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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• We used ball milling to induce the hcp- 
to-fcc phase transformation in Co 
powders.

• We studied how temperature and 
impact energy affect the transformation 
kinetics.

• We developed a kinetic model to prop
erly identify meaningful rate constants.

• Higher temperatures result in reduced 
rate constants and higher activation 
energies.

• We explain the observations with a 
competition between defect generation- 
recovery.
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A B S T R A C T

The mechanical processing of Co powders by ball milling is known to induce a phase transformation between the 
two allotropic forms of Co with hexagonal close-packed and face-centred cubic crystalline structures. The same 
phase transformation can be also activated and driven by gradual heating or isothermal annealing. For this 
reason, it is reasonable to expect that temperature plays an important role also during the mechanical processing. 
In this work, we investigate exactly how temperature affects the phase transformation behaviour by ball milling 
Co powders at different milling frequencies and temperatures between 300 K and 500 K. Unexpectedly, we find 
that, regardless of the milling frequency, any temperature increases results in a decrease of the phase trans
formation rate. We tentatively explain the experimental findings by considering thermally activated recovery 
processes.

1. Introduction

Mechanochemistry does not cease to show an impressive vitality for 
about 60 years [1–3]. Starting from the end of 1960s, it has literally 
changed the face of powder metallurgy, first, and then, materials science 

[4–7]. Now, after one moment of flux approximately at the end of 2010s, 
mechanochemistry has gained ground in inorganic and organic syn
thesis due to its promise of enhancing the sustainability of chemical 
industry through the reduction, or even the elimination, of solvent in 
production processes [8–12]. The results obtained in this respect are 
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currently driving mechanochemical methods to an important role in the 
panorama of technological innovation [13–15].

The tangible prospect of application and the long tradition of 
research in mechanochemistry clash with the unsatisfactory level of 
understanding of its fundamentals achieved so far [16–18]. The reason 
for this situation definitely lies in the inherent complexity of mecha
nochemical transformations [6,19–23].

The mechanical processing is intrinsically discontinuous and non- 
uniform [17,24]. The solids in powder form experience deformation at 
high strain rates and are driven far from thermodynamic equilibrium 
[25,26]. The generation of structural defects is partially counter
balanced by their annihilation due to simultaneous relaxation and re
covery processes that compete with one another [23,27]. Thus, the final 
products of mechanically induced transformations are the result of 
mechanisms that involve several time and length scales 
[22,24,25,28–32].

Further difficulties arise from the lack of information on the pro
cessing conditions [17,19,25,28,30–32]. In most cases, only the exper
imental variables that govern the operation of the apparatuses used to 
process the substances are specified and no attempt is made to gain 
insight into the conditions really experienced by the powder materials at 
the scale of individual particles and below [19,24–26,28,30,32].

Ball milling (BM) represents a typical example in this regard. 
Reporting the milling frequency, the reactor size and shape, the number 
of balls and their size and shape, the amount of material inside the 
reactor is useful, but it cannot tell the whole story. BM conditions are 
made of suitably evaluated impact frequencies, impact energies, impact 
angles, impact durations and still other quantities related to the dynamic 
compaction processes undergone by powders compressed during im
pacts. And even with these quantities we are far from seeing the whole 
picture.

Under these circumstances, even the simplest questions can remain 
unanswered. One of these concerns temperature, which is quite sur
prising in the light of the central role it normally plays in chemistry. We 
do not know yet how temperature can affect mechanochemical trans
formations. The reasons are many. First of all, BM is typically performed 
at room temperature, so that we have only a few data coming from 
experiments performed at other nominal temperatures. Early experi
ments on brittle materials such as Ge-Si and Mn-Bi showed that cryo
genic cooling is sufficient to suppress mechanical alloying entirely, 
indicating that thermally activated processes cannot be neglected [33]. 
Systematic studies of the Ag-Cu metallic system over the range 85–473 K 
showed that higher temperatures promote decomposition of the me
chanically induced metastable phases [34], while milling of iron pow
ders under reactive atmospheres demonstrated that lower temperatures 
favour the formation of metastable nitrogen-rich phases [35]. More 
recently, high-temperature BM of Ti-based metallic powders was shown 
to promote phase transformations and the formation of fcc-rich regions 
[36,37], while reactive BM of Mg-Ni systems demonstrated that higher 
temperatures accelerate hydride formation kinetics [38]. Most recently, 
BM of Co powders at 750 K was shown to intensify the hcp-to-fcc 
transformation relative to dynamic annealing at the same tempera
ture, demonstrating that mechanical impacts contribute to the trans
formation kinetics independently of the thermal driving force [39]. 
Notwithstanding this recent progress, most of the available datasets 
were not collected changing systematically the temperature while 
characterizing properly the BM conditions. Finally, the chemical sys
tems investigated at different temperatures are just a few and very 
different from one another. As a consequence, experimental evidence is 
contradictory overall. Sometimes higher temperatures are beneficial, 
sometimes they negatively affect the transformation rate or even change 
the final product [4].

In this work, we address the open question regarding the role of 
temperature in BM by studying the phase transformation behaviour of 
Co powders. This choice is motivated by the fact that Co bulk systems 
can undergo a martensitic phase transition at ambient pressure between 

two allotropic crystalline structures [40–45]. From room temperature to 
about 700 K, the hexagonal close-packed (hcp) phase is the stable phase. 
Above this temperature, the hcp phase transforms into a face-centred 
cubic (fcc) phase with a latent heat equal to about 400 J mol− 1 

[40–45].BM can also induce the hcp-to-fcc transformation, which occurs 
at rates that scale linearly with the impact energy [46–49].

Here, we present the results of an experimental investigation based 
on the systematic change of the impact energy and the temperature at 
which BM is performed. The results clearly show that, regardless of the 
impact energy characterizing the intensity of BM, temperature affects 
the hcp-to-fcc phase transformation rate. In particular, the phase 
transformation rate surprisingly decreases with temperature. We 
tentatively explain the experimental findings by considering the effects 
of relaxation and recovery process within the framework of a kinetic 
model.

