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Abstract

This study aims to examine the effects of milling time on the morphological, structural, and magnetic properties of nano-
structured Nis,Tis, powders prepared by high-energy mechanical alloying using a Fritsch Pulverisette 7 planetary ball mill.
Scanning electron microscopy and electron dispersive X-ray spectroscopy, results revealed a novel particle folding phenom-
enon during high-energy milling, significantly diverging from conventional welding and fracture processes. With increasing
milling time, it was observed reduced particle size, and enhanced spherical equiaxial morphology, alongside a mixture of
the amorphous phase, NiTi-martensite (Ms), NiTi-austenite (As), and solid solution phases (SS). Rietveld refinements of
X-ray diffraction patterns and magnetic measurements highlighted the critical role of the amorphous phase in determining
the Ms and Mr values of synthesized Nis,Tis, powders. After 72 h of milling, the coercive field increased to 285.8 Oe, and

the martensitic phase proportion reached 21.58%.

Keywords Mechanical alloying - Amorphization - Nanocrystallization - Rietveld refinement - NiTi alloys - Structural -

Microstructural - Magnetic properties

1 Introduction

Nickel-titanium (NiTi) alloys have emerged as a versatile
class of materials that possess a unique combination of
desirable properties, such as shape memory behavior [1],
super elasticity [2], good corrosion resistance [3], and
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biocompatibility [4], making them ideal candidates for a
wide range of applications in fields such as biomedical [5],
aerospace [6], automotive [7], and robotics [7]. In particular,
the excellent biocompatibility and mechanical properties of
NiTi alloys make them highly desirable for use in orthopedic
[8] and dental implants [9].
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The properties of NiTi alloys can be significantly
enhanced by altering their microstructure, including the
amorphization [10] and nanocrystallization [11] processes,
which can profoundly impact their electrical [12], mechan-
ical [13], and magnetic [14] properties. Amorphous and
nanocrystalline NiTi alloys exhibit unique mechanical
properties, such as enhanced strength, toughness, and
fatigue resistance, compared to their coarse-grained poly-
crystalline counterparts [15]. These materials also have the
potential to be used in new applications, such as hydrogen
storage and catalysis [16].

Several methods have been employed to produce
nanocrystalline/amorphous NiTi alloys, including melt-
spinning [17], high-pressure torsion [18], self-propagating
high-temperature synthesis [19], and mechanical alloying
(MA) [20]. Among these, MA has been found as a highly
effective method for the preparation of nanocrystalline/
amorphous NiTi alloys [20]. This technique involves
repeated cold-welding and fracturing of metallic powders
in a ball mill, resulting in a homogeneous distribution of
the alloying elements [21].

In the MA process, the reduction of particle size is
observed, resulting in ultra-fine-grained materials. This
reduction in particle for the preparation of significant
improvements in the properties of the materials compared to
conventional coarse-grained polycrystalline materials [22].

The amorphization of NiTi alloys by mechanical alloy-
ing has been shown to occur via different reaction routes
[21, 23]. These routes can result in the direct formation
of an amorphous phase or through the formation of an
intermetallic or a solid solution phase. These different pos-
sibilities may be represented as follows:

mA + nB = (AmBn),morhous (1)
mA + nB — (AmBn)cryslalline — (AmBn)
mA + nB — Am(Bn) — ((AmBn)amorphous(S)
mA +nB — Am(Bn) — (AmBn)qygaitine = (AmMBR)ymorphous(4)

2)

amorphous(

where m and n are the atomic composition of elements A
and B, respectively, Am(Bn) represents a solid solution of
Bin A, (AmBn)yanine Tepresents a crystalline phase, and
(AmBn)ymorphous Tepresents the amorphous phase with the
composition AmBn.

Mechanical milling of nickel-titanium (NiTi) shape-
memory alloys effectively reduces grain size, enhanc-
ing their physicochemical and shape-memory properties
[24]. This process focuses on refining milling parameters
to maintain the alloys’ shape-memory functionality while
achieving microstructural improvements, highlighting the
potential of NiTi alloys for high-precision applications [25].

This research work presents a comprehensive analysis of
the evolution of structural, microstructural, and magnetic
properties of nanostructured/amorphous Nis,Tis, alloys
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produced via mechanical alloying. Particular emphasis
focuses on the influence of processing parameters, including
milling time (1 to 72h), milling speed, and the incorporation
of alloying elements, on the resulting structural, microstruc-
tural, and magnetic characteristics of the milled powders.

2 Experimental Part

High-purity titanium (>99%, <150 pm) and nickel
(>99.5%, <45 pm) powders were purchased from Alfa
Aesar GmbH & Co KG for this study. The initial powder
mixture had a 50:50 atomic percentage composition of tita-
nium and nickel and was subjected to mechanical alloying
using a Fritsch P7 planetary ball mill. An 80-ml tempered
steel vial and 15-mm diameter steel balls were employed
in the process. Each experimental batch consisted of a 3
g powder mixture, measured using a 3-digit microbalance.
The milling took place under an argon atmosphere at a con-
stant speed of 400 rpm and a 23:1 ball-to-powder mass ratio
(BPR). Mechanical alloying involved 30-min milling cycles,
followed by 30-min pauses to prevent excessive temperature
increases within the vials and to reduce the powder from
adhering to the milling equipment. The milling duration var-
ied across the experiments, including processing times of 0,
1,3,6,12,24,48, and 72 h.

