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Abstract: Thermal stability, crystallization behavior, Vickers hardness and magnetic properties of the Fe;;Co7-,Ni,Cr;sMo4CsBsY,
(x=0, 1, 3, 5) bulk metallic glasses were investigated. The Fe;Co;-Ni,Cr;sM04C;sBsY, (x=0, 1, 3, 5) metallic glasses were
fabricated by copper mold casting method. The thermal stability and crystallization behavior of the metallic glass rods were
investigated by differential scanning calorimetry and isothermal experiments. Hardness measurements for samples annealed at
different temperatures for different time were carried out at room temperature by the Vickers hardness tester, and magnetic
measurements were performed at different temperatures by the vibrating sample magnetometer. It is shown that the addition of Ni
does not play a positive role for enlarging AT, and GFA from parameter y (=7,/(T,+T1)), and it can, however, increase the activation
energy in the initial stage of crystallization by changing the initial crystallization behavior. The minor addition of Ni can refine the
crystal grain obtained from the full crystallization experiment. The primary crystallization causes the decrease of hardness in these
alloys, and as the crystallization continues, the hardness in all samples increases instead due to the precipitation of carbide and boride.
The annealing temperature has an obvious effect on magnetic properties of these alloys, and the minor addition of Ni can effectively

prevent the alloy annealed at high temperature to transform from paramagnetic to ferromagnetic state.
Key words: Fe—Co—Ni—Cr—C—B-Y; metallic glass; thermal stability; annealing; magnetic properties

1 Introduction

Great attention has been focused on the Fe-based
bulk metallic glasses (BMGs) because they exhibit good
soft magnetic properties, high glass forming ability
(GFA), and a wide supercooled liquid region before
crystallization [1—11]. Since the first Fe-based BMG was
reported in 1995 [12], the development of Fe-based
BMG with large GFA has become an important research
topic in recent years. LU et al [6] reported that the
Fe-based BMG with the critical size of centimeter level
for the first time can be obtained in the Fe—Cr—Mo—
Mn—-C-B system [6]. Later, PONNAMBALAM and
POON [13] developed the FeyCrisMo14,CsBsY, BMG
with the critical thickness of 9 mm, and SHEN et al [7]
successfully improved the Fey;Co,CrisMo14CisBsY>
BMG with a critical thickness as large as 16 mm by the
addition of 7% (mole fraction) Co. The current work

found that the addition of element Ni has significant
effect on the mechanism (plasticity) and soft magnetic
properties in Fe-based BMG [10,11]. Many efforts have
been made to enhance GFA [5—7], however, the detailed
work about the other important properties such as
thermal stability, crystallization behavior and magnetic
properties for Fe—Co—(Ni)—Cr—Mo—C—B-Y BMG has
not been reported yet.

The aim of this work is to study the properties of
Fe—Co—Ni—Cr—-Mo—C—-B—-Y BMG by the substitution of
Ni for part of Co in the original Fe~Co—Cr—-Mo—C—B-Y
BMG system. The element Ni is chosen due to the
following considerations. 1) The properties of element
Ni are similar to those of Fe and Co, and there is a large
negative enthalpy of mixing between Ni and other
elements such as Fe, Cr, Mo, C, B and Y [14]. The strong
combination between different types of atoms would lead
to forming a number of types of compounds especially
boride, which is favorable to forming amorphous phase
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during solidification [15]; 2) Ni is a ferromagnetic
element like Co and Fe, and its addition could
dramatically affect apparent magnetic state of the alloy.
Therefore, it is attractive to study the ratios of Ni and Co
on the properties of Fe—Co—Ni—Cr—Mo—C—B-Y system.
Consequently, a series of Fe—Co—Ni—Cr—Mo—C—-B-Y
BMGs are produced to perform the study on their
properties of thermal stability, crystallization behavior,
Vickers hardness and magnetic properties.

