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a b s t r a c t

The effects of refractory element Waddition on the glass forming ability (GFA) and mechanical properties
of Fe47�xCr20Mo10WxC15B6Y2 (x ¼ 0, 2, 4, 6 at. %) alloys were investigated. The supercooled liquid region
DTx (Tx � Tg) and criterion g [Tx/(Tg þ Tl)] of Fe47�xCr20Mo10WxC15B6Y2 alloys increased to 62 K and 0.390,
respectively, when x increased to 4 at. %. An appropriate substitution of Fe by W (4 at. %) significantly
improved the GFA by suppressing the formation of the Fe23B6 phase. The GFA and thermal stability
decreased when x increased to 6 at. %. The Fe43Cr20Mo10W4C15B6Y2 bulk metallic glass (BMG) rod with an
8 mm diameter could be fabricated by using commercial purity materials. The addition of the refractory
W element could also enhance the microhardness, compressive strength and plasticity of Fe47�xCr20-
Mo10WxC15B6Y2 BMGs. The Fe41Cr20Mo10W6C15B6Y2 BMG exhibited high compressive strength of
4.12 GPa and microhardness of 1267 HV.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Bulk metallic glasses (BMGs) have been studied extensively for
their unique properties, such as high strength and hardness, as well
as excellent corrosion and wear resistance [1e6]. Among the
metallic glass alloy systems, Fe-based BMGs have been widely
investigated because of the abundant natural resources of the Fe
element and the unique combination of superior physical and
mechanical properties [7]. However, the glass forming ability (GFA)
insufficiency of Fe-based BMGs has limited their engineering
application as structural materials. Previous studies have reported
that minor alloying is an effective approach to improve GFA by
changing the atomic radius ratio and degree of mixing enthalpy
[8,9]. Recently, non-ferromagnetic Fe-Cr-Mo-C-B-Y/Ln BMGs have
been developed [10e15]. Many investigations have been carried
s. Wei), ctchang@nimte.ac.cn
out to improve the GFA and other properties of non-ferromagnetic
Fe-based BMGs by minor alloying [16,17].

The addition of minor refractory elements (e.g., Mo, W, and Nb)
to Fe-based BMGs can cause a significant atom size difference and
beneficial effect on the GFA [18]. The refractory elements can also
affect other properties, such as the melting temperature, high-
temperature strength, and corrosion resistance; hence, the minor
addition of refractory elements can tailor the mechanical property
and other properties of Fe-based BMGs. The appropriate Mo addi-
tion to Fe-based BMGs can improve their GFA [19,20]. Studies about
Nb addition on the GFA and thermal properties of Fe-based BMGs
have also been reported [21,22]. One study reported that the me-
chanical strength could be ameliorated through the addition of the
Nb element by increasing the structure packing density [23]. Using
Mo and W elements to substitute Nb could deteriorate the GFA in
Fe-Co-based BMGs [24]. Adding the W element in magnetic Fe-Y-B
BMG could optimize the GFA and magnetic properties [25]. Unlike
Mo or Nb element, the effect mechanism of the W element on the
GFA and other properties of Fe-based BMGs remains unclear and
has not been systematically discussed.
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Fig. 1. XRD patterns of the as-cast Fe47�xCr20Mo10WxC15B6Y2 (x ¼ 0, 2, 4, 6 at. %) alloys.
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This study investigates the effect of W element addition on the
Fe-Cr-Mo-C-B-Y alloy system, which can be used to fabricate a new
Fe-basedmetallic glass alloy with a highly stabile amorphous phase
against crystallization and high mechanical properties.

2. Experimental

Fe-based alloys with nominal compositions Fe47�xCr20-
Mo10WxC15B6Y2 (x ¼ 0, 2, 4, 6 at. %) were prepared by arc melting
the mixture of commercial purity elements Fe (99.7 wt. %), Cr
(99.98 wt. %), Mo (99.9 wt. %), C (99.999 wt. %), W (99. 5 wt. %), Y
(99.6 wt. %), and pre-alloyed FeB (99.38wt. %) in a Ti-gettered argon
atmosphere. Each alloy ingot was remelted at least four times to
obtain compositional homogeneity. Rod samples with different
diameters were fabricated by drop casting the melts into a copper
mold. The corresponding amorphous ribbons with 1 mm to 1.2 mm
width and approximately 40 mm thickness were produced by the
single roller melt-spinning method at a wheel speed of 35 m/s
under argon atmosphere.

The structure of the as-cast Fe-based BMGs alloys was examined
by an X-ray diffractometer (XRD) utilizing Cu Ka radiation. A ther-
mal stability test of the amorphous melt-ribbon was conducted by
using a NETZSCH 404 differential scanning calorimeter (DSC) in-
strument with a heating rate of 20 K/min.

