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Reactive hot pressing of Al2O3-Ni composites
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Reactive hot pressing has been used to form Al2O3-Ni composites from Al and NiO. The
effect of attrition milling on the precursor powder and subsequent composite formation
was examined. The surface area, phase assemblage, reaction temperature, and
morphology of precursor powders were characterized as a function of milling time, which
ranged from 0 (unmilled) to 480 min (8 hrs). During milling, particle surface area increased
from less than 1 to more than 11 m2/g as the size of the Al and NiO particles decreased. At
the same time, the temperature at which Al and NiO reacted to form Al2O3 and Ni
decreased from more than 1000◦C to around 600◦C. Formation of Al2O3 or Ni during milling
was not detected, regardless of time. Precursor milling time also affected the morphology
and phase assemblage of composites produced by reactive hot pressing. Composites
formed from unmilled powders contained a small amount of unreacted NiO and had a Ni
ligament size greater than 10 µm. The composite forming reaction went to completion
when powders milled for one hour or more were hot pressed. Based on microstructural
evidence and analogy to similar reactions, it appears that the composite forming reaction
proceeds by Al diffusing into and reacting with NiO. C© 2003 Kluwer Academic Publishers

1. Introduction
In the past 15 years, a variety of reaction-based process-
ing methods have been developed for the preparation
of ceramic-metal composites. The processing routes in-
clude directed metal oxidation [1], reaction bonding
[2–4], and several techniques based on displacement re-
actions [5–9]. The strength and toughness of reactively
formed materials are often far superior to properties re-
ported for conventionally sintered cermets of the same
composition. The enhanced performance is attributed
to high relative density, good wetting/adhesion at the
ceramic-metal interface, and the interpenetrating, two
phase composite microstructure [10, 11].

As with other reaction-based forming techniques, re-
active hot pressing utilizes thermodynamically favor-
able reactions during processing [12–14]. The advan-
tage of reactive hot pressing over the other techniques
is its wide degree of compositional flexibility. Some
compositions that have been prepared by reactive hot
pressing include Al2O3-Ni, Al2O3-MoSi2, ZrB2-SiC,
TiB2-SiC, MoSi2-SiC, and Al2O3-Ni3Al [12–16]. Re-
search by Claussen et al. has shown that similar
reaction-based processes can be extended to reactive
pressureless sintering routes, if powder processing and
compaction processes are precisely controlled [17, 18].
Zhang et al. have investigated the formation of sev-
eral non-oxide systems and have studied diffusion paths
during reaction. For the formation of ZrB2-SiC from Zr,
Si, and B4C, they concluded that B and C diffuse from
the B4C precursor into Zr and Si particles based on the
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size of microstructural features in the final composite
[13].

Al2O3-Ni composites are attractive because of the
potential for high strength and toughness [19–21].
Alumina and Ni are thermodynamically compatible,
refractory phases and the composites should be resis-
tant to oxidation and corrosion at room and elevated
temperatures (∼1000◦C) [22]. However, to date, most
composite processing techniques produce only mod-
est gains in toughness over un-reinforced Al2O3. In
contrast, toughness gains have been much higher for
Al2O3 reinforced with Al [23]. The strength and tough-
ness of Al2O3-Ni composites prepared by several dif-
ferent techniques are listed in Table I and compared
to reported values for an Al2O3-Al composite. A va-
riety of fabrication techniques have been investigated
for Al2O3-Ni composites including pressureless sinter-
ing [22, 24], sol-gel processing [25, 26], reduction of
NiAl2O4 [27], and reactive hot pressing [16, 28, 29].
Of these, reactive hot pressing has shown the highest
strength and toughness.

The purpose of this investigation was to determine
the effect of attrition milling time on the formation of
Al2O3-Ni composites by reactive hot pressing.

2. Procedure
Aluminum (−325 mesh, 99.5%, Alfa) and nickel oxide
(−325 mesh, 99%, Alfa) were combined in the molar
ratio from Reaction 1. Calculated weight and volume
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T ABL E I Comparison of strength and toughness of Al2O3-Ni
composites prepared by different techniques

Processing Strength Toughness Metal content
method (MPa) (MPa · m1/2) (vol%) References

Hot pressing N/A 7 20 19
Sol-gel processing N/A 6.7 30 26
Sintering 200b 2 20 22
Reduction of N/A 9 20 27

NiAl2O4

Reactive hot 250a 6 41 28
pressing (1995)

Reactive hot 610b 12.1 35 16
pressing (2000)

Al2O3-Al 800b 8 Varied 23

aThree point bending.
bFour point bending.

