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Mechanical strength of ultra-fine AI-AIN
composites produced by a combined method of
plasma-alloy reaction, spray deposition and hot

pressing

A.INOUE, K. NOSAKI*, B. G. KIM, T. YAMAGUCHI*, T. MASUMOTO
Institute for Materials Research, Tohoku University, Sendai 980, Japan

Ultra-fine AI-AIN composites with high packing density were produced by the simple
sequential process consisting of nitrogen plasma-alloy reaction, spray deposition and hot-
pressing. The AIN content, V;, was controlled in the range below about 40 vol % by changing
the nitrogen partial pressure in the plasma-alloy reaction. The density of the AI-AIN composite
with V;=36% after hot-pressing for 7.2 ks at 673 K was 2.96 Mg m~> which is nearly the
same as the theoretical density. The constituent phases were f ¢ ¢ aluminium and hexagonal
AIN and their lattice parameters are nearly the same as those of pure aluminium and AIN
phases. The grain size and interparticle spacing of the AIN particles were as small as about 90
and 50 nm, respectively. The Vickers hardness number, Young’s modulus and compressive
strength of the dense AI-AIN composite were 193, 112 GPa and 628 MPa, and the high
hardness above 100 was maintained in the temperature range below 673 K. It was therefore
concluded that the sequential process is a useful technique to produce ultra-fine
metal-ceramic composites with high mechanical strengths.

1. Introduction

Tt has recently been reported [1-3] for rapidly solidi-
fied Al-Ln-Ni (Ln = lanthanide metal) alloys that the
homogeneous dispersion of nanoscale fcc aluminium
particles with a size of 3-7 nm into an amorphous
matrix gives rise to an increase in tensile fracture
strength by about 1.5 times as compared with that for
the amorphous single phase with the same alloy com-
position. Thus, nanocrystalline materials exemplified
for the nanoscale composite have attracted increasing
interest because of the appearance of unique charac-
teristics which cannot be obtained for conventional
crystalline alloys. Most recently, we have carried out a
series of studies on the synthesis of nanocrystalline
materials by various techniques such as consolidation
of ultra-fine powders prepared by chemical reduction
in aqueous solutions [4, 5], low-temperature crystal-
lization of an amorphous phase [6, 7] and spray
deposition of ultra-fine powders prepared by a plas-
ma-alloy reaction [8, 97, with the aim of searching
for unique characteristics caused by the nanoscale
structure control. It is very much expected that a
composite material consisting of ultra-fine hexagonal
AIN particles embedded in an fcc aluminium matrix
with a grain size below 100 nm may be prepared by a
combined method of plasma-alloy reaction, spray
deposition and hot-pressing, and that it would exhibit

significantly improved mechanical strengths. The
present work examined the microstructure, density,
hardness and compressive strength of the hot-pressed
compacts in an Al-AIN system, to investigate the
effect of ultra-fine structure control on the mechanical
strengths.

2. Experimental procedure

The newly designed experimental apparatus used in
the present study is illustrated in Fig. 1. The equip-
ment consists of a reaction chamber between nitrogen
plasma and molten alloy and a spray deposition
chamber. A pre-melted pure aluminium ingot
weighing about 10 g was placed on a water-cooled
copper anode plate in the atmosphere-controlled reac-
tion chamber and remelted using an arc of a constant
current at 200 A for a time of 180 s in different gas
mixture ratios, P, of nitrogen to argon ranging from
0.1-1.0. The total pressure of nitrogen and argon was
changed in the range 48-93 kPa. The difference in gas
pressure between the two chambers was controlled in
the range 48-93 kPa by adjusting both gas pressure at
the inlet gate and the degree of evacuation at the
outlet gate. The arc was generated by a tungsten inert
gas (T1G) welding machine. The distance between the
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Figure I Schematic illustration of the equipment used for the
formation of an AI-AIN composite with nanoscale particle sizes by
a combined technique of nitrogen plasma-molten aluminium reac-
tion and spray deposition.
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Figure 2 External appearance of a cold-pressed AI-AIN compact
with V; = 36% produced by a combined technique of nitrogen
plasma—aluminium reaction, spray deposition and cold pressing.

