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a b s t r a c t

Nanocrystalline (nc) Cu with Al2O3 dispersoid (∼4 vol.%) was successfully synthesized by simple cryo-
milling at 210 K with a mixture of Cu2O, Al, and Cu elemental powders. The milled powder was
consolidated by hot pressing (HP) at 1123 K and 50 MPa for 2 h. TEM (Transmission Electron Microscopy)
work revealed that both of the milled powder and the hot pressed (HPed) materials were comprised with
a mixture of the nc-Cu and homogeneous distribution of Al2O3 dispersoids. The compressive and micro
Vickers hardness tests were performed on the HPed materials (nanocrystalline Cu with 4 vol.% of Al2O3

dispersoid) at room temperature to characterize the mechanical properties of the materials. The com-
pressive yield strength of the materials was as high as 863 MPa; the micro Vickers hardness 2600 MPa.
The results of the mechanical tests apparently show that the relationship between the yield strength
echanical properties and the micro hardness of the HPed materials is in well agreement with Tabor’s rule, Hv = 3�y in MPa.
The grain size of the nc-Cu was estimated by XRD using Scherrer’s formula and TEM observation; the
Al2O3 dispersoid size was measured from element mapping by STEM–EDS (Scanning Transmission Elec-
tron Microscopy–Energy Dispersive Spectroscopy) works. An attempt was made to quantify the possible
strengthening effects of the nc-Cu materials with Al2O3 dispersoid. Two strengthening mechanisms were
proposed for high hardness and yield strength of the materials, i.e., grain size and dispersion hardening

effects.

. Introduction

It is widely known that the mechanical behavior of the nc-
aterials is characterized by a significant increase in yield strength

nd decrease in ductility [1–5]. With nc-materials of a various range
f the grain size, the tensile/compressive test results indicated that
he Hall–Petch mechanism is obeyed down to 20 nm below which
he rule is no longer dominant [6–10]. A great deal of attentions has
een paid on the so-called “break down” of the Hall–Petch relation-
hip at the critical grain size [6–11]. By decreasing the grain size to
he on-set of the break-down, the deformation mechanism of the
c-materials may switch from the dislocation glide to grain bound-
ry slip [7,11]. It is also proposed that a materials with grain size less
han ∼20 nm leads to the beginning of the grain boundary sliding
rom the dislocation activity while deformed [12,13].

In this study, a type of the nc-Cu materials with the Al2O3 was
roduced by the reactive milling at 210 K to attain the minimum

ize of the Cu grain and Al2O3 dispersoids, followed by the HP to
onsolidate the milled powder. Two strengthening mechanisms
re considered for the high yield strength of the materials: grain
efinement and dispersion hardening. The purpose of this work is to
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estimate the contributions of the individual strengthening mech-
anism to the total yield strength in the nc-Cu materials with the
Al2O3 dispersoid, assuming that the Hall–Petch relationship and
Orowan effect are valid down to the grain size of 20 nm.

2. Experimental

A mixture (100 g) of elemental powders, Cu (Aldrich, −200 mesh, 99%), Cu2O
(Sigma–Aldrich, −325, 97%) and Al (Johnson Matthey, −40 + 325 mesh, 99.8%), was
prepared for reactive-milling at a high energy attritor mill for 8 h in the high purity
argon atmosphere with ball to powder ratio 15:1 at 210 K using liquid nitrogen.
To obtain the desired composition (∼4 vol.% Al2O3) of the materials, the elemental
powders were measured in a molar proportion according to the reaction as follows:

3Cu2O + 2Al + 77.3Cu → 83.3Cu + Al2O3 (1)

Milling process was periodically monitored by XRD to completion of the reaction.
The result of XRD patterns of milled powder obtained from milling times of up to
8 h is shown in Fig. 1.

The contamination of impurities is always a concern in the milling processes. It
was presupposed that most of oxygen was tied up with Al, resulting in the formation
of Al2O3 and rest of gas elements is evacuated during the HP. Moreover, in order
to minimize the contamination from the grinding ball and chamber wall, the pre-
milling with pure Cu powder was performed to flush out the possible contamination
before the main milling. The contaminations of the materials were examined by the

XRD and EDS for the milled powder and the HPed materials. There was any evidence
of peak shift or significant impurity pick-ups nowhere; it is supposed that the level of
Fe contamination is very low and undetectable due to the limited solubility between
the Fe and Cu element if involved any.