2 Experimental

The Fe4 Co;-Ni,CrisMo14,CisBgY, (x=0, 1, 3, 5)
alloys were prepared by arc melting method from the
mixture of pure Fe—B (purity 99.9%), Fe (99.9%), Co
(99.87%), Cr (99.98%), Ni (99.9%), Mo (99.9%), C
(99.9%), Y (99.9%) under a high purity argon
atmosphere. The BMG rods with the diameters of 3 mm
and 6 mm were prepared from the ingots by the copper
mold casting method under argon atmosphere.

The structures in the solid state were identified by
analytical X-ray diffraction (XRD) experiments
(Panalytical X'pert PRO) with Cu K, radiation. The
crystallization kinetics of the amorphous alloy was
characterized by continuous heating differential scanning
calorimeter (DSC) (Netzsch STA 404) at the heating/
cooling rates of 10-40 K/min. Thermal stability and
crystallization behavior were further investigated by
isothermal  experiments. The morphology was
determined by electron probe microanalysis (EPMA)
(JXA—8100). Hardness measurements for the samples
annealed at different temperatures were carried out at
room temperature by the Vickers hardness tester
(HMV—2T) under a load of 19.614 N. Magnetic
measurements were performed at different temperatures
by the vibrating sample magnetometer (VSM)
(VSM-5-15).

3 Results and discussion

3.1 Preparation and identification of bulk metallic

glass

The typical XRD patterns obtained from the cross
section of Fe; Co7_Ni,Cr;sMo4CisBsY, (x=0, 1, 3, 5)
alloys with the diameters of 3 mm and 6 mm prepared by
the copper mold casting method show the homogenous
amorphous structures for the as-cast rods (Figs.1(a) and
(b)), and only a broad diffraction peak centered at
20=38°-48° was detected. In order to further confirm the
amorphous structure, the Fey;Co7-,Ni,Cr;sM014CisBsY>
(x=0, 1, 3, 5) as-cast alloys were etched for 6 h using
etching solution (V(HF):V(HNOs)=3:1), and they all
finally exhibited the homogeneous characteristic of
glassy phase with no evidence of crystallization.
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Fig. 1 XRD patterns of Fe41C077xNiXCI'15M014C15B6Y2 (XZO, 1,
3, 5) as-cast alloys with diameters of 3 mm (a) and 6 mm (b)

3.2 Crystallization kinetics and thermal stability
Figure 2 shows the continuous heating DSC curves
of Fes;Cos Ni,Cr;sMo14CisBgY, (x=0, 1, 3, 5)
amorphous alloys at the heating rate of 10 K/min. From
these curves, the glass transition temperature (7,), onset

crystallization temperatures (7y), onset melting
temperature (7;,) and liquidus temperature (7;) can be
distinctly determined. The DSC curves exhibit

significant endothermic peaks related to glass transition
and at least four exothermic events related to
crystallization. These exothermic peaks at each heating
rate present an asymmetrical profile, which indicates the
occurrence of two overlapping reactions, especially for
the first step of crystallization. Besides, all samples show
the similar crystallization behavior at this stage. However,
the temperature of the last step of crystallization
obviously decreases with the increasing addition of Ni.
The thermal parameters of the samples obtained at
different heating/cooling rates are listed in Table 1. It can
be seen that the value of 7 firstly decreases by adding
1% Ni and then increases to nearly original value by the
further addition of Ni. The value of 7, monotonously
decreases by the addition of Ni. The liquidus temperature,
however, remains constant for all samples.
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Fig. 2 DSC curves of Fey;Co;-Ni,Cr;sMo4,C15BsY, (x=0, 1, 3,
5) BMGs with diameter of 3 mm (heating rate of 10 K/min)

In general, the GFA of metallic glass is
simultaneously influenced by thermal stability and
kinetic factors [16]. Some investigators have proposed
many criteria to predict the GFA from various aspects
[17-23]. For example, INOUE et al [20,21] suggested
ATy (=T—T,), the width of the supercooled liquid region,
to describe the stability of the supercooled liquid phase;
LU and LIU [23] proposed a parameter y (=T,/(T,+T))) as
the criteria of GFA.

From Table 1, the value of AT firstly decreases by
adding 1% Ni and then increases to nearly original value
by the further addition of Ni. It can be concluded that the

addition of Ni does not play a positive role for enlarging
AT. In other words, the stability of supercooled liquid
phase is not enhanced by the addition of Ni.