tungsten cathode and the anode sample was main-
tained in the range 5-10 mm. The area of the suction
gate was 2600 mm? and the diameter of the deposition
nozzle was fixed at 2.0 mm. The suction gate was set at
a position where the distance between the centre of the
gate and the centre of the anode copper plate was
about 110 mm. The sucked particles were deposited
directly into the hot-pressed die with an inner dia-
meter of 10 mm and the spray time was changed in the
range 180-900s. The spray-deposited particles were
pressed for 180 s under a uniaxial compressive stress
of 1000 MPa at room temperature. The resulting cold-
pressed compact had a disc shape with different
heights ranging from about 2-10 mm. Subsequently,
the cold-pressed compact was subjected either to
sintering for 3.6 ks in the temperature range 473-673
K, or to hot-pressing under a constant applied stress
of 245 MPa for different periods of 1.8-10.8 ks at
temperatures between 473 and 673 K. Nitrogen and
oxygen contents were measured by chemical analyses.

The structure and outer morphology of the cold- and
hot-pressed compacts were examined by X-ray diffrac-
tometry and transmission electron and optical micro-
scopy (TEM and OM) techniques. The TEM thin foils
were prepared by ion milling, The structure and mor-
phology of the spray-deposited particles themselves
were also examined in a short-time (3 s) deposited
state by TEM. The density of the pressed compacts
was measured by the Archimedian method using tol-
uene. The hardness and compressive strength were
measured by a Vickers hardness tester with a load of
500 g in the temperature range of room temperature to
873 K and an Instron-type testing machine at a strain
rate of 8.3 x 107 % s~ ! and room temperature, respect-
ively.

3. Results and discussion

Fig. 2 shows an optical micrograph revealing the
surface appearance of a cold-pressed compact of the
particles produced by the nitrogen plasma-molten
alloy reaction under the conditions of P, = 1.0 and a
total pressure of 93 kPa. A disc sample with a fixed
dimension (10 mm x 2 mm) and smooth surface was
formed. The X-ray diffraction pattern taken from the
cold-pressed compact consists of two phases of fcc
aluminium and hexagonal AIN, as indexed in Fig. 3,
indicating that the combined synthesis process can
produce a bulky composite consisting of aluminium
and AIN phases. The lattice parameter evaluated from
the X-ray diffraction peaks is 0.4052 nm for alumi-
nium and ¢ = 0.3111 nm and ¢ = 0.4982 nm for AIN,
in agreement with those [10] for pure aluminium and
stoichiometric AIN phases. No appreciable peak of
any oxide is seen in the diffraction pattern. The chem-
ical analyses of nitrogen and oxygen contents were
made for the cold-pressed compacts of particles pro-
duced under different nitrogen partial pressures.
Table I summarizes the chemically analysed nitrogen
and oxygen contents, the volume fraction of AIN
calculated from the chemically analysed nitrogen con-
tent and the measured density for the cold-pressed
compacts. With increasing nitrogen pressure from
24-93 kPa, the nitrogen content increased continu-
ously from 1.16-14.7 wt %, accompanying the in-
crease in density resulting from the increase in the
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Figure 3 X-ray diffraction pattern of a cold-pressed A-AIN com-
pact with ¥; = 36% produced by the combined technique. (O) Al,
(E3) AIN.
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TABLE I NiFrogen and oxygen contents obtained by chemical analyses, volume fraction of AIN calculated from the nitrogen contents and
measured density for cold-pressed compacts of the AIN and aluminium particles produced in different nitrogen partial pressures

N, partial Nitrogen AIN, V; (%) Density Oxygen
pressure (kPa) content {wt %) (Mgm™?) content (wt %)
24 1.16 2.8 2.74 1.25
48 8.37 219 2.88 1.76
80 12.5 328 293 207
93 147 36.5 2.95 2.04
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Figure 4 Bright-field electron micrographs and selected-area diffraction patterns of the deposited particles produced by the nitrogen
plasma—aluminium reaction and spray deposition technique. The spray time is as short as 3 s. (a) P, = 0.5, total pressure =48 kPa,
(b) P, = 1.0, total pressure = 48 kPa; (c) P, = 1.0, total pressure = 80 kPa.