The microstructure of as-cast alloys was characterized by a
transmission electron microscopy (TEM, JEM-2100F) that was
operated at a voltage of 200 kV. TEM foils were prepared by ion-
milling with a Gatan 695 precision ion polishing system to
decrease the possible thermal damage on the structure of TEM
samples. The ion milling was operated at 3.5 keV with a milling
angle of 6�. The microhardness of cylindrical specimens with
diameter of 2 mm was examined by utilizing an HVS-1000A
hardness tester with a load of 300 g. At least 20 indents were
performed for each alloy. Indentation fracture toughness tests were
performed with a load of 1000 g. The as-cast specimens with a
diameter of 2 mm and length of 4 mm were tested under a quasi-
static compressive condition with a strain rate of 5 � 10�4 s�1

utilizing a UTM5105 universal mechanical test machine at room
temperature. Three compressive tests were performed for each
alloy. The fracture morphology were analyzed by a scanning elec-
tron microscope (SEM, FEI Nova Nano 450).

3. Results and discussion

The XRD pattern of the as-cast Fe47Cr20Mo10C15B6Y2 (x ¼ 0 at. %)
sample with a diameter of 5 mmwas presented in Fig. 1. The broad
halo peak demonstrates that the Fe47Cr20Mo10C15B6Y2 alloy struc-
ture is a fully amorphous phase. The XRD pattern of the Fe47Cr20-
Mo10C15B6Y2 sample with a diameter of 6 mm shows several tiny
peaks, which are identified as a Fe23B6 crystalline phase. All XRD
patterns of the Fe47�xCr20Mo10WxC15B6Y2 (x ¼ 2, 4, 6 at. %) samples
with a diameter of 6 mm represent fully amorphous structures.
Further increasing the diameter to 8 mm results in the appearance
of several crystalline phases for the alloys with x ¼ 2 at. % and
x ¼ 6 at. %. The tiny crystalline peaks correspond to the Fe23B6
crystalline phase for the alloy with x ¼ 2 at. %. The sharp diffraction
peaks correspond to the Fe23(B, C)6 and Fe3W3(B, C) phases for the
alloy with x ¼ 6 at. %. When heating ternary Fe-W-B amorphous
alloys above the crystallization temperature, the Fe3W3(B, C)-type
crystal phase is also generated [26]. For the alloy with x ¼ 4 at. %,
the XRD pattern shows a fully amorphous structure for the sample
with a diameter of 8mm. The XRD results imply that appropriateW
addition can significantly enhance the GFA of the Fe47-
xCr20Mo10WxC15B6Y2 alloys.

The structure of the Fe47�xCr20Mo10WxC15B6Y2 alloys was
further analyzed by TEM. Fig. 2 shows the high-resolution TEM
(HRTEM) images and corresponding selected area electron
diffraction (SAED, inset) patterns of the Fe47�xCr20Mo10WxC15B6Y2
alloys. The dark field TEM image in Fig. 2 (a) and SAED pattern in
Fig. 2 (b) show that the nanocrystalline phases with a size of
approximately 4e25 nm in the Fe47Cr20Mo10C15B6Y2 alloy sample
with a diameter of 6 mm can be indexed as the Fe23B6 phase (PDF
number 47-1332), which is consistent with the XRD result in Fig. 1.

The SAED patterns of Fig. 2 (c), and (d) separately reveal a full
ring, which is an inherent characteristic of the amorphous structure
and confirms fully amorphous structures in the Fe45Cr20-
Mo10W2C15B6Y2 (F ¼ 6 mm) and Fe43Cr20Mo10W4C15B6Y2
(F ¼ 8 mm) alloys.

The XRD and TEM results show that the appropriate W addition
exhibits a beneficial effect on the GFA in the Fe47�xCr20-
Mo10WxC15B6Y2 alloys. The metastable Fe23B6 phase can be signif-
icantly suppressed with the small W addition (2 at. %). A fully
amorphous structure can be attained in the Fe43Cr20-
Mo10W4C15B6Y2 alloy sample with a maximum diameter of 8 mm
with the continual W addition to 4 at. %, the GFA significantly
decreased due to the generation of crystals with the excessive W
addition (6 at. %).

The DSC curves of Fe47�xCr20Mo10WxC15B6Y2 (x ¼ 0, 2, 4, 6 at. %)
alloy ribbons are presented in Fig. 3. All the curves show evident
glass transition characters in the temperature range from 854 K to
881 K, followed by a supercooled liquid region, multiple-stage
crystallizations (Fig. 3a), and melting within a temperature inter-
val (Fig. 3b). The number of crystallization peaks increased with the
W addition, indicating that W addition causes the formation of
more competitive crystalline phases, increases the crystallization
difficulty, and promotes the amorphous phase forming ability [27].
Meanwhile, the DSC trace of the Fe43Cr20Mo10W4C15B6Y2 alloy
shows relatively fewer melting peaks and smaller melting interval,
which implies that the composition of this alloy is closer to the
eutectic point of the multi-component system and leads to a higher
GFA [17].

