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AN INFLUENCE OF MECHANICAL MIXING AND HOT-PRESSING ON PROPERTIES OF NiAl/AL,O; COMPOSITE

WPLYW MECHANICZNEGO MIESZANIA ORAZ PARAMETROW SPIEKANIA POD CISNIENIEM NA WEASCIWOSCI

KOMPOZYTU NiAl/ AL, O3

Intermetallic phases of the Ni-Al type belong to the group of modern constructional materials which have numerous
advantageous properties such as high melting temperature, low density, high resistance to high-temperature oxidation (to
about 1200°C), high mechanical strength, high fatigue strength, and high tensile and compressive strength (also at elevated
temperatures). Intermetallic compounds have however also drawbacks in that they are quite brittle at room temperature which
makes their mechanical processing very difficult and restricts their application range. These drawbacks can be obviated by
modifying their chemical composition. Improving the properties of NiAl-based materials can be achieved by creating the
composite with the matrix made of an intermetallic phase NiAl reinforced with ceramic (Al,O3) particles.

This paper is concerned with the mechanical and physical properties (bending strength, fracture toughness, hardness,
and Young modulus) and also the microstructure of NiAl/Al,0; composite. The composite materials were produced by the
hot-pressed method using the NiAl/20%Al,05 (vol.%) powder mixtures. The composite thus produced had a high density of
about 99% of the theoretical value and a high bending strength. The bending strength of the NiAl/20vol.%Al,O; composite was
higher by about 80% (635 MPa) than that of the pure NiAl phase (345 MPa). The experiments included also the examination
of the effect of the rotational speed of the mill and the duration of the mixing process upon the size and distribution of grains,
the microstructure, and phase composition of the composite powder mixtures obtained.
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Fazy migdzymetaliczne typu Ni-Al nalezg do grupy nowoczesnych materialéw konstrukcyjnych, charakteryzujacych sie
m.in: wysoka temperaturg topnienia, niska gestoscia, wysoka odpornoscig na utlenianie w wysokich temperaturach (do okoto
1200°C), wysokim modulem sprezystosci- stabilnym ze wzrostem temperatury, wysoka wytrzymatoscia, wysoka odpornoscia
na $cieranie, wysoka wytrzymalosciag zmeczeniowa, wysoka wytrzymalos$cia na rozciaganie i $ciskanie (réwniez w wysokich
temperaturach). Zwiazki mi¢dzymetaliczne maja jednak wady, sa do§¢ kruche w temperaturze pokojowej — co znacznie utrudnia
m.in. ich obrébke mechaniczng i zaweza zakres zastosowan. Jednym ze sposobéw wyeliminowania tych wad jest modyfikacja ich
skladu chemicznego. Poprawe wlasciwosci materialéw na bazie NiAl mozna osiggngé m.in. poprzez wytworzenie kompozytu
na osnowie NiAl umocnionego czasteczkami Al,Os.

W artykule zaprezentowano wyniki prac dotyczacych opracowania warunkéw procesu mechanicznego mieszania mieszanin
proszkéw zwiazek migdzymetaliczny (NiAl) — ceramika (Al,O3), a nastepnie ich spiekania. Przyjete parametry mieszania i
spiekania pozwolily otrzymaé kompozyt charakteryzujacy si¢ odpowiednig gestoscia, bliskg teoretycznej (99.9%) oraz wysoka
wytrzymatoscia. Wytrzymato$¢ na zginanie kompozytu NiAl/20%o0bj.Al,O3 byta o 80% (635 MPa) wyzsza od wytrzymalosci
czystej fazy NiAl (345 MPa).

1. Introduction compressive strengths (also at high temperatures), and

good frictional wear resistance [1-12].

Intermetallic phases of the Ni-Al type belong to the
group of modern constructional materials with low den-
sity and advantageous properties. They are e.g. charac-
terized by a high melting temperature, good resistance
to oxidation at high temperatures (to about 1200°C),
high value of the Young modulus stable with increas-
ing temperature, high mechanical, fatigue, tensile and

*

This unparalleled combination of unique physico-
chemical and mechanical properties offers great applica-
tive possibilities for these materials. They are widely
used in technologically developed countries in the auto-
mobile, aircraft, spacecraft, metallurgical, chemical and
power generation industries.
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Fig. 1. SEM photographs of the powders: (a) NiAl, (b) Al,O3

Intermetallic compounds have however drawbacks
in that at room temperature they are brittle and thus dif-
ficult to machine, whereas at high temperatures they are
susceptible to creep. These disadvantageous properties
restrict their application range but can be improved by
modifying the composition of the compound or by sub-
jecting it to appropriate plastic and/or heat treatments.

