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Abstract 

Mechanochemistry has attracted a lot of attention over the last few decades with a rapid growth 

in the number of publications due to its unique features. However, very little is known about 

how mechanical energy is converted into chemical energy. Most of the published works using 

mechanochemistry neglect the required attention to the experimental parameters and their effect 

over the resulting products, what makes extremely difficult to reproduce the results from lab to 

lab. Moreover, if it is taken into consideration the broad range of experimental conditions used 

in different studies, it is quite difficult to compare results and set optimum conditions. As a 

result, mechanochemistry is generally viewed as a “black box”. The aim of this work is to 

provide some insight into mechanochemistry. Thus, a simple kinematic-kinetic approach that 

allows the full parametrization of mechanically induced reactions is proposed. In an analogous 

way to thermally activated process, it is shown that kinetic modeling can serve to parametrize 

and model mechanically induced reactions as a function of the milling parameters with great 

reliability, thereby gaining prediction capability. As a way of example, this methodology has 

been applied for the first time to the mechanochemical reaction of Co and Sb to form CoSb3, a 

skutterudite-type thermoelectric material. Moreover, the universality of this methodology has 

also been validated with data from the literature. A key feature of the proposed kinematic-

kinetic approach is that it can be extrapolated to other mechanically induced reactions, either 

inorganic or organic.  
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1. Introduction 

Mechanochemistry is the branch of chemistry which is related to chemical and physico-

chemical transformation of substances in all states of aggregation produced by the effect of 

mechanical energy [1]. It has attracted much attention in the last few years, with a rapid growth 

in the number of publications in the last decades [2–5]. This is mainly due to its unique features, 

which have considerable advantages over traditional synthetic procedures. For instance, the 

solvent-free condition is a key feature, as mechanochemistry is normally a dry process where 

solvents are usually not needed [6–8]. Therefore, this methodology is safer and more 

environmentally friendly than traditional wet chemical methods, which produce considerable 

amount of toxic and harmful by-products [9]. Moreover, it is possible to obtain metastable 

phases such as supersaturated solid solutions, due to the extension of solubility limit, crystalline 

and quasicrystalline intermediate phases, which can be tricky to prepare by other synthesis 

methods [10–17]. High-temperature chemical reactions can thereby be induced at room 

temperature and, generally, the resulting materials are nanostructured, homogeneously 

distributed with high reactivity and sinterability due to the accumulation of defects and the fresh 

surface area created during the milling process [13,18,19]. Additionally, it is a versatile and 

simple technique which can be applied to a considerable amount of materials [20], either 

organic [2,21] or inorganic compounds [22,23]. Furthermore, the scaling-up to industrial 

production is quite straight forward, which can be beneficial for the implementation of 

mechanosynthesized materials into practical applications [4]. Despite these advantages and its 

presumed simplicity, mechanochemistry is a stochastic process that requires the optimization 

of a considerable number of experimental parameters in order to achieve the desired chemical 

composition and microstructure. For instance, the type of mill, the milling container and its 

dimensions, the grinding medium, milling speed, milling time, ball-to-powder weight ratio 

(BPR), extent to filling in the vial and milling atmosphere are some of the parameters that 

significantly influence the process. Moreover, how mechanical energy is transformed into 

chemical energy is a question that remains unclear [4,24]. Most published works pay very little 

attention to the effect of milling conditions on the resulting products and a large number of 

published papers lack a detailed description of the experimental conditions employed, thereby 

making very difficult the reproduction of results from lab to lab or its scale up [25–33]. 
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Consequently, mechanochemistry is viewed as a “black box” system, being mechanically 

activated processes rarely parameterized and therefore, making very difficult to correlate the 

kinetics of the reaction with the milling conditions [34,35]. It is worthy to mention that due to 

the relevance of understanding the underlying mechanisms of mechanochemistry, in-situ 

techniques have been recently developed [36–38]. Albeit  there are several experimental 

challenges that need to be overcome [38], these techniques obviously suppose a great advance 

in the field.   

Understanding the mechanochemistry mechanism, including how the milling energy is 

transferred into chemical energy, is crucial to converting mechanochemistry into a standard  

synthetic methodology in Materials Science [39]. Thus, considering the advantages of 

mechanochemistry, as well as its importance and intense use over the last few years, the aim of 

this work is to propose a new methodology for the parametrization of mechanochemical 

reactions. To the best of our knowledge, this is the first kinematic approach that allows to 

correlate the milling parameters with the kinetics of the reaction, making possible the prediction 

of experimental curves. This new procedure is similar to those applied in thermally activated 

process, which has been extensively modelled in terms of temperature and extent of conversion 

[40–43]. Given the amount of effort that requires the optimization of milling conditions in 

mechanically induced reactions, we believe that the ability to parametrize and predict would 

constitute a powerful tool for researchers interested in mechanochemistry, catalysing, even 

more, its development. In order to carry out this analysis, several experimental parameters such 

as the dimensions of the jars, the grinding medium and the rotational speed have been explored 

in order to coherently vary the input power and the impact energy applied to the reactants. These 

two parameters as well as the accumulated energy during the milling process have been 

calculated according to the theoretical-empirical equations proposed by Burgio et al. [44] and 

subsequently modelled considering the most widely used kinetic models for solid-state 

reactions. Burgio’s kinematic equations have been chosen because, unlike many other models 

