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Abstract 

Among various amorphous magnetic materials, even though Fe-based materials do 

not have high magnetocaloric effect (MCE), their advantages of tunable Curie 

temperature (TC) and low cost have attracted considerable attention in regard to room 

temperature magnetic refrigeration applications. With the aim of enhancing the MCE, 

the influence of boron addition on Fe-based amorphous materials was investigated in 

this study. Fe94-xZr6Bx (x=5, 6, 8 and 10), Fe91-yZr9By (y=3, 4, 5, 6, 8 and 10) and 

Fe89-zZr11Bz (z=3, 4, 5, 6, 8 and 10) specimens were made in ribbon form and their 

magnetocaloric effect was investigated. The Curie temperature (TC) of all three series 

of ribbons underwent an almost linear increase, and the peak magnetic entropy change, 

peak
MS  (obtained in a magnetic field of 1.5 T), generally increases with increasing 
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boron content. The results further show that the Fe86Zr9B5 ribbon exhibits a relatively 

large peak
MS  value of 1.13 J/kgK at 330 K and a large refrigerant capacity value of 

135.6 J/kg under 1.5 T. On the basis of these results, although there is still much 

scope for improvement before totally replacing the conventional cooling method, the 

Fe-based amorphous ribbon can be seen as a promising magnetocaloric material for 

room temperature magnetic refrigeration applications. 
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1. Introduction 

Twenty years after the first discovery in 1860 by William Thomson1) that the 

temperature of a magnetic material can be influenced by external magnetic fields, 

Warburg2) explained the magnetocaloric effect (MCE) in which the temperature of Fe 

increases upon magnetization and decreases upon demagnetization. However, MCE 

did not attract much attention until 1976 when Brown3) first realized that MCE could 

be applied for room temperature magnetic refrigeration (MR). Compared with 

conventional refrigeration, MR is more energy-saving and environmentally-friendly4, 

5). The coefficient of performance (COP) of MR can be as high as 15; however, the 

COPs in conventional refrigeration only range from 2 to 66). Differing from 

conventional refrigeration that uses ozone-depletion gas as the refrigerant, MRs 



generally use liquid for cooling and solid magnetic materials as the refrigerants, with 

no harmful gas emission.  

The most challenging aspect is to search for new materials with their MCE 

sufficiently large for the MR applications, since the MCE of the working materials is 

of great importance to the performance of the MR. To quantify the MCE, the working 

temperature range ( T ), together with the peak magnetic entropy change ( peak
MS ), 

have been acknowledged as the two main parameters in determining the refrigerant 

capacity (RC)7). Materials exhibiting second order phase transition which display a 

peak
MS  over a wide temperature range, are preferred, because these working materials 

need to be effective under different temperature conditions. Since Duwez8) first 

synthesized Fe-based metallic glass in 1967, much attention has been paid to their 

superior properties9-18). These materials have lower cost than rare-earth based 

materials, excellent soft magnetic properties without hysteresis losses which make it 

possible to work in high frequencies with fast response, and tunable Curie 

temperatures ( CT ) which can be easily realized by adjusting the composition14). Most 

of the Fe-based materials have Curie temperatures far above room temperature, which 

means that the MCE of these materials cannot reach their maximum values under the 

room temperature range, and are therefore not ideal for MR applications at room 

temperature. FeZrB metallic glasses, however, are better candidates because their CT  

is closer to room temperature. In this work, the magnetocaloric effect of FeZrB 

metallic glasses was systematically studied. 

 



2. Experimental details and data analysis 

Ingots with nominal composition Fe94-xZr6Bx (x=5, 6, 8 and 10), Fe91-yZr9By (y=3, 4, 5, 

6, 8 and 10) and Fe89-zZr11Bz (z=3, 4, 5, 6, 8 and 10) were melted repeatedly in a 

vacuum arc melter machine under an argon atmosphere. Ribbons of 0.02 mm in 

thickness and 1.5 mm width were obtained in a spinning copper roller machine with a 

single roller under an argon atmosphere. X-ray diffraction (XRD) investigations were 

performed using a Rigaku diffractometer with Cu-Kα radiation in order to confirm the 

amorphous state of the specimens. The soft magnetic properties of these ribbons were 

investigated by carrying out magnetic hysteresis tests. The measurement was 

performed on a Lakeshore 7407 vibrating sample magnetometer (VSM). The 

magnetic hysteresis loops were tested in conditions where the magnetic field 

decreased from 0.7 T to -0.7 T, and then increased back to 0.7 T, in 0.007 T steps. 

