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Microstructure evolution and thermal properties in nanocrystalline Cu during mechanical attrition
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The microstructural evolution and thermal properties of nanocrystdligeCu during mechanical attrition
were investigated by using quantitative x-ray-diffraction and thermal analysis techniques. Upon milling of the
Cu powders with coarse grains, the grain sizes are found to decrease gradually with the milling time, and
remain unchanged at a steady-state véiimmut 11 nmwith continued milling. The microstrain and the stored
enthalpy increase to maximum values during the grain refinement, and decrease then increase to the second
maxima and decrease again within the milling stage of steady-state grain size, while the lattice parameter
remains unchanged during the entire milling process. The grain boui@®)yenthalpy of the nc Cu was
estimated, showing a GB softening-hardening-softening cyclic variation within the steady-state milling. The
present work indicated with clear experimental evidence that even within the milling stage of steady-state grain
size, the microstructuréhoth the GB’s and the crystallitesf nc materials is still changing, which may result
from the GB sliding.
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[. INTRODUCTION function of the reciprocal grain sizéor the milling time,
whereas for the fcc elementg.g., Pd milled in a high-

In last decade, nanocrystalling@c) materials have at- energy shaker miff, only a continuous increase of lattice
tracted increasing scientific interest because of their unusuatrain during the grain refinement is noted. The stored enthal-
properties that are normally attributed to the ultrafine graingies of the milled powders have similar variations versus the
and the large amounts of grain bounda(i@s’s).> Mechani- reciprocal grain size: an increase to a maximum value then a
cal attrition by ball milling has been widely used in labora- quick decrease d .5 Several suggestions have been
tory research to synthesize nc materials due to its simplicitypffered to explain the maxima in rms strain and stored en-
low cost, and applicability to essentially all classes ofthalpy, including a change in deformation mechanism from
materials?~> Extensive work has been performed on the for-gisjocation movement to GB slidirfgimpurity pickup dur-
mation of nc structures by mechanical attrition of single-ing milling,° the GB softening? etc. Nevertheless, no satis-
phase p?f)_vlvsder%, mechanical alloying of dissimilar ¢5c10ry explanation has been found. In addition, most of the
powders,**> and mechanical crystallization of amorphous ¢ e investigations focused on the structure evolution of

materials. . Amqng these |n\./est|gat|.o.ns, the _mlcrostruc— the milled powders during grain refinement. Very few studies
ture evolution during mechanical attrition of single-phase

materals is of sianif . . pere performed on the further microstructure evolution
gnificant importance to the understanding OWith extended milling afterD,,, was reached, which
alloy behavior and the formation mechanisms of nc struc- min- ", ' .
tures. should l_)e helpful to the ynderstandlng of the _defor_matlon
In the literature, the grain size, microstrainternal lattice mec_hanlsm of nc matenials and of the maxima in ms
root mean squaréms) strain and stored enthalpy are often strain a_nd stored enthal_py. Furth(_armore, an ewgent lattice
used to characterize the microstructure evolution of th&XPansion was found in the milled nc ?gl,Se, and
milled powders. Using x-ray line broadening analysis, it isG®"~ However, whether the lattice expansion can exist in
commonly found that the mean crystallite size of the milledmilled nc pure metals still needs experimental clarification.
elements decreases with the milling time, and reaches &he objective of the present work is based on these consid-
minimum steady-state valud®(,,). An extension of milling  erations.
will not be able to decreas®,,, further®-21%-21p . In this work, we will study the microstructure evolution
which was found to scale with the melting point of metals inand the change of the thermal properties of nc Cu during
some cases, is not yet well understood. It is obvious thamechanical attrition, especially during the milling stage after
D.in is associated with the plastic deformation mechanisnD,,;, was reached. Microstructural parameters such as the
and grain size stability of nc materials. Some explanationsattice strain and lattice parameter, as well as thermal prop-
have been proposed that,;, is correlated with the disloca- erties including the stored enthalpy of the nc Cu samples,
tion (and other defecisactivities and recoveriésThe varia-  were quantitatively measured. The dislocation density and
tions of lattice rms strains of the milled powders are verythe GB enthalpy of the milled Cu were estimated and the
complicated. For Ru, AIRB.AI, Ag, Ni, W,° FeX'etc.,, a  deformation mechanism of nc materials during attrition was
maximum value is observed in the plots of rms strain as axplored.
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Il. EXPERIMENTAL PROCEDURES
A. Sample preparation Jam

