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Abstract: Ni—Al intermetallic compounds from Ni and Al powder were obtained by thermal explosion. Effects of molar ratio of Ni
to Al in raw materials on the phases, microstructures and microhardness of the final products were studied. The results show that a
single phase of NiAl is obtained with the composition corresponding to n(Ni):n(Al)=1:1. However, when the molar ratio of Ni to Al
increases to 2:1, the product is composed of Ni;Al and NiAl, in which NiAl phase is in the majority with an irregular morphology
and NizAl is in the minority mainly along the grain boundary of the NiAl. As the molar ratio of Ni to Al continues to increase to 3:1,
the microstructures of the product are diversified. Lots of M-NiAl with needle-like or long lathing shape and many y’-Ni;Al with
irregular and pointed strip-like morphology even appear besides f-NiAl with dendritic structure, y-Ni;Al with irregular or net-like

morphology because of the non-equilibrium cooling and large difference in composition of S-NiAl.
Key words: intermetallic compounds; Ni—Al; reaction synthesis; microstructure

1 Introduction

Ni—Al alloys are well known as high temperature
structural materials due to their low density, high melting
point, good thermal conductivity, excellent acid/alkali
corrosion resistance as well as good oxidation resistance
at elevated temperatures. The major intermetallic
compounds of Ni—Al alloys are NiAl and NizAl [1-3].
So far, the Ni—Al alloys have been applied to heat shields
for combustion chambers and gas turbines etc [4—6].

Ni—Al intermetallic compounds have been prepared
by a variety of methods including powder metallurgy [7],
casting [8], rapid solidification [9,10], mechanical
alloying [11,12], sintering [13], combustion synthesis etc
[14—17]. SUN et al [9] studied the composition and
morphology of NiAl intermetallic compounds with
different Ni contents. The results showed that the
products had B2 structure and the morphology of
Nigs3Alp4; was equiaxed crystal whereas 0.56—0.60 Ni
was irregular and regular columnar crystals. In the study
of PABI and MURTY [11], nanocrystalline NiAl;, NiAl
and Ni;Al phases were synthesized by mechanically
alloying. In addition, the study of RUIZ-LUNA et al [12]

revealed that the microstructural transformation
mechanism of B2-NiAl during mechanical alloying
process was Ni+tAl — NiAl; — NiAl; — NiAl
However, DONG et al [13] deduced that the
microstructure transformation process of NiAl during
pressless sintering process was Ni+Al—Ni,Al;—NiAl
—Ni;AL

Combustion synthesis (CS) offers an efficient and
attractive method for preparation of ceramics,
intermetallics and their composites with the advantages
of simple process, high efficiency and low cost etc [14].
BISWAS and ROY [15] studied the evolution of the
structure and the mechanism of NiAl prepared by CS.
The morphologies of the intermediate phases, such as
NiAl; and Ni,Al;, were observed. Moreover, the
equiaxed grains of NiAl and the lath-like NiAl
martensite which was a Ni-rich phase were also obtained.
In order to investigate the microstructural evolution of
Ni;Al intermetallic from Al and Ni powders (1:1) during
the CS, a combustion front quenching method (CFQM)
was used by FAN et al [16]. The experimental results
showed that the microstructure of the Ni droplet was
composed of parallel lath-like M-NiAl phase in the
surface region and y'-Ni;Al phase in the central region.
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In addition, a dissolution—precipitation mechanism of the
combustion synthesis of NiAl was proposed. However,
ZHU et al [17] studied the reaction process of a
multilayer Ni/Al system based on precise temperature
measurements and analyzed the evolvement of
microstructure in quenched samples.

As different phases and microstructures of Ni—Al
alloys can be obtained even by the same methods and
ratios of the raw materials, it is necessary to analyze the
microstructures and formation mechanism in different
proportions of Ni to Al In this study, Ni—Al intermetallic
compounds were fabricated by high speed combustion
synthesis, i.e. thermal explosion reaction synthesis mode.
Simultaneously, the effects of molar ratios on the phase
constitution, microstructure and microhardness were
explored though investigating the phase transformation
and morphological features of the products, in order to
provide useful data for improving the mechanical
performance of Ni—Al alloys.

