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Grain-size effect on the deformation mechanisms of nanostructured copper
processed by high-pressure torsion
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The unique nonuniform deformation characteristic of high-pressure torsion was used to produce
nanostructures with systematically varying grain sizes in a copper disk, which allows us to study the
grain-size effect on the deformation mechanisms in nanostructured copper using a single sample.
The as-processed copper disk has 100—200 nm grains near its center and 10—20 nm grains at its
periphery. High densities of full dislocations ¥2.0*¥m?) were distributed nonuniformly in large
grains, implying that dislocation slip is the dominant deformation mechanism. With increasing
dislocation density, the dislocations accumulated and rearranged, forming elongated nanodomains.
The originally formed nanodomains remain almost the same crystalline orientation as their parent
large grains. Further deformation occurred mainly through partial dislocation emissions from
nanodomain boundaries, resulting in high density of nanotwins and stacking faults in the
nanodomains. The elongated nanodomains finally transformed into equiaxed nanocrystalline grains
with large-angle grain boundaries. The results suggest that grain boundary rotation and grain
boundary sliding might play a significant role in the formation of large-angle grain boundaries in
nanocrystalline grains. These experimental results show that different deformation mechanisms
operate at different length scales and confirm unambiguously the deformation mechanisms of
nanocrystalline grains predicted by molecular dynamic simulations20@4 American Institute of
Physics. [DOI: 10.1063/1.1757035

I. INTRODUCTION tively large grain sizege.g., around 100 njrbecause of the
limit in computing powers and resources. On the other hand,
Nanostructured metals and alloys have demonstrated Syperimental studies involving multiple samples with differ-
perior  mechanical propertb!es, such —as  excellengnt grains sizes may inadvertently introduce unintended fac-
superplasticity, high strengtf® and, in a few cases, the tors that affect the deformation mechanism, because different
com_b_mazt|507n of very high yield strengths and high yocessing parameters need to be employed to produce
ductility.>" In contrast, there is always some trade-off be-gamples with different grain sizes. Therefore, it is desirable
tween the strength and ductility in coarse-grained metals ang produce nanostructures with systematically varying grain

alloys. The.umque deformatlon mec;hamsms in nangstrucgizes in a single sample processed by a single set of param-
tured materials are believed responsible for the superior mesiarg

chanical properties of the materials. Recently, tremendous |, this study, we employed the high-pressure torsion

effort h_as been made to undergtand the deformation mecha;”;-r) technique to produce nanostructured copper with sys-
nisms in nf';\nostr'uctured materials. For e>.<ample, molecula{emaﬂca”y varying grain sizes. During a typical HPT pro-

dynamic simulations suggested that grain-boundé®)  ess a sample disk is placed between two round tool-steel
sliding pla%/s a significant role at very fine grain si2esy.,  44s. The two rods apply a high pressure on the sample disk
3-10 nm,” while partial dislocations emitted from GBS e rotating relative to each other. The severe plastic de-

dominate the deformation at the grain sizes of several tens gf . ation produced by such a process will refine the grains

—11 . .
nanometerS:!! Recent experlmental observations on nano-of metal and aIon samplé‘g’.‘leDue to the intrinsic nature of

crystalline Al and Cu have provided strong evidence of paryhe HpT process, the sample disk does not deform
tial dislocation emission from GB';**which subsequently uniformly15’17'18Whi£:h provides an excellent opportunity to
form deformation twins and stacking faults. However, therestudy hO\;V different grain sizerom submicrometers down
has not been any report showing the systematic grain-sizg, ahout 10 nm affect the deformation mechanisms under
effect on deformation mechanisms in a relatively large graingjmijar deformation conditions. In this article, we carry out a
size spectrum from a single experiment. It is difficult for .o.ofl transmission electron MicroscopyEM) investiga-
molecular dynamic simulations to study a system with relasjon of the microstructures of a HPT-processed copper disk
and report different deformation mechanisms in grains at dif-
dElectronic mail: yzhu@lanl.gov ferent size ranges.
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FIG. 1. A typical bright-field TEM image of SMS grains.

