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Novel preparation of big bulk-nanocrystalline Cu in large quantities
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Abstract: The micrometer-sized Cu powder produced on commercial scale was compacted under pressure of 1.0-2.0 GPa and at
room temperature,and the nanocrystalline(nc) Cu with diameter of 10 mm and thickness of 8 mm, relative density of 99.4% of the
theoretical density for pure Cu (8.96 g/cm®), and mean grain size of 34-43 nm and microstrain of 0.16%—0.19% was obtained. The
compacting process was analyzed with HUANG Pei-yun equation and the microstructure and properties of nc Cu were studied by
XRD, SEM, PAS, MHV2000 mircrohardness tester and Datron 1081-type electrometer. The results show that the grain size of nc Cu
samples is correlated with compacting pressure, the microhardness is 1.14—1.27 GPa which is about two times larger than that of the
coarse-grained polycrystalline Cu, but the relationship between microhardness and grain size do not obey Hall-Petch equation strictly.
The electrical resistivity of the specimens is 5.1X 107’ Q -m, larger than the coarse-grained Cu materials by a factor of 29, the mean
lifetime of positron-annihilation is (172.8+0.8) ps. The cost of the method of fabrication for big-sized nc material is much lower
than that of any others. This method has the advantages such as the lowest cost, largest output and volume as well as highest density

over all other methods so far.
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1 Introduction

Bulk nanocrystalline(nc) metals, in which the grain
is in nanometer range, often have some interesting
properties such as increased hardness and strength,
unique electronical and optical properties,which would
open up a range of new applications[l, 2]. These
remarkable mechanical properties of nc materials are
highly desirable for structural application. To optimize
the mechanical behavior, it is important to produce
big-sized bulk nc metal materials in a way of lower cost
and in large quantities. The nc metals can be prepared in
several ways, among the most common of which are
high-pressure compactin of nanometer-sized cluster and
high-energy ball milling[3, 4]. But the two kinds of
methods have many shortcomings such as the higher cost
of fabrication and the smaller size of products, which can
not be put into production. Therefore a lower cost
method of preparation of an “ideal”’and big nc metal
materials has been seeking since a German scientist,

GLEITER, presented the concept of nc material and
fabricated the nc material for the first time at the
beginning of 1980s[5].

Recently a new and lower cost method for
preparation of big and almost fully dense bulk-nc Cu in
large quantities has been invented by the authors. The nc
Cu samples, with a diameter of 15 mm and thickness of 8
mm, were successfully consolidated by micrometer-sized
Cu powder produceded on commercial scale under
pressure of 1.0-2.0 GPa within 3 s. The pressure was
held at this value for 5 min at room temperature then
released within 2 s.

The X-ray diffraction(XRD) analysis, scanning
electron  microscope(SEM),  positron
spectroscopy (PAS), MH2000 microhardness tester and
Datron 1081-type electrometer(made in England) were
used to determine and investigate the average grain size
and mean lattice strain, the microstructure, micro-
hardness and electrical resistivity of as-consolidated nc
Cu samples. The results shows that the as-consolidated
Cu spencimens possess really many properties of nano-
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sructural materials, and the cost of this method of
fabrication for big-sized nc material is much lower than
that of any others.

2 Experimental

The micrometer-sized Cu powders (so-called M-P)
were produced on commercial scale by means of some
process. The Cu nanoparticles (so-called N-P) were
synthesized by a so-called flow-levitation method[6].
The purity of both Cu powders is about 99.9% (mass
fraction, %). The nc Cu specimen (with diameter of 15
mm and thickness of 8 mm) were prepared from M-P
under pressure of 1.0—2.0 GPa and at room temperature.
The density of nc Cu samples was measured to be 8.91
g/lem’® by means of Archimedes principle, which is
equivalent to 99.4% of the theoretical density of pure
Cu(8.96 g/em?).

Quantitive XRD measurements of the nc-Cu
samples were carried out in a Philips X Pert Pro MPD
X-ray diffracometer with CuK, radiation. X-ray wave-
lengths K,;=0.154 05 nm and K,=0.154 44 nm were
selected by wusing a graphite monochrometer. The
average grain size and microstrain were determined in
terms of Warren—Averbach Fourier transfer analysis[7].
Calibration of the instrumental line broadening was
performed by using the standard SiO, sample. SEM
experiments were performed on a JEM-5900 scanning
electron microscope at operating voltage of 20 kV.

Vickers  microhrdness  measurements — were
conducted in as-prepared specimens at room temperature
with diamond indenter of 2.0 N load for 10 s. Hardness
was measured along the diameter of the specimens. Four
different regions were sampled to obtain the average
hardness of each specimen.

Datron 1081-type electrometer was used to measure
the electrical resistance at low temperature (233-293 K).
The space of temperature is 10 K. The samples are 10
mm in length, 1 mm in width and thickness respectively.