The parameter y was also listed in Table 1, from
which it can be seen that the variation of y has a similar
trend as AT. The variation tendency of y indicated that
the GFA is almost not affected with more than 1%
addition of Ni for this system. It can be found from the
value of AT, that there are some corresponding relations
between the width of ATy and the GFA for these alloys.

The thermal stability for BMGs can be evaluated by
the activation energy of crystallization. According to the
peak shifts of the linear heating DSC patterns at different
heating rates, the effective activation energy for the first
step of crystallization can be evaluated by the Kissinger
method [24] as follows:

2
ln(Ti) £ + 4 €))

4

RT,

where 7T, is the first peak temperature at which the
primary crystallization attains its maximum value, ¢ is
the heating rate obtained from DSC, A4 is
temperature-independent constant, £ is the apparent
activation energy, and R is the gas constant.

Figure 3 shows the Kissinger plots of
Fe;Co7-,Ni,Cr;sMo14,C5BsY; (x=0, 1, 3, 5) BMGs, from
which the activation energy E can be obtained by
plotting ln(sz/go) versus 1/(RT,). For the first step of
crystallization, the values of £ were determined to be

Table 1 Thermal properties of Fey;Co7-Ni,CrisMo14,C5BgY, (x=0, 1, 3, 5) alloys with diameter of 3 mm deduced from DSC

measurements at different heating/cooling rates of 10—40 K/min

x Heating rate/(K-min ") T/K T /K AT, /K T./K T /K T/K T,/K y

0 10 838 883 45 1381 1383 1446 900

0 20 846 898 52 1381 1377 1447 916 0.391
0 30 846 904 58 1381 1372 1447 922

0 40 847 909 62 1381 1368 1448 929

1 10 838 877 39 1388 1389 1447 895

1 20 846 889 43 1388 1383 1448 906 0.387
1 30 845 895 50 1388 1377 1448 912

1 40 846 899 53 1388 1372 1448 918

3 10 833 878 45 1388 1387 1446 895

3 20 841 893 52 1388 1381 1446 907 0.39
3 30 843 899 56 1388 1377 1447 914

3 40 845 905 60 1388 1374 1448 920

5 10 834 878 44 1388 1407 1444 896

5 20 841 892 51 1388 1402 1444 908 0.39
5 30 843 898 55 1388 1399 1445 914

5 40 845 905 60 1388 1395 1445 921
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415.6, 508.0, 463.8 and 470.4 kJ/mol, respectively. The
maximum and minimum values (508.0 and 415.6 kJ/mol)
were obtained from the Fey CogNi;Cris- M014CisBgY>
and Fe4;Co,Cr;sMo14CsBsY, BMGs, respectively. The
same results can also be obtained from the curve by
plotting In(7, gz/(p) versus 1/(RT,). Generally, the large
GFA corresponds to the high crystallization activation
energy.  Nevertheless, from  Table 1, the
Fe4 CoeNi|Cr;sMo14CisBsY, BMG has the minimum y
(0.387) and the narrowest AT (43 K). The opposite trend
of E represented here is due to the reason that the
crystallization activation energy is actually determined
by the stability of amorphous phase and the type of
crystalline phase. The crystallization activation energy of
amorphous alloy only reflects the structure difference
between the primary phase and amorphous phase. The
more the structure difference is, the more the value of
crystallization activation energy is. Only when the
primary phase is comparative on heating and quenching,
the crystallization activation energy E can actually reflect
the GFA of the alloy [25]. In this case, the initial phase in
Fe;1CogNi|Cr;sMo14CisBsY, BMG on heating has the
most different structure from amorphous.

