw dislocations play 1n

‘the deformation process for coated and uncoated crystals.



IT. EXPERIMENTAL PROCEDURE

Crystal Preparation

' A modified Bridgman Technique was used to grow single
crystals from ASARCO 99.999% pure copper. A Synchronous motor’
providéd é growth rate of 5 an/hour wﬁich has been shown (46)
~ to give a good balance betweeﬁ subgrain size and dislocation
density. The crystals were grown in two-track (5mm x 5mm each)

" Torr. The crystals

~ graphite molds in vacuum better than 1 x 10
prodﬁced were each about 20 cm 1éng grown from seeds oriented
at 3° from (001) with a pair of faces g 1° from {111}. The
crystals were then sectioned into 5 cm long samples using a
modified acid saw technique (47) and polished in a 60% Ortho-
phosphoric acid solution to make-the faces smooth enough for
etching purposes. All of the samples were then annealed in

-5

vacuum better than 1 x 107> Torr at 1050°C for eight days. The

initial dislocation densities of all the samples were between

6 cm/cms.

1x 10° and 1 x 10

Some of the samples were then modified as follows: a
sample was placed in wax in a holder and stroked under a ;ontrolm
led contact stress. across a 320 grit paper to broduce deformation
only at the surfaces. This procedure damaged a zone only

g 20-40 microns into the bﬁlk leaving the remainder of the crystal

unaffected (as observed by sectioning and etch pitting). The

10
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crystal was then removed from the holder and wax and was
annealed at 450°C fqr thirty minutes so that the surface of the
crystal recrystallized with a final grain size at the surface
of about 10 to 20 ﬁm. After polishing 40 ﬁm into the crystal,
all the grains were removed .leaving the original Siﬁgle'crystal.

In order-to determine the'depth_and characteristics of
" this surface zone, a sample was first sectioned and photographed
(shbwn in Fig. la), in order to determine the depth of the sur-
face layer. Next, the surface was et;hed (Fig. 1b) which-
illustrated the grain size of the surface. Lastly, the sample
was x-rayed producing a Laue photograph.(Fig{ 1c). The rings
produced indicate that the surface zone is not highiy textured.
The bright spots are reflections from the substrate (the depth
of penetration of the x-rays is greater than the thickness of

the surface coating).

Mechanical Testing

The samples were mounted into self-aligning ball joint
grips using a creep-resistant soft solder. During scldering,
the sample and grips were held in place by a lavite alignment
jig to insure accuracy. The samples wefe meéhanically fested'
on a Table Model Instron Tensile Testing Machine at a strain

‘ 4 1

rate of % 1.67 X 10 "sec.”". A standard prestress of 4'gm/mm2

was used for the purpose of initial alignmments. The



load-displacement aata was directly plotted using an x-y plotter.
The y-channel of the plotter recorded the information from the
load cell while the x-channel recorded the information from
linear variable differential transducers (LVDT) which were
incorporated-directly in the sample grips thereby measuring only
the instantaneous elongation of the Sémple;'

All tests were done at room temperature at straiﬁ

6. So that témperature fluctuations would

sensitivities y 1 x 107
not affect the relaxation results, a styrofoam shielding Qas
uséd to keep the sample temperature constant.

To obtain high sensitivity strain.relaxation data at
.relatively largé prestrains, zero suppression capable of sup-
pressing prestrains up to approximately-lo'2 had to be used to
keep the data on the graph. The zero suppression instrument
was built directly into the Daytronic amplifier which amplified
the signals from the LVDT.

Etch Pitting Techniques

Livingston's (48) etch was used to reveal dislocations

on both primary and forest {111} planes. Acid cut surfaces were

prepared for etching by using an acid wheel polisher (49)
using the polishing technique of Mitchell, et al. (50), to
flatten the surface with very little or no mechanical damage and

then electropolish to smoothen the surface to be etched.

.12



.13

After a given amount of prestrain, in order to etch a
particular (111) plane, the sample was first unsoldered from
its grips and then x-rayed to determine the angle at which it
had to be cut. The sample was then set in a lucite track on.a
. goniometer stage of the acid saw. String tension and acid flow
were continuously monitored so as to produce as flat a cut as
possible. Next, the sample was placed in a wax mount with the -
cut face exposed. The wax was then affixed to the holder of the
wheel polisher and the sample was ..slowly adjusted closer and
- closer to the wheel using a cathetometer until the polishing
solutibn on the wheél formed a.capiilary bridge. The surface
tension of the liquid maintained this bridge as the wheel
rotated. ' To avoid rounding of the edges of the Sample;'a'lo
micron layer of copper was plated to the sides of the sample
using a technique reported by Pickus and Parker (51) and then
a thin layer of microstop was applied on tob of the plating.
This procedure kept the sample flat to within 10 microns of the
'edge. . The sample was then electropolished in 60% Orthophos-
phoric acid producing a very flat, shiny surface which was then

suitable for etching.