The hysteresis loops for each ribbon sample were tested both below and above its 

Curie temperature. The magnetization of the ribbons was also characterized on the 

VSM. The temperature range for the magnetization test was from 250 K to 400 K, in 

10 K steps. At each temperature point, the magnetization curve of each ribbon was 

obtained under a field increasing from 0 to 1.5 T in 0.005 T steps. The MCE of the 

ribbons was characterized by calculating the working temperature range ( T ) and the 

peak magnetic entropy change ( peak
MS ). According to one of the fundamental 

Maxwell’s relations19), the MS  can be obtained as follows: 

     HT THTMHHTS  ,,       (1) 



where T  represents for the temperature, H  the magnetic field and M  the 

magnetization. Integrating Eq. (1), under isothermal conditions, goes: 

     
2

1

,,
H

H H dHTHTMHTS .     (2) 

In a magnetic solid, the total entropy is contributed by three parts: 

       TSTSHTSHTS ElLatM  ,,      (3) 

where MS  represents for the magnetic entropy, LatS  the lattice entropy and ElS  

the electronic entropy. In an isothermal process at a fixed temperature T , 

       
2

1

,,,
H
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To calculate the refrigerant capacity (RC), the following equation was used: 

    
hot

cold

T

T M dTHTSHRC , .      (5) 

To simplify the calculations and allow comparison with the results in the literature, 

RC can also be obtained by: 

  FWHM
peak
M TSHRC  .       (6) 

where FWHMT  is the full width at the half maximum of MS . 

 

3. Results and discussion 

The ribbons of Fe94-xZr6Bx (x=5, 6, 8 and 10), Fe91-yZr9By (y=3, 4, 5, 6, 8 and 10) and 

Fe89-zZr11Bz (z=3, 4, 5, 6, 8 and 10) were successfully fabricated. The X-ray 

diffraction tests were carried out and the result of each specimen is presented in Fig. 1. 

Every one of the XRD patterns shows a broad wave pack around where 2ߠ ൌ 45° 

and no sharp crystalline peak. Based on these XRD results, all the specimens are 

considered to be amorphous. 



Figure 1. XRD results of Fe94-xZr6Bx (x=5, 6, 8 and 10), Fe91-yZr9By (y=3, 4, 5, 6, 8 and 10) and Fe89-zZr11Bz (z=3, 4, 5, 

6, 8 and 10) ribbons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to calculate the MCE of the ribbons, magnetization curves were obtained 

over a wide temperature range. The magnetization curves in Fig. 2 are the results for 

three typical ribbons representing Fe94-xZr6Bx (x=5, 6, 8 and 10), Fe91-yZr9By (y=3, 4, 5, 

6, 8 and 10) and Fe89-zZr11Bz (z=3, 4, 5, 6, 8 and 10), respectively. All three figures 



show that the saturation magnetization increases as the temperature decreases. In 

addition, the temperature dependence of the magnetization curve shape indicates that 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

all these ribbon samples undergo a second order magnetic transition (SOMT). The 

magnetic hysteresis loops are shown in Fig. 3. The magnetic hysteresis loops were 

Figure 2. Magnetization curves of three representative samples (a) Fe86Zr6B8, (b) 

Fe83Zr9B8 and (c) Fe81Zr11B8. 



obtained under a magnetic field varying from -0.7 T to +0.7 T in steps of 0.007 T. All 

of the amorphous ribbons exhibited excellent soft magnetic properties since very 

 

 

 

 

 

 

 

 

 

 

 

 

 

small hysteresis and nearly zero coercivity were found in each hysteresis loop. At the 

temperature of 400K, it was found that the hysteresis loops do not correspond to a 

paramagnetic system. It could be due to the presence of nanoparticles or clusters. 