[45], it is composed just by analytical equations that allow a straightforward resolution of the 

system. Additionally, Burgio’s model has also been externally validated by other authors, who 

concluded that this kinematic model can certainly be used to calculate the energy transferred in 

high energy milling processes in planetary mills [46]. The mechanosynthesis of CoSb3 from 

metallic Co and Sb has been used as way of example to show the potential of this methodology 

for the prediction of mechanically induced reactions. CoSb3 is a compound with skutterudite 

type structure that has attracted some interest due to its unique features as a thermoelectric 
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material [47–52]. Moreover, the universality of this methodology has been also validated with 

data from literature, proving that it can be used with either organic and inorganic compounds, 

as long as the applied impact energy is known.   

 

2. Experimental 

 
2.1.Material synthesis and characterization 

The procedure described in previous works for the mechanosynthesis of CoSb3 has been 

followed [53,54]. Hence, stoichiometric amounts of Cobalt (Sigma-Aldrich, 266647, <150 μm, 

99,9% in purity) and Antimony (Sigma-Aldrich, 266329, -100 mesh, 99.5% in purity) powders 

were charged in stainless steels jars and milled until the reaction was finished. Two different 

models of planetary mills were employed: the Micro Mill Pulverisette 7 Premium Line (Fritsch, 

Germany) and PM100 (Retsch GmbH, Germany). Both of them have been modified so that 

they can work under controlled atmosphere of gases, being connected with a gas cylinder during 

the whole milling process [55]. All milling treatments were carried out under an atmosphere of 

5 bars of pure nitrogen in order to avoid the contamination and oxidation of the compounds 

during the grinding process. The different milling conditions used in this work are listed in 

Table 1.  

Table 1. Different experimental conditions 
Experimental  

conditions 
Rotational speed 

(rpm) 
Jar diameter 

(mm) 
Jar height 

(mm) 
Ball diameter 

(mm) Ball material Number of 
balls 

BPR 

1 500 46.55 44.7 6.33 Hardened 
steel 130 1:20 

2 500 46.55 44.7 15 Hardened 
steel 10 1:20 

3 585 46.55 44.7 15 Hardened 
steel 10 1:20 

4 650 46.55 44.7 15 Hardened 
steel 9 1:20 

5 700 46.55 44.7 15 Hardened 
steel 10 1:20 

6 650 60 36.08 15 Hardened 
steel 11 1:20 

7 700 46.55 44.7 15.8 Tungsten 
carbide 10 1:40 

 

For every milling treatment, small amounts of samples were routinely collected from the 

jars at different milling times. X-Ray diffraction (XRD) patterns were recorded with a Rigaku 

Miniflex diffractometer (CuKα radiation, λ = 0.15405 nm) working at 45 kV and 40 mA. 
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Measurements were taken within a 2θ range from 20 to 60º, with a 0.02 º step and a scan speed 

of 0.24 seconds per step. Rietveld Refinements were carried out with X’Pert HighScore Plus 

software in order to obtain quantitative information about the phases presented during the 

milling treatments. 

The morphology and chemical composition of the powders were studied by Scanning 

Electron Microscopy (SEM) using a Hitachi S-4800 SEM-FEG, equipped with an energy 

dispersive X-ray spectrometer (EDX), Quantax Bruker. In order to obtain the micrographs, the 

field-emission gun was operated at 2 kV, whereas for the EDX analysis and compositional 

chemical mappings it was operated at 20 kV. Due to the highly aggregated nature of the 

powders, which is typical of milling products, the samples had to be previously prepared prior 

their observation by SEM. Specifically, the powders were dispersed in absolute ethanol for 10 

min in an ultrasonic bath. Then, a drop of the diluted supernatant was deposited on a carbon 

grid and it was dried slowly at room temperature so that all the ethanol could be evaporated.  

 

2.2.Kinematic analysis 
The experimental parameters included in Table 1 were carefully selected in order to 

coherently modify the impact energy and the power input, which were calculated employing 

the theoretical-empirical equations proposed by Burgio et al. [44].  Particularly, the impact 

energy (J hit-1) or the energy released in a hit, has been calculated using Eq. (1):  

∆𝐸𝐸 = 1
2
𝑚𝑚𝑏𝑏𝑊𝑊𝑝𝑝

2 ��𝑊𝑊𝑣𝑣
𝑊𝑊𝑝𝑝
�
2
�𝐷𝐷𝑣𝑣−𝑑𝑑𝑏𝑏

2
�
2
�1 − 2 𝑊𝑊𝑣𝑣

𝑊𝑊𝑝𝑝
� − 2𝑅𝑅𝑝𝑝 �

𝑊𝑊𝑣𝑣
𝑊𝑊𝑝𝑝
� �𝐷𝐷𝑣𝑣−𝑑𝑑𝑏𝑏

2
� − �𝑊𝑊𝑣𝑣

𝑊𝑊𝑝𝑝
�
2
�𝐷𝐷𝑣𝑣−𝑑𝑑𝑏𝑏

2
�
2
�   (1) 

