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Using the Rietveld refinement, we analysed the structural evolution of
Ni;,Tis, alloy prepared by mechanical alloying method. The elemental Ti and
Ni powders are milled during different milling times (0, 1, 3, 6, 24, and 72
hours) in a high-energy planetary ball mill (Pulverisette 7 premium line). The
milled powder specimens were characterized with x-ray Philips X,Pert dif-
fractometer equipped with CuK, radiation source (As,=0.15418 nm). We re-
fined the structure of compounds using the MAUD program, and we found
structural parameters such as the atomic positions (x, y, z), symmetry, and a
space group. Moreover, microstructural parameters such as the lattice pa-
rameters (a, b, ¢), the average crystallite size <L>, microstrains <c,>'/2, the
average number of compacted layers, and the phase percentages were also
determined. According to the results, at the initial stages of milling (typical-
ly of 1-3 h), the structure consists of Ni-based solid solution [f.c.c.-Ni (Ti)],
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Ti-based solid solution [h.c.p.-Ti (Ni)], and amorphous phase (= 40 wt.%).
Based on the data evaluated during milling, the nanocrystalline NiTi-
martensite (B19') and NiTi-austenite (B2) phases are initially formed from
the primary materials and from the amorphous phase.

Bukopucrosyounu PiTBeamoBy MeTony moBHOOPOQiabHOI aHAJIi3u CTPYKTYPH,
MU aHaJIi3yBaJIu CTPYKTYPHY eBojiomnito crony Niy Tis,, IiAToTOBIEHOTO METO-
[IOI0 MEeXaHiUHOTOo Jer'yBaHHA. EJIeMeHTHI MOPOIITKY TUTAHY Ta HiKJII0 MeJTIOTh-
cA MpoTATOM pisHUX uaciB sapi6buioBanusa (0, 1, 3, 6, 24 i 72 roguHM) y BUCO-
KOEHePreTUMYHOMY BHYTPiIIHLOMITiI()YBAJIBLHOMY ILJIaHETADHOMY KYJIBOBOMY
manHi Toukoro muusa (Pulverisette 7 mpemisanbmoi sinii). Hamomoueni mopo-
IIKOBi 3pasKu AJA BUIPOOyBaHHsA OyJIM OXapaKTepH30BaHi PEeHTI'€HiBCbKUM
mudpaxromerpom Philips X,Pert, obGsamHanumM [I)Kepes oM BUIPOMiHEHHS
CuK, (A¢, = 0,15418 ™). Mu yrounmam GyAZOBY CHOJYK, BUKOPHCTOBYIOUH
nporpamy MUAD (ananisdu marepidisiB 3 BUKopucTaHHAM audpakiii), i mu
3HAWIIIYN CTPYKTYPHI mapaMeTpu TUIIY aTOMOBUX IO3UILi# (X, Y, 2), CHMeTpiio
Ta IPOCTOPOBY rpyny. KpiM Toro, MiKpoCTPYKTYPHIi ITapaMeTpu TUIIY HapaMe-
TpiB r'paTHULi (a, b, ¢), cepenHiit posmip Kpucrasita <L>, mikpomedopmarrii
<o,>'2, cepesHe uncio yminbHeHNX IMApiB i asoBi MpoueHTHI BMicTu Oyau
TaKO0’K BUBHAUEHi. 3TiHO 3 pe3yJbTaTaMu, Ha MOYATKOBUX CTAAiAX PO3MeEJIO-
BaHHA (3BUYAHO 1—3 roguHm), CTPYKTYypPa CKJIATAETHCS i3 TBEPAOTO POSUUHY
Ha ocHOBi Hika [[IIK-mikems (Ti)], TBepmoro po3suymHy Ha OCHOBIi THUTaHY
[CHIII-rurar (Ni)] i amopduoi dasu (= 40 Bar.%). I pyHTyOUNCH Ha DAaHUX,
OIliHeHUX IIPOTATOM PO3MEJIOBAaHHS, 3’SCOBAHO, IO HAHOKPHCTAJIUHI (asu
NiTi-mapreucury (B19') i NiTi-aycrenury (B2) cmouaTky chopmyBaauca 3
NePBUHHUX MaTepiaiaiB i 3 amopdHoi hasmu.

