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The microstructures and room temperature compressive mechanical properties of a near- 
stoichiometric NiAI manufactured by a new high pressure reaction sintering (HPRS) process 
are investigated. Applying a very high uniaxial pressure (2 GPa) leads to considerable 
lowering of the sintering temperature and reducing the hold time gives NiAI with a good 
sintering density. The HPRS NiAI consists of 13-NiAI with a B2 structure containing a high 
density of dislocations, 3.5 x 109 cm-2, and very fine AI203 particles. The NiAI exhibits quite 
high true compressive strain, 14.5%, and a reasonably high yield strength, 526 MPa. The 
effects of employing the high pressure in the HPRS process on the reaction sintering, 
microstructures and mechanical properties of the NiAI are studied. 

1. Introduction 
More and more interest has been recently focused on 
the intermetallic NiA1 with a B2 ordered structure 
which shows unique properties [1, 2]. NiA1 is expected 
to be applied as a high temperature structural mater- 
ial, at or above 900 ~ However, some problems, such 
as poor ductility at room temperature and low creep 
strength at elevated temperatures, have not been satis- 
factorily solved for its application. Moreover, al- 
though the very high melting temperature (1638 ~ of 
NiA1 is an advantage for its high temperature struc- 
tural application, it also results in severe cracking and 
core-related problems in the manufacture of the 
single-crystal cast or traditionally cast NiA1 E3]. 
Hence, much effort, such as alloying with other ele- 
ments [4], refining microstructure size [5], introduc- 
ing a softer phase [6, 7] and adding appropriate 
ceramic particles [8, 9], for directly improving the 
mechanical properties of the NiA1, and various studies 
in its manufacturing processes and its composites, 
have been carried out. The processes applied include 
Bridgman single crystal growth [4], rapid solidifi- 
cation E9], mechanical alloying [10-12], plasma de- 
position [13] and powder metallurgy E14, 15]. The 
preliminary results have indicated that the application 
of the new manufacturing processes is helpful in im- 
proving the microstructures and mechanical proper- 
ties of NiA1. In these processes, the powder metallurgi- 
cal approach is attractive in overcoming the difficul- 
ties in the manufacture of cast NiA1. The powder 
metallurgical process also is a necessary step following 
some other processes, such as rapid solidification and 
mechanical alloying. Hence, how to , preserve the im- 
proved properties of the NiA1 obtained by applying 

the previous processes is an important issue in the 
application of the powder metallurgical approach. 

Stoloff and co-workers [14, 15] have done much 
initial work in applying the powder metallurgical ap- 
proach to the fabrication of NiA1 and other inter- 
metallics. The powder metallurgical approaches which 
have been employed to manufacture these intermetal- 
lics mainly include reaction sintering (RS), hot pres- 
sure reaction sintering (hot pressure RS) and reaction 
hot isostatic pressing (RHIP) [13]. The NiA1 inter- 
metallics with a good sintering density prepared by 
hot pressing RS (the pressure employed usually 
30-50 MPa) or RHIP (the pressure about 170 MPa) 
normally have to be heated to about 1200 ~ and held 
there for about 1-2 h, in addition to sometimes 
employing the hot extrusion process or annealing 
at high temperature. Grain growth thus readily 
occurs and the grain size of the products is normally 
large, 30-50gm [13], which is disadvantageous 
to the mechanical properties of NiA1 at ambient 
temperature. 

Dynamic compact processes [16], such as explosive 
compaction applied for consolidation of rapidly 
solidified powders, can be used to avoid grain growth 
but inhomogeneous microstructures of the products 
affect their mechanical properties. On the other hand, 
high hydrostatic pressure has, for a long time, been 
applied to study phase transformations [17], synthesis 
of diamond and to improve mechanical properties of 
materials [18]. Margevicius and Lewandowski 
[19-21] and Margevicius et al. E22] recently 
investigated the effects of hydrostatic pressure 
on the flow stress and ductility of polycrystalline NiA1. 
They found that pressurization (0.5 to 1.4GPa) 
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significantly affects the flow behaviour of the 
cast, extruded or powder metallurgical NiA1. 
However, some conclusions from their work need to 
be studied further, which will be discussed later 
in this paper. 

We recently applied a high hydrostatic and uniaxial 
pressure of up to 2 GPa in the reaction synthesis 
(HPRS) of NiA1 intermetallics from elemental pow- 
ders [23], which differs from both dynamic compac- 
tion of powder materials [16] and application of hy- 
drostatic pressure on manufactured materials 
[19-22]. This paper represents a continuation of the 
reported work [23] and the emphasis is put on the 
study of the relation between microstructures and 
mechanical properties at room temperature of a near- 
stoichiometric HPRS NiA1 and the effects of high 
hydrostatic pressures on the reaction sintering pro- 
cess, on the microstructures and mechanical proper- 
ties of the NiA1. 