T ABL E I I Moles, weight percent, and volume percent of the reactants
and products predicted from the composite forming reaction

Constituent Al NiO Al2O3 Ni

Moles 2 3 1 3
Weight percent 19.4 80.6 36.7 63.3
Volume percent 37.8 62.2 56.4 43.6

percentages of the reactants and products of Reaction 1
are given in Table II.

2Al + 3NiO → Al2O3 + 3Ni (1)

Powder mixtures were attrition milled for times rang-
ing from 0 (unmilled) to 480 min. The unmilled pow-
ders (0 min milling) were homogenized by batching
into a polyethylene jar (no milling media) and shaking
for five minutes. Attrition milling was carried out in
a laboratory scale mill (Model 01, Union Process) us-
ing a 500 ml polymer-lined container, a polymer-coated
spindle, and 3 mm diameter ZrO2 milling media. Mill
speed was 600 rpm. For a typical batch, the mill was
charged with 50 vol% media (∼1500 g of Y-stabilized
ZrO2), 40 vol% methanol (200 ml), and 5 vol% powder
(25 cm3 or 29.7 g Al and 123.5 g NiO). After milling,
the powder slurry was separated from the milling media
by sieving through a 35 mesh stainless steel sieve. The
slurry was dried overnight in an open glass dish inside
a fume hood. After drying, the powder cake was lightly
crushed using a high purity alumina mortar and pestle
and then passed through a 50 mesh stainless steel sieve.
Powders were stored in airtight containers.

Powder mixtures were analyzed as a function of
milling time to determine surface area, phases present,
reaction temperature, and morphology. Surface area
was measured by N2 gas adsorption using a 5 point
BET isotherm [30]. Phases were determined using
X-ray diffraction analysis (XRD, Pad-V, Scintag, Cu Kα

source). The temperature at which Reaction 1 initi-
ated was determined using differential thermal analysis
(DTA) using a 10◦C/min heating rate in a flowing argon
atmosphere. Powder morphology was characterized
using scanning electron microscopy (SEM, S-4700,
Hitachi) and chemical analysis was performed using
energy dispersive spectroscopy (EDS, Phoenix System,
EDAX).

Powders that were milled for 0 hrs (unmilled),
60 min, and 480 min were hot pressed to form Al2O3-
Ni composite billets. Hot pressing was conducted in
an argon atmosphere using BN coated graphite dies
according to a previously published procedure [16].
Powders were heated from room temperature to 1400◦C
with no applied load. Once the process temperature was
reached, a load of 3000 kg was applied resulting in a
pressure of 26 MPa. The sample was held at 1400◦C
for 30 min and then it was cooled under load at a rate of
approximately 20◦C/min. Composite billets were sec-
tioned and polished cross sections were examined in
SEM/EDS for characterization of microstructure and
chemical composition. A small piece of each billet was
ground and examined by XRD.

3. Results and discussion
The surface area, reaction temperature, and morphol-
ogy of the precursor powders changed as a function
of attrition milling time, but the phases present (by
XRD) did not change. Surface area and reaction tem-
perature data are summarized in Table III. The powder
surface area increased from less than 1 m2/g for the
unmilled Al and NiO mixture to 11 m2/g for powder
milled for 480 min. Differential thermal analysis of un-
milled powders found an endothermic peak correspond-
ing to Al melting at 660◦C and an exothermic peak at
1050◦C corresponding to the composite-forming reac-
tion (confirmed by XRD analysis that is not shown).
As the powder surface area increased, the temperature
at which the composite-forming reaction initiated de-
creased. After 60 min of milling, a small exothermic
peak was detected by DTA at around 610◦C, well be-
low the melting temperature of Al, in addition to the
other two peaks. As milling time increased, the size
of the 610◦C exotherm increased and the size of the
other exotherm decreased and shifted to slightly lower
temperatures (Table III). After milling for 480 min, the
higher temperature exotherm and the 660◦C endotherm
had disappeared leaving only the 610◦C exotherm. For
powders milled for 480 min, the composite-forming re-
action initiated at 610◦C prior to Al melting resulting in
a solid-state displacement reaction, in contrast to liquid-
solid displacement reactions for shorter milling times.
Logically, the solid-solid reaction should be preferable
for composite formation since the absence of liquid
phase would limit the possibility of phase segregation
facilitated by the formation of a liquid phase during
the hot pressing cycle. However, examination of hot
pressed composite microstructures will show that this
is not the case.

