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We investigated the effect of Si and Mo additions on the glass-forming ability (GFA) of Fe-Mo-Ga-P-C
-B-Si alloys. The simultaneous addition of small amounts of Si and Mo was found to be effective for extension
of the supercooled liquid region (AT,) defined by the difference between glass transition temperature (7,) and
crystallization temperature (7). The AT, value is 26 K for the Fe;3Ga,P,C4B, glassy alloy, and increases to
52 and 50 K for the Fe;4Mo,Ga,P;,C4B,Si, and Fe;;Mo,Ga,P,,C4B,4Si, glassy alloys, respectively. Similarly,
the AT, value is 33 K for the Fe;;GasP,C4B, glassy alloy, and increases to 60 and 57 K for the
Fe;sMo,GasP,oC4B4Si, and Fe;sMo,GasP(C4B,4Si, glassy alloys, respectively. These four glassy alloys also
exhibit rather high reduced glass transition temperature (7,/7;) of 0.58-0.60. By copper mold casting, bulk
glassy alloy rods with the diameters of 1.5 to 2.5 mm were prepared. These four glassy alloys also exhibit high
saturation magnetization (/) of 1.11-1.32 T and good soft-magnetic properties, i.e., low coercive force (H,) of
2.4-3.3 A/m, and high effective permeability (u,) at 1 kHz of 8500—14 000. The relation between crystalli-
zation behavior and GFA was also investigated. It was found that the primary precipitation phase of the Fe
-Mo-Ga-P-C-B-Si glassy alloys is a complex fcc (Fe,Mo),3(B,C)g phase, and the addition of small amounts
of Si and Mo is effective for the suppression of precipitation of (Fe,Mo),3(B,C)s phase, resulting in the

extension of AT, and the improvement of GFA.

DOI: 10.1103/PhysRevB.73.104204

I. INTRODUCTION

Beginning in 1988, bulk glassy alloys (BGAs) consisting
only of metallic components in Mg- and lanthanide (Ln)-
based systems were synthesized by copper mold casting for
the first time."> From then, a large number of BGAs have
been developed and some BGAs have been used as engineer-
ing materials.? In the case of Fe-based BGAs, since the first
finding of glass transition before crystallization in Fe-based
amorphous alloys, followed by synthesis of Fe-(Al,
Ga)-(P,C,B) BGAs,*® a large number of Fe-based ferro-
magnetic BGAs have been developed as soft magnetic
materials.®” Now, the development of Fe-based BGAs with
high glass-forming ability (GFA) has attracted increasing in-
terest of high potential for applications as structural®~!! and
functional (ferromagnetic)!>"!7 materials. However, for the
ferromagnetic BGAs, the development always includes a dis-
crepancy between GFA and saturation magnetization (/;), be-
cause the addition of glass-forming elements decreases Fe
content, resulting in the decrease of I;. Consequently, many
Fe-based ferromagnetic BGAs with a large supercooled lig-
uid region (AT,) before crystallization exhibit low I, below
1 T,012-1417 and the increase of I, has strongly been re-
quested for the extension of application fields as soft-
magnetic materials.

Recently, we developed FeqsCoyGasP,C4B, and
Fe;,GasPy sC4B,Si, s BGAs exhibiting 1.2 and 1.37 T, re-
spectively, for I, and 50 and 45 K, respectively, for AT,.'%1°
The large AT, values enabled us to synthesize Fe-based
BGAs with diameters up to 20 mm by the consolidation
method utilizing viscous flowability in the supercooled liquid
state.”?! However, the size is not large enough to apply to
the magnetic cores used for motor engines. Ferromagnetic
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Fe-based BGAs with large AT, which is needed for the sup-
pression of crystallization by the powder sintering process,
have been searched for, and a Fe-Mo-Ga-P-C-B-Si BGA
containing 3 at. % Ga has been synthesized.?’> However,
there has been a strong demand to reduce materials cost
through a decrease in Ga content. Fe-based BGAs with lower
Ga content of 2 at. % were also synthesized by adding Si
and Mo additions. This paper presents in detail the formation
and properties of Fe-based BGAs Fe-Mo-Ga-P-C-B-Si with
2 and 3 at. % Ga contents. The effects of additional Si and
Mo elements on the thermal stability of the supercooled lig-
uid as well as the relation between crystallization behavior
and GFA are also investigated.