The changes in particle morphology and size were exam-
ined using a Zeiss DSM 960A scanning electron microscope
(SEM) operating at a voltage of 20-kV voltage. Powder
X-ray diffraction (XRD) was employed to identify phase
composition and structural/microstructural parameters, using
a Philips XPert Bragg—Brentano geometry (6-20) instrument
equipped with a CuKa radiation source (A¢,=0.154056 nm).
XRD patterns were recorded in the range of 20-80° with
a step size of 0.02°. Phase composition analysis was con-
ducted using ICDD (PDF-2, 2014) and COD-2021 database
files. Structural parameters were determined through XRD
patterns refinements using the HighScore Plus program (ver-
sion 3.0.4, Almelo, The Netherlands) based on the Rietveld
method [26].

The conventional approach for determining the amor-
phous fraction involves using the internal standard method.
The amorphous phase amount is calculated as the comple-
ment to one of the total amounts of crystalline phases [27].
The weight percentage of the amorphous phase present in
the sample can be expressed through the following relation-
ship [27]:

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

Finally, magnetic measurements at room temperature
were performed using a vibrating sample magnetometer
(VSM, model 3900). This instrument is known for its high
sensitivity, capable of detecting changes as small as 0.5
pemu. The magnetic field range for these measurements
spanned from —10,000 Oe to +10,000 Oe, allowing for a
comprehensive evaluation of the magnetic properties of the
studied powdered samples.

3 Results and Discussion
3.1 Particles Morphology
3.1.1 Morphology of Milled Powders

Figure 1 presents the evolution of particle morphology and
size distribution of the powders as a function of milling time.
The morphological changes in the Tis,Nis, powder particles
during mechanical milling, which consists of a mixture of
face-centered cubic nickel (fcc-Ni) and hexagonal close-
packed titanium (hcp-Ti), can be attributed to the differences
in mechanical properties between these two metals.

Notably, significant morphological changes are already
evident after just 1 h of milling as shown in Figs. 1 and 2
(SEM images 1, 2a, and 2b). Particles become flattened due
to plastic deformation induced by progressive forces result-
ing from ball-powder-ball and ball-powder-jar collisions.
The ductile nature of Ni and Ti materials contributes to an
increase in particle size as well as the formation of smaller
particles [28]. As milling progresses, particle fragmenta-
tion becomes dominant over welding, and the amount of
amorphous phase increases, leading to increased brittleness
of the powders. Consequently, the size of the particles is sig-
nificantly reduced, and their spherical equiaxial morphology
becomes more pronounced.

Eventually, a balance is achieved between the welding
rate, which tends to increase the average particle size, and
the fragmentation rate, which tends to reduce the average
particle size [29].

A characteristic rough structure, typical of laminated
plates, is observed in the 1 h milled powder (Fig. 2a). A typi-
cal “lamellar” structure featuring alternating layers of Ni and
Ti is evident. We examined a particle at 50X and 10X mag-
nification, which revealed several phenomena, such as layer
adhesion, fracturing, and cracking. Additionally, the presence
of 0.5 to 1-pm holes and small particles of a similar size,
which may be associated with these holes, is noticed [30].

It is worth noting that the powders milled for 1 h (Fig. 2b)
contain nanoscale particles with broad size distribution in

the range 145 to 536 nm. Figure 3 also reveals welding inter-
faces that are not perfectly bonded, likely due to the rough-
ness of the particle surfaces. However, atoms or nanoclus-
ters can diffuse across these imperfect interfaces, eventually
forming well-bonded joints [31]. This diffusion process can
lead to a more uniform and cohesive microstructure in the
milled powder.

After 3 h of milling, the microstructure of the milled pow-
der undergoes further transformation, as evidenced by the
presence of nanoparticles with sizes between 76 and 465
nm, as well as the formation of microcracks that are approxi-
mately 5 pm in size (Fig. 4a). These microcracks may form
due to the stress imparted during the milling process, which
causes particles to fracture or dislocations to move within
the material. The formation of these defects leads to an
increase in the internal energy of the material, primarily
driven by the rise in surface energy [31].

To counteract this increase in internal energy, atoms or
nanoclusters redistribute themselves across the surface of the
microcracks. This self-healing mechanism works to fill the
cracks and mitigate the impact of the defects on the overall
microstructure of the milled powder. As the atoms or nano-
clusters disperse and fill the microcracks, the overall surface
area of the material is reduced, which in turn decreases the
driving force for diffusion and stabilizes the internal energy.

The process of microcrack formation and subsequent self-
healing provides valuable insight into the material’s ability
to adapt and evolve during the mechanical milling process.
As the material undergoes repeated cycles of fractures, dis-
location, and diffusion, the microstructure becomes more
refined and cohesive, ultimately resulting in a material with
improved mechanical properties and enhanced performance
in various applications.

Figure 3 shows, after 3 h of milling, the two phenomena
of intensive fracturing (Fig. 3a) and cold welding (Fig. 3b),
due to repeated collisions (logs-powder-beads and balls-
powder-wall of the bowl) [22].

These phenomena occur due to repeated collisions
between the milling media, such as the interactions between
the rods, powder particles, beads, and the inner wall of the
milling container [30]. The interplay of these forces contrib-
utes to the dynamic nature of the milling process, leading to
both the breakage and fusion of powder particles.