2. Materials and methods

BM experiments were performed using high-purity commercial Co 
powders purchased from Sigma Aldrich. The powders were sieved to 
select a particle size below 10 μm and annealed for 24 h at 473.15 K in an 
oven under a flux of Ar and H2 to eliminate humidity and surface oxides. 
Then, they were stored in a glove box under Ar atmosphere with H2O 
and O2 contents below 2 ppm. Annealed and processed powders were 
invariably handled inside the glove box, which avoided any exposure to 
ambient atmosphere.

With no a priori information available on the extent of possible 
thermal effects on the hcp-to-fcc phase transformation induced by BM, 
we had no alternative than performing a significant number of pre
liminary experiments to set up the experimental apparatus and fine-tune 
the BM conditions.

BM experiments were carried out using a Spex Mixer/Mill 8000 
equipped with a variable speed electric motor. This ball mill imparts 
three-dimensional oscillations to the reactor, allowing an optimal stir
ring of loose powders. By changing the rotational speed of the motor, we 
changed the frequency of the reactor motion between 14 Hz and 22 Hz.

We used a hardened-steel cylindrical reactor with flat bases and a 
total volume of about 60 cm3. Inside it, we placed a single stainless-steel 
ball of 12 g and a mass of Co powder equal to 10 g. The choice of using a 
single ball and 10 g of Co powder was strictly related to the need of 
characterizing and controlling accurately the BM conditions. In fact, we 
are able to detect all the ball impacts on the reactor bases and side wall 
as far as a single ball is used [27,50,51].

To this aim, we attached a piezoelectric sensor to one of the reactor 
ends and recorded the signals generated by the vibrations originated in 
the reactor body by each impact. The piezoelectric signals were suitably 
analyzed and a time series was obtained consisting of the instants at 
which impacts are detected [27,50,52].

Such time series were compared with the corresponding ones ob
tained by reconstructing the ball motion inside the moving reactor via 
numerical simulation [53,54]. In this case, not only we had a time series 
of impacts, but also fine details associated with individual impacts such 
as impact velocity and angle. The vial motion was described analytically 
as a combination of synchronous roto-translations in the inertial refer
ence frame. Between consecutive impacts, the equations of motion 
reduce to uniform rectilinear motion, gravity being negligible compared 
to the accelerations imparted by the vial [53–55]. The ball position was 
updated step by step using the Verlet algorithm with a time step equal to 
10− 5, chosen to match the collision duration estimated from Hertzian 
contact theory. Impacts were modelled as instantaneous events: the 
component of the relative impact velocity perpendicular to the impacted 
surface was reversed and scaled by a coefficient of restitution, e, that 
measures the degree of impact elasticity [53–55]. The simulation pro
vided the time series of impacts and the associated impact velocities, 
angles, and energies.

Taking advantage of long time series, we sought the best 
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correspondence between experimental and numerical data by changing 
the impact elasticity in calculations. In particular, we compared the 
statistical distributions of the time interval between consecutive im
pacts. Once the experimental and numerical distributions overlapped to 
a satisfactory extent, we associated the impact velocity, angle and 
elasticity obtained from simulations with the real processing conditions 
[23,51,54,56,57].

Impact elasticity is related to the mass of powder inside the reactor 
and its properties, flowability in particular. For loose powders such as Co 
ones, we observed a proportionality between the mass of powder and the 
coefficient of restitution estimated by numerical simulation, which 
provides an average measure of the impact elasticity degree. In this 
work, we did not change the total amount of powder inside the reactor, 
keeping it equal to 10 g in all the BM experiments. Nevertheless, our 
analyses indicate a small change of the coefficient of restitution with the 
milling frequency, which we ascribe to the corresponding change of the 
average impact velocity.

The combined experimental-numerical methodology adopted in this 
work has been progressively developed in a series of previous studies. 
The methodology encompasses the piezoelectric detection of ball- 
reactor impacts [27,50,52], the numerical reconstruction of the three- 
dimensional ball trajectory inside the Spex Mixer/Mill 8000 reactor 
[53], and the nonlinear dynamics analysis of the chaotic character of the 
ball motion and its dependence on the coefficient of restitution 
[54,55,58], which underpins the statistical comparison of experimental 
and numerical inter-impact time distributions used to estimate the 
effective restitution coefficient. The application of this combined 
approach to the quantitative study of mechanically induced phase 
transformation kinetics is documented in earlier work [23,56,57]. This 
framework allowed us to characterize the milling dynamics to a 
remarkable extent. Accordingly, it also enabled us to control the BM 
conditions by selecting the desired impact energy. The methodology 
provided the basis for a reliable kinetic investigation of the hcp-to-fcc 
phase transformation undergone by Co powders and the detection of 
the thermal effects accompanying the increase of the reactor 
temperatures.

To change and control temperature, the reactor was equipped with a 
handcrafted heating element consisting of an electrically powered 
ceramic ring that can reach temperatures as high as 750 K and a ther
mocouple. The heating element was fixed around the cylindrical reactor 
body, while the thermocouple was attached to one of the reactor ends. 
Heating element and thermocouple were connected with a computer 
that allowed to control the average reactor temperature and keep it 
constant at the desired value. A schematic description of the experi
mental set-up is shown in Fig. 1.

The cylindrical reactor body is surrounded by the ring heating 

element. A piezoelectric sensor is fixed to one of the reactor ends and a 
thermocouple is attached to the opposite one. Thin cylinders in re
fractory material are used to isolate the reactor from the clamp assem
bly. In this way, the heat generated by the heating element remains 
substantially confined to the reactor and does not propagate to the gear 
of the ball mill, which would be potentially harmful. In any case, we 
performed the BM experiments at temperatures between 300 K and 500 
K to avoid damaging the gear of the ball mill.

