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ABSTRACT 

Production of the intermetallic MnCo0.8Fe0.2Ge phase, interesting as magnetocaloric material, is obtained 

by using an almost fully amorphous mechanically alloyed precursor. Thermal treatment to develop the 

intermetallic phase has been reduced in time (from several hours or even days to few minutes), and 

temperature (from 1123 K to 723 K). Thermomagnetic measurements allow us to analyze the 

magnetocaloric effect and to compare the results with those obtained from conventional annealing 

treatments. Close relationship between magnetocaloric properties and crystal size provides further 

optimization of the system preserving the advantages of the production method proposed. 
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1. Introduction 

Energy consumption is a delicate issue in society, consequently, if energy efficiency of cooling 

systems is improved, it would mean a decrease in the average consumption of each household. Magnetic 

refrigeration close to room temperature is an useful technology for replacing conventional cooling 

systems [1]. The target is to find magnetic materials with a large magnetocaloric effect (MCE), which 

consists in the reversible adiabatic temperature change of a magnetic material upon the application or 

removal of a magnetic field [2]. To characterize the MCE, the magnetic entropy change, ∆𝑆𝑀, is widely 

used, which is related to the temperature change of magnetization, 𝑀, by Maxwell relation. 

 

∆𝑆𝑀 = 𝜇0 ∫ (
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𝜕𝑇
)

𝐻
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0
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where 𝐻 is the magnetic field and 𝑇 is the temperature. 

Another magnitude for evaluating the performance of a magnetocaloric material is the amount of 

heat that can be transferred between its cold and hot reservoirs, which is called refrigerant capacity, 𝑅𝐶. 

This magnitude can be defined in three different ways. Firstly, the magnitude can be roughly 
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approximated to the product of the maximum ∆𝑆𝑀(𝑇) curve and the full width at half-maximum 

(FWHM) of the peak, 𝑅𝐶𝐹𝑊𝐻𝑀. Secondly, 𝑅𝐶𝐴𝑅𝐸𝐴 corresponds to the calculation of the area under the 

curve in the FWHM range. Thirdly, 𝑅𝐶𝑊𝑃 corresponds to the area of the largest rectangle which can be 

inscribed under the ∆𝑆𝑀(𝑇) curve [3]. 

Magnetocaloric materials can be classified in terms of the character of the phase transition: a first 

order magnetostructural/magnetoelastic phase transition (FOPT) or a second order magnetic phase 

transition (SOPT). On the one hand, materials with a FOPT are characterized by a larger MCE response 

with respect to SOPT but the sharp character of ∆𝑆𝑀 limits the relevant values to a small temperature 

range around the transition temperature. Moreover, thermal and magnetic hysteresis phenomena are 

present, which are disadvantages for their use in cooling devices. On the other hand, there are materials, 

which present a SOPT with a lower MCE response but broader peaks and without hysteresis phenomena. 

Independently of the order of the transition, it is important to reduce the concentration of rare earth 

elements in the system, as it lowers costs and reduces the geopolitical dependence of these elements [4]. 

Intermetallic compounds with stoichiometry MM’X (where M and M’ are transition metals and X 

is a metalloid), are potential magnetic phase-transition functional materials which present a prominent 

MCE response. In particular, MnCoGe compounds can exhibit a martensitic transformation from 

orthorhombic TiNiSi-type structure (𝑃𝑛𝑚𝑎 space group) to hexagonal Ni2In-type structure (𝑃63/𝑚𝑚𝑐 

space group) interesting for the ascribed magnetocaloric response [5–7] and the colossal negative thermal 

expansion [8]. In this system, the MCE response and even the order of the transition can be modified after 

partial substitution of Fe for Co [5]. However, the formation of the intermetallic phase of interest is not 

straightforward and long time annealing at high temperatures are needed (typically several days at ~1123 

K) [5–7].  

Mechanical alloying (MA) technique is widely used to produce supersaturated solid solutions and 

other metastable systems, including amorphous alloys [9]. Milling metallic powders initially leads to 

comminution of crystallites, which size is severely reduced to few nanometers (or even leading to 

amorphization). This supersaturated nanostructure (or amorphous) supplies a short ranged 

compositionally homogeneous system which is expected to reduce both the temperature and the annealing 

time needed to produce the intermetallic phase of interest from these precursors. Besides the cost 

reduction in the annealing process, negative collateral effects such as oxidation would be reduced.  

In this work, MnCo0.8Fe0.2Ge compound was mechanically alloyed starting from a mixture of 

pure powders to produce a homogeneous system. Microstructure and thermal stability of samples after 

different milling times were studied. According to their thermal stability, the different samples were 
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thermally treated and their MCE was studied. Results are compared to those obtained for a sample 

submitted to a conventional annealing.  