Hcnonbs3ysa PUTBEJIOBCKUI METOJ MOJHOUPOMUIBHOTO aHAJIN3a CTPYKTYDHI,
MBI aHAJIM3UPOBATIU CTPYKTYPHYIO dBouonmio ciiaBa NigTis,, mogrorosieH-
HOTO METOZO0M MeXaHUUYECKOTO0 JIETUPOBAHUA. JJIEMEHTHEIE IIOPOIIKY TUTAHA U
HUKeJII MEeJIIOTCA B TeUeHMe Pa3JINnUYHbIX BpeMeén usmeabuenusa (0, 1, 3,6, 24 u
72 yaca) B BBICOKOYHEPreTUUECKO BHYTPUIIIIN(OBAILHOM IIJIaHEeTapPHOMH IIa-
poBoii MenbHuIle TOHKOro momoJia (Pulverisette 7 mpemmanbpHOl auHHM).
HamosiouesHbIe MOPOIITKOBLIE O0PA3IILI AJIA UCIILITAHUS OBbLIN OXapaKTepuao-
BaHbI PEHTreHOBCKUM AudpaxTomerpom Philips X,Pert, o6opymoBaHHBIM 1C-
rounukoMm usaydenus CukK, (Aq, = 0,15418 um). MBI yTOUYHUIN CTPOEHUE CO-
efumHEeHU, ncnosab3ysa nporpammy MUAD (aHanusa MaTeprasioB ¢ MCIOJIb30-
BaHUEM IU(MPAKINN), U MBI HAILIU CTPYKTYPHBIE ITapaMeTPhI TUIIa aTOMHBIX
mosunui (x, Yy, 2), CAMMETPHUIO M IIPOCTPAHCTBEeHHYIO rpynmy. Kpome Toro,
MUKPOCTPYKTYPHBIE TapaMeTphl TUIIa TapaMeTpPoB pemiéTku (a, b, ¢), cpeaHunit
pasmep Kpucramanrta <L>, MuKpozedopmamum <o,>'/%, cpegmee umcio
VIJIOTHEHHBIX CJIOEB U (ha30BbIe MIPOIEHTHBIE CONEPIKAHNA OBLIN TaKKe OIpe-
menennsl. CorjylacHO pesyJsbTaTaM, Ha HAUYaJbHBIX CTAAUAX Pa3MaJIbIBAHUA
(o6b1yHO 1-3 yaca), CTPYKTypa COCTOUT U3 TBEPAOTO PACTBOPA HA OCHOBE HU-
Keasa [[IIK-aukens (Ti)], TBépmoro pacTBopa Ha ocHoBe TutaHa [['IIY-Tutan
(Ni)] u amopdHoit passer (= 40 Bec.% ). OCHOBLIBAACH HA JaHHBIX, OI[EHEHHBLIX B
TeueHNe Pa3sMaJIbIBAHUA, BBIACHEHO, UTO HaHOKpucraaaumueckue ¢assr NiTi-
mapteHcura (B19') u NiTi-aycrenura (B2) nepBoHaYaabHO chOPMUPOBAINCH
W3 IePBUYHLIX MAaTEePUAJIOB U 13 aMophHOI (hasbl.
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1. INTRODUCTION

In the last years, nanostructured materials are experiencing a grow-
ing interest because of their fascinating and unique physical prop-
erties often superior compared to the bulk materials of similar com-
position and due to the reduction of the grain size [1] and the large
amount of interfaces. These materials present specific physical [2],
mechanical [3], electrical [4], and magnetic properties [5]. Hence,
new fields of technological application [1] are offered.

The excellent properties of NiTi, especially its advantageous me-
chanical and chemical properties such as superelasticity, a shape
memory effect [6], a good corrosion resistance [7], a hydrogen stor-
age ability and a good biocompatibility [8—9], which make this ex-
traordinarily attractive material for the aeronautic and aerospace
industries, the biomedical and dentistry applications [10], which
demand half of all NiTi produced.

A number of different methods have been used to synthesize
nanocrystalline/amorphous NiTi materials. These include an ion-
milling deposition [11], a melt spinning [12], a high-pressure tor-
sion [13], a conventional powder metallurgy [14], a self-propagating
high-temperature synthesis, an explosive shock-wave compression
[15], and mechanical alloying (MA) [2].

