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In the present study, the effect of cooling rate on the glass forming ability of Fe41Co7Cr15Mo14Y2C15B6

bulk metallic glass was investigated. For this purpose, three samples with a mentioned nominal com-
position were prepared with diameters of 2 mm in water-cooled copper, and 2.5 mm and 3 mm in
graphite molds. The amorphicity of the samples were confirmed by X-ray diffraction (XRD). Also,
thermal behavior of the glassy samples was evaluated with a differential scanning calorimeter (DSC)
from ambient to 1200 ◦C. The characteristics temperatures, such as the glass transition tempera-
ture (Tg), the onset temperature of crystallization (Tx), solidus (Tm), and liquidus (Tl) tempera-
tures were determined by using DSC curves. The results calculated by using the various criteria
(i.e., Trg = Tg/Tl, ω = (Tg/Tx)− (2Tg/(Tl +Tg)), δ = Tx/(Tl−Tg), and New β = (Tx×Tg)/(Tl−Tx)2)
revealed that the thermal stability of this BMG was increased by decreasing the cooling rate. On
the other hand, Tang’s isoconversional method was used to determine the activation energy of crys-
tallization in these samples. These results confirmed that activation energy of crystallization process
was increased by decreasing the cooling rate, which was in good agreement with that were calculated
by various criteria. Finally, an increase in the GFA can be related to the formation of clusters in
the amorphous matrix with a decrease in the cooling rate and thus change the chemical composition of
the amorphous matrix.

topics: bulk metallic glasses (BMGs), glass forming ability (GFA), kinetics, isoconversional method,
activation energy

1. Introduction

Among all of the BMG alloy systems, Fe-based
BMGs have attracted considerable attention due
to the combination of low material cost [1–4], ex-
cellent mechanical properties [5, 6], good corrosion
resistance [7, 8], high fracture strength [9–11] and
soft magnetic properties [12–17]. Also among these
alloys, amorphous iron alloy has a maximum crit-
ical thickness of 16 mm which increases its ther-
mal stability [18–20]. One way of producing this
class of alloys is to create in situ nanocomposites
using lower cooling rates such as using graphite
molds, which can significantly increase their ther-
mal stability. Therefore, the use of this method to
improve glass forming ability (GFA) has attracted
the attention of many researchers [21, 22]. In fact,
the cooling rate control is one of the most impor-
tant factors during the casting process [23]. There-
fore, in this paper, the effect of cooling rate on
the glass forming ability and crystallization kinet-
ics of Fe41Co7Cr15Mo14Y2C15B6 glassy alloy is in-
vestigated. Furthermore, thermal properties and
the nature of the amorphous structure of spec-
imens were investigated by differential scanning
calorimetry (DSC) and X-ray diffraction (XRD),
respectively.

2. Material and method

Alloy ingots of composition of bulk metallic glass
Fe41Co7Cr15Mo14Y2C15B6 were prepared by arc
melting furnace with purities of over 99.99% in
a highly purified argon atmosphere. The mass
losses were measured for each ingot after melt-
ing less than 0.2 mass%. Each prealloy ingot was
remelted several times to ensure chemical unifor-
mity. Then, amorphous alloys were produced by
injection casting in a copper mold with diame-
ter of 2 mm (C2) and graphite mold with 2.5
(G2.5) and 3 mm (G3) in diameter and 70 mm
in length. The amorphous nature of the as-cast
samples were examined by X-ray diffraction (XRD,
X’Pert MPD Philips diffractometer) with CuKα ra-
diation (λ = 0.1540 nm). The thermal properties
were performed using differential scanning calorime-
try (DSC) at the heating rate of 20 K/min from
ambient to 1200 ◦C with argon flow.

3. Results and discussion

Figure 1 shows the XRD patterns of the as-
cast Fe41Co7Cr15Mo14Y2C15B6 amorphous alloys
in different molds and diameters and molds cast-
ing. As one can see, only a broad diffuse peak
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Fig. 1. XRD pattern of the as-cast investigated
amorphous alloys.

Fig. 2. DSC curves related to the alloy investi-
gated at the heating rate of 20 K/min.

at 2θ = 50◦ is observed without any detectable
sharp peak. The thermal properties of these alloys
were examined by thermal analysis.