TABLE I I I Summary of surface area and DTA data for Al-NiO
powder mixtures unmilled and after milling

Milling time Surface area Endothermic Exothermic
(min) (m2/g) peak (◦C) peaks (◦C)

Unmilled <1 660 1025
15 3 660 1015
30 – 660 1015
60 9 660 610 (minor) 975 (major)

480 11 Not detected 610
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Figure 1 Morphology of as-received (A) Al and (B) NiO powders.

Particle morphology also changed dramatically dur-
ing milling. Unmilled Al powders ranged in size from
2 and 50 µm (Fig. 1A). Most Al particles were between
20 and 40 µm in diameter and they had smooth, rounded
surfaces. Unmilled NiO powders were agglomerates
with angular surface features and appeared to be made
up of many small crystallites (Fig. 1B). The size of the
individual crystallites was around 1 µm, but the ag-
glomerates were 25 µm in diameter or larger. The mor-
phology of both powders changed significantly during
attrition milling. After just 15 min of milling, the shear-
ing forces in the attrition mill flattened the aluminum
particles into disks, 5 to 10 µm thick and 10 to 20 µm
wide (Fig. 2A). The NiO particles were broken down
into smaller chains of NiO crystallites up to 5 µm long
(Fig. 2B). After milling for 60 min (Fig. 3), the area of
the Al disks continued to increase as the thickness of
the disks decreased. The NiO agglomerates appeared to
have been broken down into individual primary crys-
tallites. Higher magnification observations (not shown)
found that a small fraction (∼10%) of the NiO crystal-
lites were embedded in the Al flakes, which were up
to 5 µm thick and 25 µm wide. Examination of pow-
ders milled for two and four hours revealed that milling

times longer than 60 min did not result in further re-
duction of the NiO particle size. During this time, the
Al flakes continued to get thinner and began to fracture
into smaller pieces. Powder morphology after 480 min
of milling is shown in Fig. 4. At this stage, the alu-
minum particles were thin, small platelets, 5 to 10 µm
wide and around 1 µm thick. Strangely, all of the NiO
crystallites were either embedded into or attached to the
surface of the aluminum platelets. This intimate mixing
combined with the small particle size are, presumably,
the reasons that the reaction temperature declined so
steeply.

Despite the large increase in particle surface area and
the accompanying changes in morphology, the pow-
ders did not react significantly during milling accord-
ing to X-ray diffraction analysis. This is in sharp con-
trast to reports of significant oxidation of aluminum
during attrition milling for reaction bonding of Al2O3
[3]. As shown in Fig. 5, X-ray diffraction detected only
Al and NiO in samples milled up to 480 min. Cer-
tainly, any aluminum surface produced during milling
will be coated with a thin oxide layer, but the vol-
ume fraction of Al2O3 was not large enough for de-
tection by XRD analysis. The change that can be seen

3075



Figure 2 A mixture of Al and NiO particles that was attrition milled for 15 min.

Figure 3 A mixture of Al and NiO particles that was attrition milled for 60 min.
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Figure 4 NiO crystallites embedded in an Al flake produced by attrition milling a mixture Al and NiO powders for 480 min.

by XRD is the broadening of the peaks associated with
Al and NiO. The peak broadening is attributed to parti-
cle size reduction and an increase in strain induced by
milling.

Figure 5 X-ray diffraction analysis of Al and NiO powder mixtures
attrition milled for 0, 60, and 480 min.

Milling had a significant effect on the density and
microstructure of composites produced by subsequent
reactive hot pressing. Hot pressing of unmilled powder
resulted in a composite that had open porosity. Charac-
terization of microstructure by SEM and chemical anal-
ysis by EDS indicated that a small amount (<5 vol%) of
residual NiO was present, Fig. 6A, although only Al2O3
and Ni were detected by XRD (Fig. 7). Despite the pres-
ence of some unreacted NiO, no Al was apparent in the
SEM micrographs, the EDS analysis, or the XRD anal-
ysis. A small excess of aluminum could easily be dis-
solved into the Ni phase without altering the appearance
of the SEM images. No impurity phases were detected
in the composites by XRD or observed in SEM/EDS.
In addition, the molten Al present during hot pressing
of the unmilled powder did not appear to interact with
the graphite; the billet did not stick to the die nor were
any additional phases (e.g., Al4C3) observed by SEM,
EDS, or XRD. The density of the hot pressed com-
posite was 3.8 g/cm3, approximately 70% relative den-
sity, which is consistent with the observation (Fig. 6A)
of porosity in the sample. Based on the microstructure
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of the composite produced from unmilled powder, com-
parisons to the work of Zhang [13], and the mecha-
nism observed for the reaction of Al and mullite [31],
it appears that the composite forming reaction in this
system proceeds by diffusion of Al into NiO leading
to the composite forming reaction. A study to confirm
this proposed reaction path is underway.