They are commonly reported in Fe-based amorphous materials, but are too small to be 

identified by XRD tests 20-23). Based on the results of the magnetization curves, the 

temperature dependence of MS  was calculated according to Eq. (2) and the curves 

are shown in Fig. 4, with a maximum value corresponding to the largest entropy  

Figure 3. Hysteresis loops of samples (a) Fe86Zr6B8, (b) Fe83Zr9B8 and (c) Fe81Zr11B8 under different temperatures.



Figure 4. The magnetic entropy change vs. temperature curves of the ribbon samples 

(a) Fe86Zr6B8, (b) Fe83Zr9B8 and (c) Fe81Zr11B8.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

change. The broad caret-like shape in each curve also illustrates that the specimens 

underwent a second order magnetic transition. On the basis of the curves in Fig. 3, the 

peak magnetic entropy change ( peak
MS ) of each sample can be readily obtained. For 

comparison, the boron content dependence of the peak
MS  curves are shown in Fig. 

5a. In general, the peak
MS  tends to increase as the content of boron increases in all  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of the three series of ribbons. Fig. 4b shows the (B + Zr) content dependence of the 

peak
MS . To obtain the Curie temperature of each ribbon sample, their 

temperature-dependent magnetization values were measured in a fixed magnetic field 

of 0.0346 T with the temperature changing from 400 K to 250 K. For illustration 

purpose, Fig. 6 shows only three samples, each corresponding to one of the three  

Figure 5. The peak magnetic entropy change vs. the (a) boron and (b) boron + zirconium mole 

content in 1 mol Fe-based amorphous ribbons curve. 



Figure 6. Temperature dependence of magnetization curves of (a) Fe86Zr6B8, (b) Fe83Zr9B8 and (c) 

Fe81Zr11B8 under the cooling process from 400 K to 250 K at a field of 0.0346 T. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 7. The Curie temperature vs. the boron mole content in 1 mol Fe-based amorphous ribbons curve. 

series. The inset of each figure is the temperature dependence of the derivative of the 

magnetization with respect to the temperature (dM/dT) curve calculated from Fig. 6. 

The temperature where dM/dT reaches its minimum value in each inset corresponds to 

the Curie temperature. Similar to the peak
MS , the boron content dependence of the 

CT  curves were plotted as solid lines 

with dots, in Fig. 7 for comparison. The dash lines are the results of the linear  

 

 

 

  

 

 

 

 

 

 

 

 

regression. The fitting results for Fe94-xZr6Bx, Fe91-yZr9By and Fe89-zZr11Bz are

  KBTC ]6115244[  ,   KBTC ]1012264[   and

  KBTC ]45.8278[  , respectively, where B is the boron mole content in 1 mol 



alloys. The change of the Curie temperature can be explained by a molecular field 

theory 24): 

BTC kSSZrJT 3/)1()(         (7) 

where J(r) represents for the distance-dependence of the inter-atomic exchange 

integral, ZT, for the coordination about the T site, S is the atomic spin quantum 

number and kB is Boltzmann’s constant. With increasing addition of boron and a 

decreasing amount of iron, the distance between the Fe atoms increases, which leads 

to an increase of J(r). Therefore, TC increases on the basis of Eq. (7). On the other 

hand, with the substitution of boron for iron, the number of surrounding boron atoms 

for each iron atom site increases, which leads to an increase of ZT. As a result, TC also 

tends to increase on the basis of Eq. (7). 

The refrigerant capacity of the amorphous ribbons can be calculated either from Eqs. 

(5) or (6). The difference between Eq. (5) and Eq. (6) is that the result of Eq. (5) is 

less and closer to the intrinsic magnetic property of the materials than that of Eq. (6). 

In order to better compare the results, however, the method used for calculating the 

RC in this work needs to be consistent with that in the literature. In this work, Eq. (6) 

was used for calculation. Comparing the magnetocaloric behavior of the present 

material with other FeZrB metallic ribbons14), peak
MS  of Fe91Zr7B2 is found to be 

about 90% of that of the present material, Fe86Zr9B5. Whereas, peak
MS  of Fe88Zr8B4 

is only 78% of that of Fe86Zr9B5 although TC of the former (295 K) is slightly closer to 

the room temperature. When comparing with the magnetocaloric behavior of the 

Fe92-xZr7BxCu1 amorphous ribbons studied before21), the refrigerant capacities of the 



present are higher. For those Fe92-xZr7BxCu1 amorphous ribbons with Curie 

temperatures lower than 350 K, their refrigerant capacities are only less than 48 J/kg 

under 1.5 T. Whereas, the maximum RC value of the present material under the same 

condition can be almost three times as large as 48 J/kg. The magnetocaloric behavior, 

including the RC results of the as-spun amorphous ribbons, are summarized in Table 

1, together with the results of some other Gd-based and Fe-based materials reported in 

the literature, for comparison. 