2 Experimental

The raw materials used in this experiment were Ni
powder (99.0% purity, <38 pm particle size) and Al
powder (99.0% purity, 38—50 pm particle size). The
SEM micrographs of reactant powders are shown in
Fig. 1. The size of Al powder was a little larger than that
of Ni powder in order to reduce its oxidation and the
morphology of Al powder was rod-like. The ratios of Ni
to Al were fixed to be 1:1, 2:1, 3:1 (molar ratio, the
following data are the same) and then they were dry

Fig. 1 SEM images of raw materials: (a) Ni powder; (b) Al
powder

mixed in a tri-dimensional (3-D) blender for about 6 h to
produce a homogeneous powder mixture. Under axial
pressure of 100 MPa, the mixtures were cold pressed into
cylindrical compacts in a metal mold with dimensions of
d20 mmx15 mm. The green disc-like compacts were put
into a resistance furnace at 650 °C for 0.5 h for thermal
explosion reaction. The products were then taken out and
cooled down in the air.

The samples cut from the products were
characterized by X-ray diffraction (XRD, Model D/Max
2500PC Rigaku, Japan) to identify the crystalline phases.
The samples for microstructure observation were
prepared by conventional methods of mechanical
polishing and chemical etching. The analyses of the
microstructure and composition were performed by
electron probe microanalysis (EPMA, JXA—8230). The
microhardness values of different phases were measured
by microhardness tester (FM—700) with a load of 0.49 N
(50 gf) for 15 s.

3 Results

3.1 Phase analysis

Figure 2 shows the X-ray diffraction patterns of the
products. It is indicated that a single NiAl phase is
obtained with n(Ni):n(Al)=1:1. When the molar ratio of
Ni to Al increases to 2:1, the phases in the product are
composed of NiAl and Ni;Al. In addition to the major
phase NiAl, a small amount of NizAl is formed. However,
when the n(Ni):n(Al) increases to 3:1, the main phase in
the product is NizAl, and a small amount of NiAl is
formed. This does not coincide with the phase
constitution under equilibrium condition in Ni—Al phase
diagram, which shows that a single Ni;Al phase can be
obtained with n(Ni):n(Al)=3:1 [15].
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Fig. 2 XRD pattern of products with different molar ratios of
Ni to Al

In addition, in the products with mole ratios of Ni to
Al of 2:1 and 3:1, the diffraction peaks of NiAl deviate a
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little at 26 near 82° compared to 1:1 mole ratio product, increases with increasing the Ni content.
as shown in Fig. 2. The causes will be analyzed together
with phase composition later. Furthermore, it is obvious 3.2 Microstructure and microhardness
that the amount of NiAl phase decreases and Ni;Al phase Figure 3 shows the images of microstructures of the
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Fig. 3 SEM images (a, b, ¢) of microstructure and EDS spectra (a;, by, c;, d, €) corresponding to regions of products with different
molar ratios of Ni to Al in powder: (a), (a;) n(Ni):n(Al)=1:1; (b), (b;) n(Ni):n(Al)=2:1; (¢), (c1), (d), (e) n(Ni):n(Al)=3:1
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reaction products at low magnification and in detailed
structural characters. The compositions of typical regions
were measured by EDS and the results are shown in
Table 1. As seen in Fig. 3(a), the sample of n(Ni):n(Al)=
1:1 has a uniform dendritic microstructure with some
pores along the grain boundary, which may be deepened
by chemical etching, and the composition of point A4 is
Ni47—Al53 (molar fraction, %; the following data are the
same), which is approximately to n(Ni):n(Al)=1:1, and
its microhardness is about HVs, 358. Thus, it can be
deduced that the uniform phases are single NiAl in
accordance with the XRD analysis.

Table 1 Average chemical compositions of different regions
corresponding to Fig. 3 analyzed by EDS

Region x(Ni)/% x(Al)/% n(Ni)/n(Al)

A 47.27 52.73 0.89

B 78.07 21.92 3.56

C 66.67 33.33 2

D 78.95 21.05 3.75

E 75.06 24.94 3.01

F 67.63 32.37 2.09

G 70.50 29.50 2.39

H 71.67 28.33 2.53

1 67.26 32.74 2.26

In the sample of n(Ni):n(Al)=2:1, irregular

precipitates along the grain boundaries of the matrix, in
some places almost connecting to the network, can be
observed clearly (see Fig. 3(b)). The EDS spectra of
point B (precipitates at grain boundaries) and point C
(matrix) show that the compositions are Ni78—Al22 and
Ni67—Al33, respectively. And the average microhardness
values of precipitates and matrix are HV;,369 and
HV;50331, respectively. Consequently, combined with
XRD analysis, it can be concluded that the irregular
precipitates along the grain boundaries are Ni;Al and the
matrix is NiAl. In addition, some fine sub-structure
characters in the matrix can be shown obviously upon
high amplification. Calculated with the K-value method
of X-ray diffraction, the relative contents of NiAl and
NizAl are 88.86% (mass fraction) and 11.14% (mass
fraction), respectively.