Where 𝑚𝑚𝑏𝑏 and 𝑑𝑑𝑏𝑏 are the mass and the diameter of a ball, 𝐷𝐷𝑣𝑣 is the diameter of the jars, 𝑅𝑅𝑝𝑝 is 

the distances from the centre of the mill to the centre of the vial and 𝑊𝑊𝑝𝑝 and 𝑊𝑊𝑣𝑣 are the angular 

velocity of the supporting disk and the jars, respectively. In the two models of planetary mills 

employed, the ratio of rotational speed corresponds to 𝑊𝑊𝑝𝑝= −𝑊𝑊𝑣𝑣. In real systems, more than 

one ball contributes simultaneously to the milling process, existing a hindering effect among 

the balls that decreases the impact energy. Thus, taking into account the hindering factor, 𝜑𝜑𝑏𝑏, 

the impact energy is corrected as follows [44]: 

∆𝐸𝐸∗ = 𝜑𝜑𝑏𝑏∆𝐸𝐸 (2) 

The total power can be calculated from Eq. (3): 

𝑃𝑃 = ∆𝐸𝐸∗𝑁𝑁𝑁𝑁 (3) 
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N is the number of balls in the jars and 𝑁𝑁 is the frequency at which balls are launched against 

the opposite wall of the jars. 𝑁𝑁 is estimated considering the following formula: 

𝑁𝑁 = 𝐾𝐾𝑊𝑊𝑝𝑝−𝑊𝑊𝑣𝑣

2𝜋𝜋
 (4) 

Where 𝐾𝐾 is a constant related to the time necessary to dissipate the corrected impact energy∆𝐸𝐸∗.  

Finally, the total energy transferred per unit weight of powder (J g-1) for a given milling time, 

𝑡𝑡𝑀𝑀, can be expressed as: 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 = ∆𝐸𝐸∗𝑁𝑁𝑁𝑁𝑡𝑡𝑀𝑀 
𝑐𝑐𝑝𝑝

 (5) 

Where 𝑚𝑚𝑝𝑝 is the mass of the sample in grams. 

 

3. Results and discussion 

 
3.1 Kinematic Analysis 

Table 1 summarizes the different milling conditions employed in this work. As a way of 

example, the collected XRD patterns as a function of the milling time for the experimental 

condition 4 are shown in Figure 1. Similar trends were obtained for the rest of experimental 

conditions (see Figures S 1, S 7 and S 8), with the exception of condition 1, where the desired 

phase was not obtained. The possible causes are discussed later on. The mechanochemical 

reaction is considered to be over when the raw materials are totally consumed, taken the Sb 

peak at 28.7º as reference. These results are analogous to those obtained in previous works, 

where CoSb3 was also prepared by mechanochemistry [53,54]. Details about the morphology 

as well as the chemical mappings as a function of the milling time can be found in Figure S 2. 

As it can be inferred, powders tend to highly aggregate and compositionally homogenize, while 

milling proceeds.  

 

The kinematic parameters such as the corrected impact energy, ∆𝐸𝐸∗, the power, P, and the 

total energy transferred to the powder per unit of weight at the end of each milling treatment, 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 were calculated for each experimental conditions using Equations 2, 3 and 5, respectively. 

These parameters alongside the milling time required for the total consumption of raw 

materials, 𝑡𝑡𝑀𝑀, are presented in Table 2. 
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Table 2. Milling time, 𝑡𝑡𝑀𝑀 (min), corrected impact energy, ∆𝐸𝐸∗ (J hit-1), power, P (W),  and  total energy transferred 
to the powder per unit weight at the end of each milling treatment, 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 (J g-1) under the experimental conditions 
described in Table 1. 

Experimental 
conditions 𝑡𝑡𝑀𝑀 (min) ∆𝐸𝐸∗  

(J hit-1) 
P 

(W) 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐 (J g-1) 

1 1005 3.4·10-3 10 6.3·105 
2 600 0.041 11 3.3·105 
3 300 0.056 16 2.7·105 
4 210 0.072 21 2.8·105 
5 190 0.080 28 2.9·105 
6 150 0.114 41 3.2·105 
7 120 0.157 55 3.2·105 

  

Several plots can be constructed to gain insight into the process kinematics. Figure 2a) and 

b) shows the milling time required for the total consumption of raw materials as a function of 

the corrected impact energy, ∆𝐸𝐸∗, and input power, P, respectively, for each experimental 

condition included in Table 1. As it is expected, the highest the impact energy and the input 

power, the shorter the milling time required for the total consumption of raw materials. For 

instance, for the highest corrected impact energy used in this set of experiments, 0.157 J hit-1, 

which corresponds to an input power of 55 W, a milling time of 120 min is required to 

completely convert the reactants. On the other hand, at ∆𝐸𝐸∗ = 0.041 J hit-1, associated with an 

input power of 11 W a milling treatment as long as 600 min is needed to complete the reaction. 

It is noteworthy that under Condition 1, the product is not obtained even after milling for 1005 

min (XRD data included Figure S1). This data point has been represented by a blue star in 

Figure 2, being totally displaced of the trend with respect to the other data points at which the 

desired phase was obtained. This deviation may be attributed to 1) the existence of a threshold 

value of impact energy below which the reaction does not occur or 2) simply the milling time 

is not long enough, accepting that the reaction can take place with milling treatments long 

enough regardless the supplied impact energy [56].   