To assess the temperature homogeneity inside the reactor, we per
formed dedicated measurements by placing thermocouples at different 
positions on the reactor surface (both ends and mid-section) during 
heating without milling. The temperature differences across the reactor 
body were found to be within ±5 K at steady state for all the tempera
tures investigated (300–500 K). This is consistent with the short char
acteristic thermal diffusion time across the reactor wall, estimated as L2/ 
α ≈ 6 s, where L ≈ 5 mm is the wall thickness and α ≈ 4 mm2 s− 1 is the 
thermal diffusivity of steel. This time is much shorter than the duration 
of our BM experiments. The high thermal conductivity of the steel 
reactor body and the small reactor volume, combined with the three- 
dimensional motion of the reactor and the continuous stirring of the 
powder charge during milling, further promote temperature equaliza
tion inside the reactor. On these grounds, we consider the temperature 
homogeneity adequate for the purposes of our investigation.

A FEI Quanta 200 scanning electron microscope was also used to 
monitor the change of particle size and morphology during the me
chanical processing.

We carried out the kinetic investigation by analyzing the Co powders 
by X-ray diffraction (XRD) using a Rigaku D/Max diffractometer 
equipped with Cu Kα radiation. XRD patterns were collected on Co 
powders sampled from the reactor after selecting time periods of me
chanical processing. To this aim, BM was interrupted and the reactor 
rapidly cooled using powerful jets of cold air. Then, the reactor was 
opened inside the glove box under Ar atmosphere with oxygen and 
humidity contents below 2 ppm. The sampled Co powders were cold- 
compacted in disk-shaped specimens and XRD patterns were collected 
over a range of scattering angle, 2θ, from 20◦ to 120◦, in steps of 0.05◦

with acquisition time of 20 s per angle. Cold compaction ensures a sta
tistically random particle orientation, which is essential for reliable 
Rietveld refinement. The quasi-static, low-pressure loading involved 
does not drive the hcp-to-fcc transformation.

In preliminary experiments, we ascertained that the relative amounts 
of hcp and fcc phases in Co powders do not change during the reactor 
cooling process. This was done by preparing mixtures with different 
relative contents of hcp and fcc phases, and subjecting them to heating 
and cooling cycles. A total of six heating and cooling cycles were per
formed. We found no significant difference in the fractions of hcp and fcc 
phases before and after the heating and cooling cycles. Therefore, the 
fractions that we estimated by the Rietveld analysis of XRD patterns 
after the Co powder sampling can be considered reliable estimates.

We used the measured fractions of hcp and fcc phases to build kinetic 
curves. In such curves, any given experimental point is the average of at 
least five different measurements. Whenever necessary, BM experiments 
were repeated up to ten times. Error bars for individual points corre
spond to the standard deviation of the estimates obtained in different 
measurements.

We did not observe any significant increase of Fe impurities due to 
contamination from reactor wear. The Fe content, estimated by X-ray 
fluorescence, keeps approximately constant at about 8 ppm. Similarly, 
there was no significant oxidation of Co powders. Thus, it can be 
reasonably inferred that the observed hcp-to-fcc phase transformation 
behaviour of Co powders during the BM process cannot be ascribed to 
contamination effects.

3. BM conditions

The combined use of experiments and calculations allows gaining 
Fig. 1. The reactor set-up utilized in BM experiments. The schematic repre
sentation is not to scale.
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significant insight into the ball dynamics underlying the processing 
conditions that Co powders experience during the BM experiments. 
Piezoelectric transducers readily detect the impacts between ball and 
reactor, thus providing information on the ball motion inside the moving 
reactor in the presence of 10 g of Co powder. A short excerpt from a 
typical time series of impacts is shown in Fig. 2a.

Raw data obtained from the piezoelectric sensors have already 
filtered with a classical method based on fast Fourier transform. The 
resulting signals appear well defined, almost equally spaced from one 
another. Numerical simulations allow obtaining a similar time series. 
Part of it is also shown in Fig. 2a, which allows appreciating the almost 
perfect correspondence between experimental and numerical datasets. 
Estimating the impact frequency, N, is straightforward from both 
experimental and numerical impact sequences.

A suitable choice of the coefficient of restitution, e, which measures 
the impact elasticity, invariably allows to obtain from numerical simu
lations exactly the same N value measured from experimental time se
ries. In addition, it is also possible to find a very good correspondence 
between the statistical distribution p(Δt) of the time intervals between 
consecutive impacts obtained experimentally and numerically. A 
representative example is shown in Fig. 2b.

Once we have obtained the best correspondence between experi
ments and simulations, we can associate to experiments the estimates of 
impact velocity, v, and energy, E, obtained from calculations. These are 
the quantities of interest for the kinetic analysis of the hcp-to-fcc phase 
transformation.

Based on the correspondence of experimental and numerical datasets 
obtained under all the different BM conditions explored, we have been 
able to characterize the BM conditions using the quantities reported in 
Table 1.

Data in Table 1 clearly indicate that the impact frequency N is pro
portional to the milling frequency f . In particular, N is approximately 
twice f in all the five cases investigated. This strongly suggests that the 
ball undergoes a regular displacement between the opposite bases, 
which involves two impacts per reactor cycle [27,50,52,55,58]. The ball 
trajectories that are reconstructed in numerical simulations confirm the 
inference based on the simple experimental evidence [53,54]. The ball 
moves periodically between the two reactor bases with only minor in
teractions with the reactor side wall. It is worth noting that these oc
casional contacts introduce minor perturbations in the impact timing 
that account for the small but systematic deviation of the ratio N/v from 
the exact value of 2. Accordingly, we can restrict our analysis to the 
impacts that occur on the reactor bases, which determine the overall 
impact frequency N and the average impact velocity v. In this regard, it is 
worth noting that the contacts between ball and reactor side wall are 
definitely less energetic than those involving the reactor bases. Indeed, 
the average impact velocity on the reactor side wall is on the order of 1 
m⋅s− 1 [53,54]. We expect that the main contribution to the hcp-to-fcc 
phase transformation comes from impacts at higher velocity.

