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Ti–Ni–Zr and Ti–Ni–Hf powders were obtained by the spark-erosion method in liquid argon from 
preliminary melted shape memory master alloys. The morphology of the particles with typical sizes between 
5 and 50 µm, their surface as well as the cross-section structure are very similar to typical ones of gas 
atomized powders. The internal structure of such particles of both compositions is transient between cellular 
and equiaxed-type. Nanosized particles of spherical shape usually gather in agglomerates. The chemical 
compositions of micron-sized particles were investigated very carefully. It was statistically well proven that 
while the compositions of particles with sizes more than 10 µm are close to the composition of the master 
alloy, the compositions of the smallest particles are drastically different. The results obtained allow claiming 
that such important changes in the chemical compositions of powders are connected with the different rate of 
evaporation of elements due to their different vapor pressures. The size dependence of the composition is 
related to the different cooling rate of particles of different sizes. 
 
Powders / Gas atomized powders / Spark-erosion method / Shape memory alloys / Spark plasma sintering / 
Ti–Ni–Hf / Ti–Ni–Zr 
 
1. Introduction 
 
The conventional industrial gas or water atomization 
method of production of metal powders virtually 
allows manufacturing powders of any composition 
with a wide size distribution from 2 to 500 µm [1-4]. 
The method is not economically viable for the large-
scale production of powder particles of less than 
several microns. Mechanical alloying [5-8] and 
electro-explosion of wires [9,10] give high production 
yields of nanosized metal powders. Unfortunately, the 
capital cost of electrical power supply, starting wire 
material can be relatively expensive. Various 
modifications of the method of condensation from the 
vapor state allow obtaining nanopowders, the 
compositions of which are far from the master alloys 
[11-13]. Spark erosion is probably the most versatile 
technique available for producing the particles of 
metals, alloys, compounds with particle diameters 
from a few nm to >100 µm [14,15]. Powder particles 
of Ni–Al [16] shape memory alloys, pure Ni [17,18], 
ferromagnetic Mn–Al–C [19], Co50-Fe50 [20], Ni3Fe 
[21], amorphous soft magnetic Fe–Si–B, Nd–Fe–B 
[15,22], giant magnetostrictive alloy Fe83-Ga17 

[18,23, references in 15], W, Ta, Fe, Ti carbides [24, 
references in 15], Ni–Mn–Ga [14,25], Ti–Ni–Cu,  
Ti–Ni–Cu–Zr [14,26-29], MgO oxide [21], different 
types of Fe nitrides [30], U–Mo [31], the Ni-based 
superalloy René 95 [32] and Ti–Zr–Ni hydrogen 
storage alloys [33] have already been produced by this 
method. There are a few advantages that make this 
method very attractive for the laboratory scale 
production. It does not require any crucibles and there 
is no limit imposed by melting temperatures. The 
setup and basic apparatus are quite simple, and the 
modest power required is used efficiently. 
 The spark erosion process maintains repetitive 
spark discharges among small pieces (chunks) of pre-
alloyed materials (master alloy) immersed in a 
dielectric liquid. Spark discharges induce highly 
localized melting or vaporization of the material 
[15,18,29,32,34]. The powder particles are produced 
by associated mechanisms such as quenching of 
molten droplets, condensation of vapor in the 
dielectric liquid and by mechanical breaking of the 
chunks during the processing. Usually the last 
mechanism, which is very similar to ball milling, 
produces a minor fraction of powders, except in the 
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specific case of very brittle initial materials like  
Ni–Mn–Ga [14]. The quenching in situ from the liquid 
state, as well as the condensation from the vapor 
phase, produces round particles. It is considered that a 
very high cooling rate is required for the preparation 
of amorphous or nanocrystalline particles [15]. The 
cooling rate estimated indirectly in [15] was 106 K/sec 
for the particles processed in H2O and dodecane. On 
the other hand the use of carbon- or oxygen-bearing 
dielectric liquids provokes the formation of oxides, 
carbides and other compounds of the master alloy 
elements, as it was clearly illustrated in [17,26].  
The nanosized particles are strongly influenced  
by products of the decomposition of dielectric  
liquids [17]. 
 In previous work [29] Ti–Ni–Cu–Zr powders were 
produced by the spark erosion method in liquid argon. 
It was found that the finest particles are rather a 
mixture of Ti and Ni powders (or their oxides) than 
the intermetallic compound of the master alloy. In any 
case the composition of the finest particles, which are 
presumably produced by the condensation of vapor 
phase, is far enough from the composition of the pre-
alloyed material. The aim of the current work was to 
carefully verify the composition of micron-sized 
particles of Ti–Ni–base alloys, which are produced by 
quenching from the liquid state, and compare the 
results obtained for gas and liquid atomized powders. 
The question is very important, especially in the case 
of Ti–Ni–Cu–Zr and Ti–Ni–Hf shape memory alloys, 
the properties of which drastically depend on the 
composition. 
 
