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Effect of Cooling Rate on Mechanical Properties of new Multicomponent Fe-Based  
Amorphous Alloy During Annealing Process

Fe-based bulk metallic glasses (BMGs) have been extensively investigated due to their ultrahigh strength and elastic moduli as 
well as desire magnetic properties. However, these BMGs have few applications in industrial productions because of their brittleness 
at room temperature. This study is focused on the effect of cooling rate on the mechanical properties (especially toughness) in the 
Fe41Co7Cr15Mo14Y2C15B6 BMG. For this aim, two samples with the mentioned composition were fabricated in a water-cooled cop-
per mold with a diameter of 2 mm, and in a graphite mold with a diameter of 3 mm. The formation of crystalline phases of Fe23(B, 
C)6, α-Fe and Mo3Co3C based on XRD patterns was observed after the partial crystallization process. To determine the toughness 
of the as-cast and annealed samples, the indentation technique was used. These results revealed that the maximum hardness and 
toughness were depicted in the sample casted in the water-cooled copper mold and annealed up to 928°C. The reason of it can be 
attributed to the formation of crystalline clusters in the amorphous matrix of the samples casted in the graphite mold, so that this 
decrease in the cooling rate causes to changing the chemical composition of the amorphous matrix.
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1. Introduction

The Fe-based amorphous alloys are used as new materials 
with a special combination of superior chemical [1-3], magnetic 
[4,5] and mechanical properties [6-8], which is very important 
in terms of technology in the last decade. Understanding their 
mechanical behavior makes them more important for use as 
advanced engineering materials due to the high strength and 
low cost of these alloys [9,10]. However, their low ductility 
has severely limited their application in the industry [11,12]. 
Therefore, this problem can be overcome by two methods 
including nano-crystalline phases formation in the amorphous 
matrix during annealing process [13-15], and minor addition 
of the alloying elements [16-18]. For instance, Jaafari et al. 
[15] reported that the ductility of [(Fe0.9Ni0.1)77Mo5P9C7.5
B1.5]99.9Cu0.1 amorphous alloy increases due to the reduction 
of crack length and the increase in shear band density during 
the crystallization process. Also, the structure and magnetic 
properties of FeSiBPCu alloys in the presence of appropriate 
amounts of phosphorus (P) and copper (Cu) was investigated in 

elsewhere [17]. Based on the results, the nanoparticles of α-Fe 
clusters with a size of 2-3 nm have been formed and thereby 
the highest saturation magnetization is obtained [17]. Therefore, 
the effect of partial crystallization and minor addition of Cu on 
the magnetic and mechanical properties of Fe41Co7Cr15Mo14
Y2C15B6 amorphous alloy during crystallization was discussed 
in detail elsewhere [19,20]. In other words, the results showed 
that increasing the presence of nanocrystals in the amorphous 
matrix and partial addition of Cu leads to improved hardness 
and ductility at various temperature ranges [19,20]. Therefore, 
in this paper, the effect of cooling rate on mechanical properties 
of new multicomponent Fe41Co7Cr15Mo14Y2C15B6 bulk metallic 
glasses (BMGs) is investigated before and after the annealing 
treatment. For this purpose, the studied alloy are cast in the 
copper and graphite (G) molds with diameters of 2 and 3 mm, 
respectively, then the specimen are annealed up to temperatures, 
which were determined based on thermal analysis tests. Finally, 
the X-ray diffraction (XRD) and hardness test are used to obtain 
the relationship between phase evolution and its dependent  
mechanical properties.
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2. Materials and methods

The master alloys with nominal composition of Fe41Co7
Cr15Mo14Y2C15B6 were fabricated in a vacuum arc remelting 
(VAR) under a Ti-gettered argon atmosphere. Each pre-alloy 
was remelted several times to emphasize the homogeneity of the 
composition. Then, amorphous alloys were produced by injec-
tion casting in a copper mold with a diameter of 2 mm (C2) and 
graphite mold with 3 mm (G3) in diameter and 70 mm in length. 
The thermal stability of the as-cast specimens were obtained 
by using a differential scanning calorimetry (DSC, NETZSCH 
DSC 404C) with the heating rates of 5, 10, and 20°C/min. The 
annealing temperatures of the samples were extracted from the 
DSC curve (640, 690, 740, and 930 °C for first (I), second (II), 
third (III), and fourth (IV) exothermic peaks, respectively). Then 
specimens from the alloys casted in both molds were annealed 
up to these temperatures with a heating rate of 20°C/min. Phase 
analysis of the samples was examined by using X-ray diffraction 
(X’Pert MPD Philips diffractometer) with Cu Kα incident radia-
tion. Moreover, the microhardness of the samples was performed 
by a Vickers hardness instrument (MH3 KOOPA) with a load of 
5 N and a loading time of 10 seconds.

3. Results

Fig. 1 displays the XRD patterns of the as-cast (G3) and 
annealed specimens in the temperature range of 640, 690, 740, 
and 930 °C. The formation of crystalline phases of Fe23(B, C)6, 
α-Fe and Mo3Co3C based on XRD patterns is observed in dif-
ferent stages of crystallization process. Also, similar patterns for 
as-cast (C2) are presented in another paper [24-22].