Numerical simulations indicate an increase of the impact velocity v 
with the milling frequency f . As shown in Fig. 3, the increase is 
approximately linear and it also affects the impact elasticity. In fact, the 
coefficient of restitution e increases with the impact velocity v. The 
faster the ball moves, the higher the impact elasticity degree, which is 
expected based on classical notions of contact mechanics.

We can add that the 10 g of Co powders present inside the reactor 
have a significant effect on the impact elasticity. The coefficient of 
restitution, e, for a stainless steel ball impacting on a stainless steel flat 
surface takes values around 0.5, which means that half of the ball kinetic 
energy is dissipated as heat at the impact. The e values that we even
tually obtain from the comparison of experimental and numerical 
datasets are much smaller. This means that impacts are characterized by 
significant inelasticity due to the fact that a certain amount of powder is 
compressed between the impacting surfaces of ball and reactor. Due to 
the work done in compressing the powder, every time the ball impacts 
the reactor bases, it loses almost completely its kinetic energy.

Fig. 2. (a) Typical sequences of impacts from experiments (black line) and 
numerical simulation (red line). (b) Statistical distributions p(Δt) of the time 
intervals between consecutive impacts obtained experimentally (black col
umns) and numerically (red columns). Data refer to BM experiments performed 
at 22 Hz and 300 K. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Table 1 
Milling frequency, f (Hz), impact frequency, N (Hz), average impact velocity, v 
(m⋅s− 1), and coefficient of restitution, e, characterizing the BM experiments 
performed. All parameters were determined at room temperature (approxi
mately 300 K).

f N v e

14 28.2 3.94 0.09
16 32.3 4.50 0.10
18 35.9 5.07 0.13
20 40.1 5.64 0.12
22 44.4 5.88 0.16

Fig. 3. The average impact velocity, v, as a function of the milling frequency, f . 
The plotted line is a guide to the eyes.
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4. Experimental evidence

Mechanical processing by BM determines a progressive reduction of 
Co particle size, as shown by the representative SEM micrographs re
ported in Fig. 4. Fig. 4a gives information on particle size and 
morphology before mechanical processing. Fig. 4b shows that the 
repeated deformation undergone by powder particles during impacts 
gradually hardens the metal and reduces its particle size.

The sequences of experimental XRD patterns reported in Fig. 5 for 
milling temperatures of 300 K (Fig. 5a), 400 K (Fig. 5b), and 500 K 
(Fig. 5c) reveals the gradual broadening of crystalline reflections and the 
progressive growth of new broad peaks. Broadening can be ascribed to 
the refinement of grain size and the disordering of the crystalline lattice, 
which leads to the formation of a nanostructure. This is accompanied by 
the gradual transition from the initial hcp phase to the final fcc one, 
which becomes evident from the appearance of new peaks.

Crystalline reflections allow monitoring the hcp-to-fcc phase trans
formation to a very good extent. Although the peaks of the hcp and fcc 
phases partially overlap, the phase evolution can be followed to a 
remarkable extent. The Rietveld analysis provides satisfactory results. 
The best fitted Rietveld profile overlaps almost perfectly the experi
mental XRD patterns. Across all experimental conditions investigated, 
the Rietveld refinements consistently yield reliability indicators in the 
range Rp ≈ 10%, Rwp ≈ 9%, and χ2 ≈ 1.4, confirming the quality of the 
fits. A representative example is shown in Fig. 6, where the experimental 
XRD pattern collected after 244 min of BM at 400 K is reported together 
with the best fitted Rietveld profile and the corresponding difference 
curve in the 2θ range from 30◦ to 70◦. The formation of a nanostructured 
hcp phase is faster than the hcp-to-fcc transition. Therefore, it is 
reasonable to say that the formation of the fcc phase occurs at the ex
penses of the nanostructured Co hcp phase. The Rietveld analysis sug
gests that the average grain size of the nanostructured hcp phase is 
approximately equal to 35 nm, while its average lattice strain ranges 
between 0.01 and 0.03. The fcc phase has average grain size of about 30 
nm and average lattice strain around 0.04.

The considerations made so far for the XRD patterns shown in Fig. 5
hold true for all the experimental datasets. Regardless of the experi
mental BM conditions utilized, Co powders display the same structural Fig. 4. SEM micrographs of Co powders (a) before and (b) after 50 min of BM. 

After 50 min of BM, a clear reduction in particle size is observed.

Fig. 5. XRD patterns describing the gradual hcp-to-fcc phase transformation 
undergone by Co powders during mechanical processing by BM. Scattered in
tensity is plotted as a function of the scattering angle 2θ. Data refer to BM 
experiments performed at 20 Hz and (a) 300 K, (b) 400 K, and (c) 500 K. In each 
series, XRD patterns refer to powders sampled after 0, 50, 120, 244, and 520 
min of BM, from bottom to top. The Miller indices (hkl) of the main reflections 
of the hcp and fcc phases of Co are indicated in (c) and apply to all patterns.

Fig. 6. A detail of the XRD pattern of Co powders sampled after 244 min of BM 
at 400 K. Experimental data (black dots) and the overall Rietveld profile (red 
curve) are shown. The difference between the two datasets is also shown 
(bottom, red line). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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and microstructural behaviour, although BM conditions affect the rate at 
which structure and microstructure change.

The Rietveld analyses allowed reliably estimating the fractions of 
hcp and fcc phases and, then, reconstructing the kinetic curves 
describing the hcp-to-fcc phase transformation. A representative 
example is shown in Fig. 7a, where the fraction of fcc phase, χfcc(m), is 
plotted as a function of the total number of impacts, m. This quantity was 
obtained by simply multiplying the impact frequency, N, by the time of 
mechanical processing experienced by the powders. The χfcc(m) values 
increase monotonically at a rate that becomes slower and slower, which 
means that χfcc(m) approaches 1 asymptotically.

