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Effect of Vibration Milling Time on Structure, Chemical Composition  
and Fragmentation–Agglomeration Processes in Powders Produced  

from Melt-Spun Ni–Mn–Ga Ribbons 

Ni–Mn–Ga alloy ribbons were produced by melt spinning and subsequently processed by vibration milling for 15, 30, 60 and 
240 minutes. The influence of milling time on chemical composition, phase structure and microstructural parameters was investigated 
using laser diffraction, scanning electron microscopy (SEM) and X-ray diffraction (XRD). Chemical analysis revealed a gradual 
decrease in Ga content accompanied by a relative increase in Ni and Mn, leading to a systematic increase in the valence electron 
concentration (e/a). XRD results showed a milling-time-dependent transition from the ordered L2₁ structure in the as-spun ribbon 
to 14M martensite in the milled powders. Particle size analysis indicated a reduction in characteristic particle diameters with milling 
time, along with the formation of a secondary fine fraction originating from the ribbon microstructure. Williamson-Hall analysis 
revealed a decrease in crystallite size and an increase in microstrain in the parent phase. In contrast, the martensite exhibited finer, 
more uniform crystallite sizes and relatively low microstrain.
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1. Introduction

Ni–Mn–Ga alloys belong to the wide group of ferromag-
netic shape memory alloys (FSMA). Their unique functional 
properties have attracted considerable interest since their dis-
covery. Particular attention has been paid to magnetic-field-
induced strain (MFIS). This effect is directly associated with the 
martensitic transformation occurring in the ferromagnetic state 
and is related to the reorientation of martensite variants [1]. The 
largest strains, reaching several to over 10%, have been observed 
in single crystals. However, in polycrystalline materials, this 
effect is significantly reduced. It is due to the presence of grain 
boundaries, which hinder twin boundary motion [2,3].

It is well established that the properties of shape memory 
alloys, both conventional and magnetic, can be modified by 
changes in chemical composition and/or structure [4]. For this 
purpose, small additions of alloying elements such as Fe, Co, 
or rare earth elements (e.g., Nd, Sm, Tb) have been introduced 
into Ni–Mn–Ga alloys. These modifications improve mechanical 
properties, although often at the expense of magnetic perfor-
mance [5,6]. An alternative approach to tailoring the properties 

of these alloys involves microstructural modification through 
plastic deformation and/or thermomechanical treatment. How-
ever, in the case of Ni–Mn–Ga alloys, such processing routes 
are strongly limited by their inherent brittleness. Therefore, 
efforts have been made to produce materials in their final form, 
particularly as thin ribbons with controlled microstructure and 
texture. One of the commonly applied techniques is melt spin-
ning, which enables the production of ribbons with pronounced 
crystallographic texture and a columnar grain. This structure 
results from directional solidification under high thermal 
gradients. Such materials constitute an interesting alternative 
to conventional polycrystalline alloys [7-10].

The high brittleness of Ni–Mn–Ga alloys, while limiting 
their processing and bulk applications can also be considered 
advantageous for comminution, enabling efficient mechanical 
powder production. Consequently, extensive research has been 
devoted to the preparation of Ni–Mn–Ga powders, which are 
used, among others, in functional composites. Various process-
ing routes have been employed, including ball milling (planetary 
and vibratory), spark erosion, and atomisation [11-14]. In most 
cases, powders have been produced directly from bulk materials.
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In the present work, a different approach to powder prepa-
ration was applied. In the first stage, ribbons were produced 
by melt spinning and subsequently subjected to mechanical 
milling. This approach makes it possible to utilize the specific 
microstructure of the initial material, particularly its texture 
and gradient structure, which may influence the fragmentation 
mechanism during milling. It can be utilised and may influence 
the fragmentation mechanism. The main objective of this study 
was to analyse the effect of milling time on the degree of material 
refinement and particle size distribution, as well as to identify 
the processes responsible for the formation of powders with 
varied morphology and microstructure. In addition, the effect of 
milling time on the material’s chemical composition and phase 
constitution was investigated.

2. Experimental procedure

2.1. Material

A Ni–Mn–Ga alloy with a nominal composition of Ni 51.5 
at.%, Mn 27.5 at.%, and Ga 21.0 at.% was prepared from com-
mercially available elements of technical purity. Melting was 
carried out in an induction furnace under a protective argon 
atmosphere. For the subsequent stage, i.e., ribbon production, 
ingots were zone-remelted into a rod-like form. This material 
was used directly as feedstock for the rapid solidification process.