T1I. RESULTS

- Stréss=Strain Behavior - .Geéneral Features

All samples were tested using a uniform procedure (see
Fig. 2). Each sample was loaded and unloaded in increments of
strain such that there were about four or five loops for each
cycle of prestrain on a logarithmic scale. The figure'shows
one typical loop of resolved shear stress vs. resolved shear
strain for the purpose of identifying various characteristics
of the»defbrnmtion behavior. |

For the uncoated single crystals there is an initial
linear region, (i), terminating at the stress Tg- The stress
{E is actually the anelastic limit rather than the elastic limit
because preliminary tests on previously unstrained crystals
showed no loop retracing for any detectable stress limit. It has
been shown (52) that the microyield stress for very pure copper
single crystals is in the neighborhood of 2 gm/mmz. The elastic
limit is therefore below the le§e1 of prestress (g 4 gm/mmz) used
for alignment.

While the crystal is straining in the flow region, the
crosshead motion is reversed at stress T thé maximum loop stress.
The unloading behavior is initially linear with approximately the
same slope és region "i'. .At a stress T, the crystal beéins to

plastically relax. This relaxation continues until zero stress

14



is reached (excluding prestress) at which point a total amount of
plastic strain; ar; is recovered and a pemmanent plastic strain;
Aa;nmmhw;

The behavior of crystals with inherent polycrystalline
surface regions are similar in character except that Tg-1s the
stress level below which loop retracing occurs. Above ‘11 there
is another linear region, "ii", of smaller slope, continuing to
fp, the anelastic limit. There is only one detectable linear
region during unloading for all crystals.

Crystals that were electroplated with thirty microns of

copper showed only one detectable linear region during loading.

"~ 'Proportional Limits and Slopes

The proportional limits of both coated and uncoated
crystals are shown in Fig. 3. It is noted that the proportional
limits of samples 4d and 4e (single crystals) are fairly constant,
those of 3c (crystal with inherent polycrystalline surface) vary
~ greatly. Tg of 3c gradually decreases until region "'i"' eventually
disappears at a strain g 10_3. ip of 3c shows an initial rise

until a strain of g 1074

and then also shows a decreasing trend.
Fig. 4 shows the relative slopes of the initial linear

regions of the deformation behavior of various crystals. The

plots indic&te the percent deviation from the theoretical cal-

culation of Young's Modulus, E, for this orientation (53).

15



Samples 4d and 4e show fairly high deviations indicating that
their initial linear region$ are indeed exhibiting anelasticity.
Crystal 3c shows two regions of anelast1c1ty, regions "i'", and

11"' It should be.noted that the slope of region "i'" is con-

stant even though TE steadily decreases.

" 'Strain Relaxation Behavior

" Recovered strain vs. accumulated prestrain is plotted in
Eig.'S. Samples 4d and 4e (singlé crystals) show two linear
regions on a log-log plot with the change‘in slope at about 7
or 8% strain. Samples 3c and 3e (polycrystaliine surface) ex-
hibit recovered strains of almost an order of magnitude higher

-3, In both

than that of the single crystals to a strain g 2x10
'3c‘and 3e the recovered strains continually risé, reach a local
peak, and then level off to a constant slope not very much dif-
ferent from that of the single crystals.- Sample 3g (30 micron
plating) .shows three distinct regions of constant slope, the

first ending at 5 X 10" and the second at § 1 x 1072.

" ‘Macrostress-Strain Behavior

The macrostress-strain curves of various crystals are
shown in Fig. 6. The most obvious aspect of the curves is that
the yield stress, TYS, determined as the Stage I flow stress

extrapolated to zero strain (see Fig. 2), for the inherent

|16
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polycrystalline cQated sémplesf(5c and 3e) are ahout three times
_.greater'tﬁan that of the single crystals (3d, 4d; and 4e)i Also;
4d and 4e show eaSy g1ide until about 5 and 7 percent respectively;
while 3c shows approximately the same Stage I-II transition, but
has a much higher Stage I work hardeh;ng rate, SI (not much-
different from Stage II for 3c). The Stage I-II transition is
indicated on Fig. 6 as “a(I—Ii)". It is also noted that the
work hardening rates of all crystals during Stage II, 6113 are
approximately the same. Samplc 3g (plated) shows a hybriaiza-
tion of the behavior of both single crystals and crystals with
inherent polycrystalline surface regions. Below a strain of
"5 x 10_3;.3g appears to be similar in character to 3d, but above
this strain it more resembles the behavior of 3c.
Samples 3d and 3e were strained only to 2% and sectioned

for etch pif studies. |

. The yield stress, work hardening rates, and Stage I-iI

‘transition strains of various crystals are shown in Table 1.