Mechanical attrition of commercial elemental Cu powders 1
(purity 99.99% and particle size smaller than 200 meshs T
carried out in a WL-1 planetary ball mill with a working 1
voltage of 100 V. The milling media were hardened steel 1 | @0 (2200 (311) (222) (400)  (331)
balls and vial. The size of the vial was 80 mm in inner ]
diameter and 73 mm in height, with a capacity of 367°cm l l
Balls with diameters of 20 mrtfour), 16 mm(eight, and 10 on .
mm (eight were used. Powders of about 5-g Cu were
charged into the vial with a ball-to-powder weight ratio of
60:1. To avoid oxidation, the powders were sealed in a sta-
tionary dry Ar atmosphere (H,<5 ppm), with an over-
pressure of about 2 atm, by an elastomer O ring. Each me- ' L

60h A N

e .

Intensity (arb. units)

20 h

chanical attrition procedure was started with a new batch of
initial powders and was carried out without interruption. The

temperature of the vial was kept at ambient temperature be- 1
low 323 K during the milling process by dynamic aircooling. 100h A___AA A~

S S e e B e e e B s B

LA B LR |
B. X-ray-diffraction measurements 40 60 80 100 120 140

Quantitative x-ray-diffractioiXRD) measurements of the 26 (deg.)

milled Cu powders were performed on the wide-angle goni- i, 1. The XRD lines of the milled Cu samples with different
ometer of a Rigaku DMAX/2400 x-ray diffractometer. The miliing times (as indicatedt

milled Cu powders used for XRD measurements were filled

in the rectangle groovéwith a size of 1X 18 mnt and a
depth of 1 mm of the sample holder. A rotating Cu target

was used with a measuring voltage of 58 kV and a current o ution, then they were collected and supported by Cu grids

180 mA. The divergence, antiscattering, and receiving slitsf : L ;
. o o or TEM observations. The composition of the milled pow-
were chasen fo have widths of 1/2%, 1/2°, and 0.15 MMyers was examined by means of a wet chemical analysis, and

respectively. The graphite curved single-crystdlo0Z oxygen content was detected by means of LECO TC-436
monochromator was used to select thekGu radiation(with OIN Analysis

wavelengths ofy;=1.54056 A and\,,=1.54439 A at
the goniometer receiving slit section. With these wave-

an accelerating voltage of 100 kV. The milled Cu powders
ere first separated by ultrasonic vibration in an alcohol so-

lengths, the extinction depth in Cu was calculated to be less . RESULTS
than 100um, which was much smaller than the thickness of ) )
the measured sample. A26 scan mode was used to record A. Microstructure evolution

the XRD pattern of the investigated samples. The scan range Figure 1 shows typical XRD patterns of the Cu samples
for 260 was from 40° to 143°, and the experimental temperasubjected to different periods of milling investigated from
ture was 293 1 K. A small angular step size ofé2=0.02°  26=40° to 143°. It is evident that, with the milling proceed-
and a fixed counting time of 10 s were selected to measuring, the Bragg reflection peak intensities of the milled
the intensity of the Bragg reflections. For the rest of the XRDsamples are decreased, while the peaks are significantly
pattern, where only the background intensity was anticipatedyroadened, suggesting that large amounts of defects were

a step size of 0.1° and a counting timeSos were used. introduced into the samples by attrition. Moreover, the rela-
tive peak intensities of the milled Cu samples are comparable
C. Thermal and other analyses to the standard values of Cu in JCPDS catimdicating

that there is no evident texture induced into the sample dur-

Thermal analysis for the milled Cu powders was per'ing mechanical attrition.

formed in a Perkin-Elmer differential scanning calorimeter
(DSC-7) at a constant heating rate of 10 K min The tem-
perature(with an accuracy oft0.2 K) and energy(+0.04
mJs 1) scales of the DSC-7 were calibrated by means of The grain size and microstrain can be calculated from the
pure In and Zn standard samples. About 10—30-mg-milledntegral width of the XRD peaks utilizing the Scherrer-
Cu powder samples were contained in Al pans for each meaA/ilson equation(A detailed calculation procedure was pre-
surement. A flowing high-purity Ar atmosphere was usedviously described in Refs. 11 and )24
during each DSC run in order to prevent oxidation of the
sample surface. 2