2. Experimental procedures 
Pure nickel and aluminium powders (> 99.9%) with 
an average size of 12 gm were mixed in a tubular-type 
mixer. The powder blends were nominally stoichio- 
metric NiA1. They were cold compacted into cylin- 
drical samples under a pressure of 300 MPa by die 
pressing. The green density was 71%. The sample was 
then put into a piston-cylinder-type apparatus of 
20 mm inner diameter to perform the HPRS process. 
The pressure in the vessel was calibrated within an 
uncertainty of 4- 50 MPa by obtaining the melting 
curve of lead, using a high temperature differential 
thermal analysis (DTA) method. Pyrophyllite was 
used as the pressure medium. The temperature of the 
sample during sintering was measured within 4- 1 ~ 
by a thermocouple connected directly to the sample. It 
was found that the synthesis of NiA1 in the HPRS is 
very sensitive to the process parameters. In this work, 
a pressure of 2 GPa, a heating temperature of 500 ~ 
and holding time of 30 min were chosen in HPRS for 
obtaining stoichiometric NiA1. The HPRS samples 
had an appearance of cylinders with a height of about 
6 mm and diameter of about 5 mm. 

In order to compare the mechanical properties of 
the NiA1 manufactured using the HPRS and normal 
powder metallurgy process, respectively, the elemental 
nickel and aluminium powders mentioned above were 
mixed and cold compacted by die pressingunder the 
same conditions. The samples were then prepared by 
hot pressure RS in a hot press furnace. Pure argon was 
used to protect the NiA1 from oxidation. The sintering 
temperature, hold time and applied pressure were 
1200 ~ 2 h and 33 MPa, respectively. A heating rate 
of 15 ~ rain- 1 was used. Temperature measurements 
with an uncertainty of + 5 ~ were performed using 
a thermocouple put into the furnace close to the 
graphite die containing the specimen. The sintered 
sample was 20 mm long with 18mm diameter. The 
sintered relative density was determined by a water 
immersion technique [14] and calculated according 
to the theoretical density of 5.95 g cm -3 for the 
stoichiometric NiA1 [3]. 
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The microstructures of the HPRS NiA1 were inves- 
tigated using optical microscopy and Jeol 2000FX 
transmission electron microscopy (TEM) at 200 kV 
and that of the hot-pressed RS NiA1 was examined 
using only optical microscopy. The microstructures of 
the specimens of both HPRS NiA1 and hot-pressed RS 
NiA1 observed by optical microscopy were revealed by 
immersion in a solution consisting of 20 ml HC1, 20 ml 
C2HsOH and 1 g CuC12. The sizes of the grains and 
dispersoids were determined using a linear intercept 
method. Specimens chosen for TEM examination 
were sectioned by cutting slices 0.2 mm thick by elec- 
trodischarge machining and polished to a thickness of 
about 50 gm using silicon carbide grinding papers. 
Disks of 3 mm diameter were then cut from the 
polished samples and jet-electropolished in an electro- 
lyte of 10% sulphuric acid and 90% methanol. The 
microcompositional analysis was performed by means 
of X-ray energy dispersive spectroscopy (EDS). The 
uncertainty of the EDS analysis was within 2.5 at %, 
except for some light elements, due to employing 
a standard sample to improve accuracy of the 
measurement. 

Mechanical testing in compression at room temper- 
ature of both HPRS NiA1 and hot-pressed RS NiA1 
was performed on either an MTS Testing Machine 
810 or Instron Universal Testing Machine 1195. 
A small right cylindrical compression specimen of 
4.7 mm long (parallel to the pressing direction) with 
3 mm diameter was prepared by electrodischarge ma- 
chining from HPRS or hot-pressed RS samples. 
A constant compressive strain rate of 8.3 x 10 -4 s-1 
was used. The test data in the load-time charts were 
converted to true stresses and strains via an offset 
method [24] assuming uniform deformation and con- 
servation of volume. The fracture surfaces of the com- 
pressive test samples were observed by means of 
a Hitachi S-570 scanning electron microscope (SEM). 
Microhardness testing of the samples was performed 
using a load of 100 g before observation by optical 
microscopy. 

