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Ductile Fe-Based BMGs with High Glass Forming Ability and High Strength
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Fe-based bulk metallic glasses (BMGs) with high glass forming ability (GFA) and excellent mechanical properties were synthesized in Fe-
Ni-Mo-P-C-B alloy system by copper mold casting. Results show that the glass forming ability of Fe;4_Ni,MogP0C7 5B2 5 alloys increases first
and then decreases as Ni content, x, increases from 0 to 11.1 at%, with its climax being reached at x is between 3.7 and 5.0. Analyses indicate that
either AT and AHenq, Or T, and y can not illustrate the GFA of obtained alloys solely. With increasing Ni element in Fe74_Ni,MogP9C7.5B2.5
alloys, the yield strength and Vicker’s mircrohardness decline, while the plasticity increases, which implies that enhancing plasticity by
adjusting the composition of alloys is followed with the loss of some strength. Serrated flow characteristics on the compressive stress-strain
curves is observed for Fe74_ NixMogP10C75B25 as x = 11.1 at%, which is considered to relate to its lowest glass transition temperature. These

mechanical properties of BMGs are illustrated with bonding nature between the constituent elements.
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1. Introduction

Since Fe-based bulk metallic glass (BMG) was synthe-
sized by copper mold casting for the first time in 1995, a
variety of Fe-based BMGs with high GFA and good magnetic
properties have been developed for the potential magnetic
applications.>™> However, for being utilized directly in bulk
form in magnetic devices, such as magnetic sensors, valves or
clutches, the Fe-based BMGs should also present high
mechanical strength and good ductility besides good soft
magnetic properties. Mechanical properties of bulk Fe-based
glasses have absorbed researcher’s interest in the recent
years.>!3 Although most Fe-based BMGs are reported to
possess high strength over 3 GPa, their plastic strain is
usually less than 0.5%%'? except for a plastic strain of 1.9%
for Fe-Nb-Si-B.!» Recently, we have reported Fe-Mo-P-C-B
BMG with diameter of 2 mm combined with larger plastic
strain and good soft magnetic properties.'? To synthesize Fe-
based BMGs with higher GFA and more excellent ductility,
we tried to substitute part of Fe with Ni in Fe-Mo-P-C-B alloy
system, basing on the consideration that nickel is soft and has
ever been successfully substituted for Fe to enhance the GFA
of Fe-based BMGs.!'? As a result, Fe-based BMGs with
diameter up to Smm and plastic strain up to 4% are
synthesized in Fe74_Ni,MogP9oC7 5B, s alloy system. In this
paper, we will investigate how the GFA and mechanical
properties varying with Ni content, and the relations of the
serrated flow characteristic on the compressive stress-strain
curves with the glass transition temperature of glassy alloys.

2. Experimental Procedure

Alloy ingots of Fes4_Ni,MogP9C75B2s (x =0 — 14.8
at%) were prepared by induction melting the mixtures of pure
Fe (99.9 mass%), Ni (99.9 mass%), Mo (99.9 mass%), C
(99.9 mass%) and B (99.9 mass%), and pre-alloyed Fe-P
ingots under a high-purity argon atmosphere. From the
master alloys, ribbons were prepared by single-roller melt-
spinning and cylindrical rods with diameters from 1 to 6 mm
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were produced by copper mold casting. Structures of ribbons
and the transverse cross sections of the rods were examined
by X-ray diffractometry (XRD) with Cu-Ko radiation and
high-resolution transmission electron microscopy (HRTEM).
Thin foil specimens for HRTEM observations were prepared
by ion-beam milling with a liquid nitrogen-cooled stage.
Thermal stability associated with the glass transition temper-
ature (Ty), crystallization temperature (7,), supercooled
liquid region (AT, =T, —T,), enthalpy of supercooled
liquid (AHengo), melting temperature (7,,) and liquid (77)
temperature, was examined by differential scanning calo-
rimetry (DSC) at a heating rate of 0.33 K/s. Compressive
tests were performed on a material test system (MTS) at a
strain rate of 2.1 x 10™*s~! at room temperature using as-
cast glassy rods with a dimension of 1 mm in diameter and
2mm in length. Deformation and fracture behaviors were
examined by scanning electron microscopy (SEM). Micro-
hardness was determined by a Vickers hardness indenter with
a load of 200 g. Magnetic property of saturation magnet-
ization (Bs) was measured with a vibrating sample magne-
tometer (VSM) under an applied field of 800 kA /m.