In order to linearize and parametrize the relationship between the corrected impact energy 

and the input power with the milling time required for the formation of the desired phase, the 

natural logarithm of the milling time against the inverse of the impact energy and the input 

power were represented, as it is shown in Figure 2c) and d), respectively. Excluding the data 

point for condition 1 (represented by a blue start in the inset of Figure 2c) and d)), because the 

desired phase was not obtained, the rest of the data follow a clear linear relationship, which can 

be parametrized according to the following expressions: 
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ln(𝑡𝑡𝑀𝑀) = 8.8 · 10−2 1
∆𝐸𝐸∗

+ 4.19 (6) 

ln(𝑡𝑡𝑀𝑀) = 21.08 1
𝑃𝑃

+ 4.43 (7) 

 

Finally, the total energy transferred during the entire milling process per unit weight of 

powder (J g-1), Ecum, was calculated according to equation 5 taking into account the milling 

time, tM, required for the consumption of the raw materials. In Figure 3, Ecum is represented as 

a function of the applied input power, P, under each experimental conditions detailed in Table 

1. It is very interesting that the amount of energy required to produce a complete reaction is 

approximately similar regardless the input power or the impact energy used.  Thus, aside from 

the experimental conditions 1, Ecum remains around an average value of 3.1·105 J g-1. Gotor et 

al. validated Burgio’s kinematic equation assuming that the total amount of energy per unit 

weight of powder required to trigger ignition in a self-sustaining reaction should be kept 

constant regardless the milling condition [46]. Therefore, extrapolating this concept to the 

particular case of the mechanochemical reaction of CoSb3, the constant value of Ecum for every 

experimental condition corroborates once again Burgio’s kinematic equation to calculate the 

energy transferred in planetary mill. Additionally, it is also noteworthy that the specific energy 

needed for the formation of CoSb3 by mechanical alloying is considerably higher than that 

predicted thermodynamically [53]. Nevertheless, that can be easily explained by the substantial 

amount of energy released in form of heat and expended in disordering the structure [5,57]. Just 

a small fraction of this energy is actually absorbed by the small quantity of powders trapped in 

the collisions [58].  

Thus, by this kinematic analysis we have shown that it is possible to parametrize by simple 

logarithmic equations the relationship between the milling time, tM, the reverse of the corrected 

impact energy,1/ ∆𝐸𝐸∗, and the input power, 1/P. Additionally, the total energy transferred per 

unit weight of powder (J g-1), Ecum, at the end of the each mechanical treatment is approximately 

the same under each experimental condition tested, which validates Burgio’s kinematic 

equations as stated above.  

 

3.2 Kinetic Modelling of the mechanochemical reaction 

As a step further from this kinematic analysis, experimental conditions 2, 4, 6 and 7 (Table 

1) were selected to carry out a thorough kinetic analysis of the mechanically induced formation 
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of CoSb3, with the aim of determining the underlying reaction mechanism and the kinetic 

parameters describing the reaction. Thus, a step-by-step analysis of the transformation of raw 

materials (Co+Sb) into the reaction products as a function of the milling time was performed. 

The degree of conversion was defined as follows: 

𝛼𝛼 = 1 −
𝑆𝑆𝑏𝑏𝑡𝑡𝑖𝑖  (%)

𝑆𝑆𝑏𝑏𝑡𝑡1(%)
 (8) 

Where 𝑆𝑆𝑆𝑆𝑡𝑡1(%) and 𝑆𝑆𝑆𝑆𝑡𝑡𝑖𝑖(%) are the weight fraction of antimony determined by Rietveld 

refinements of the XRD data at the beginning and at a given time, ti, of the mechanochemical 

reaction, respectively. Figure S 3 contains Rietveld refinements at different milling times for 

experimental conditions 6, as a way of example. It is worth noting that this definition of the 

degree of conversion, α, is possible because the raw materials are progressively transformed 

into products. Nevertheless, there are many cases, where intermediate compounds are formed, 

e.g. in the mechanochemical reaction of Bi2O3 and Fe2O3 into BiFeO3, Bi25FeO39 is formed 

prior the final product [55]. Those kinds of cases deserve special attention and further research 

is needed, as they required a different definition of α, which probably involves a complex 

kinetic with several steps or even independent processes.    

Figure 4 shows the α values calculated from Eq. (8) as a function of the milling time, tM, for the 

experimental conditions 2, 4, 6 and 7 (Table 1), which correspond to a corrected impact energy, 

∆𝐸𝐸∗ , of 0.041, 0.072, 0.114 and 0.157 J hit-1, respectively. It is worthy to note that these kinds 

of ex-situ stepwise analysis are possible because the reaction is not affected by the milling stops 

and continuous milling or segmented milling yield to the same final products, unlike other cases 

where different products are obtained depending on the continuity of the milling treatment [59]. 