Following 24 h of milling (Fig. 4b), it can be observed
that the milled particles have become smaller in size, with
very fine particles appearing on the surface of the aggre-
gates. These fine particles are predominantly located within
the cracks that have formed as a result of the continuous
milling of the powdered material.

This observation suggests that the milling process has
led to a significant reduction in particle size over time.
The presence of fine particles on the surface of the aggre-
gates indicates that the milling process has induced a
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Fig.2 Particles’ morphology after 1 h of milling. a General morphology. b Welding interfaces that are not perfectly bonded and appearance of

nanoparticles

combination of fragmentation and agglomeration phenom-
ena, which have contributed to the evolution of the mate-
rial’s microstructure. The fine particles within the cracks
may also play a role in healing these defects, as they can
disperse and fill the cracks, leading to a more cohesive and
robust microstructure.

After 48 h of milling (Fig. 4c), large agglomerates of very
fine particles can be observed, with these particles becoming
thinner and smaller as the milling time increases [29]. This
indicate that after 48 h of milling, the produced agglomer-
ates are significantly smaller compared to those formed at
earlier milling stages. Additionally, the particles within these
agglomerates are smaller and more homogeneous than those
obtained during previous milling intervals.

For both 48 h (Fig. 4c) and 72 h (Fig. 4d) milling times,
a large number of very fine, spherical particles can be
observed, with sizes not exceeding 2 pm. Furthermore, a
greater quantity of nanoparticles is present compared to the
earlier milling stages. The particles forming the agglomer-
ates at 72 h are smaller than those obtained at 48 h.

These observations highlight the continuous refinement
and homogenization of the milled material’s microstructure
as the milling time progresses. The formation of smaller,
more homogeneous particles and agglomerates suggests that

Fig. 3 Particles’ morphology of
the powders after 3 h of milling:
a cold-welding and b fracture

WD & 565 man
Cet SE
Date(midiy) O115HE

the material is evolving toward a more uniform and cohesive
state.

Figure 4d depicts the smallest particles, which are capa-
ble of resisting deformation without fracturing and tend to
be welded into larger pieces. These particles combine with
other very fine particles to form larger agglomerates with an
intermediate size [28]. During the 72-h milling process, the
welding phenomenon results in a collection of nanoparticles
featuring both circular and longitudinal shapes (Fig. 4d).
This is due to the diffusion of atoms or nanoclusters across
the surface of the microcracks.

The ability of these small particles to resist deformation
and contribute to the formation of larger agglomerates high-
lights the complex nature of the material’s transformation
during the milling process. The welding of nanoparticles
into various shapes can be attributed to the dynamic inter-
play of forces acting upon the particles, such as cold weld-
ing, fracturing, and agglomeration.

3.2 Analysis of the Chemical Composition by EDX

The primary objective of this section is to verify that
a homogeneous distribution of Ni and Ti elements was
achieved after milling. It can be noted that the chemical
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Fig.4 Particles’ morphology as a function of milling. a Presence
of nanoparticles and formation of micro cracks. b 24 h showing the
presence of agglomeration of very fine particles. ¢ 48 h showing

composition of the powder particles exhibits minimal vari-
ation between samples. This section also presents the map-
ping spectra for the Ni and Ti elements, along with ele-
ments that may appear due to contamination from milling
tools, such as Fe, O, Si, Cr, and C, in the Nis;Tis, system
for powders as a function of milling time.

Following 1 h of milling (Fig. 5a), the presence of Ni
and Ti is predominantly observed within the analyzed
powder particles, while the elements O and C are mainly
found on the carbon adhesive tape used to fix the powder
on the SEM sample holder. Additionally, the elements Cu
and Al are identified and belong to the sample holder.

After a 12-h milling process (as depicted in Fig. 5c),
the distribution of Ni and Ti within the powder particles
becomes notably more uniform. Additionally, the presence
of O and Fe elements is found to have increased, as evi-
denced by the elemental mapping data. The observed par-
ticle size for these elements is approximately 10 um [32].

The distribution of elements within a single 300-um par-
ticle is illustrated through cartographic analysis and EDS

@ Springer

enhanced agglomeration of very fine particles. d 72 h showing the
welding phenomenon and presence of microcracks

in Fig. 6al, following a 12 h milling. The particle weld-
ing effect is visible, resulting in the formation of an almost
crystalline particle. This may represent a precursor stage to
the formation of fully crystalline particles. Examination of
the EDS spectrum for this region reveals a well-distributed
presence of Ni and Ti elements, along with oxygen (O) and
iron (Fe) concentrations of 3.85% and 0.19%, respectively
(refer to Fig. 6al).

Figure 6a2 displays the elemental distribution within a
single particle after 48 h of milling, characterized primar-
ily by the aggregation and fusion of numerous fine parti-
cles. The cartographic analysis reveals a superior elemen-
tal distribution compared to previous findings. As milling
time advances, the mixture's homogeneity improves, while
the concentrations of O and Fe also increase, likely due
to contamination during the milling process (refer to
Fig. 6a2).

Figure 6b presents the analysis of a collection of parti-
cles (approximately 20 pm in size) after 72 h of milling. A
favorable mixture of elements is observed, with Ni and Ti
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Fig. 5 EDX elemental mapping as a function of milling time:a 1 h; b3 h;andc 12 h

particle sizes being very small, up to 1 pm. However, larger
particles containing Fe, O, and C can reach up to 20 pm.
The observed larger carbon particles are attributed to fix the
powders onto the SEM sample holder.