The measurements of the lifetime spectra of
positron annihilation were performed for nc samples.
The positron lifetime spectra were recorded using a
fast-fast coincidence setup with a time resolution
(FWHM) of 260 ps for ®°Co y-rays accepted under
experimental windows.

3 Results and discussion

3.1 Effect of compacting pressure on density

Fig.1 gives the relative density of nc Cu samples as
a function of compacting pressure. It can be seen from
Fig.1 that relative density of either nc Cu made from
M-P or N-P increases with increasing pressure. But in the
process of compacting, the tendency of densification

between them i1s different. Under 0.76 GPa and 1.5 GPa,
the relative density (relative to
poly-crystalline Cu) of nc-Cu made from M-P is between
98.5% and 99.4%. But under the same pressure, the
relative density of nc-Cu made from N-P is only 86.4%—
93.2%. Fig.1 shows that it is more difficult to consolidate
N-P than M-P.
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According to HUANG Pei-yun equation, if function

of compacting pressure is Y, the density of
as-consolidated Cu sample is X, then

X =Igln % (D
Y=lgp )

The compacting equation is

Y=mX+b 3)
or

Y=mX+gM (b=lghl) )

where d,, 1s the density of full dense alloy; d, is the
loose density of powder before compacting; d is the
density of green compact; p is pressure; m is the slope of
the compacting equation (index of hardening); b is the
intercept of compacting equation; M is the compacting
modulus.

According to the above equations, the data in Fig.1
were calculated. The calculated results of X and ¥ were
summarized in a plot of X vs Y. The slope and intercept
were obtained by a least-square fit of the profile and
listed in Table 1.

It can be seen that the value of m of M-P is about 10
times larger than that of N-P, illustrating that the
hardening tendency of N-P is smaller when compacted,
on the other hand the value of M of N-P is 10* times
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Table 1 Results of pressure and density function at different pressures and linear regression results of compacting equation

Nanometer particle

Micrometer powder

Pressure/MPa
X Y m B M X 7 m' b M
1000 0.73 3 0.66 3
1250 0.76 3.1 0.66 3.1
1500 0.77 3.18 0.83 3.18
1625 0.79 321 03267 3.6667 4641 .9 33693 -0.3372 0.46
2000 0.51 33

larger that of M-P. The value of M is related with the
property of compaction of powder in some extent,
including the loss of compacting pressure. It can be seen
that in the course of compacting, the friction between
nano-particles and the mould wall is very large and
results in larger loss of compacting pressure.

3.2 Microstructural characterization

Fig.2 shows the X-ray diffraction patterns for M-P
and nc Cu samples made from M-P respectively. XRD
analysis in terms of Warren—Averbach Fourier transfer
analysis indicated an average grain size of nc Cu samples
before and after compacting under different pressure
(Table 2). Cuprous oxide was not detected by means of
XRD.

Nanocrystalling
Cu specimen i

i Wantaga

Micrometer J
Cu powder [

30 40 50 60 70 80
20/(°)

Fig.2 X-ray diffraction patterns of micrometer-sized Cu powder

before and after compacting under 1.2 GPa and at 25 C

Table 2 Relationship between grain size and pressure

Pressure/GPa Grain size/nm Microstrian/%

U;g;gln‘izzfd 5177 0.166
1.00 43.02 0.188
1.25 39.65 0.192
1.50 34.51 0.185
1.75 36.28 0.179
2.00 4225 0.164

From Table 2, it can be clearly seen that the average
grain size and microstrain are influenced by the
compacting pressure, when the compacting pressure is
smaller than 1.5 GPa, the average grain size decrease
from 43.02 to 34.51 nm with the increasing pressure,
when the pressure is larger than 1.5 GPa, the average
grain size increases from 34.51 to 42.25 nm.

The researchers discovered that for larger grain size
(but still in nanometer scale), grain boundaries start to
emit partial dislocations[8], full dislocations have been
observed in simulations of columnar microstructures
with grain sizes of 30 nm. In this experiment, the grain
size of M-P was 52 nm, plasticity was fully determined
by dislocation activity[9]. Therefore the reason for grain
refinement is that when the samples were compacted
with the temperature increasing, the recovery and
recrystallization probably happened and then refined
grains were obtained. If the compacting pressure
remained to be increased, the temperature of samples
would rise and the grain would start to grow.

The mean microstrain of as-compacted nc Cu
samples was determined by XRDJ[10], being about
0.164%-0.192%. Such a large microstrain in the
as-compacted sample is a signature of high level
dislocation density at grain boundaries(GBs), which
induces a remarkable lattice distortion in the vicinity of
GBs.