Increasing the milling time to 60 min resulted in a
composite that was fully reacted as probed by XRD
(Fig. 7) and SEM/EDS (Fig. 6B). The relative den-
sity of composites produced from powders milled for
60 min was above 95% (5.5 g/cm3). The scale of the mi-
crostructure in this composite was much finer (Fig. 6B)
than the composite produced from unmilled powder
(Fig. 6A). The width of the Ni inclusions was around
5 µm for the composite formed from powder milled for
one hour, compared to over 10 µm for the composite
produced from the unmilled powder. A previous study
of composites produced from powder that was attri-
tion milled for 60 min found that the resulting com-
posites had high strength (610 MPa) and toughness
(12 MPa · m1/2) [16].

Milling the precursor powder for 480 min pro-
duced additional changes in composite density and

Figure 6 Microstructure of Al2O3-Ni composites produced by reactive hot pressing of Al and NiO powders that were attrition milled for (A) 0, (B)
60, and (C and D) 480 min. (Continued )

microstructure. Relative density was above 98%
(5.7 g/cm3). The small fraction of apparent poros-
ity visible in Fig. 6C is attributed to surface damage
during polishing since density measurements gave no
indication of a significant amount of open or closed
porosity in hot pressed billets. The average size of the
Ni inclusions in a composite produced from powders
milled for 480 min was around 2 µm, but the distri-
bution of Al2O3 varied within the composite. Some
areas (Fig. 6C) had uniformly distributed Al2O3, but
others (Fig. 6D) contained almost no Al2O3. Analysis
by SEM/EDS and XRD (Fig. 7) indicated that the com-
posite forming reaction had gone to completion. The
uneven distribution of Al2O3 may have been caused by
the formation of localized “hot spots” during the hot
pressing cycle that led to phase segregation during re-
action. Segregation of precursors prior to reaction is
unlikely since the NiO particles are actually embedded
in the Al flakes during the 480 min milling cycle, as ob-
served by SEM (Fig. 4). Segregation of the precursor
powders during hot pressing is also unlikely because
the reaction proceeds in the solid state prior to the for-
mation of a liquid phase that might facilitate particle
rearrangement and/or dewetting of molten aluminum.
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Figure 6 (Continued ).

The most likely mechanism for phase segregation is
formation of local hot spots during hot pressing due to
the highly exothermic nature of the reaction [16], which
can result in ignition of a self-propagating exothermic
reaction during the hot pressing cycle. For powders

Figure 7 X-ray diffraction analysis of composites produced by hot
pressing at 1400◦C for 30 min. The precursor powder mixtures (Al and
NiO) were attrition milled for 0, 60, or 480 min prior to hot pressing.

milled for times ranging from 0 to 60 min, the heat
generated by the composite forming reaction was mit-
igated using a slow (1◦C/min) heating rate during the
hot pressing cycle. This may be insufficient to suppress
local exothermic heating in the finely divided powder
mixtures.

4. Summary and conclusions
This paper reports on the effect of attrition milling
time on precursor powder morphology and on the mi-
crostructure and density of Al2O3-Ni composites pro-
duced by reactive hot pressing of Al and NiO. Pow-
der surface area increased as milling time increased.
This was accompanied by a substantial decrease in
the temperature at which the composite forming reac-
tion initiated. As milling proceeded, the size and shape
of the precursor particles changed significantly. How-
ever, no reaction was detected during milling by XRD
analysis. When milled powders were hot pressed, the
powder morphology and mixing affected the density
and microstructure of the resulting composites. Reac-
tion of unmilled powders produced a porous compos-
ite with some unreacted NiO. Milling for 60 min pro-
duced a dense composite with a fine, interpenetrating
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microstructure. Milling for 480 min resulted in some
segregation of Ni in the reacted composite. Analysis of
the developing composite microstructure indicates that
Reaction 1 proceeds by Al diffusing into NiO and then
reacting to form Al2O3 and Ni.

Based on examination of the microstructure and com-
position of the composites, a precursor milling time of
60 min seems to be an acceptable compromise for total
processing time, composite density, completion of the
composite forming reaction, and resulting microstruc-
ture. Shorter milling times result in incomplete reaction
and porous composites. Longer milling times result
in non-uniform composite microstructures. It may be
possible to produce a more uniform Al2O3-Ni compos-
ite from powder milled for 480 min by modifying the
hot pressing schedule (e.g., slower heating rate or use
of isothermal holds). A future study of the mechanical
behavior of composites prepared from powders milled
for different times will be used to set the final process
conditions.
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