Transmission electron microscopfTEM) observations P _ N Bhi +16(2, )12 (1)
were conducted on a Philips EM 420 microscope operated at t9%0hii Dhiitd Ohii SIN Oni Kz

1. Grain size and microstrain
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80 The microstrain of the milled Cu is found to possess an-
isotropic and cyclic-change behaviors as a function of the
milling time. First, during the entire milling process; 3,
is evidently larger thar(s2)*?, while (s%,,)*2 is smaller
than (¢2)1/2, suggesting an anisotropic behavior of the mi-
crostrain. Second, with increasing milling timg3,0) 2 in-
creases from @0 h) to a maximum value of 0.620.04%
(20 h), and decreases to 0.3D.04% whert=40 h, with the

Grain Size (nm)
8 3
o
]

20+ I - - o= - , . T
i 2% § 223833 continued milling, (e3,0 Y% again increases to the second
(@) maximum value of 0.660.05% (70 h) and drops to 0.50
O ' ' ' o +0.07% at the longest milling time of 100 h. The variation
v o of the amplitude of s3,)*/? versus the milling time is evi-
081 A o " dently beyond the experimental uncertainty, which means
— - TYT - that the cyclic change ofe3,)Y? cannot be neglected.
& 0.6+ Y Y Ty 2112 ayhihi . ; - w2 \1/2
= - : 7 T (e%)™'# exhibits a similar cyclic variation witlfe 5,5~ dur-
g . 7Y . ! ing the milling process within the error batg.3,,)*/%, within
1723 T e e . .
g Y the steady-state millingt& 20 h), exhibits the inverse varia-
S,,] ss T d gl [ % tion to (£5y9 2 and(£2)Y2 within the error bars.
sz B z 233122 In the literature, significantly anisotropic microstrain was

tic deformation(SPD) techniqué® and nc Pd by consolida-
tion of ultrafine particle® (UFP’s): (e300 %2 is much larger
than (%)%, which agrees with the present result. Similar
FIG. 2. Milling time dependences of the mean grain dizéa) results were also found in the nc Cu prepared by electrodepo-
and lattice strais2)2 (b), the grain size§D,qoandD;q; (@] and  sition (ED) method?” Moreover, an increasing anisotropic
lattice straing (e300 Y2 and(s2,)*2, (b)] along the(200) and(111)  microstrain with grain refinement was found in nc Se speci-
directions of the milled Cu samples. mens produced by nanocrystallization of amorphous solid
(NAS) method®® However, the cyclic variation of the mi-

where\ is the wavelength of Ci 1 irradiation, andD crostrain versus the _m|II|ng time is never reported in litera-
ture. For intermetallic compound AIR(Ref. 6 and pure

2 \1/2 H P
and(epq) " represent the thickness and the mean magnitudg) 1o o RGE,W, Ni, Al, Ag,® and Fe'! the lattice strain is
of microstrain of the grains in thénhkl) direction, respec-

el h N d th latti . found to increase to a maximum value and then decrease
tively. The mean grain siz& and the mean lattice strain i the further milling, which is similar to the first cycle of

(£?)'? can be obtained by performing a least-square fit tope microstrain in milled Cut<40 h). For the elements Pd

Bii/tg? Onia plotted againsh Buy/(tg by Sin b for all of  (Ref. § and Ti?® the microstrain increases monotonically

the measured peaks. From the pairs (811)—(222 and  with the reciprocal grain size, the variation tendency of

(200—(400 reflections, the grain sizes and microstrainswhich is similar to that of the milled Cu samples during grain

along the(111) and(200 directions of the milled Cu samples refinement {<20 h). The anisotropic microstrain can be

can be obtained. caused by the different yield stresses along different crystal-
Figures 2a) and 2b) show the calculate® (2)*2, and  lographic orientations. The cyclic change of microstrain in

Diys <8§11>1/2, as well asD (8300)1/2 of the milled Cu  milled Cu samples will be discussed in Sec. IV.

samplesD is found to decrease sharply from=540 (0 h) to

15+ 1 nm (10 b in the early stage of milling, and remain 2. Lattice parameter

unchanged at a steady-state valabout 11 nm when the

milling time (t) is larger than 20 hD,;, of the milled Cu, in

T T T T

20 40 60 80 100
Milling Time (h)