2. Experimental 

Five grams of high purity (>99%) elements were used in a mixture of nominal composition 

MnCo0.8Fe0.2Ge (in at. %) was ball milled using steel balls and hardened steel vials in a Fristsch 

Pulverisette Vario 4 planetary mill. The ball to powder mass ratio was 10:1 and the ratio between the 

rotational speeds of the vials and the main disk was -2. Continuous milling steps were performed in Ar 

atmosphere and, after selected times, powder was extracted in a Saffron Omega glove box under Ar 

atmosphere with oxygen and humidity levels below 2 ppm.  

The microstructure was studied by X-ray diffraction (XRD) using a powder diffractometer D8 

Advance A25 at room temperature and the radiation employed was Cu-Kα. The identification of the 

phases was done using DIFFRAC.EVA software (4.1, Bruker). Quantitative analysis through Rietveld 

refinement was performed using DIFFRAC.TOPAS software (Version 6, Bruker). Compositions were 

checked using EAGLE III X-ray microfluorescence equipment. Powder samples were compacted with a 

hydrostatic press applying 2 tons to obtain disks of ~5 mm diameter. Thermal stability and annealing 

treatments were performed using a DSC7 Perkin-Elmer calorimeter operating under argon flow. 

Conventional heat treatments were performed in a GSL1500X oven using samples encapsulated in 

vacuum in quartz tubes with some Ti threads, which act as oxygen trap to minimize the formation of 

oxides. Magnetic properties were measured using a Lakeshore 7407 Vibrating Sample Magnetometer 

(VSM) using a maximum applied field of μ0H = 1.5 T. Isothermal magnetization curves were measured 

from 150 to 350 K with different increments of temperature according to range. Magnetic entropy change 

was calculated from isothermal magnetization curves using the Maxwell relation performed with the help 

of the Magnetocaloric Effect Analysis Program [10]. 

3. Results and Discussion 

In order to check the compositional changes during milling due to interaction of the powder with 

the milling media, composition was checked by X-ray microfluorescence in samples milled 100 h. There 

are some deviations with respect to the nominal composition as shown in table 1. Mn and Co are reduced 

with respect to their nominal values (8 and 6 %, respectively) whereas Ge content increases (~12 %). The 

different capacity of each element to adhere to the milling media can explain this fact: ductile metals and 

brittle Ge. In the case of Fe the adherence can be compensated by contamination from the steel milling 

media. No other elements from contamination were detected. 
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Table 1. Composition observed by X-ray microfluorescence 

Element At. % expected At. % observed 

   

Mn 33.33 30.8 ± 0.2 

Co 26.67 25.0 ± 0.2 

Fe  6.67   7.0 ± 0.1 

Ge 33.33 37.2 ± 0.3 
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Figure 1. a) XRD patterns of the mechanically alloyed MnCo0.8Fe0.2Ge powders after different milling times. Symbols 

indicate the Bragg’s positions of each phase. b) DSC scans at 20 K/min from room temperature to 973 K as a function of 

milling time. The arrow indicates the magnitude and nature of the transformation, in this case, all of them are exothermic 

transformations. 

Figure 1 a) shows the evolution of the XRD patterns as a function of the milling time. After 10 h, 

different starting pure phases are still recognized superimposed to a broad halo, which becomes more 

evident as milling progresses up to 50 h. This amorphous halo is formed as the evolution of a starting hcp 

Co phase that rapidly broadens after short milling times [11]. After 100 h milling, new crystalline peaks 

already detected after 50 h increase indicating a recrystallization process occurred during milling leading 

to the formation of an intermetallic phase: MnCo(Fe)Ge (𝑃63/𝑚𝑚𝑐 space group), which is the 
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intermetallic phase of interest in this study. These diffraction maxima were already observed after 50 h 

milling and quantitative analysis leaded to crystal size < 10 nm for as-milled samples after 50 and 100 h.  