II. EXPERIMENT

Multicomponent alloy ingots with compositions of
Fe,sGa,P,_,C,B,Si,, Fe,s_ Mo, Ga,P,,C,B,Si,, and
Fe;;_.Mo,Ga;P,,C,B,Si, were prepared by induction melt-
ing. Their compositions are nominally expressed in atomic
percentage. As it has been confirmed that scavenging oxygen
impurities is effective in improving the GFA,!” the alloy in-
gots were prepared under a high purified argon atmosphere
by using the elements with high purity of Fe (99.9 ms. %),
Mo (99.9 ms. %), Ga (99.9999 ms. %), B (99.9 ms. %)
and Si (99.99 ms. %) in this study. P and C were alloyed by
adding pre-alloyed Fe-26.5 ms. %P and Fe-4.1 ms. %C in-
gots, which were also prepared by induction melting, and
exhibited high purities of 99.9 ms. %, respectively. Before
induction melting, the chamber of the induction furnace was
first evacuated to 107 Pa by a diffusion pump, and then
flushed three times with high purified argon gas
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FIG. 1. DSC curves of melt-spun Fe;3Ga,P,_C4B4Si, (x=1.5,
2, 2.5 and 3) glassy alloys.

(99.99 ms. %) for obtaining the high purified argon atmo-
sphere. From the master alloy ingots, glassy alloy ribbons
with a cross section of 0.02 X 1 mm? were prepared by melt
spinning. Cylindrical rods with diameters up to 3 mm and a
length of 40 mm were prepared by injecting the molten al-
loys contained in a quartz tube into the cylinder-shaped cav-
ity of a copper mold under a high purified argon atmosphere,
which is the same as that when preparing alloy ingots. The
glassy and crystallized structures were identified by x-ray
diffraction (XRD) with Cu K« radiation. The glassy alloy
rods in as-cast and annealed states were sectioned by a fine
cutter for XRD measurement. The absence of micrometer
scale crystalline phase was also examined by optical micros-
copy. Thermal stability associated with glass transition tem-
perature (7,), crystallization temperature (7,), and AT, was
examined by differential scanning calorimetry at a heating
rate of 0.67 K/s. Liquidus temperature (7;) was measured by
cooling the alloy melt with a differential thermal analyzer
(DTA). To reduce influence of undercooling, DTA measure-
ment was performed at a low cooling rate of 0.067 K/s.
Magnetic properties of I, coercive force (H,), and effective
permeability (u,) at 1 kHz were measured with a vibrating
sample magnetometer under an applied field of 400 kA/m, a
B-H loop tracer under a field of 800 A/m, and an impedance
analyzer under a field of 1 A/m, respectively.

III. RESULTS

Figure 1 shows DSC curves of the melt-spun
Fe;3Ga,P,_ CyB,4Si, (x=1.5, 2, 2.5, and 3) glassy alloys.
The largest AT, of 41K was obtained for
Fe,3Ga,P,,C4B,4Si, glassy alloy. The further increase in Si
content resulted in an obvious two-stage crystallization, ac-
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FIG. 2. DSC curves of melt-spun Fesg_Mo,Ga,P;,C4B4Si, (x
=1, 2, 4, and 6) glassy alloys.

companying a decrease in AT,. Therefore, an optimum con-
tent of Si is determined as 2 at. %.

