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This report gives results of a study of the bulk mechanical properties of samples of
nanocrystalline Cu and Pd consolidated from powders prepared by inert gas
condensation. Fourier analysis x-ray diffraction techniques, used to determine average
grain size and mean lattice strains of the as-consolidated samples, show grain sizes in
the range of 3-50 nm and lattice strains ranging from 0.02-3%. Sample densities range
from 97-72% of the density of a coarse-grained standard. Microhardness of the
nanocrystalline samples exceeds that of annealed, coarse-grained samples by a factor of
2-5, despite indications that sample porosity reduces hardness values below the ultimate
value. Uniaxial tensile strength of the nanocrystalline samples is similarly elevated above
the value of the coarse-grained standard samples. Restrictions on dislocation generation
and mobility imposed by ultrafine grain size are believed to be the dominant factor in
raising strength. Residual stress may also play a role. Room temperature diffusional
creep, predicted to be appreciable in nanocrystalline samples, was not found. Instead,
samples appear to show logarithmic creep that is much smaller than the predicted
Coble creep.

I. INTRODUCTION

Grain size is known to have a profound effect on
the mechanical behavior of materials, in particular, on
the yield stress and the diffusional creep rate. This ef-
fect has been well-studied for grain sizes down to about
1 fira. Study of mechanical effects for materials with
smaller grain size has been limited by the difficulty
of producing bulk materials with such grain sizes. The
inert gas condensation process followed by in situ con-
solidation has recently been used1"7 to produce ultrafine-
grained metals and ceramics with a narrow grain size
distribution. By adjusting the synthesis conditions, the
average grain size can be made to fall in the 5-50 nm
size range. The present paper describes the results of a
study of the mechanical behavior of bulk specimens of
Cu and Pd made by cold compaction of nanocrystalline
particles produced by this method. Uniaxial tensile
stress-strain tests and constant load creep tests were
performed at room temperature on bulk materials with
grain sizes in the range of 5-50 nm; additional informa-
tion was furnished by Vickers microhardness measure-
ments. The results are related to material properties
that include grain size and density, and to processing
variables such as heat treatment and sample prepara-
tion. Related short reports have been given in Refs. 8
and 9.

The dependence of tensile yield stress on grain size
in metals and ceramics is well established for microme-

ter and larger grain sizes. Yield stress ay, for materi-
als with grain size d, is found to follow the Hall-Petch
relation10-11:

o-y = o-o + kd~m (1)

where o-0 is the friction stress and k is a constant com-
monly interpreted to represent the stress needed to ex-
tend dislocation activity into grains adjacent to grains
that have already yielded. Flow stress at a particular
strain follows a relation similar to Eq. (I).12"14

In the case of deformation by diffusional creep at
low homologous temperatures (T/Tm), grain boundary
diffusion will predominate over bulk diffusion effects.
Coble15 has shown that under these conditions the dif-
fusion creep rate e is given by:

. BaCldDh
e = d3kT

where B is a constant, a is the applied stress, Cl is the
atomic volume, 8 is the grain boundary thickness, and
Db is the grain boundary diffusion coefficient. Accord-
ing to Eqs. (1) and (2), reduction of grain size from con-
ventional values to nanometer size should lead to
drastic changes in mechanical properties. Equation (1)
predicts a strengthening as d decreases, but the inverse
cube dependence of e on d in Eq. (2) indicates diffu-
sional creep could become important at nanometer
grain sizes even at room temperature. Disagreement ex-
ists about the effects on mechanical properties of grain
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sizes less than 1 ^m,1216 and for nanometer grain sizes
there is disagreement over the properties of the grain
boundaries. Several studies have been interpreted to
show that nanocrystalline grain boundaries have a
novel structure.1"317"20 A study of self-diffusion in
nanocrystalline copper indicated a diffusivity that is
103 faster than grain boundary diffusion in coarse-
grained Cu.21 The possibility of greatly enhanced Coble
creep was used to explain observations on the formabil-
ity of ceramics22'23 and on the grain size dependence of
microhardness in nanocrystalline Cu and Pd.24 Other
investigations have concluded, however, that nanocrys-
talline grain boundaries are not so different from ordi-
nary grain boundaries.25"29

Nanocrystalline grain size imposes dimensional
constraints on deformation mechanisms such as dislo-
cation generation and interactions or twin formation.
As grain diameter decreases to the length of a few
Burgers vectors and grain volume decreases dramati-
cally with respect to grain boundary volume, defor-
mation mechanisms must reflect size effects. Bulk
mechanical behavior may differ from that of conven-
tional grain size materials. The goal of the present work
is to characterize the room temperature mechanical be-
havior of bulk nanocrystalline samples of two pure fee
metals, Cu and Pd, with grain sizes in the 5-50 nm
range. Of particular interest are the effects of grain size
on yield and flow stress, microhardness, and diffusional
creep. To this end, stress-strain, microhardness, and
creep experiments were carried out on bulk specimens
of nanocrystalline Cu and Pd. The results are com-
pared to behavior of annealed, coarse-grained samples
tested under similar conditions.

II. PROCESSING AND DENSITY MEASUREMENTS
OF NANOCRYSTALLINE SAMPLES

A. Material processing

The nanocrystalline samples used for this study
were produced by inert gas condensation. Details of
sample synthesis and processing have been described
elsewhere.5"7 Samples were synthesized from high pu-
rity precursor metals (Cu or Pd) evaporated near the
melting temperature into approximately 650 Pa of He gas
in the chamber. After an evaporation/gas-condensation
run, the vacuum was returned to near the level ob-
tained after baking the chamber walls and prior to
evaporation, ~1 x 10~5 Pa. Subsequently the collected
gas-condensed powder was consolidated in a com-
paction unit that was sealed at this vacuum pressure
and removed from active pumping. Consolidation was
accomplished at room temperature using a pressure of
1.4 GPa, reached within 90 s. The pressure was held at
this value for 3 min, then released over a period of ap-
proximately 2 min.