Our preliminary investigations and technological ex-
periments, and also the available literature reports indi-
cate that it is possible to produce materials which show
the advantageous properties of the intermetallic phases
but are free from their drawbacks. Such materials may
be e.g. composites built of an intermetallic matrix which
is reinforced with ceramics. This paper presents the re-
sults obtained in our experiments with establishing the
optimum parameters of the mechanical mixing of inter-
metallic/ceramic powder mixtures and of their further
sintering. We expected that the sintered composites thus
obtained will have better properties than pure intermetal-
lic phases.

2. Starting materials

The materials used in the experiments were nickel
aluminide powder (delivered by the Goodfellow Com-
pany) and an aluminum oxide powder (NewMet Koch).
Fig.1 shows SEM photographs of these powders.

The grain size of the starting powders was examined
in a Clemex tv image analyzing system. The grain size
distributions were analyzed using the Feret diameter (d).
Based on the results obtained, the average Feret diam-
eters d,, were determined to be dy;a; = 3.71 um (for
NiAl) and dgpe3 = 2.28 um (for Al,O3). The spread
of the grain sizes of the powders was relatively small,
being 1-5 ym in Al,O3 and 1-10 gm in NiAl.

The powders were mixed in a Pulverisette 6 plane-
tary mill (with a 250 ml container) in an air atmosphere.
The container lining and the mill balls were made of
tungsten carbide doped with cobalt.

The chemical composition of the powder mix-
tures prepared for technological experiments was
80%NiAl/20%Al,05 (in vol.%), and was selected so that
the properties of the composite differ appreciably from
those of pure NiAl but its advantageous properties are
preserved.

In order to find how the mixing speed and duration
affected the microstructure and properties of the powder
mixtures we performed two series of experiments that
differ by the mixing process parameters:
series 1 — rotational speed w; =100 rpm, BPR coefficient
5:1, time 1-8 h, and
series 2 — rotational speed w, =200 rpm, BPR coefficient
5:1, time 1-8 h, where
BPR - ball-to-powder weight ratio

Since, at the rotational speed of 200 rev/min, the
container was heated to a high temperature, the mix-
ing operation was conducted in the two time cycles (t;-
mixing time, tp-pause, t3- cooling):

— at the rotational speed w; = 100 rpm for t; = 15 min
then pause for t; = 2 min, and

— at the rotating speed w, = 200 rpm in the 3 cycles:
t; = S min/tp = 2 min, t; = 5 min/ t, = 2 min, t; =
5 min/ t3 =30 min

The powder mixtures thus prepared were subject-
ed to microstructural examinations, and their grain size
distribution and phase composition were analyzed.

3. Results of mixing process

The effect of the mixing parameters on the mi-
crostructure, grain size, grain size distribution and pos-
sible phase changes that could take place during the
process was examined. Just as was the case with the
starting powders, the grain size distributions in the pow-
der mixtures were analyzed using a Clemex tv image
analyzing system.
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Fig. 2. Grain sized distributions in the NiAl/20vol.%Al,05; powder mixture depending on the mixing time; mixing speed w =200 rpm

It has been found that with increasing mixing
time and duration, the average grain size decreases. At
wy (200 rpm), the average grain size decreases from
dave =6.37 um after 1h of mixing to dge = 2.0 1 um
after 4h (Fig.2), whereas at w; (100 rpm), it decreases
in a decidedly smaller degree (d,,, =10.04 um after 1h
decreases to dg,g = 8.34 um after 4h).

The morphology and phase composition of the pow-
der mixture is shown in Fig.3. It should be noted that the

m
i

Mag= 500KX LEO 1530 - WC PAN

morphology varies with mixing time and speed. A pro-
longation of the mixing time as well as an increase of
the mixing speed result in the NiAl grain shape being
changed (in the starting state they are spherical) and the
grains being refined (Fig.3b). This is crucial when the
powder mixture is first subjected to axial or isostatic
pressing so as to obtain pieces with a specified shape
and then it is sintered, since the spherical grain shapes
make, in a great measure, these technological operations

=
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Fig. 3. Morphology of the NiAl/20vol.%Al,03 composite powder mixtures produced by the mechanical mixing as a function of the mixing

speed: (a) w; =100 rpm, (b) w, = 200 rpm, t=4 h
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difficult. We can also see in Fig.3b that the harder ce-
ramic phase has been forced into the NiAl phase. On the
other hand, when mixing for 4h at the lower rotational
speed w; (100 rpm), the morphology shows no appre-
ciable changes. The NiAl grains have still the spheri-
cal shape, they are not refined, and there is almost no
the harder ceramic phase forced into the NiAl phase
(Fig.3a).