Among these, the MA method was very effective for the fabrica-
tion of Ni;,Ti,;, nanocrystalline alloys or nanostructured powders. In
this technique, high-energy collisions between the milled powder
particles, balls, and vial walls generate a large variety of materials
such as a nanocrystalline solid solution amorphous phase [16], the
NiTi-austenite (B2) and NiTi-martensite (B19’) phases [17].

Moreover, in this process, the reduction of particle size is ob-
served that results in the ultrafine grained or nanocrystalline mate-
rials. Because of the very fine grain sizes, nanocrystalline materials
exhibit a diversity of properties, which are different and often con-
siderably improved in comparison with those of conventional coarse-
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grained polycrystalline materials [18].

The Rietveld method, a full-pattern fit method for the micro-
structural characterization of materials, is the best method for the
microstructure characterization and for the quantitative estimation
of multiphase nanocrystalline materials containing significant num-
ber of overlapping reflections [19]. The Rietveld method was suc-
cessfully applied for determination of microstructural properties of
many different systems [1, 5, 10].

In the present work, the mechanical alloying in a high-energy
planetary ball mill produces nanocrystalline Ni; Ti;, powders. The
effects of the milling time on the microstructure and morphology of
mechanically alloyed powder mixtures is studied by means of the x-
ray diffraction (XRD) and scanning electron microscopy (SEM).

2. EXPERIMENTAL: SYNTHESIS OF THE ALLOYS

Elemental Ti and Ni powders (Aldrich) with purity of 99.97% and
99.99%, respectively, and with a particle size under 150 pm for Ti
and under 45 pm for Ni were used. Powders were mixed to obtain
the Ni; Ti,, (at.%) composition. Mechanical alloying performed un-
der an argon atmosphere using the Fritsch Pulverisette P7 plane-
tary ball mill equipped with hardened steel vial (80 mL) and balls
(15 mm diameter) fabricate the Ni;,Ti;, powders. The disk speed ro-
tation was Q=400 rpm. The ball-to-powder weight ratio was 23:1.
The synthesis was performed by milling cycles of 30 min at 400
rpm and followed with equal rest periods (pauses of 30 min) to
avoid an excessive rise of temperature inside the vials. The powders
had milled for several periods including 0, 1, 3, 6, 24 and 72 h.

Changes in the morphology of the powder particles (changes in
size and shape of the powder particles and their distribution) were
determined by scanning electron microscopy (SEM) using a Zeiss
DSM 960A microscope operating at a voltage of 20 kV.

X-ray diffraction patterns were recorded by the x-ray diffraction
(XRD) method, using x-ray Philips X,Pert diffractometer equipped
with CuK, radiation source (Ag,=0.15418 nm). The phase analysis
was performed by application of ICDD (PDF-2, 2012) files. The mi-
crostructural parameters were taken from the refinement of the
XRD patterns by using the MAUD program (version 2.55), which is
based on the Rietveld method [20].

Using the Rietveld refinement and Warren—Averbach methods
[21, 22] within the frame of the MAUD software [20], we can get a
detailed analysis of the XRD profiles and extract structural param-
eters such as the atomic positions (x, y, 2), symmetry, and space
group. Moreover, microstructural parameters such as the lattice pa-
rameters (a, b, ¢), the average crystallite size <L>, microstrains
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<o,>'2, the average number of compacted layers, and the phase
percentages were determined too.

From the values of a lattice parameter, the crystallite size and
microstrains, the dislocation density (p) can be calculated using fol-
lowing formula:

p=2y3<c?>"2< L>"1 B!,

where B, is the Burgers vector module, which is equal to a\/g /3
for the hexagonal close packed (h.c.p.) structure and aﬁ /2 for
the face centred cubic (f.c.c.) structure.

The calculated profile yields scaling factors for each phase to fit
the intensity of the observed pattern. These scale factors relate to
the respective relative weight fractions by equation [23] as follows:

_ 8,zZMY),
Z,L S, (ZMV),

i

where Z is the number of formula units in the unit cell, M is the
molecular mass of the formula unit, V is the unit cell volume, S is
the Rietveld scale factors, and W, is the weight fraction of i-th
phase; the index ‘%’ in the summation covers all phases, which are
included in the model [23].

The weight percentage of the amorphous phase in a sample is
given by the relationship [24]:

)
1-W, W,
where W, is the amorphous fraction, Wy is the weighted internal
standard fraction, and W, is the refined fraction of the internal
standard.