In the melt-spinning process, the molten alloy was ejected 
onto the surface of a rotating wheel under 0.15 MPa of argon 
pressure. The melt temperature was 1250 °C, and the peripheral 
speed of the wheel was 19 m/s. Due to the high brittleness of the 
material, fragmentation of the solidified ribbon occurred during 
its ejection from the wheel surface. As a result, ribbon fragments 
with lengths ranging from approximately 5 mm to 30 mm were 
obtained. The average thickness was determined from micro-
scope observations of cross-sectional images. Measurements 
were performed on five independent fracture surfaces, yielding a 
value of 28 ± 3 µm. The observed thickness variation is typical for 
melt-spun ribbons and results from the free-surface topography.

Finally, the powders were produced by mechanical milling 
of ribbon fragments using a vibratory mill (Fritsch PULVERI-
SETTE 0). The process was carried out with a single 50 mm 
tungsten carbide (WC) milling ball and vibration amplitude of 
0.5 mm. Four separate batches of ribbon fragments, each weigh-
ing about 10 g, were prepared for milling times of 15, 30, 60, 
and 240 min, respectively. This batch mass resulted in a ball-
to-powder mass ratio of approximately 95:1. To limit heating of 
the charge during milling, a 30 min pause was introduced after 
each 60 min milling interval.

2.2. Experimental methods

Particle size characterisation was performed using laser dif-
fraction. Measurements of particle size distributions for powders 

obtained after different milling times were done using a laser 
particle size analyser, Analysette 22 NeXT (Fritsch). The instru-
ment allows analyses of particles in the range from approximately 
0.01 µm to 3800 µm. Measurements were conducted in a wet 
dispersion mode. Based on the obtained results, the powders 
were characterised using the following parameters: volume-
weighted mean diameter D(4,3), emphasising the contribution 
of larger particles; median diameter (D50), corresponding to 
the value below which 50% of the particle volume is contained; 
mode –representing the maximum of the distribution; arithmetic 
mean particle diameter; standard deviation (σ) – as a measure of 
data dispersion; and coefficient of variation (CV) – defined as 
the ratio of the standard deviation to the mean value.

Microstructure and morphology were examined using 
scanning electron microscopy (SEM). Both the surfaces and 
fracture cross-sections of the ribbons, as well as the morphology 
of particles after milling, were analysed. The investigations were 
carried out using a JSM-7100F TTL LV microscope (Jeol Ltd., 
Tokyo, Japan), equipped with a field emission gun (FEG) and 
an energy-dispersive X-ray spectroscopy (EDS) detector. SEM 
observations and chemical composition measurements were 
performed at an accelerating voltage of 20 kV.

The phase composition of the ribbons (initial material) and 
the powders after milling was studied from X-ray diffraction pat-
terns. Measurements were done using an X’Pert-PRO diffractom-
eter equipped with a CuKα radiation source (λKα1 = 1.5406 Å, 
λKα2 = 1.5445 Å). Diffraction patterns were measured over a 2θ 
range of 15° to 140° in step-scan mode with a step size of 0.04° 
(2θ). The counting time was adjusted individually to ensure 
comparable counting statistics. To evaluate the effect of milling 
time on crystallite size, the measured diffraction patterns were 
fitted using the Le Bail method implemented in Rietica software 
(version 4.2) [15]. Crystallographic data used for modelling the 
unit cells of the parent L2₁ phase were taken from the ICDD 
PDF database (card no. 03-065-0618). Structural parameters of 
the 14M martensite phase were adopted from the literature [16]. 
Crystallite size and lattice strain were determined from the full 
width at half maximum (FWHM) of diffraction peaks using the 
Williamson-Hall method [17].