dissolution amount of nitrogen. Furthermore, it was
noticed that the volume fraction of AIN phase could
be controlled in the range below 40%, by using the
present combined synthesis method. On the other
hand, the oxygen content lay in the range of 1.25 and
2.07 wt % and was independent of nitrogen pressure.
The mixing of elemental oxygen may be due to the
exposure to air before chemical analysis, as well as the
residual existence of a trace amount of oxygen in the
mixed nitrogen and argon gases used for the
plasma-alloy reaction.

Here, it is important to clarify the microstructure
and morphology of the particles themselves produced
by the nitrogen plasma-alloy reaction method under
different nitrogen partial pressures. Fig. 4 shows the
changes in bright-field electron micrographs and
selected-area electron diffraction patterns of the mixed
aluminium and AIN particles deposited under differ-
ent conditions of P, and total pressure. The morpho-
logy of the particles is mainly spherical at P, = 0.5
and a total pressure of 48 kPa and the mean diameter
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is as small as 50 nm. The electron diffraction rings
taken {rom these spherical powders are identified as
fcc structure with strong reflection rings and an hcp
structure with weak reflection rings, indicating that
the spherical powder is composed mainly of an fcc
phase. With increasing mixing ratio and total nitrogen
pressure, one can see clearly the ultra-fine particles
with a hexagonal shape, in addition to the spherical
aluminium powders, together with the superposition
of the diffraction rings of a hexagonal AIN phase on
those of the fcc aluminium phase. Furthermore, the
amount of hexagonal AIN powder tends to increase
with increasing nitrogen gas pressure.

Fig. 5 shows an optical micrograph revealing the
etched surface structure of the cold-pressed Al-AIN
compact containing AIN phase of 36% volume frac-
tion. No distinct void can be observed, indicating that
the cold-pressing to the ultra-fine powder causes the
formation of a highly dense bulk. Furthermore, two
kinds of contrast can be seen, though the contrast
pattern is very fine. Because the bright and dark
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Figure 5 Optical micrograph revealing the structure of a cold-
pressed Al-AIN compact with ¥; = 36% produced by the combined
technique.

contrasts correspond to AIN and aluminium phases,
respectively, the bulk appears to be composed of two
homogeneously mixed phases. Fig. 6 shows the
changes in the calculated and measured densities and
Vickers hardness as a function of the volume fraction
of AIN phase, V¢, for the cold-pressed compacts. With
increasing V; from 2.8% to 36.5%, the measured
density and hardness increase significantly from 2.73
Mg m ™3 to 2.90 Mg m~? and 96 to 164, respectively.
The density is considerably lower for the measured
value than for the calculated value because of the
residual existence of voids.

The effect of sintering and hot-pressing on the
density and hardness was examined for the cold-
pressed Al-AIN compact with V; = 36% with the aim
of obtaining a composite material with high density
and high hardness. Fig. 7 shows the changes in the
density and Vickers hardness of the AI-AIN compact
with sintering temperature. By sintering for 3.6 ks at
673 K, the density and hardness increase slightly to
292 Mg m~? and 174, respectively. However, the
increasing rate is as small as 0.7% for density and
6.1% for hardness, resulting in a density which is
considerably smaller than the calculated value. This
result suggests that the production of a dense bulk
with true density only by sintering is rather difficult,
even for the composite consisting of ultra-fine par-
ticles. Therefore, subsequent study was focused on the
hot-pressed compacts. Fig. 8 shows the density and
Vickers hardness as a function of hot-pressing temper-
ature for 1.8 ks under an applied stress of 245 MPa for
the AI-AIN composite with V; = 36%. The density
and hardness increase with increasing pressing tem-
perature and reach 2.93 Mg m™> and 184, respect-
ively, at 673 K. Although the density and hardness are
larger than those of the sintered material, the density is
about 99% of the calculated value.