X
00] e observed in ultra-fine grained Cu synthesized by severe plas-
0

The lattice parameters of the milled nc Cu were calculated
: from the intensity peak centroid positions by the weighted
the I|teratu_re, was reported to be 20 nm when the ba”'toleast-square method in order to minimize the calculation er-
powder ratlozwas 10:1, and 25 nm when the ball-to-powdef,. The peak positions were calibrated by the external stan-
ratio was 5:1.The_> dlf“ferentl_Dmin value_s_ of the milled Cu are 45,4 method using a pure Si polycrystal to minimize the
caused by the different milled conditions, such as the ballsystemic error. The detailed procedure of the lattice param-
to-powder ratio, etc. From Fig.(@), it is clear that the dif- gters determination was described in Ref. 24.
ference betweed;; and D g decreases evidently with in-  The measured lattice parameter of the milled Cu samples
creasing the milling time. For instance, wherOh, Doy are found to be very close to the equilibrium value of the
(4810 nm) is much smaller thabBy;; (63=8 nm), while  coarse-grained Cua(=3.615A), and remain unchanged
whent=10 h, D41, and D,gg are approximately equal, sug- against the milling time. Evident variations of the lattice pa-
gesting that the grain shapes of the milled Cu samples turneédimeters have been observed in ngMiFeB, and Se made
from anisotropic to equiaxial during the milling process. A by means of the NAS methdd:?>*’the lattice parametea
similar result was also found in milled Fe powdéts. is enhanced while is depressed. Moreover, for the milled nc
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FIG. 3. TEM dark-field images of the milled Cu particles with
the milling times of 2(a), 20 (b), and 100 h(c), respectively. 0 :
400 500 600 700
Si, Ge, Se, and Nisn, evident lattice expansions were also Temperature (K)

found?0-2231

The lattice expansion can be explained from a thermody- FIG. 4. DSC scans at the heating rate of 10 Kntirfor the
namic point of view’? With respect to that of the infinite Milled nc Cu samples. Integration of the signal deviating from the
large crystal, the free energy of a crystallite, of which thebaseline gives the stored enthalfyi.
dimension isD, will be increased byAG(T,D)=4Qv/D, o L - L
where Q) is the atomic volume of the grain ang is the indicating that the contamination from the milling media is

interfacial free energy. Therefore, a reduction of the graifninor- This is because at the beginning of milling, a thin Cu
size will enlarge the free energy of the crystallites and conlayer was formed and coated the surface of the balls and vial,

sequently raise the equilibrium solute solubility in the crystalVhich prevented the further introduction of Fe from the balls
lattice. In a pure element system, point defects and vacancié®d vial. The O analysis indicates that less than 1-at.% O
are possible “solutes.” Introduction of more point defects or €XiSts in the dispersion milled for 100 h.

vacancies in the crystal lattice would disturb the lattice struc-

ture, resulting in a lattice expansion. However, from the B. Thermal properties

present result, the lattice parameter of the milled nc Cuwas The thermal properties of the milled Cu were examined
near!y unchanged d.uring thg milling process. Moreover, i%y means of DSC measurement from 373 to 773 K, with a
the literature, no evident lattice expansion was observed igonstant heating rate of 10 K mih Figure 4 shows the DSC
the pure nc metal produ'c.ed by mechanical attrition. This may.ans for the milled Cu samples. It can be seen that, when
be due to the strong ability of defect recovery of pure metalg<s h an exothermic peak at about 490 K with a long tail
and the excess points defects can not exist in the lattice ‘?‘:{ppears in the DSC curves, but whea10 h, the long tail
crystal. fades away. Moreover, the exothermic peak position is un-

changed versus the milling time. Similar results were found

3. TEM and composition analyses in milled Fe powders?

The TEM technique was employed to obtain further infor-  BY integrating the area of the exothermic ped@tr the
mation about the morphology and microstructure of thesamplgs whem$5'h, the integration includes the part of.the
milled Cu powders. From TEM observations, we found that!ond tail, we obtained the stored enthali{, as shown in
the milled Cu particles are irregular thin flat-shaped, and™9- 5- AH is observed to possess two maxima at 20 h
their sizes range from micrometers to submicrometers. The
milled particles are polycrystalline consisting of a large num- ]
ber of nanometer-sized grains. Figuréa)33(c) show TEM %