3. Results and discussion

3.1. Microstructure and morphology

During melt spinning, ribbons with two characteristic 
surfaces were produced, revealing significant morphological 
differences under different heat-dissipation conditions. The SEM 
images shown in Fig. 1a and 1b present different fragments of the 
ribbon, including both the free surface (FS) and the transverse 
fracture (Fr). It should be emphasised that both images show the 
ribbon’s free surface. However, they were taken from different 
regions across its width. Therefore, the observed differences 
concern both the local morphology of the free surface and the 
microstructure visible in the fracture surface. A well-developed, 
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fine-dispersed globular structure characterises the free surface 
shown in the upper part of Fig. 1a. This structure consists of nu-
merous hemispherical protrusions of similar size. These features 
are related to the surface morphology formed during the rapid 
solidification of the ribbon. In contrast, Fig. 1b shows another 
fragment of the ribbon free surface, located closer to its edge. 
In this region, the surface is much flatter and lacks the distinct 
protrusions observed in Fig. 1a. These differences indicate local 
heterogeneity in the free-surface morphology, resulting from 
variations in liquid-metal flow and solidification conditions 
across different regions of the ribbon width.

At the same time, a microstructural gradient through the 
ribbon thickness is visible in the transverse fracture. In the region 
closer to the free surface, a transition from the near-surface glob-
ular region to the internal columnar structure can be observed. 
The columnar structure consists of elongated grains growing 

approximately perpendicular to the ribbon surface. The grains 
revealed a parallel arrangement and a high aspect ratio, indicat-
ing the directional nature of the solidification process under 
a high-temperature gradient. In the part of the cross-section cor-
responding to the wheel-contact side, the microstructure becomes 
more irregular. Flat fracture surfaces and local deformation 
features are visible, indicating a transcrystalline fracture mode. 
The observed structural gradient is a direct result of differences 
in heat extraction during melt spinning. Differences in cooling 
rate between the free surface and the wheel-contact side result 
in a heterogeneous morphology. It may play an important role 
in the milling fragmentation mechanism.

The effect of milling time on powder morphology and mi-
crostructure is shown in Fig. 1c-f. After 15 minutes of milling 
(Fig. 1c), intensive fragmentation of the ribbon was observed, 
leading to the formation of irregular particles, often plate-like 

Fig. 1. SEM micrographs of the melt-spun ribbon and powders after milling: ribbon fragments showing the free surface (FS) and fracture surface 
(Fr) in regions with globular surface morphology (a) and smoother surface morphology (b); powders obtained after 15 (c), 30 (d), 60 (e), and 
240 (f) min of milling
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or elongated. The morphology clearly reflected the ribbon’s 
original columnar structure. Fragments with flat fracture sur-
faces and sharp edges were visible, indicating the material’s 
brittle character. After 30 minutes (Fig. 1d), fragmentation was 
continued, resulting in a reduction of the average particle size 
and an increase in particle number. An increase in morphological 
irregularity was also observed, along with the presence of finer 
fragments between larger particles. At the same time, elongated 
particles remained, indicating that the fragmentation process was 
not yet completed and that the fracture mechanism still retained 
features inherited from the initial microstructure. Extending the 
milling time to 60 minutes (Fig. 1e) resulted in a further increase 
in fragmentation and the formation of a significant number of 
fine particles. The powder morphology became more homoge-
neous in particle shape; however, larger fragments remained. 
Particle clusters were also observed, suggesting the initiation of 
secondary agglomeration processes. After 240 minutes (Fig. 1f), 
a significant change in powder microstructure was observed. 
A large number of fine particles of similar size (on the order of 
several micrometres) were present, forming extensive clusters 
and agglomerates. Individual particles remained clearly distin-
guishable, indicating an advanced degree of material fragmen-
tation. At the same time, pronounced secondary agglomeration 
processes were evident, leading to the formation of agglomerates 
with larger effective sizes.

3.2. Chemical and phase composition 

Milling time affected the chemical composition of the 
powders, as shown by the changes in the content of individual 
elements in Fig. 2. For nickel, the measured content in the as-spun 
ribbon was 51.85 at.%, slightly higher than the nominal value. 
After 15 minutes, its content was increased to approximately 

51.8 at.%. Consequently, as milling time increased, a gradual 
increase in nickel content was observed, reaching 52.4 at.% 
after 30 min and 52.8 at.% after 60 min. For the longest time 
(240 min), its concentration was approximately 52.9 at.%. 
It should be noted that in the milling time range of 60–240 min, 
the change in nickel content was only about 0.1 at.%, indicating 
that milling time had no significant effect on its concentration 
in the alloy. The observed variations are low, indicating a rela-
tively stable content. These minor fluctuations may result from 
composition normalisation effects associated with changes in the 
relative content of other elements, particularly gallium.

