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Abstract 

Ball milling (BM) is a well-established technique for producing different materials in powder 

shape. Dynamical analysis of BM helps to optimize the process through simple but general 

relations (e.g definition of an equivalent milling time). Concerning the area of study of 

magnetocaloric effect (MCE), BM is used in different ways: as a single step process 

(mechanical alloying), as an initial step to enhance mixing of the elements (e.g. to speed up the 

formation of the desired intermetallic phase) or as a final step (e.g. hydriding of La-Fe-Si). In 

this contribution, besides a simple description of the effects of some geometrical parameters on 

the power released during BM and a short review of the BM contribution to the research field of 

MCE, we will discuss the effect of the microstructure of the starting material and the granular 

shape inherent to BM on magnetic materials exhibiting MCE.  
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1. Introduction 

The versatility of ball milling (BM) techniques to produce metastable systems is well 

stablished [1-3]. The wide variety of materials that can be produced makes BM a transversal 

technique present in many different research fields. Therefore, it is worth noting the particular 

character of the samples produced (strongly disordered powder systems) when analyzing the 

results obtained from these samples. For example, in the case of magnetic properties [4], the 

existence of two different length scales is strongly relevant: the powder particle size (generally 

of the order of few microns) and the nanometric scale characterizing the crystalline structures 

(subnanometric scale in amorphous materials). These two scales combine to describe the soft 

magnetic behavior in mechanically alloyed powders [5, 6]: e.g. concerning the domain wall 

movement, the powder particle size implies an unavoidable limit to this mechanism, despite the 

averaging out of the magnetocrystalline anisotropy achieved in two-phase amorphous-

nanocrystalline microstructures [7]. 

In the recent years, magnetocaloric effect (MCE), i. e. the adiabatic temperature change 

(or isothermal entropy change) of a sample when a magnetic field is applied or removed, has 

deserved the attention of the research community due to the possibilities of technological 

application in magnetic refrigeration at room temperature as a green technology [8, 9]. In order 

to get a high MCE response, the systems must have a strong variation of the magnetization with 

the temperature, found when a magnetic or magnetostructural transition occurs.  

BM has been widely used to produce materials with significant MCE. Among the 

different factors affecting MCE response in BM powders, the multiphase character and the 

demagnetizing field effect, which affect the as-milled samples, were previously revised [10]. In 

this work, along these dependencies, we will point some other factors affecting MCE of samples 

for which BM was used as a production step. 

This review starts with an introduction, followed by second section describing the 

dynamics of a planetary ball mill in the frame of a 2D single ball approach  (neglecting sliding 

and rotation of the ball) [11, 12] where useful conclusions will be derived to compare different 

milling experiments. The literature on the use of BM for MCE materials is reviewed in the third 

section, which is divided depending on the use of BM as a single step, as a starting one to 

produce a precursor or as a final one to prepare the desired alloy in powder shape or by reactive 

milling. Once the utility of BM for MCE materials is reviewed, the importance of the 

homogenization of the precursor supersaturated solution will be presented and further discussed 

in the fourth section through two examples: boron incorporation to a transition metal matrix and 

La-Fe-Si system. The fifth section describes the effect of neglecting the shape of the powder on 

magnetic characterization, i.e. neglecting the demagnetizing field. The sixth section shortly 
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describes the effect of multiphase character on the MCE characterization and, finally, the main 

conclusions derived from this study are summarized. 

 

2. Effect of some parameters on the power released to the powder in planetary mills 

2.1 Ratio between disc and vial frequencies 

Following the two dimensions geometry and single ball approximation used by 

Abdellaui and Gaffet [11] it is possible to calculate the normal force, N, exerted by the vial wall 

on the ball as: 

  2 2 cos( )b v bN m r r R         (1) 

where  and  are the angular frequencies of the vial and the disc, respectively, rv, rb and R are 

the radii of the vial, the ball and the main disc, respectively, mb is the mass of the ball,  and  

are the angles rotated by the vial and the disc, respectively. It is worth mentioning that, from Eq. 

(1), the normal force becomes null at specific + values depending on the ratios / and r/R. 

Moreover, assuming that the ball stays in contact with the vial wall after the collision, the 

number of detachment and impact events per period of revolution is a constant only dependent 

on these ratios. 