Typical dimensions of the disk-shaped samples pro-
duced by this consolidation are 8 to 9 mm in diameter
and 0.15 to 0.45 mm thickness. As-consolidated sam-
ples were studied by optical and scanning electron mi-
croscopy to identify defects that might influence
mechanical behavior. Major features identified include
heterogeneous texture in low compacted rims, radial
rim cracks, polygonalized and irregular surface cracks,
string-like and angular features, low-relief surface to-
pography, and small cavities. Polishing removed most
surface features, including cracks; but string-like ag-
glomerates remained in some polished samples. A
significant low-compacted rim occurred in highly com-
pacted pellets <0.25 mm thick. In thicker samples this
rim is reduced in width and may not exist. Rim material
was not used in the mechanical test specimens.

B. Density measurements

Precision density measurements, based on the
Archimedes principle, were made on several Pd and Cu
samples by weighing them in ethyl phthalate and air.
All measurements were made using a Mettler precision
analytical balance having a nominal sensitivity of
10 /Ag, although the last significant figure is of low pre-
cision. Each sample was first weighed in air. It was then
prepared for weighing in liquid by submersing the sam-
ple in ethyl phthalate in an ultrasonic bath for a mini-
mum of 10 min to remove any air trapped on the
surface of the sample or in pores. The samples were
then weighed in ethyl phthalate. Density p as a fraction
of the standard density pstd, taken from the CRC hand-
book,30 was determined by the equation:

MWA x (MWA-Std - MWL-Std) (3)
Pstd MWA-Std x (MWA - MWL)

where MWA = measured weight of sample in air - air
tare

MWA-Std = measured weight of standard in air - air
tare

MWL = measured weight of sample in liquid -
liquid tare

MWL-Sld = measured weight of standard in liquid -
liquid tare

Density measurement results for Pd and Cu sam-
ples made by this method are given in Table I. The den-
sity of seven nanocrystalline Pd samples ranges from a
maximum of about 96% to a minimum of 83% of the
fully dense value. The mean is 86% of the standard
density, with a standard deviation of ±3.2%. Repre-
sentative density data for 27 measurements on 10 Cu
samples range from a maximum of about 97% to a
minimum of 72%, with a mean of 90.5% and a standard
deviation of ±6.3%. The standard deviation for 40
measurements of a coarse-grained Cu standard sample,
made at the time the nanocrystalline samples were
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TABLE I. Precision density data for some nanocrystalline Pd and
Cu samples.

Sample

Pd8031
Pd8052
Pd8052
Pd8101
Pdl202
Pdl203
Pdl205
Cu2232
Cu2271
Cu3012
Cu3021
Cu3061
Cu3071
Cu3081
Cu3091

Density (103 kg/m3)

11.580
10.186
9.956

10.519
11.038
10.394
10.081
6.402
8.030
8.563
7.807
8.623
8.343
8.688
8.495

% of standard

96.34
84.74
82.83
87.51
91.83
86.48
83.87
71.66
89.88
95.85
87.38
96.52
93.39
97.25
95.09

tested, is 0.2%, indicating a measurement precision of
this magnitude. Results for several nanocrystalline Cu
samples retested at another time agree to within 1 to
5%. Density measurements were not made on the two
Cu samples for which tensile and creep test data are
reported here.

C. Discussion of density results

Consolidation of metal particles has been carefully
studied because of interest in powder metal fabrica-
tion.31 33 With cold compaction, 98.5% of the fully
dense value has been achieved using a compaction
stress equal to 3 o>jCW, the cold-worked yield stress. As-
suming cr,,;CW is proportional to d 1/2 for nanocrystalline
particle size, very large compaction stresses are pre-
dicted to be needed to cause yielding and achieve high
densities. The maximum compressive stress used in the
present study (1.4 GPa) is, however, somewhat less than
the minimum stress crm required to activate a Frank-
Read source in 10 nm grain size palladium or copper, if
the source length is limited to the grain size (<rm ~
2Gb/d, where G is the shear modulus, b is the magni-
tude of the Burgers vector, and d the grain size). Conse-
quently, particles of this size may not deform greatly
during compaction, and the consolidated sample may
be relatively porous and brittle. Cold compaction may
also result in formation of delamination microcracks in
the plane normal to the compaction stress, especially
for elastically strong materials.

The 97% maximum density achieved in the present
work is close to the maximum value for cold-compaction
at high pressures determined by Gutmanas.33 In gen-
eral, the densities shown in Table I are lower limits,
since these measurements include the very porous low-
compacted rims. The large variation in density, from
96% to 83% of the standard Pd value, for example, re-

sults from a number of factors. Probably the most sig-
nificant is the variability from sample to sample in the
size of the low-compacted rim and the variability of the
compaction efficiency in this area. Optical and SEM
observations show that these rims are highly porous
and that they contain a large number of cracks. A sec-
ond factor is surface porosity in the high-compacted
part of the pellet. Some surface pores are likely to be
connected to pores below the surface, and this volume
may or may not be accessible to the ethyl phthalate.

III. DETERMINATION OF GRAIN SIZE

Investigation of the effect of grain size on the me-
chanical properties of nanocrystalline palladium and
copper requires accurate knowledge of the grain size
and size distribution for the test specimens. Both x-ray
diffraction (XRD) analysis of line broadening34"37 and
transmission electron microscopy (TEM) measure-
ments have been used in recent studies to determine
grain size and grain size distributions.4'5'7'29 In general,
somewhat different estimates of mean size may result
due to weighting factor differences of the method em-
ployed and to systematic and random errors. For exam-
ple, TEM is especially useful for observing twinning
and for making estimates of grain size distributions, but
the results are based on a small number of grains and
the process is destructive to the sample. Several XRD
methods are used. Fourier analysis XRD methods give
an area-weighted estimate of mean grain size, while
the commonly used Scherrer XRD method34'36 gives a
volume-weighted grain size estimate. Both XRD esti-
mates are based on a large number of grains and can be
used for consolidated or unconsolidated samples with
little sample preparation.