3. Results 
3.1. Microstructures 
Optical microscopy showed that the HPRS NiA1 was 
almost fully dense, which is consistent with the meas- 
ured relative density (98.2%) [23], and this is higher 
than the relative density (95.8 %) of the hot-pressed RS 
NiA1. NiA1 prepared by both processes consisted of 
a polygonal grain structure with dispersions distrib- 
uted mainly on grain boundaries (Fig. 1), similar to 
that in RHIP NiA1 and NiA1-TiB2 [143, implying that 
dynamic recrystallization took place no matter 
whether a low or a high pressure was applied in RS. 
The average grain size of the HPRS NiA1 was 11.2 gin, 
so no obvious grain growth occurred on HPRS com- 
pared to the size of the original elemental powders. 
However, the average grain size of the hot-pressed RS 
NiA1 was 26.7 ~tm, which is more than twice the grain 
size of the HPRS NiA1, suggesting that grain growth 
occurred during hot-pressing RS. The X-ray diffrac- 
tion (XRD) and EDS (in SEM) analyses [23] indicated 



Figure 1 Microstructures (optical micrographs) (a) HPRS NiA1 and (b) hot-pressure RS NiA1. 

that the HPRS NiA1 consisted of single phase ]3-NiA1 
with a B2 structure, in addition to aluminium-rich 
particles. No remaining pure nickel or aluminium was 
found in both XRD and EDS analyses, suggesting that 
the reaction between the elemental powders during 
HPRS was complete. A similar examination in the 
hot-pressed RS NiA1 was performed [25], indicating 
that the reaction in the NiA1 also was complete. The 
volume percentages of the aluminium-rich particles in 
both NiA1 samples were very close and the percentage 
estimated is about 8.5%. 

The microstructures of the HPRS NiA1 were further 
studied by means of TEM, the results from which 
coincided well with the observations using optical 
microscopy. Selected area electron diffraction (SAED) 
analysis (Fig. 2) proves that the matrix of the alloy is 
[3-NiAI. Moreover, the average size of the particles, 
mainly on the grain boundaries, was very small, only 
0.1 gm, although agglomeration to some extent was 
observed using optical microscopy (Fig. 1). Additional 
SAED investigation revealed that the aluminium-rich 
particles are A1203 (Fig. 3). The microcompositional 
examination of the particles using EDS in TEM is 
consistent with the SAED analysis (Fig. 4a). The aver- 
age composition of the [~-NiA1 grains was Ni-49.2 
at % A1 (Fig. 4b), which coincides with the EDS exam- 
ination in SEM (Ni 48.9 a t %  A1 [23]) within the 
uncertainty range. The aluminium content of the 
matrix is a little lower than the nominally stoichiomet- 
ric NiA1 due to the existence of the A1203 particles in 
the HPRS NiA1, which probably came fi'om the orig- 

inal aluminium powders. No voids or microcracks 
were found around the interface between the AlzO3 
particles and the ]3-NiA1 matrix, suggesting that the 
interface bonding is very good, even under the ex- 
tremely high pressure (2 GPa) during HPRS. The 
average size, 0.5 gm, of the A1203 particles in the 
hot-pressed RS NiA1 was larger than that in the HPRS 
NiA1. 

One of the significant characteristics of the HPRS 
NiA1 is that many dislocations were present. The dis- 
locations were distributed not only among the A1203 
particles, which resulted in networks (Fig. 5a and b), 
and on grain boundaries (Fig. 2a and c) but also in 
grains (Fig. 5c). The average dislocation density meas- 
ured by a normal method [26] was about 
3.5 x 10 9 cm -2 but no obvious dislocation cell struc- 
ture was observed. The dislocation distribution was 
generally homogeneous from grain to grain and with- 
in grains, which is different from the results found in 
pressurized NiA1 [211. Burgers vectors of dislocations 
different from the normal (100} vector in NiA1 El, 2] 
have not been found. 

3.2. Mechanical properties 
The true compressive stress-strain curves of both 
HPRS NiA1 and hot-pressed RS NiA1 are presented in 
Fig. 6. Both samples exhibited no obvious yield behav- 
iour and showed significant work hardening. This 
similarity between HPRS and hot-pressed RS NiA1 
suggests that the  extreme increase of the pressure on 
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Figure 2 TEM micrographs of HPRS NiA1 (a)bright riel& 
(b) selected area electron diffraction (SAED) pattern of the 
matrix, ~-NiA1 [0133 zone and (c) dark field of [3-NiA1 correspond- 
ing to (a). 

RS did not change the flow behaviour of the NiAI in 
some aspects. The 0.2% offset yield strength of HPRS 
and hot-pressed NiA1 were close to each other, 526 
and 567 MPa, respectively. The yield strength of the 
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HPRS NiA1 is within the range of previous work 
performed on cast NiA1 (311 MPa) [27], RS NiA1 
(544 MPa), and RHIP NiA1 (890 MPa) [13]. The 
microhardness (Hv) of the [~-NiA1 in the hot-pressed 
RS NiA1 was 287kgmm -2, which is close to the 
results obtained for RHIP NiA1 (277 kg mm -2) [14] 
but lower than that for HPRS NiA1 (408 kgmm-2).  
This difference probably relates to high residual stress 
in HPRS NiA1 and the lower sintering density of the 
hot-pressed RS NiA1. 