 
2. Experimental 
 
Commercially pure Ti, Ni, Cu, Hf and Zr (99.9%) 
were used for the production of alloys by  
induction melting. The chemical composition of the  
bulk alloy was Ni46.7-Ti49.2-Zr3.4-Cu0.7 at.%.  
Rods of Ni49.87-Ti40.25-Hf9.44-Zr0.30-Cu0.14 at.% 
(hereafter referred to as Ni–Ti–Hf) with a diameter of 
6 mm were produced by AMT (Belgium). The  
Ti–Ni–Cu–Zr ingot was hot-rolled at 900ºC to a 
thickness of ~3 mm. The rolled sheet was annealed at 
1000ºC for 6 h. Part of the annealed sheet was ground 
into chunks of 2-4 mm. Those pieces, as well as 
crushed rods, were used as charge for the cell of the 
spark erosion apparatus. The remaining Ni–Ti–Cu–Zr 
sheet, machined into two rectangular plates, and  
Ni–Ti–Hf rods were used as electrodes for the 
apparatus. 
 The general principle of spark-erosion processing 
was described in details in [14,15,17] and involves the 
application of a heavy current (~1000 A) between two 
electrodes and a lot of pieces (chunks) prepared from 
the pre-alloyed material. All are immersed in a 
dielectric refrigerant inside a container. Many 
electrical discharges simultaneously appear between 
the chunks of material. When an electrical spark 

collapses, molten particles are ejected from these 
boiling regions, and then quenched in situ in liquid 
argon. After the spark erosion processing, the powders 
were placed in hexane to prevent rapid oxidation and 
explosion. 
 Ni–Ti–Hf powders were sintered by the spark 
plasma sintering method (SPS). The SPS method is an 
express method of sintering, which allows sintering 
powders within 10 minutes in vacuum (10-200 Pa) or 
inert gas atmosphere. It realizes simultaneously 
relatively high pressure, high sintering temperature 
and a heavy current passing through the sample, 
which destroys the oxidation film on the powder 
surface, providing good sintering [35,36]. Part of the 
Ni–Ti–Hf powders was heat treated in hydrogen gas 
atmosphere at 380ºC for 3 h. 
 The crystal structure of the bulk, powder and 
sintered materials was investigated at room 
temperature using the X-ray Debye-Scherrer method. 
The device was a diffractometer Philips PW1830 with 
Co Kα1,2 radiation and equipped with a Multi-Purpose 
X-Ray Diffraction System from PANalytical (XPert 
PRO MPD). The refinement was made using the 
shareware program Maud. The morphology of the 
powder particles was studied by optical microscopy 
(Carl Zeizz Axelvert 40 MAT). The fine structure of 
the surface and cross-sections of the powders, as well 
as the local chemical composition, were investigated 
by scanning electron microscopy using different 
instruments: LEO 1530 equipped with an energy 
dispersive X-ray spectrometer PGT PRISM 2000 
(Ge), JSM-6490LV (Jeol) equipped with an Energy 
Dispersive X-ray (EDX) spectrometer INCA Energy 
450 (Oxford Instruments), JAMP-9500F (Jeol) 
equipped with an EDX spectrometer INCA 
PentaFETx3 (Oxford Instruments), and РЕММА-102 
equipped with an EDX spectrometer (Selmi, Ukraine). 
The smallest particles of the Ni–Ti–Hf powder were 
investigated with a high performance analytical 
microscope Tecnai™ G2 F20. 
 
 
3. Results 
 
i) X-ray investigation 
According to the results of the X-ray investigation of 
the Ti–Ni–Cu–Zr powders, which have already been 
presented elsewhere [29], the powders contain the В2 
phase (а = 2.998 Å; PDF#18-0899), the monoclinic 
(martensite) phase B19’ (a = 2.889 Å, b = 4.120 Å, 
с = 4.622 Å, β = 96.8º; PDF#27-0344) and the cubic 
phase Ti2Ni (а = 11.27 Å; PDF#18-0898). Similar 
results were obtained for the Ni–Ti–Hf powder 
(Fig. 1a). The calculated lattice parameters of the 
phases are the following: B19’, a = 2.979 Å,  
b = 4.106 Å, с = 4.796 Å, β = 100.2º, which is close to 
that found in [37]; B2, а = 3.073 Å; Ti2Ni,  
а = 11.49 Å. It was established that the quantity of 
martensitic phase was 44±5%, austenitic phase B2 
35±4% and Ti2Ni 21±3%. 
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Fig. 1 X-ray spectrum of powder (a) and sintered (b) samples. 
 