The parameters of the supercooled liquid region DTx (Tx � Tg) [1]
and criterion g [Tx/(Tg þ Tl)] [28] are employed as the GFA criteria to
evaluate the GFA dependence on the W addition. Table 1 summa-
rizes the corresponding thermal parameters for Fe47�xCr20-
Mo10WxC15B6Y2 (x ¼ 0, 2, 4, 6 at. %) alloys and other typical Fe-
based BMGs. The W addition can increase the glass transition
temperature Tg, onset crystallization temperature Tx, and onset
melting temperature Tm. W atom addition strengthens the cohesive



Fig. 2. The dark field TEM image (a) and SAED pattern (b) of 6 mm Fe47Cr20Mo10C15B6Y2 sample, HRTEM images and corresponding SAED patterns (inset) of 6 mm Fe45Cr20-
Mo10W2C15B6Y2 sample (c) and 8 mm Fe43Cr20Mo10W4C15B6Y2 sample (d).

Fig. 3. DSC curves of Fe47�xCr20Mo10WxC15B6Y2 (x ¼ 0, 2, 4, 6 at. %) ribbons, which show (a) glass transition, crystallization, and (b) melting events.

Table 1
Critical diameter (dc), thermal stabilities and mechanical properties of Fe47�xCr20Mo10WxC15B6Y2 (x ¼ 0, 2, 4, 6 at. %) and other typical Fe-based BMGs.

Alloy dc (mm) Thermal Stability Mechanical Property Reference

Tg (K) Tx (K) Tm (K) Tl (K) DTx (K) g Compressive Strength (GPa) Hardness (HV)

Fe59Cr6Mo14C15B6 1.5 806 858 e 1436 52 0.383 4.40 e [40]
Fe48Cr15Mo14C15B6Y2 9 848 e e 1453 e e e e [11]
Fe48Cr15Mo14C15B6Er2 12 843 893 e 1443 50 0.391 4.20 e [40]
(Fe44.3Cr10Mo13.8Mn11.2C15.8B5.9)98.5Y1.5 12 836 e 1369 1440 e e e 1287 [14]
Fe41Co7Cr15Mo14C15B6Y2 16 838 876 1387 1437 38 0.385 3.50 1253 [16]
Fe47Cr20Mo10C15B6Y2 5 854 909 1398 1494 55 0.387 3.53 1176 This Work
Fe45Cr20Mo10W2C15B6Y2 6 856 913 1406 1500 57 0.388 3.85 1205 This Work
Fe43Cr20Mo10W4C15B6Y2 8 858 920 1410 1503 62 0.390 3.99 1238 This Work
Fe41Cr20Mo10W6C15B6Y2 6 881 918 1416 1518 37 0.383 4.12 1267 This Work
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Fig. 4. Microhardness and compressive strength of the Fe47�xCr20Mo10WxC15B6Y2

BMGs.
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energy through the formation of W-W, W-C and W-B bonds in Fe-
based metallic glasses, and the high cohesive energy results in the
increase in Tg, Tx and Tm [29]. Moreover, the Fe43Cr20-
Mo10W4C15B6Y2 alloy shows the highest GFA criterion values
(DTx ¼ 62 K and g ¼ 0.390, Table 1), indicating relatively higher
stability against crystallization [30].

S. J. Poon et al. [31] proposed a network-like structure theory for
Fe-based metallic glass. In the Fe-Cr-Mo-W-C-B-Y alloy system, the
refractory atoms (e.g., Mo andW) and rare earth element (Y) prefer
to occupy central positions in the atomic arrangement, whereas
small atoms (B and C) are located at the interstitial positions. The
large atoms and small atoms can form a reinforced “backbone” in
the amorphous structure, which increases the atomic packing
density. Thus, the atomic packing density of the Fe47�xCr20-
Mo10WxC15B6Y2 alloys increases with the appropriate W addition
due to the radius differences among the Y (0.182 nm),W (0.137 nm),
Mo (0.136 nm), Cr (0.125 nm), Fe (0.124 nm), B (0.090 nm), and C
(0.077 nm) atoms. The negativemixing enthalpy ofW-B (31 kJ/mol)
andW-C (60 kJ/mol) are larger than that of Fe-B (26 kJ/mol) and Fe-
C (50 kJ/mol), respectively [32]. The cohesive forces and confusion
effect [25], which are induced by the addition of refractory W
atoms, can cause denser atom packing in the liquid state that blocks
the long-range atomic diffusion, hampers the nucleation of crys-
talline phases, and favors the formation of an amorphous phase
[33].

