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Compression tests are carried out at room temperature with the as-cast and
spark-plasma sintered (SPS) specimens of Ni49.0-Mn28.5-Ga22.5 (at.%)
and Ni63—-Al37 (at.%) alloys. For both systems, ductility of the SPS com-
pacts increases more than by one order of magnitude. Compressive strength
of Ni-Mn—Ga alloy increases from 180—-240 MPa for induction melted speci-
mens to 510—815 MPa for spark-plasma sintered specimens, depending on the
regimes of processing, and for Ni—Al alloy, from 760 to 1310 MPa. Fracture
stress of Ni-Mn—Ga and Ni—Al specimens raise from 185-215 to 1170 MPa
and from 790 to 1870 MPa, respectively. The SEM and XRD investigations
reveal that sintered samples of both systems have a composite structure,
which contains the micron-size metallic particles bound by the binder phase.
This phase consists of NizAl and Al,O; phases in case of Ni—Al alloy and con-
sists of MnO with apparently small amount of Ni;Ga phase in case of Ni-Mn—
Ga alloy. As assumed, this phase strengthens the grain boundaries. This one,
in conjunction with reduction of the grain size, the manifold morphology of
the Ni-Mn—Ga specimens consolidated from the hollow particles, the pres-
ence of extra ductile y’-phase in Ni—Al particles, provides the enhancing me-
chanical properties of alloys fabricated by means of the SPS method.

BumnpobyBanHs Ha CTHCHEHHs OyJIO BUKOHAHO IPM KiMHaATHilI TemiepaTypi
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st 3paskis cromiB Ni49,0-Mn28,5—-Ga22,5 (at.% ) tra Ni63—Al37 (at.%), Ak
MIOMHO BUTOILJIEHUX, TaK i oflep:KaHUX ILJIa3MOBO-icKpoBoio meTomoio (IITM).
I 060x cucreMm miaactTuuHicTs IIIM-3paskiB 3pocTae GiIbINT HidK HA TOPAIOK
MOPiBHAHO i3 Buxiguumu. MimnuicTs Ha cTuck cronmy Ni—Mn—Ga 36iabI1yeThCA
Bigm 180-240 MIla gya mio¥iHO BUTOILIeHUX 3paskiB mo 510-815 MIla maa
IIIM-3paskiB, 3a1€KHO BiJ pesKnuMiB 00pobaenns; njs cromy Ni—Al — Big 760
no 1310 MIla. Hanpy:keHHa pylinyBaHHsa 3paskiB Ni-Mn—Ga 30iabiryeTbes
Big 185—-215 mo 1170 MIIa, a gaa spaskiB Ni—Al — Big 790 go 1870 MIIa.
CreueHi 3pasku 000X CHCTEM MAalOTh KOMIIO3UTHY CTPYKTYPY, YTBOPEHY 3 Me-
TaJIeBUX YaCTUHOK MiKPOHHUX PO3MipiB, MOB’sA3aHUX CIOJYYHOIO a30I0, IO
ckaanaerses 3 NigAl i AlL,O,; nuist crory Ni—Al ta 3 MnO 3 HeBeInKOMO KilbKic-
110 NizGa mia crony Ni-Mn—Ga. Ilepexbauaerned, 1o 115 dasa 3MIiITHIOE MeKi
sepeH. Ile pasoMm i3 3MeHINIEHHSM PO3Mipy 3epHAa, a TAKOK 0araTo3B’sa3HOIO
mopdoJioriero 3paskiB Ni—Mn-Ga, KOHCOJIiZOBAHUX i3 IMOPOMKHUCTUX UACTH-
HOK, Ta HaABHicTIO miacTuuHol y'-hasu B yacTuakax Ni—Al mokparrye mexa-
HiYHi BJIaCTUBOCTI CTOMIB, OJlEp:KaHUX I1J1a3MOBO-iCKPOBOIO METOIOIO.