A button type of sample (16 mm, � × 12 mm) was prepared by vacuum hot press
(HP) at the 1123 K and 50 MPa in argon atmosphere for 2 h from the milled powder.

dx.doi.org/10.1016/j.jallcom.2010.11.017
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Fig. 2. XRD patterns of the milled (a) and the HPed (b) nc-Cu with Al2O3 dispersoids
(the peaks of Cu are clearly identified while those of Al2O3 are insignificant).

Table 1
The actual yield stress of the nc-Cu with Al2O3 dispersoid obtained from the com-
pressive tests and the calculated yield stress from the micro hardness data.

Micro hardness Yield stress (calculated, Yield stress

F
a

ig. 1. XRD patterns of the milled powder obtained from milling times of up to 8 h
ndicating the milling completed with a mixture of Cu and Al2O3.

he vol.% of the Al2O3 in the HPed materials was estimated by calculation, assuming
hat all Al and O react to form Al2O3 during the reactive milling; a quantitative
mage analysis of STEM micrographs was also done to measure the volume fraction,
ispersoid radius and mean planar separation of Al2O3 in the materials. The grain
ize of nc-Cu was calculated by the full width at half maximum (FWHM) of Cu (1 1 1)
iffraction peak using Scherrer’s formula [16]. The mean intercept method was also
erformed to determine the Cu grain size on a TEM picture. The microstructure and
hase identification of the milled powders and the HPed materials were conducted
y TEM and XRD, using Cu K� radiation.

The micro Vickers hardness test and compressive test were performed on the
Ped materials. The compressive tests were done in a floor model Instron with a
tonnes load cell at room temperature. The specimens were machined by Electro
ischarge Machine (EDM) and ground with low stress grinder in order to achieve

mooth, flat and parallel cylinders with 11 mm long by 5 mm diameter. The speci-
ens were then deformed between hardened tool steel plates using Teflon tapes to

educe barreling. Load-elongation data were converted to true stress and true strain
y digitizing chart recording with assumption of conservation of volume. The nom-

nal strain rate for the tests was typically 1 × 10−3/s. The arithmetic averages (MPa)
f 0.2% off-set yield strengths and Hv values of the materials exclusive of the high-
st and the lowest from 10 measurements were reported along with the standard
eviation. The details of the processing and characterizing techniques are described

n elsewhere [14–16].
. Results and discussion

Fig. 1 shows XRD patterns of the milled powder obtained from
illing times of up to 8 h. The result illustrates that Cu2O and Al

ig. 3. TEM micrographs of the milled powder for 8 h showing the Al2O3 dis
nd higher magnification (b)).
(MPa), Hv/3, MPa), (tested, MPa)

2600 ± 79 860 ± 26 863 ± 38

peaks progressively disappeared with increasing milling time; the
counts of these peaks were well below the resolution limit of XRD
after 6 h milling, which is indicative evidence of the milling com-
pleted. Fig. 2 illustrates the XRD patterns of the milled powder and
the HPed materials. In both of the XRD pattern, the peaks of Cu are
clearly identified while those of Al2O3 are insignificant. This is likely
due to the difference in absorption coefficient of the Cu and Al ele-
ment on the XRD patterns as explained by Leonard and Koch for the
milled powder [17]. However, with the result of STEM–EDS map-
ping, the presence of Al2O3 dispersoids was obviously evidenced;
the size and vol.% of the dispersoid are well in agreement with
the calculation as reported previously [14,15]. In Fig. 3, the TEM
microstructures of the milled powder are illustrated; the Al2O3
dispersoids and twins by the reactive milling are presented. It is
noticed that the nano Cu powders (a) were agglomerated and dis-

persoids were embedded in Cu particle (b).

The micro Vickers hardness test was performed on the milled
powder and the HPed materials. As shown in Table 1, the hardness
of the HPed materials was a little higher than that of the milled

persoid and twins produced by reactive milling (lower magnification (a)
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Table 2
Grain size of Cu, vol.% of Al2O3, dispersoid size of Al2O3 and mean planar separation
of the dispersoids for the quantitative analysis.

Grain size of Cu
(d) (Scher-
rer’s/intercept

Volume fraction
of Al2O3 (f)
(calcu-

Dispersoid radius
(r) (measured,
nm)

Mean planar
separation (�)
(calcu-

p
e
S
i
n
t
t
n

i
A
b
t
b
A
p
o

method, nm) lated/measured,
%)

lated/measured,
nm)

25.1 ± 0.3/21.5 ± 4.2 4.1/4 4 29/24 ± 6

ower (2530 ± 71 MPa). The grain size of the HPed materials was
stimated by measuring FWHM of Cu (1 1 1) diffraction peak using
cherrer’s formula [18]. The result of the measurement is given
n Table 2. It is worth noting that the sizes of the Cu grain have
ot coarsened (from 12.7 nm to 21.5 nm) very much even at high
emperature (1123 K) during HP processes. It is most likely due to
he presence of the dispersoids, which leads to the retention of the
c-grains of Cu by pinning grain boundaries.