During the collision between the ball and the wall, some powder should be trapped 

absorbing part of the energy released. Assuming that the ball stays stuck to the wall after the 

collision, this energy can be calculated as [12]: 

       2 cos cosC b d d fE m Rr t t t


          
 

 (2) 

where r=rv-rb, td and tf are the detachment time and the flying time of the ball and  is the angle 

between the detachment point and the impact point of the vial. EC~7 J/kg per collision for 

/=-2, =200 rpm, R=24.6 cm and rv-rb=3.25 cm (values typical for the Fritsch Pulverisette 

P4 Vario mill used in all the experiments along this study). Other authors have estimated similar 

values of EC using different approximations [13]. The power released can be calculated 

dividing the released energy by the time between collisions as: 
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As the number of collisions during a period is a constant of the system, as shortly 

described above and in more detail in [12], the power released during milling is proportional to 

the third power of the frequency as indicated in Eq. (3). This allowed us to define an equivalent 

milling time to compare milling experiments at different  values [12]. k is a constant 

depending on the milling parameters. It is worth mentioning that other mechanisms of energy 
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transfer, such as friction, do not alter the linear dependency with 3 [12]. Other authors [14] use 

the dose, Dm, defined as the energy transferred to the powder during the milling process per unit 

mass of processed powder to describe the milling process: 

 
3T

m

p

P t
D t

m
   (4) 

The dose is generally found to describe the intensity of the milling process [1]. 

 

Figure 1: Number of collisions per period (upper panel); energy released per collision 

and ball mass (middle panel); and power released per unit mass of ball divided by 𝛺3 as 

a function of 𝜔/𝛺.  

We solved numerically the equations describing the 2D movement of a single ball in a 

planetary mill and (using the geometrical parameters typical for P4 mill with (R/r)0.5=2.75) we 
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obtain the dependence of PT/3 and we plot the results in figure 1. Despite the simplicity of the 

model, some interesting conclusions can be derived:  

There are two maxima in the plot, one corresponding to positive values of / and the 

other one to negative ones. The maximum observed at negative values of /  should be the 

optimum operation condition to minimize the milling time (assuming that the transformation 

should depend only on the dose or the energy accumulated by the powder).  

As it can be deduced from Eq. (1), the ball should remain attached to the wall if 

/>(R/r)0.5. This leads, in the present case, to a range of frequency ratios between -2.75 and 

2.75. As / increases from -2.75, both the energy per collision and the number of collisions 

increase. However, although the number of collisions continuously increases as / approaches 

zero, after a certain value of / (see figure 1) these collisions become less energetic and thus 

the power decreases. For positive values of />1, the number of collisions per period is almost 

constant but lower than the values obtained for /<0. Moreover the energy per collision is also 

generally lower. 

We tried to compare the predictions of this simple model with experimental 

measurements of the temperature increase inside the vial. On the one hand, this temperature must 

increase due to the mechanical heating, QM, proportional to 3 and, on the other hand, heat must 

be lost through conduction to the environment, QL. Therefore, a simple law relates the temperature 

difference, T, inside the vial with respect to the environment and the frequency, : 

 
  3M Ld Q QdT

C A B T
dt dt


      (5) 

where C is the heat capacity of the system, T is the temperature, t the time, and A and B, constants. 

In stationary conditions, Eq. (5) is simplified to: 

 
3A

T
B

    (6) 

And thus, T must be proportional to the power released and thus the temperature achieved at a 

certain value of  (350 rpm in our case) will help us to analyze the dependence on the geometry 

and / ratio. Therefore, in figure 2 we show T achieved after 1 h milling at 350 rpm for 

different values of / with (R/r)0.5=2.75 and 50 balls of 10 mm diameter (inset shows the 

predicted linearity of T with 3). The P4 mill limits the maximum  to be used depending on 

the / ratio and thus the study has been limited to a range for which 350 rpm can be used. 

Qualitatively, the curve is similar to that shown in Fig. 1. However, the maximum is shifted to 
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higher values of /. This is a consequence of the strong approximations of the model used, 

particularly due to the single ball approximation. In order to obtain a significant signal, many 

balls are needed and, even neglecting the interaction between them, the effective radius of the vial 

would not be the same for each ball. Figure 3 shows the effect of reducing the effective radius of 

the vial in the /<0 branch of figure 1. As observed in the experimental data, the maximum is 

shifted to higher absolute values of /. 
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Figure 2. T after 1 h milling at 350 rpm for 50 steel balls of 10 mm diameter as a function of 

the / ratio. Inset: linear dependence of T with 3. 
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Figure 3. PT/
3 vs. / for different values of r=rv-n·rb (rv=37.5 and rb=5 mm, the radii of 

the vial and the ball, respectively) with n=1 (blue), 3 (green) and 5 (red). 

 

2.2 Diameter of the balls: an indirect change of the geometry 

 As shown previously, the experimental results deviate from the single ball predictions. 

However, the simplicity of this approximation and the simple relations obtained are very attractive 

for an easy comparison between milling processes performed in different labs. Concerning the 

dependence of milling dose on the ball parameters, it has been generally assumed a roughly linear 

dependence with the number of balls or indirectly the powder to balls mass ratio was considered 

to indicate how energetic the milling performed was [1]. In this section, we will experimentally 

describe that this relation is not that simple but there is a clear dependence of the power released 

on the radius of the balls (steel balls were used) when keeping constant the mass of the balls.  