To evaluate the refinement, several factors have been introduced
that make it possible to know the agreement between the calculated
model and the observed model [23]. The minimization was carried
out by using the reliability index parameters R,, (a weighted resid-
ual error) and R,,, (an expected error) [19].

It is possible to calculate a statistical parameter, which must tend
towards the unit for a successful refinement called the ‘goodness of
fit’ %, which is the ratio between R,, and R, :

exp*

e =pr/R

exp *

Profile refinement continues until convergence is reached in each
case, with the value of the quality factor y* (GOF) approaching one.
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3. RESULTS AND DISCUSSION
3.1. Particle Morphology and Evolution Using SEM Analysis

Figure 1 shows the change of the morphological shape and the cor-
responding particles size distribution of the powders obtained after
0O h, 6 h, 24 h and 72 h of milling times. Morphological changes of
TisNi,, powder particles occurring during the mechanical milling of
the starting mixture of elemental f.c.c.-Ni and h.c.p.-Ti can be re-
lated to the difference between the mechanical properties of metals.
The unmilled Ni powder particles have roughly spherical and
rounded shapes, while Ti possesses flake-like shape (Fig. 1, a). It
can be seen that the morphology changes are great after 1 h of mill-
ing (Fig. 1, ). The particles are flattened by the plastic defor-
mation caused by the progressive forces induced by the ball-
powder—ball and ball-powder—vial contacts. This leads to increasing
the size of particles beside some small particles produced [1].

By progression of milling (24 h), due to both the domination of
fracturing over cold welding and the increase in the amorphous
phase amount, the brittleness of powders increases. Consequently,
the size of particles is appreciably reduced, and their morphology

Fig. 1. SEM images of powders milled (a) 0 h, (b) 1 h, (c¢) 24 h, (d) 72 h.
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Fig. 2. XRD patterns of the Ti;,Ni,, powders at different milling times.

tends to be semi-spherical with a narrow range of a size distribution
(Fig. 1, ¢) [17].

The milling for 72 h leads to agglomeration of the smaller parti-
cles. Thus, the cold welding is the dominating phenomena at this
stage of milling (Fig. 1, d).

3.2. Structural Analysis

The different diffractograms of Ti,,Ni;, powders (after 0 h, 1 h, 3
h, 6 h, 24 h, and 72 h) are shown in Fig. 2. As is apparent, MA in-
troduces significant changes in ground powders up to 72 hours.

There is a gradual increase in enlargement and a gradual decrease
in intensity of different lines as functions of the milling time, illus-
trating the impact of the milling on the crushed powders. The su-
perposition of lines shows an enlargement accompanied with a
slight shift towards lower angles, indicating a slight increase in in-
teratomic distances.

After a few hours of milling, one can see the appearance of halo
around 35-50°, which is superimposed with peaks belonging to
h.c.p.-Ti and f.c.c.-Ni, that could attribute to formation of an
amorphous phase. The formation of such a structure can be ex-
plained by the significant structural disorder induced by the severe
plastic deformation.

The best Rietveld refinements of the XRD patterns (1, 3, and 6
h) were obtained with three components: f.c.c.-Ni, h.c.p.-Ti, and an
amorphous phase (Fig. 3, a, b and c¢). The nanometre-scaled diffu-
sion couples are produced by high-energy mechanical milling, which
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Fig. 3. Rietveld refinements of XRD patterns of the milled powders for:
(@) 1 h (GOF=1.41), (b) 3 h (GOF=1.45), (¢) 6 h (GOF=1.43), (d) 24 h
(GOF =1.20), (¢) 72 h (GOF =1.23).

involves fracture and cold welding of milled powders. Thus, the
atomic diffusivity is improved through the creation of a large
amount of structural defects. As a result, metastable phases may be
the first products of the solid-state reaction.

With further milling (24 h), the complete disappearance of the
h.c.p.-Ti Bragg peaks, as evidenced by the absence of their peaks in
the XRD pattern, is linked to the formation of B2 phase (Fig. 3, d),
while the Ni-SS is still presented with very a few amounts
(15.38%). Furthermore, it is known that the crystallite size de-
creases with the increase of negative mixing enthalpy (AH) [25].

After 72 h of milling, XRD patterns present the same phases, B2
and B19’, with the dominance of an amorphous phase (Fig. 3, e)
with a relative proportion of about 68.9577%.