Figure 1 b) shows DSC scans at 20 K/min from room temperature to 973 K as a function of 

milling time. The milling process led to the formation of metastable phases, which transform to more 

stable ones on heating. This is evidenced in the DSC experiments from the several exothermic 

transformation processes observed. As it is shown below, XRD patterns on heated samples showed that 

the stable phase to which the metastable ones transform is the intermetallic MnCoGe-type phase 

independently of the milling time despite the differences in the DSC exothermic processes. In fact, as 

milling progresses, the number of exothermic processes and their temperatures changes. After 10 h, there 

is an exothermic peak at 𝑇𝑝1 = 606 K with a transformation heat, ∆𝐻 = -24 ± 1 J/g. A broad process 

could be observed at higher temperatures. After 20 h milling, the main peak is subdivided into two peaks 

at 𝑇𝑝1 = 603 K and 𝑇𝑝2 = 630 K, with a total transformation heat, ∆𝐻 = -39 ± 1 J/g. Moreover, at 𝑇𝑝3 =

 790 K, a small exothermic appears with a transformation heat, ∆𝐻 = -6 ± 1 J/g. After 30 h milling, DSC 

scan is similar. The main double peak remains. The peak temperatures are nearly constant but the 

transformation heat increased, ∆𝐻 = -43 ± 1 J/g. The high temperature event, at 790 K still appears but its 

transformation heat decreased, ∆𝐻 = -2 ± 1 J/g. After 50 h, the DSC plot changes to a single DSC 

exothermic shifted to lower temperatures, 𝑇𝑝1
∗ = 562 K, with ∆𝐻 = -52 ± 1 J/g. After 100 h milling, the 

recrystallization phenomenon observed from XRD is confirmed and related to a strong decrease of the 

main peak, ∆𝐻 = -17 ± 1 J/g, which slightly shifts to 550 K. A tiny peak appears at 613 K.  

Once the thermal stability of the system was determined as a function of milling time, several 

samples were treated to promote intermetallic phase formation. On the one hand, a conventional 

annealing taken from literature as appropriate for this type of alloy system [5–7,12–17] was carried out to 

the sample milled 100 h, which consists in 72 h annealing at 1123 K. On the other hand, low temperature 

treatments based on DSC results were performed consisting on heating from room temperature up to 723 

K at 20 K/min in the calorimeter. This thermal treatment was applied to samples milled at different 

milling times.  

Figure 2 shows the evolution of the XRD patterns of thermally treated samples as a function of 

the milling time to obtain the precursor system along with the XRD pattern of the conventionally 

annealed sample. XRD pattern of conventionally annealed sample shows the formation of intermetallic 

MnCoGe-type phase as the single phase present except for some traces of MnO. As milling time of the 

precursor increases, the diffraction maxima corresponding to the intermetallic phase become more 
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evident. However, single phase systems, as observed for the conventionally annealed sample, are only 

obtained for samples milled 50 h or more.  
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Figure 2. XRD patterns of samples milled for different milling times and heated up to different temperatures at 20 K/min 

in the calorimeter.  The pattern below corresponds to a sample milled 100 h and treated to 1123 K for 72 h in a high 

temperature furnace in argon (conventional annealing). Symbols indicate the Bragg’s positions of intermetallic phase. 𝑫 

indicates the crystal size. 

Figure 3(a) shows, as an example, the isothermal magnetization curves of the sample milled 50 h 

and heated up to 723 K at 20 K/min. Figure 3(b) shows, as an example, the temperature dependence of 

magnetization for the sample milled 50 h and heated up to 723 K. The strong decrease in magnetization is 

due to the magnetic transition from ferromagnetic to paramagnetic state. The nature of this magnetic 

transition has been studied using Banerjee criterion [18] which establishes that the slopes of the isotherms 

in the Arrott plots (H/σ versus σ2, where σ is the specific magnetization) must be positive in the case of a 

second order transition, whereas negative slopes are indicative of a first order character of the transition. 

Figure 3(c) shows the Arrott plots corresponding to the data shown in figure 3(a). According to Banerjee 

criterion, this sample exhibits a second order phase transition. This character is exhibited by all the 

samples studied in this work. 
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Figure 3. Isothermal magnetization curves (a), temperature dependence of magnetization (b), and Arrott plots for sample 

milled 50 h and heated up to 723 K at 20 K/min.  
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Figure 4 shows the magnetic entropy change for a maximum field change of 0H = 1.5 T as a 

function of temperature, for the different samples studied and table 2 collects their main MCE parameters. 

As milling time increases, |∆𝑆𝑀| increases in clear correspondence with the enhancement of the single 

phase character of the samples and the development of the intermetallic phase. Concerning the samples 

submitted to the low temperature treatment, sample obtained from the 50 h milled precursor alloy can be 

identified as the optimal as far as ∆𝑆𝑀 is close to the maximum value achieved but RC is even larger than 

that of the conventionally annealed sample. Moreover, the obtained values in this study are similar to 

those reported in the literature for similar compositions [5] rescaling the field change using the power law 

followed by the magnetic entropy change [19] with a general field exponent of 2/3 characteristic of mean-

field second order phase transitions.  
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Figure 4. Temperature dependence of ∆𝑺𝑴 as a function of milling time and treatment temperature (heating at 20 K/min). 