Figure 4 shows the dependence of T at 350 rpm (and thus of PT) after 30 min milling on 

the ball radius (2.5, 5, 10 and 20 mm), keeping the total ball mass constant (number of balls: 512, 

64, 8 and 1, respectively) for different values of /. There is a close to linear relationship, 

decreasing T as the radius increases. This relationship could be understood from Eq. (2) which 

gave us an approximate expression for the energy of collision. If we explicitly show the 

dependence of this parameter per unit mass of ball on the radius of the ball, Eq. (2) will result: 

     2 , , ,C
v b d f

b

E
R r r f t t

m


 


  


  (7) 

Linear fittings to the data for the optimum milling conditions (/=-2.5 and -3) result on 

slope values of -0.380.04 and -0.440.03 K/mm for /=-2.5 and -3, respectively, and intercept 

values of 15.81.0 and 19.50.7 K. If we compare the two lines obtained for each /, following 

Eq. (7), both ratios (between the slopes and the intercept) should be equal to the ratio between 

/ values, which is 2.5/3~0.83. In the case of the slopes, the ratio is 0.860.15, and in the case 

of the intercepts, the ratio is 0.810.08, in good agreement with Eq. (7). For the other two ratios 

studied, the linearity is worse and the results deviate from the predictions of Eq. (7) (see inset of 

Fig. 4). Moreover, from Eq. (7), the diameter of the vial might result after dividing each intercept 

by the corresponding slope, being 4615, 417, 445 and 4412 mm for /=-2, -2.5, -3 and -

3.5, respectively. Although the obtained value is independent of /, it is smaller than the actual 

one (2rvial=75 mm), in agreement with the shift observed in Fig. 2 for the experimentally found 

maximum of the power released to more negative / ratios than the predicted one from the 

single ball model. In fact, as the number of balls increases, the effective radius of the vial (the 

radius of the available trajectory of a ball inside the vial) should decrease. 
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Figure 4. T at =350 rpm vs. the diameter of the balls. The total mass of balls used is constant. 

 

3. Ball milling to produce MCE materials in the literature 

Concerning the use of ball milling techniques to produce materials with significant 

MCE, several ways can be found in the literature that can be roughly divided in: one step 

production, BM as a first step, and BM as a final step in the production of the samples. 

 

3.1 Single step production 

 The ability of BM to produce alloys and complexes via mechanical alloying or 

mechanochemical reactions makes this technique attractive to produce many different systems, 

such as Gd-based amorphous alloys [15-17], Fe-based amorphous alloys [18-20], Co-based 

amorphous alloys [21], FeNi metastable phases [22-25], Heusler alloys [26], oxides [27-29], 

maganites [30, 31] and, recently, Gd-based borohydrides prepared by a mechanochemistry route 

[32]. 

 Due to the high concentration of defects, BM (or mechanical alloying) can be frequently 

followed by some annealing process or by sintering to obtain bulk samples from the powders. 

However, hot compaction is not trivial when the as-milled microstructure is needed to be 

preserved, as for amorphous alloys [33]. Sintering is typically used for perovskite-type systems 

[34, 35]. In this case, wet milling enhances the aspect ratio of the powder and the MCE response 

with respect to dry milling [36]. Wet milling also leads to better MCE response for spinel Zn-

ferrites [37].  
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  Some studies compare BM samples to those produced using rapid quenching 

techniques (e. g. MnFe(PGe) samples [38], Heusler [39] or transition metal based amorphous 

alloys [21]). Besides the general broadening of the transition due to induced microstrains and 

disorder, differences in the transition temperature can be found, ascribed to a non-perfect 

dilution of the elements (e.g. boron as will be shown below) and thus to a departure from the 

nominal composition. 

 

3.2 BM as a first step 

When volatile elements such P, As or Mn are present in the target alloys, BM can be 

used to avoid excessive losses, preparing a precursor alloy which should require annealing to 

develop the desired phase. Examples can be found in Mn5(GeSb)3 [40], Fe2(PAs) [41, 42], 

MnFe(PGe) [43], MnFe(PAsGe) [44-48], Fe2Mn(SiGe) [49, 50], MnFe(PSiB) [51], (MnCr)As 

[52-54] or (CoMn)2(PSi) [55, 56]. 

