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Structure and mechanical properties
of nanocrystalline Ag/MgO composites
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Nanocrystalline Ag/MgO composites were prepared by the ultrafine-powder-compaction
method. The structure was investigated for the first time by high-resolution electron
microscopy. Nanometre-sized Ag grains and MgO grains in the composites bonded directly
without any intermediate phase layer. Certain preferred orientation relationships were observed
between the Ag and MgO grains. The nanocrystalline Ag/MgO composites retained their
grain size during annealing up to 873 K. Vickers microhardness measurements were performed
on the as-compacted and annealed specimens. Generation and propagation of cracks were
less active in the nanocrystalline Ag/MgO composites than in a single-phase nanocrystalline
MgO. The Vickers microhardness of the nanocrystalline Ag/MgO composites remained up to
1073 K. Hot-pressing deformation tests showed that the nanocrystalline Ag/MgO composites

deformed plastically at 1073 K.

1. Introduction
The mechanical properties of nanocrystalline mater-
ials, which are polycrystals with a grain size of the
order of a few nanometres differ significantly from
those of single crystalline and coarse-grained poly-
crystalline materials. High ductilities and increases of
hardness at ambient temperature have been reported
for nanocrystalline ceramics [1] and metals [2, 3],
respectively. Superplastic deformation was observed
in fine-grained alloys [4] and ceramics [5]. Nanocrys-
talline materials are expected to deform much more
easily than typical superplastic alloys and ceramics.
However the structural stability of single-phase nano-
crystalline materials at elevated temperature is con-
siderably low [6-7]. In the nanocrystalline metals, the
grains begin to glow at just above the ambient temper-
ature [3]. The stability of nanocrystalline materials at
elevated temperature has to be improved. It is ex-
pected that the two phases composite system with low
solubility limits against the constituent elements of the
other phase without formation of an intermediate
phase, enjoys a good thermal stability.

In the present work, a nanocrystalline composite of
a metal and ceramic (Ag/MgO) was prepared by the
modified ultrafine-powder-compaction-method. The
structure and the thermal stability of the composite
were investigated by high-resolution electron micro-
scopy. Vickers microhardness measurements and hot-
press deformation tests were also performed.

2. Experimental procedure
MgO fine particles were produced by a gas-condensa-

tion method [8]: Mg (99.99 at %) was evaporated
from a tungsten heater after an ultrahigh vacuum
chamber was evacuated to 107° Pa and a gaseous
mixture of 80% helium and 20% oxygen at a pressure
of 10* Pa was introduced. MgO fine particles moving
upward with the gas flow were collected on the surface
of a rotating stainless cylinder, which was cooled to
nitrogen temperature. Subsequently, ultrafine par-
ticles of Ag were produced by an inert-gas evaporation
method [9]: Ag (99.999 at %) was evaporated on a
tungsten heater after restoring the vacuum chamber to
107° Pa and helium with a pressure of 10> Pa was
introduced. Ag ultrafine particles moving upward ad-
hered to the surface of MgO fine particles on the
cylinder. After restoring the vacuum chamber to
107 Pa, MgO and Ag ultrafine particles were scraped
off the cylinder and compacted under an applied
pressure of 2 x 10° Pa into a disk 5 mm in diameter
and 0.4 mm thick. The nanometre-sized particles were
not exposed to air before compaction.

Isochronal annealing was carried out at temper-
atures ranging from 293K to 1073 K in 1.8 x 103sina
vacuum of 10™* Pa.

X-ray diffraction (XRD) measurements were per-
formed on as-compacted and annealed specimens.

Disk-shaped specimens were cut into a wedge shape
by a razor blade and then polished by Ar*-ions
accelerated to 3 kV. The polished specimens were
observed by high-resolution e¢lectron microscopy
(JEM-200CX and JEM-4000EX).