11.4F ._OuoNi
*—1%Ni
+—3% Ni
11.0f *—5%Ni

In(TI;‘/(a)

131 132 133 134 135

(RT,)"/(10™* mol-J™")

29 1.30

Fig. 3 Kissinger plots of 7}, for all samples

3.3 Isothermal crystallization

The isothermal crystallization experiments of
Fe4Co7-Ni,Cr;5sMo014C15B6 Y, (x=0, 1, 3, 5) BMGs were
performed at 823, 848, 873, 893, and 1273 K for 10, 30
and 60 min, respectively. The experimental results
indicated that there is no obvious crystallization observed
at the temperature around 7. In order to observe the
initial transformation of structure, the annealing
temperature was chosen at 823 K for different times.
Figure 4 shows the four XRD patterns obtained from the
specimens annealed at 823 K for 10, 30 and 60 min,
respectively. For the patterns for 10 min, many sharp
peaks can be observed clearly. The peaks before 30°
were identified as Y-compound-like phase. However,

with the increase of annealing time, these sharp peaks
disappear, whereas the others remain, which can be
detected especially from the specimens with 1% and 5%
Ni. Figure 5 shows the XRD patterns obtained from the
specimens annealed at 848 K for 2 h. The specimen with
1% Ni has more smooth peaks than those with 3% and
5% Ni, which is in agreement with the conclusion from
crystallization activation energy mentioned above. With
the increase of annealing temperature up to 893 K, some
stable phases gradually precipitate as shown in Fig. 6. It
is seen that the precipitates are a-Fe and (Fe, Cr),3(B, C)g

(a)

mﬂﬂl;b“ i . =60 min
o WM,\ ' =30 min
m;.ww : =10 min

, =60 min

Ve, =60 min
4 | | . =30 min_)
o |
‘ ”W' h! \ =10 min

20 30 40 50 60 70 80 90
20/(°)

Fig. 4 XRD patterns obtained from specimens annealed at 823
K for 10, 30 and 60 min: (a) Without Ni; (b) 1% Ni; (c) 3% Ni;
(d) 5% Ni

._(Fe,cr)zg(c,B)ﬁ
+—a-Fe

a—1% Ni

b—3% Ni

| ¢—5% Ni

MWM

1 1

20 30 40 50 60 70 80 90
20/(°)

Fig. 5 XRD patterns obtained from specimens annealed at 848
Kfor2h
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Fig. 6 XRD patterns of FesCogNi;Cr;sMo4Ci5sBgY, alloy
annealed at 848—893 K

phases at 848 K from the curves a and b in Fig. 6. Some
new peaks (the curves ¢ and d in Fig. 6) were clarified to
be MC (M=Mo) phase when the sample was heated up to
873 K. The sequence of structure development could be
described as follows: amorphous structure —
Y-compound-like phase + a-Fe — a-Fe + (Fe,Cr),;3(B,C)s
+ MC.

Further study on the isothermal experiments was
carried out at 1273 K after full crystallization. Figure 7
shows the typical microstructures which are composed of
fine and uniform main phase grains of the samples
annealed at 1273 K for 1 h. It can be noticed that the
crystal grain of Ni-added alloy is smaller than that of

Fig. 7 Microstructures of alloys annealed at 1273 K for 1 h:
(a) Without Ni; (b) 5% Ni

Ni-free one. More evidently, the peak height reduces and
the half width at half maximum becomes broad with the
increase of Ni addition from the XRD patterns as shown
in Fig. 8, which implies that the addition of Ni causes the
further refinement of crystal grain. The consequence of
grain refinement could be manifested in other properties
such as magnetism that would be discussed later. The
unidentified peaks at about 28° are probably generated
by some other unknown phases (see Fig. 8).

= {Fe,cr)7C3
._(Fe.Ni,Mo)szﬁ
*—(Fe,Cr),5(C,B)g
*—MoB

v— y-Fe

20 30 40 50 60 70 80 90
20/(°)