1.5

dark-field images of the milled Cu particles with the milling
times of 2, 20, and 100 h, respectively. One can see that, at
the beginning of the millingt= 2 h), the distribution of the
grain size is rather inhomogeneous, meaning that partial de-
formation takes place in the milled powders by attritjéig.
3(a)]. Whent=20 h, however, the grain size distribution is
relatively narrow[Figs. 3b) and 3c)], which indicates the
extended milling produces a uniform comminution. The
grain size estimated from TEM pictures is about 12 nm when
t=100 h, agreeing with the value calculated from XRD 0.0 ‘ _ ' —
broadening peaks. 0 20 40 60 80 100
Since the Cu powders underwent a long period of milling, Milling Time (h)
contamination from milling media and atmosphere was in-
evitable. Wet chemical analysis shows that the Fe content FIG. 5. The stored enthalp¥H in the ball-milled nc Cu vs the
reaches a maximum of 0.50 wt. % after 100 h of milling, milling time.

-
o
1

AH (kJmol"
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4 ; i E % E Milling Time (h)

]

; E i { E E FIG. 7. The mean dislocation density and the dislocation densi-
= 0.2j ties along thg200) and(111) directions for the milled Cu samples.
S %

EA 0 1 ﬁ% % % % % % milled Cu are very stable: whet¥10 h, the grain growth
v o] temperature is larger than 773 K. In literature, the grain
] = growth temperatures of nc Cu made by means of ED and

00l 7 ® As-miled SPD methods are about 348 and 434 K, respecti/efy,
’ O As-annealed while for the nc Al prepared by mechanical attrition and nc
r . ——— T ———T— Au by consolidation of UFPs, the grain growth took place

0 20 4 60 80 100 only at rather high temperaturds® The stable grain size in
Milling Time (h) the milled nc Cu might be attributed to either the contami-

o _ ) nation from the milling process or the large lattice strain that
FIG. 6. The mean grain siz@) and microstrainb) of the as-  hinder the grain growth proce%é.%

annealedopen squareand as-milledsolid squarg Cu samples.

(0.91+0.10 kImof!) and at 80 h (1.180.15 kJmot ) IV. DISCUSSION
and decreasellargely with the further milling 1t° 40 h (057 Erom the above analyses, it is clear that the mechanical
+0.07 kImol™) and 100 h (0.7@0.08 kImol™), respec-  ayyrition process of Cu powders can be separated into two
tively. In literature, only one maximum g/alucga dH was  gtages: grain refinement and grain steady state. During the
observed in the milled nc AlRu, RUNi,® W.* Fe, etc,  former period, large amount of defedtich as GB's, dislo-
which |s_S|m|Iar to the varlatlo_n akH in the milling stage of cations, point defects, ejavere introduced into the samples,
0-40 h in the present experiment. . . causing the increases of the microstrain and the stored en-
An XRD analysis was used to examine the microstrucha|py. During the latter period, however, cyclic changes
tural changes of the milled Cu after DSC anneqllng: Figure$gecrease-increase-decreasef the microstrain and the
6(@) and @b) show the plots of the mean grain size andgiored enthalpy were observed, which means that the micro-

microstrain of both annealed and milled Cu samples. It iSsyyctural cyclic variation of the milled Cu occurs, even
clear that, after DSC annealing, the microstrain are decreasqqoughD stays constant.

remarkably, suggesting that defects recovered after anneal-
ing. However, the grain growth only takes place at the early
stage of milling (<5 h), which corresponds to the long tail

in the DSC curves; whet=10 h, very slight increments in For milled samples subjected to severe plastic deforma-
grain sizes(1-2 nn) after DSC measurements were ob-tion, dislocations are the main defects besides GB'’s, of
served. The lattice parameter of the annealed Cu sampleghich densityp,, can be represented in terms bBf,,, and
was found to be near the equilibrium value, and remaineds?,)Y/? by*’

unchanged compared to those of as-milled sample. The ab-

sence of grain growth was further confirmed by the TEM prii= (ppps) Y= 2f3<8§kl>1/2/(th| b), 2
observation.