With still further increasing n(Ni):n(Al) to 3:1, the
microstructures of the sample are shown in Fig. 3(c).
There are two kinds of constituents: one is irregular
net-like structure in different thickness and shape, and its
microhardness is HV5354, similar to HV5¢369 in region
B in Fig. 3(b). Observation of the amplified image shows
that there is no substructure in the grains but a
continuous thin films covering on the margin. EDS

analysis of regions D and E in Table 1 represent the
composition of net-like structure and thin film,
respectively. n(Ni):n(Al) values in both of the two parts
are close to 3:1, although there is a slight difference
between them. Thus, in association with the XRD results,
it can be inferred that both the net-like structure and the
thin film can be identified as Ni;Al.

The other constituent in Fig. 3(c) is the remainder
part which is surrounded by the irregular net-like
structure and is called matrix. Upon amplified image,
some substructures with different morphologies can be
observed clearly. There are a great number of lath-shaped
microstructures similar to the M-NiAl [18] (see the
region F). However, twisted ridges (region H) with many
radiating needle-like lines (region G) also exist in the
center of the grain, which are not reported in other
literatures. The Ni content of twisted ridges is 72%,
which is approximate to 70.9% of NizAl in Ref. [19],
while the contents of Ni element in the needle-like and
lath-shaped microstructures are 70% and 68%,
respectively. It should be noted that the content of Ni
element in these phases is clearly higher than the
stoichiometric ratio of NiAl. Furthermore, the average
microhardness of the matrix is HV5,560, which is higher
than that in the S-NiAl phase in Figs. 3(a) and (b).
Associated with XRD analysis, it can be concluded that
the lath-shaped and the needle-like microstructures are
M-NiAl and the twisted ridges are y’-NizAl. In addition,
Fe exists in all the EDS spectra, which is most likely
from the etching solution (FeCl; (5 g)+HCI (15 mL)+
alcohol (60 mL)).

4 Discussion

In this experiment, the green compact discs were
put into a resistance furnace directly with a temperature
of 650 °C. This may be equivalent to preheating the
green compact to 75=650 °C (923 K). Thus the highest
reaction temperature 7T,.x can be estimated by
Toax=Tot+T., where T, is the adiabatic combustion
temperature. The 7,4 values of NiAl and NizAl are 1911
K and 1587 K [20], respectively. It can be suggested that
the T.x would exceed the melting point 73, of NiAl and
NizAl. Consequently, once the reaction starts, the
reaction rate is fast and in thermal explosion mode, and
the NiAl and Ni;Al phases would be melt immediately.
This could also be supported by the melting phenomenon
on the surface of the samples.

According to the Ni—Al phase diagram, when the
molar ratio of Ni to Al is 1:1, only uniform NiAl with
dendrite shape can be formed. When the molar ratio
increases to 2:1, at the beginning of the cooling process,
only uniform NiAl can be also formed, which is similar
to n(Ni):n(Al)=1:1, especially at the high temperature
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stage. However, due to the high content of Ni element,
Ni;Al will precipitate along the grain boundary of NiAl
during the subsequent cooling process. In addition,
according to the XRD analysis, the relative content of
Ni;Al is 11.14% (mass fraction), which is much lower
than the content of NizAl (46.02%, mass fraction) in
equilibrium station determined by the lever rule. This
results in the content of Ni in the matrix slightly higher
than those under the equilibrium condition. Furthermore,
during the whole reaction synthesis procedure, the
intermediates such as NisAl; could not be found.
According to other literature [18], the phase should be
formed by gradually heating to an appropriate
temperature.