The EDS spectrum for this region reveals that the pro-
portions of O, and Fe continue to rise (see T Fig. 6b), with
these values being significantly higher compared to earlier
milling stages. Notably, the Ni and Ti ratios for milling times
of 12, 24, 48, and 72 h remain constant, suggesting that the
distribution has become more consistent and homogeneous.
Based on these observations, it can be concluded that a 12
h milling duration is sufficient to achieve a homogeneous
Nis,Tis, powder mixture.

In the given text, Fig. 7 presents the change in the con-
tamination levels of O and Fe in the powder as a function
of milling time. A low amount of Fe contamination, likely
originating from milling tools such as balls and the vial, is
observed. After 72 h of milling, Fe content reaches 1.04%
atomic. [ron contamination occurs because of wear debris
generated from the vial and balls during the milling process.
Additionally, a substantial presence of O impurities is also
detected in the milled Nis,Ti5, mixture which is likely due
to exposure to open air during powder handling.

A portion of this O contamination is adsorbed on the
powder’s surface, while the rest exists in the form of iron
oxides in the ground powder. These iron oxides have not
been detected by X-ray diffraction, possibly because their
quantity is too low within the diffractometer resolution, as
shown in Fig. 10. It is important to note that the percentage
of O contamination increases as the milling time increases.
This can be attributed to the refinement of particle size in the
powders and the high affinity of O to the carbon adhesive.
The increase in O contamination over time is supported by
the results reported in the literature [32].

The concentration of the starting elements Ni and Ti as
determined by EDS analysis, as depicted in Fig. 8, can be
divided into three distinct stages:

e The first stage (0—12 h): This phase is marked by a rapid
and continuous decrease in the Ni concentration to 42%,
while that of Ti concentration increases up to 54%. This
can be attributed to the milling process's initial effects on
the powder mixture, such as welding and fracture.

e The second stage (12—48 h): During this time interval,
the concentrations of Ni and Ti remain almost constant or
exhibit only minor fluctuations. The significant deviation

@ Springer
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of Ti concentration from its initial composition (50%)
could be due to the preferential placement of Ti on par-
ticles surface. Ti is known to have a strong affinity for
O, and as a result, TiO, forms as a passivation layer on
particles surface. This phenomenon is particularly nota-
ble since SEM resolution only allows for the detection
of elements at a depth of approximately 2 pm from the
powder’s surface.

@ Springer

(b)

Fig.6 EDX elemental after milling: al, a2 48 h and b 72 h corresponding EDX spectrum with the chemical composition as inset

The third stage (48—72 h): In this phase, the Ti concentra-
tion decreases to 52%, which is directly correlated with
the increase in O, content (8.88%). This increase in O
content is favorable for the formation of an external oxide
layer of TiO, on particles' surface. The oxide layer’s for-
mation may further affect the elemental concentrations
detected by the EDS analysis.
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3.3 Structural and Microstructural Analyses

The X-ray diffraction (XRD) patterns of Nis,Tis, powders
at varying milling intervals (0, 1, 3, 6, 12, 24, 48, and 72
h), as displayed in Fig. 9, show that mechanical alloying
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Fig.8 Concentration of primary elements (Ni and Ti) during milling

leads to notable changes. With the increase in milling time,
the peaks broaden consistently, and their relative intensity
reduces. This emphasizes the significant influence of the
milling process on the disintegration of the starting elemen-
tal Ni and Ti powders. These changes can be linked to sev-
eral processes that occur consecutively [33].
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Firstly, particle refinement occurs through the reduc-
tion of crystallite size, resulting in smaller particles. This
grain refinement contributes to the overall transformation
of the material.

Secondly, the introduction of crystalline defects, includ-
ing vacancies, dislocations, and grain boundaries, takes
place. These defects modify the overall structure of the
material, influencing its properties and behavior.

Thirdly, as milling progresses, the degree of micro deforma-
tions increases due to the substantial amount of energy involved
in the milling process. These micro deformations cause additional
alterations to the material, further impacting its characteristics.

Lastly, the fragmentation of crystallites and/or the
development of the atomic disorder is observed, which in
turn also affects the properties of the material. These final
changes demonstrate the complexity of the transformations
that occur during the milling process.

A thorough examination of XRD patterns have been car-
ried out using the HighScore Plus software [34], the Rietveld
refinement [35], and the Warren—Averbach method [36].
This allows for the determination of phase composition, as
well as structural and microstructural parameters for each
phase (average crystallite size L and microstrain ¢” /%).

The Rietveld refinements of the XRD patterns were
performed by analyzing five distinct components: face-
centered cubic nickel (FCC-Ni), hexagonal close-packed
titanium (HCP-Ti), nickel-titanium austenite (NiTi-As),
nickel-titanium martensite (NiTi-Ms), and an amorphous
phase. These components are illustrated in Fig. 10.