3. Results

Cylindrical glassy alloy rods with diameters up to 5 mm
were formed in the Fe;4_;Ni,MogP19C7 5B, 5 alloy system in
the range of x =0 — 14.8at% by copper mold casting,
although crystalline phases were found in the 2 mm-diameter
rods for the alloys containing 14.8 at% Ni. X-ray diffraction
patterns of the Fe4_Ni,MogP10C75B25 (x =0,3.7,5,7.4,
11.1at%) glassy alloy rods in critical diameters (3, 5, 5, 4,
3 mm, respectively) for glass formation are shown in Fig. 1.
Only broad smooth peaks on the curves indicate the absence
of a crystalline phase in the specimens at the sensitivity of
XRD. Glassy structures of the bulk samples are further
confirmed with HRTEM examinations and comparisons of
the DSC curves between the ribbon and bulk samples. As one
example, DSC curves of the FegyNisMogP;9C75B 5 alloy
rods of 1 mm and 5mm in diameter and that of the glassy
ribbon are shown in Fig. 2. No appreciable differences in T,
T, and total heat release of the crystallization peaks (AH,)
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Fig. 1 X-ray diffraction patterns of Fe74_Ni,MogP10C75B2s (x =0 —
11.1at%) glassy alloy rods with their critical diameters for glass
formation.
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Fig. 2 DSC curves of FegNisMogP;9C75B, 5 alloy ribbon and rods with
diameters of 1 and 5 mm.

can be recognized, indicating they have the similar glassy
structure. The HRTEM examinations on the 5Smm rod of
FegoNisMogP19C75B> 5 alloy show that the dark-field trans-
mission electron micrograph (Fig. 3(a)) is featureless and the
selected area electron diffraction (SAED) pattern (Fig. 3(b))
consists only of halo rings, which is inherent for amorphous
phase.

DSC curves of the bulk Fe7s NiyMogP;oC75Bss5 (x =
0,3.7,5.0,7.4,11.1 at%) glassy alloys with 2 mm-diameter
rods are shown in Fig. 4. It can be seen from the curves that
all of these alloys exhibit a distinct glass transition followed
by crystallization and melting. The T, T, AT, and AHcygo
(indicated by area of endothermic peak of suppercooled
hquld) of the FC74M06P]0C7'5B2‘5 alloy are 711 K, 749 K,
38K and 2.02]/g, respectively. AH.nq, is defined as an
integration of enthalpy difference between glassy solid and
supercooled liquid by temperature range from 7, to 7. It may
be considered that thermal stability of the supercooled liquid
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Fig. 3 High-resolution transmission electron micrograph (a) and selected-
area electron diffraction pattern (b) of the cast FegoNisMogP9C75B2 s
alloy rod with a diameter of 5 mm.
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Flg 4 DSC curves of the bulk FC74,XNixMO6P10C7‘5B2‘5 (x = 0, 3.7,
5.0,7.4,11.1 at%) glassy alloys with 2 mm-diameter rods.

against crystallization increases with increasing AHeyqo. For
the glassy alloys with Ni content of 3.7-11.1 at%, T, and T,
decrease from 713 to 698K and from 747 to 739K,
respectively, and AT, and AH.yq, increase from 34 to 41 K
and from 2.7 to 5.75J/g, respectively. Larger AT, and
AH,n40 could be regarded as an indicator of higher GFA of
alloys'3-!7) for their implication of greater capability against
nucleation and growth of crystalline for super-cooled liquid,
therefore, value trends of above AT, and AHg,g, might
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Fig. 6 Hysteresis B-H curves of Fess_Ni;MogP10C75B2s (x=0,3.7,

Fig. 5 Compressive stress-strain curves of  bulk glassy
5.0,7.4,11.1at%) glassy ribbons.

Fe74_NiuMogP(C75Bss (x =0,3.7,5.0,7.4,11.1 at%) rods with a di-
ameter of 2 mm, inserted with local magnified curve for the alloy with
11.1at% Ni.