Previous studies by TEM of nanocrystalline sam-
ples produced by inert gas condensation indicate that
the method produces narrow grain size distributions.4'5

In principle, the second derivative of the XRD Fourier
coefficients with respect to scattering length gives the
grain size distribution. However, the analytical preci-
sion of such estimates based on the raw XRD data is
not good. A qualitative estimate of the width of a dis-
tribution can also be made by comparison of the mean
grain size determined by the area-averaged Fourier
method with the volume-averaged Scherrer method es-
timate. Close agreement between these results indicates
a narrow size distribution.

It may be difficult by XRD methods to distinguish
grains separated by ordinary boundaries from twins and
grain subdomains, such as dislocation cells. Significant
cell development does not occur in these ultrafine
grains,27'38 but twins and stacking faults have been ob-
served.38 Broadening caused by the presence of twins
and stacking faults results both in differences in broad-
ening of the 111 and 200 lines and in unusual peak
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shifts between them,35 which can be used to differenti-
ate among grain size, twinning, and faulting effects.

The present study of consolidated nanocrystalline
samples employs Fourier analysis XRD methods, in-
cluding those of Warren-Averbach and Nandi et a/.34"37

Fourier analysis gives an estimate of the mean grain
size from the mean coherent scattering length normal
to the diffraction direction. An estimate of mean strain
in this direction is also obtained. Factors other than
fine grain size and strain that contribute to line broad-
ening, such as the instrument slit function, can be dis-
tinguished.34"36 At least two orders of a given reflection
are needed to estimate grain size and strains by Warren-
Averbach (WA) analysis. An extension of this method
by Nandi et al.31 allows Fourier analysis to be applied to
a single order of a peak, under relatively unrestricted
conditions. In general, single peak analysis underesti-
mates the grain size, particularly for samples with nar-
row size distributions. The full-width-half-maximum
for the Scherrer method for grain size estimates, and
reconstructions of the low 20 tail of some 222 diffrac-
tion peaks, were calculated by a least-squares fit of the
diffraction profile to a pseudo-Voigt function.39 A more
detailed description of the XRD analysis used here for
the nanocrystalline samples is given in Ref. 40.

Mean grain size and lattice strain data for 17 as-
consolidated nanocrystalline palladium and copper
samples are shown in Table II. Note that the grain size

TABLE II. Comparison of particle size estimates (nm) obtained
by several methods, and mean long-range strains ((eio2)1'2) calcu-
lated at 10 A scattering length from double peak XRD data.

Sample

Pd7061a

Pd801l"
Pd8031
Pd8051a

Pd8052a

Pd8101b

Pdl202a

Pdl203a

Pdl205a

CullO3
CullO4a

Cu2221a

Cu2232a'c

Cu2261a

Cu2271a

Cu3012a

Cu3091a'd

Scherrer

54
14
24

7
8

30
37
28

8
60
65
20
15
20
16
30
31

Single-peak

111 peak

11

3
4
5

17
12
5

50
33

6
5
6
6

10
8

200 peak

11
14

6

4
5
4
4
7
6

Double-
peak

11
15

3
4

21
15
8
4

25
6
5
6
6

15
8

(x 10"3)

1.4
13.0
0.7
2.2
0.8

34.0
1.7
3.2
3.6
0.2
4.0
1.8
3.1
0.6
1.0

12.0
1.5

"111-222 peaks used for double peak estimate.
b200-400 peaks used for double peak estimate.
"Samples consolidated in air.
dSamples evaporated from a Cu7-Si alloy.

and strain values given are estimates of average values,
based on the coherent scattering length normal to the
indicated diffraction plane. The double peak grain size
estimates are based on the 111 and 222 peaks, except
where indicated. The mean strains in Table II were de-
termined by the double peak analysis unless no grain
size value for this estimate is given, in which case strain
was estimated from the 111 peak only. Diffraction data
for one of the smallest grain size samples are shown in
Fig. 1. Table II shows that estimates of average grain
size calculated from Fourier analysis techniques for the
Pd samples range from about 3 to 21 nm, while esti-
mates for copper samples range from about 4 to 50 nm.

Comparison of estimates by the two Fourier trans-
form methods shows close agreement in all cases, with
differences on the order of 10-50%. Typically, single
peak grain size estimates determined for different
peaks of the same sample agree within 10-25%. Good
agreement between the 111 and 200 peaks suggests that
the particles are equiaxed. These XRD grain size esti-
mates and conclusions about equiaxed grain shape
agree with results from TEM measurements carried out
on consolidated Pd samples made under similar evapo-
ration conditions,27 and with preliminary TEM esti-
mates for some of the Cu samples.

A qualitative estimate of the grain size distribution
is obtained by comparison of the volume-averaged
Scherrer method and the area-averaged Warren-
Averbach method results, since the Scherrer method is
more heavily weighted toward large particles than the
Warren-Averbach technique. The reasonably good
agreement between the two estimates (Table II) indi-
cates a narrow grain size distribution for most of the
samples, in agreement with previous determinations by
TEM methods.

The precision for grain size estimates determined
by these Fourier methods has been shown to be as good
as 10-15%.35'37 However, a practical estimate for the
present study is 10-25% for the smallest grain sizes
(<20 nm) to as high as 50-100% for the largest sizes
(^50 nm). This error estimate is based on observation
of the magnitude of changes in the size estimate that
result from small changes in the analytical procedure,
such as varying the background level, as well as on the
reproducibility of repeated analyses of a single sample.

For both Pd and Cu samples, mean lattice strains in
the 111 direction are on the order of 5 x 10~3, ranging
from about 2 x 10 4 to 3 x 10"2, i.e., about 0.02 to 3%.
This finding is consistent with conclusions drawn from
HREM observations of nanocrystalline Pd38 and Pt,41

and with TEM observations on a number of fine-
grained metal powders by Easterling and Tholen.42 Sim-
ilar strains were determined by an XRD method in
nanocrystalline Ru and RuAl produced by high energy
ball milling.43
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FIG. 1. X-ray diffraction profiles for
the 111 (a) and 222 (b) peaks of nano-
crystailine and coarse-grained Cu sam-
ples. Note the broadening of the tail
regions for the nanocrystailine samples
and the similar background levels of all
samples.