However, the fracture strain of the HPRS NiA1, 
14.5%, was fairly high and that of the hot-pressed RS 
NiA1 was very low, only 2.8%, this being consistent 
with that of NiA1 fabricated using cast or normal 
powder metallurgy processes [1, 2]. The increase of 
the ductility of the HPRS NiA1 is similar to the effects 
of the superimposed pressure in tests on the ductility 
of the NiA1 [19] but did not induce the dramatic 
lowering of the yield strength as occurs with pressur- 
ized NiA1 (reduced by 25%) [20, 22]. No microcrack- 
ing was observed around the microhardness indents.in 
HPRS NiA1 (Fig. la) even under large magnification. 
However, it was reported [28] that the cracks were 
present around the microhardness indents in an an- 
nealed NiAI fabricated by mechanical alloying. Conse- 
quently, this suggests that toughness of the HPRS 
NiA1 is good. 



Figure 3 Identification of dispersive particles (a) particles with 
nanometre size and surrounding dislocations, (b) SAED patterns, 
A1203 [441] zone (smaller pattern) and 13-NiAI [345] zone (larger 
pattern) and (c) dark field of the A1203 particle corresponding to (a). 

propagation of the microcracks did not result from the 
particles, which also proves the interface bonding be- 
tween the A1203 particles and the [3-NiA1 matrix is 
fairly good. The fracture surface of the hot-pressed RS 
NiA1 is shown in Fig. 7b, which shows a dominant 
mode of intergranular fractures. In comparison with 
that of HPRS NiA1 and the other relevant results [5, 
27], it can be deduced that intergranular fracture is 
difficult to avoid in NiA1 if there are not sufficient 
independent slip systems present even though the duc- 
tility is improved to some extent. 

3.3. Fracture surface 
Compared to the brittle intergranular fracture surface 
of the cast NiA1 [29], the fracture surface of HPRS 
NiA1 shows a mixture of intergranular and trans- 
granular fractures (Fig. 7a). Moreover, many deflected 
and branched transgranular microcracks were present 
on the fracture surface, suggesting again the improved 
toughness of the HPRS NiA1, based on our other 
work [5, 30]. Many very fine A1203 particles can be 
seen on the fracture surface. The nucleation and 

4. Discussion 
4.1. Effects of the high pressure on reaction 

sintering of the NiAI 
Most of the powder metallurgy processes employed to 
fabricate intermetallics are based on reaction sintering 
(RS) [31]. Because of the difficulty in observing and 
monitoring the detailed process of RS, there has been 
limited understanding of RS. The study of HPRS is 
more difficult at this stage so we will analyse the 
possible mechanism for HPRS through investigation 
of the effects of high pressure on RS based on above 
experimental results. 

RS generally includes two stages: one is a reactive 
process between the elemental powders to produce 
intermetallic compounds, which is also beneficial for 
the consolidation of the powders, and the other is 
a further densification process. The first process pro- 
ceeds mainly through the formation of a transient 
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F i g u r e  4 EDS patterns of HPRS NiA1 examined with TEM (a) AlzO 3 particle and (b) 13-NiA1 matrix. 

liquid phase, typically a eutectic liquid, with the 
exotherm at the interface between contacting particles 
E32] in order to accelerate the reactive process, fol- 
lowed by consolidation. Hence, heating the compact 
to its lowest eutectic temperature is normally neces- 
sary in the first stage of RS [14]. For  degassing and 
densifying through solid state diffusion of the atoms, 
the compact needs to be heated to a higher temper- 
ature in the second stage of RS. 

In the Ni-A1 binary system, the lowest eutectic 
temperature is about 640 ~ according to the Ni-A1 
phase diagram [33]. Most published work indicates 
that the reaction temperature in RS or hot-pressed RS 
NiA1 is about 700 ~ this being close t o  the lowest 
eutectic temperature. The density of the products with 
the shrinkage porosity was not high so the following 
consolidation by HIP,  RHIP  or annealing at higher 
temperatures (1200-1300~ for a long time (1-6 h) 
was necessary [14, 34] even for Ni3A1 [35]. The hot- 
pressed RS can normally combine these two stages but 
needs a higher heating temperature and longer hold 
time. In the present work, similar processing para- 
meters (1200~ 33 MPa  and 2 h) were applied to 
fabricate NiA1 by hot-pressing RS: we tried unsuccess- 
fully to lower the sintering temperature witla other 
parameters being fixed. 