The production of nanometer-scale diffusion couples is
achieved using high-energy mechanical milling, a technique
that includes a combination of folding, fracturing, and cold-
welding of the milled powders. The milling process gener-
ates a large surface area and numerous structural defects,
such as dislocations, grain boundaries, and vacancies [22].
These defects facilitate increased atomic diffusivity, which
promotes the diffusion and mixing of different atoms. As
a result of the improved atomic diffusivity, metastable
phases can form during the early stages of the milling pro-
cess through the solid-state reaction (SSR) mechanism.
The formation of these metastable phases occurs at lower
temperatures and shorter timescales compared to tradi-
tional solid-state synthesis methods. This is attributed to
the enhanced diffusion and reaction rates facilitated by the
milling-induced defects and increased contact area between
the powders.

Throughout the initial three milling stages (1 h, 2 h, and
3 h), the diffraction peaks corresponding to FCC-Ni, HCP-
Ti and the amorphous phase persist. However, after 12 h of
milling, new diffraction peaks emerge, which are associated
with the NiTi-Ms phase, as depicted in Fig. 10 (4 =12h).
During the final three stages of milling (24, 48, and 72 h),
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the XRD patterns exhibit the same phases, NiTi-As and
NiTi-Ms, but with a predominance of the amorphous phase.

Through the analysis of the Rietveld refinements, com-
prehensive structural parameters, including symmetry and
space group, can be ascertained. Additionally, we can evalu-
ate changes in the content of different phases along, pre-
sented as weight percentages, along with average crystallite
size L and microstrain ¢ 2, are given in Table 1.

To examine the stability of various phases during
mechanical milling, the proportions of the identified phases
as a function of milling time are computed in Table 1. In
the initial stages of milling, the fractions of mixed elements
decrease, which can be attributed to the ongoing dissolution
of phases and the formation of solid solutions.

In the 1-6-h period following the formation of the amor-
phous phase, the decreasing proportions of titanium and
nickel are observed to be inversely related to the increasing
ratio of the amorphous phase.

After 24 h of milling, the process enters the stage where
the formation of martensitic phases starts. During this phase,
it is observed that the percentages of the initial elements
systematically fluctuate until the HCP-Ti phase disappears
entirely. Simultaneously, the growth of the martensitic
phase and amorphous phases remains throughout the ini-
tial 24 h milling period. The emergence of the martensi-
tic phase can be attributed to the negative mixing enthalpy
(AH=-67 kl/mol) [37], which plays a significant role in
this transformation.

Upon reaching 48 h of milling, the XRD patterns con-
tinue to exhibit the same phases, namely, NiTi-austenite and
NiTi-martensite. Nonetheless, a notable shift occurs as the
amorphous phase takes precedence, constituting approxi-
mately 89% of the relative proportion.

Following 72 h of milling, the ongoing increase in
both martensitic and austenitic phases can be attributed
to a decrease in the proportion of the amorphous phase.
Whereas the formation of martensitic and austenitic phases
at milling times of 24 h and 72 h is a result of intense plastic
deformations.

As anticipated, with the progression of the milling pro-
cess, nanocrystallization has emerged, and a considerable
amount of lattice strain has accumulated. The presence of
two stages in the development of crystallite size and micro-
strain is typical for materials prepared through high-energy
mechanical milling. In the initial milling stage (I: 1 — 24 h),
a significant reduction in crystallite size is achieved, reach-
ing 43.5 nm (6 h), 6.9 nm (24 h), 28.8 nm (12 h), and 101.0
nm (24 h) for Ti-SS, Ni-SS, and M, respectively.

In the second stage (II: 12 — 72 h), a decrease in the
crystallite size of the M (19.7 nm) and A, (42.9 nm) phases
is observed. Interestingly, the austenite phase displays a
significantly larger crystallite size than the martensite
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phase, with more than double the size. This reduction in
crystallite size can be primarily attributed to the intense
particles' deformation during the milling process. Another
contributing factor can be the enhanced probability of
nucleation sites during crystallization, facilitated by an
increased density of defects [38]. The ultimate crystallite
sizes are approximately 6.9 nm for FCC-Ni and 29.0578 nm
for HCP-Ti. It is also apparent that the decrease in Ni crys-
tallite size occurs more rapidly than in the case of Ti, which
is likely related to the smaller initial grain size of FCC-Ni
(below 45 pm) compared to HCP-Ti (below 150 um) [39].

As shown in Table 1, the microstrain ¢” /> progressively
increases as the milling progresses. During the initial milling
stage, the microstrain values for Ni-SS, Ti-SS, and Ms reach
approximately 0.7442%, 1.2001%, and 0.6014% after 12 h,
respectively. This rise in microstrain is typically associated
with the growth in dislocation density caused by intense
plastic deformations [40]. For NiTi-martensite, the micro-
strain rises to 0.9534% after 48 h, coinciding with the crys-
tallite size achieving a constant value.

After 72 h of milling, the As phase demonstrates increased
microstrains (1.4788%) compared to the Ms phase (1.2132%).
This difference can be attributed to the presence of a higher con-
centration of stacking faults and a greater dislocation density in

the As phase. Typically, the microstrain values achieved during
the milling process tend to be around 1.5% [41].

During our research on the mechanical alloying (MA) of the
Tis,Nis, system, a new reaction route is discovered, which will
enrich our understanding of the amorphization process involv-
ing Ti and Ni, as well as the formation of A, and M phases.