Figures 2 and 3 show DSC curves of the melt-spun
Fe;s_Mo,Ga,P,;C,B,Si, (x=1, 2, 4, and 6) and
Fe;,_,Mo,Ga;P,,C,B,Si, (x=1, 2, 4, and 6) glassy alloys,
respectively. It is seen that all alloys exhibit glass transition,
followed by a supercooled liquid region and then crystalliza-
tion. As the Mo content increases from 1 to 2 at. %, the AT,
increases from 43 to 52 K for the Fe;3_ Mo, Ga,P;,C,B,Si,
glassy alloys, and from 44 to 60K for the

Fe,, Mo GaP CB,Si
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FIG. 3. DSC curves of melt-spun Fes;_Mo,GasP;,C4B4Si, (x
=1, 2, 4, and 6) glassy alloys.
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Fe;;_,Mo,Ga;P,,C,B,Si, glassy alloys. The AT, values are
larger than those (26—33 K) for the Fe;3Ga,P,C,B, and
Fe,;Ga;P,,C,B, glassy alloys.”? Thus, the simultaneous ad-
dition of small amounts of Si and Mo elements is effective
for the extension of the supercooled liquid region. It is also
seen that the crystallization for both the two glassy alloy
systems takes place through a single exothermic stage when
Mo content is below 2 at. %. The further increase in Mo
content caused a three-stage crystallization, accompanying a
decrease in AT,. This means that the precipitation of the
crystalline phases for both the 2 at. %Mo-containing glassy
alloys is more difficult, and their supercooled liquids are
more stable than those of the other glassy alloys. Thus, the
Fe76M02G32P10C4B4Si2 and Fe75M02Ga3PlQC4B4Si2 glaSSy
alloys have the internal equilibrium state with fully relaxed
glassy structure in the temperature intervals of 17 and 22 K,
respectively, before crystallization during continuous heating
at a rate of 0.67 K/s. The stable supercooled liquid is impor-
tant for the utilization of viscous flowability by the powder
sintering process.”?!>* We also measured 7, by DTA with
the aim at determining the reduced glass transition tempera-
ture (7,/T)), which has been regarded as one of the important
parameters for evaluating GFA.? The T,/T, value is 0.59 for
Fe76M02G32P 10C4B 4Si2 and 0.60 for
Fe,;sMo,GasP(,C4B,4Si,, suggesting that higher GFA is ob-
tained for these 2 at. % Mo-containing glassy alloys.

Consequently, we tried to form cylindrical glassy alloy
rods and their critical diameters were determined to be
1.5mm  for  Fe;yMo,Ga,P(C4B4Si,, 2 mm  for
Fe76M02G32P]0C4B4Si2, 2 mm for Fe73M04Ga3P]0C4B4Si2,
and 2.5 mm for Fe;sMo,GasP(C4B,Si,. As examples, Fig. 4
shows XRD patterns of the cast Fe;sMo,Ga,P;,C,4B,Si, rod
with a diameter of 2 mm and the Fe,sMo,Ga;P;,C4B,Si,
rods with diameters of 2 and 2.5 mm, together with their
XRD patterns of the melt-spun glassy alloy ribbon with a
thickness of 20 um, respectively. Only a broad peak is seen
around a diffraction angle of 44° for these bulk samples,
indicating the formation of a glassy phase. We have also
confirmed the formation of BGAs without micrometer scale
crystalline phase by optical microscopy. The thermal stability
of the BGAs was also examined by DSC. Figure 5 shows
DSC curves of the Fe;sMo,Ga,P,,C4B,4Si, glassy rod with a
diameter of 2 mm and the Fe;sMo,GasP,,C,B4Si, glassy
rods with diameters of 2 and 2.5 mm. The DSC curves of the
melt-spun glassy alloy ribbons are also shown for compari-
son. No appreciable difference in AT, and crystallization
process is recognized between the melt-spun ribbons and the
BGA:s, indicating the formation of the similar glassy phase,
although the T, and T, of the BGAs shifted slightly to the
high-temperature side for the Fe;sMo,GazP,,C4B4Si, glassy
alloy presumably because of the uses of different ingots for
preparing ribbon and bulk samples. Therefore, it is con-
cluded that the Fe;,Mo,Ga,P(C4B4Si, and
Fe;sMo,GazP,C,B4Si, glassy alloys exhibit the highest
GFA in each alloy system, and the simultaneous addition of
2 at. % Si and 2 at. %Mo is very effective for improving the
GFA of Fe-Ga-(P,C,B) alloys.