Comparing the experimental results employing 
HPRS with those applying the normal hot-pressure 
RS in the fabrication of NiA1, the major characteristics 
of the HPRS process are: (a) applying a very high 
uniaxial compressive pressure, (b) employing a lower 
sintering and densifying temperature, and (c) without 
additional densification and homogenization at 
higher temperature. The high pressure (2 GPa) ap- 
plied in the HPRS NiA1 is more than 60 times that 
employed in the hot-pressed RS NiA1 and is certainly 
larger than the yield strength, e~y, of elemental pow- 
ders. In fact, e~yl, the yield strength of a cold-worked 
sample of most materials at room temperature, is less 
than 1.5 GP a  [36]. Hence, the A1203 film on alumi- 
nium powders is easily broken into small pieces when 
heavy plastic deformation and severe friction result 
from applying the high uniaxial pressure, which is 
beneficial for the endothermal reduction and also is 
a prerequisite for the initiation of the reaction between 
the nickel and the aluminium. Hence, the role of the 
high pressure is important  for lowering the reaction 
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temperature, although the reduction was not complete 
in the present HPRS NiA1, which led to ve ry  fine 
(0.1 mm) A1203 particles being observed. The pressure 
applied in normal hot-pressure RS process can also 
play a similar role, but the pulverization effects are not 
apparent although the temperature is much higher, 
which can be seen from the larger size (0.5 mm) of the 
A120~ particles in the hot-pressed RS NiA1. 

Compared with production of a liquid phase for 
accelerating the reaction in RS and normal hot-pres- 
sure RS (Fig. 8), applying a very high uniaxial pressure 
P (P > e~yl) is an alternative way to promote the 
reaction. The high pressure gradient directed from 
powders to pores or clearances can induce heavy plas- 
tic deformation in the compact, which could play 
a similar role of filling the pores and increase the 
contact surfaces between powders (Fig. 8). It was 
shown [371, in fact, that plastic flow makes a signifi- 
cant contribution to densification of the compact at 
T < Tin, where Tm is the melting temperature of the 
material. These advantages of applying high pressure 
in HPRS may offset the disadvantages of the lower 
diffusivity in the solid state (no evidence of melting 
observed in the HPRS sample) and the negative effects 
of the high pressure on diffusivity. It is apparent that 
as soon as the condition to form NiA1 is met, in some 
places in the compact the heat released by the reaction 
will accelerate the diffusion and reaction in the re- 
maining places since the formation heat of 
stoichiometric NiA1, about 72 kJ mol - t, is very large 
[2]. Consequently, employing the high pressure m 
HPRS can reduce the reaction temperature [500 ~ for 
NiA1) below that of the eutectic reaction. We recently 
reported the formation of cold-sintered blocks of 
single 13-NiA1 phase of macroscopic size by mechanical 
alloying (MA) of the elemental powders [11]. The 
reactive process between the nickel and aluminium 
powders should be similar to that in HPRS but a large 
and repeated dynamic impact stress acted on the pow- 
ders accompanied by heating from the compaction, 
which lead to a temperature increase estimated to be 
below about 100 ~ Moreover, the size of the blocks is 
smaller and the relative density is lower compared to 
the HPRS samples, which can be a reason for forma- 
tion of the NiA1 blocks without additional heating. 
The results support the above analysis of the effects of 
pressure on the reaction in the synthesis of NiA1. 



Figure 5 Dislocations in HPRS NiA1 (a) dislocation networks 
among AI203 particles, (b) dislocations bowing out the networks 
(marked by arrows) and dislocation generation from interfaces 
between the particle and matrix and (c) dislocations with a high 
density within the grain. 

Regarding the second stage, i.e. densification, since 
densifying the compact to a certain extent dominates 
the initiation and continuance of the reaction, depend- 
ing only on solid state diffusion, the reaction process 
in HPRS is closely linked with the densification pro- 
cess (Fig. 8). On the other hand, the very high pressure 
and resulting plastic flow are beneficial for further 
densffication to enhance the sintering density for shor- 
ter hold times, as shown in the experimental results. 
The results of the cold sintering of pure metals with 
a high density (>  95%), such as A1, Cu, Ni and Ti, 
under a high compressive pressure up to 10 G P a  at 
room temperature were previously reported [36]. 
The resulting advantages from HPRS of avoiding 
grain growth and increasing the sintering density are 
apparent. 