The same data are shown in a semi-logarithmic plot in Fig. 7b. Data 
arrange according to an almost perfectly linear trend, which indicates 
that the kinetic curve has definite exponential character.

All the different kinetic curves obtained under different BM condi
tions exhibit the same exponential character. The kinetics of the hcp-to- 
fcc phase transformation induced by BM is described by exponential 
curves. This makes particularly simple to evaluate the phase trans
formation rate, r(E;Tamb), which corresponds to the slope of the linear 
semi-logarithmic plots.

We performed BM experiments in which the milling frequency, f , 
and the average reactor temperature, Tamb, were changed respectively 
between 14 Hz and 22 Hz, and between 300 K and 500 K. The r(E;Tamb)

datasets obtained are shown in Fig. 6a and b as a function of impact 
energy, E, and reactor temperature, Tamb, respectively.

The data plotted in Fig. 8a point out that impact energy has a pro
found effect on the hcp-to-fcc phase transformation rate. To a first 
approximation, r(E; Tamb) increases linearly with E in all cases. However, 
linearity seems to worsen for the BM experiments performed at the 
highest temperatures.

The effects of temperature Tamb on the phase transformation rate 

r(E;Tamb) are more evident in Fig. 8b. Being the impact energy the same, 
the increase of temperature induces a decrease of r(E;Tamb). Such 
decrease appears quite linear, particularly for the BM experiments car
ried out at the lowest temperatures. This trend is also visually apparent 
from the comparison of the XRD sequences shown in Figs. 5a-c.

We best fitted the linear arrangements of data in Fig. 8a and b with 
lines. We find that the slope of best fitted lines in Fig. 8a, ρE, remains 
approximately constant regardless of the temperature Tamb, its average 
value being equal to about 29.7 × 10− 5 J− 1. The slope of the linear plots 
in Fig. 8b is negative and also approximately constant, its absolute value 
being equal to about 2.92 × 10− 3 K− 1; such quantity is hereafter denoted 
as ρT.

The r(E; Tamb) datasets obtained at Tamb values equal to 300 K and 
500 K are re-plotted in Fig. 9 with the purpose of pointing out another 
aspect of the linear dependence of r(E; Tamb) on E. Specifically, it can be 

Fig. 7. (a) The fraction of fcc phase, χfcc(m), and (b) the logarithm of 1 −

χfcc(m), ln
[
1 − χfcc(m)

]
, as a function of the total number of impacts, m. Data 

refers to Co powders that underwent BM at 20 Hz and 400 K. Best-fitted curve 
and line are shown.

Fig. 8. The hcp-to-fcc phase transformation rate, r(E;Tamb), as a function of (a) 
impact energy, E, and (b) reactor temperature, Tamb. The arrows indicate the 
direction in which temperature and impact energy increase respectively in 
panel (a) and (b).

Fig. 9. Datasets of the hcp-to-fcc phase transformation rate, r(E; Tamb), 
collected at temperatures Tamb of 300 K and 500 K as a function of impact 
energy, E. Best-fitted lines are shown.
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seen that the best fitted lines cross the abscissa axis at a finite, positive 
value of impact energy that varies with the temperature Tamb. Such 
value, hereafter denoted as Emin(Tamb), can be regarded as the minimum 
impact energy that must be delivered to Co powders to induce the phase 
transformation. This is actually confirmed by BM experiments per
formed at 300 K using a single stainless-steel ball of 4 g and a milling 
frequency of 14 Hz. No phase transformation was detected after 48 h of 
uninterrupted BM.

Overall, the linear dependence of the phase transformation rate on 
impact energy, E, and temperature, Tamb, can be summarized by using 
the equation 

r(E;T) = ρE[E − Emin(Tamb) ][1 − ρT(T − 300) ], (1) 

where Emin(Tamb) is the minimum impact energy needed for the phase 
transformation to occur, ρE is the phase transformation rate per unit 
impact energy, ρT is a positive quantity expressing the magnitude of the 
decrease of the phase transformation rate per unit temperature increase. 
It is worth noting that, ρT being defined as a positive quantity, the factor 
[1 − ρT(T − 300) ] in Eq. (1) takes values lower than unity for T > 300 K 
and decreases as T increases, in agreement with the negative slopes 
observed in Fig. 8b.

The dependence of Emin(Tamb) on the reactor temperature becomes 
evident in Fig. 10, where it is plotted as a function of Tamb. It can be seen 
that Emin(Tamb) increases as Tamb increases. At least to a first approxi
mation, data seem to arrange according to a linear trend, but experi
mental uncertainties do not really allow drawing any definite conclusion 
in this regard.

The dependence of the phase transformation rate on the impact en
ergy E can be rationalized on a relatively simple phenomenological 
basis. The higher E, the higher the probability to destabilize effectively 
the initial hcp phase by generating lattice defects. In this respect, the 
effects of the impact energy can be both intensive and extensive. 
Intensive effects are related to the fact that, being the volume affected by 
plastic deformation the same, higher impact energies allow generating a 
higher density of lattice defects. In contrast, extensive effects can be 
ascribed to the fact that higher impact energies result in the effective 
deformation of a larger volume of powder during the impact. Once 
destabilized, the hcp lattice can then transform into the fcc one ac
cording to the microscopic mechanisms proposed in the literature.

However, the same argument fails to explain the increase of the 
threshold impact energy Emin(Tamb) and the decrease of the phase 
transformation rate r(E;Tamb) with Tamb. In general, the temperature 
increase should favour the hcp-to-fcc phase transformation given that it 
occurs spontaneously when Co powders are heated above 700 K. In 
addition, higher temperatures should also facilitate the deformation of 
Co powders during the dynamic compaction process caused by indi
vidual impacts and this should enhance the lattice disordering processes 
eventually responsible for the transition from the hcp to the fcc 
structure.