The further prolongation of the mixing time to 8h
did not result in appreciable changes in the morphology
and composition of the powder mixtures.

The changes of the morphology of the powder mix-
tures have an important influence upon the microstruc-
ture and, thus, on the physical and mechanical properties
of the composite materials produced of them. The results
of our experiments, presented later in the paper, confirm
this observation.

XRD examination of the powder mixtures did not
reveal any new phases, irrespective of the mixing time
and speed. All the composite powder mixtures only con-
tain the NiAl and Al,O3; phases.
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Fig. 4. Phase analysis of the powder mixtures depending on the
time and speed of the mixing operation of the NiAl/20vol.%Al,03
(wy =100 rpm, w; = 200 rpm, t = 1 & 4 h)

4. Technological experiments

The powder mixtures were pressure sintered in an
ASTRO HP50-7010 press in an argon protective at-
mosphere. The sintering process parameters were:

— Sintering temperature Ts = 1200-1400°C
— Sintering time ts = 30-60 min
— Pressure P ~ 30 MPa

The sintered materials thus produced were subject-
ed to examinations of their mechanical and physical
properties (density, bending strength, fracture toughness,
Young’s modulus, and hardness) and their microstructure
was analyzed.

The density was determined using the hydrostat-
ic method. The bending strength, fracture toughness,
and Yong’s modulus were examined in a ZWICK 1446

strength machine at a support spacing of 40 mm and a
head travel speed of 1.0 mm/min. The samples intend-
ed for the bending strength and fracture toughness tests
were sized at 5x5x50 mm, and the head load was 1kN
(bending strength) and 10 kN (fracture toughness).

The fracture toughness was also tested by
three-point bending. The samples were notched beams
sized at 5%5x50 mm. The notch was made in the two
stages: the samples were first notched to a depth of
0.9 mm using a wheel 0.2 mm wide and, then, deepened
to about 1.1 mm (the total depth of the notch) with a
wheel 0.023 mm wide. The straining rate, i.e. the head
travel speed was 1.0 mm/min

The measurements of the Young’s modulus by the
bending test (samples in the form of beams sized at
5x1x50 mm, support spacing — 40 mm) consisted of
recording the load-induced deflection of the beam. The
load P ranged from 5 to 20 N.

The hardness of the composites was determined in
a Vickers hardness-meter under a load of 10 kG applied
for 10 s. Each sample was tested 5 times (five measure-
ments).

The microstructural of the sintered composites was
analyzed in an optical microscope and a scanning elec-
tron microscope. The surface element distribution was
determined by EDS, and the phase composition was ex-
amined using the XRD examination.

5. Examination of some selected properties of the
hot-pressed NiAl/20vol.% Al,O; composite

Table 1 gives the measured values of the density of
the composite sintered at: T, = 1200°C, t; = 60 min,
and P ~ 30 MPa.

TABLE 1
Density of the hot-pressed NiAl-based material. Sintering process
parameters: T, = 1200°C, t, = 60 min, P ~ 30 MPa

Density of the . Measured | Relative
composite | Theoretical density | density
Material constltug:nts density [g/cm?] [%]
[g/em”’] [g/em?]
NiAl | Al,O4 Wik | Wk |Wr*|Wy*
NiAl 591 - 591 5,55 93.9
NiAV20voL%! 591 | 397 | 550 |4.94] 5.03 [89.591.1
Al,O4

*) Mixing speed: w; = 100 rpm, w, = 200 rpm,
mixing time t= 4h

The porosity of the composite greatly varied de-
pending on whether the powders were mixed at 100 rpm
(w1) or at 200 rpm (w,): in the former case the porosity
was 10% and in the latter it was even as low as 2%.



These differences in the density and the resulting
porosity can be attributed to e.g. the considerable dif-
ferences in the morphology of the two powder mixtures
which in turn are due to the differences in the mixing
parameters. As already mentioned, both a prolongation
of the mixing operation and an increase of the mixing
speed give a change of the shapes of the NiAl grains and
their refinement. Hence we can conclude that this form
of the powder mixture ensures its better consolidation
which may be due to the increased specific surface area
of the powder and its greater surface energy.