 After spark plasma sintering the dominating peaks 
in the spectra of Ti–Ni–Hf belonged to monoclinic 
(P21/c) HfO2 (a = 2.889 Å, b = 4.120 Å, с = 4.622 Å, 
β =96.8º; PDF#06-0318) as it is seen on Fig. 1b. In 
addition, two B2 phases with similar lattice 
parameters (а = 2.96 Å and а = 3.01 Å) were found. 
Such dramatic changes in the X-ray spectra could be 
explained by the high vacuum (20-100 Pa), which was 
achieved during the spark plasma sintering. Thus the 
Ni–Ti–Hf powder was strongly oxidized after SPS, 
mainly due to the high reactivity of hafnium. The 
processes of sintering are the matter of other articles 
and will be only partially described in the discussion 
section of this article. 
 According to the X-ray studies, in the Ti–Ni–Hf 
powder the composition of the B19’ phase calculated 
from the occupation numbers was  
Ni50-Ti26-Hf24 at.%, while that of the B2 phase was 
Ni48-Ti45-Hf7 at.% and the composition of the 
(Ti,Hf)2Ni phase was Ni33-Ti50-Hf17 at.%. Thus the 
strong chemical heterogeneity, which was found in 
Ti–Ni–Hf powders, was expressed through a B19’ 
phase enriched in hafnium and a B2 phase with less 
hafnium. This is an expected result because alloying 
with Hf increases the martensitic transformation 
temperatures [37,38]. Therefore, at room temperature 
the martensite must first appear in regions enriched in 
hafnium. 
 
ii) TEM investigation: morphology and chemical 
composition of nanosized particles 
TEM investigation of Ti–Ni–Hf powders obtained in 
liquid argon revealed that the finest particles with 
dimensions between 10 and 200 nm show a trend to 

form conglomerates (Fig. 2a). The largest particles are 
usually not completely transparent and have an 
evident fine structure, as easily seen on Fig. 2b. The 
typical features of these particles appear to be very 
similar to those observed for Ti–Ni–Cu–Zr nanosized 
powders described in details elsewhere [29]. EDX 
analysis made for several agglomerates and at local 
points of the largest particles revealed that the finest 
particles contain large amounts of oxygen, besides the 
main alloying elements (see Table 1). Carbon, which 
usually appeared because carbon films were used as 
substrate for the powders, is not shown in the table. It 
is important to notice that the finest particles have 
stronger chemical heterogeneities and their 
composition differs from the composition of the 
master alloy. 
 The most important result is that the relative nickel 
content, which was calculated without taking into 
account the oxygen content, increases in the fine 
particles, while the relative contents of titanium and 
notably hafnium decrease in comparison with those in 
the bulk alloy (Table 1). If the nanosized fraction 
actually appears as a result of condensation of vapor 
phase, it means that the vapor containing Ti, Ni and 
Hf molecules is enriched in nickel in comparison with 
titanium and especially hafnium. 
 
iii) SEM investigation 
a) Morphology and chemical composition of raw 
powders 
The morphology of raw powders of Ti–Ni–Cu–Zr was 
analyzed with a LEO 1530 instrument. Powder was 
poured onto a carbon conductive substrate. Most of 
the round particles sized between a few microns and  
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Table 1 Results of EDX analysis of the nano-particles. 
 
Element/Line O(K) Ni(K) Ti(K) Zr(K) Hf(K) 
Content, at.% 35.8±8.9 40.9±7.0 20.3±6.0 0.4±0.5 2.6±1.3 
Relative content, at.% – 64.1±7.0 31.4±6.7 0.6±0.9 3.9±1.7 

 
 

  
 

Fig. 2 Morphology of nanosized Ti–Ni–Hf spark erosion powder obtained in liquid argon. The arrow in (a) 
and the photo (b) show the internal structure of the particles. 

 
 

  
 

Fig. 3 Morphology of micron-sized Ti–Ni–Hf spark erosion powder obtained in liquid argon: (a) powder 
poured on the carbon conductive substrate; (b) the acetone suspension of powders treated in H2 poured on Al 
substrate. 

 
30-40 µm were coated by clouds of fine particles 
(Fig. 3a). The compositions of such samples were not 
analyzed due to a significant charge effect. 
 To analyze the morphology and composition of  
Ti–Ni–Hf raw powder a JAMP-9500F instrument was 
used. The accelerating voltage was 15 kV. This value 
is sufficient to excite the K and L series of Hf and Zr. 
At the same time the spatial distribution is better. The 
samples were obtained by pouring a suspension of 
powders in acetone onto an Al substrate. In this case 
the smallest particles were better separated, 
agglomerates of fine particles did not interfere and it 
was possible to make the chemical analysis even of 
the smallest particles (Fig. 3b). It was observed that 
the smaller the particles the brighter was their image, 
which evidences that the smallest particles contain 

more heavy elements, such as Hf, than the larger ones. 
Indeed, the dependence of the Hf content on the 
particle size is more significant in this case, as can 
easily be seen on Fig. 4. 
b) Cross-section analysis of the chemical composition 
of powders 
 To study the internal structure and composition the 
powder was mixed with a polymer. The mixture was 
polished after stiffening. An SEM investigation of the 
cross-section of particles of Ti–Ni–Cu–Zr powder, 
carried out with the LEO 1530 instrument, revealed a 
morphology transients between cellular and equiaxed-
type with pronounced spherical symmetry Fig. 5a. In 
particular, small spots were mostly distributed in 
peripheral areas of the particle; grey boundaries, as 
well as lighter cells separated by these boundaries,
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Fig. 4 Size dependences of the concentration of 
different elements in Ti–Ni–Hf powders 
obtained in liquid argon. 