Fig. 4 illustrates the TEM bright field image and the correspond-
ng electron diffraction pattern obtained from the HPed materials.
n attempt was made to identify the phases in the HPed materials
y indexing electron diffraction pattern taken in the representa-

ive area. The diffraction analysis reveals that most of the diffracted
eams (rings) are attributed to the mixture of nano-sized Cu and
l2O3 dispersoids. Separation of Al2O3 phase from the Cu phase was
erformed on the dark field image of the HPed materials by taking
nly electron diffraction beams of Al2O3 (1 0 4) and (1 1 0) where

Fig. 4. Bright field image of TEM (b) and corresponding SADP (a) with i

Fig. 5. TEM bright field image (a) and dark field image (b) by taking only electron diff
pounds 509 (2011) 2355–2359 2357

the dispersoids were observed. The dark field image (Fig. 5b) of the
materials shows the homogeneous distribution of the dispersoids
with the uniform size. A STEM image (Fig. 6a) of the HPed materi-
als confirmed that a nano size distribution of the Al2O3, with some
coarse particles. In previous work [14,15], the element mapping
images of Al and Cu also clearly showed the uniform size distribu-
tion of Al2O3 in nano size. This is well in agreement with the result
of HRTEM where the dark phases are most likely the Al2O3 disper-
soids (Fig. 6b). The grain size measurement of Cu with bright field
images was performed on the HPed materials (Fig. 4) by mean inter-
cept method. The average grain size estimated from the method
is of 21.5 nm, while a few grains approaching to a micrometer in
diameter were rarely present; results of grain size measurement
are given in Table 2.

A typical compressive true stress–strain curve of the HPed mate-
rials at room temperature is presented in Fig. 7. The value of 0.2%
off-set yield stress for the each test was taken from the stress–strain
curve. Hence, the arithmetic average of yield stress from the results
of 8 compressive tests was reported with the standard deviation in
Table 1.

The results presented indicate that the HPed nc-Cu with Al2O3
dispersoid showed a yield strength and micro hardness as high as

863 MPa and 2600 MPa in the average, respectively. In comparison
with micro grained Cu (�y, 56 MPa [5]), this is remarkable incre-
ment of the mechanical properties of the nc-C. It is noteworthy
that relationship between the yield strength and hardness is well
in agreement with the Tabor’s rule, Hv = 3�y. It seems to be under-

ndexes illustrating the presence of nc-Cu and Al2O3 dispersoids.

raction beams of Al2O3 (1 0 4) and (1 1 0) in the SADP (inset of the left picture).
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Fig. 6. Micrograph of STEM (a) and HRTEM (b) showing the size

tandable that the high mechanical properties of the materials are
ue to the grain size and dispersion effects.

Now, we are able to discuss the strengthening mechanisms
hich may impact on the yield strength of the nc-materials in this

tudy. There are two possible strengthening mechanisms to be con-
idered in the nc-Cu with dispersoid, assuming that the Hall–Petch
elationship and Orowan effect are still effective down to the grain
ize of the materials investigated. These are:

Dispersion hardening;
Grain size strengthening.

These strengthening mechanisms are additive and total yield
trength of the nc-Cu should be considered the sum of these mech-
nisms. Firstly, the contribution of the Al2O3 dispersoids present

n the nc-Cu to the overall strength of the materials should be
onsidered. The high yield strength of dispersion hardened alloys
s usually explained by the Orowan mechanism for the interac-
ion of dislocations with insoluble dispersoids. The mean distance
etween the dispersoids was estimated by calculation of Eq. (2) as

ig. 7. A typical compressive true stress–strain curve of the HPed nc-Cu with Al2O3

ispersoid at room temperature exhibiting a yield strength as high as 863 MPa with
significant compressive ductility (>8%).
bution of nano sized Al2O3 dispersoids in the nc-Cu matrix [15].