Table 2 gives the results of measurements of the me-
chanical strength and hardness of the composite made of
powder mixtures prepared at different rotational speeds.
We can see that, here too, the mixing parameters strongly
affect the mechanical properties of the composites. The
highest bending strength (327 MPa) was achieved in the
NiAl/20%Al, 05 composite sintered of the powder mix-
ture prepared at 200 rpm (wy). Its strength was however
only slightly higher than that of the pure NiAl phase
(325 MPa — Table 2).

The HV o hardness of this composite was 2.45 GPa
which was lower than that of the pure NiAl phase by
10%. The composite sintered of the powder mixture pre-
pared at the lower speed w; (100 rpm) had the bending
strength and hardness decidedly lower than the pure NiAl
phase, namely 200 MPa and 2.17 GPa, respectively. This
can be explained by the poor density of this composite.
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TABLE 2
Bending strength o and hardness of the hot-pressed NiAl-based
material; parameters of the sintering process were T, =1200°C,
ty = 60 min, P ~ 30 MPa

]sgtigggtlﬁ; Hardness
Material Oc HV1o
(MPa) (GPa)
Wy * ‘ Wy wy* ‘ Wy
NiAl 325.0 2.76
NiAl/20vol.%A1,05 | 200.0 ‘ 327.0 2.17 ‘ 2.45

*) wy = 100 rpm, w, = 200 rpm — mixing speed,
mixing time t= 4h

The sintered pure NiAl and NiAl/20vol.%Al,03
composite were examined in an optical microscope
(Figs. 5-6), the surface distribution of the elements was
analyzed by EDS (Figs. 7) and their phase composition
was determined by XRD examination. When compar-
ing the images shown in Figs. 6a and 6b, we can see
clear differences between the structures of the compos-
ite depending on the rotational speed w at which the
constituent powders were mixed. The microstructure of
the composite prepared from the powder mixture mixed
at the greater speed of 200 rev/min (w,) is more homo-
geneous, better consolidated, and more strongly refined
(Fig.6b). This is confirmed by the surface distributions of
the elements (Fig.7b). The phase analysis did not reveal
any new phases formed during the sintering process.

Fig. 6. Microstructure of hot-pressed NiAl/20vol.%Al,0; composite; constituent powders mixed at (a) w; = 100 rpm,
(b) wy =200 rpm for t = 4 h and then sintered at T, =1200°C for t = 60 min under P~30 MPa
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o= 100 rev/min

®,= 200 rev/min

Fig. 7. Surface distributions of Ni and Al in the hot-pressed NiAl/20vol.%Al,05; composite; powders mixed at a rotational speed
of 100 rpm (w;) and 200 rpm (w,) for 4h and then sintered at T, =1200°C for t; = 60 min under P~30 MPa

A decisive increase of the density and thus the me-
chanical strength and hardness of the composite was
achieved by optimizing the parameters of the sintering
process, in particular by increasing the sintering temper-
ature by 150 to 200°C. Sintering at the optimized para-
meters, namely T, =1400°C, t; = 30 min, P~ 30 MPa
yielded a composite with high density — on average about
99% of the theoretical value (Table 3).

TABLE 3
Density of the hot-pressed NiAl-based material sintered at:
T, =1400°C, t, =30 min, P ~ 30 MPa. Mixing process parameters:
w =200 rpm, t = 4h

Density of
the composite | Theoretical | Measured | Relative
Material constituents density density | density
[g/cm’] [g/ecm?] [g/cm?] [%]
NiAl | Al,O3
NiAl 591 - 591 5.88 99.5
NiAl/20vol.%
AlLO; 591 | 3.97 5.52 5.51 99.9

The measured values of the bending strength, frac-
ture toughness, Young modulus and hardness of the com-
posite sintered under the optimized sintering conditions
(Ty =1400°C, ty =30 min, P ~ 30 MPa) are given in
Table 4.

A comparison of the results given in Tables 4 shows
that the bending strength of the NiAl/20vol.%Al,03
composite (635 MPa) is higher by 80% than that of the
pure NiAl phase (345 MPa). The fracture toughness of
the two materials differs however only slightly (Table 4),

and the Young’s modulus of the composite is slightly
higher than that of the pure NiAl phase but considerably
lower than the value calculated from the mixing rule
(Voigt’s model — 223 GPa, Reuss’s model — 208 GPa).
The hardness of the composite exceeds that of NiAl by
about 30%.