 
have a tendency to elongate in radial directions. Such 
symmetry indicates that the nucleation of solid phase 
starts from the central (internal) region of the particle 
and has mostly a single event feature. The 
microstructure peculiarities are too small (less than 
1 µm) to permit their chemical analysis. However, if 
taking into account the X-ray data, we can suppose 
that the light areas have a composition close to 
equiatomic (Ti,Zr)Ni, corresponding to the B2 or B19’ 
phase, while the dark spots have a composition close 
to (Ti,Zr)2Ni, corresponding to the Ti2Ni phase, and 
the grey areas seem to be enriched in titanium. The 
total composition measured from areas on the cross-

section of particles was close to that of the master 
alloys. Several measurements, made on particles sized 
5 up to 50 µm, indicated a tendency towards an 
increase of the Zr content with decreasing particle 
size. 
 The SEM investigation of Ti–Ni–Hf powder 
carried out with the LEO 1530 instrument confirmed 
that the cross-section of the particles has a 
morphology very similar to that of the Ti–Ni–Cu–Zr 
powder (Fig. 5b). In this case the peculiarities of the 
structure were smaller and instead of dark spots bright 
ones appear. One can suppose that the bright spots 
belong to a phase significantly enriched in hafnium. 
Radial symmetry of the cross-section of Ti–Ni–Hf 
particles was observed, as for the Ti–Ni–Zr–Cu 
particles. This peculiarity presumes a single 
nucleation event of solid phase from the inner regions 
of the particles. The compositions of both powders are 
close to quasi-equiatomic. They can be described as 
(Ti,Zr)50(Ni,Cu)50 or (Ti,Hf)50Ni50 and are similar to a 
the TiNi intermetallic compound. This compound 
melts congruently at about 1600 K and, according to 
the binary phase diagram [39], a decrease of the nickel 
content decreases the melting temperature of the alloy. 
It is natural to assume that, because the nucleation of 
solid phase starts at the centre of the particle, the 
external (close to the boundary interface) regions 
contain less nickel. Unfortunately, this redistribution 
of Ni could not be observed because it was masked by 
subsequent redistributions, which take place during 
the cooling of the particles in the mushy state and are 
effectively observed.  
 The detailed chemical composition of the cross-
section of Ti–Ni–Cu–Zr particles was analyzed with a 
РЕММА-102 instrument with an accelerating voltage 
of 35 kV. In this case the minimal size of the particles 
available for the analyze was 3 µm. For particles of 
more than 30 µm the mean of measurements made at 
three points on the surface of the particle was 
calculated and the statistical error was estimated. Only 
one measurement did not allow estimating the 
statistical error. Measurements of the total Ti, Ni and 
Zr contents in each of the particles, made with a  
JSM-6490LV instrument, confirmed the 
concentration–size dependence (Fig. 6). The point and 
area analyses were performed with high reliability. 
The accelerating voltage was 20 kV, which is enough 
to excite the K and L series of Hf and Zr and provide 
good spatial distribution (at least 1 µm). More 
pronounced results were obtained under the above 
mentioned conditions for the Ti–Ni–Hf powders. A 
large number of measurements, both area and point 
ones, were made for particles sized from 1 to 50 µm. 
The size dependences of the Ti, Ni, Zr and Hf contents 
are illustrated on Fig. 4 and Fig. 6. 
c) Morphology and chemical composition of sintered 
powders 
 The morphology and chemical composition of 
spark plasma sintered Ti–Ni–Hf powder were 
analyzed with LEO 1530 and JAMP-9500F
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Fig. 5 Cross-section of micron-sized spark erosion powder obtained in liquid argon: (a) BSE image of a  
Ti–Ni–Zr–Cu particle; (b) BSE image of a Ti–Ni–Hf particle sized about 100 µm. 
 
 

instruments. Although the number of peculiarities, 
which appear in sintered powder, is the matter of 
another article, one of them should be noted here. The 
sintering process localized and clarified the hafnium 
distribution in the particles. The bright spots, which 
presumably correspond to hafnium-enriched areas, 
became pronounced (Fig. 7). The spots remained 
uniformly distributed in the largest particles. Their 
distribution is evidently not uniform in particles sized 
1 to 20 µm. In addition all particles are coated by a 
bright shell, which is also enriched in hafnium. Taking 
into account the results of the X-ray analysis one can 
assume that all these peculiarities correspond to HfO2. 
This assumption was proved by a mapping analysis. It 
confirmed that the bright areas in the particles contain 
less nickel and titanium but a large amount of 
hafnium, as well as oxygen. It is evident from Fig. 7 
that the smaller the particles, the brighter were their 
images. Thus the small particles contain a larger 
percentage of hafnium. Chemical analysis made for 
sintered samples are presented on Fig. 4. The spotted, 
non uniform distribution of hafnium provides some 
peculiarities on the size dependence of the Ti and Hf 
content (the gap between 10 and 30 µm). It was 
difficult to ensure measurement of the total element 
content, including the surface of the powder, and 
simultaneously avoid the influence of adjacent 
particles. 
 