However, increasing the W addition to 6 at. % engenders the
atomic-scale chemical inhomogeneity due to the positive mixing
enthalpy among constituent elements [25] (W-Y: 24 kJ/mol; Mo-Y:
Fig. 5. Fracture morphology of as-cast glassy rods (F ¼ 2 mm) after compressive
24 kJ/mol; Cr-Y: 11 kJ/mol [32]), which in turn, triggers the nucle-
ation of the Fe23(B, C)6 and Fe3W3(B, C)-type phases in Fe-based
BMGs. This result is consistent with the Mo element addition in
the Fe-Mo-P-C-B-Si alloy system [27,34]. The formation of M23(B,
C)6-type phase with the long range network-like atomic configu-
ration in the supercooled liquid in multi-component Fe-based BMG
alloy system is considered as the origin for the high thermal sta-
bility and GFA [8].

The effects of W addition on the mechanical properties were
evaluated by microhardness and uniaxial compression tests. As
shown in Fig. 4, the mechanical properties of Fe47�xCr20-
Mo10WxC15B6Y2 (x¼ 0, 2, 4, 6 at. %) alloys are depend on the content
of W element. The corresponding microhardness and compressive
strength are given in Table 1. It can be seen that the microhardness
and compressive strength increases from 1176 HV and 3.53 GPa for
Fe47Cr20Mo10C15B6Y2 alloy to 1267 HV and 4.12 GPa for Fe41Cr20-
Mo10W6C15B6Y2 alloy, respectively. The wear resistance is depen-
dent on the material hardness (i.e., higher hardness indicates high
wear resistance) [35]; thus, W addition also has a beneficial effect
onwear resistance. Due to a larger atom size, Watom could enlarge
the atomic size distribution in Fe-based BMG alloys, which results
the enhancement of topological ordering and formation of a highly
dense random packed structure, and thus leads to a higher fracture
strength [36]. Besides, W addition increases the ratios of the W-W,
W-C andW-B bonds; these bonds with high binding energy lead to
the increased hardness and compressive strength [29,37].

Fe-based BMGs commonly have high strength with no plasticity.
The fracture morphologies of the Fe47Cr20Mo10C15B6Y2 and
Fe45Cr20Mo10W2C15B6Y2 alloys were observed to explore the frac-
ture mechanism of the Fe47-xCr20Mo10WxC15B6Y2 BMGs. A typical
brittle cleavage rupture morphology, which consists of mirror-like
regions and tear lines, is shown in Fig. 5 (a) for the Fe47Cr20-
Mo10C15B6Y2 alloy. No visible plastic deformation patterns are
observed in the fracture surface of this alloy. Although no plastic
elongation appears in the compression stress-strain curve of
Fe45Cr20Mo10W2C15B6Y2 alloy, some dimple and vein-like patterns
are observed in Fig. 5 (b).

The toughness of Fe-based BMGs can be evaluated by indenta-
tion fracture toughness test [38]. Indentation cracking patterns can
be observed around the corners of indent under a high indentation
load, the crack geometry can be used to establish the indentation
toughness values [39]. It was found that the fracture toughness (KIC)
of Fe47-xCr20Mo10WxC15B6Y2 alloys increased from 1.25 MPa m1/2

(x¼ 0 at. %),1.89MPam1/2 (x¼ 2 at. %) to 2.05MPam1/2 (x¼ 6 at. %).
Instead of indentation cracks, shear bands were observed at the
edges of indents in Fe43Cr20Mo10W4C15B6Y2 alloy, it could be
summarized that appreciateWaddition can improve the toughness
of Fe-based BMGs.
tests on the (a) Fe47Cr20Mo10C15B6Y2 and (b) Fe45Cr20Mo10W2C15B6Y2 BMGs.
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4. Conclusions

The present study shows that the partial substitution of Fe by
the W element can significantly enhance the GFA and thermal
stabilities of Fe47-xCr20Mo10WxC15B6Y2 alloys through the inhibition
of the formation of the Fe23B6 crystal. Fully amorphous Fe43Cr20-
Mo10W4C15B6Y2 alloy rods with a maximum diameter of 8 mm can
be fabricated through the copper mold casting with commercial
purity materials by increasing theW content to 4 at. %. The GFA and
thermal stability decreases when W addition exceeds 4 at. %.
Moreover, the substitution of Fe by W can also affect the mechan-
ical properties of Fe47�xCr20Mo10WxC15B6Y2 BMGs. The hardness,
compressive strength and plasticity improves significantly with the
increment in the W content from 0 at. % to 6 at. %. In addition, the
microhardness and compression strength of the Fe41Cr20-
Mo10W6C15B6Y2 BMG are as high as 1267 HV and 4.12 GPa,
respectively.
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