Magnetic properties of these two glassy alloy systems
were also measured. With an increase of Mo content, I of
the Fesq_ Mo, Ga,P,,C,B,Si, (x=1, 2, 4, and 6) and
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FIG. 4. XRD patterns of the cast Fe;sMo0,Ga,P7C4B4Si, rod
with a diameter of 2 mm and Fe;sMo,GasP;,C4B,4Si, rods with
diameters of 2 and 2.5 mm, together with the XRD patterns of the
melt-spun glassy alloy ribbons with a thickness of 20 um.

Fes;_ Mo, Ga;P,,C,B,Si, (x=1, 2, 4, and 6) glassy alloys
decreases from 1.41 to 1.05 T, and 1.36 to 0.98 T, respec-
tively, because of the decrease of Fe content. The H,. of the
two series of glassy alloys measured with a B-H loop tracer
is in the range from 2 to 4 A/m, and the w, at 1 kHz lies
between 7100 and 14 000.

Table I summarizes the maximum diameter (D,,,,), ther-
mal stability and magnetic properties of  the
Fe7g_xMOXG3.2P10C4B4SiZ and Fe77_xMOxGa3P10C4B4Si2 (x
=2 and 4) BGAs. It is seen from the table that the soft-
magnetic properties change in proportion to the GFA. The
Fe,sMo,Ga,P,C4B,Si, and Fe;sMo,GasP,,C4B,Si, glassy
alloys with the highest GFA in each alloy system exhibit the
best soft-magnetic properties. The reason can be interpreted
to result from the formation of a glassy structure with a high
level of homogeneity in the absence of any crystalline
nuclei.” The values of D,,,,, AT,, I, H,, and u, at 1 kHz are
2 mm, 52 K, 1.32 T, 2.9 A/m and 9700, respectively, for the
former alloy, and 2.5 mm, 60 K, 1.27 T, 2.4 A/m and
14 000, respectively, for the latter alloy. Thus, Fe-based
BGAs with high I; of over 1.25 T, large AT, of over 50 K
and high GFA of over 2 mm in diameter have been synthe-
sized.

IV. DISCUSSION

As described above, the simultaneous addition with small
amounts of Si and Mo to the Fe;3Ga,P;,C B, and
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FIG. 5. DSC curves of the Fe;sMo,Ga,P,C4B4Si, glassy rod
with a diameter of 2 mm and Fe;sMo,GasP;(,C4B,4Si, glassy rods
with diameters of 2 and 2.5 mm. The DSC curves of the melt-spun
glassy alloy ribbons are also shown for comparison.

Fe;,Ga;P,CyB, glassy alloys leads to the significant exten-
sion of the supercooled liquid region as well as the signifi-
cant increase of the GFA. Figures 2 and 3 show that the
extension of AT, is attributed to the retardation of crystalli-
zation. To exhaust the reason why the crystallization was
suppressed for the 2 at. %Mo-containing glassy alloys, the
crystallization behavior was investigated. Figure 6 shows
XRD patterns of the Fe;sMo,GasPoC4B4Si, glassy alloy
subjected to annealing for 600 s at the temperatures of 760
and 830 K, corresponding to the temperatures just below and
above the exothermic peak in the DSC curve. The XRD pat-
tern of the as-quenched alloy with a glassy structure is also
shown for comparison. As shown in Fig. 6, the XRD patterns
of the sample annealed at 760 K are identified as a single
face-centered cubic (Fe,Mo),;(B,C)¢ phase with a large lat-
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FIG. 6. XRD patterns of the Fe;sMo,GasP;(,C4B,4Si, glassy al-
loy subjected to annealing for 600 s at temperatures of 760 and
830 K. The XRD pattern of the as-quenched alloy is also shown for
comparison.