Conversely, the increase of Tamb reduces r(E; Tamb) and determines an 
increase of Emin(Tamb). This behaviour is quite unexpected, and its un
derstanding requires a deeper analysis of the processes occurring on 
short time and length scales, involving both experimental and theoret
ical investigation. This is definitely out of the scope of the present work. 
However, we can still make an attempt to gain insight into our experi
mental findings using a simplified model description of mechanically 
activated phase transformations.

5. Kinetic modelling

We refer to a general kinetic model that relates the global kinetics 
observed on the macroscopic scale to the statistics underlying the me
chanical processing by BM and the local kinetics governing the phase 
transformation at the length scale of powder particles involved in indi
vidual impacts. The model has been described in detail in previous work 
[59–61]. Here, it is worth reminding that the mechanical processing of 
powders by BM is inherently discontinuous. The elementary processing 
event corresponds to the dynamic compaction of the small amounts of 
powders that get involved during individual impacts. Strain rates are 
relatively high and the mechanical stresses that spread across the 
network of contacts between neighbouring particles can locally exceed 
the yield stress of the processed material. Under such circumstances, 
effective plastic deformation processes can induce physical and chemi
cal transformations in small volumes v* irregularly distributed within 
the total volume of compressed powder. We say that such volumes v* 

experience critical loading conditions (CLCs). For the purpose of this 
work, we assume that the volumes v* that experience CLCs can undergo 
the hcp-to-fcc phase transformation.

A second crucial assumption stems straightforwardly from the 
rheology of Co powders and the effectiveness of their stirring inside the 
reactor. We noticed that the Co powders we used in our BM experiment 
remain loose during the mechanical processing regardless of the specific 
processing conditions. We never observed cold-welding to the reactor 
bases and side wall or the formation of cohesive compacts. The powders 
always exhibited remarkable flowability. A consequence of this rheo
logical behaviour is the high degree of mixing that the Co powders can 
experience during the entire mechanical processing by BM. This is 
especially true for our BM experiments, which took advantage of the 
Spex Mixer/Mill 8000 ball mill. Imparting the reactor a three- 
dimensional swing, this apparatus is particularly effective in stirring 
loose powders and allow a thorough mixing of powder particles before 
and after each impact. Therefore, we can assume that the Co powders 
inside the reactor keep homogeneous during the mechanical processing. 
It is worth noting that indirect experimental support for this assumption 
is provided by the reproducibility of the kinetic curves and by their 
consistent exponential character over the entire range of experimental 
conditions investigated. Significant deviations from exponential ki
netics, or a large scatter in the estimated rate constants, would be ex
pected in the presence of a spatially non-uniform powder distribution. 
The agreement between experimental data and the kinetic model dis
cussed in the following is consistent with the assumption of powder 
homogeneity during mechanical processing.

There is another important consequence of the effective stirring of Co 
powders and the complex three-dimensional motions undergone by the 
reactor. The ball moves regularly between the two bases and the gran
ular flow accompanies the ball in its displacements. The ball participates 
in the mixing of powders by directly affecting their flow, increasing the 
level of disorder in the trajectories of individual powder particles and 
enhancing the effectiveness of mixing processes [62]. The granular dy
namics is so complex that it is impossible to predict which particles will 
get involved in dynamic compaction processes at impact. Accordingly, 
we make the simplifying assumption that powder particles are sto
chastically involved in individual impacts, which means that any given 
impact affects an amount of powder randomly selected from the whole Fig. 10. The minimum impact energy needed for the hcp-to-fcc phase trans

formation to occur, Emin(Tamb), as a function of the reactor temperature, Tamb.
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powder charge.
The latter assumption implies that volumes v* are also affected by 

CLCs stochastically. It follows that the total volume V of powder inside 
the reactor consists of volumes v* that have been affected by CLCs 
different times. We can write that the volume fraction of powder that 
experiences CLCs during a single impact is 

k = v/V, (2) 

where v is the sum of volumes v* involved in the impact. The relatively 
low hcp-to-fcc phase transformation rates suggest that κ is much smaller 
than 1.

According to statistical considerations [59–61], the volume fraction 
of powder that has undergone CLCs i times after m impacts is 

χi(m) =
[
(k m)

i
/

i!
]
exp( − k m), (3) 

which fulfils the condition 

∑∞

i=0
χi(m) = 1. (4) 

Eq. (3) accounts for the statistics underlying the processing of pow
ders by BM. It can be used to relate the phase transformation behaviour 
at the length scale of volumes v* to the global kinetics that we observe on 
the macroscopic scale. To this aim, we associate the progress of the hcp- 
to-fcc phase transformation in the volume v to the times i it has expe
rienced CLCs. In other words, we write that 

χfcc(m) =
∑∞

i=0
χi(m)χfcc,i, (5) 

where χfcc,i is the molar fraction of fcc phase in the volume v that has 
experienced CLCs i times.

We do not have enough information from experiments to reconstruct 
the functional dependence of χfcc,i on i. At present, this is out of reach. 
However, we remind that the experimental kinetic curve has exponen
tial character. Therefore, also χfcc(m) must have exponential character. 
The simplest way to obtain such exponential character is to assume that 
[59–61]. 

χfcc,i = 1 − exp( − κ i) (6) 

where κ measures the rate constant of the hcp-to-fcc phase trans
formation at the level of volumes v affected by CLCs.

It is straightforward to show that combining Eqs. (3) and (6) results 
in the equation [59–61]. 

χfcc(m) = 1 − exp{ − k [1 − exp( − κ) ] m }, (7) 

which has exactly the exponential character we were seeking. Indeed, 

ln
[
1 − χfcc(m)

]
= − k [1 − exp( − κ) ] m. (8) 

Now, it is worth noting that Eqs. (7) and (8) best fit the experimental 
kinetic data to a very satisfactory extent. An example is given in Fig. 7.