92.0 94.0 96.0 98.0

TwoTheta
(b)

It should be noted that in Fig. 1 there is little ap-
parent difference in the background scattering level for
the nanocrystailine and coarse-grained samples. Results
of more than twenty scans of the 111, 200, 311, and 222
peaks show that the background scattering level of the
nanocrystailine Cu samples is the same, given the
statistical fluctuations of the background for the detec-
tor used, as for that found in four scans of the an-
nealed, coarse-grained standard Cu sample used to

determine the instrument function. This is in contrast
to an earlier report on nanocrystailine Fe.3

The data in Table II show that very small mean
grain sizes (5-10 nm) and apparently narrow size distri-
butions can be routinely produced in pure Pd and Cu
by inert gas condensation. Nonetheless, samples pro-
duced under essentially identical evaporation condi-
tions can have quite different mean grain sizes. Size
distributions have not been determined rigorously, but
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are suggested to be narrow. Since size distributions as
well as mean sizes may influence mechanical and other
properties, failure to determine distributions accurately
leaves a gap in the ability to interpret experimental
data used to investigate grain size dependent (mechani-
cal) properties.

IV. MECHANICAL TESTING OF THE SAMPLES

Vickers microhardness tests, uniaxial tension tests,
and constant load creep tests were performed at room
temperature on the nanocrystalline Pd and Cu samples
to evaluate the effects of nanocrystalline grain size on
mechanical properties. Several annealed coarse-grained
Pd and Cu samples were tested under conditions simi-
lar to those of the nanocrystalline samples for compari-
son. The typical grain size of the coarse-grained Cu
used in this study is 50 /im, while the typical grain size
of coarse-grained Pd is 100 /xm. Grain sizes used below
for the nanocrystalline samples are those obtained from
the Warren-Averbach double peak XRD method
(Table II).

A. Vickers microhardness measurements

Microhardness tests were carried out to investigate
the as-compacted hardness of eight nanocrystalline Pd
samples and seven nanocrystalline Cu samples. The
effect of annealing on hardness was also examined.
The microhardness measurements were made using a
Buehler Micromet II microhardness tester. A load of
100 g was applied for 20 s. Varying the time of load
application between 5 and 30 s did not affect the mea-
sured hardness value. The mean diagonal length of the
indents was on the order of 25 ju,m for the nanocrys-
talline Pd tested, in which case 6 x 106 grains 10 nm in
diameter can be intersected by the indenter. For pyra-
midal indenters such as the Vickers indenter, hardness
is empirically related to the cold-worked yield stress44

by the relation Hv/ay ~ 3. It follows that for material
that exhibits Hall-Petch behavior, hardness Hv should
be related to grain size d, by

Hv~ Ho + kHd'm (4)

where Ho and kH are constants. Hardness variations are
known to occur with change in load, crystallographic
orientation, porosity, and depth of penetration.45'46

Microhardness measurements give the net effect of
strengthening imparted by nanocrystalline grain size
and the weakening effect of processing flaws. A distri-
bution of flaws would cause spatial variability in Hv.
Surface roughness also could contribute to variation in
Hv with position. Another source of spatial variability
in hardness is a heterogeneous distribution of residual
stresses introduced during consolidation by irregulari-
ties at the die/sample interface.

Figure 2(a) shows microhardness traverses across
eight as-compacted nanocrystalline Pd samples and one
coarse-grained (100 /j.m) sample. The grain size of the
nanocrystalline samples ranges from 3 to 21 nm. There
is a large spatial variability in hardness. The aver-
age hardness of the nanocrystalline samples is 3.1 ±
0.5 GPa, about four times larger than for the 100 /im
standard sample (0.76 ± 0.05 GPa). Individual hard-
ness measurements vary from a high of 4.3 GPa to a low
of 2.2 GPa, both extremes found in samples with a
mean grain size of 15 nm. Less spatial variability in
hardness is seen in as-compacted nanocrystalline Cu
[Fig. 2(b)]. The average hardness of the as-compacted
nanocrystalline Cu samples in the 6 to 15 nm grain size
range is 2.3 ± 0.1 GPa, about five times that of the
50 pm grain size Cu (0.45 ± 0.02 GPa). The 25 and
50 nm grain size samples are noticeably softer. Individ-
ual hardness measurements obtained for the nanocrys-
talline Cu samples ranged from 2.6 GPa for a sample
with a grain size of 6 nm to 0.8 GPa for a sample with a
grain size of 50 nm.

The effect of surface polishing on microhardness
was examined. Four nanocrystalline Pd samples with
grain sizes of 5-7 nm and one 100 /xm grain size Pd
sample were polished to 1 ^m with silicon carbide
paper. Two nanocrystalline Cu samples were polished
to 0.25 /xm using diamond paste. The samples were not
annealed to reduce any surface stresses introduced by
polishing. Comparison of microhardness data for Pd in
Figs. 2(a) and 3 shows that polishing reduces the sub-
stantial spatial variability in Hv, but does not change
the mean hardness. The standard deviation of the Pd
measurements is reduced from about 15% of the mean
to about 5%. Spatial variability is less pronounced in
the as-compacted Cu samples tested, so there is little
improvement with polishing. The observations that (a)
porosity, surface roughness, and small flaws are present
on the as-compacted sample surface; and (b) polishing
reduces the spread in measured hardness values, but
not the mean hardness, support the idea that surface
flaws and localized surface stresses introduced by the
compaction process are responsible for the observed
microhardness variability.