 
4. Discussion 
 
i) Accuracy of the SEM investigation 
To confirm the statistical reliability of the results 
presented on Fig. 4 and Fig. 6 the instrumental 
uncertainties were carefully evaluated. For the as-
processed powders poured on the substrate the actual 
particle size was measured and the uncertainties on the 
diameter correlate only with the particle non-
sphericity. For the polished powders mixed with the 
polymer, as well as for the sintered powders, only the 
diameter of the particle cross-section was measured 
and not the actual size of the particle. In fact, some 

eventual cross-section of each particle was observed. 
Therefore the average observed radius and the average 
square of the radius were evaluated as:  
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 In addition, the not uniform particle size 
distribution F(R) (Fig. 8), which considers the 
probability of appearance of particles of different sizes 
in the field of view, should be taken into account: 

( )dRRFR
R

R ∫
∞

⋅=σ
0

0.224  (3) 

 The particle size distribution diagram shows that 
the particles sized below 10 µm dominate, although 
the mass (volume) part of the particles of about 
40-50 µm are most significant in the powder. Spikes at 
the large size edge of the distribution are caused by 
the poor representation of these values. It should be 
noted that the distribution maximum of atomized 
particles is usually shifted to values much larger than 
10 µm (Fig. 8). 
 The instrumental errors in measuring the 
concentrations of the alloy components in as-
processed powders are larger than for polished 
samples under the same conditions. This is due to the 
surface of the particles, which is not flat, and: 1) the 
excited X-ray radiation is emitted with different angles 
from different points of the particles; 2) backscattered 
electrons, secondary electrons and X-rays emitted 
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Fig. 6 Size dependences of the concentration of 
different elements in Ti–Ni–Zr–Cu powders 
obtained in liquid argon. 

 
 
from the particle excite the emission of surrounding 
particles, which reduces the local character of the 
analysis. The instrumental error of the РЕММА-102 
equipment on the concentration was determined by the 
following expression: 
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where S is the area under the peak, σS the area error, 
the index i refers a particular element. For the INCA 

Energy 350 and INCA PentaFETx3 analyzers from 
the JSM-6490LV and JAMP-9500F equipment, 
respectively, the instrumental uncertainties are 
determined automatically by the program INCA Suite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 BSE image of the sintered Ti–Ni–Hf 
powder. Light areas and spots correspond to Hf 
reached regions. 

 
 
ii) Correlation analyzes and mechanisms of particle 
formation 
Although both kinds of evaluated uncertainty are 
significant, the effect of the sharp variations of the 
chemical composition of the particles with decreasing 
radius is especially evident for the Ti–Ni–Hf powder, 
where the Ni, Hf, and Zr contents are changed 
monotonically, while the Ti content is not (Fig. 4, 
Fig. 6). To clarify the dependence of the element 
concentrations in the powder on the particle size 
obtained by means of different equipment and for 
different samples, a correlation analysis was carried 
out. The data were divided in two groups with 
particles above and below 10 µm, respectively. The 
results are presented in Table 2. Correlations with a 
significance level p < 0.05 are marked in bold. 
Evidently the correlation in general is higher for 
groups of particles smaller than 10 µm, except for Ti, 
for which the dependence on the size has, apparently, 
a peak near 5 µm. One can also note that the largest 
correlations are observed between different elements. 
 The correlation between different element contents 
is not a great surprise because the total percentage of 
the elements should always be one hundred. The 
decrease of nickel with decreasing size obviously 
increases the total amount of other elements. 
According to Fig. 4 and Fig. 6, one would expect the 
highest content of Hf and Zr in the smallest particles, 
i.e. the nanosized ones. However the observed 
situation is completely opposite. It means that the 
mechanisms for the formation of nanosized and 
micron-sized particles are accompanied by opposite 
trends. Evaporation losses accompanied the cooling of 
the micron-sized molten particles, while the nanosized
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Table 2 Correlation between the concentrations of different elements and between different particle diameters for a 
Ti–Ni–Hf powder obtained by spark erosion. 
 
 >10 µm <10 µm 
 d Ti Ni Hf d Ti Ni Hf 

d 1 -0.36 0.26 0.08 1 0.03 0.44 -0.36 
Ti -0.36 1 -0.61 -0.35 0.03 1 -0.19 -0.66 
Ni 0.26 -0.61 1 -0.53 0.44 -0.19 1 -0.62 
Hf 0.08 -0.35 -0.53 1 -0.36 -0.66 -0.62 1 

 
 

Table 3 Some thermodynamic properties of the alloying elements. The vapor pressure was calculated for 
3000 K. 