The homogeneous dispersion of elements that can be easily obtained by milling even for 

elements with positive enthalpy of mixing, Hmix [57], makes BM an useful technique for 

FeMn-based alloys (Hmix=0 kJ/mol for Mn-Fe), (MnCr)As [52] (Hmix=+2 kJ/mol for Mn-Cr) 

or La(FeSi)13 family [58] (Hmix=+5 kJ/mol for La-Fe). Moreover, the good mixing at short 

length scales obtained by BM is responsible for the decrease of the annealing time to form a 

desired intermetallic with respect to that of ingots prepared by arc melting (e.g. MnAs-type [52, 

59]; La(FeSi)13 [60, 61] or (PrDy)2Fe17 [62]. 

BM can be used also to produce graded materials to build up functional tapes for MCE 

applications [63] or controlling the powder size to embed it in a polymer as did for 

(LaPrCe)(FeMnCoSi)13-H [64]. Studies on spark plasma sintering (SPS) of mechanically 

alloyed systems followed by annealing are also found in the literature [65]: However, the latter 

step is not always needed: as for cementite [66] or as it was shown by Patissier et al. [67], who 

obtained ~90 % of NaZn13-type phase after SPS, unlike weeks of annealing by conventional 

processes. Bartok et al. [68] have recently compared the MCE response of BM powder and 

sintered by spark plasma (1223 K, 30 min) and conventional technique (1123 K, 20 h) for 

Mn1.3Fe0.65P0.5Si0.5 system. Powders exhibited a smoother transition and the authors found 

significant differences only in the first cooling between both sintered samples. 

 

2.4 BM as a final step 

 BM can be straightforwardly used to pulverize a material to observe the MCE in 

micrometer powder samples (e.g. Tb5(SiGe)4 [69], Gd [70], Gd5Si2Ge2 [71], Gd(NiFe)3 [72]. In 

the case of RE5(SiGe)4 (RE=Gd or Tb), pulverization leads to a weakening of the MCE signal 

for Gd but an enhancement for Tb, ascribed to the enhancement of magnetostructural coupling 
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driven by strains [73]. In the case of Fe-based amorphous alloys [74], the expansion of the 

interatomic distance enhances magnetism of the system. 

In crystalline systems, the strong mechanical stresses applied during ball milling 

generally lead to a reduction of the crystal size down to nanometric scales [3], allowing both the 

stabilization of out stoichiometric concentrations in nanocrystals and the presence of a large 

fraction of boundary regions to accumulate defects. Before the rise of MCE studies at room 

temperature, BM was already used in this sense by Shao et al. [75] to study nanometric samples 

of Gd binary alloys. More recently, Llamazares et al. [76] studied the effect of BM on Pr2Fe17 

and Alvarez et al. on Nd2Fe17 [77]. Zhang et al. [78] used BM to tune the particle and crystal 

size of CrO2. Other examples are Laves phases [79], Gd-garnets [80], Heusler alloys [81, 82], 

Gd5Si2Ge2 [83], pseudo-Laves phases [84], Nd5Ge3 [85], manganites [86, 87], clathrates [88], 

and NdMn2Ge2 [89]. 

It is generally observed that the MCE response becomes broader but weaker. As an 

example, this trend is found for NiMnGa, for which milling as-cast samples reduces their MCE 

signal but the response is recovered after annealing [90]. In the aim to optimize the 

magnetocaloric performance of a material, a broad and flat peak should be positive when 

magnetic entropy change values are not strongly reduced. In this sense, composite materials 

have been proposed [91] and BM should easily supply out stoichiometric or slightly out of 

equilibrium systems enabling to tune the transition temperature [72, 92, 93]. A compromise to 

obtain a high refrigerant capacity without significant values of magnetic entropy change can be 

found.  

One of the most promising material for MCE at room temperature is the La(FeSi)13 

family [94]. Hydriding of this family shifts transition to room temperature without reducing 

MCE response (unlike Co addition). Reactive milling in hydrogen has been shown to supply 

similar results to samples annealed in hydrogen atmosphere [95]. The alternative offered is very 

attractive as dangerous processes can be avoided [96]. Moreover, a decrease of the thermal 

hysteresis in samples produced by this reactive milling has been found [97]. This reduction of 

thermal hysteresis was also found in mechanically alloyed Mn(AsP) [98]. 

 

4. Effect of the microstructure of the starting material 

4.1 Boron integration in a transition metal matrix 

In the case of magnetic alloys, boron is an element found in both extreme systems, the 

softest (FINEMET [99]) and among the hardest (NdFeB [100]) materials. However, the 

incorporation of boron via mechanical alloying to Fe or Co matrices is not trivial, due to the low 

solubility of this element in bcc Fe and hcp or fcc Co [57]. Boron is a brittle and hard material 

and boron inclusions remain without mixing in the matrix even after mechanical amorphization 
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of the material [101, 102]. However, the low atomic number Z of this element prevents the 

identification of B-rich phases by X-ray diffraction (XRD) or localized enriched regions by 

conventional X-ray analytical techniques. As an example, figure 5 shows the square of the 

atomic scattering factor, |fat|2, as fitted by Doyle and Turner [103] for B (Z=5) and Fe (Z=26). 