WcnbplTanusa Ha cikaTue ObLIN BBLIIIOJHEHLI IPU KOMHATHON TeMIlepaType AJs
obpasios craBoB Ni49,0-Mn28,5-Ga22,5 (at.% ) u Ni63—Al37 (aT.%), Kak
IJs BBIIJIABJICHHBIX, TAK M IMOJYYEHHBIX ILJIa3MEeHHO-UCKPOBBEIM METOIOM
(IINM). Ona obeux cucteM maactTudHocTb [IMTM-006pasiioB Bo3pacraer OoJiee
yeM Ha IOPAMOK II0 CPAaBHEHUIO ¢ UCXOAHBIMU. IIpOUYHOCTL HA ciKaTHe cIjIaBa
Ni—Mn—Ga ysenuuuaercs ot 180—240 MIIa gyis BeIILIaBIeHHBIX 00Pa3IloB 10
510-815 MIla gna IIMM-o6pas3mnoB B 3aBUCUMOCTH OT PEKHNMOB 00pabOTKH,
nas cimaBa Ni—Al — ot 760 1o 1310 MITa. Hanps:xenue paspyIlieHus o0pas-
moB Ni-Mn—Ga yBemumuuBaerca ot 185-215 mo 1170 MIla, a aixsa o6pasioB
Ni—-Al — ot 790 mo 1870 MIIa. Creuéunuble 00pas3Ilbl 00eMX CHUCTEM HMEIOT
KOMIIOBUTHYIO CTPYKTYDPY, 0OOpPasoBaHHYIO M3 METAJJINYECKUX UYACTUI], MUK-
POHHBIX PasMepoOB, CKPEILIEHHBLIX CBA3YIOIIel (asoit, cocrosireir us NizAl u
Al,O; nas craBa Ni—Al u us MnO ¢ Hebosbmum KoaumdectBom Ni,Ga mis
cmiiasa Ni-Mn—Ga. IIpengmonaraercs, 4To sTa (pasa yKpeIIsieT I'PAHUIILL 36-
peH. JTO BMeECTe C YMEHBIIIEHHEM pasMepa 3epHa, a TaKyKe MHOTOCBA3HOM
mopdosoruei 06pasoB Ni-Mn—Ga, KOHCOTUAUPOBAHHLIX M3 MOJILIX YACTHII,
¥ HaJWYMeM ILIacTUUecKoi y'-(assl B uactuiiax Ni—Al yayuraer mexanude-
CKIe CBOMCTBA CILJIABOB, HOJYUYEHHBIX [IJIA3MEHHO-UCKPOBBIM METOOM.

Key words: mechanical compressive tests, Ni-Mn—Ga alloys, Ni—Al alloys,
spark-plasma sintering method, spark-erosion method.
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1. INTRODUCTION

Ni—Al intermetallics enriched with Ni are the promising shape-
memory alloys. Currently, their practical application is limited by low
room temperature plasticity of their polycrystalline forms, in particu-
lar due to large grain scales and the formation of brittle intermetallic
compound NisAl; during the preparation or heat treatment. Ni—Mn—
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Ga alloys also have attracted considerable attention because of their
potential as magnetically driven shape-memory alloys, high-
temperature shape-memory alloys, vibration damping and magnetoca-
loric devices [1]. Significant brittleness of the Ni-Mn—Ga alloys is a
serious problem hindering application of this material. Attractive per-
spectives of the practical applications of these materials stimulate the
continuous searching for new routes of their elaboration.

Powder metallurgy technique is believed as good alternative for the
ductility improvement. Among others, the spark-plasma sintering
(SPS) method looks as express method allowing the sintering powders
within several minutes in vacuum or inert gas atmosphere. In [2-7],
the study of Ni—-Mn—Ga alloys fabricated by the SPS method have been
reported. Now, the data about plasticity of the SPS compacts are con-
tradictory. In [7], authors have shown that the ductility in compres-
sive tests of SPS compacts sintered at 1173 K followed by homogeniza-
tion at 1073 K for 240 hours was about 14.2% in comparison with
1.5% for the arc-melted materials. Tien et al. have manifested in [4—6]
that the ductility under similar conditions of SPS Ni—Mn—Ga alloys
sintered from mechanically milled powders at 1173 K followed by ho-
mogenization at 1073 K for 12 hours was about 27% , while the ductili-
ty of arc-melted samples have achieved 8% . At the same time, the frac-
ture strains of SPS compacts sintered from mechanically crashed
strips of Ni-Mn—Ga was only about 1.5-3.3% [3]. Such discrepancy
between the results presupposes the large sensitivity of the Ni-Mn—Ga
ductility to the fabrication conditions as well as the materials used for
the sintering.