Further study in distinguishing the effects of the stress 
mode (uniaxial or compressive, isostatic Or dynamic) 
on the RS of NiA1 intermetallics is necessary. More- 
over, heating to a certain temperature is important to 
assure sufficient diffusion for completing the reaction 
between nickel and aluminium powders in HPRS, 
since one sample heated to only 400 ~ (whilst keeping 
the other parameters constant) showed incomplete 
reaction. 

4.2. Effects o f  high pressure on the 
dislocation generation and ductility 

The dislocation density is normally very low, otily 
1.8 x l0 s cm -2 in cast, extruded and annealed poly- 
crystalline NiA1 [21], extremely low in polycrystalline 
NiA1 extruded in the range of 1200 to 1400 K [29] and 
in annealed single-crystal NiA1 [22]. Consequently, 
one of the effects of applying high pressure in RS of 
NiA1 appears to be a significant increase in the dislo- 
cation density, reaching 3.5 x 109 cm -2 as shown in 
F igs  3-5. The overall dislocation distribution was 
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Figure 6 Compressive testing curves of HPRS NiA1 and hot-pres- 
sure RS NiA1. Key: �9 HPRS NiA1; C) hot-pressure RS NiA1. 

generally uniform, although more dislocations were 
present around the A1203 particles on the grain 
boundaries. It was previously pointed out [18, 21] 
that pressurization can generate mobile dislocations 
around second phase particles and inclusions in a ma- 
terial due to a local shear stress resulting from the 
differences in compressibilities, but the size of the 
second phase in the b c c metals should normally be 
smaller than 1 gm. The experimental results in the 
present work, including the smaller average size of the 
A1203 particles, less than 1 gm, is similar to that in the 
pressurized NiA1, although dislocation distribution is 
different as mentioned above. As shown in the upper 
right of Fig. 5b, many dislocations were generated 

from the interface between the A1203 particles and the 
NiA1 matrix. A similar situation occurred around 
other particles in the HPRS NiA1 resulting in a high 
density of dislocations. The generation of the disloca- 
tions in HPRS NiA1 originates essentially from the 
different elastic and thermal properties between NiA1 
and AlzO3, which induced different elastic deforma- 
tion or misfit strain between them when the HPRS 
NiA1 was cooled to room temperature and the high 
pressure was removed. However, as shown in the 
experimental results, the interface bonding between 
the NiA1 matrix and A1203 particles was very good, 
indicating that the deformation on the two sides of the 
interface was compatible. The misfit strain and the 
requirement of ~the compatible deformation can result 
in a stress concentration around the interface between 
the NiA1 matrix and AlzO3 particles, which operates 
potential dislocation sources around the interface. 
A similar phenomenon was observed around the inter- 
face between NiA1 and Ni3A1 in nickel-rich NiA1 [-7]. 
Estimation of the pressure-induced dislocation density 
in the HPRS NiA1 is made. The pressure-induced 
misfit strain Aa~ between the NiA1 and A1203 particles 
can be indicated as 

A~I = e l m -  alp = (Y(1/Em- 1/Ep) (1) 

where E is the Young's modulus, cy is the external 
stress, i.e. applied pressure here. The subscripts m and 
p indicate the NiA1 matrix and A1203 particles, respec- 
tively. Here only a linear elasticity and an approxim- 
ate isostatic stress during HPRS are considered. 
A thermal misfit strain Aa2 on cooling to room tem- 
perature should be 

A E 2  : E 2 m  - -  E 2 p  = ((Y~n - -  O ~ p ) ( Z 2  - -  r l )  ( 2 )  

where o~ is the coefficient of thermal expansion (CTE), 
T2 is the sintering temperature and T~ is room tem- 
perature. Hence, the pressure-induced increase of the 

Figure 7 Compressive fracture surfaces (a) HPRS NiA1 and (b) hot-pressure RS NiA1. 
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dislocation density Ap is related to the overall misfit 
strain A~ by [38]: 

Ae Ag 1 -- Ag 2 
Ap - Lb - Lb (3) 

where L is the free path of the dislocation motion, and 
b is Burgers vector of the dislocation. Consequently, 
using L - - 0 . 5  gm (average distance between A1203 
particles), b = 0.287 nm for a normal ( 1 0  0) slip in the 
NiA1, cy = 2 GPa, Em = 177 GPa, Ep = 524 GPa  [39], 
aq~ = 16x 10 .6 K -1, % = 9.1 x 10 .6 K -1, T2 = 773 K, 
T1 = 298 K and assuming that the CTE of both NiA1 
and A1203 are temperature independent on cooling 
from 500 ~ the pressure-induced increase of the dis- 
location density Ap can be estimated as 

Ap = ~ L ~ Ep Em - (O{m - O~p)(T 2 - T I )  

= 2.93 x 109 cm -2 (4) 