‘Forest Dislocation Densities and Distributions

Fig. 7 shows a composite photograph of forest dislocation
etch pits revealed on the primary planef(lll)—of 3e after 2%
strain. The intersection of the primary slip plane with the (111)
side face ié visible at thé bottom of the photograph. Cdmposite

photographs were used to extract the forest dislocation density



Table 1. Summary of Stress-Strdin Data

Crystal Description Tys 0y 011 a(I-I1)
- 3c polycrystalline 0.33 kg/mm2 8.8 _kg/mm2 11.7 kg/mm2 5.6%
surface
3d normal 0.11 | 4.3 — e
3e polycrystalline.‘ 0.34 4.4 ——— —_—
surface
3g plated 0.12 9.2 11.7 6:0
4d ‘normal 0.09 3.9 11.3 5.4
de normal 0.08 3.2 10.4 7.6

8T



as a function of depth into the crystal for single crystal 3d and
~ polycrystalline éoated crystal 3e. Etch pits were counted in
various areas , giving statistically‘ representative data. This
information is plotted in Fig. 8. |

For each crystal; the log of the dislocafion der*.éity is
plofted as a function of distance from two adjacent side faces of

the crystal i.e. (11I) side face and (2T1) side face. It should

be noted that the forest densities as measured from both surfaces

of both crystals are generally the same in the bulk, but are
~ greater near the side surfaces of sample 3e. Also, the high
density of the (111) surface of 3e extends much further into the

bulk than that of 3d, while this effect is not prominent for .the

(211) surface.
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Iv. DISCUSSION

The total recovered strain due to all the relaxing

dislocations is given as:

where Nr is the total of mobile dislocations in the reverse
direction, and ﬁi is the average distgnceﬁthat.these'd131ocat10ns
' récover. The strain relaxation behavior (Fig. 5) of the single
crystals increases steadily as a function of strain (to g 7%),
indicating that the product N}ﬁ} is also steadily increasing.
At point "a(I-II)", the recovered strains of the single crystal
show a sharp increase with increasing strain indicating that
the Nfﬁ% increases more rapidly at thé onset of Stage II behavior.
Crystals with inherent polycrystallihe surface layers
show strain relaxation curves whose behavior can be explained
éﬁ follows: at small strains (fo g 10_3), the amoun? of recovery
is.relatively high because dislocations in the crystal cannot
pass through the elastic polycrystalline surface region. The
dislocations pile-up, in a sense,‘againsf the unyielding-surface,
and when the applied stress is relieved, large back stresses

‘cause the dislocations to move in the reverse direction. Un-

coated crystals should exhibit smaller relaxations, because the

20
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dislqcations on the glide plane easily form a steplaf the .surface
thereby eliminating the stress field associated with the dislo-
catioﬂ: |

At the local peaks in the relaxation:curves for 3c and 3e
it is believed that the polycrystalline surface begins to yield.
At this point, the amount of recovery pér unit strain begins to
level off, because the dislocétion strain fields can now be
relieved at the polycrystalline-substrate interface. Above
Q 3 x 10'3 strain, the slopes for these curves resembles those
for the single crystals, and it should te noted on the stress-
strain curve (Fig. 6) that the crystals are still showing Stage I
behavior. Evidently, ﬁhiS'relaXation region of constant slope
is indicative of easy glide, i.e. ND (for forward motion) and
Nfﬁ% are both increasing steadily in this region.

The plated copper cfystal shows a behavior that is
éharactefistic of both the single crystals and the crystals with
the polycrystalline surface layers. To strainé of g 5 x 10-3
both the stress-strain and relaxétion behavior is reminiscent of
- the single crystals. This is most likely due to inhomogeneous
yielding of the crystal at the few points where the film might
have decohered or disengaged. At higher straiﬁs;'the defdrmation
becomes more homogeneous and these finite areas become exhausted
so that most of the dislocations now see a cohesive coating simi- -

lar to the polycrystalline layer of 3c and e, The stress-strain
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curve as. well as the strain relaxation curve of 3g (plated) shows -
a Tapid increase to strainsy 1% at which point, the slopes of
both curves take on the qualities of the curves of the other
crystals in Stage I.