According to Rietveld refinements of XRD patterns of the milled
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powders, we can extract all structural parameters (symmetry, space
group, and atomic positions), variation of phases’ content (in
weight percentage), and goodness of fit (as shown in Table 1).

In order to investigate the phases’ stabilities during mechanical
milling, we have calculated the phase proportions of the identified
phases as functions of milling times. The obtained results are pre-
sented in Table 1. At the early stages of milling, the fractions of
mixed elements are decreased. This is due to the continuous dissolu-
tion of phases and solid solution formation.

During the stage of 1-6 h, which represents a post-formation of
an amorphous phase, we note that decreasing ratios of titanium and
nickel is inversely proportional to the ratio of an amorphous phase
and increasingly very clear.

After 24 h, it is the stage, which starts the formation of marten-
sitic phases. We note here that the percentages of initial elements
remain constantly waiver up to the total disappearance for h.c.p.-
Ti. In addition, the B19' and amorphous phases up to 24 h of mill-
ing continue to grow. The formation of martensitic phase may be
due to the negative mixing enthalpy (AH =-67 kdJ/mol) [25].

After 72 h observing, the continued rise of both B19' and B2
phases was due to a decline in the proportion of amorphous phase.
The martensitic and austenitic phases were formed at the milling
times of 24 h and 72 h due to severe plastic deformation. This is
similar to that reported for the Ni—50Ti alloy [17].

We note that there is a change in the positions of atoms of all
phases. As is evident for primary elements, they are constantly
changing and increasing for f.c.c.-Ni and remain almost constant
for h.c.p.-Ti. This may be explained by the dissolution of h.c.p.-Ti
into f.c.c.-Ni to form solid solutions.

3.3. Microstructural Analysis

The variations in the average crystallite size <L> and microstrains
<c®>'? obtained from Rietveld analysis are plotted as functions of
milling time in Fig. 4. As shown, one can observe an important de-
crease in the crystallite size, when the microstrain of both Ni and
Ti is increasing during the first stage of milling [I] (0—6 h).

Above-mentioned changes can be explained by the fact that the
mechanical energy communicates during grinding and is sufficient
to deform plastically the two elemental Ni and Ti powders.

At the second stage [II] between 6 and 24 h, the crystallite size
becomes less dependent on the milling time. This stage precedes the
B19' appearance and can be the reason for lower decrease of a crys-
tallite size. B19’ is characterized by a smaller crystallite size and
higher microstrains in comparison with the first stage of milling.
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Fig. 4. The milling-time-dependent average crystallite size <L> (a) and mi-
crostrains <c*>'/2 (b).

During the third stage [III] after 72 h, one can observe a decrease
in crystallite size and an important increase in the microstrains of
B19' and B2, when the strains of the austenite phase are higher in
comparison with the martensite. It could be due to high concentra-
tion of stacking faults and high dislocation density. Actually, the
austenite phase is metastable at room temperature and becomes un-
stable when an external mechanical or thermal energy is introduced.

The reduction in crystallite size is mainly due to severe defor-
mation of powders during the milling. The other reason can be in-
creased probability of nucleation sites during crystallization, pro-
vided by higher defect densities [18].

The final crystallite size is in order of 7.1777 nm for f.c.c.-Ni
and 29.0578 nm for h.c.p.-Ti. It is also evident that the decline in
Ni crystallite size is faster than in Ti one, and this is probably re-
lated to a low initial grain size of f.c.c.-Ni (under 45 um) compared
with the grain size of h.c.p.-Ti (under 150 yum)[26].

B2 is characterized by higher microstrains (1.4788% ) compara-
tively to B19' (1.2132%) and may be due to high concentration of
stacking faults and a high dislocation density. Generally, magni-
tudes of microstrains achieved during a milling are of about 1.5%
[18].

Table 2 shows the variations of lattice parameters and the rela-
tive deviation of f.c.c.-Ni, h.c.p.-Ti, B2 and B19’ for each grinding
time (0—72 h) as obtained from Rietveld analysis.