The above results indicate that the exothermic peak in thevhereb is the Burgers vector of dislocations, and is equal to
DSC curves when=10 h is primarily originates from a re- 0.25562 nm for Cu. The calculated dislocation densities of
laxation of defects with a minor contribution from grain the as-milled Cu samples are shown in Fig. 7. It is clearly
growth. Similar results were found in the milled Fe seen that the dislocation also exhibits features similar to the
powders’ While in the milled Ni and Ru, evident grain microstrain during the entire milling process. The maximum
growth and strain release were observed after DSC %unsdislocation density in present work (0830°m~2) is
Moreover, the present results imply that the grains of thecomparable to the dislocation density limits in metals

A. Dislocation density
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TABLE I. A list of the mean dislocation densities of the as-millgg,{.q) and as-annealed Cu samples
(panneateds the elastic energy release of dislocatidhEpg), the GB enthalpy releasé\Egg), and the GB
enthalpy release per area {gg) for the milled Cu samples.

Milling Pmilled Pannealed AEps AEge Avyep
time (h) (10 m~2?) (10 m~2) (1072 kI mol%) (1072 kI mol %) (m 2
0 0 0 0 24.64 —
2 0.05 0.01 0.34 42.51 —
5 0.19 0.07 1.07 45.64 —
10 0.22 0.08 1.20 85.23 0.29
20 0.28 0.11 1.42 89.45 0.26
30 0.26 0.10 1.35 82.53 0.24
40 0.25 0.11 1.19 55.33 0.16
50 0.29 0.12 1.39 74.87 0.19
60 0.32 0.12 1.62 80.99 0.20
70 0.32 0.12 1.66 109.59 0.28
80 0.36 0.15 1.71 117.12 0.29
90 0.33 0.17 1.33 93.99 0.24
100 0.33 0.16 1.45 68.41 0.17

achieved by plastic deformatiofi0*®* m~2 for screw dislo- taken.R., in normal materials, is much smaller than the
cations and 18 m~2 for edge dislocations’® The average grain size, while in nc materials, it would far exce&d
dislocation densities of the as-milled and as-annealed Cu atbereforeD was considered as the outer cutoff radius of the
also listed in Table I. dislocations. The interaction energy of the dislocations can
It is reported that within the steady-state milling, the dis-be neglected since, for nc materials, despite the rather high
location multiplication rate is balanced by the annihilationdislocation density, individual grains contain only a few
rate® However, from the present results, the dislocation dendislocations’®
sities are not simply steady. Usually, in conventional poly- Assuming that the grains contain equal numbers of screw
crystalline materials, the GB’s are thought of as barriers t@nd edge dislocations, the constantust be averaged for
the dislocation motion which can cause dislocation pileup athe two types of dislocations. The value Gfandv for Cu
GB's, and the variation of the GB structure and/or energetiovas taken as 4.6810'°Nm~? and 0.364, respectivef{.
state can influence the amount of dislocations piled up aPlacing the difference betwegnyjeq and papneaedinto EQ.
GB'’s. Therefore, the cyclic change of the dislocation density(3), the elastic energy release of the dislocations for the
of milled Cu within theD ,;, stage hints at a cyclic change of milled Cu after DSC annealinddEps, can be determined,
the GB structure. as plotted in Fig. 8 and listed in TableAEps also possesses
a cyclic change within th®,,;, stage, while it only yields
very small fraction oiAH, suggesting that most &fH origi-
) _nates from the GB enthalpy release.
From Sec. Il B one can see that the exothermic peaks in Separating\ Eps from AH, one can get obtain the release

the DSC curves whet=10 h correspond mainly to the re- 5 gg enthalpyAEgg, as shown in Fig. 8. It can be estab-
lease of enthalpy stored in the heavily deformed Cu samples.

B. Estimation of the GB enthalpy

The enthalpy release mainly originates from the recovery of 15
defects and includes two components: nonequilibrium lattice 122
defects in grains and GB's. The former contribution is —ByE
mainly the elastic energy of dislocations in grains, and can 1.0] 7® M
be considered as a bulk term. The latter originates mainly % «
from structural and compositional deviations in the GB re- 5 £
gion from the inner part of the grains, and is a surface term. e 2_5
In plastically deformed materials, the energy of elastic &
strain field of dislocations per unit voluntg,g can be writ- t
ten as
0.04 MADA—DAD—D—N—N—D—D—D—N—A
Eps=AG2p In(Ry/ry), 3) N A R N e