In order to increase further the density of the
pressed compact, the changes in the density and hard-
ness as a function of pressing time at 673 K under the
same pressure of 245 MPa were examined for the
AI-AIN composite with V; = 36%. As shown in Fig. 9,
the density and hardness increase parabolically with
increasing pressing time and show nearly constant
values of 2.96 Mg m™2 and 193, respectively, after
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Figure 6 Density and Vickers hardness as a function of volume
fraction of AIN phase, V;, for a cold-pressed Al-AIN compact. The
calculated density represents the value evaluated from the chem-
ically analysed nitrogen content.
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Figure 7 Density and Vickers hardness as a function of sintering
temperature for a cold-pressed Al-AIN compact with V; = 36%.

7.2 ks. Although the reason for the density exceeding
the calculated value remains unclear, it is said that the
hot-pressing treatment for 7.2 ks at 673 K can produce
a highly dense composite consisting of aluminium and
AIN phases. The saturated hardness of 193 for the
AL-AIN composite produced by hot pressing for 7.2 ks
at 673 K is about 1.4 times as high as that (Hy ~ 140)
[11] of a high-strength type 7075-T6 alloy. In order to
confirm the homogeneous dispersion of ultra-fine AIN
particles embedded in fcc aluminium matrix and to
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Figure 9 Density and Vickers hardness as a function of pressing
time at 673 K for a cold-pressed AI-AIN compact with V; = 36%.

clarify the interfacial structure between aluminium
and AIN phases, TEM observation was made for the
Al-AIN composite with V; = 36% produced by hot-
pressing for 7.2 ks at 673 K. As exemplified in Fig. 10,
AIN particles with an average size of about 90 nm
disperse homogeneously with an interparticle spacing
of about 50 nm in the fcc aluminium matrix. As the
average particle size of AIN and aluminium is about
50 nm in the as-prepared state, the subsequent hot-
pressing causes an increase of the grain size of AIN
and aluminium through coalescence and growth
mechanism even at a relatively low temperature of
673 K. Because the pressing temperature is about one-
quarter of the decomposition temperature (2789 K)
[12] of AIN, it is concluded that the ultra-fine AIN and
aluminium particles have a good compactability
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Figure 10 Transmission electron micrograph revealing the micro-
structure of an AI-AIN composite with ¥, = 36% produced by hot-
pressing for 7.2 ks at 673 K after cold pressing,
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Figure 11 Vickers hardness as a function of testing temperature for
an Al-AIN composite with V; = 36% produced by hot-pressing for
7.2 ks at 673 K after cold pressing.

through high capability of coalescence and growth
between the particles.

The homogeneous dispersion of ultra-fine AIN par-
ticles is expected to cause the suppression of the
decrease in hardness at elevated temperatures on the
basis of the mechanisms of dispersion hardening due
to the AIN phase, and refinement hardening resulting
from the suppression of grain growth due to the
existence of AIN phase. Fig. 11 shows the Vickers
hardness as a function of testing temperature for the
AI-AIN composite with V; = 36%. The high hardness
number above 100 is maintained in the wide temper-
ature range up to 673 K. It should be noted that the
high hardness number (~100) at 673 K is about 15
times as high as that (~7) [13] for a commercial 2017-
T6 alloy with high heat-resistant strength. It is there-
fore concluded that the present metal-ceramic
compgsite has an extremely high resistance against
high-temperature deformation.

In addition to the Vickers hardness, compressive
strength was measured for the AI-AIN composites
with ¥V; = 36%. The tested sample was a cylinder with
a diameter of 10 mm and a height of 10 mm. As