The decrease of the lattice parameters of f.c.c.-Ni (Ti) and h.c.p.-
Ti (Ni) after 1 hour of milling is probably due to distortions of a
crystal lattice resulting from the severe plastic deformation [19],
and therefore, reducing the distance between neighbouring atoms.
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As well as partial dissolution of Ti atoms within the f.c.c.-Ni
crystal lattice (h.c.p.-Ti atomic radius is slightly higher than that
of f.c.c.-Ni), the progressive dissolution of Ti into f.c.c.-Ni lattice
leads to increase of f.c.c.-Ni lattice parameter from 0.3524 nm to
0.3574 nm after 24 h of milling. However, the h.c.p.-Ti lattice pa-
rameter is reduced up to 1 h of milling, and then, the rest is con-
tinuing to rise, but in very small values. This low variance is due to
the crystallite size reduction, the increase in rate of microdefor-
mations, and a crystal-lattice distortion induced by the milling pro-
cess.

The austenite-phase lattice parameter increases up to 72 h, when
it reaches a value equal to a=0.3045 nm and the B19’ lattice pa-
rameter values equal to a=0.4687 nm, b=0.4238 nm, ¢=0.2942 nm.

The lattice-parameter relative deviation is increasing as a func-
tion of the milling time for Ni up to Aa/a,=1.3039% after 24 h
and Ti up to Aa/a,=1.7066% and Ab/b,=0.4564% after 6 h. How-
ever, it decreases for the austenite (Aa/a,=0.9950%) and marten-
site (Aa/ay=1.4063%, Ab/b,=0.6651% and Ac/c,=1.9757%) phas-
es after 72 h of milling. We can explain this because both phases
tend to more stability with milling time. This high value can be as-
sociated with the severe plastic deformation, which introduces dif-
ferent types of defects such as dislocations, grain boundaries, gaps,
and stacking faults, and it can be explained by the formation of a
non-stoichiometric composition of an austenite phase.

The average number (N) of compacted layers between two stack-
ing faults, either deformation or twin-type, is according to War-
ren’s formula [27] as follows: N=1/SFP=1/ [1.5(&' +a’)+ B] ,
where o', o” are the intrinsic and extrinsic deformation faults, re-

N
o | —*— HCP-Ni (Ti)
—e—FCC-Ti (Ni)
8000 4
6000 - ‘lll
4000
2000 1

04 ~— 'y

0 3 6 9 12 15 18 21 24 27
Milling time, h
Fig. 5. Variation of the average number (IN) of compacted layers between

two stacking faults, either deformation or twin-type for the Ni,,Ti;, pow-
ders as a function of milling time.
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spectively, and B is the twin faults. The values of N decrease with
the milling time (Fig. 5). In fact, there are 27 and 52 ordered
planes between the two consecutive stacking faults in h.c.p.-Ti (Ni)
and f.c.c.-Ni (Ti) after 24 of milling, respectively.

As clear, the value of the average number of compacted layers
between two stacking faults in h.c.p.-Ti (Ni) is more than in the
f.c.c.-Ni (Ti). Thus, it can explain that the h.c.p.-Ti (Ni) facilitate
the formation of an amorphous phase more than the f.c.c.-Ni (Ti),
while the f.c.c.-Ni participate in the formation of the B19' and B2
phases.

4. CONCLUSION

The Ni, Tij,powders have been synthesized by mechanical milling

for various milling durations and characterized with the Rietveld

refinement method applied to the x-ray diffraction. The results are

summarized as follows:

at the initial stages of milling, the elemental powders are dissolved
into the structure, in which the Ti peaks are diminished faster
than Ni peaks;

the best Rietveld refinement with the quality factors of fitting,
namely GOF =1.20, was subsequently performed with the follow-
ing phases: B19’, B2, and an amorphous phase characterized by
the low crystallite-size and microstrain rate (almost zero);

the amorphization process is occurred and the amorphous phase
fraction is increased reaching its maximum value (z 75 wt.%) at
24 h of milling;

the nanocrystallization is developed at short milling, and the crys-
tallite size decreases down to the nanometre scale (=z 8nm) after
72 h of milling;

for prolonged milling time (24 h), the increase of stacking faults in
h.c.p.-Ti (Ni) and f.c.c.-Ni (Ti) leads to the B19’ and B2 phases
due to crystallite-size refinement down to the nanometre scale
and large internal strains, and stacking faults incorporated in the
f.c.c.-Ni (Ti) and h.c.p.-Ti (Ni) lattices;

the relative deviation of the lattice parameter is increasing as a
function of the milling time for f.c.c.-Ni (Ti) and h.c.p.-Ti (Ni),
but it decreases for the B2 and B19' phases after 72 h of milling.
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