This value of the dislocation density coincides reason- 
ably well with the measured value of 3.5 x 109 cm -z, 
suggesting that the pressure-induced injection of the 
dislocations in the HPRS NiA1 was mainly due to the 
different elastic properties of A1203 particles and 
the NiA1 matrix. Regarding the proposed point of 
the inhomogeneous composition within a grain as the 
reason for pressure-induced dislocations [20, 22], the 
composition in the cast and powder metallurgy alloys 
is generally inhomogeneous due to the segregation in 
the cast alloy and insufficient mixing in the powder 
metallurgy alloy, respectively. Moreover, the composi- 
tion change within a grain is usually gradual except 
for the possible sudden change around the grain 

boundary or interface associated with various defects, 
substructure and second phases. Hence, the stress con- 
centration to some extent necessary to operate the 
potential dislocation source around the various inter- 
faces resulting from the high pressure and different 
elastic properties (also related to the composition 
change cross the interface instead of within a grain), 
should be the major reason for the generation of 
dislocations. 

The essence of the poor ductility at room temper- 
ature of the ordered NiA1 is a very complicated issue. 
This relates t o  many factors at different structural 
levels, such as the atomic bonding, the mobile disloca- 
tion density (associated with the dislocation structure, 
Pier ls-Nabarro force, the dislocation generation 
mechanism, the antiphase boundary (APB) energy or 
stacking fault energy), the critical resolved shear stress 
(CRSS) and independent slip systems (in polycrystal- 
line NiA1). The lack of mobile dislocations due to the 
high ordering energy is, at least, one of the major 
reasons for the low ductility of NiA1, as pointed out 
previously [40]. Since no new slip system was found in 
the HPRS NiA1, pressure-induced dislocations with 
a high density should contribute substantially to the 
improvement of the ductility in the HPRS NiA1, which 
was also shown in the other relevant work when high 
pressure was applied [36]. The residual stress in the 
HPRS NiA1 can also contribute to the improvement 
o f  the ductility by suppression of the initiation or 
propagation of microcracks. It should be pointed out 
that the stress state in the compressive test is not as 
severe as that in the tensile test, so microcracks in the 
compressive test are not easier to propagate inter- 
granularly as shown in [29]. Hence, simply using the 
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fracture strain in compressive testing as the ductility 
and simply comparing between compressive strain 
and relevant tensile properties of a material or be- 
tween different materials, is not adequate. However, 
different fracture strains of a material, manufactured 
by different processes in compressive tests with the 
same testing conditions as a relative comparison, can 
provide useful information to assess the relation be- 
tween the ductility and manufactured process of the 
material, such as that between the HPRS NiA1 and 
hot-pressed RS NiA1 in the present work, and that in 
the other work relevant tO NiA1 or other intermetallics 
[-8, 10, 19, 41], particularly when the available sample 
size is limited. A detailed quantitative study to com- 
pare the effects of the compressive stress to that of the 
tensile stress on the ductility and strength related to 
the crack propagation and future application in NiA1 
is necessary. Efforts to manufacture HPRS NiA1 with 
a larger size to examine the tensile properties is being 
carried out. 

4.3. Effects of high pressure on the yield 
strength 

A marked lowering of the yield strength (25% or 
about 60 MPa) in NiA1 simply exposed to 500 MPa 
pressure was previously reported [19] and the reason 
was postulated to be due to pressure-induced disloca- 
tion generation. However, the yield strength of the 
HPRS NiA1 did not decrease significantly in compari- 
son with that of the hot-pressure RS NiA1. 

Hirsch [42] proposed that the magnitude of the 
flow stress in an alloy with a given dislocation distri- 
bution can be attributed to a number of different 
contributions, such as the passing stress of two paral- 
lel dislocations of opposite sign on parallel glide 
planes, the long-range stress from dislocation pile-ups, 
the stress to operate a Frank-Read source, the stress 
to overcome attractive or repulsive interaction with 
forest dislocations, etc. Similar to dividing the flow 
stress into a temperature-dependent part and a tem- 
perature-independent part by Seeger [43], it can be 
assumed that the flow stress v proposed by Hirsch 
consists of the stress "ca to operate the dislocation 
sources for the dislocation generation and the stress "cm 
to overcome various resistances of the other disloca- 
tions or particles to the dislocation motion i.e. 