As-compacted and annealed specimens were in-
dented by a Vickers diamond pyramid over a peak-
load range of 1-2 N with a dwell time of 20 s.
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Hot-press deformation tests were performed at 673,
873 and 1073 K, with an applied pressure of 108 Pa,

3. Results and discussion
3.1. Structure
Fig. 1 shows the bright-field image of the Ag and MgO
ultrafine particles collected on the cylinder. Single
crystalline and multiple twinned Ag particles adhere
directly to cubic-shaped MgO particles whose surfaces
are parallel to the {100} planes. The composite par-
ticles are mixed homogeneously before the compac-
tion.

Fig. 2a and b show the bright-ficld image and
selected-area diffraction pattern of an as-compacted

Figure I A bright-field image of Ag and MgO ultrafine particles
before compaction.

specimen, respectively. The ring pattern in Fig. 2b
shows that no preferred orientation exists macroscopi-
cally in the as-compacted specimen. All the diffraction
rings were attributed to Ag and MgQO; no intermediate
reaction phase was identified. XRD tests also showed
the same result. The mixing ratio of Ag and MgO was
estimated to be about 24 mass % Ag according to the
reflection intensity ratio of 111,, and 200y, of the
XRD. Fig. 3 shows a high-resolution image of as-
compacted specimen. In Fig. 3 lines without a letter M
indicate {111} lattice fringes of Ag, while lines with a
letter M indicate {200} lattice fringes of MgO. Small
arrows indicate {111} £ = 3 twin boundaries of Ag.
The average size of the Ag and MgO grains was
2-20nm and 2-50 nm, respectively, as shown in
Fig. 2a and in Fig. 3. Some of the Ag grains which
aggregated around the large MgO grains had a prefer-
red orientation; that is

(@) (T11) [110]5, [ (001) [010]ueo

as denoted by bold arrows in Fig. 3. The atomic
arrangement of the Ag/MgO interface in the orienta-
tion relationship (a) is shown schematically in Fig. 4a.
However, the other Ag grains did not align in the
preferred orientation.

Three kinds of nanometre-sized boundaries, (that is,
Ag/Ag, MgO/MgO grain boundaries and Ag/MgO
interphase boundary) exist in the nanocrystalline
Ag/MgO composite. Most of the Ag/Ag and
MgO/MgO grain boundaries except {111} £ =3
twin were general boundaries. The characteristics of
the Ag/Ag and MgO/MgO grain boundaries are
similar to those in single-phase nanocrystalline Ag [3]
and nanocrystalline MgO [10], indicating the slight-
ness of the influence of the composite formation on the
nature of these grain boundaries in as-compacted
specimens.

Fig. 5 shows a high-resolution image of isolated Ag
grains 2 nm in size on MgO grains in an as-compacted
specimen. The isolated single crystalline Ag grains had

Figure 2 (a) The bright-field image of an as-compacted nanocrystalline Ag/MgO composite and (b) the selected-area diffraction pattern.
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Figure 3 A high-resolution image of an as-compacted nanocrystal-
line composite. The small arrows indicate {111} £ = 3 twin bound-
aries of Ag. The bold arrows are described in text.

a tendency to align with MgO grains in a particular
orientation; that is

(b} (001) [010]4, [ (001) [010]ugo

as shown in Fig. 5. The orientation relationship (b) is
shown schematically in Fig. 4b. In this special orienta-
tion relationship, the lattice misfit at the interface is
small, being approximately 3%. In fact, in vacuum-
deposition, Ag crystals with a grain size of a few tens of
nanometres were found to grow epitaxially on an air-
cleaved MgO (100) surface without heat treatment
according to Harada et al. [11]. The nanometre-
sized Ag/MgO interface at which the orientation rela-
tionship (a) or (b} was satisfied, are inferred to be
stable in the composite. The present high-resolution
observation, however, showed that not all the Ag
grains aggregated around the large MgO grain ali-
gned in the two preferred orientations, as shown in
Fig. 3.