well as by direct measurement on the TEM micrographs. The esti-
mated values of the separations by the both of techniques were
well in agreement (see Table 2). It would be reasonable to use the
mean distance between the dispersoids determined by calculation
for analysis in that the actual separation (in 3 dimension) of the dis-
persoids is always larger than it appears on the TEM micrograph (2
dimension). Given the volume fraction (f) and dispersoid radius (r),
the mean distance between the dispersoids (�) of Al2O3 dispersoid
can be calculated as shown in Eq. (2). If an Orowan type mecha-
nism is assumed, the increment in yield strength of the materials,
��d, due to the non deformable dispersoids with the mean distance
between the dispersoids (�), is as followed [19,20]:

��d(MPa) = 0.84
(

2T

b�

)
, where � = r

(
2�

3f

)1/2
(2)

With the size and volume fraction of the dispersoids in Table 2,
the Orowan strengthening effect of the nc-Cu with Al2O3 dis-
persoid, ��d, is found to be 226 MPa using T = 1.0 × 10−9 N, and
b = 2.56 × 10−10 m (T, b: line tension and burgers vector of the dis-
location, respectively) [20]. This is only 22% of the overall yield
stress; the contribution of the dispersion effect is a minor in the
yield strength of the materials. In this study, it is proposed that the
nano sized (∼4 nm) dispersoids do not play a major role to increase
the yield strength of the materials but to retain the grain size by the
pinning effect of grain boundaries, which leads to indirect strength-
ening effect as a results.

Secondly, let us consider the grain refinement strengthening
mechanism contributing to the strength of the materials. The grain
size of the HPed materials was measured using the Scherrer’s
formula with the FWHM of Cu (1 1 1) diffraction peak. For the con-
firmation of the Cu grain size, the mean intercept method was done
to measure the grain size of the materials for the same materials.
The results of the measurement are presented in Table 2 with a rea-
sonable agreement. The influence of Cu lattice strain on broadening
of the diffraction lines was not taken into account because it is most
likely that the strain effects would be eliminated by annealing at
HP process. Using the data from the mean intercept method, we
found that the Hall–Petch equation given in Eq. (3) estimated the
increment of the yield stress of the HPed materials due to the grain

size as follow:

��g(MPa) = 25.5 + 3478.5(d)−1/2 nm1/2 (3)

It is calculated that the yield strength increment due to the grain
size of the materials in this study is 775 MPa using the mean inter-
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ept method (21.5 nm, Table 2). The estimated value of the yield
trength by Eq. (3) is reasonably in agreement with other experi-
ental works, i.e., ∼688 MPa for d = ∼54 nm [1], 760 MPa for d = ∼30

3], and 850 MPa for d = ∼20 nm [4] where they report yield strength
ith a various grain size of Cu.

The overall strength (�o) of the HPed nc-Cu with Al2O3 disper-
oids is the sum of grain size and dispersion strengthening effects:

o = (��g) + (��d)775 + 226 = 1001 MPa (4)

owever, the validity of the dispersion hardening effect in the nc-
u with Al2O3 system is raised in that there is still no conclusive
vidence of the reaction between dislocations and dispersoids such
s Orowan loop or the departure side of pinning in the nc-materials
n this study. It is not understood yet how the mobile dislocations
eact with the dispersoids, most of which are preferentially found
ot in the grains but at the grain boundaries for their great quantity

n nc-materials. Perhaps, the Orowan effect is invalid in this case
or the reason above, giving rise to insignificant contribution to the
trengthening. To fully support the explanation of the yield strength
ncrease by the dispersion hardening effect in this study, additional

orks are required for deep understanding of the strengthening
nd deformation mechanisms of the nc-materials with the various
izes of grains and dispersoids.

. Conclusion

In summary, it is concluded that the compressive 0.2% yield
tress of the HPed nc-Cu with the 4 vol.% of the Al2O3 dispersoids
s as high as 863 MPa; the micro hardness 2600 MPa, which obey
ell Tabor’s relation (Hv = 3�y in MPa) at room temperature. The
esult of this study shows that the incremental yield strength of the
aterials predicted by Hall–Petch equation is practically in agree-
ent with the results of the experimental works where they report

he yield strength of nc-Cu with a similar grain size. The estima-

[

[

[

pounds 509 (2011) 2355–2359 2359

tion of the contribution of the strengthening mechanisms suggests
that the grain size effect give rise to a major contribution to total
yield strength of the nc-Cu with Al2O3 dispersoid (775 MPa) while
a minor is attributed to the dispersion hardening effect (226 MPa)
due to the Al2O3 dispersoid only if the validity of the Orowan effect
assumed.
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