tice parameter of over 1 nm including 96 atoms,’® and as
mixed a-(Fe,Mo), (Fe,Mo);B, (Fe,Mo);C, (Fe,Mo)C, and
(Fe,Mo);P phases for the sample annealed at 830 K corre-
sponding to the temperature above the exothermic peak. The
primary precipitation phase of (Fe,Mo),;(B,C)s is in a
metastable state, being consistent with the results obtained
from Fe-B-Si-based BGAs.”” Consequently, it is considered
that the Fe-P-C-based BGAs also behave a unique network-
like structure, which leads to the high stability of the super-
cooled liquid against crystallization.”® The same results were
also obtained by Ponnambalam et al. from Fe-Mn-Cr-Mo
-C-B BGAs that metastable Fe,;C¢ phase is indeed the pri-
mary phase which competes with the formation of the glassy
phase, and the Fe,;C¢ phase that forms as a single devitrified
phase at 7, of 873 K is found to decompose into several

TABLE I. Maximum diameter, thermal stability and magnetic properties of Fe;5_ Mo, Ga,P;7C4B4Si, and
Fes7_,Mo,GasP;oC4B,4Si, (x=2 and 4) glassy alloys rods.

Diameter Thermal stability Magnetic properties
Alloy Dy (mm) T, (K) AT, (K) TJT, 1,(T) HJ(Am™)  p(1 kHz)
Fe,¢M0,Ga,PoC4B4Si 2 736 52 059  1.32 2.9 9700
FC74M04G32P]0C4B4Si2 1.5 740 50 0.58 1.16 3.3 8 500
Fe75M02Ga3P]0C4B4Si2 2.5 738 60 0.60 1.27 2.4 14 000
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FIG. 7. XRD patterns of the Fe;;MogGa;P;(C4B,4Si, glassy al-
loy subjected to annealing for 600 s at temperatures of 783, 825,
and 868 K. The XRD pattern of the as-quenched alloy is also
shown for comparison.

other phases after being annealed at 973 K. In this study, it
is considered that the formation of the metastable
(Fe,Mo),3(B,C)s phase upon the devitrification of Fe-Mo
-Ga-P-C-B-Si is drastically impeded’ by alloying with small
amounts of Si and Mo, because the mixing enthalpies with
large negative values between Si and Fe or Mo* could in-
crease the difficulty of the formation of the metastable
(Fe,Mo),5(B,C), phase. In addition, the large (Fe and Mo)
and small (B and C) atoms®' may form a reinforced “back-
bone” in the amorphous structure, which would also suppress
the crystallization.>? These two effects increase the stability
of the undercooled melt, resulting in the enhancement of the
GFA.