Building on the comprehensive summary by Suryanaray-
ana in his book on mechanical alloying and milling [23], we
observed the following novel pathway in the Tis,Nis, system
after 48 h of milling:

Ti,, + Ni_n — Ti_m(Ni_n) — (Ti_mNi_n)
— (Ti_mNi_n)

amorphous (6)

crystalline

In this context, m and n denote the atomic composition
of Ti and Ni, respectively. Ti_m(Ni_n) symbolizes a solid
solution of nickel in titanium (Ti_mNi_n)  ysanine Signifies
a crystalline phase, and (Ti_mNi_n),nopnous T€Presents the
amorphous phase with the composition Ti_mNi_n. The dis-
covery of this additional reaction pathway in the Tis(Nis,
system after 48 h of milling, which involves the formation
of austenite and martensite phases, not only enriches the
existing framework of MA but also opens up new avenues
for further innovation in the field of materials science.

Table 1 Structural parameters (symmetry and space group), crystallite size L (nm), microstrain ¢* 2 (%), and weight percent (%) of each phase

Milling time (h) 0 1

Phases proprieties

3 6 12 24 48 72

Ni Symmetry Face-centered cubic (FCC)
Space group Fm-3m
Crystallite size L (nm)  320.0 75.1 50.8 29.4 18.9 6.9 / /
Microstrain ¢ 2 (%) 0.0298 0.0779 0.2039 0.3464 0.7442 1.4901 / /
Weight percent (%) 50.0 47.0 413 35.6 30.8 16.7 / /
Ti Symmetry Hexagonal close-packed (HCP)
Space group P63/mmc
Crystallite size L (nm)  240.5 170.9 104.0 43.5 28.8 / / /
Microstrain ¢ 2 (%) 0.0378 0.2116 0.3504 0.5006 1.2001 / / /
Weight percent (%) 50.0 35.1 23.7 16.9 8.0 / / /
NiTi-martensite ~ Symmetry Monoclinic
Space group P21/m:b
Crystallite size L (nm)  / / / / 101.0 68.0 48.9 19.7
Microstrain ¢ 2 (%) / / / / 0.6014 0.7581 0.9534 1.0361
Weight percent (%) / / / / 5.7 9.8 6.1 22.0
NiTi-austenite Symmetry Body-centered cubic (BCC)
Space group Pm-3m
Crystallite size L (nm)  / / / / / 100.9 79.9 429
Microstrain ¢ 2 (%)~ / / / / / 1.0966 1.4522 1.4988
Weight percent (%) / / / / / 0.8 4.9 8.0
Amorphous Weight percent (%) / 17.8 35.1 474 55.5 72.7 88.9 69.9
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3.4 Magnetic Properties

3.4.1 Hysteresis Cycle Magnetization-Magnetic Field
of Pure Elements (Ni and Ti)

Figure 11 depicting the hysteresis curve and Interfacial
exchange coupling between a Ni layer and a Ti layer used
in milling manifests a narrow curve, typical characteristic of
soft ferromagnetic materials. The computed magnetic proper-
ties that characterizing nickel are: saturation magnetization
Ms=58.77 emu/g, the remanent magnetization Mr=23.62
emu/g, and the coercive field, Hc =30.93 Oe.

Similarly, Ti exhibits a paramagnetic behavior with
extremely low values of the saturation magnetization at
maximum field Ms = 0.2652 10~ emu/g, the residual mag-
netization Mr=36.90x 107 emu/g, and the coercive field,
Hc=26.76 Oe close to the values of Ni. In paramagnetic
materials, some of the atoms or ions in the material have a
permanent magnetic moment due to unpaired electrons in
partially filled electronic layers [42].

However, the individual magnetic moments are not mag-
netically ordered, and the magnetization is zero when the
field is removed. In the presence of a field, there is a partial
alignment of the atomic magnetic moments in the direction
of the magnetic field, which leads to positive magnetization
and positive susceptibility.

3.4.2 Interface Interchange Coupling

The shift of the hysteresis loop along the easy axis corre-
sponding to the value of the exchange field and the coherent
rotation of the magnetization along the difficult axis shows
the interfacial exchange coupling between a Ni layer and a
Ti layer (Fig. 11). Nickel exhibits unpaired electrons respon-
sible for magnetic moments and fcc crystal structure with
[111] as the hard direction of magnetization. This effect can
be explained by changes in the structural and microstructural
properties of the ground powder particles.

3.4.3 Magnetization-Magnetic Field Curves (M-H)

A considerable change in magnetic behavior is observed
for nanocrystalline ferromagnetic materials compared with
conventional counterparts, which strongly depend on several
parameters such as chemical composition, phase composi-
tion, texture internal crystallography, and particle size.
Figure 12a shows the hysteresis loops (magnetization M
concerning the applied magnetic field H) for milled Niy,Tis,
milled powders (1, 3, 6, 12, 24, 48, and 72h) measured at
ambient temperature. These sigmoidal hysteresis cycles are
generally observed in nanostructured materials with small
magnetic domains and exhibit a ferromagnetic behavior with a
small hysteresis loop. This is due to the presence of structural
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Fig. 12 Hysteresis loops (magnetization M as a function of the applied magnetic field H) for milled Nis,Tis, powders (1, 3, 6, 12, 24, 48, and
72h) measured at ambient temperature a full scale and b powders milled for (12, 24, 48, and 72h) with inset low-field

distortions within the particles. Small hysteresis losses are
properties generally important in soft magnetic materials. It
is noted that all the milled powders exhibit a ferromagnetic
behavior and that the magnetic properties are very sensitive to
the time of milling time, due to following factors:

1. Evolution of phase composition (crystallization of the
amorphous phase, formation of new phases, and changes
in phase composition)

2. The variations of the lattice parameters of the formed
phases due to the formation of SS, nanocrystalline
phases, and the amorphous phase.