The positron lifetime spectra of the samples were
best resolved into two components, designated as 7; and
7,, and with relative intensities /; and [,. Based on the
data of the fitted lifetime spectra , we obtained 7;=(170.5
+0.4) ps, 1,=(2 334.1+367.2) ps with the respective
intensities of 99.88% and 0.121%, which exibits that a
mean lifetime of positron-annihilation is (172.8+0.8) ps.
It may be suggested that the microdefect of the nc Cu
samples contains mostly vacancies and almost no
vacany-cluster-like volumes and larger voids, We note
that the value of mean lifetime is lower than that of the
nc Cu by any other method of preparation[11]. The
nearly full density of the as-consolidated Cu sample was
verified by positron annihilation spectroscopy measure-
ments.

Section-view SEM observations as shown in Fig.3
shows that the as-prepared Cu samples consist of
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spherical particles (with particle size of 10-20 pm)
contacting each other firmly and there are almost no
pores in samples. Because there is no preparation of
nano-particles, various artifacts such as porosity and
contamination are not introduced. The artifacts have
significant effects on the mechanical properties as well
as deformation mechanism.

Fig.3 SEM image of nanocrystalline Cu made from M-P under
12 GPaand at25 C

3.3 Effect of grain size on microhardness

Grain size is known to have a profound effect on the
mechanical behavior of materials, in particular, on the
yield stress and hardness. The Hall-Petch relationship
[12] is a well-known expression relating the variation in
yield stress to the grain size of a material:

o=ogtkd (5)

where o, is the yield stress, o, is the lattice friction
stress required to move individual dislocation, & is a
constant and d is the grain size. The form of the equation
indicates that a decrease in grain size will lead to an
increase in the yield strength. According to the
Hall-Petch equation, large yield strengths may be
attained by reducing the grain size of materials. For
example, a drop in average grain size from 10 pm to 10
nm should increase the yield stress by more than
thirty-fold.

For pyramidal indenters, hardness(HV)of metals is
empirically related to the yield stress(op) by the relation
HV/e=3. It follows that for material that exhibits
Hall-Petch behavior, hardness(HV) should be related to
grain size(d) by

HV=Hy+kyd"* (0)

where H, and ky are constants. The experimental
results of hardness for the nc Cu samples with the
average grain size ranging from 34 to 43 nm (obtained
from X-ray diffraction) were summarized in Fig.4 as a
plot of mean hardness (HV) vs d 2.

The microhardness of nc Cu samples ranged from
1.14 to 1.27 GPa, which is about two times larger than
that of the coarse-grained polycrystalline Cu. The
relation between microhardness and grain size does not
obey the Hall-Petch equation strictly. When d is larger
than 36 nm, the microhardness no longer increases and
levels off the equation with a drop in grain size. It may
indicate a change in the deformation mechanism, or it
may result from differences in process necessary to
obtain small grain size[13]. The crystallites sliding along
grain boundaries or the grain boundary diffusion creep
are possible deformation mechanism for the materials
with ultrafine grains[14].
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Fig.4 Relationship curve of grain size and microhardness

3.4 Electrical resistivity

The electrical resistivity of nc metals was first
studied by GLEITER et al[15], they found that resistivity
of nc Pd, Cu and Fe was higher than the coarse-grained
metals. There is a large volume fraction of grain
boundary in nanostructured materials and electron
activity is confined to small grain size range. The thicker
is the grain boundary, the more atoms in material are in a
state of disorder. Subsequently the electron scattering
becomes stronger. For a grain sizes larger than the
electron mean free path, the resistivity deviates
considerably from the corresponding bulk values. In
other words, electron scattering by volume scattering
effects inside the crystals occurs and becomes the
dominant scattering mode suggesting a high density of
point or line defects in the crystallites. It results in the
high resistivity of nanocrystalline metals. Fig.5 shows
the temperature (233 K—293 K) dependence of electrical
resistivitv of nc Cu samples made from N-P and M-P
respectively. It can be clearly seen that for each sample
the resistivity relates linearly with the temperature. At
room temperature,the resistivity of the nc Cu made from
M-P is 5.1 X107 Q m, about 3 times larger than the nc
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Cu made from N-P , 2-3 times larger than that in
Ref .[16], and larger than the coarse grained Cu materials
by a factor of 29. This results may be due to differences
in microstructure and process of nc Cu samples obtained.

45} /"—//

3.5

a— n¢ Cu made from M-P
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Fig.5 Temperature dependence of electrical resistivity of nc Cu

samples cinoacted under 1.2 GPa and at 25 C
4 Conclusions

The nc Cu samples using M-P as the starting
material have been successfully prepared by cold
pressing method of micrometer-sized powders, with a
diameter of 15 mm and thickness of 8 mm, relative
density of 99.4%, microhardness of 1.14—1.27 GPa,
grain size of 34—43 nm, electrical resistivity of 5.1 X107
Q 'm at room temperature and the average positron
annihilation lifetime of (172.8+0.8) ps.
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