 

Table 1. The magnetocaloric effect of the magnetic materials studied in this work and 

reported in the literature 

Nominal composition Structure 

Magnetic 

Field (T) 

CT  (K) 

from the 

experimental 

results 

CT  (K) 

from the 

linear 

results 

FWHMT

 (K) 

peak
MS  

(J kg-1K-1) 

RC   

(J kg-1) 

Ref. 

Fe89Zr6B5 Amorphous 1.5 320 319 110 0.50 55 
This 

work 

Fe88Zr6B6 Amorphous 1.5 330 334 110 0.94 103 
This 

work 

Fe86Zr6B8 Amorphous 1.5 380 364 110 1.06 116.6 
This 

work 

Fe84Zr6B10 Amorphous 1.5 390 394 110 0.88 96.8 
This 

work 

Fe88Zr9B3 Amorphous 1.5 300 300 80 0.62 49.6 
This 

work 

Fe87Zr9B4 Amorphous 1.5 310 312 100 0.80 80 
This 

work 

Fe86Zr9B5 Amorphous 1.5 330 324 120 1.13 135.6 
This 

work 

Fe85Zr9B6 Amorphous 1.5 330 336 120 0.98 117.6 
This 

work 

Fe83Zr9B8 Amorphous 1.5 370 360 120 1.04 124.8 
This 

work 

Fe81Zr9B10 Amorphous 1.5 380 384 100 1.13 113 
This 

work 

Fe86Zr11B3 Amorphous 1.5 300 303.5 100 0.77 77 
This 

work 



 

Clearly, the magnetocaloric effect has a lot to do with the maximum applied magnetic 

field. As a result, to make the comparison of the MCE between different materials 

Fe85Zr11B4 Amorphous 1.5 310 312 80 0.89 71.2 
This 

work 

Fe84Zr11B5 Amorphous 1.5 330 320.5 90 1.02 91.8 
This 

work 

Fe83Zr11B6 Amorphous 1.5 330 329 90 0.97 87.3 
This 

work 

Fe81Zr11B8 Amorphous 1.5 350 346 110 0.93 102.3 
This 

work 

Fe79Zr11B10 Amorphous 1.5 360 363 110 1.04 114.4 
This 

work 

Fe91Zr7B2 Amorphous 1.5 250 N/A N/A 1.04 N/A 14) 

Fe88Zr8B4 Amorphous 1.5 295 N/A N/A 0.88 N/A 14) 

Fe92-xZr7BxCu1(x<7) Amorphous 1.5 250~350 N/A N/A <1.35 <48 25) 

Fe92-xZr7BxCu1(6<x<24) Amorphous 1.5 350~530 N/A N/A 1.35~1.7 48~90 25) 

Fe80Cr4B10Zr5Gd1 Amorphous 1.5 360 N/A 120 0.91 110 26) 

Fe75Nb10B15 Amorphous 1.5 250 N/A 190 0.60 115 27) 

Fe79Nb7B14 Amorphous 1.5 372 N/A N/A 1.07 N/A 28) 

(Fe70Ni30)89Zr7B4 Amorphous 1.5 342 N/A N/A 0.70 N/A 16) 

Fe64Mn14CoSi10B11 Amorphous 1.5 457 N/A N/A 0.83 N/A 29) 

Fe72Ni28 Amorphous 1.5 333 N/A 149 0.49 73 30) 

(Fe85Co15)75Nb10B15 Amorphous 1.5 440 N/A 124 0.82 102 31) 

Gd55Al5Fe40 Amorphous 5.0 222 N/A 197 2.7 532 32) 

Gd60Fe20Co10Al10 Amorphous 5.0 222 N/A 167 4.4 736 33) 

Gd5Si2Ge2 Crystalline 5.0 276 N/A 16.5 18.5 305 34) 



Figure 8. Temperature dependence of the exponent for ribbon sample 

Fe86Zr9B5 at two different maximum applied magnetic fields. 

meaningful and accurate, the comparison should be carried out in the same condition. 