17 = 27d @ 'cm (5) 

Hence, since the mobile dislocation density in the 
NiA1 is normally very low, if the pressure-induced 
dislocations in NiA1 are sufficient for the initiation of 
plastic deformation with an increase of the pressure, 
the pressure-induced decrease of the yield strength 
should be za in Equation 5, which is difficult to calcu- 
late but is about 60 MPa in the case of thepressurized 
NiA1 [19]. On the other hand, the pressure-induced 
dislocations also played a significant strengthening 
role in the HPRS NiA1 through the reaction with the 
A1203 particle and their mutual reaction. It can be 
seen from Figs 5b and 3a (marked by arrows) that 
some dislocations bowed out from the networks, sug- 
gesting an Orowan strengthening mechanism. Conse- 
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quently, there is a competition between the strength- 
ening role and weakening role of the pressure-induced 
dislocations in NiA1. The increase of the yield stress % 
due to Orowan strengthening can be estimated as 
[44]: 

Act - Gb ln(0.89r~ = 40.2MPa (6) 
27~L \ b /  

where G is the shear modulus of the matrix, L is the 
interparticle spacing, r is the particle size and using 
G = 76.7 GPa E2], L = 0.5 gm and r = 0.1 gin. It is 
clear that the strengthening role of the pressure- 
induced dislocations in the HPRS NiA1 can offset 
almost totally the weakening role if the other strength- 
ening contributions of the dislocations through their 
mutual reactions, etc. are considered. This can be the 
reason why the yield strength of the HPRS NiA1 was 
not significantly reduced. If the interparticle spacing in 
Equation 6 can be reduced or the volume fraction of 
the particulate can be increased, the yield strength of 
the HPRS NiA1 would be increased, which was found 
in mechanical alloying of NiA1 [10]. In addition, the 
AlzO 3 particles with the fine size, homogeneous distri- 
bution and good bonding with the matrix, affect con- 
siderably the mechanical properties of the HPRS 
NiA1, although the A1203 only came from the elemen- 
tal aluminium powders. The result suggests that the 
HPRS NiAl-based composite should show better 
mechanical properties if more appropriate ceramic 
particles are added into the NiA1. 

Most of all, the HPRS process exhibits many 
advantages and a potential to manufacture other inter- 
metallics and brittle materials, particularly for nano- 
structural materials. However, enhancing the product 
size, finding the relation among the processing para- 
meters, microstructures and mechanical properties of 
the HPRS materials and exploring the detailed mech- 
anism are the challenges for future study. The tensile 
properties at room temperature, the high temperature 
properties and annealing effects of the HPRS NiA1 
also need to be investigated further. 

5. Conclusions 
1. A new HPRS process was successfully employed 

to synthesize Ni-49.2 at % A1 with a relative density 
of 98.2% and average grain size of 11.2 lam. The 
HPRS NiA1 consisted of a single [3-NiA1 phase con- 
taining A1203 particles with an average size of 0.1 gm, 
distributed mainly on the NiA1 grain boundaries. The 
application of a high uniaxial and hydrostatic com- 
pressive pressure up to 2 GPa in reaction sintering 
significantly reduced the sintering temperature from 
1200 to 500 ~ and the hold time from 1-2 h to 0.,5 h 
in comparison with the normal hot-pressed NiA1, so 
that grain growth during sintering could be sup- 
pressed. The postulated HPRS process and effects of 
the high pressure on reaction and densification are 
discussed. 

2. Many pressure-induced dislocations with a high 
density of about 3.5 x 1 0  9 c m  - 2  and generally homo- 
geneous distribution were found in the HPRS NiA1. 



The dislocations were generated from the interface 
between the A1203 particles and the [3-NiA1 matrix. 
The phenomenon was assumed to be due mainly to 
the different elastic properties between the dispersoid 
and the matrix and the requirement for compatible 
deformation on removing the high pressure. The 
quantitative estimation of the pressure-induced dislo- 
cation density based on this assumption is reasonably 
consistent with the measured results. The significant 
improvement of the compressive ductility (14.5%) of 
the HPRS NiA1 was achieved in comparison with the 
low fracture strain (2.8%) of the normal hot-pressed 
RS NiA1 under the same testing condition. No new 
slip system was identified and the fracture surface of 
the HPRS NiA1 showed a mixture transgranular frac- 
ture and intergranular fracture modes. Hence, the 
pressure-induced dislocations were considered to be 
the major reason for the improvement of the ductility 
in the HPRS NiA1. 

3. The yield strength (526 MPa) of the HPRS NiA1 
is close to that of the hot-pressed RS NiA1 (567 MPa), 
indicating that the pressure-induced dislocations 
hardly affected the yield strength of the NiA1. The 
strengthening and weakening roles of the pressure- 
induced dislocations are discussed. The quantitatively 
estimated values for the two effects suggest that the 
strengthening role of the pressure-induced disloca- 
tions can offset almost totally their weakening role on 
the yield strength of the HPRS NiA1. 
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