The latter element, the most abundant in magnetic materials, exhibits around two orders of 

magnitude bigger values of |fat|2 than B, which prevents the detection of remaining rich-B phases 

in magnetic alloys by XRD. 
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Figure 5. Square of X-ray scattering factor for Fe and B versus 2 angle and Cu-K 

wavelength. 

 

Previous studies have shown that the starting microstructure of boron can influence the 

degree of incorporation of this element via mechanical alloying. Those studies concluded that 

incorporation of boron to an amorphous Fe(Nb) matrix enhances when using amorphous boron 

instead of crystalline one but incorporation is almost complete when starting boron is forming 

an intermetallic, such as FeB phase [104]. Figure 6 shows the degree of incorporation of boron 

into the amorphous matrix as a function of the starting microstructure used. The values were 

obtained after comparing the Curie temperature, TC, of the amorphous phase obtained by 

mechanical alloying with that of a melt-spun amorphous alloy [104]. It was assumed a decrease 

of ~25 K per at. % of B as it occurs for Fe-B amorphous binary alloys [105]. 
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Figure 6. XRD patterns of the starting boron used (left) and the corresponding supersaturated 

solid solution formed after 40 h of milling at 350 rpm in a Fritsch P4 Pulverisette mill. The 

crystalline XRD pattern of a B free alloy obtained in the same conditions is also shown for 

comparison. 

 

The detection of nanometric boron inclusions can be better done using electron 

microscopy. Preferably, transmission electron microscopy (TEM) where the very thin slice of 

sample probed, comparable to the size of the inclusions, allows to identify them as hole-like 

structures due to the very low electron scattering power of boron. However, scanning electron 

microscopy (SEM) can also be used to identify tiny boron inclusions in transition metal-matrix 

using the backscattered electrons mode (Z contrast). The inclusions are much better resolved 

when a flat surface is explored and thus, the use of focus ion beam (FIB) to prepare in situ such 

surface is very helpful. Figure 7 shows some examples of these boron inclusions as observed in 

as-milled powder using a conventional SEM, in a surface prepared by FIB, and using a TEM 

exploring a thin slice prepared by the lift-out procedure in a FIB, which allows us to obtain a 

constant thickness in the sample. 
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Figure 7. Backscattered SEM images on a Co62Nb6Zr2B30 mechanically alloyed powder particle 

(a) as-milled and (b) a polished surface prepared by FIB (Boron particles appear as dark spots 

in both a and b). TEM images of a Fe75Nb10B15 mechanically alloyed powder particle, (c) bright 

field energy filtered TEM image (boron particle is bright, whereas -Fe nanocrystals appear 

darker than the matrix due to diffraction contrast), (d) high resolution TEM image with (e) the 

corresponding Fourier transform. 

 

4.2 La(Fe,Si)13 intermetallic 

One of the advantages of mechanical alloying with respect to conventional melting 

techniques is the capacity of mixing elements with low miscibility. Therefore, it can be used as 

a first step to obtain a homogeneously mixed alloy that, after suitable annealing, will lead to the 

formation of an intermetallic phase. This is the case for the fcc La(Fe,Si)13 phase. This system, 

with very interesting magnetocaloric properties [94], requires conventional annealing times of 

the order of several days. However, this annealing time can be reduced below one hour when 

the precursor alloy to be annealed is homogenized at the nanoscale, e.g. by rapid quenching 

methods [106] or by mechanical alloying [60, 61]. Annealing time can be further reduced 

sintering by SPS [67]. In mechanically alloyed samples, which are the interesting ones in the 

present study, the formation of a monocrystalline supersaturated solid solution should indicate 

the formation of this precursor homogeneous alloy. In this study we prepared supersaturated 

solid solutions with the nominal composition LaFe11.5Si1.5 starting from different 

microstructures: a) pure element powders; b) LaSi intermetallic plus pure Fe and Si; c) LaFeSi 

intermetallic plus pure Fe and Si; and d) a pulverized LaFe11.5Si1.5 arc-melted ingot.  

Figure 8 shows the supersaturated solid solution formed from the different starting 

microstructures. It is evident that using pure La is detrimental for the formation of the 

supersaturated solid solution which is delayed from 0.5 h for the other systems to 5 h for the 

mechanically alloyed mixture of pure elements. This is due to the positive enthalpy of mixing of 

La and Fe [57], which do not form any intermetallic compound in the binary phase diagram.  
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Figure 8. XRD patterns of as-milled powders (left) and annealed powders (right) of LaFe11.5Si1.5 

composition from different starting microstructures. 