Left inset shows crystal size dependence of  maximum |∆𝑺𝑴| and right inset shows the crystal size dependence of 𝑹𝑪 

(triangles corresponds to 𝑹𝑪𝑭𝑾𝑯𝑴, squares corresponds to 𝑹𝑪𝑨𝑹𝑬𝑨 and diamonds corresponds to 𝑹𝑪𝑾𝑷) . Empty symbols 

correspond to the data obtained for conventional annealed sample. 

Table 2. MCE response at DH=1.5 T as a function of milling time 

Milling time (h) Max ∆𝑺𝑴  ± 0.01 (J·kg-1·K-1)  𝑹𝑪𝑭𝑾𝑯𝑴 (J·kg-1) 𝑻𝑪  ± 3 (K) 

10 -0.06 -6 ± 1  275 

20 -0.32 -28 ± 1 276 

30 -0.68 -49 ± 2 275 

50 -1.01 -66 ± 3 272 

100 -1.12 -24 ± 1 275 

Conventional 

Annealing 
-1.48 -57 ± 3 277 

 

Both conventional and low temperature annealed samples present a single phase system. Samples 

submitted to short annealing times are candidates to develop enhanced inhomogeneities with respect to 
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long time annealed ones. Recently, we proposed a quantitative method to estimate such inhomogeneities 

from the evolution of magnetocaloric response and approach to saturation behavior during the transition 

[20-22]. This method supplies the following equations: 

𝑇𝑖𝑛𝑓
𝑊𝑒𝑖𝑠𝑠 − 〈𝑇𝐶〉 = −0.732(6)∆𝑇𝑐 (2) 

𝑇𝑀𝐶𝐸
𝑊𝑒𝑖𝑠𝑠 − 〈𝑇𝐶〉 = −0.658(8)∆𝑇𝑐  (3) 

𝑇
𝑊𝑒𝑖𝑠𝑠 − 〈𝑇𝐶〉 = 0.503(24)∆𝑇𝑐 − 0.0040(7)∆𝑇𝐶

2 (4) 

Where 𝑇𝑖𝑛𝑓
𝑊𝑒𝑖𝑠𝑠, 𝑇𝑀𝐶𝐸

𝑊𝑒𝑖𝑠𝑠 and 𝑇
𝑊𝑒𝑖𝑠𝑠 are the inflexion point of the zero field saturation magnetization, the 

peak temperature of the MCE and the peak temperature of the paramagnetic susceptibility and 〈𝑇𝐶〉 and 

∆𝑇𝑐 are the average Curie temperature and the standard deviation of the Gaussian distribution that 

describes the inhomogeneous system. 

Application of Eq. (2) and (4) or (3) and (4) allows us to estimate 〈𝑇𝐶〉~285 K and ∆𝑇𝑐~10 K for the 

samples heated at 20 K/min and 〈𝑇𝐶〉~287 K and ∆𝑇𝑐~9 K for conventional annealed sample. The 

samples heated at 20 K/min points to a broader distribution than conventional annealed sample, which 

could indicate a greater inhomegeneity in the non isothermally treated samples. 

The only significant difference detected is the crystal size (14 and ~70 nm for the low 

temperature and the conventionally annealed samples, respectively). The large temperature span between 

both treatments allows us to control this parameter. The XRD patterns of samples obtained from the 50 h 

milled precursor and heated up to the different temperatures, from 723 to 973 K, at 20 K/min (see Fig.2) 

show a single intermetallic MnCoGe-type phase, which crystal size increases as treatment temperature 

increases. There exists a clear and almost linear correlation between the crystal size and maximum |∆𝑆𝑀| 

for these samples (see Fig.4). Left inset of figure 4 shows this correlation between the crystal size and 

maximum |∆𝑆𝑀|. However, 𝑅𝐶 decreases as crystal size increases (right inset). This could be related to an 

enhancement of homogeneity as the heating temperature increases. Therefore, magnetocaloric properties 

are easily tunable by controling the maximum temperature achived in a heating rate (even preserving the 

benefits of lower temperature and shorter annealing times) using mechanically alloyed homogeneous 

systems as precursors. 

4. Conclusions 

In conclusion, mechanical alloying is shown to be a successful technique reducing time and 

temperature of the thermal treatment to develop a Mn(Co,Fe)Ge alloy with interesting magnetocaloric 

response. Heating temperature is reduced from 1123 K (generally used in the literature in a conventional 
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treatment) to 723 K and annealing time is reduced from 72 h in an isothermal to roughly 20 min, which is 

the time needed for a ramp at 20 K/min. Moreover, further optimization could be achieved as there is a 

clear correlation between magnetocaloric properties and crystal size of Mn(Co,Fe)Ge phase. 
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