 
Element  Ni Ti Zr Hf 

TB, K 3005 3560 4650 4876 
∆H, kJ/mole  371.8 429.0 581.6 661.1 
nv,·1025 m-3  0.240 0.014 0.04⋅10-5 0.003⋅10-5 

 
 

  
 

Fig. 8 Particle size distributions F(R) for Ti–Ni–Hf and Ti–Ni–Zr–Cu spark erosion powders. 
 
 
ones appeared by condensation from the vapor 
remaining continuously in thermodynamic equilibrium 
with the vapor. The composition of the vapor phase is 
determined by the evaporation losses of micron- and 
submicron-sized particles. 
 The assumption that variations of the chemical 
composition are caused by the different rates of 
evaporation of the alloy components during the spark 
erosion processing is confirmed by comparing the 
vapor pressures of Ni, Ti, Zr, and Hf at 3000 K 
(Table 3). The more significant the effect of the 
redistribution of the alloying component, the higher 
the temperature of the particle. Therefore only 
particles in the molten state will be considered further, 
since the main contribution to the composition 
variations corresponds to the presence of particles in 
the vicinity of the boiling temperature. The majority 
of the particles with such high temperatures are 
presumably formed by the mechanism of powder 
formation during a spark discharge. It consists of rapid 
heating, then volatile boiling of the bath of molten 
alloy on the surface of the chunks, followed by the 

ejection of molten particles into the surrounding liquid 
argon [17]. Due to the lack of data about the boiling 
point of Ti–Ni–Hf and Ti–Ni–Zr–Cu alloys the 
evaluation of the vapor pressure was made for 3005 K 
(boiling point of Ni), according to the well known 
formula: 






















−=

TTR

H

Tk

P
n

BBb
vi

11∆
exp0  (5) 

where P0 is atmospheric pressure, kb is the  
Boltzmann constant, ∆H and TB are the latent heat  
and boiling temperature of the alloying element.  
The influence of the particle size on the changes  
of chemical composition will be more evident  
after having considered some models explaining this 
effect. 
 
iii) Assumptions of analytical models 
The key idea of the explanation of the effects observed 
is that different elements having drastically different 
saturation pressure evaporate from the surface of the 
molten droplets at different rates during the quenching 
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in liquid argon. We can also consider that the effects 
of evaporations are more significant at high 
temperatures relatively close to the boiling 
temperature of the molten alloy. Two models of 
particle evaporation were developed. Both of them 
assume the following statements.  
A) Evaporation of the elements from the surface 
occurs in vacuum. The possible influence of the 
carrier gas (argon) on the evaporation processes is 
ignored. 
B) The density of the molten droplets remains 
constant during the evaporation. 
C) The evaporation heat of the alloy components is 
assumed to be temperature independent. 
D) The velocity of the particles is low and convective 
heat transfer is ignored. Thus, evaporation of the 
elements occurs primarily due to diffusion. 
E) The components of the alloys do not affect each 
other in the process of evaporation. The perfect solid 
solution approximation is considered. 
F) The elements evaporating from the particle surface 
are considered as an ideal gas.  
 
iv) “d 2-law” model 
The first model was developed to fit the experimental 
data points on Fig. 4 and Fig. 6 by extrapolating the 
curve in the best way. It presumes that the well-known 
“d2-law” [40,41] for the rate of evaporation is held: 

tdd λ−= 2
0

2  (6) 

where λ is a constant for the alloy, d and d0 are the 
terminal (after exposure time t) and initial diameter of 
the evaporating particle, respectively. Keeping in 
mind the assumption B) the terminal concentrations of 
Zr and Hf in the particle are defined as follows: 

V

V
x

N

N

N

N
x HfZr

HfZrHfZr
HfZr

0
,0

,0,
, =≈=  (7) 

where N0Zr,Hf, the starting quantities of Zr and Hf 
molecules, are approximately equal to the terminal 
NZr,Hf quantities. In (7) the Zr and Hf evaporation 
losses are neglected due to their large vaporization 
heat and low rate of evaporation (Table 3). N is the 
total number of molecules in the particle. V0 and V are 
the initial and final volume of the molten 
(evaporating) particle. The mass loss due to 
evaporation of the i-th element is: 

dρ
t

m
il

i λπ=
δ

δ
4

 (8) 

where ρl is the density of the molten particle, λi is the 
evaporation constant of the i-th species in the solution 
[40]: 

i
l
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i w

ρ

DρSh
λ ∆

4 ⋅⋅
=  (9) 

Sh is the Sherwood number, usually represented by 
the Ranz-Marshall correlation [42], which is 
approximately equal to 2 according to assumption D). 
The density ρc is the representative density and may be 
the average density of the evaporating elements 
between the surface and somewhere far from the 
surface of the particle. Di is the diffusion coefficient 

for the species i, ∆wi is the difference between the 
mass fraction of the species i on the surface and 
somewhere far from the particle. We can formally 
introduce the evaporation time t as quadratic relative 
d. Taking into account that V ∼ d3 and representing the 
concentration of the elements as a function of the 
measured diameter d, we obtain: 