Il. EXPERIMENTAL PROCEDURES

A 99.99 wt% pure coarse-grained copper disk with a
thickness of 0.5 mm and a diameter of 10 mm was processed
into nanostructured copper via HPT for five revolutions un-
der 7 GPa at room temperature and a quasistatic strain rateg. 2. (a) A typical low-magnification image of elongated nanodomains
Readers are referred to Refs. 15, 17, and 18 for detailetdrmed within SMS grains(b) A magnified image of the upper right corner
information on the HPT process. The samples for TEM in-of (@-
vestigation were prepared by mechanical grinding of the as-
processed Cu disk to a thickness of aboufd® and subse-
quent ion-milling. Special attention was paid to prevent an

jnvestigation suggests that several neighboring grains usually
heating during the TEM sample preparation. f?rm a domarlln 'E Whr'fh tne grain opentayons.are hmugh
Conventional TEM investigation was carried out using aCloser t?t gacb Io_t erdt tﬁntt € grain .ct)rr:.entatlon; n qt er do-
Philips CM30 microscope operated at 300 kV. High- m?"T‘S-" IS Ie |§\;e at grains within (;]ne (;maln yveref
resolution TEM(HREM) investigation was carried out using originally evolved from one coarse grain through a series o

a JEOL 3000F microscope operated at 300 KV. steps. Cellular subgrains were first formed with small-angle
' GBs followed by the subsequent small-angle to large-angle

transformation of the GBY'°"?2HREM examination of
several grains suggests that the dislocation density in SMS
It is well known that for HPT deformation the true shear grains is about X 10'%m? and the dislocations are not dis-
strain vy follows the relationshipy=In(2#RNL), whereRis tributed uniformly. No twin was found in these SMS grains.
a radius,N is the rotation in turns, and. is the sample Figure 2 shows a typical bright-field image of elongated
thickness:>!® This implies that HPT deformation in a disk nanodomains formed within SMS grains. A structure similar
will be nonuniform with the center of the disk being leastto that seen in Fig. 1—grains with the size range of 100—200
deformed. Although experimental results have demonstratedm—is seen at a low magnification in Figia2z However, at
increasing microstructural homogeneity with increasing apa high magnification in Fig. ®), it is seen that each SMS
plied pressure and rotation turtist®it is still expected that grain is further divided into a large number of elongated
microstructures vary at the different parts of an HPT de-nanodomaingnote: we name them “domains,” not “grains”
formed sample. Indeed, TEM investigations show three disbecause neighboring nanodomains have almost the same ori-
tinct microstructures, which belong to three subsequent deentation that contradicts the definition of “grains,” see sub-
formation stages, respectively, in the current samgie: sequent discussiorwith widths of 10—20 nm. The elonga-
submicron-sizedSMS) grains with the grain sizes ranging tion direction is the same for all nanodomains in different
from about 100 nm to about 200 nnjj) elongated nan- SMS grains, implying the direction was controlled by the
odomains, with the domain widths of around 10-20 nm,sample torsion direction, not by the original grain orienta-
formed within the SMS grains; an(@i) equiaxed nanocrys- tion. The grain boundaries of the SMS grains remain clear
talline grains with grain sizes around 10—20 nm. The differ-and the nanodomains within each SMS grain have mainly the
ent grain/domain sizes in one sample make it possible teame orientation, which is clearly demonstrated from the
systematically investigate the grain-size effect on the deforsame diffraction contrast within each SMS grain in Fitp)2
mation behavior of nanostructured Cu under similar deforand will be further confirmed in Figs. 3 and 4 later.
mation conditions. As mentioned previously, dislocation density within
Figure 1 shows a typical bright-field image of SMS each SMS grain is not uniform. As a result, some part of a
grains seen in the sample. Grains in this structure are usuallyMS grain can be transformed into nanodomains, while the
at the size range of 100-200 nm. Although neighboringother part remains a large grain. A typical example is shown
grains are all connected through large-angle GBs, detaileth a(1100 HREM image in Fig. 8a). It is interesting to note