summarized in Fig. 12, the compressive strength in-
creases in the order of cold-pressed < sintered (673 K,
3.6 ks) < hot-pressed (673 K, 7.2 ks) and the highest
value reaches 628 MPa which is higher than the
fracture strength (516 MPa) [14] for the 2024-T6 alloy
containing SiC powder of V; = 20% produced by a
hot-forging treatment of powders. The Young’s modu-
lus, E, evaluated from the compressive stress—strain
curves is 112 GPa for the AI-AIN composite produced
by hot pressing for 7.2 ks at 673 K. The value of E is
about 1.6 times as high as that (79.6 GPa) (15] for the
conventional high-strength type aluminium-based al-
loys, indicating that the homogeneous dispersion of
the AIN particle into the aluminium matrix is effective
for the increase in stiffness. Fig. 13 shows a scanning
clectron micrograph revealing the fracture surface
appearance of the Al-AIN composite with V; = 36%
produced by hot-pressing for 7.2 ks at 673 K. It is
again confirmed that the composite contains homo-
geneously ultra-fine AIN particles with an average
particle size of about 100 nm. The particle size remains
almost constant after hot-pressing at 673 K. However,
no distinct contrast revealing the. existence of isolated
ultra-fine aluminium particles is seen for the hot-
pressed composite, indicating the progress of coales-
cence among the aluminium particles and between the
aluminium and AIN particles.

Here, we investigate the measured E value on the
basts of a mixing rule which has been proposed [16] to
be applied for the mixed-structure materials contain-
ing dispersed spherical particles. The mixing rule for
E has been presented as '

InE, = ViInEyy + (1 — V) InE,, 1)

where E,, E,, and E,,, are the Young’s moduli of the
composite material, pure aluminium and stoichio-
metric AIN, respectively. The E,, and E,,y values used
in the present evaluation are 70.6 GPa [15] and 294
GPa [17], respectively. The calculated E value for the
mixed material with V; = 36% is 118 GPa, which is
nearly the same as the measured E value (112 GPa).
The rather good agreement indicates that the present
sequential process facilitates the production of highly
dense composite bulk materials with ultra-fine grain
sizes. In addition, when the mixing rule is assumed to
be applied for H,, the calculated H, value for the
composite material is 85, which is much smaller than
the measured value (193). Here, the H, values of
aluminium and AIN phases used in the calculation are
20 [15] and 1100 [18], respectively. The considerably
larger H, value of the present AI-AIN composite may
be due to a refinement effect of the composite
structure.

4. Conclusion

Production of ultra-fine AI-AIN composites by a com-
bined technique consisting of nitrogen plasma-alloy
reaction, spray deposition and hot-pressing and clari-
fication of microstructure and mechanical properties
were carried out with the aim of investigating the effect
of ultra-fine structure on the mechanical properties.
By controlling nitrogen partial pressure in the range
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Figure 12 Compressive fracture strength of AI-AIN composites
produced under different preparation conditions. The data [14] of a
commercialized 2024(T6)-20% SiC composite produced by hot-
forging are also shown for comparison.

Figure 13 Scanning electron micrograph revealing the fracture sur-
face appearance of an Al-AIN composite with ¥; = 36% produced
by hot-pressing for 7.2 ks at 673 K after cold pressing.

24-93 kPa, the nitrogen content in the resulting spray-
deposited bulk was changed in the range 1.16-14.7
wt % corresponding to the formation of AIN ranging
from 2.8%-36.5% volume fraction. The cold-pressed
compact is composed of ultra-fine aluminium and
AIN particles with a size of 50-150 nm. Hot-pressing
for 7.2 ks at 673 K produces AI-AIN composites with
a true density and grain size, and the interparticle
spacing of the AIN particles retains the ultra-fine scale
of about 90 and 50 nm, respectively. The hardness,
Young’s modulus and compressive strength of the hot-
pressed Al-AIN composite containing AIN of 36%
volume fraction are 193, 112 GPa and 628 MPa at
room temperature, being comparable to those for an
aluminium-based alloy (2024-T6) containing 20% vol-
ume fraction of SiC produced by hot forging. The
hardness retains a very high level of about 100 even at
673 K because of the dispersion hardening of the
ultra-fine AIN particles. Thus the simple sequential
process of plasma-alloy reaction, spray deposition
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and hot-pressing appears to be useful for the produc-
tion of ultra-fine metal-ceramic composites exhibiting
good mechanical strength. The production and
characterization of similar composite materials con-
sisting of metal-metal or ceramic—ceramic phases are
in progress.
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