( )

( )

( )

( )
λ

λ

d

λa
λb

λ

λ
x

d

dt
t

m
λtdx

x

d

λa
λbx

d

td
xx

NiTiNiTi
NiTi

t
NiTi

l
NiTi

NiTi

HfZr

HfZrHfZr

,2

3

,
,0

3
0

,2
3

2
,0

,

2

3

,0

3

2

3
2

,0,

6
1

6

6

1

π
+







 ++








π
−

=
δ

δ
πρ

−+

=








 ++

=λ+=

∫
 (10) 

where a and b are the coefficients of the quadratic 
evaporation time. The values (λb+1), λa, λi/λ were 
fitted by the method of least squares. The results are 
presented by the solid line on Fig. 4 and Fig. 6. 
 A similar fitting procedure was made with a less 
rigorous and more formal assumption that the 
“dn-law” is valid. The exponent n calculated by the 
least-squares method is close to 2 (n = 2.18±0.26 for 
Ti–Ni–Zr and n = 2.08±0.47 for Ti–Ni–Hf). Thus, we 
confirmed the applicability of the “d2-law” for the 
systems under consideration, which means that the 
processes of varying the chemical composition are 
actually governed by the evaporation of species from 
the surface of the particles. 
 
v) Model of evaporation losses of a superficial layer 
The second model of evaporation losses assumes, in 
addition, that the temperature gradient inside the 
particle is very small during the cooling, excepting 
perhaps a thin superficial layer. Only molten particles 
are considered because significant evaporation of 
element takes place only at high temperature close to 
the boiling temperatures. The thermal behavior of the 
molten particle can be described by a simple 
Newtonian formulation [43-46]: 

( ) ( )44
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612
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ll
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TT
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εσ
TT

dρC

k

dt

dT −
ρ

−−−=  (11) 

where the first term corresponds to convection and the 
second one to heat radiation according to the Stefan-
Boltzmann law. Cl is the heat capacity of a molten 
droplet calculated in the Dulong-Petit approximation, 
kg is the gas convective heat transfer coefficient given 
by the Ranz-Marshall relation [42], kB and σ are the 
Boltzmann and Stefan-Boltzmann constants, 
respectively, ε ≈ 0.8 is emissivity, Tenv is the 
temperature of liquid argon. The contribution of this 
term is significant at high temperatures, at which the 
evaporation losses should be especially great. The flux 
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of evaporated molecules through the surface S is 
calculated as: 

Svn
dt

dN
iivap

ivap
,

,

4

1=  (12) 

where Nvap,i is the number of evaporated molecules, 
nvap,i is the density of the saturated vapor of the i-th 

element and 
i

B
i m

Tk
v

π
= 8

 the mean velocity of 

evaporated molecules of the species i. The density of 
the saturated vapor depends on the temperature and  
qi – the molar heat of vaporization of the species i. We 
assume that the density of the i-th component in the 
gaseous state is as follows: 
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where nil is the volume concentration of the i-th 
element within the molten particle. 
 Let us assume the existence of an effective 
evaporating superficial layer. Its width is limited by 
the diffusion of different elements inside the particle. 
It is very hard to observe this layer. As pointed out 
above, a possible redistribution of elements in such a 
layer, which could appear due to diffusion processes 
inside the particles, is completely ruined by the 
subsequent solidification processes. Therefore the 
thickness of the layer l has been chosen as 1 µm to 
better fit the experimental data. The volume 
concentration of the i-th element within the molten 
particle nil is equal to: 

sf

ivapi
il
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where sfV is the volume of the superficial layer. N0i is 
the initial amount of the i-th species, which is 
calculated as: 

A

sf
l

A
i

i N
µ

V
N

µ

m
N 0,0

,0
ρ

==  (15) 

Here i,m0 is the initial total mass of the i-th species in 

the initial superficial volume sfV0 . Taking together 

(13), (14) and (15) one can rewrite formula (12) as: 
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where d and d0 are the current and initial diameters of 
the particle. The changes of the diameter of the 
particle occurring during the evaporation can be 
calculated from the mass loss equation: 
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where µ (molecular weight of the alloy) is assumed to 
be constant. The following initial conditions were 
used: 