 

Once the supersaturated solid solution is formed, the different systems were annealed at 

the same conditions (30 min at 1323 K). Figure 8 also shows these XRD patterns. The amount 

of the desired fcc La(Fe,Si)13 phase (obtained from Rietvelf fittings) shows no correlation with 

the crystal size or microstrains of the supersaturated solid solution (the width of the (110) 

maximum of -Fe type phase shows no monotonous trend with the final fraction of fcc phase). 

However, it seems to be related to the lattice parameter of this metastable phase. Considering a 

linear increase of the lattice parameter of the bcc supersaturated phase, abcc, with the La content, 

under hard spheres approximation, and taking into account the lattice parameters of bcc 

Fe0.886Si0.114 [107] and fcc-La [108], the La content inside the supersaturated solution could be 

estimated as: 

 
2

3

bcc FeSi
La

fcc La FeSi

a a
x

a a







 






  (8) 

where a-FeSi and afcc-La are the lattice parameter of bcc Fe0.886Si0.114 and fcc La, respectively. The 

expansion due to nanosized crystalline phase or other defects are neglected [3]). As a complete 

incorporation of La inside the supersaturated solid solution would correspond to slightly above 
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7 at. % of La, results shown in figure 9 point to a poor incorporation of La into the 

supersaturated bcc phase. However, when La content in the supersaturated solution is above 1 

at. %, the amount of La(Fe,Si)13 phase obtained after annealing is clearly enhanced. 
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Figure 9. Fraction of NaZn13-type phase produced after annealing as a function of the lattice 

parameter and estimated La content of the supersaturated solution obtained after milling 

LaFe11.5Si1.5 composition from different starting microstructures. 

  

5 Effect of demagnetizing field on MCE characterization 

Demagnetizing field, HD, is a factor to take into account when characterizing magnetic 

properties of samples from mechanical alloying or milling and, in general, powder samples. 

This demagnetizing field is produced by the free poles at the edges of the sample but it is only 

homogeneous for ellipsoidal shapes (where magnetization is homogeneous too). In these cases, 

the demagnetizing factor ND can be defined as the ratio between the demagnetizing field and the 

magnetization and thus the total magnetic field inside the sample, H, should be:  

 app DH H N M   (9) 

where Happ is the applied magnetic field and M is the magnetization. 

Typical spheroidal powder cannot be aligned to the field to give a negligible ND and a 

rough approximation should be to consider ND=1/3, which is the value corresponding to any 

direction for a spherical particle. Coey [109] registered an approximation to the demagnetizing 

factor of a set of particles: 

  total particle pack particle

D D D DN N f N N    (10) 

where 𝑁𝐷
𝑡𝑜𝑡𝑎𝑙, 𝑁𝐷

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
, and 𝑁𝐷

𝑝𝑎𝑐𝑘
 are the demagnetizing factors of the whole sample, the 

powder particle and the pack, and f is the packing fraction. Therefore, assuming that the pack is 

a thin plate or needle to minimize 𝑁𝐷
𝑝𝑎𝑐𝑘

~0, 𝑁𝐷
𝑡𝑜𝑡𝑎𝑙 would vary between 𝑁𝐷

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
~1/3 for f=0 
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and 𝑁𝐷
𝑝𝑎𝑐𝑘

~0, for f=1. However, packing fractions close to 1 implies hot pressing techniques 

and, consequently, thermal treatments that can destroy the metastable phases produced after 

milling. Sometimes it is not possible to produce a pack with a negligible ND and Eq.(10) should 

be used to estimate the value but the value of f is needed. When the pack is also a sphere, 

𝑁𝐷
𝑝𝑎𝑐𝑘

~1/3 independently of the packing fraction. To obtain the same for non-spherical powder, 

the pack should have the same aspect ratio as the powder to obtain ND independent of the 

packing fraction. 

 An effective ND can be estimated from experimental data of the thermal and field 

dependence of the inverse apparent susceptibility, a
-1. This magnitude is related to the actual 

susceptibility, , which is the ratio between the magnetization and the magnetic field, as: 

 
1 1app D

a D

H N MH
N

M M
  


     (11) 

Therefore, for materials with a high magnetic susceptibility, >>1/ND and ND~1/a can 

be approximated to the inverse of the apparent susceptibility. This can occur for soft magnets at 

low fields. There are two conditions that must be fulfilled by the field and thermal dependence 

of magnetization to be in this situation: M must be independent of temperature in a certain range 

below the Curie transition and M must be proportional to the applied magnetic field for low 

enough values of H. In that case, ND can be estimated as the inverse of the slope of M vs H. 