In our previous communication [8], the results of spark-plasma sin-
tering of Ni-Mn—Ga spark-erosion powder and the peculiarities of the
martensitic transformation in compacts are described. As is shown,
the morphology and microstructure of spark-erosion particles are very
similar to gas atomized powders. It is important to compare the ductil-
ity of SPS compact elaborated from such particles with those ones fab-
ricated from mechanically crashed materials.

There are a few communications concerning the elaboration of
shape-memory Ni—Al alloys by SPS method within the authors’
knowledge. All of them dealt with the consolidation from elemental Ni
and Al powders [9—-11]. No results of the ductility study are presented
in them. The microstructure of Ni—Al shape-memory alloys consoli-
dated by SPS method from pre-alloyed spark-erosion Ni—Al powders
are presented in our previous communication [12]. The investigation
of mechanical properties of Ni—Al SPS compacts has to be done.

The aim of current work is to compare the mechanical properties of
the spark-plasma sintered Ni-Mn—Ga and Ni—Al compacts, both elabo-
rated from spark-erosion powders, and to elucidate the peculiarities of
the SPS microstructure, which could be affected by these properties.
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2. EXPERIMENTAL

The route of the elaboration and thermal treatment of the spark-
erosion powders with a nominal composition Ni49.0-Mn28.5-Ga22.5
(at.%) has described in details elsewhere [8, 12]. Alloy with a nominal
composition Ni63—Al37 (at.% ) were arc-melted and moulded into the
bars with the diameter of 4 mm and the length of 12 cm. Part of the
rods were used as electrodes for spark-erosion apparatus and the re-
maining were broken at 3—4 mm pieces (granules) and were used to ob-
tain powder by spark-erosion method. The general principle of the
spark-erosion processing is described in details in [13].

The SPS apparatus DR.SINTER® LAB Series is used for the sinter-
ing of both materials. Uniaxial pressure of maximum 99.5 MPa is ap-
plied for densification. About 1 g of powder was preliminary slightly
compacted in the die, placed inside the working chamber and the sys-
tem was evacuated. As a result, the compacts with a diameter of 8 mm
and height of 4—6 mm were obtained. Certain part of both kinds of the
powders was annealed in H, atmosphere before the spark-plasma sin-
tering. The regimes of sintering and preliminary annealing of spark-
erosion powders are listed in the Table 1 and Table 2.

XRD studies of the compacts are carried out at room temperature in
Bragg—Brentano configuration with a CoK,,, radiation. A PANalyti-
calX’Pert PRO diffractometer with a linear detector is used. The mor-
phology and composition study of the sintered samples is analysed by
JSM-6490LYV or Auger spectrometer JAMP-9500F both equipped with
EDX spectrometer INCA PentaFETx3. Compression testing is con-
ducted at ambient temperature on a CERAMTEST machine at a strain
rate of 0.3 mm/min using the induction-melted (Ni-Mn-Ga), arc-
melted (Ni—Al) and sintered specimens with a rectangular shape of the
typical dimensions 1.5x1.5x2.5 mm?.

TABLE 1. Mechanical properties of Ni—Al compacts (§—deformation before
fracture, c,,—vield strength, op—ultimate stress, p/pu..—Dpercentage of
theoretical density).

i o o §)
Method Anp caling > . O/Prsecn Fracture mode
in H, MPa %

Arc melting - 760 790 1.3 949  Dreaking
completely

SPS, 1000°C, 2min 400°C,1h 970 1000 0.6 98.1  Dreaking
completely

SPS, 900°C, 4 min - 1310 1810 7.7 93.0 Cracks

SPS, 1150°C, 20 sec - 1165 1870 10.4 94.9 Cracks
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TABLE 2. Mechanical properties of Ni-Mn—Ga compacts (—deformation
before fracture, o,,—yield strength, oz—ultimate stress, pP/Pieor—
percentage of theoretical density, LAr—liquid argon, LN—Iliquid nitrogen).