For manganese, the measured content in the ribbon was 
approximately 28.7 at.%, exceeding the nominal value. Af-
ter 15 minutes, the manganese content increased to 29.5 at.%. 
With further milling (30 min and 60 min), its content remained 
at a similar level, reaching 29.8 at.% and 29.7 at.%, respectively. 
For the longest time (240 min), the manganese content was 
29.7 at.%, indicating a practically constant level in the range 
of 60-240 min. The observed trend shows an initial increase in 
manganese content followed by stabilisation. This trend does not 
reflect actual enrichment in manganese but is rather a relative 
effect associated with changes in gallium content in the alloy.

A different behaviour was observed for gallium. In the 
ribbon, its content was 19.4 at.% – lower than the nominal 
value. After the onset of milling, the gallium content decreased 
markedly to 18.7 at.% after 15 min. With increasing milling 
time, a systematic decrease in gallium content was observed, 
reaching 17.8 at.% after 30 min and 17.5 at.% after 60 min. 
After 240 minutes, the gallium content reached the same value 
as previously, 17.5 at.% proving its stabilisation in the range 
of 60-240 min. This behaviour suggests a gradual loss of gal-
lium during milling. Effect may be related to its relatively low 
melting point compared to the other alloying elements. Under 
conditions of intensive mechanical milling, the supplied energy 

Fig. 2. Chemical composition and valence electron concentration of the Ni–Mn–Ga alloy: nominal composition and values measured for the 
ribbon and milled powders
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and local temperature increases may lead to partial evaporation 
or oxidation of gallium.

The changes in chemical composition resulted in a variation 
in the valence electron concentration – e/a (Fig. 2). With increas-
ing milling time, a systematic increase in the e/a parameter was 
observed, from 7.78 for the ribbon to 7.81 after 15 minutes, 
7.86 after 30 minutes, and 7.88 after 60 minutes of milling. For 
the longest milling time (240 minutes), the e/a value reached 
7.89. It showed that, over the range of 60-240 minutes, this 
parameter is almost constant. Such a trend is associated with 
increased Ni and Mn concentrations, accompanied by a decrease 
in Ga content. Nickel and manganese provide the dominant con-
tribution to the valence electron concentration. The relationship 
between the martensitic transformation temperature and the e/a 
parameter is well established for Ni–Mn–Ga alloys. An increase 
in e/a, resulting from higher Ni and Mn content at the expense of 
Ga, stabilises the martensitic phase and shifts the transformation 
temperatures toward higher values [18,19]. These results are sup-
ported by the phase composition determined by X-ray diffraction.

Fig. 3 presents the diffraction patterns of the initial rib-
bon and the milled powders. First, the analysis was performed 
for the as-spun ribbon. The diffraction pattern showed only 
peaks characteristic of the parent phase with an L2₁ structure, 
considered the highest degree of ordering in Ni–Mn–Ga al-
loys. To interpret possible changes in the ordering state of the 
parent phase, it is useful to recall the characteristic diffraction 
features of A2, B2, and L2₁ structures in Ni–Mn–Ga alloys. The 
order-disorder transformation in this group of alloys is related 
to changes in the occupancy of lattice sites by alloying ele-
ments. In the case of the fully disordered A2-type bcc structure, 
atoms occupy lattice positions randomly, and only fundamental 
reflections are observed. Partial ordering leads to the B2-type 
structure, in which Ni atoms occupy one sublattice, while Mn 
and Ga atoms share the other sublattice. This ordering gives rise 

to superlattice reflections such as (001)B2. The highest degree 
of ordering corresponds to the L21 structure, in which Mn, Ga, 
and Ni atoms occupy well-defined lattice sites in an enlarged 
unit cell with a parameter of approximately 5.8 Å. In this case, 
additional superlattice reflections appear, among which the (111)
L21 reflection is characteristic of the L21 orders. This structural 
sequence was used solely as a reference to assess whether mill-
ing caused disordering of the parent phase. 