3. The variation of microstructural parameters, including
particle size and micro deformations, combined with the
observed reduction in the intensity of the (111) plane with
increased milling time, suggests a structural modification
due to mechanical milling. This modification may poten-
tially lead to slight ferromagnetic behavior, as observed in
the magnetization (M-H) curve. Together, these observa-
tions underscore the intricate relationship between changes
in microstructure induced by milling and the resultant alter-
ations in magnetic properties.

Note that the width of the hysteresis loops is reduced
with the progression of milling time from 1 h to 48 h, then
increase suddenly after 72 h (Fig. 12b). The reduction of
particle size to the nanoscale involves changes in their mag-
netic behavior, either in the form of individual particles dis-
persed in a magnetic or non-magnetic matrix or belonging
to particle aggregates [43, 44]. Indeed, this nanoscale of size
leads to reconsider some notions such as magnetic domains,

@ Springer

the stability in a time of the direction of magnetization, and
the influence of the moments on the surface or by a magnetic
anisotropy before the magneto-crystalline anisotropy [45].
The magnetic behavior of nanometric particles, therefore,
appears more sensitive than that of massive particles under
the influence of external disturbances (magnetic influence
of neighboring particles, temperature, external field, and
adsorption on the surface).

3.4.4 Variation of the Magnetic Properties as a Function
of the Milling Time

The variation of the remanent magnetization, Mr, as a function
of the milling time for Nis,Tis, is presented in Fig. 13a. It can be
seen that the value of Mr decreases rapidly up to 48 h of milling
to reach 0.188 Oe then increases markedly to 1.006 Oe after
72 h of milling. The significant decrease in Mr during the first
stage is related of the grain refinement to the nanoscale [46].
Also, it can be correlated with the evolution of the amorphous
phase's fraction, hence the absence of a preferred direction for
magnetization [46]. The increase in Mr after 72 h is related to the
irreversible displacement of magnetic domain walls following
the introduction of different types of defects (such as disloca-
tions, grain boundaries, and precipitates) and the increase of the
proportion of Ms and As phases at the expense of the amorphous
phase (Fig. 13a) [46]. The increase in Mr after 72 h reflects the
high value of magnetic anisotropy at the beginning of milling
(magnetocrystalline, shaped, and magnetoelastic).

Figure 13b shows the variation of the saturation mag-
netization, Ms, as a function of the milling time and phase
proportion for NisyTis, powders. The latter represents the
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maximum magnetization obtained when all the magnetic
moments of the material are aligned in the direction of the
applied field. The same trend can be observed for Mr. The
value of Ms decreases rapidly up to 12 h of milling (5.56
emu/g), then decreases moderately (1.47 emu/g) until 48
h followed by a slight increase at 72 h. The decrease of Ms
during the first stage (from 1 to 48 h) suggests a remark-
able change in the magnetic moment (which depends on
the atomic coordination or the electronic environment [47]),
due to the modification of the crystalline structure and the
electronic configuration nearer neighbors of elements Ni
and Ti. The structure of nanomaterials can be considered as
consisting of two parts: (i) a crystalline nucleus with proper-
ties identical to those of massive materials (with structure,
mesh parameter, etc.), but these properties are transmitted
only at a short distance; (ii) an outer part is formed by the
interface (a zone with gaps, defects, impurities, etc.) [43].
The behavior of nanoparticle clusters can be seen as result-
ing from the interaction of these two types of structures.
Local magnetization in the material is determined by the
magnetic interaction between adjacent crystallites. This
magnetic interaction tries to align the magnetization of
all the crystallites in the same direction. The fact that the
different crystallites are randomly oriented means that the
material has its magnetization in one direction only for a
few crystallites and that the magneto-crystalline anisotropy
does not have a precise direction [45]. The surface anisot-
ropy energy can have a very important influence since the
number of surface atoms becomes important. The surface

+— — T — T
0 6 12 18 24 30 36 42 48 54 60 66 72

T URBURSUI T T
0 6 12 18 24 30 36 42 48 54 60 66 72 78
Milling time (h)

anisotropy pushes the magnetic moments in a direction
different from that of the inner, thus decreasing the contri-
bution to the magnetization of the nanoparticles [33]. The
decrease in Ms can be explained by the fact that in this field
the magneto-crystalline anisotropy is weakened. It is obvi-
ous that the variation of the crystallite size and the stress
ratio induced by the mechanical milling exhibit saturation.
The second stage (48—72 h), is characterized by an increase
in the Ms value (from 5.27% after 48 h to 21.58% after 72
h) about a decrease in the amount of the amorphous phase
(68.95%) [48]. Thus, it can be deduced from this change that
the value of Ms is only affected by the amorphous phase, the
higher the percentage of the amorphous phase, the lower the
value of Ms, and vice versa. This can be associated with the
local atomic disorder of the amorphous phase, resulting in
no local magnetic moment [49].