On the other hand, as also shown in Figs. 2 and 3, respec-
tively, the 6 at. % Mo-containing glassy alloy exhibits the
most distinguished three-stage crystallization behavior in
both alloy systems. Here, the crystallization behavior was
also investigated. Figure 7 shows XRD patterns of the
Fe;1MogGasP(,C4B,4Si, glassy alloy subjected to annealing
for 600 s at the temperatures of 783 and 825 K correspond-
ing to the temperatures just below and above the first exo-
thermic peak, as well as at the temperature of 868 K corre-
sponding to the temperature above the second exothermic
peak. The primary precipitation phase of the
Fe;1MosGasP(C4;B4Si, glassy alloy is also the
(Fe,Mo0),5(B,C)s phase. The crystallization phase of the
sample annealed at the temperature of 825 K were
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(Fe,Mo),3(B,C)4 and a-(Fe,Mo) phases, and the XRD pat-
terns of the sample annealed at 868 K corresponding to the
temperature above the second peak were identified as the
mixed phases of (Fe,Mo),3(B,C)¢, (Fe,Mo);C, a-(Fe,Mo),
(Fe,Mo);B, and (Fe,Mo);P. As the first and the second
peaks overlap each other at the temperature of 825 K, it is
considered that the first exothermic peak is attributed to the
precipitation of the (Fe,Mo),3(B,C)¢ phase, which causes
the decrease of AT,. Consequently, as mentioned above, the
supercooled liquid of the 2 at. % Mo-containing alloy is in
the most stable state because precipitation of the
(Fe,Mo),3(B,C), phase was suppressed, and the supercooled
liquid becomes unstable against crystallization with increas-
ing Mo content to over 2 at. %. Otherwise, from the XRD
patterns of the Fe,sMo,GasP;(C4B,4Si, and
Fe; MogGasP,,C4B,4Si, glassy alloys annealed at the tem-
peratures of 760 and 783 K as shown in Figs. 6 and 7, it can
be seen that the diffraction peaks of the (Fe,Mo),;(B,C)q
phase in the latter alloy are much stronger than those of the
(Fe,Mo),3(B,C)4 phase in the former alloy, suggesting that
the stability of the (Fe,Mo)y;(B,C)s phase relative to the
amorphous structure increased in the Fe;;Mo,Ga;P;,C4B,4Si,
glassy alloy.”® As a result, the precipitation of the
(Fe,Mo),3(B,C)s phase of the Fe;;MogGasP;CyB4Si,
glassy alloy is more easier than that of the
Fe,;sMo,GasP(C4B,4Si, glassy alloy, resulting in the de-
crease of stability of the supercooled liquid. Thus, the prepa-
ration of BGAs  becomes  difficult for the
6 at. % Mo-containing alloy. The reason may be considered
to result from the negative mixing enthalpy with a value of
19 kJ/mol between Mo and B,** which increases the bond-
ing nature of Mo-B atomic pair as the Mo content increases
to over 4 at. %, and therefore, resulting in the increase of the
stability of the (Fe,Mo),;(B,C)s phase relative to the amor-
phous structure. In addition, it is also recognized that the AT,
increases with increasing Ga content, being consistent with
the former result.”3

V. CONCLUSIONS

With the aim of exploring Fe-based glassy alloys with
large AT,, high GFA and high I,, we examined the effects of
Si and Mo additions on the AT,, GFA, and I; of the
Fe7g_xMOXG3.2P10C4B4SiZ and Fe77_XM0xGa3P10C4B4Si2
glassy alloys. The results obtained are summarized as fol-
lows.

(1) The small amounts of Si and Mo additions are ef-
fective for the extension of AT, and improvement of GFA.
By simultaneously adding 2 at. % Si as well as 2 to
4 at. %MO, the Fe78_xM0XGazP10C4B4Si2 and
Fes;_Mo,Ga;P,,C,B,Si, (x=2 and 4) glassy alloys exhibit
large AT, of 50—60 K and high 7,/T; of 0.58-0.60.

(2) The extension of AT, is attributed to the existence
of the unique network-like structure in the supercooled liquid
and the suppression of precipitation of (Fe,Mo),3(B,C)
phase caused by the small amounts of additions of Si and
Mo. The stable supercooled liquid as well as high T,/T; leads
to the synthesis of BGAs with diameters of 1.5-2.5 mm for
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the Fe78_xM0xG32P10C4B4SiZ and Fe77_xM0xGa3P10C4B4Si2
(x=2 and 4) glassy alloys by copper mold casting.

(3) The Fe78_xM0xG32P10C4B4SiZ and
Fe;7_.Mo,Ga;P,,C,B,Si, (x=2 and 4) glassy alloys exhibit
high I; of 1.11-1.32 T, and good soft-magnetic properties;
ie., low H, of 2.4-3.3 A/m, and high u, at 1 kHz of
8500-14 000. The combination of large supercooled liquid
region and high glass-forming ability as well as high satura-
tion magnetization and good soft-magnetic properties allows

PHYSICAL REVIEW B 73, 104204 (2006)

us to expect that the Fe-based bulk glassy alloys find appli-
cation fields as new functional materials.
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