The α- milling time curves are shifted to higher milling times as the applied corrected 

impact energy decreases. This phenomenon is much more pronounced for the lowest impact 

energy (0.041 J hit-1). Thus, for every milling condition, there is an onset time (or accumulated 

onset energy) required for the reaction to start, which seems to be inversely proportional to the 

applied impact energy. These kind of induction periods are quite common in mechanically 

induced reactions [46,60] and for every experimental condition included in Figure 4, this onset 

time, t0, was estimated according to the procedure shown in Figure S 4 (only for conditions 2, 

as a way of example) and represented as a function of the impact energy (Figure S 5a)). It can 

be observed that the minimum milling time clearly decreases with the impact energy. Moreover, 

as it is shown in Figure S 5 b), the logarithm of t0 versus the reverse of the corrected impact 
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energy also follows a linear relationship, similar to equation 6, that can be described with the 

following expression: 

ln(𝑡𝑡0) = 0.096 1
∆𝐸𝐸∗

+ 3.02 (9) 

Additionally, the total energy transferred per unit weight of powder (J g-1) considering these 

minimum milling times, t0, for every experimental condition included in Figure 4, was 

calculated using Eq. (5). Interestingly, the energy transferred per unit weight does not depend 

on the milling conditions and it is approximately the same for every experimental condition, 

which value is 1.1±0.1·105 J g-1. It has been claimed that the induction periods of mechanically 

induced reactions are the result of a two-step process, where mass transport plays an initial 

important roll and then the mechanical energy is accumulated in the form of structural defects 

and heat within other forms of energy that eventually can exponentially trigger the chemical 

reaction [60]. However, besides this accumulated onset energy, the minimum impact energy 

also plays a critical role in the induction of the reaction, as it was discussed above for 

experimental condition 1. This is in agreement with the conclusion of Fischer et al. who stated 

that the input energy of a single collision has greater influence on the kinetics of the reaction 

than the number of collisions or, in other words, the milling frequency [56]. This is to say that 

not only the accumulated onset energy is the limiting factor to trigger a mechanically induced 

reaction but also the threshold value of impact energy. Thus, as a way of summary, we can 

conclude that when the threshold value of impact energy is exceeded, the accumulated onset 

value of energy for the reaction to start remains approximately constant regardless the milling 

conditions and below which the mechanically induced reaction cannot start.  

In order to get more information about the underlying mechanism of the mechanically 

induced reaction of CoSb3, a kinetic analysis of the curves included in Figure 4 was carried out. 

Traditionally, the kinetics of mechanochemical reactions have been described with first-order 

or sigmoid functions [45,61], but it may be interesting to consider other options [36]. Thus, we 

decided to consider the most widely used kinetic models for solid state processes and proceed 

in an analogous way to the analysis performed in thermally activated processes. As we explain 

as follows, this procedure has the advantage that the reaction rate constant can be described as 

a function of the milling parameters, unlike in many other previous published works [36,62]. 

This allows to extrapolate a mechanically induced reaction to other different milling conditions, 

easing the reproducibility from lab to lab, even when different milling devices are used. 
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Moreover, this procedure also allows to validate the chosen kinetic model as well as gaining 

prediction capability.     

The kinetic analysis of the curves included in Figure 4 was carried out considering the 

general kinetic equation widely used for the reaction rate of a solid-state process: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝑘𝑘𝑁𝑁(𝛼𝛼)   (10) 

 

where α is the degree of conversion (defined according to equation 8), 𝑑𝑑𝛼𝛼/𝑑𝑑𝑡𝑡 is the reaction 

rate, 𝑁𝑁(𝛼𝛼) is an algebraic equation usually associated with a physical model that describes the 

kinetics of the solid-state process and 𝑘𝑘 is the rate constant that is usually defined by an 

Arrhenius expression. According to Butyagin, the term of temperature in the Arrhenius 

expression can be substituted by rate of supplied energy in mechanically activated process [63]. 

Thus, k can be defined as:  

𝑘𝑘 = 𝐴𝐴𝑒𝑒−
𝛽𝛽
∆𝐸𝐸∗   (11) 

Where A is the pre-exponential factor analogously to thermally activated processes, also 

associated with the frequency of collisions in a mechanically induced process, ∆𝐸𝐸∗ is the 

corrected impact energy at which the mechanochemical treatment is being processed and β is a 

parameter which is dimensionally equal to the corrected impact energy. Albeit in extreme 

simplification, β has been defined as the difference of activation energy of the chemical reaction 

and the total energy accumulated in the system in a mechanochemical process. Unfortunately, 

this two parameters cannot be assessed separately [60].  

In mechanically induced reactions carried out under certain experimental conditions, the 

corrected impact energy, ∆𝐸𝐸∗, is normally constant during the whole process. Therefore, 𝑘𝑘 (Eq. 

(11)) remains constant and Eq. (10) can be integrated:  

∫ 𝑑𝑑𝑑𝑑
𝑁𝑁(𝑑𝑑)

𝑑𝑑
0 = 𝑘𝑘 ∫ 𝑑𝑑𝑡𝑡𝑡𝑡

0   (12) 

Equation (12) can be also expressed as: 

𝑔𝑔(𝛼𝛼) = 𝑘𝑘𝑡𝑡  (13) 

The plot of g(α) versus the process time for the experimental curves provides straight lines 

if the selected kinetic model is correct, and the slope of these lines corresponds to the rate 

constant, k, for every experiment performed at fixed values of ∆𝐸𝐸∗. Kinetic f(α) and g(α) 

functions corresponding to the most used kinetic models are shown in Table 3.  
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Table 3. Kinetic f(α) and g(α) functions corresponding to the most used kinetic models. 