Figure 2 presented the DSC curves of the as-
cast Fe41Co7Cr15Mo14Y2C15B6 amorphous alloy
in continuous heating condition at heating rate
of 20 K/min. According to Fig. 2, the DSC curve of
all specimens shows four exothermic and endother-
mic peaks related to the crystallization stages and
melting process, respectively.

The critical temperatures of each sample such as
the glass transition temperature (Tg), onset tem-
perature of crystallization (Tx), solidus (Tm), and
liquidus (Tl) temperatures are listed in Table I. Ac-
cording to their values — the Tg shifts to higher
temperatures as the cooling rate decreases. On
the other hand, it is shown that the values of
the glass forming ability criteria reported in Ta-
ble II, such as Trg, New β, δ, and ω and G3, in-
crease in G2.5 and G3 samples compared to C2
samples, and thus the crystallization is delayed.
In addition, the increase in apparent activation
energy (Ep) that is obtained by the Tang’s iso-
conversional method [24], confirms the increase of
GFA by reducing the cooling rate (as one can see
in Table III).

Another method of calculating the thermal sta-
bility of bulk metallic glasses is to determine
the Gibbs free energy difference (∆Gc) between
the undercooled melt and the crystalline phases

TABLE I

Summary of thermal parameters of the investigated
BMGs, extracted from DSC curves.

Sample
code

Diameter
[mm]

Tg [K] Tx [K] Tm [K] Tl [K]

C2 2 789 883 1385 1438
G2.5 2.5 813 882 1387 1440
G3 3 818 881 1389 1441

TABLE II

The value of parameters of GFA for the investigated
alloys.

Sample
code

Criteria
Trg New β δ ω

C2 0.55 2.26 1.36 0.18
G2.5 0.56 2.30 1.40 0.20
G3 0.57 2.31 1.42 0.21

TABLE IIIThe other method for calculated GFA.

Sample
code

∆G

[kJ/mol]
EP

[kJ/mol]
Free volume

[J/g]
C2 2.54 560 ± 12 267
G2.5 2.49 561 ± 10 232
G3 2.47 561 ± 11 225

in the amorphous alloy, which is inversely correlated
with the GFA. The ∆Gc of these alloys is expressed
by (1) of Battezzati and Garrone [25]:

∆Gc =
∆Hf∆T

Tm
− τ∆Sf

[
∆T − T ln

(
Tm
T

)]
,

(1)
where ∆Hf is the fusion enthalpy (kJ/mol), τ is
the proportionality coefficient usually taken as
0.8 for metallic glass-forming liquids. The other
quantities are defined as ∆T = Tm − T [K] and
∆Sf = ∆Hf/Tm [kJ/(mol K)]. It is worth notice
that parameter 0.8Tm is usually used as T [19].
The ∆Gc can also be expressed as follows [19]:

∆Gc = 0.1828∆Hf . (2)
In the present Fe41Co7Cr15Mo14Y2C15B6 alloys,

∆Gc is calculated to be 2.54, 2.49, and 2.47 kJ/mol
for the C2, G2.5, and G3 alloys, respectively,
(see Table III). The ∆Gc decreases with the de-
creasing cooling rate and ultimately increases ther-
mal stability. Another way to evaluate the GFA of
these alloys is to calculate the free volume. The free
volume related to the both the exothermic relax-
ation below Tg and the height of the glass transition
peak [26]. According to Table III, less atomic move-
ment will result in small free volume and entropy,
thereby reducing cooling rates to include more ther-
mal stability [18]. In other words, the results re-
vealed that decreasing the cooling rate and the pres-
ence of clusters by changing the chemical composi-
tion locally leads to an increase of GFA [27, 28].
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4. Conclusion

In the present work, we investigated the ef-
fect of cooling rate on the glass forming ability
of the Fe41Co7Cr15Mo14Y2C15B6 amorphous alloys.
Therefore, the samples were prepared with diame-
ter of 2 mm in water-cooled copper, and 2.5 mm
and 3 mm in graphite molds. The results showed
that with decreasing cooling rate and free vol-
ume, the glass transition temperature increased.
As a result, thermal stability increases. The rea-
son for this can be attributed to the formation of
clusters in the amorphous matrix and the change of
the local chemical composition with a decrease in
cooling rate. Thus, the sample with a diameter of
3 mm in graphite mold has the highest glass forming
ability.
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