Figure 10 exemplifies this procedure for an irregular piece of Gd, where the left plot shows the 

evolution of the magnetization versus temperature for low fields. At low temperatures, an 

almost constant value of M can be found for the lowest fields used. When representing these 

data as a function of H, it is observed a trend to a linear behavior as temperature and field 

decreases. This limit can be used to estimate ND~0.09. 

 In the case of MCE, neglecting the demagnetizing field slightly affects the magnetic 

entropy change but strongly affects the field dependence of the MCE close to the transition and 

thus the critical exponent determination [110, 111]. 
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Figure 11. Temperature dependence of the specific magnetization for different field values 

below 50 mT (left panel). Low field dependence of specific magnetization for different 

temperatures (right panel). 

 

6 Effect of multiphase character on the MCE 

Mechanically alloyed systems or materials subjected to high energy milling are strongly 

disordered and transitions typically become smeared with respect to those observed in systems 

obtained by quenching or annealing. On the one hand this fact has the advantage of a wider 

temperature range in which MCE is noticeable. On the other hand, two wide transitions are not 

useful as the signal become broad but too weak. In this sense the use of the refrigerant capacity 

[8] to describe the goodness of a certain material has to be taken with care. The broadening of 

the transition can be described as a multiphase character of the mechanically alloyed system. 

This can be found in two different cases: presence of impurity phases (e.g. remnant inclusions) 

[112] or the existence of a distribution of Curie transitions in highly disordered systems (e.g. in 

amorphous phases) [111]. 

The simplest model to afford this problem is to assume non-interacting phases. This 

implies that the total magnetization is the addition of the magnetization of each phase and thus 

the magnetic entropy change should be also additive from Maxwell relation: 

 S𝑡𝑜𝑡𝑎𝑙 = 
0 ∫ (

𝑑𝑡𝑜𝑡𝑎𝑙

𝑑𝑇
|

𝐻
) 𝑑𝐻

𝐻

0
= 

0
∑ ∫ (

𝑑(𝑤𝑖𝑖)

𝑑𝑇
|

𝐻
) 𝑑𝐻

𝐻

0
= ∑ 𝑤𝑖S𝑖 (11) 

where total and i are the specific magnetization of the whole system and the i phase, respectively, 

and wi is the weight fraction of the i phase. However, this should not be the case for the adiabatic 

temperature change: 

 T𝑎𝑑
𝑡𝑜𝑡𝑎𝑙 = −

0 ∫
𝑇

𝐶𝐻
𝑡𝑜𝑡𝑎𝑙
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𝑑𝐻

𝐻

0
= −

0
∑ ∫

𝑇

𝐶𝐻
𝑡𝑜𝑡𝑎𝑙

𝑑(𝑤𝑖𝑖)

𝑑𝑇
|

𝐻
𝑑𝐻

𝐻

0
~ ∑

𝑤𝑖𝐶0
𝑖

𝐶0
𝑡𝑜𝑡𝑎𝑙 T𝑎𝑑

𝑖 (12) 

where, as a first approximation, the field dependence of the specific heat cH, has been neglected 

and the value at zero field, c0, has been used. Therefore, impurities with a low Debye 

temperature are more deleterious concerning the adiabatic temperature change of the sample. 

 However, the most important effect is observed in the field dependence of the MCE 

response. The isothermal magnetic entropy change can be written as: 

 S = 𝑎𝐻𝑛 (13) 

It has been demonstrated that, for single phase systems with a second order phase 

transition, there are three regions where n might be field independent: well below the transition 

(n=1), well above the transition (n=2) and at the transition [113]: 

 𝑛 = 1 +
−1

+
 (14) 
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 where  and  are the critical exponents. However, when the sample is not pure, the experimental 

exponent departs from these theoretical predictions. This can be understood relating the 

experimental exponent of the whole system (ntotal) with those of the different phases.  

 𝑛𝑡𝑜𝑡𝑎𝑙 =
𝑑𝑙𝑛(𝑆𝑡𝑜𝑡𝑎𝑙)

𝑑𝑙𝑛(𝐻)
= ∑

𝑛𝑖𝑎𝑖𝑤𝑖𝐻𝑛𝑖

S𝑡𝑜𝑡𝑎𝑙𝑖  (15) 

We will now simplify the expression (15) assuming two phases: the main phase (index 

main) and the impurity phase (index imp). For paramagnetic impurities, measured far above the 

corresponding TC, aimp~0 and ntotal would not be affected. Considering the case of ferromagnetic 

impurities with TC far above the measuring temperature, nimp=1 and expression (14) can be written 

as [114]: 