Mechanism Symbol f(α) g(α) 

First order F1  (1 − α) −𝑙𝑙𝑙𝑙(1 − α) 

Phase boundary controlled 
reaction (contracting area) R2       (1 − α)1/2 2�1 − (1 − α)1/2� 

Phase boundary controlled 
reaction (contracting 

volume) 
R3       (1 − α)2/3 3�1 − (1 − α)1/3� 

Random nucleation and 
growth of nuclei through 
different nucleation and 
nucleus growth models            

(Avrami-Erofeev eq. n ≠ 1) 

An    n(1 − α)[−ln(1 − α)]1−
1
n [−𝑙𝑙𝑙𝑙(1 − α)]

1
𝑛𝑛 

Two-dimensional diffusion D2 1/[−ln(1 − α)]    (1 − α)ln(1 − α) + α 

Three-dimensional 
diffusion (Jander eq.) D3  3(1− α)2/3/ �2(1 − (1− α)

1
3)� �(1 − (1− α)

1
3)�

2
 

Three-dimensional 
diffusion  (Ginstling-

Brounshtein eq.) 
D4     3/�2((1 − α)−1/3 − 1)�     �1 − 2

𝛼𝛼
3
� − (1 − 𝛼𝛼)

2
3

 

 

For the selected milling conditions represented in Figure 4, the plots of g(α) versus milling 

time, tM,  (Eq. (13)) were built assuming some of the most used kinetic models for 𝑁𝑁(𝛼𝛼) (listed 

in Table 3), such as interface controlled (R2, R3), random nucleation and growth of nuclei or 

Avrami-Erofeev (A1, A2, A3, A4), and two-dimensional and three-dimensional diffusion 

controlled (D2, D3). 

The best linear fits to the plots were obtained for the interface controlled kinetic models, 

and particularly for the R3 kinetic model, which means that nucleation is not kinetically relevant 

in the formation of mechanically induced CoSb3. Figure 5a) shows the linear fits obtained for 

every mechanical treatment performed at constant values of corrected impact energy, 

considering the R3 kinetic model. From the slopes of these fits, the rate constant, k, for every 

experimental condition was obtained.  

Given the Arrhenius dependence of  𝑘𝑘 and rearranging Eq. (11) in logarithmic form, equation 

(14) is obtained: 

𝑙𝑙𝑙𝑙𝑘𝑘 = 𝑙𝑙𝑙𝑙 𝐴𝐴 − 𝛽𝛽
∆𝐸𝐸∗

 (14) 



13 
 

The pre-exponential factor, A, can be obtained from the intercept of the plot of the logarithm of 

the rate constant versus the reverse of their corresponding corrected impact energy, ∆𝐸𝐸∗, while 

β can be calculated from the slope of such plot. Figure 5b) presents the plot of ln(k) versus the 

inverse of ∆𝐸𝐸∗, being the values of β and A 0.061 J hit-1 and 0.033 min-1, respectively. Thus, 

this method parametrizes the rate constant based on the impact energy, which can be easily 

calculated as a function of the milling parameters by using a simple analytical expression 

(Equation 2). We would like to remark that the proposed methodology goes beyond a mere 

phenomenological characterization of the rate constant, allowing the full correlation between 

the kinetic of the reaction and the milling conditions. Conversely to many other previous kinetic 

models [36,57,62], this model takes into account milling parameters such as the mass, diameter 

and number of  balls, diameter of the jars, the angular velocity of the supporting disk and the 

jars and the frequency of impact. This allows to easily extrapolate and reproduce the 

mechanochemical results from lab to lab even when different planetary mills are used.   

Moreover, in order to validate the value of β, an integral isoconversional method was 

applied [64]. The foundations of the isoconversional methods in mechanically induced 

reactions rely on the fact that the reaction rate exclusively depends on the impact energy at a 

constant extent of conversion, α, in an analogous way to classical isoconversional methods in 

thermally activated processes. These kinds of methods allow the determination of the parameter 

β as a function of the degree of conversion, α, from a set of α-time plots recorded at different 

impact energies, without any previous assumption of the kinetic model. Assuming that the 

mechanochemical treatment is carried out under strict conditions of constant impact energy, 

Eq. (13) can be rearranged in logarithmic form:  

ln(𝑡𝑡) = ln�𝑔𝑔(𝛼𝛼)� − 𝑙𝑙𝑙𝑙𝐴𝐴 + 𝛽𝛽
∆𝐸𝐸∗

 (15) 