Milling for 15 min initiated the martensitic transformation, 
induced by stresses generated by the vibrating milling ball. With 
increasing milling time, the intensity of diffraction lines char-
acteristic of the L21 structure systematically decreased. At the 
same time, the first low-intensity reflections characteristic of 
14M martensite appeared. After 30 min of milling, the parent 
phase remained. However, the martensite fraction increased, 
confirming the transformation’s progress. Fig. 3b compares 
the low-angle regions of the diffraction patterns. It confirms 
the gradual disappearance of reflections belonging to the pa
rent L21 phase, without evidence of a transition to the B2-type 
structure. It suggests a direct transition from the parent L21 phase 
to 14M martensite. It should be noted that, for alloys with an 
electron concentration e/a close to 8, the occurrence of non-mod-
ulated NM martensite is also possible. However, the performed 
simulations and structural fitting confirmed that the observed 
diffraction lines are mainly consistent with 14M martensite. 
A visible effect of this transformation is the appearance of the 
(111)14M diffraction line in place of the (111)L21 line, shifted 
by approximately 0.1° 2θ toward higher diffraction angles. After 
60 minutes, the diffraction pattern was dominated by reflections 
from the martensitic phase, while the fraction of the L21 phase de-
creased, leading to the disappearance of its characteristic peaks.

After 240 minutes, all observed diffraction peaks were 
attributed to the 14M martensite, confirming the complete trans-
formation of the parent phase. At the same time, the intensity 

Fig. 3. X-ray diffraction patterns of the ribbon and milled powders (a) and enlarged low-angle region (15-40° 2θ) (b)
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distribution of the reflections differed slightly from that of the 
samples milled for 30 and 60 minutes. These changes can be 
associated with progressive grain refinement of the powder, par-
ticularly pronounced after 240 minutes of milling, as discussed 
in the following section. This effect may influence the degree of 
texture and the preferred grain orientation in the sample holder, 
leading to the appearance of martensitic reflections that were 
previously undetected.

The structural evolution of the alloy triggered by the milling 
time elongation indicates a transition from the highly ordered 
L21 phase to the 14M martensite. The observed transformation 
results from both mechanical stresses generated during milling 
and changes in chemical composition, which alter the valence-
electron concentration. An increase in e/a shifts the martensitic 
transformation temperature toward higher values. As a result, 

measurements performed at room temperature indicate that the 
material, after prolonged milling, is in the martensitic state. Ad-
ditionally, internal stresses generated during milling promote the 
martensitic transformation, reinforcing the effect of chemical 
composition changes.

3.3. Effect of milling time on particle  
and crystallite size

Fig. 4a presents the particle size distributions of powders 
obtained after different milling times. In the particle-size analy-
sis, Q3 represents the cumulative volume distribution, while dQ3 
denotes the volume-based differential distribution, expressed 
as the volume fraction of particles in individual size classes. 

Fig. 4. Particle size distributions (Q3) of milled powders (a) and the variation of average particle size with milling time (b)
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Based on these results, parameters describing the distributions 
were determined. The most important parameter for character-
ising the comminution process is the particle size. It should be 
emphasised that the values of D(4,3), D50, and other statistical 
parameters refer to the main particle fraction corresponding to 
the dominant peak in the differential dQ3 curves. SEM obser-
vations (Fig. 1) indicate that in the initial stage of milling, the 
particles undergo intensive fragmentation. This is confirmed by 
the volume-weighted mean diameter D(4,3), which decreases 
from 63 µm after 15 min to about 52 µm after 60 min. A similar 
trend is observed for the median diameter (D50), which decreases 
from 61 µm to 46 µm. This indicates a shift of the main part of 
the distribution toward smaller particle sizes.

Analysis of the variation coefficient (CV) shows that chang-
es in powder homogeneity with milling time are non-monotonic. 
After 15 minutes of milling, the high CV value (90.0%) reveals 
a very broad particle size distribution, typical of the initial stage 
of the process. Increasing the milling time to 30 minutes leads 
to a clear narrowing of the distribution (CV = 46.3%), indicating 
improved powder homogeneity. Extending the milling time to 60 
minutes increases the CV (61.0%), proving greater size disper-
sion. This trend is confirmed by the standard deviation (σ), which 
decreases from 57 µm (15 min) to 25 µm (30 min), and then in-
creases to 32 µm after 60 minutes. The increase in σ at this stage 
reveals the coexistence of particles of different sizes, consistent 
with the presence of both fine particles and larger agglomerates.