“Even though the'relative~51§pes'in the easy glide region
of all crystals are'Similar, the magnitudes vary over a wide
range. This can be explained in terms of the grain size of the
surface region. The uncoated crystals exhibit the least amount
of recovery in this region because of the relatively free sur-
face. Most dislocations can egress at the surface, thereby
relieving the back stresses. The plated crystal shows the highest
recovery, because the very fine grains, indicative of electro-
platings, yield at much higher stresses than that of the inherent
polycrystalline layer (grain size g 10-20 microns). It is
therefore more likely that a plating would provide the most
plaétic.constraint (assuming cohesion), thereby increasing the

amount of recovery of near surface dislocations.

The Rolé of Screw Dislocations During Deformation

The dislocation forest density after 2% strain of single |
crystal 3d and polycrystalline surfaced crystal 3e is shown as
a function of depth from the side surfaces (Eig: 8). The forest
density in éhe bulk seems to be iﬁdepéndent of the kind of sur-

face to 2%, but the forest density for the coated'approaches'a
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higher value at thé'surface than that of the uncoated. Also note
that the densities as a function of depth from the (2TI1) side face
for both crystals are about the'ééme;'but‘the'deﬁSities’as a
function.of depth from the (11I) side face shows much higher
values'for.the'Coated‘crystal; ‘
* The reason for this behavior is that the dislocations

that approach the (111) side face during deformation are screw
in character, while those approachiﬁg the (2T1) face are mostly
edge in nature. Hauser and Chalmers (54) in dealing with plastic
cohstraints produced by incompatible boundaries show that the
unrelaxed stress due to screw dislocation pile-ups is more pro-
nounced and extends deeper into the crystal than that of edge
dislocations. _

The increase in the forest demnsity at the surface is thus
a manifestation of the stress concentfations at thé BoUndary that
must be relieved. It is reasonable to assume that the initially
high relaxation data of the polycrystalline coated crystal is due
to this unrelaxed stress, i.e. the aforementioned back stress, and
that the screw dislocations must therefore be the major contribu-
tors in the work-hardening process.

The recent finds of Nakagawa and Greenfield (43).seem to
be consistent with the above. After diffusing silver into surface
layers of copper of orientations (001) and (110); it was found

that the (001) surface orientation exhibited the greatest
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hardening. It was argued that this hardening is due to misfit
dislocationsiaccqudating the diffused silver layer. The (001)

* diffusion zoné contains sessile edge aislocations; while the (110).
contains sessile edge and glissile mixed‘dislocations;' Under an
applied'stress;'the difference in strengthening was explained

in terms of a b10cking effect by the sessile edge dislocations.

It should be pointed out though that during defbrmation;
mostly screw dislocations approach_the'(OOl)’surface;'while an
abundance of edge dislocations approach'the”(IIO) surface; The
phenomenon may theﬁ be explained as the blocking of the egress of
the screv dislocations causing the high stress concentrations
discussed earlier.

In sumary, the present work showed that for uncoated
single crystals where dislocations caﬁ‘egresS‘at the free sur-
face, the internal stresses can be relieved without building up
large constraints. For crystals with barriers, such as coatings
or grain boundaries, dislocations. tend to be blocked and nucleate
secondary slip, with primary screw dislocation segments playing
the major role in producing the resultant forest dislocation

build-up.
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Fig. 1.

(a) .Sectioned coppér

"~ . crystal with inherent -

polycrystalline surface

(b) Micrograph of the
inherent polycrystalline

surface after etching

(c) Laue photograph of
the inherent polycrystal-
line surface showing no
obvious texture
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. Fig..2. Typical stress-

strain loop shoiving the"

_various micro-relaxation

parameters.
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Fig. 3. The proportional

(resolved shear stress)
1limits vs. resolved shear
strain of the initial lin-
ear regions of both single

. crystals and crystals with

inherent polycrystalline
surface layers. o
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Fig. 4. The % modulus
reduction vs. resolved
shear strain for single
crystals and crystals.

. with irherent poly-

crystalline surface
layers.
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Fig. 5. Recovered .re-
solved shear strain vs.
resolved shear strain
for coated and uncoated
crystals.
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“Fig. 6. Resolved shear

stress vs. resolved shear
strain for various coated
and uncoated crystals.
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Fig. 7. Composite photo-
micrograph of the (111)
plane etched to reveal
dislocations.
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Fig. 8. Forest dislocation

density as
depth into
from (111)
from (211)
from (111)
from (211)

a function of
the crystal
side face of 3d
side face of 3d
side face of 3e

side face of 3e
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