It appears from Eqs. (7) and (8) that the overall rate constant is equal 
to k [1 − exp( − κ) ]. It is immediate to see that when κ is relatively large, 
this expression reduces to k, which means that the entire volume 
affected by CLCs undergoes the hcp-to-fcc transition. Conversely, when κ 
is relatively small, the volume involved in the phase transformation is 
significantly smaller than k.

Of course, the quantity k [1 − exp( − κ) ] corresponds to r(E; T), 
which is the rate constant estimated experimentally. Therefore, we must 
expect that k [1 − exp( − κ) ] exhibits the same dependence as r(E;T) on 
impact energy and temperature.

A more systematic assessment of the agreement between model and 
experimental data can be obtained by considering the full set of kinetic 
curves collected under all the experimental conditions investigated. The 

phase transformation rate r was extracted by best-fitting Eq. (7) to each 
of the 45 kinetic curves corresponding to the five impact energies and 
nine temperatures explored. The values obtained are reported in 
Table 2.

It can be seen that r increases with E and decreases with T in a 
manner consistent with the linear dependences described in the Exper
imental evidence section. The slope ∂r/∂E = ρE, determined by linear 
regression at constant temperature, takes values in the range 29.1 ×
10− 5 J− 1 to 30.8 × 10− 5 J− 1 and remains approximately constant over 
the entire temperature range investigated, with an average value of 29.7 
× 10− 5 J− 1. Similarly, the slope ∂r/∂T = ρT, determined at constant 
impact energy, varies between − 2.6 × 10− 3 K− 1 and -3.2 × 10− 3 K− 1, 
with an average of about − 2.9 × 10− 3 K− 1 that is independent of the 
impact energy. The values of ρE and ρT thus obtained are consistent with 
those reported in the Experimental evidence section, in agreement with 
the view that the linear approximations underlying Eqs. (7) and (8)
provide a satisfactory description of the kinetics of the hcp-to-fcc phase 
transformation over the range of conditions explored.

To make progress on this issue, it is necessary to focus on the volume 
v that experiences CLCs and its possible dependence on impact energy 
and temperature. First of all, we can imagine that higher E values induce 
higher local stresses at the level of individual volumes v*. This could 
result in larger volumes v* affected by CLCs and, then, in a faster phase 
transformation. Additionally, we can suppose that the number of vol
umes v* affected by CLCs increases as E increases. Unfortunately, we 
have no relevant information on the real dependence of v on E. For this 
reason, we make the simplest possible choice and we assume that v in
creases linearly with E once the minimum E value needed to induce 
plastic deformation in Co powders, Emin(Tamb), is exceeded. This implies 
that k also changes linearly with E.

Concerning the dependence of v on the reactor temperature Tamb, we 
note that the hcp-to-fcc phase transformation of Co powders is caused by 
the plastic deformation of the hcp lattice and the consequent accumu
lation of lattice defects [40–49]. However, we know that defective 
structures typically undergo relaxation and recovery processes that can 
cause a decrease in the total population of defects [63–68]. The nature 
and rate of recovery processes depend on defect mobility and, ulti
mately, on temperature. Higher temperatures facilitate recovery via the 
recombination or annihilation of lattice defects. As a consequence, we 
can reasonably expect that higher temperatures can determine a 
decrease of the lattice defects driving the hcp-to-fcc phase trans
formation in Co. Along the same line, we can surmise that higher tem
peratures can also induce a decrease of the volume fraction of fcc phase 
formed in volumes v* due to the CLCs experienced.

To a very first approximation, the rate of recovery can be expected to 
scale with the density of lattice defects [63–68]. Under the assumption 
that the density of lattice defects scales with the volume v affected by 
CLCs, we can write that 

dv = − ϕ v dt, (9) 

where ϕ is a rate constant with the typical Arrhenius-like dependence on 

Table 2 
Phase transformation rates r (×10− 5) extracted from exponential fitting of the 
kinetic curves at all experimental conditions investigated.

T (K) E=0.046 J E=0.061 J E=0.077 J E=0.095 J E=0.104 J

300 0.72 1.15 1.57 2.16 2.48
325 0.66 1.07 1.48 2.09 2.39
350 0.60 0.99 1.39 2.00 2.30
375 0.55 0.92 1.30 1.92 2.22
400 0.51 0.85 1.22 1.84 2.14
425 0.46 0.78 1.13 1.75 2.05
450 0.42 0.72 1.06 1.68 1.98
475 0.38 0.65 0.98 1.60 1.89
500 0.34 0.59 0.91 1.52 1.81
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temperature that can be expressed as 

ϕ = Aexp( − Eact/R T). (10) 

The occurrence of impacts involves that volumes v* experience a 
change in temperature due to the local deposition of mechanical energy 
and the generation of heat. While the local temperature rise is almost 
instantaneous, the subsequent cooling process takes place on a longer 
time scale. Cooling can be described by the Newton's law 

(T − Tamb)/(Tmax − Tamb) = exp( − γ t), (11) 

where Tmax is the maximum temperature experienced by the volumes v*, 
Tamb is the ambient temperature, and γ measures the cooling rate. To a 
very first approximation, we can suppose that the maximum tempera
ture Tmax varies linearly with the impact energy E and depends on the 
ambient temperature Tamb according to the equation 

Tmax = aE+Tamb, (12) 

where a is the proportionality constant between temperature and impact 
energy.