The evolution of coercivity (Hc) is primarily influenced
by the fabrication conditions, and can be explaned by the
microstructural evolution affecting the powders during
mechanical milling [50]. Figure 13c illustrates the changes
in Hc and phase proportions for NisyTis, as a function of
milling time, revealing significant changes in the Hc value.
This figure can be divided into five stages. In the first phase
(1-6 h), the change in phase proportions affects the Hc value,
resulting in a continuous decrease to 25.43 Oe. The Hc val-
ue’s reduction can be attributed to the presence of paramag-
netic Ti atoms through the pinning of the magnetic domain
walls, the decrease in crystallite size and micro-stresses by
the predictions of the random anisotropy model [51], and
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the deviation of interatomic spacing in the amorphous phase
[52]. In the second phase (6—12 h), the Hc value increases
to 64.25 Oe due to the emergence of the martensitic phase
(6.36%). The increase in coercivity is also influenced by the
internal microstructure and defects produced during milling
[33]. During third phase (12-24 h), there is a slight decrease
in Hc to 48.27 Oe with a slight increase in the martensite
rate (9.05%). This decrease is explained by the emergence
of the austenite phase. During the fourth phase (24-48 h),
the Hc value continues to decrease to 32.8 Oe, accompanied
by a slight decrease in martensite (5.27%) and an increase in
austenite (5.45%). The results indicate that the appearance of
the austenitic phase contributes to the decrease in Hc. The
last phase (48—72 h) is characterized by a sharp increase in
the Hc value to 285.8 Oe, due to the decrease may be due to
the decrease in the amount of the amorphous phase and the
increase in the proportion of the martensitic phase (21.58%).
Additionally, the increase in Hc may associated with the frag-
mentation of magnetic particles during the milling process,
leading to a heterogeneous ferromagnetic system where the
ferromagnetic grains are rich in Ni. Consequently, the cou-
pling between the ferromagnetic grains becomes less effec-
tive, resulting in the observed hardening.

Furthermore, particle size exerts a significant influence
on coercivity (Hc), underscored by the crucial role of the
mechanical milling process in determining the final dimen-
sions of the particles. This relationship is primarily mediated
by the transition from a configuration of multiple magnetic
domains (MD) to a single-domain (SD) state as the particle
size is reduced [53]. Consequently, the process of mechani-
cal milling becomes indispensable in modulating the mag-
netic properties of the particles. This modulation is achieved
mainly through alterations in particle size, which subse-
quently influence the structure of the magnetic domains.

The Mr/Ms ratio, known as the reduced remanent mag-
netization, is a critical parameter from a magnetic perspec-
tive. It is used for determining the magnetic energy of a
material. Figure 13d depicts the variation of the reduced
remanent magnetization as a function of milling time. Dur-
ing the initial 3 h of milling, the reduced remanent mag-
netization decreases. After that, it experiences a slight
increase, reaching a value of approximately 0.1990 after 6
h of milling. After 12 h, the increase becomes more rapid,
reaching a value of 0.3133. The observed increase in the
Mr/Ms ratio for the NisyTis, compound after 12 h of milling
can be attributed to the irreversible displacement of mag-
netic domain walls resulting from the creation of numer-
ous defects of various types, such as dislocations and grain
boundaries. This increase may also be due to the emergence
of nanocrystalline martensite. It is essential to note that
materials intended for memory applications must possess
sufficient remanent magnetization, meaning the Mr/Ms ratio
should approach 1. The Mr/Ms ratio is observed to increase
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with milling time, and the obtained values (0.3259 after 72
h of milling) are significantly higher compared to other sys-
tems, as mentioned in reference [54]. This indicates that the
Nis,Tis, compound exhibits promising magnetic properties
for memory applications as the milling time progresses.

4 Conclusion

The unveiling of the folding mechanism not only enhances
our better understanding of the intricate interactions among
various deformation processes in high-energy milling but
also presents novel avenues for tunning the properties of
nanomaterials and probing their potential applications in
sectors such as energy storage, catalysis, and biomedicine.

This study provides a comprehensive analysis of the struc-
tural, microstructural, and magnetic properties of nanostruc-
ture/amorphous NiTi alloys prepared by mechanical alloying.
The unique combination of desirable properties such as shape
memory behavior, superelasticity, good corrosion resistance,
and biocompatibility make NiTi alloys ideal candidates for
various applications in fields such as biomedical, aerospace,
automotive, and robotics. The study focused on the influ-
ence of processing parameters on the resulting structural,
microstructural, and magnetic characteristics of the prepared
nanomaterial. The novelty of this research revealed a previ-
ously unobserved phenomenon associated with nanomaterial
fabrication during high-energy milling processes. The results
showed that amorphization and nanocrystallization processes
can significantly enhance the properties of NiTi alloys. The
average crystallite size L was found to be in the range of 10-20
nm while microstrain ¢ > was found to be in the range of
0.1-0.3%. These findings have significant implications for
potential applications in various fields such as biomedical
implants. Furthermore, the analysis of magnetic properties
indicated that nanostructure/amorphous NiTi milled powders
exhibited superparamagnetic behavior at room temperature.
This is a unique property that can be exploited for various
applications such as magnetic sensors, data storage devices,
and biomedical imaging. In summary, this study provides valu-
able insights into the magnetic and microstructural analyses of
nanostructure/amorphous NiTi alloys prepared by mechanical
alloying and presents novel avenues for tailoring nanomateri-
als' properties.
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