This last assumption is reasonable, as based on Equations (6) and (7), under specific 

experimental conditions, the milling parameters are prefixed, giving constant values of impact 

energy. Moreover, Eq. (15) also assumes that the extent of conversion dependence of the 

reaction rate obeys some of the proposed solid-state kinetic models (𝑁𝑁(𝛼𝛼) and, therefore, 𝑔𝑔(𝛼𝛼) 

functions), although it is not absolutely necessary. Finally, the last prerequisite to use Eq. (15) 

is that the process must follow a simple kinetic, i.e. a single-step process, implying that β must 

be independent of α and it must remain constant throughout the whole interval of degree of 

conversion. Otherwise, the process should be treated as kinetically-complex and Eq. (15) cannot 

be directly applied [65]. If those conditions are accomplished, at a particular value of α, 
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ln�𝑔𝑔(𝛼𝛼)� as well as 𝑙𝑙𝑙𝑙𝐴𝐴 are constant. Therefore, the parameter β can be determined, as a 

function of the degree of conversion, from the slope of the left-hand side of Eq. (15), ln(𝑡𝑡), 

versus the inverse of the corrected impact energy (Figure S 6). Figure 6 represents the values 

of β as a function of the degree of conversion obtained from this isoconversional method. It can 

be observed that β values are approximately constant in the entire range of α with an average 

value of 0.082 J hit-1 and in relatively good agreement with that obtained when the kinetic model 

is previously assumed, proving the reliability of the β parameter. To the best of our knowledge, 

this isoconversional procedure has never been applied to mechanically induced reactions before 

and can be extremely useful to validate the kinetic model, as long as the prerequisites exposed 

above are met.  

Additionally, the accuracy of the kinetic parameters, A and β, obtained from Eq. (14), was 

tested comparing the experimental curves in Figure 4 with simulated kinetic curves constructed 

using these parameters, the corrected impact energy at which each mechanical treatment was 

performed,  ∆𝐸𝐸∗, the corresponding minimum milling time, t0, at which the reaction starts and 

the R3 kinetic model. The simulations were carried out by integrating the general kinetic 

equation (Eq. (10)) and using the fourth-order numerical integration Runge-Kutta method. As 

it is shown in Figure 4, the simulated and experimental curves are in very good agreement, 

which proves the validity of the kinetic parameters obtained by this methodology for 

mechanically induced reactions. Therefore, we not only propose a kinematic analysis of a 

mechanically induced reaction that is a function of the most important experimental parameters 

influencing the kinetics of the mechanically induced reactions but also a methodology that 

allows to double check the reliability of the obtained kinematic parameters that for the first time 

goes beyond the traditional simulations of the experimental curves.  

 

3.3 Prediction capability 

As a step further to prove the validity of the proposed model, the kinetic parameters 

obtained from the analysis were used to predict the behaviour of the process under experimental 

conditions not employed in the analysis. Thus, conversion-time curves were predicted and 

plotted in Figure 7 as solid lines for experimental conditions 3 and 5, taking into account the 

R3 kinetic mode and the calculated kinetic parameters (β=0.061 J hit-1 and  A=0.033 min-1). 

The minimum milling time at which the reaction should start was established by Eq. (9). Then, 

the prediction was validated experimentally. XRD data were collected very close to the 
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predicted minimum milling time at which the reactions should start. These experimental data 

are marked as (1) and (4) in Figure 7. As it was predicted from the simulated curves and as it 

can be inferred from the XRD patterns (Figure S 7 (1), S 8 (4)), at such milling times the 

mechanical transformation of the raw materials into products has not started yet, being the 

degree of conversion α equal to 0.  Additionally, XRD patterns under both experimental 

conditions were also collected at higher milling times. It can be observed that these 

experimental data (Figure S 7 (2,3) and S 8 (5,6)) marked as (2), (3), (5) and (6) in Figure 7 are 

in total agreement with the predicted curves. Hence, this simple kinematic-kinetic analysis is 

able to predict experimental curves, validating once again the proposed model. In light of these 

results, we would like to emphasize that the joined analysis of several experimental curves 

obtained under different milling conditions allows the full parametrization of mechanically 

induced reactions, gaining prediction capability, which offers a unique opportunity to 

quantitatively correlate the effect of the most important milling parameters on the kinetics of 

the reaction. Previous reports have attempted to analyse the kinetics of mechanochemical 

processes but just considering one α-time curve, which does not allow to fully parametrize the 

system, validate the proposed kinetic model or make predictions at all [62]. 

 

3.4 Validation with literature data 

In order to prove the versatility and soundness of the proposed methodology, data from 

literature were analysed following the procedure described above. Particularly, data from 

reference [66] were used, where the authors described the mechanochemical reaction of  2,3-

diphenylquinoxaline, an organic compound of high interest [67], as a function of the milling 

frequency on a vibratory shaker ball mill. The impact energy at each frequency was calculated 

by the classical equations of motion, considering an oscillation amplitude of 19.5 mm and a 

lineal trajectory of the ball along the milling jar. Table 4 contains the proposed kinetic models 

and parameters, which can reproduce the experimental data at each milling frequency with great 

reliability, as it is shown in Figure 8. It is worthy to note that the reaction kinetics follow 

different regimes depending on the milling frequency. At high frequencies (30-25 Hz), the 

kinetic can be described by A2 mechanism where nucleation is kinetically relevant, whereas at 

low frequency (22.5-20 Hz), the kinetics follows a zero-order relationship. As the authors 

claimed, it may be attributed to the differences in the mechanical energy provided to the 

material. At lower frequencies rolling and shearing are favoured, while at higher frequency 

more energetic impacts are given, which lead to the creation of more active sites [66]. A similar 
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behaviour has been observed for some thermally activated processes, where different kinetic 

mechanisms have been reported for low and high temperatures [68].  