Fig. 8 XRD patterns of alloys annealed at 1273 K

In order to get an intuitive grasp of precipitation
behavior, the vertical section diagram in the
Fe—Cr—Mo—B—C-Y system was calculated using the
Calculation of Phase Diagram (CALPHAD) method.
Since the contents of Co and Ni are small, the XRD
patterns are similar in all samples (Fig. 8), and the
elements Co and Ni do not form individual phases but
just dissolve into other phases in this system. Thus,
neglecting Co and Ni in this calculation is acceptable.
The calculated vertical section diagram and phase
fraction diagram are shown in Fig. 9. It is found that the
solidus temperature is around 1550 K, which
significantly increases by about 100 K without the
additions of Co and Ni elements according to the DSC
results. It is thus clear that Co and/or Ni play an
important role in lowering solidus temperature. From the
calculated phase diagram, the a-Fe, MC (M = Mo) and
(Fe,Cr),3(C,B)g phases precipitate at 873 K. The MoB
phase is absent in the experiment due to the kinetic factor
at such low temperature. The M;C;, M»;Cq, M;5C, (M =
Cr, Fe, Mo), BCC (a-Fe), and MoB phases precipitate at
1173—-1273 K, which is in good agreement with the
annealing experiment in this work. The phase fraction
diagram shown in Fig. 9 denotes that the M,;C¢ and BCC
(a-Fe) are the main precipitated phases within a large
temperature range.

3.4 Vickers hardness test
The Vickers hardness (HV) is one of the indicators
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Fig. 9 Calculated vertical section diagram of FeCr;sMoj4-
BsY,C system (a) and phase
Fe4sCrsMo14BY,Ci5 (b)

fraction diagram of

to evaluate the resistance to plastic deformation. Due to
the lack of crystalline defects in amorphous alloys, their
hardness is relatively high compared with the crystalline
alloy. From Vickers hardness measurement, it is found
that the addition of Ni markedly increases the hardness
of the alloy. The cause may be that the free volume in the
alloy decreases due to the faster diffusion of Ni than that
of Co on cooling. Figure 10 shows the hardness of the
alloys From
Fig. 10(a), the hardness of these samples abruptly
increases by annealing at 823 K for 10 min. The value of
hardness was taken from the of 10
measurements. Because no crystallization is observed
from XRD patterns at 823 K for 10 min, this hardening
effect should be attributed to the structural relaxation,
which leads to the reduction of free volume in the alloy.
However, the values of hardness in the alloys with 3%
and 5% Ni additions inversely decrease with the increase
of annealing time. Obviously, the alloys containing 3%

annealed under different conditions.

average
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Fig. 10 Hardness of alloys annealed at 823 K (a) and 848 K (b)
for different times, and annealed at different temperatures (c)

and 5% Ni have lower values of T, (see Table 1). Thus,
the energy for activating atoms in these two alloys (more
unstable) is greater than that in others when annealed at
the same temperature, and crystallization primarily
occurs in these two alloys. At higher annealing
temperature of 848 K, the values of hardness in the
alloys with 3% and 5% Ni additions decrease at the
beginning stage as shown in Fig. 10(b). It is because the
amorphous phase in these two alloys directly crystallizes
without the process of structural relaxation at such a high
temperature. Figure 10(c) presents the temperature-
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dependence of the hardness within the whole temperature
region. It is obvious that the variation of hardness can be
divided into three stages, namely increasing by structural
relaxation, decreasing by initial crystallization and
increasing by further crystallization. The first two stages
have been discussed before. At the third stage, the
hardness of these alloys rapidly increases when the
annealing temperature is above 7x. According to the
XRD patterns, this hardening effect is contributed to the
precipitation of carbide and boride such as
(Fe,Ni,Mo0)»;(B,C)g, (Fe,Cr)s3(C,B)s and (Fe,Cr),C;, as
the annealing temperature increases. The refinement of
the grain and the mixture of different compounds make
the crystalline state even harder than the amorphous state
for these alloys.