 𝑛𝑡𝑜𝑡𝑎𝑙 =
𝑤𝑖𝑚𝑝𝑎𝑖𝑚𝑝𝐻+𝑤𝑚𝑎𝑖𝑛𝑛𝑚𝑎𝑖𝑛𝑎𝑚𝑎𝑖𝑛𝐻𝑛𝑚𝑎𝑖𝑛

S𝑡𝑜𝑡𝑎𝑙 = 𝑛𝑚𝑎𝑖𝑛 + (1 − 𝑛𝑚𝑎𝑖𝑛)𝑤𝑖𝑚𝑝
𝑎𝑖𝑚𝑝𝐻

S𝑡𝑜𝑡𝑎𝑙 (16) 

Taking into account Eq. (11), we can write: 

 𝑛𝑡𝑜𝑡𝑎𝑙 = 𝑛𝑚𝑎𝑖𝑛 + (1 − 𝑛𝑚𝑎𝑖𝑛)𝑤𝑖𝑚𝑝
S𝑖𝑚𝑝

S𝑡𝑜𝑡𝑎𝑙 (17) 

or 

 S𝑚𝑎𝑖𝑛 =
S𝑡𝑜𝑡𝑎𝑙

𝑤𝑚𝑎𝑖𝑛
(

1−𝑛𝑡𝑜𝑡𝑎𝑙

1−𝑛𝑚𝑎𝑖𝑛
) (18) 

From which it should be possible to estimate Smain at the transition (value corresponding to a 

pure phase) from the weight fraction of the main phase (e.g. measured by XRD), the experimental 

Stotal and ntotal values and the expected nmain value: i.e. at the transition nmain should be dependent 

on the critical exponents as shown in Eq. (14): e.g. for a mean field system n=2/3). However, it is 

worth mentioning that, besides the non-interactive phase approach assumed here, the large errors 

accumulated from the derivation that will affect the quantitative estimation. 

From Eq. (17) it is observed that, for values well below TC, nmain=1, there is no effect of 

the presence of ferromagnetic impurities in the field dependence of MCE response. As 

temperature increases approaching TC, nmain<1 and thus, the value of the experimental ntotal>nmain. 

Above the transition nmain increases and becomes bigger than 1, thus ntotal<nmain. Therefore, the 

global effect of the presence of ferromagnetic impurities is to smooth the temperature dependence 

of ntotal. It is worth noting that, for ferromagnetic impurities, Simp will monotonously increase as 

temperature increases. Therefore, taking into account Eq. (17), the effect of the impurities on ntotal 

will be bigger as temperature increases. In fact, well above the transition, where nmain=2, the trend 

of ntotal should exhibit a monotonous decrease. All the features described above are exemplified 

in figure 11 (data adapted from [112]) for a Fe-Nb-B amorphous alloy with different fractions of 

remnant-Fe type crystallites. 
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Figure 11. Temperature dependence of the exponent describing the field dependence of the 

magnetic entropy change for mechanically alloyed amorphous Fe-Nb-B samples with different 

fractions of -Fe type nanocrystals. The horizontal lines correspond to the field independent 

values of n: well below Curie temperature, TC, (FM value), value at TC and well above TC (PM 

value). Inset: magnetic entropy change for the different samples. 

 

7 Conclusions 

In this paper we have reviewed some characteristic aspects of ball milled samples 

affecting magnetic measurements and, particularly, the magnetocaloric effect.  

In order to compare different milling procedures from different labs, simple relations 

between the geometry and the ratio of the frequencies used are obtained. The existence of 

optimum milling conditions of these parameters is qualitatively shown.  

The state of the art in this research field shows that BM can be used in several ways. 

Magnetocaloric materials can be directly obtained from mechanical alloying or 

mechanochemistry methods. Unlike melting methods, BM prevents the loss of volatile elements 

and leads to compositionally homogeneous precursors in the nanoscale, which reduce the 

annealing time required to develop the desired intermetallic. Moreover, BM is widely used to 

easily produce nanocrystalline systems and granular systems and, more recently, mechanically 
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induced reactions, such as hydriding of La(FeSi)13 intermetallic, have been successfully 

achieved. 

Incorporation of boron by mechanical alloying is not trivial and quantification can be 

difficult. Actual composition of the phases can deviate from the nominal expected ones. 

The microstructure of the precursor alloys produced by BM can be optimized to reduce 

the annealing time needed to develop certain intermetallic phases. 

Demagnetizing field is a factor difficult to avoid when dealing with powder. Neglecting 

it leads to errors in the MCE response and more significantly in its field dependence. Some 

theoretical and experimental approaches to determine the demagnetizing factor have been 

described. 

Multiphase character of the BM samples, due to remnant impurities or contamination or 

to distribution of transition temperatures due to induced disordering, particularly affects the 

field dependence of the MCE response. 
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