Annealing o 0/Pineors| Fracture
Method in H, S, % Oy2, MPa | oy, MPa % mode
Breaking
Inducting melting 0.3 180-240 185-270 95.7 along grain
boundaries
SPS, Not B B 3
700°C, annealed 3.5—-4.5 580-590 695-775 93.5
16 min, 700°C  2.2-2.4 510-560 600-660 97.3
from SE
powder
obtained 900°C 3.6 550 750 96.7
in LAr Cracks,
SPS, Not cleavages
700°C, annealed 0.4-2.1 715-735 T740-830 97.4
16 min, 700°C 3.7-4.1 770-815 1050-1060 95.5
from SE
powder
obtained 900°C 6.0 660 1170 98.2
in LN

3. RESULTS AND DISCUSSION
3.1. Phase Content of the Sintered Samples

XRD patterns (Fig. 1, a) have shown that Ni—Al SPS compacts con-
tained mainly austenite B-phase [14] (B2 ordered), y’-phase [15] (L1,
ordered), 3R martensite phase [16, 17] (L1, ordered), and certain
amount of o-Al,O5; alumina [18] independent from the elaboration and
treatment conditions. The relative intensities of y-phase and a-Al,O4
alumina peaks are lower for the samples prepared from powders, pre-
liminary annealed in H, atmosphere.

Phase content of Ni-Mn—Ga compacts is the same for all powders
sintered at 700°C. Namely, the main phases, which has been found, are
non-modulated tetragonal martensite [19] (L1, ordered), cubic y-MnO
[20], certain amount of 14M martensite [19], and small amount of aus-
tenitic L2, ordered phase [21]. In addition, several weak peaks could be
attributed to o-Mn [22]. Four lines of cubic Ni;Ga [23] (space group
Pm~-3m) appeared in spectra, however, no superlattice reflexes were
found. Thus, it can be attributed to y-phase. The intensities of these
reflexes are especially significant for the samples prepared from as re-
ceived powder into liquid nitrogen (LN) environment. The XRD results
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Fig. 1. XRD spectra of SPS samples: a—Ni—Al, b—Ni—-Mn—-Ga. Strongest line
of NM, 14M martensite, o.-Mn and Ni;Ga overlap each other at = 51°.

show that samples of both compositions contain not only main austen-
itic and martensitic phases as well as that expected from corresponding
phase diagram (y’-phase or Ni;Al), but extra phases including oxides.
The appearance of these phases seems to be connected with the mech-
anism of sintering and interaction between the elemental powders and
their oxides contained in nanofraction of spark-erosion powders [24].
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Fig. 2. Microstructure of the Ni—Al compacts sintered at 1150°C from the as-
received powder: a—BSE image of the several decades micron sized particles
embedded into the binder phase; Ni;Al phase appears as light grey precipita-
tions, which decorate the grains boundaries inside the micron sized particles;
b—enlarged BSE image of the binder fraction.

3.2. Microstructure of the Sintered Samples

SEM investigation has revealed the composite structure of both mate-
rials after consolidation. Namely, the several decades micron sized
particles (Figs. 2, a, 3, a, and 4) have bound by the binder fraction,
which appears as the interlaced and twisted submicron or even na-
noscale black and white precipitates (Figs. 2, b, 3, b, and 4). Taking in-
to account the XRD data, one can suppose that the large particles con-
sist of the austenitic and martensitic phases mainly, while interparti-
cle phases formed binder fraction is the complex mixture of interme-

Fig. 3. Microstructure of the Ni—Al compacts sintered at 1000°C from the
powder annealed in hydrogen gas atmosphere at 390°C: a—BSE image of the
several decades micron sized particles embedded into the binder fraction; b—
enlarged BSE image of the binder fraction.
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Fig. 4. Microstructure of the binder phase (SE images) of the Ni-Mn—Ga com-
pacts sintered from the powders obtained in liquid argon (a, b) and liquid ni-
trogen (c, d). Compacts were sintered at 700°C from the as-received powders
(a, ¢) and those ones annealed in hydrogen gas atmosphere at 700°C (b, d).

tallic phases and oxides. Indeed, the comparison the BSE images of Ni—
Al compacted from as prepared (Fig. 2) particles with those produced
from pre-annealed in hydrogen atmosphere particles (Fig. 3) shows
that Ni;Al phase appears as light grey precipitations in micron sized
particles in former case, while the amount of this phase is lesser in lat-
ter case. At the same time, reflexes of Ni;Al phase appear on X-ray
spectrum of the sample consolidated from the pre-annealed in hydro-
gen atmosphere particles (Fig. 1, a, spectrum 2). Thus, one can assume
that the interparticle phase is some kind of cermet consisting of NizAl
and Al,O; phases. In case of Ni-Mn—Ga, the fine structure of binder
interparticle phase is very similar to that observed in Ni—Al (Fig. 4, b,
d). Taking into account X-ray data, one can assume that it is also cer-
met consisting mainly of MnO and apparently small amount of Ni;Ga
phase.