IIl. EXPERIMENTAL RESULTS
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FIG. 3. (a) A (110 HREM image of a grain in which the upper part of the
grain has been transferred into elongated nanodomains while the lower pafIG. 4. (a) A (1100 HREM image of elongated nanodomains. The domain
still remains a SMS grain(b) A magnified image of the part indicated by a boundaries are highlighted using black asterigksFourier transformation
black-rectangle in@. The domain boundaries are highlighted using black of (a). Two sets of lattice forming a twin relationship are indicated by two
asterisks. The111} planes that form the twin relationship in the middle rectangles(c) Inverse Fourier transformation using tt@00) and two spots
nanodomain are indicated using black lines. marked “C” in (b). Dislocation cores are marked with black “T” and their
slip plane is indicated using a white straight line. A mark “A” indicates an
area where dislocations are located within a nanodontdimnverse Fourier
transformation using th€000) and two spots marked “D” in(b). Disloca-
that, while there is no deformation twin in the part that re-tion cores are marked with black “T.”

mains a large grainsee the lower part in Fig. (8],
nanotwins and stacking faults are seen everywhere in the
nanodomain area in Fig.(®. To see the nanotwin HREM indicating that the domain boundaries were formed via dis-
image more clearly, an area indicated by a black rectangle itocation accumulation. It is likely that the dislocations stay-
Fig. 3(@) is enlarged and shown in Fig(t3. It is seen that ing in area A are blocked by twin boundaries before they can
the whole area is in an exa¢t10 zone-axis, although the reach the nearby domain boundaries. These dislocations
area has been divided into a few nanodomains. The domainlocked in elongated domains should have played an impor-
boundaries in Fig. @®) are highlighted using black asterisks. tant role in converting the elongated domains into equiaxed
The {111} planes that form the twin relationship in the grains at the last stage of microstructural evolutisee dis-
middle nanodomain are indicated using black lines. Ascussion of Fig. 5 later Inverse Fourier transformation using
shown in Fig. 8b), the widths of twins in the middle and the the central spot and the two spots marked with “D” in Fig.
right domains are different, and the twin mirror planes are4(b) gives another one-dimensional HREM image in Fig.
not aligned with each other. This indicated that the twins4(d). The dislocation cores in Fig.(d) are also marked with
were formed after the formation of those nanodomainsa black “T.” Similar to Fig. 4(c), most dislocations are dis-
which is consistent with the fact that no twin is seen in largetributed around domain boundary areas. However, unlike
(SMY9) grains. Fig. 4(c), in which most dislocations are 60°-type perfect
In order to understand how elongated nanodomainslislocations, many dislocations in Fig.d4 are partial dislo-
formed within SMS grains, we analyze an HREM image,cations with a stacking fault behind each partial. It is impor-
shown in Fig. 4a), in which the domain boundaries are high- tant to note that the dislocation density in FigcMis higher
lighted using black asterisks. The elongated nanodomains ithan that in Fig. 4d), especially when the partial disloca-
Fig. 4(a) are all oriented along @10 zone-axis. The Fourier tions, which were formed after the formation of nan-
transformation of Fig. @) is shown in Fig. 4b), indicating  odomaingFig. 4(d)], are excluded. This implies that the de-
the existence of twins in Fig.(d). Inverse Fourier transfor- formation along the white straight line direction shown in
mation using the central spot and the two spots marked witlfrig. 4(c) (i.e., the nanodomain elongation directios more
“C” in Fig. 4 (b) gives a one-dimensional HREM image in severe than other directions, and that the nanodomain elon-
Fig. 4(c). Figure 4c) was analyzed carefully and the end of gation direction is probably close to the deformation torsion
each half atomic plane, which is the core position of a dis-direction.
location line, is marked with black “T.” The slip plane of the Figure 5 shows a typical bright-field image of equiaxed
dislocation seen in Fig. (4) is indicated using a white nanocrystalline grains, which are the finest grains observed
straight line, which is roughly parallel to the nanodomainin this sample. Morphology at this deformation stage is sig-
elongation direction. It is seen that, except for a few dislo-nificantly different from the previous two stag€$) no grain
cations like those at the area marked with “A,” most of the boundary of the parent SMS grains is se); most of the
dislocations are located around the domain boundary areagrains are equiaxed nanocrystalline grains; &8p most
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emission from GBs has been predicted by molecular dy-
namic simulations ! and has been recently confirmed by
TEM observations of nanocrystalline A%

The process and mechanisms of partial dislocation emis-
sion from nanodomain boundaries are not well understood.
Niewczas and Saatfarecently proposed a partial dislocation
source mechanism based on faulted dipoles. Such faulted
dipoles could exist on the nanodomain boundaries and act as
a source for partial dislocation emissions. More theoretical
and experimental studies are needed to solve this issue.