. . Milling Time (h)
where A= 1/4+ for screw dislocation and\=1/4m(1—v)

for the edge dislocation; hereis Poisson’s ratioG is the FIG. 8. The stored enthalpAH, the GB enthalpy release
shear modulusR, andr are the outer and inner cutoff radii AEgg, and the elastic energy release of dislocatidi,s as well as
of the dislocations, respectively. In most caseg=b is  the GB enthalpy release per ar&agg of the milled Cu samples.
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lished thatAEqg vields a dominant part idH. Atoms at  has been observed in many cases at high temperatures lead-
GB’s may have slightly different coordination numbers com-ing to superplasticity behavior. GB sliding can also be
pared to those in grains interictsDue to the increase of the achieved at very small grain sizes and low temperature by a
atomic distances in the boundaries, the bonds are also digiffusion flow of atoms along the inter-crystalline
torted. Upon annealing, structural relaxation may first occuinterfaces.’ During GB sliding, self-organization and rota-
in GB regions when the broken bonds annihilate, releasingfon of grains can occur. The cyclic rotation of grains may
the energy stored at GB's. cause the observed cyclic change of the microstédisio-
Whent=10 h, D is nearly unchanged after DSC anneal- cation density. The cyclic change of the orientation relation-
ing. So we can only estimate the enthalpy release of the GB'8hip between the neighboring grains may result in a GB
per areaA ygg (= ymiled_ ygné‘ea'eq ygiE';'ed and ygné\ealedare softening-hardening-softening change. In literature situ

the GB enthalpy OfGtBhe as-milled and as-annealed, @y  TEM deformation studies also observed the clear GB sliding

correlatingA Eg with the total surface of GB per mole, as and rotation of 10-nm grain size sampfés:’More accurate
shown in Fig. 8 and listed in Table I. With an increase of the€Vidence of the GB sliding and grain rotation in the milled nc
milling time within the steady-state milling) yg decreases CU needs to be provided to understand the natural structure
from 0.29 Jm2 (10 K to 0.16 Jm?2 (40 h, then increases to change of the GB's.

a maximum value of 0.29 J1 (80 h) and decreases again

to 0.17 Jm? (100 H. Supposing that2ea%f the milled V. CONCLUSION

samples are the same, one can d_ed}lce@{é"fd_ possessesa  quantitative XRD and DSC results of microstructural
decrease-increase-decrease variation within the stage g{olution and thermal properties in nc Cu during mechanical
steady-state milling, that is, a GB softening-hardening-girition indicated that, in the early stage of milling, grain
softening cyclic change, which agrees with the cyclic variayefinement occurs accompanied by an introduction of de-
tion of the dislocation density. In the literature, a decreaseqggts, leading to evident increases of the microstrain and the
GB enthalpy Was reported for the nc Fe during the millingsiored enthalpy. During the stage when the grain size is
stage ofD .~ In nc Ni-P (Ref. 49 and Se(Ref. 43 crys-  p . decrease-increase-decrease cyclic changes were found
tallizing from their amOfPQOUS states, as well as JTi@ade  for the microstrain and the stored enthalpy. The lattice pa-
by consolidation of UFP'} a decrease of GB enthalpy with yameter stays nearly unchanged during the entire milling pe-
a reduction ofD was observed. The present results, moreyjoq, The above phenomena can be reasonably interpreted by
over, indicate that even thoudh stays unchanged, the GB the GB softening-hardening-softening variation ~during
enthalpy can change cyclically with milling process. steady-state milling supported by a clear decrease-increase-
In the literature, a cyclic crystalline-amorphous transfor-gecrease change of the GB enthalpy. A possible deformation

mation during me%r)gnical alloying was observed in Co-Timechanism of nc materials during steady-state milling, GB
and Al-Zr system4>4® The authors excluded the influences sliding, was proposed and needs to be verified further.

of the contamination introduction and/or the increase of the
vial's temperature during milling, and deduced that the cyclic
increase and decrease of the lattice imperfections in the
milled samples may play a dominant role in the cyclic phase Financial supports from the Chinese Academy of Sci-
transformation. This agrees with present results. In additiongnces, Max Planck Society of GermaiWPG Partner Group
the cyclic change of the GB structure of the milled Cu within Projec}, the National Science Foundation of Chiffarant
the steady-state milling hints at one kind of the deformationNos. 59625101 and 5977101%nd the Ministry of Science
mechanisms of nc materials, e.g., the GB sliding. GB sliding& Technology(G199906450bare acknowledged.
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