It is also reasonable to suppose that recovery occurs at an acceptable 
rate only when atomic mobility is allowed. For simplicity, we can as
sume that atoms are mobile as far as the temperature T is higher than a 
certain value Tthr lying between Tmax and Tamb. Taking into account Eq. 
(11), the time interval within which such condition is fulfilled is equal to 

τ = γ− 1 ln(Tmax − Tamb)
/
(Tthr − Tamb). (13) 

As expected, Eq. (13) indicates that τ increases with Tmax and de
creases with the cooling rate γ. It can be re-written as 

τ = − γ− 1ln(1 − Tamb/Tthr)+ ln(a E)
/
Tthr. (14) 

If we approximate the logarithm with the first term of its Taylor 
expansion we obtain that 

τ ≈ γ− 1Tamb
/
Tthr + ln(a E)

/
Tthr, (15) 

which indicates that τ increases approximately linearly with Tamb.
Since Tmax and Tthr cannot be very different in our case, we can also 

suppose that ϕ undergoes a linear change between Tmax and Tthr. 
Accordingly, during the time interval τ, the rate constant can be 
expressed as 

ϕ(t) = ϕ(Tmax) − t[ϕ(Tmax) − ϕ(Tthr) ]/τ , (16) 

where 

ϕ(Tmax) = Aexp( − Eact/R Tmax), (17) 

and 

ϕ(Tthr) = Aexp( − Eact/R Tthr). (18) 

We can substitute Eqs. (16)–(18) into Eq. (9) and integrate Eq. (9), 
thus obtaining 

v = vmaxexp{ − τ[ϕ(Tmax) − ϕ(Tthr) ]/2 }. (19) 

Given that Tmax and Tthr are relatively close and τ can be expected to 
be quite short, we can re-write Eq. (19) as 

v ≈ vmax{1 − τ[ϕ(Tmax) − ϕ(Tthr) ]/2 }. (20) 

Now, it is worth noting that Eq. (20) has exactly the same structure as 
k [1 − exp( − κ) ]. In particular, we can simply divide Eq. (20) by the 
total volume of Co powder inside the reactor, V, and obtain the 
expression of the apparent rate constant of the mechanically induced 
hcp-to-fcc phase transformation with 

k = vmax/V (21) 

and 

exp( − κ) = τ[ϕ(Tmax) − ϕ(Tthr) ]/2. (22) 

As mentioned before, vmax can be expected to increase with the 
impact energy E, while, based on Eq. (16), [1 − exp( − κ) ] can be ex
pected to decrease linearly with the ambient temperature Tamb. This is 
exactly the same dependence on E and Tamb displayed by the hcp-to-fcc 
phase transformation rate r(E;T).

Therefore, the crude assumptions that we have made so far are 
seemingly sufficient to provide a phenomenological rationalization of 
the experimental evidence we collected. In particular, it seems reason
able to ascribe the unexpected decrease of the hcp-to-fcc phase trans
formation rate with the reactor temperature to the occurrence of 
thermally activated recovery processes that reduce the total volume 
involved in the phase transformation from an initial maximum value 
vmax to a smaller one.

6. Conclusions

We conducted BM experiments on Co powders with the aim of 
investigating their response to repeated mechanical deformation. To this 
aim, we used a ball mill that imparts the reactor three-dimensional 
harmonic motion. Experimental findings indicate that the mechanical 
processing induces a transformation of Co from the hcp crystalline phase 
to the fcc one. The phase transformation occurs gradually and displays 
exponential kinetics over a wide range of milling frequency and reactor 
temperature.

The increase of the milling frequency from 14 Hz to 22 Hz de
termines a corresponding increase of the average impact energy 
approximately from 0.045 J to 0.110 J. In turn, the increase of the 
impact energy results in an increase of the phase transformation rate, 
which was measured from the kinetic curves obtained by quantitative 
XRD analysis. The increase of the phase transformation rate is approx
imately linear at all the different reactor temperatures at which BM 
experiments were performed. Best fitted lines suggest the existence of a 
minimum impact energy threshold below which the phase trans
formation does not occur. Control experiments confirmed this 
circumstance.

While the increase of the phase transformation rate with the impact 
energy is expected, completely unexpected comes the decrease of the 
phase transformation rate with the reactor temperature. The fact that 
the hcp-to-fcc phase transformation takes place spontaneously at tem
peratures above 700 K seemingly suggests that any temperature increase 
should favour the phase transformation. In our case, the increase of the 
reactor temperature was expected to induce an increase of the phase 
transformation rate. Conversely, we find that increasing the reactor 
temperature from 300 K to 500 K results in an approximately linear 
decrease of the phase transformation rate.

With the aim of tentatively explaining the experimental evidence, we 
adopted a phenomenological approach based on a suitably developed 
kinetic model. We show that a linear change of the phase transformation 
rate with impact energy and reactor temperature can be expected under 
specific assumptions. In particular, we assume that the increase of 
impact energy eventually determines an increase of the total volume of 
powder effectively deformed during individual impacts, while the in
crease of the reactor temperature favours the occurrence of recovery 
processes that reduce the fraction of fcc phase formed as a consequence 
of individual impacts.

By no means we claim that our simplifying considerations provide a 
satisfactory physico-chemical model of the phase transformation ki
netics in mechanically processed Co powders. On the contrary, we are 
aware that the complexity of the system we are investigating prevents 
any simple explanation of the phase behaviour observed. However, the 
hypothesis that recovery processes can play a role appears quite 
reasonable. In addition, it leaves the door open to further investigation 
of the phase transformation behaviour at higher temperatures, where 
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thermal effects should definitely favour the transformation from the hcp 
crystalline structure to the fcc one. This is a point that deserves future 
investigation.
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[20] P. Baláž, M. Achimovičová, M. Baláž, P. Billik, Z. Cherkezova-Zheleva, J.M. Criado, 
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reaction kinetics scales linearly with impact energy, Faraday Discuss. 241 (2023) 
217–229, https://doi.org/10.1039/D2FD00083K.

[30] M. Carta, A.L. Sanna, A. Porcheddu, S. Garroni, F. Delogu, Mechanochemical 
effects underlying the mechanically activated catalytic hydrogenation of carbon 
monoxide, Sci. Rep. 13 (2023) 2470, https://doi.org/10.1038/s41598-023-28972- 
8.

[31] L. Vugrin, M. Carta, F. Delogu, I. Halasz, Extending the Hammett correlation to 
mechanochemical reactions, Chem. Commun. 59 (2023) 1629–1632, https://doi. 
org/10.1039/D2CC06487A.
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