When the molar ratio of Ni to Al increases to 3:1,
only Ni;Al phases can be formed under the equilibrium
cooling conditions, according to the Ni—Al phase
diagram. In this experiment, although the temperature
would exceed the melting point of NiAl and NizAl could
be melted partly, the ingredients are difficult to
homogenize as the diffusion time is short and the melting
is incomplete. At first, the primary $-NiAl phases would
precipitate from the Al-rich liquid. As the temperature
decreases below 1395 °C, the peritectic reaction
L+p-NiAl—y-Ni;Al occurs. Since the heating and
holding time is short, the peritectic reaction could not
proceed completely, thus, the remaining liquid directly
transforms into Ni;Al. The primary S-NiAl and y-Ni;Al
are all non-equilibrium structures. Finally, the
appearance of S-NiAl phases is coarse dendrites as the
primary phase, whereas y-NizAl phases locate mainly at

the grain boundaries of NiAl and in an irregular and
net-like structure form, as shown in Fig. 3(c).

However, due to the volume shrinkage resulting
from the liquid—solid transformation, small pores are
formed in the grains of Ni;Al and between the layer
formed by peritectic reaction and the y-Ni3Al, as seen by
the arrows in Figs. 4(a) and (b). Upon further rapid
cooling, y"-Ni;Al would be precipitated from S-NiAl, and
diversified morphology appears due to different positions
and compositions. Some y'-Ni;Al phase forms along the
grain boundaries of y-Ni;Al (see Fig. 4(b)). Some with
pointed strip-like morphology string together as twisted
ridges, and some distribute in the grains or along the
grain boundaries of S-NiAl, as shown in Figs. 4(c)
and (d).

With the formation of y’-Ni;Al, a great amount of
stress would be generated around the y’-NizAl phases at
high speed [21], especially at the tips of the pointed
strip-like ones, due to the differences in structure
between y’-Ni3Al (FCC) and S-NiAl (BCC). Hence, a lot
of dislocations and twins may be formed on the
interfaces between f and y’, y and y’ [18]. This can induce
F-NiAl to transform into M-NiAl with straight lath-like
or radiating needle-like lines along the favorable growth
orientation, as shown in Fig. 4(a).

Furthermore, due to the non-equilibrium cooling,
the saturation of Ni in f-NiAl reaches 67.26% (molar
fraction, marked / in Fig. 3(c)), which almost gets the
maximum content of NiAl in Ni—Al diagram, especially
at the position near the -NiAl grain boundary. So, the
diffusionless transformation of martensite would occur

b L 2

Fig. 4 SEM images of microstructure of products with n(Ni:)n(Al)=3:1 (molar ratio) showing different phases: (a) M-NiAl and

y-NizAl; (b) M-NiAl and y'-NizAl; (¢), (d) y"-Ni;Al
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during the rapid cooling process [22]. Thus, a lot of fine
and parallel lath bundle microstructures of M-NiAl with
dislocations are observed on the grain edge of NiAl and
the microhardness is clearly higher than that of the
matrix of NiAl In addition, with the molar ratio of Ni to
Al of 2:1, parallel and lath-like substructures of M-NiAl
are also observed in S-NiAl of the products, which
demonstrates the effects of supersaturated Ni and the
rapid cooling rate on the formation of M-NiAl again.

5 Conclusions

1) A single NiAl phase is obtained with the
composition corresponding to the stoichiometric ratio of
1:1. However, the product is composed of the two-phase
Ni;Al+NiAl, when the molar ratios of Ni to Al increase
to 2:1 and 3:1. In addition, as the Ni content increases,
the contents of NiAl phases decrease while the contents
of NizAl phases increase.

2) With the molar ratio of 1:1, the sample has a
uniform NiAl dendritic structure with some mesopores
along the grain boundaries. By increasing the molar ratio
to 2:1, the Niz;Al phases precipitate along the grain
boundaries of NiAl during the cooling process. And with
the molar ratio of 3:1, the microstructures of the product
become so complicated that lots of M-NiAl with
needle-like or long lathing shape and many y’-Ni;Al with
irregular and pointed strip-like morphology even appear
besides pB-NiAl with dendritic structure, p-NizAl with
irregular or net-like morphology.

3) In the products of mole ratio of 3:1, with the
precipitation of NizAl in S-NiAl grains or along the grain
boundaries during the cooling process, stress,
dislocations and twins on the interfaces of Ni;Al and
S-NiAl sharply This results in p-NiAl
transforming into M-NiAl with parallel lath or radiating
outward shapes. In addition, an excess of Ni and
heterogeneity in the f-NiAl phase in rapid cooling also
contribute to the formation of M-NiAl.

increase.
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