All in all, we have proved that the proposed methodology for modelling mechanochemical 

reactions is a universal procedure which can be applied to either organic or inorganic 

compounds, as along as the applied impact energy can be calculated. It allows the description 

of mechanically induced reaction regardless the experimental set up or milling conditions, 

which aims to convert mechanochemistry in a convectional synthetic procedure in Materials 

Science.  

Table 4. Reaction, type of mill and kinetic model and parameters obtained from the analysis of the experimental 
data of reference [66].  

Reaction Type of mill 

Frequency 

(Hz) 

Impact 

Energy (J 

hit-1) 

Kinetic 

Model 
A (min-1) β (J hit-1) 

2,3-diphenylquinoxaline 

(benzyl+ortho-

phenylenediamine) 

MM400 

(Retsch) 

30-25 2.09·10-3-

1.45·10-3 
A2 2.15·10-3 ±5·10-4 0.376±1·10-2 

22.5-20 1.18·10-3-

9.31·10-4 
Zero-Order 2.3·10-3 0.154 

 

4. Conclusions 

Nowadays, mechanochemistry has attracted a lot of attention with a rapid growth in the 

number of publications due to its unique features. Nevertheless, very little is known about how 

mechanical energy is converted into chemical energy or how the experimental parameters affect 

the resulting products. Mechanochemical processes are reconsidered, in most of the cases, as 

“black boxes”. Unfortunately, this hinders a proper understanding of the mechanically induced 

reaction dynamics, which remain highly elusive and slows down the development of 

mechanochemistry. 

 Here, we propose a new methodology that allows the full parametrization of a mechanically 

induced reaction as a function of the milling parameters by applying simple analytical 

equations, gaining prediction capability and easing the reproducibility of results from lab to lab. 

It is proven that the joined analysis by this methodology of several experimental curves obtained 

under different milling conditions, yields to highly reliable kinetic parameters. This allows to 
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describe and, even more important, predict mechanically induced reactions. Additionally, the 

validation of the kinetic parameters is also possible by applying an isoconversional 

methodology, widely used in thermally activated processes, as well as by simulating the 

experimental curves. To the best of our knowledge, this is the first time that the isoconversional 

analysis is applied to mechanically induced reactions.   

 Finally, we would like to emphasize, once again, that the proposed methodology goes 

beyond a mere phenomenological description of a mechanically induced reaction, as it 

quantitatively correlates the milling parameters, including the geometry of the mill, jars and 

mass and number of balls, with the dynamics of the chemical reaction. Moreover, the 

universality of this methodology have been also validated, proving that it can be applied to 

either inorganic and organic compounds, as long as the applied impact energy is known. 

Therefore, mechanically induced reaction should be described as a function of the applied 

impact energy, which would allow to predict results regardless the experimental set up and 

conditions. Thus, we believe that this methodology offers a unique opportunity to catalyze the 

progress in the field of mechanochemistry and convert it into a conventional synthetic method 

in Materials Science. 
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Figures 

 
Figure 1. XRD patterns as a function of milling time under experimental condition 4 (Table 1) 
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Figure 2. Evolution of the milling time required for the total consumption of raw materials with a) the 
corrected impact energy and b) the milling power. Natural logarithm of time against the reverse of c) 
the impact energy and d) the milling power along with the obtained linear fit. The blue star in figures a) 
and b) and the inset of figures c) and d) represents the data point for condition 1 (Table 1). 

 

 

Figure 3. Evolution of the total energy transferred per unit weight of powders, Ecum, for the total 
transformation of the raw materials versus the input milling power applied under each experimental 
conditions (Table 1). The blue star represents the data point obtained for experimental condition 1 (Table 
1). 
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Figure 4. Experimental α- milling time curves (dots) corresponding to the conversion of starting 
materials (Co and Sb) into CoSb3 at different impact energy 0.157, 0.114, 0.072 and 0.041 J hit-1 (milling 
conditions 7, 6, 4 and 2, respectively). The simulated curves using the kinetic parameters obtained from 
the analysis are plotted as solid red lines.  
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Figure 5. a) g(α) versus milling time for the α-time curves presented in Figure 4, considering a R3 kinetic 
model. The linear fits obtained for the selected milling conditions performed under constant ∆𝐸𝐸∗ are 
also included. b) Logarithm of k against the reverse of ∆𝐸𝐸∗.  
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Figure 6. β values as a function of α, obtained from the isoconversional analysis of the experimental 
curves shown in Figure 4. 

 

Figure 7. The predicted α- milling time curves (solid lines) using the kinetic parameters obtained from 
the analysis for milling conditions 3 and 5 (Table 1), which were not included in the kinetic analysis and 
correspond to an impact energy of 0.056 and 0.080 J hit-1, respectively. The dots are experimental α- 
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milling time data, which XRD patterns can be found in the supporting information (Figures S 7 and S 
8).  

 

 

Figure 8. Experimental α-milling time curves (dots) from ref. [66] corresponding to the formation of 
2,3-diphenylquinoxaline. The simulated curves using the kinetic model and parameters contained in 
Table 4 are plotted as solid red lines.  

 

 

 

 

 

 

 

 