Microhardness data were analyzed to investigate if
grain size-dependent strengthening, analogous to Hall-
Petch strengthening, is present in nanocrystalline sam-
ples. Uncertainty of 10-50% in the measured grain size,
together with the spatial variability in the measured
hardness values, makes it necessary to draw conclu-
sions cautiously about the relationship between hard-
ness and grain size in the nanocrystalline Pd. A plot of
Hv vs d ~m for Pd (Fig. 4) does show a large increase in
hardness as grain size drops below 100 /xm down into
the 5 nm size range. However, a constant hardening
rate (Hv vs d ~1/2) was not observed from coarse-grained
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FIG. 2. Vickers microhardness of (a)
as-compacted nanocrystailine and
coarse-grained Pd; (b) as-compacted
nanocrystailine and coarse-grained
Cu. Measurement 1 for some nano-
crystailine Pd samples is from low-
compacted rim area. See Table II for
respective grain sizes.

to nanocrystailine samples as the Hall-Petch relation
predicts. Note that the relationship between Hv and
d 1/2 is about the same for the as-compacted samples as
for those that have been polished. The well-polished Pd
samples, including five nanocrystailine samples, show a
slope of 5 MPaVmm with an intercept of 834 MPa
(Fig. 4) compared to 6 MPaVmm and 1030 MPa for
the as-compacted data. Microhardness data for as-
consolidated Cu are plotted as a function of d~m in
Fig. 5. Also shown in this figure are data for the 0.2%
offset yield stress for two nanocrystailine Cu samples
and a coarse-grained sample, and measurements by
Hansen and Ralph47 of flow stress in Cu with conven-

tional grain sizes. The microhardness data appear to
follow a linear relationship between Hv and d ~m, with a
slope of 4.5 MPaVmm and an intercept of 430 MPa.
The yield stress data give a much smaller slope and
intercept of 0.6 MPaVmm and 80 MPa, respectively.
However, the flow stress results closely parallel the
microhardness results.

Yet another indication of grain size-dependent
strengthening is obtained by plotting maximum rather
than mean Hv vs d ~V1. The maximum hardness may be
interpreted to represent the hardness of areas that are
relatively free of strength-reducing flaws, and therefore
should come closest to the true hardness resulting from

1018 J. Mater. Res., Vol. 6, No. 5, May 1991

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/JM

R.
19

91
.1

01
2 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1557/JMR.1991.1012


G.W. Nieman, J. R. Weertman, and R.W. Siegel: Mechanical behavior of nanocrystalline Cu and Pd

5.0

4.0

3.0

2.0

1.0

0.0

5 10
Measurement No.

-PdStd

-Pd8031

-Pd8051

-Pd8052

-Pd8101

-Pdl202

-Pdl203

Pdl205

15

FIG. 3. Vickers microhardness of sev-
eral polished nanocrystalline Pd samples
compared to a polished coarse-grained
(100 yu.m) Pd sample.

fine grain size. A plot of these data for as-consolidated
Cu and Pd is presented in Fig. 6. As before, the nano-
crystalline Pd samples do not show a pronounced trend
in hardness. The Cu samples again show strengthening
with decrease in grain size in the nanocrystalline size
range, giving a slope of 4.1 MPaVmm and an intercept
of 675 MPa. This slope is little changed from the value
for the average microhardness of Cu (Fig. 5).

The Pd and Cu microhardness data presented here
clearly indicate a large increase in hardness for the
nanocrystalline samples compared to the annealed
coarse-grained samples. Yet it is difficult to assess the
magnitude of the strengthening effects of small grain
size independent of weakening effects due to bulk sam-
ple defects. Maximum hardness data, too, are likely to

be affected by near surface flaws. Any flaw (pore) in-
tercepted by the indenter will result in a decrease in
hardness below the hardness due to grain interactions.
It is also clear that uncertainties in the precise grain
size, and the presence of grain size distributions, can
have a large effect on a plot of Hv vs d~m plot for
nanometer grain size materials.

As described in Ref. 8, annealing of nanocrys-
talline Pd samples for 100 min made only a small
change in their microhardness for annealing tempera-
tures up to 700 °C (0.53 Tm). Beyond this point, Hv

drops rapidly with increasing temperature. The de-
crease in hardness above 0.5 Tm suggests grain growth
has occurred. Grain growth above 0.5 Tm has also been
observed for nanocrystalline TiO2

7 and Fe.48 For a Pd
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nanocrystalline and coarse-grained Pd
plotted as a function oid~m.
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H

100 200 300 400

1/Vd (1/Vmm)

sample annealed in vacuum at 500 °C for 100 min, the
mean grain size increased from 8 to 19 nm with no
change in microhardness.8

B. Experimental details of tensile and creep tests

A miniaturized apparatus was designed and built
(Fig. 7) to perform uniaxial tensile and creep tests on
the small diameter samples (Fig. 8) described above.
The load is applied by a magnetic actuator used in the
dc mode, capable of supplying nominally 110 N force
without air cooling or 220 N force with cooling. The
machine is connected by an analog-digital signal condi-
tioner/controller to a personal computer, and to an ex-

CQ FIG. 5. Vickers microhardness of as-
P i consolidated nanocrystalline and
O coarse-grained Cu and 0.2% offset yield

stress of two nanocrystalline Cu sarn-
ie pies and a coarse-grained sample, plot-

ted as a function of d~in. Also shown is
a line that indicates the increase in flow
stress in Cu; data from Ref. 47.

500

ternal load cell signal conditioner and an external
LVDT transducer amplifier. A load cell with 445 N ca-
pacity is used to monitor applied loads. The load cell is
connected to the actuator by a water-cooled brass
adapter that prevents heat generated by the actuator
from reaching the load cell. The upper stainless steel
pull rod is connected directly to the load cell by a
threaded mount. A lower pull rod is held in place by
Woods metal. This arrangement allows alignment of
the pull rod-sample assembly by gravity when the
Woods metal is heated. An LVDT is used to monitor
gage section elongation. Displacement sensitivity of the
LVDT is better than 5 x 1(T4 mm, and displacement

?

5.0

4.0

3.0

2.0

1.0

0.0
0

| Q BfvJPd 1

i n I J v _ C u

. . . i . . . . i . . .