Single-crystalline Ag particles, and multiple twin-
ned Ag particles, which were the aggregation of some
Ag crystallites containing the {111} £ =3 twin
boundaries [12], were produced by the inert-gas-
evaporation method [13]. Single-crystalline Ag par-
ticles can rotate to a stable orientation, such as (a) and
{(b) on the MgO grains. When the multiple twinned Ag
particles adhere to the MgO grains, only one of the Ag
grains can orient in the relationship (a) or (b). It is
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Figure 4 Schematic diagrams of the atomic arrangement of the
Ag/MgO interfaces in the two preferred orientation relationships.
The relationship (a) is observed in the Ag grains aggregated sur-
rounding the larger MgO grains. The relationship (b} is observed in
the isolated Ag grains on the MgO grains.

deduced that most of the Ag grains did not orient in
the relationship (a) or (b) for this reason; the Ag/Ag
grain boundaries prevent the rotation of the Ag grains
on the MgO grains.

In addition to the orientation, the five kinds of
bonding, (that is, Ag—-Ag, Mg-Mg, O-0, Ag-O and
Ag-Mg) should be taken into account in order to
evaluate the boundary structure. It is suggested that
various types of atomic arrangement exist in the
boundaries in the nanocrystalline Ag/MgO com-
posites.

3.2. Thermal stability

Fig. 6a and b show bright-field images of specimens
annealed at 873 and 1073 K, respectively. X-ray and
selected-area diffraction analysis showed no formation
of an intermediate reaction phase in the specimens
annealed at these temperatures. No change of grain
shape and grain size was observed in the specimen
annealed at 873 K, as shown in Fig. 6a. The Ag grains
grew to 10-30 nm in size and contained {111} X =3
twin boundaries, and MgO grains with sizes less than
25nm also grew to 25-50 nm in the specimen an-
nealed at 1073 K, as shown in Fig. 6b. The shape of the
MgO grains changed from cubic to an undefined
shape. Grain growth in single-phase nanocrystalline
MgO also started at 1073K [10]. Grain growth in
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single-phase nanocrystalline Ag started at 373K and
the grain size was 80-300 nm at 673 K, 300—500 nm at
873 K and 300-1000 nm at 1073 K [3]. No growth of
Ag grains was observed even at 873 K in the present
Ag/MgO composite. It is deduced that the Ag/MgO
interphase boundaries and the MgO/MgO grain
boundaries prevent the growth of Ag grains.

3.3. Indentation fracture morphology

and Vickers microhardness
Fig. 7a and b show optical micrographs of the surface
of 1 N and 2 N indentations, respectively, in single-

Figure 5 A high-resolution image of isolated Ag grains on MgO
grains in an as-compacted nanocrystalline Ag/MgO composite.
The bold arrow indicates the {111} £ = 3 twin boundary of MgO.

phase nanocrystalline MgO and Fig. 7c shows an as-
compacted nanocrystalline Ag/MgO composite. No
crack was observed in nanocrystalline MgQ after the
I N indentation as shown in Fig. 7a. The contact
impression and associated cracks emanating from it

50 nm

Figure 6 Bright-field images of the specimen annealed at: (a) 873K,
and (b) 1073 K.

Figure 7 Optical micrographs after indentation by a Vickers diamond pyramid on the surface of: (a) and (b) single-phase nanocrystalline
MgO, and (c) nanocrystalline Ag/MgO composite. The pressure applied was 1N in (a) and 2 N in (b) and (c); the dwell time was 20s.
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Figure 8 ([J) The variation of the Vickers microhardness for a
nanocrystalline Ag/MgO composite with an applied pressure of 1 N
after isochronal annealing. For comparison, the Vickers micro-
hardness of (O) a single-phase nanocrystalline Ag and (A) nano-
crystalline MgO are also shown.