At the longest milling time (240 min), a distinct change 
in process behaviour is observed. The volume-weighted mean 
diameter D(4,3) increases to 70.5 µm, indicating a reversal of 
the earlier trend of particle size reduction. At the same time, 
the median (D50) reaches approximately 25.1 µm. It confirms 
the presence of fine fraction particles. The simultaneous, very 
high increase in the coefficient of variation (CV = 113.2%) and 
standard deviation (σ ≈ 80 µm) is a consequence of the formation 
of an extremely broad particle size distribution. In addition, the 
high mode value (~166.07 µm) and positive skewness (1.147) 
indicate a significant contribution of large particles. Together 
with the large span (7.514), it proves the coexistence of very 
fine particles and large agglomerates..

The analysis of parameters such as D(4,3), D50, and CV 
presented above primarily reflects the dominant particle frac-
tion corresponding to the main peak in the differential dQ3 
curves. While this approach is sufficient for practical powder 
characterisation, it does not fully capture the complexity of the 
fragmentation mechanisms. In particular, it does not account for 
additional particle populations, which become evident in a more 
detailed analysis of the particle size distributions.

Fig. 4b shows the dependence of mean particle size on 
milling time. The average particle diameters were determined 
by fitting lognormal function to the experimental particle size 
distributions. The quality of the peak fitting was confirmed by 
high values of the coefficient (R²), ranging from 0.97 to 0.99.

For the powder milled for 30 minutes, in addition to the 
dominant fraction with a mean particle size of 68.2 µm, a popula-
tion of particles with a diameter of about 8.9 µm is also present. 

However, the peak analysis refers to the volume-based particle 
size distribution and indicates that this fine fraction contributes 
only 0.99%, while the coarse fraction accounts for approxi-
mately 99.01% of the total distribution. A similar situation was 
observed in powders milled for 60 minutes, where, in addition 
to the coarse fraction (~62 µm), a fine fraction with a diameter 
of about 7.8 µm was identified, whose contribution is practi-
cally negligible (0.01%). Thus, within this milling time range, 
the volume-based distribution remains dominated by a single 
population of larger particles, accounting for approximately 99% 
of the total distribution.

A distinct change in the character of the distribution occurs 
only after 240 minutes of milling, when three separated peaks 
appear in the derivative dQ3 curve. It proved the formation of 
three particle fractions: fine, intermediate, and coarse. The fine 
fraction, with a mean particle size of approximately 6.5 µm, 
accounts for about 0.34%. The intermediate fraction, with 
a diameter of about 28.3 µm, accounts for approximately 2%. 
In contrast, the coarse fraction, with a mean particle size of about 
167.7 µm, remains dominant, accounting for about 97.7% of the 
total distribution.

The presented particle size analysis is at the micrometre 
scale and reflects the actual sizes of particles and their ag-
glomerates. These results are in good agreement with X-ray 
diffraction measurements, which allow evaluation of changes 
in the crystal lattice by determining crystallite size and lattice 
strain. From the measurement, the full width at half maximum 
(FWHM) of the diffraction peaks was determined. Subsequently, 
the Williamson-Hall method was applied to evaluate the effect of 
milling on these parameters quantitatively. This method enables 
separation of the contributions of crystallite size and microstrain 
to peak broadening [17]. In contrast to the Scherrer method 
[20], which considers only crystallite size, the Williamson-Hall 
approach provides a more comprehensive interpretation of the 
mechanisms responsible for peak broadening.

The results confirmed that increasing milling time decreases 
crystallite size (Fig. 5a). In the initial sample (ribbon), only the 
parent L21 phase was present. The calculated crystallite size 
was 107.5 ± 13 nm. This value lies at the limit of applicability 
of the Williamson-Hall method and is associated with increased 
uncertainty. However, it provides an important reference point for 
comparison with milled material. For the parent L21 phase, a sys-
tematic decrease in crystallite size was observed with increasing 
milling time. The crystallite size decreased to 55.0 ± 0.3 nm after 
15 min, 49.8 ± 5.9 nm after 30 min, and 39.2 ± 0.8 nm after 
60 min. The observed reduction in crystallite size results from 
intensive plastic deformation. Structural defects introduced dur-
ing the process, such as dislocations and local lattice distortions, 
increase the heterogeneity of the crystal structure and reduce the 
effective size of coherently scattering domains.