FIG. 6. Maximum Vickers microhard-
ness of nanocrystalline and coarse-
grained Pd and Cu samples as a
function of d'm.
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Cooled
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Magnetic
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Pot

Stainless Steel
Pulj Rod

(two piece)

Sample

Stainless Steel
, Pull Bodv
(two piece)

Pull Rod
Retaining
Screws

18
inches

FIG. 7. Schematic diagram of the
Baker-Nieman-1 (BN-1) tensile and
creep test device used in this work.

capacity is about 0.13 mm. The LVDT could not be
mounted directly on the sample due to the small sample
size. It is connected to the pull rods at a point about
1 mm from the sample end of the grip in order to mini-
mize elastic effects from the pull rods. The personal

As Compacted
Sample

Tensile Test
Sample

I

5 cm
FIG. 8. Photomicrograph showing the dimensions of an as-consol-
idated sample (left) and a mechanical test sample (right) used in
the tensile and creep tests.

computer provides all digital-analog, voltage-load, and
voltage-displacement conversions in addition to menu-
driven test mode selection and data collection and stor-
age routines.

Dogbone-shaped specimens (Fig. 8) for the tensile
and creep tests were prepared from the as-compacted
disks by electronic discharge machining. Sample gage
lengths ranged from 3.5 mm to 2.0 mm, and sample
gage widths were 1.4-2.0 mm. Samples thinner than
about 180 jxm could not be polished to remove surface
flaws without breaking. The broad, flat surfaces of
thicker samples were polished with 5 yum silicon car-
bide paper or 0.25 /im diamond paste, and a dental drill
mounted on a dremmel tool was used to polish the thin
edges of the sample.

C. Tensile test results

Tensile tests were performed on seven Pd and Cu
nanocrystalline specimens to test their bulk mechanical
properties. Samples of coarse-grained Pd and Cu were
tested for comparison, but because the grain size of
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TABLE III. Tabulation of data from tensile tests on nanocrystal-
line Pd and Cu: E = Young's modulus, cry = yield stress, true e =
% true strain at failure, e = strain rate, (d) = displacement con-
trol, (/) = load control.

Sample

Pd7061(rf)
Pd8031(/)
Pdl202(/)
Pdl203(/)
Pdl205(/)
CullO3(/)
CullO4(/)

Grain size
(nm)

11
14
15
8
5

50
25

E
(GPa)

46
21
66
47
43
36
45

o>
(MPa)

140
249

>330
>200

192
162
185

True e
(%)

0.56
1.75

>0.52
>0.26

0.59
>2.2
>6.3

7
2
2
1
1
1
1

e

(A)
x 10"'
x 10"'
x 10"'
x 10"'
x 10"'
x 10"'
x 10"'

these samples is large relative to the thickness and
width of the tensile specimen, individual grains with a
particular Schmid factor may dominate the measured
mechanical behavior. The 0.2% offset was used as the
yield stress. Samples of coarse-grained Cu showed a
yield stress as low as 45 MPa and as high as 120 MPa.
Typical values were around 85 MPa. The yield stress
of coarse-grained Pd varied from 52 MPa to 85 MPa.
Test results on two nanocrystalline samples of Pd have
been reported previously.9 Results of all tensile experi-
ments on the nanocrystalline samples are tabulated
in Table III.

The strength of the nanocrystalline samples is sig-
nificantly improved by polishing to remove or reduce
surface flaws. Figure 9 illustrates this improvement for
Pd samples. One sample shows an apparent yield stress
of 249 MPa and a total strain of =51.75% prior to fail-
ure. The apparent yield stress represents a fourfold in-

crease over that of samples of coarse-grained Pd tested.9

This sample was polished using 5 /xm silicon carbide. A
second sample, polished with 0.25 ^m diamond paste,
reached 330 MPa at the maximum load capacity of the
test device without yielding or failing. The third sam-
ple, which was too thin to polish, failed at a low stress.
The weakening effect of surface flaws on the strength
of the samples is clear from this comparison.

The two samples of nanocrystalline Cu tested gave
very interesting stress-strain curves. Significant plastic
yielding was observed in both samples. The yield stress
for the 50 nm sample [Fig. 10(a)] was measured as
162 MPa at a strain rate of 1.3 X 10~5/s- A total engi-
neering strain of 2.2% was produced before the load
source capacity was reached and the test was termi-
nated. Figure 10(b) compares the stress-strain curve for
25 nm nanocrystalline Cu and coarse-grained (50 jam)
Cu. A yield stress of 185 MPa at a strain rate of
1.4 x 10~5/s was observed for the 25 nm sample. This
yield stress is over twice as large as that for the coarse-
grained sample. Again, equipment limitations forced
termination of the test at a total strain of 6.3% before
failure of the nanocrystalline sample. The yield stress
for commercially pure Cu ranges from 69-365 MPa,49

with the highest values presumably representing highly
cold worked material.

Low values of Young's modulus (E) were estimated
for both nanocrystalline Cu samples from the initial
slopes of the stress-strain curves. Lack of sensitivity in
the strain measurements together with the usual prob-
lems with measuring E from stress-strain curves acted
to limit the accuracy of the modulus measurements.
Even so, it appears that Young's modulus of the

Pdl202

Pd7061 —

Pd8031

FIG. 9. Stress-strain results of tensile
tests on nanocrystalline Pd, performed
on BN-1, showing the beneficial effects
of polishing to reduce the size of sur-
face flaws.

0.0 0.4 0.8 1.2 1.6
True Strain (%)

2.0
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nanocrystaiiine Cu is significantly lower than that mea-
sured on conventional Cu (E = 130 GPa). Similar re-
sults were obtained in the case of Pd.9 Possibly this is
an effect of the porosity indicated by the density mea-
surements. The true strain hardening exponent n, and
strength coefficient K, given by a = Ke", are 0.12 and
308 MPa for the 50 nm nanocrystaiiine Cu sample, and
0.15 and 395 MPa for the 25 nm material. The true
strain exponent for both Cu tests is well below the typi-
cal value of 0.3-0.35.50

The deformed nanocrystaiiine Cu samples were ob-
served using optical and scanning electron microscopy
to gain an insight into the deformation process. Optical
microscopy clearly shows a surface texture resulting
from tensile strain in the form of surface rumpling and
linear bands (Fig. 11). This texture is conspicuous in
the gage section. The strong bands of this localized sur-
face deformation texture are oriented at about 60° to
the tensile axis. Examination of the gage section by
SEM showed little because of the low relief of this tex-
ture. However, one area in the gage section apparently
showed a strong localized "shear band" oriented at an
angle to the tensile axis of approximately 60°.