The effect of preliminary annealing on the microstructure is com-
pletely different for Ni—Al and Ni-Mn—Ga systems. Comparison of
Figs. 2 and 3 shows that ‘black’ component in binder fraction of Ni—Al
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obtained from preliminary annealing powders represent more noticea-
bly. This component is presumably aluminium oxide although the po-
rous structure of binder fraction cannot be excluded too. Contrary, the
most noticeable structure of binder phase formed from interlaced and
twisted black and white precipitates appears in Ni-Mn—Ga samples
consolidated from annealed in hydrogen atmosphere particle.

3.3. Mechanical Compressive Tests

In order to investigate the ductility of the spark-plasma sintered and
as-cast specimens, the compression tests were carried out at room tem-
perature. All specimens were compressed to the fracture. The results
of compression tests are presented in Table 1 and Table 2. The com-
pressive stress—strain curves obtained from the sintered specimens in
comparison with that from the as-cast specimen are shown on Fig. 5. It
can be seen that the as-cast specimens for both systems are subjected to
very low fracture strains. The induction melted Ni-Mn—Ga specimens
were broken along the boundaries of 0.5—3 mm sized grains, which
have elongated shape due to the casting in the mould. Ni—Al arc-melted
specimens were subjected to a larger contraction before breaking and
demonstrate both intercrystalline and transcrystalline fracture modes
(Fig. 6, a) with the typical martensitic lamellar substructures inside
the grains. In both cases, 0, , (vield strength) practically coincides with
O3 (ultimate stress). It indicates the brittle nature of as-cast specimens
that makes possible their fracture before (or simultaneously with) the
visible yielding.

In almost all sintered compacts for both systems, the fracture oc-

2500¢ s 1500
1‘3 — 700°C H,, SPS 700°C, 16 min
< 2000 « | OB
= & 1000
= 1500 =
4 @
8 1000} 8 o0 {60
& —SPS 1150°C, 20 sec &3 © '
500F / --- Arc melted
s
ot~ - . . 0 . . .
0% 10% 20% 30% 0% 5% 10% 15%
Strain, % Strain, %
a b

Fig. 5. Typical stress—strain curves after compression tests for the Ni—Al (a)
and Ni—Mn-Ga (b) SPS compacts; 6, , was determined as a stress, under which
the deflection from straight ‘elastic’ line appears, 6 corresponds to the max-
imum on the stress—strain curve.
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Fig. 6. Scanning electron micrographs showing the compression fracture
morphology of: Ni—Al arc-melted specimen (a) and Ni—Al compact sintered at
1150°C from the as-received powder (b); Ni-Mn—Ga compacts sintered at
700°C from the powders obtained in liquid argon (¢) and liquid nitrogen (d).
The powders were preliminary annealed in hydrogen gas atmosphere at 700°C.

curred at the strains more than in one order larger those in as-cast
specimens. The compressive yield strength and fracture stress for the
sintered specimens are also significantly higher. This drastic increase
of compressive strength and fracture stress is especially clear seen in
Ni—-Mn—-Ga consolidated compacts. This demonstrates that compres-
sive ductility for Ni-Mn—Ga and Ni—Al alloys is significantly en-
hanced by the SPS technique. The enhancement of the mechanical
properties in compressive test for the sintered specimens may be at-
tributed to a) the strengthening of grain boundaries, b) the reduction
of the grain size, c¢) the morphology of the sintered specimens, d) the
formation extra ductile phases during SPS, e) the effect of residual po-
rosity and f) martensite detwinning process.

Since the stress plateau, corresponding to the reorientation of mar-
tensite variants, is not evident in the stress—strain curves (Fig. 5), one
can suggest that the deformation is mainly caused by the dislocation
mechanisms rather than the martensite detwinning process. The con-
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tribution of residual porous collapse mechanism in the specimen de-
formation can be estimated according to the relation (100 — p/pPineor)/3-
Using the data from Table 1 and Table 2, one can see that this contribu-
tion, if exist, is not sufficient to explain the deformation before frac-
ture for the most specimens.

According to the Hall-Petch relationship, the reduction of grain
size leads to the increase of compressive strength rather than to ductil-
ity. In turn, higher strength is achieved with the loss of plasticity in
general but not in the current case. The reasons can be different for the
Ni—-Mn—Ga and Ni—Al systems.