External stresses generated during milling not only reduce 
crystallite size but also promote the induction of the martensitic 
transformation, leading to the formation of 14M martensite. This 
phase was not present in the as-spun ribbon and appears only in 
the milled materials. The average crystallite size in martensite 
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is significantly smaller than that determined for the parent phase 
(Fig. 5a). It decreases from 30.2 ± 0.1 nm (15 minutes), through 
24.2 ± 0.1 nm (30 minutes) and 20.5 ± 0.1 nm after 60 minutes, 
to 12.5 ± 0.1 nm after 240 minutes. It is noteworthy that for all 
analysed milling times, the standard deviation of the crystallite 
size of 14M martensite remains very low (±0.1 nm). It indicates 
a relatively narrow crystallite size distribution and high structural 
uniformity. In contrast, the parent phase exhibits a different 
trend, with standard deviation values of 0.3 nm (15 min), 5.9 nm 
(30 min), and 0.8 nm (60 min), indicating greater variation in 
crystallite size.

The analysis of lattice strain reveals a phase-dependent 
evolution (Fig. 5b). In the initial ribbon, the lattice strain in the 

L21 phase was 0.09 ± 0.01%. Although the ribbon was produced 
by rapid solidification during melt spinning, this value remains 
relatively low. Mechanical milling introduces internal stresses 
into the material, which results in a clear increase in lattice strain 
with increasing milling time. The strain reaches 0.16 ± 0.01%, 
0.22 ± 0.01%, and 0.48 ± 0.01% after 15, 30, and 60 min of 
milling, respectively.  It can be attributed to the accumulation 
of structural defects, such as dislocations and local lattice distor-
tions, generated during the intensified milling process.

A different behaviour was observed for martensite. In this 
phase, a natural broadening of diffraction peaks occurs due to the 
presence of martensitic plates and their self-accommodation. The 
effect of milling on the strain state in this phase is limited and 

Fig. 5. Crystallite size (a) and microstrain (b) for the as-spun ribbon and milled powders
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becomes noticeable only after 60 minutes. For the powder milled 
for 15 minutes, the lattice strain was 0.09 ± 0.01%, while for 
longer milling times it decreased to 0.06 ± 0.01%. The low strain 
values indicate a limited tendency for martensite to accumulate 
deformation, which is related to its characteristic deformation 
mechanisms, such as twinning and/or variant reorientation. 
Also, the low standard deviation values (±0.01%) prove a high 
uniformity of the strain distribution within the analysed material.

4. Conclusions

1.	E xtension of milling time affects the chemical composition 
of the alloy selectively, leading primarily to a decrease in 
gallium content. In contrast, the nickel and manganese con-
tents remain relatively stable (particularly in the 60-240 min 
range). The compositional changes are of low amplitude, not 
exceeding ~2 at.% with respect to the nominal composition 
and about 1 at.% relative to the initial material (as-spun rib-
bon). Despite their limited magnitude, these changes result 
in a systematic increase in the valence-electron concentra-
tion (e/a), which stabilises at the final stage of the process.

2.	 The increase in e/a, together with stresses generated during 
milling, promotes the induction of the martensitic transfor-
mation, resulting in a transition from the high ordered L21 
parent phase to a structure dominated by 14M martensite, 
without evidence of an intermediate decrease in the degree 
of ordering toward the B2 structure.

3.	M illing leads to a reduction in both particle and crystallite 
size, although these changes occur at different scales. Pow-
der particles remain in the micrometer range and exhibit 
an agglomerated character, while crystallite size is reduced 
to the nanometer scale. Increasing milling time initially 
results in intensive fragmentation and a decrease in mean 
particle size, whereas at longer times (240 min), secondary 
agglomeration becomes dominant. As a result, an increase 
in mean particle diameter and a broadening of the particle 
size distribution were observed.

4.	 The evolution of lattice strain in the milled powders is 
phase-dependent. In the parent L21 phase, a clear increase 
in lattice strain was observed with increasing milling time, 
from approximately 0.09% to 0.48%. In contrast, in the 
14M martensite phase, lattice strain remains low (~0.1%) 
and shows lower dependence on milling time.
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