D. Creep test results

Equation (2) for Coble creep predicts a 109 en-
hancement in the creep rate of 10 nm grain size materi-
als over that of a 10 îm grain size material. A 103

increase in grain boundary diffusivity in nanocrys-
taiiine Cu over the ordinary value, reported by Horvath
et al.21 and interpreted by others,21"23 would further en-
hance the Coble creep rate. With this enhanced grain
boundary diffusivity, Eq. (2) predicts a creep rate of
> 1 x 10~5/s at 298 K and a stress of 100 MPa for
25 nm grain size Cu. The equipment used in the
present experiments can measure creep rates down to
about 10~9/s.

Creep tests were carried out on nanocrystaiiine Pd
and Cu to investigate this possibility of room tempera-
ture diffusional creep in these materials. Two nano-
crystaiiine Cu samples and one of Pd were tested. The
creep rate was also measured in coarse-grained Pd
(100 îm) and Cu (50 ^m). (The nanocrystaiiine Pd
creep test results have been previously reported in
Ref. 9.) The results of all creep tests on the nanocrys-
taiiine Cu and Pd samples are tabulated in Table IV.

Two creep tests were performed on the 25 nm grain
size Cu sample. After an initial test at room tempera-
ture for 4.1 h under a stress of 145 MPa, the sample was
unloaded and retested at 150 MPa for 14.2 h (Fig. 12).
The initial creep rate of 1.2 x 10~6/s dropped to
3.6 x 10"7/s by about 4 h. By the end of the 150 MPa
test, the creep rate had dropped to 1.4 x 10"7/s.
Clearly, the predicted diffusional creep rate was not ob-
served. The shape of the creep curve is well described

by the equation for logarithmic creep,51 as can be seen
from Fig. 12. The constant stress used in both tests is
above 80% of the yield stress for this Cu sample and it
is well above the 83 MPa stress at which the 50 jam Cu
sample yielded.

A room temperature, constant load creep test on
the 50 nm Cu sample resulted in a plot similar to that
shown in Fig. 12. A constant stress of 103 MPa was
used for this 17.8 h test. The creep rate fell from the
initial value of 4.2 x 10~8/s to 1.6 x 10"8/s, near the
end of the test. The total creep strain in this experi-
ment was only 0.31%, about 12 times the sensitivity of
the LVDT.

Similar results were obtained for nanocrystaiiine
Pd samples.9 A 10 nm grain size Pd showed a creep rate
of 1.4 x 10~8/s after 17.9 h at a constant stress of
130 MPa. A second test on the same nanocrystaiiine Pd
sample using a stress of 148 MPa gave a creep rate of
7.3 x 10"9/s after 18.2 h.

Creep tests were run on samples of coarse-grained
Pd and Cu for comparison with the nanocrystaiiine
sample data. Figure 13 shows results of a creep test on
50 )u,m grain-size Cu. The creep rate after 24 h under a
stress of 74 MPa was 5.8 x 10~8/s. A second test on the
sample with a stress of 33 MPa produced a creep rate of
4.1 x 10"9/s after 13.4 h. After 2 h of creep under a
constant stress of 41 MPa, the strain rate in a sample of
100 fim Pd was 4.6 x 10~7/s. While the creep rates and
stresses are not exactly comparable in the correspond-
ing nanocrystaiiine and coarse-grained experiments, it
does not appear that creep is enhanced in the ultrafine-
grained material at room temperature.

V. DISCUSSION

This study has described experiments on pure Pd
and Cu designed to determine the effects of nanocrys-
taiiine grain size on mechanical properties such as
Vickers microhardness, uniaxial tensile strength, and
room temperature creep strength. Nanocrystaiiine sam-
ples produced by inert gas condensation and powder
compaction in vacuum were shown to have mean grain
sizes in the 5 to 50 nm range and significantly large
internal strains, based on XRD analysis of line broad-
ening. As-consolidated densities for six Pd samples and
eight Cu samples range from 97-72% of standard den-
sity. Density data, in addition to optical and scanning
electron microscopy observations, indicate the presence
of pores and other types of processing flaws. Their
presence may have a significant effect on mechanical
properties, as demonstrated in microhardness and ten-
sile tests.

A substantial increase in yield strength is observed
in the nanocrystaiiine Pd and Cu specimens over that
of their coarse-grained, annealed counterparts. This
rise in strength appears to be appreciably less than pre-
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FIG. 10. (a) Stress-strain curve for
nanocrystalline (50 nm) sample CullO3,
showing 0.2% offset yield stress,
(b) Stress-strain curve for nanocrys-
talline (25 nm) sample CullO4 and
coarse-grained Cu sample (50 /nm),
showing 0.2% offset yield stresses.

0 6

True Strain (%)
(b)

dieted by extrapolation of Hall-Petch behavior from
conventional to ultrafine grain size (Fig. 5). However,
since yield strength of the strongest of the nanocrys-
talline Pd samples exceeded the capacity of the test ma-
chine, the actual strength, as well as the deviation from
Hall-Petch behavior, remains uncertain. Removal of
surface defects by polishing improves the measured
strength of the samples (Fig. 9), as expected. This sug-
gests that the "yield strengths" observed in Pd actually

are determined by large (e.g., 0.1-1 jam) processing
flaws and do not represent ultimate intrinsic material
behavior. The large spatial variability in microhardness
in Pd [Fig. 2(a)] is likely to be an artifact of these flaws.
Similarly, lack of information on yield stress for Cu in
the 5-15 nm grain size range limits any conclusions re-
garding the behavior of ay at these ultrafine grain sizes.
Large ductility was observed in the two samples of
nanocrystalline Cu before instrumental limitations
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FIG. 11. Optical photomicrograph of nanocrystalline Cu tensile
test specimen CullO4 showing a strong localized "shear band" ori-
ented at an angle to the tensile axis of approximately 60°.

truncated these tests. Deformation produced a strong
surface texture in the specimen gage section, indicating
strain localization occurred (Fig. 11).