Originally formed nanodomains are elongated and are of
the same orientation as those formed from within a SMS
grain. These elongated nanodomains will be further refined
to equiaxed grains in the later deformation. Possible ap-
proaches include twinning and dislocation accumulation at
the twin boundaries, like that shown in Figici Different
from the situation in elongated nanodomains, the GBs of
FIG. 5. A typical bright-field TEM image of equiaxed nanocrystaline N€ighboring equiaxed nanocrystalline grains are usually
grains. large-angle boundaries. Given that dislocation activity has
become difficult at this grain size range, grain rotation and
grain boundary sliding might have played an important role

grain boundaries are large-angle boundaries, as evidencedﬁ the formation of the large-angle GBs. Further experi-

the sharp diffraction contrast variation among neighborin ents are .nee_ded to_ confirm this hy_potheS|s. In_fa_ct, rT‘°'eC”'
equiaxed nanocrystalline grains in Fig. 5 ar dynamic simulations have predicted GB sliding in the

deformation process of nanocrystalline materfgis?An in

situ TEM observation of deformation behavior of nanocrys-
talline gold thin films also confirmed that grain rotation and
GB sliding play a significant role in a plastic deformation

Similar to other reported grain refinement process in seProcess of the nanostructured mate%?al. _ _
vere plastic deformatiof?1*-22SMS graingsee Fig. 1 were The discovery of the grain size-deformation mechanism

obtained through grain refinement that is caused by dislocd€ationship in this investigation is very important for design-

IV. DISCUSSION

tion accumulation, interaction, tangling, and spatial rearN9 material structures for optimal mechanical properties. It

rangement. Because neither stacking faults nor twins arB@s been reported that GB sliding reduces the hardness and

seen in the SMS grains, the dislocations that were activyield strength of nanostructured materials, resulting in a re-
during this deformation process are believed to be mainly€'s€_Hall-Patch relationshipOn the other hand, Zhang

30 P ;
full dislocations. The formation of elongated nanodomains it ff"- recently _report_ed _t_hat twinning in nanocrystalline
also through the slip of full dislocations. In fact, Meyers stainless steel films significantly increases the hardness of

et al 2% have reported that shock compression at 35 GPa prot_he films because twin boundaries are very strong obstacles

duced abundant deformation twins in copper samples witfio" dislocation movements. These results suggest that the
grain sizes of 117 and 31&m but virtually no twinning in a  9rain/domain size before GB sliding occurs would be the
copper sample with a grain size ofn, because the critical Strongest size in the copper sample in this investigation.

twinning stress is larger than the critical slip stress when &10Wever, how deformation mechanisms affect material duc-
copper grain is smaller than a certain size. This result idility is still not clear, and more investigations are needed to

consistent with what we have observed in this study. understand this.

The observation of twins in nanodomains violates the
a_foremen'uoned trend on tw!nm_g, |_mpIy|ng that.the grain-y, sUMMARY
size effect on deformation twinning in coarse-grained copper
(i.e., smaller grains are less likely to twidoes not apply to A copper disk processed by HPT was investigated by
nanocrystalline copper. To explain this phenomenon, we noHREM. The disk was not deformed uniformly, and three
tice that, in coarse-grained copper, twins are formed througmorphologies that correspond to three subsequent deforma-
the well-known pole mechanism. In contrast, detailed analytion stages were observed coexisting in the disk. The defor-
sis of the twinning morphology in nanocrystalline coppermation mechanisms responsible for the three deformation
grains has suggested that these twins were formed via partiatages were found to be different. SMS grains were obtained
dislocation emission from grain boundarigsesulting in the  through grain refinement that is caused by dislocation accu-
invalidation of the trend on twinnifd in nanocrystalline mulation, interaction, tangling, and spatial rearrangement.
grains. Twinning has also been found prevalent in cryogeniElongated nanodomains were also obtained through a similar
cally ball-milled Al-Mg nanocrystalline grains when the process. Partial dislocation emission from grain/domain
grain sizes were reduced to smaller than 10%Arm fact,  boundaries is a major deformation mechanism in the elon-
twinning in nanocrystalline grains through partial dislocationgated nanodomains, which subsequently resulted in the for-
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