TABLE 4
Properties of the hot-pressed NiAl-based material sintered at:
T, =1400°C, t; = 30 min, P ~ 30 MPa. Mixing process parameters:
w =200 rpm, t = 4h

Bending K Young | Hardness
Material strength e modulus |  HVy
[MPa-m'?]
o, [MPa] [GPa] [GPa]
NiAl 345.6+53.8| 7.2+0.4 188 | 3.08+0.1
NIAXf(gOI'% 6352+43.7| 6.6+0.2 191.9 | 4.29+0.5
23

Figure 8 shows the microstructure of the sin-
tered pure NiAl and NiAl/20vol.%Al,O3; composites.
The images confirm that the sintering degree of the
NiAl/20vol.%Al,03 composite is high and its grain size
is smaller than that in pure NiAl. We can also see
small pores in the microstructure image but they are
not due to the incomplete sintering of the composite but
have been formed during polishing its metallographic
cross-sections with the use of a diamond powder.

The composite has a homogeneous and compact
structure and the ceramic phase is distributed relative-
ly uniformly on the entire cross-section of the sample.
This is confirmed by the element surface distributions
examined by EDS (Fig. 9).
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Fig. 8. Microstructure of the hot-pressed NiAl intermetallic compound (a) NiAl/20vol.%Al,0; composite (b) sintered at T, = 1400°C,
t; = 30 min, P ~ 30 MPa. Mixing process parameters: w = 200 rpm, t = 4h

Fig. 9. Surface distributions of the elements in the hot-pressed NiAl/20vol.%Al,05 sintered at: T, = 1400°C, t, = 30 min,

P ~ 30 MPa. Mixing process parameters: w = 200 rpm, t = 4h

Fig. 10. Exemplary microstructures of a fracture in (a) NiAl, and (b) NiAl/20vol.%Al,0; sintered at T, = 1400°C, t, = 30 min,

P ~ 30 MPa. Mixing process parameters: w = 200 rpm, t = 4h

The addition of the ceramic phase and the refine-
ment of the NiAl phase (during the mixing operation)
have an essential effect on the course of failure of the
composite.

This can be seen in Fig.10 which shows the
microstructures of fractures of pure NiAl and the
NiAl-based composite after the bending test. Failure in
the pure NiAl phase (Fig.10a) runs characteristically in
one direction through the NiAl grains, whereas in the
composite material (Fig.10b) the ceramic grains force
the crack to wind its way which greatly elongates its path
and thereby increases the strength of the composite.

6. Conclusions

The effect of the technological parameters on
the properties of the constituent powders and of the
NiAl/20vol.%Al,03 composite sintered under pressure
from a mixture of these powders was examined and the
parameters were optimized. The experiments have shown
that the physical and mechanical properties (such as e.g.,
density, resulting porosity, bending strength, and hard-
ness) of the composite closely depend on the parameters
of both the mixing and sintering processes. From the
point of view of the uniformity of the distribution of the
ceramic reinforcement (Al,O3) within the NiAl matrix,
the most advantageous mixing parameters were found
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to be: the rotational speed w =200 rpm, mixing time
t = 4 h, the ball-to-powder weight ratio (BPR) of 5:1
and the mill ball size of 10mm.

After an appropriate mixing time, the higher rota-
tional mixing speed (two speeds were examined) resulted
in the NiAl grains changing their shapes (initially spher-
ical) and being more refined. In addition, the harder ce-
ramic phase was forced into the NiAl phase. This form
of the powder mixtures appeared to enable them to be
better consolidated during the sintering under pressure.

With the powder mixtures prepared at the higher
speed w, (200 rpm), the composites had a higher rela-
tive density (and hence lower porosity), better bending
strength, and higher hardness. Their structure was ho-
mogeneous, well refined, and more compact.

The decisive improvement of the bending strength
and hardness of the composite was achieved af-
ter optimization of the sintering process, in par-
ticular by increasing the sintering temperature. The
NiAl/20vol.%Al,03 composite sintered at the optimum
process parameters established during the experiments
(Ty = 1400°C, ty = 30 min, P ~ 30 MPa) had a high
density near the theoretical value (99.9%), and its bend-
ing strength (635 MPa) exceeded the strength of the
pure NiAl phase (345 MPa) by 80%. This increase of
the bending strength can be explained by an important
change in the course of the failure process. In pure NiAl,
the failure proceeds in one direction through the grains,
whereas in the composite, the ceramic grains force it
to wind its way, which elongates the cracking path and
thereby increases the bending strength of the composite.
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