were observed in nanocrystalline MgO after the 2 N
indentation as shown in Fig. 7b. On the other hand,
no crack was observed in the nanocrystalline
Ag/MgO composite for the 2 N indentation as shown
in Fig. 7c. It was found that the addition of nanome-
tre-sized Ag crystallites to nanocrystalline MgO pro-
hibits the generation and propagation of cracks.
Fig. 8 shows variation of the Vickers microhardness
measured in a nanocrystalline Ag/MgO composite
under an applied pressure of 1 N after isochronal
annealing. For comparison, the Vickers microhard-
ness of nanocrystalline Ag and nanocrystalline MgO
are also shown in Fig. 8. The Vickers microhardness of
nanocrystalline MgO does not change in the temper-
ature range from 293-973 K but it increases in the
range 973-1073 K. This increase of the hardness res-
ults from neck growth which proceeds above 973K in
nanocrystalline MgO, as reported by Kizuka [10].
The microhardness of nanocrystalline Ag decreased
monotonically from 293 to 1073K as the grain size
increased, suggesting that the decrease of the micro-
hardness can be attributed to grain coarsening [3].
The microhardness of the nanocrystalline Ag/MgO

Figure 9 Optical micrographs of the surface near the edge of (a) an as-compacted nanocrystalline Ag/MgO composite, and of specimens
pressed with an applied pressure of 100 MPa at: (b) 673K, (c) 873K, and (d) 1073 K.

3111



composite is similar to that of the nanocrystalline
MgO in the temperature range 293-873 K. The micro-
hardness of the nanocrystalline Ag/MgQO composite
did not change during anncaling in the temperature
range 873-1073 K in spite of the grain coarsening. The
Vickers microhardness of the present specimen was
unchanged after annealing even at 1073 K.

3.4. Hot-press deformation

Fig. 9a to d shows optical micrographs of the surface
near the edge of an as-compacted nanocrystalline
Ag/MgO composite and specimens pressed with an
applied pressure of 108 Pa at 673, 873 and 1073K,
respectively. The thickness reductions p ( = d;/d,, d;
and d; are the thicknesses of the pellet before and after
the hot-pressing), at 673, 873 and 1073K are 81%,
64% and 65%, respectively. A number of cracks
propagated in undefined directions in the specimens
pressed at 673 and 873 K. The value of the thickness
reduction of the specimen pressed at 1073 K is similar
to that of the specimen pressed at 8§73 K. However, the
number of radial cracks generated from the centre
decreased significantly. The decrease indicated the
presence of plastic deformation in the nanocrystalline
Ag/MgO composite at 1073 K. No structural change
was observed by high-resolution electron microscopy
between the specimen pressed at 1073K and the
specimen annealed at same temperature; this suggests
that the boundary sliding contributed to the plastic
deformation of the nanocrystalline Ag/MgO com-
posite at 1073 K.

4. Conclusions

Nanocrystalline Ag/MgO composites were prepared
by the ultrafine-powder-compaction method. Their
structure was investigated for the first time by high-
resolution electron microscopy. The Vickers micro-
hardnesses were measured for the as-compacted and
annealed specimens. Hot-press deformation tests were
also performed on them. It is found that the structure
and mechanical properties of the nanocrystalline
Ag/MgO composite were different from those of
single-phase nanocrystalline Ag or MgO in the follow-
ing points.

1. Nanometre-sized Ag grains and MgO grains
in as-compacted and annealed specimens bonded
directly without any intermediate phase layer. The
two preferred orientation relationships, that is,

(@ (111) [110]a, [ (001) [010]yy0

(b) (001) [010]4, [ (001) [010]me0
were observed between Ag and MgO grains.
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2. The nanocrystalline structure of the present spe-
cimen was stable up to 873K. The Vickers micro-
hardness did not change during annealing at 1073 K.

3. The generation and propagation of cracks in the
as-compacted nanocrystalline Ag/MgO composite
was less enhanced than in single-phase nanocrystalline
MgO.

4. The nanocrystalline Ag/MgO composite de-
formed plastically at 1073 K.
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