In such a case, the following relation: 

  n
M HHTS  , ,       (8) 

is applied18, 35), where n is an exponent which is a reflection of the material’s intrinsic 

property. According to Eq. (8), the value of n can be calculated by 

HdSdn M lnln .      (9) 

The curves in Fig. 8 show the temperature dependence of the n value of the Fe86Zr9B5 



sample under magnetic fields of 1.0 T and 1.5 T respectively. It can be seen that the n 

value is about 0.75 at the Curie temperature (330 K). On the basis of the n value and 

Eq. (8), the magnetic entropy change of Fe86Zr9B5 under different magnetic fields can 

be easily calculated. While the maximum field reaches 5 T, the peak magnetic entropy 

change of Fe86Zr9B5 increases to 2.76 J/kgK which is larger than those of 

Fe77Gd3Cr8B12 (2.31 J/kgK) and Fe75Gd5Cr8B12 (2.34 J/kgK) under 5 T36). Based on 

this peak
MS  value, the RC of Fe86Zr9B5 becomes 331 J/kg on the assumption that 

FWHMT  remains the same as that under 1.5 T. The reality is, however, with the 

increase of the maximum applied magnetic field, FWHMT  will be larger. According 

to the result of Franco37), the field dependence of RC value can be summarized as: 

11HRC .         (10) 

where   can be obtained from the field dependence of the magnetization at the 

Curie temperature37): 

1HM  .           (11) 

On the basis of the magnetization curves of the Fe86Zr9B5 amorphous ribbon, the 

value of   can be obtained by fitting the M-H curve. And the fitting result is: 

2101.01298.44 HM  ,           (12) 

where the   value is 4.760. According to Eq.(10), RC value of Fe86Zr9B5 is 

therefore obtained to be 582.10 J/kg when maxH  changes from 1.5 T to 5 T. The 

result makes sense since Gd5Si2Ge2, a well-known magnetic material, exhibits a RC 

value of just 305 J/kg under 5 T, which is only about half value of that of Fe86Zr9B5, 

as listed in Table 134). In general, the peak
MS  of the Fe-based magnetic materials is 



smaller than that of Gd-based magnetic materials, as can be seen in Table 1, however, 

the rather lower fabrication cost of Fe-based materials than that of Gd-based ones 

plays an important role in industrialization. In addition, due to the compensation of 

the large FWHMT , the RC values of the Fe-based and the Gd-based magnetic 

materials are comparable. In addition, with the Curie temperatures being closer to 

room temperature, the Fe-based materials have more potential for room temperature 

applications. 

 

4. Conclusions 

In this study, three new Fe-based series of glassy ribbons were designed and 

successfully fabricated. The magnetocaloric effect of those Fe-based amorphous 

ribbons was extensively studied. The results indicate that small replacement of boron 

with iron could obviously change both the Curie temperature and the peak magnetic 

entropy change. With increasing the amount of boron, all specimens in the three series 

of ribbons tend to exhibit larger peak magnetic entropy changes as well as Curie 

temperatures. In order to apply this kind of material into room temperature 

refrigeration, not only the peak magnetic entropy change and the refrigerant capacity 

but also the Curie temperature should be taken into consideration. In this work, 

Fe86Zr9B5 exhibits a peak
MS  value of 1.13 J/kgK at 330 K and a RC value of 135.6 

J/kg. Although its peak
MS  is not the largest among all the specimens, it is the most 

appropriate candidate for room temperature applications due to the fact that both its 



peak
MS  and RC are relatively larger than those of other materials with its TC is 

relatively closer to room temperature.  
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Highlights:

 The magneto-caloric effect of FeZrB has been systematically studied. 

 The  Fe86Zr9B5 ribbons  exhibit  an  excellent  magneto-caloric  effect  as

compared to the well-known Gd5Si2Ge2 and other reported FeZrB materials

such as Fe91Zr7B2 and Fe92-xZr7BxCu1.

 This  work  gives  more  insight  into  the  magnetocaloric  effect  of  FeZrB

amorphous ribbons.