The average of crystallites size for all specimens is calcu-
lated by using the Debye-Scherrer Equation (1) [25]:

 cos
KD 

 
  	 (1)

where D, K, λ, θ, and β are the crystallite size; dimensionless 
shape factor; the wavelength of X-ray, the angle of Bragg, and 
the half-width of the X-ray diffraction peak, respectively. Ac-
cording to Eq. (1), the average of nanocrystals size for all an-
nealed specimens is listed in Table 1. As presented in Table 1, 
the average of nanocrystals size increases with a decrease in the 
cooling rate. For instance, this structural parameter increases 
from 58 to 73 nm at the fourth crystallization stage in the G3 
alloy as compared with the C2 alloy. Also, the volume fraction 
of crystalline phases (Vf ) is obtained by using the XRD patterns 
(based on the ratio of the integrated areas of the amorphous and 
the crystalline peaks [26-28]). In other words, it can be measured 
using the following equation and is listed in Table 2.
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where the integral area of the crystalline and amorphous phases 
are represented by the Acrysr. and Aamor. symbols, respectively. 

According to Table 1, the results show that with an increase 
in crystallization temperature, volume fraction of the crystal-
line phases in specimens casted in the both molds is increased. 
However, in the specimens casted in the C2, it shows that there 
is more volume fraction of the crystalline phase compared with 
the specimens casted in the G3. In other words, with a decrease 
in cooling rate, the size of nanocrystals and their volume fraction 
during crystallization are decreased.

Fig. 1. XRD patterns of the G3 alloy annealed up to different tem-
peratures (640, 690, 740, and 930°C) with a heating rate of 20°C/min

Table 1

Volume fractions of crystalline phases and the average of crystallites 
size in the samples annealed up to temperature ranges  

of every crystallization peaks

Peak 
No.

Sample
code

Volume
Fraction of
Crystalline
Phases (%)

Average Crystallite 
Size
(nm) Ref.

Debye-Scherrer

I
G3 6.9 38 This work
C2 7.1 32 [20]

II G3 12.4 56 This work
C2 27.1 48 [20]

III G3 42.8 63 This work
C2 51.3 51 [20]

IV G3 59.6 73 This work
C2 72.8 58 [20]

Microhardness of the all specimens is depicted in Table 2. 
As shown, the hardness of the G3 after annealing in the fourth 
peak is increased from 1218.1 to 1517.2 HV compared to the 
as-cast sample, which can be corresponding to the existence of 
nanocrystals formed in the amorphous matrix. In addition, the 
mechanism of deformation in brittle alloys can be investigated 
using a Vickers hardness tester. In fact, the toughness can be 
calculated based on the cracks formed around the indent [29,30]. 
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In our previous publication [19], the Palmiqvist model was se-
lected based on the mode of cracks in the C2 alloy. Therefore, 
the G3 alloy follows the mentioned model. For the Palmiqvist 
crack model, Eq. (3) can be used to obtained toughness [31].
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where l is the length from the tip of the indentation to the end of 
the crack; a is referred to the half the diameter of the indentation; 
c is the sum of l and a; and ϕ is related to the constraint factor. 
According to Eq. (3), the toughness of these amorphous alloys 

at different crystallization stages are measured and the obtained 
results are given in Table 2. On the other hand, the Vickers 
indentations on the surface of the samples can be examined us-
ing SEM. In addition, the SEM images of Vickers indentations 
from G3 as-cast and its specimens annealed up to 640, 690, 740, 
and 930°C are represented in Fig. 2. According to the obtained 
results, the simultaneous increase of toughness and hardness 
can be related to the increase of volume fraction of the crystal-
lized phases during the partial crystallization process [32,33]. 
In addition, these results show that the minimum hardness and 
toughness are observed for the G3 sample annealed up to 930°C. 
The reason of it can be attributed to the formation of clusters in 

Fig. 2. SEM images of Vickers microhardness for (a) as-cast G3 and its specimens annealed up to (b) 640, (c) 690, (d) 740, and (e) 930°C with 
a heating rate of 20°C/min
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the amorphous matrix of the samples casted in the graphite mold, 
so that this decrease in the cooling rate causes to changing the 
chemical composition of the amorphous matrix. For therefore, 
it is notable that in our previous publication [21], it was shown 
that the cast alloy with the mentioned composition casted in the 
graphite mold has higher thermal stability compared to that of 
the casted in a copper mold. 

Table 2

Vickers microhardness (HV) and fracture toughness (Kc)  
corresponding to the as-cast alloys and their specimens annealed  

up to temperature ranges of every crystallization peaks

Peak No. Sample
code HV Kc

(MPa√m) Ref.

As-cast
G3 1218.1 — This work
C2 1368.4 — [20]

I
G3 1328.4 1.9 This work
C2 1421.9 2.1 [20]

II
G3 1382.6 2.3 This work
C2 1522.3 3.0 [20]

III
G3 1443.5 2.4 This work
C2 1662.1 3.5 [20]

IV
G3 1517.2 2.7 This work
C2 1761.2 4.6 [20]

4. Conclusions

In this work, the effect of cooling rate on mechanical 
properties of Fe-based bulk metallic glasses (BMGs) before and 
after annealing treatment was investigated. It was found that the 
crystalline phases of Fe23(B, C)6, α-Fe, and Mo3Co3C based on 
XRD patterns were formed during four stages of the crystalliza-
tion process. Also, the results of indentation technique revealed 
that the maximum hardness and toughness were obtained in the 
sample casted in the water-cooled copper mold and followed by 
annealing up to 928 °C. The reason of it can be attributed to the 
formation of clusters in the amorphous matrix of the samples 
casted in the graphite mold, so that this decrease in the cooling 
rate causes to changing the chemical composition of the amor-
phous matrix and thermal stability of this sample.
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