The scatter in measured values of Vickers micro-
hardness in the nanocrystalline Pd samples (plus some
uncertainty in the grain size) prevents determination of
the form of the dependence of Hv and ay on d at
nanocrystalline grain sizes. However, there is no indi-
cation of a dramatic drop in strength at the smallest
grain sizes, such as reported by Chokshi et al.24 In fact,
Cu samples show a strengthening with decreasing grain
size in the 5-15 nm range. For comparable grain size
material, we obtained significantly larger values of Hv

for Pd and Cu than they reported.
Chokshi and co-workers attributed the significant

downturn in strength that they reported over a small
range of nanocrystalline grain size to the increasing im-
portance of diffusional creep at the smallest grain sizes.
Karch et al.22 and Birringer et al.23 also explained their
observations on nanocrystalline ceramic materials as

TABLE IV. Tabulation of data from creep tests on nanocrystalline
and coarse-grained Pd and Cu; e = true strain (%), e = average
strain rate.

Sample

Pdl203
Pdl203
PdStd
CullO3
CullO4
CullO4
CuStd

Grain size
(nm)

8
8

10s

50
25
25

0.5 x 105

Time
(min)

1091
1071

47
1070

45
850

1440

Constant
stress
(MPa)

150
130
40

100
145
150
74

e
(x lO^/s)

0.5
1

46
4
7

14
6

Apparent
total e

(%)

0.343
0.409
0.431
0.545
1.203
1.161
0.052

being due to diffusional creep. In the present investiga-
tion, direct measurements of nanocrystalline creep
rates failed to detect room temperature diffusional
creep. Creep was found to be some two orders of mag-
nitude slower than predicted by Coble creep evaluated
with the enhanced grain boundary diffusivity de-
scribed in Refs. 21 and 23. The shape of the curves of
creep strain versus time is described closely by the
equation for logarithmic creep (Fig. 12). The lack of
downturns in ay and microhardness at the smallest
grain sizes; the absence of measurable room tempera-
ture diffusional creep; the similarity in XRD back-
ground levels for nanocrystalline and coarse-grained
samples—all are consistent with the picture of grain
boundaries in nanocrystalline metals that are similar in
structure to those in conventional material, as shown in
recent high resolution electron microscopy studies.27'38

The effect of analytical errors in making grain
size estimates should be emphasized. Errors in grain
size determination in the nanocrystalline size range can
seriously distort a plot of experimental Hv (or <ry)
vs d ~1/2 data; predictions of low temperature diffusion
creep rates, which have arf'3 dependence, also may
be confounded.

The origin of the increased strength in the nano-
crystalline material is not known, but restriction of
dislocation activity (both generation and mobility)
imposed by ultrafine grain size is believed to be the
dominant factor. The length of potential Frank-
Read sources is limited, both in grains and in grain
boundaries. Also, even a modest number of dislocations
in each grain would result in strengthening interactions.
The strengthening effects of grain boundaries52 are ex-
pected to be exceptionally important, since the relative
volume of grain boundaries is large. Additionally, the
large residual strains, observed by XRD and inter-
preted from HREM,38'41 may also play a role in produc-
ing high strength. It has been observed that very large
internal strains, driven by decrease in surface en-
ergy, are introduced when fine powders of metals are
in contact.42

One might suppose that strength could be derived
from cold work introduced during powder compaction.
Dislocation densities on the order of 1015/m2 have been
reported for nanocrystalline Pd produced in the man-
ner used for our samples.38 However, for a 10 nm grain
size, this amounts to only one dislocation per 10 grains,
in contrast to normal cell structures produced during
cold working. The nanocrystalline samples do not ap-
pear to be "cold-worked" in the conventional sense of a
material strengthened by dislocation interactions.

The role of ultrafine pores or voids and impurity
concentrations introduced during processing is also un-
known. Small pores and trapped gases are known to
strengthen coarse-grained metals at low temperatures,
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FIG. 12. Plot of true strain (%) versus
time for a constant stress (150 MPa)
room temperature creep test on a
nanocrystalline (25 nm) Cu sample.
Square symbols represent a fit to loga-
rithmic creep dependence.
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and impurities can pin grain boundaries. Large-scale
pores, or other flaws, have been shown in the present
work to limit the strength of the nanocrystalline sam-
ples. Some He could possibly be trapped in grains dur-
ing inert gas condensation, or impurities adsorbed prior
to consolidation. However, these effects are expected
to be secondary to those cited above that result from
decreasing grain size scale into the nanometer regime.

VI. CONCLUSIONS

(1) The yield strength and microhardness of
nanocrystalline Pd and Cu specimens are substantially

greater than those of annealed large-grained material.
The increase in strength with decreasing grain size per-
sists to the smallest-grained material studied.

(2) In many, if not all, of the nanocrystalline sam-
ples tested, strength is limited by processing flaws
rather than by intrinsic behavior of the material.

(3) Detailed knowledge of the mechanisms that re-
sult in the increased strength of nanocrystalline mate-
rial is lacking. Restrictions on dislocation activity (both
generation and mobility) imposed by small grain size
are assumed to be the dominant factor in raising
strength. The large residual strains present in the sam-

Tme Strain (%)

log creep

0

FIG. 13. Plot of true strain (%) versus
time for a constant stress (74 MPa)
room temperature creep test on a
coarse-grained (50 /xm) Cu sample.
Square symbols represent a fit to loga-
rithmic creep dependence.
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pies can also be expected to increase strength. Other
factors, such as porosity or voids and impurity concen-
trations, may play a role as well.

(4) No room temperature diffusional creep was
found in nanocrystalline Pd and Cu samples. Instead,
samples appear to exhibit logarithmic creep typical of the
behavior of conventional materials at room temperature.
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