There are some indirect evidences of the ductility enhancing for the
spark-plasma sintered Ni-Mn—Ga [4, 5, 7], which was related by au-
thors to the grain size reduction. In [6], authors claimed that the sin-
tered specimen with optimal grain size of 34 um exhibits the highest
fracture strain of 29% ; however, no explanation of grain size effect
was given. As it is seen from Table 2, the refining of grain structure
causes the increase in the compression strength (the finer grains were
observed for SPS specimens sintered from the powder obtained in liq-
uid nitrogen). However, the result of strengthening is opposite for the
samples prepared from preliminary annealed in hydrogen atmosphere
particles and from those without annealing. It suggests that other fac-
tors should be taken into account. One of them is the strengthening due
to intergranular binder phase. It seems the binder phase effectively
hinders the movement of dislocation and the crack propagation until
the loading stresses overcome the adhesive forces between the Ni—-Mn—
Ga microns sized particles and binder fraction. After that, the break-
ing of sample is going on through the boundary of the particles. The
fracture surfaces, which show a mixture of dimples and bulges or
swellings (Fig. 6, ¢), confirms this assumption. The manifold morphol-
ogy (Fig. 4, ¢, d) of Ni-Mn—Ga SPS specimens sintered from the hollow
particles spark-eroded in liquid nitrogen influences also the fracture
surface. It is less roughness, and the tearing ridges are observed (Fig.
6, d). These morphological peculiarities enhance the compressive
strength and fracture stress as well as contraction before fracture.

For the Ni—Al, the consensus of many long term investigations con-
cerning the lack of room temperature ductility in Ni—Al compound is
that the number of available independent slip systems is insufficient
(only 3 for {110}(100) slip). Therefore, the von Mises criterion for plas-
ticity [24]—at least, five independent slip systems in a grain—is not
fulfilled, and Ni—Al polycrystals are expected to be brittle. One of the
approaches to increase the number of operative slips systems is the
grain size refining, which provides the high strength of the material.
In that case, as it was shown in [25], fine grained structure of mechani-
cally alloyed Ni—Al alloys allows to increase the stress to propagate
cracks, whereas the high yield strength is sufficient to activate addi-
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tional {110} (110) slip and fulfil the von Mises criterion. Another op-
tion, which is alternative to the above-mentioned mechanism of
strengthening, is the action of the intergranular binder phase that is
presumably cermet consisting of NisAl and Al,O; phases. Indirect evi-
dence of this assumption is the nil ductility and smallest strength of
Ni—Al SPS specimens sintered from the powders preliminary annealed
in hydrogen atmosphere. As it is seen from Fig. 1, a (spectrum 2) for
this treatment, the peaks of Niz;Al and Al,O; phases are low-level in
comparison with those for other regimes of processing. It seems that
adhesive forces between micron-size Ni—Al particles and binder frac-
tion are small, and specimen is broken before yielding. Finally, enhanc-
ing ductility of Ni—Al SPS samples elaborated from not annealed pow-
der can be partially attributed to the presence of y’-phase. The ductility
of y-phase is much better than -phase and martensitic phase that is
ordinary used for the improvement of mechanical properties of Ni—Al
alloys.

4. CONCLUSIONS

The microstructure of Ni49.0-Mn28.5-Ga22.5 (at.% ) and Ni63—Al37
(at.%) spark-plasma sintered compacts consolidated from spark-
erosion powders consists of the micron and submicron metallic parti-
cles bound by the binder phase. This phase can be considered as some
kind of cermet consisting of the NijAl and Al,O; phases in case of Ni—
Al alloy and of MnO with apparently small amount of Ni;Ga phase in
case of Ni-Mn—Ga alloy. Compression tests carried out at room tem-
perature with the as-cast and spark-plasma sintered specimens evi-
dently demonstrates that mechanical properties of materials are sig-
nificantly enhanced by the SPS technique: the ductility increases in
more than one order, the yield strength and ultimate stress are raised
in more than a few times. This enhancement may be attributed to the
strengthening of grain boundaries, caused by the action of the binder
cermet phases, the reduction of the grain size, the manifold morpholo-
gy of the Ni-Mn—Ga specimens consolidated from the hollow particles
and causes the formation of extra ductile y’-phase in Ni—Al particles
during SPS.
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