3.5 Magnetic properties

The Fey;Co,Cr;sMo14Ci5BsY, BMG does not show
soft magnetic behavior and exhibits paramagnetic state at
room temperature as the former reports [7,13]. The
addition of Ni does not change the magnetic properties of
these BMGs. However, the experimental results show
that the annealing temperature has a remarkable effect on
the magnetic properties of these alloys. In the
temperature range from 298 K to 893 K, the
Fe41Co7-Ni,Cr;sM014CisBsY, (x=0, 1, 3, 5) alloys
represent the stable paramagnetic state. When the
annealing temperature was over 893 K, the alloys
gradually shifted from paramagnetic to ferromagnetic
state with the increase of temperature. This magnetic
transformation, however, could be suppressed by the
increasing addition of Ni. The hysteretic loops of the
alloys annealed at 1273 K after full crystallization are
shown in Fig.11, which indicates that the alloys
containing 0—3% Ni exhibit ferromagnetic state, whereas
the alloy containing 5% Ni still exhibits paramagnetic
state. According to the results of isothermal experiment,
the alloys are composed of carbides and borides like
(Fe,Ni,M0)x;(B,C)s, (Fe,Cr)3(C.B)s, (Fe,Cr);C;, after
full crystallization. The solid solubility and grain size of
carbides and borides could be remarkably influenced by
alloying elements, e.g., Ni and Co, and on the other hand,
the magnetic properties of the alloy are closely relative to
the composition and grain size of these carbides and
borides. The reason of magnetic transformation affected
by alloying addition can be summarized as follows. 1)
The addition of Ni reduces the solid solubility of Fe in
carbide phase such as M»;Cy¢ and M,C;. The excess Fe, in
turn, promotes the precipitation of other nonmagnetic
phases like austenite. 2) Ni affects the stabilization of
paramagnetic phase by reducing M; point [26—28]. Based
on these two reasons, thus, the alloy can transfer from
ferromagnetic to paramagnetic state.
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Fig. 11 Hysteresis loops of Fe;;Co7-Ni,Cr;sMo4CsBsY, (x=0,
1, 3, 5) alloys under condition of quenching (a) and annealing
(b)at 1273 K

4 Conclusions

1) The value of AT firstly decreases by adding 1%
Ni and then increases to nearly original value by the
further addition of Ni. The addition of Ni does not play a
positive role for enlarging AT. However, the alloy with
1% Ni addition, which has the minimum y and the
narrowest AT, presents the largest value of activation
energy at the first step of crystallization.

2) The minor addition of Ni can refine the crystal
grain obtained from the full crystallization experiment.

3) The addition of Ni markedly increases the
hardness of the alloy. The variation of hardness can be
divided into three stages, namely increasing by structural
relaxation, decreasing by initial crystallization and
increasing by further crystallization.

4) The annealing temperature has a remarkable
effect on the magnetic properties of these alloys. The
magnetic transformation of alloy could be suppressed by
the increasing addition of Ni.
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Fe—Co—Ni—Cr—-Mo—-C-B-Y 2 KR & EIIBRIAIZE M.
mmiLiTH . HEICHEE FNf ERE
BT, ERA, AAP 2 HRE

1. BITRSE Mkl2Ebt MeREES TR, EI1T 361005;
2. ML RY: HEEEASSMNTHERTE MLKE, =M 730050

& ZE: W Fey;Cor_Ni,Cr;sMo14C 5B Y2(x=0,1,3,5) K Y G Jm BB 1 AFR B . S AbAT Ay o BRI 5 R 1 B
T 3 AR B4 3 1 4% Feqy Co_ N CrisMo14C sBe Yo(x=0,1,3,5) K e 4 JB8 B F ) 25 75 4 i P e M A 0 A P 9k
TIF U L6 4 Ja8 35 1 1) FAR T PR L SR AT A o TR SR T R P 24 Kl R T o 28 3 S TR AR T 3 K S Pl
BE, IEST eI E T RAE . SI0 85 R, /DB Ni JOE I ST 4 T VAR DX Te) B 38 T 1l
BB & S IR AT R, B IGEfiE. DR Ni JTEMIA RS A1k B AL 420 i ok KN e #
AnAH AL A < IR BE A, (R R BRI B R Ty, T A e O BEFE AT B4t v, U DRI AT R 77 DR R B AL A
MAbd . 3B KRN & A L BE A IR K 5EmT, /D Ni JCRMINABLLE T & & miiiE K Ja MBS A 1 b A
HIEAS
KH#iA: Fe-Co-Ni-Cr-Mo—C-B-Y; & J@Beas; #kivett; Hok; mitkag
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