1,3,0| 0, === iN tivap  

max0| TT t ==  

00| dd t ==  

Tmax was chosen equal to 3000 K, and the final 
temperature 1583 K (Ti50–Ni50 melting point [39]). 
The latter is not so important because the rate of 
evaporation decreases rapidly with decreasing 
temperature and becomes negligibly small at the 
Ti50–Ni50 melting point. We obtain a system of five 
ordinary self-consistent differential equations ((11), 
(16), (17)) with five unknown values. The results of 
their numerical solution are presented on Fig. 4 and 
Fig. 6. 
 It is evident that the behavior of the Zr, Hf, and Ni 
concentrations is qualitatively well described by the 
model. At the same time the model is unable to 
explain the behavior of the titanium concentration, or 
make accurate predictions of the species content, 
especially in the case of the Ti–Ni–Zr powder. First of 
all the reasons for the size-concentration dependence 
are quite simple in principle. The flux of evaporated 
molecules (12), and consequently the change of 
species content, is proportional to the square of the 
diameter of the particle. At the same time the volume 
of the particle is proportional to the cube of the 
diameter. Then the concentration change is inversely 
proportional to the diameter, and as a consequence the 
particles of large diameters have chemical 
compositions close to the composition of the master 
alloy (see Fig. 4 and Fig. 6). 
 There are several peculiarities that complicate this 
rough speculation. The basics among them are the 
following: if the radiation emission term in formula 
(11) is omitted, as usually done in gas atomization 
models [47-54], the average cooling rate CR of the 
molten particles can be represented in an invariant 
form as CR⋅d2 = const (diameter of the particles, d, in 
µm and cooling rate in K/s). In reality the constant in 
this representation depends on the diameter of the 
particle. For a particle of diameter 1 µm it is equal to 
4⋅107, while for a 100 µm-particle the constant is equal 
to 19⋅107. The obvious reason for this discrepancy is 
the different size dependence of the emission  
and convection terms in the expression for the cooling 
rate (11). 
 The conception of the effective evaporated 
superficial layer (16) requires taking into account the 
diffusion processes inside the molten particle. This 
may contribute significantly to the correction of the 
kinetics of the composition changes due to the 
different diffusivity of the species in the liquid alloy. 
 There exists a range of maximum temperature of 
the particles, from which the quenching in liquid 
argon is performed. The maximum starting 
temperature is the boiling temperature of the alloy, 
which is not known exactly. It is quite possible that 
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particles of different sizes have different starting 
temperatures. It appears very plausible that the smaller 
the particle the more their maximum temperature and 
chemical composition vary. 
 Finally, in order to make the model more adequate, 
one must keep in mind that each of the molten micron-
sized particles is surrounded by a gaseous shell due to 
the evaporation of liquid argon. Obviously, formula 
(11) does not take into account the dynamics of this 
gaseous shell, the internal convections of the 
evaporating argon inside the shell, or the finite value 
of the velocity of the particle itself. 
 
 
Conclusions 
 
1) Ti–Ni–Zr–Cu and Ti–Ni–Hf powders with particles 
sized from several tens of microns down to 10 nm 
were produced by the spark erosion method in liquid 
argon. As-processed powder particles with typical 
sizes between 1 and 50 µm have round shape. 
Agglomerates of nanosized particles cover the micron-
sized particles. The internal structure of the particles 
has a morphology that is transient between cellular 
and equiaxed-type, with a pronounced spherical 
symmetry. Such symmetry indicates that nucleation of 
the solid phase appears from the central (internal) 
region of the particle and has a mostly single event 
feature. 
2) Both kinds of powder contain the В2 phase, 
monoclinic (martensite) phase B19’ and η phase 
Ti2Ni. Ti–Ni–Hf powder consists of 44±5 vol.% of 
martensitic phase, 35±4 vol.% of austenitic B2-phase 
and about 21±3 vol.% of η phase. After spark erosion 
processing of the Ti–Ni–Hf powder, the dominating 
phase in the powder spectra was monoclinic HfO2. 
3) The particles of the Ti–Ni–Hf powder with sizes 
between 10 and 100 nm have round shape and show a 
fine structure. The nickel content in such fine particles 
is larger, whereas the content of titanium, and notably 
hafnium, is smaller than in the master alloy. This 
difference provides evidence that nanosized particles 
appear due to condensation from the vapor phase, 
which is enriched in Ni but contains less Ti and 
especially Hf. 
4) Micron-sized particles of both powders are 
chemically inhomogeneous. The average composition 
of the particles demonstrates size dependence: while 
the amounts of Hf and Zr increase drastically, the 
amount of Ni decreases and the concentration of Ti 
demonstrates a complex behavior with decreasing 
particle size. The drastic change of the chemical 
composition is caused by the different rates of 
evaporation of the alloy components during the spark 
erosion process. 
5) The models developed to describe the evaporation 
losses of the powder particles assume rapid quenching 
of the particles in cold argon and velocities of the 
powders close to zero, and ignore external convection 
cooling of the particles. The concentration-size 

dependencies are fitted satisfactorily in the assumption 
that the “d2-law” of evaporation rate is held. 
6) The average cooling rates CR evaluated for molten 
particles quenched in liquid argon can be roughly 
represented in the invariant form as CRxs⋅d2 = const. 
7) Ti–Ni–Hf powders were sintered by the spark 
plasma sintering method. The micron-sized particles 
were oxidized, and the quantities of oxides were 
higher in particles with sizes below 10 µm. HfO2 
oxide was mainly found in the spark plasma sintered 
samples. 
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