Besides high strength and large plastic strain, high
microhardness and good soft magnetic properties are also
achieved by Feysy_Ni,MogPoC75B,5 (x=0,3.7,5.0,7.4,
11.1 at%) alloys. The microhardness decreases from 1060 to
890 for these alloys as their Ni content varies from 0 to
11.1 at%. Magnetic properties can be illustrated by the
hysteresis B-H curves of these alloys in ribbons as shown in
Fig. 6. We can see from the curves that these alloys achieve
good soft magnetic properties represented by low coercive
force and high permeability. Their saturation magnetization
(Bs) decreases slightly from 1.02 to 0.9T as Ni content

increases from O to 11.1 at%.

indicate that the GFA of the alloys increase with in-
creasing Ni. Further more, as shown in Fig. 4, for
Fe74_xNi;MogP0C7 5B, 5 alloys with Ni content increasing
from O to 11.1 at%, T,, decreases from 1208 to 1179 K and T;
increases from 1255 to 1335 K, which results in the reduced
glass transition temperature Ty, (T/7;) decreases from 0.57
to 0.52 and y defined as T /(T + T;) decreases from 0.381 to
0.364. High T, and y are also representative criteria of
relatively high GFA.'8!9 The decrease of T, and y might
indicate that the GFA of the alloys decrease with increasing
Ni content. From these experimental results, we know that
the glass forming ability of Fe;s_,Ni,MogP;oC75B> 5 alloys

increases first and then decreases as Ni content, x, increases
from O to 11.1 at%, with its climax being reached at x that is From above results, we know that the alloys’ mechanical
between 3.7 and 5.0. This phenomenon shows that either A7,  properties change with Ni element content regularly. For
and AHepgo or Trg and y can not illustrate the GFA of present  example, the plasticity of present Fe-based glassy alloys is
glassy alloys solely. The maximum GFA obtained at certain  enhanced by increasing Ni element, the addition of which
element content is in agreement with our previous simulation  also results in the loss of strength. These effects are
results.”” That is to say, the non-crystalline structures may  considered to relate to the bonding nature among the
have the largest growth rate during rapid solidification for  constituent elements atoms of alloys. The weaker bonding
Fe74_xNi;MogP9C7 5B 5 alloys with Ni content between 3.7  nature implies lower energy barrier for atom diffusion and
and 5.0, which result in the highest GFA of these alloys. decreased viscosity of alloys, and makes the atoms much
Further investigations on the mechanical properties of easier to rearrange, which results in enhanced ductility and
present Fe-based BMGs show that they vary regularly with  decreased yield strength. For the Fe-Ni-Mo-P-C-B BMG:s,
increasing Ni element. Compressive stress-strain curves of  the bonding in them might become weaker by partial
substitution of transition element of Ni for Fe. This effect

the Fes4_Ni,MogPoC75B25 (x =0,3.7,5.0,7.4,11.1 at%)
glassy alloys are shown in Fig. 5, inserted with local can be understood with three viewpoints, i.e., the electrons

magnified curve for the alloy with 11.1at% Ni. It can be
seen that the alloys exhibit obvious elastic strain, followed by
large plastic strain before fracture. With Ni content, x,
increasing from O to 11.1, the plastic strain increases from
2.2% to 4.0%, while the yield strength and fracture strength
decrease from 3330 to 2780MPa, and from 3400 to
3120 MPa, respectively, which implies that enhancing plas-
ticity by adjusting the composition of alloys is followed with
the loss of some strength. Similar to the Fe-Mo-P-C-B alloy

4. Discussion

transferring between the constituent elements, mixing en-
thalpy of the atomic pairs, and the glass transition temper-
ature of glassy alloys, which are discussed respectively in
detail below.

Chen et al.?'?? have pointed out that an s-d hybrid
bonding could form by electrons transferring from the
metalloid elements, such as P and B, to fill the d shells in
the transition metal elements, such as Fe and Ni. The
numbers of 3d band electrons in Fe is 6, while that of Ni is 8,

system,'¥ the large plasticity of present alloys attributes to  so that the fraction of empty shell of 3d band will be reduced
for the substitution of Ni for Fe in our alloys. The number of

high density of shear bands formed during compression. The
fracture surface exhibits a typical vein pattern, which is the  s-d hybrid bonding will decrease for reduction of empty shell
characteristic of ductile feature of BMGs. of 3d band, which results in the weaker bonding between
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atoms in alloys. Therefore, we can deduce that bonding
nature in our alloys should be reduced for increasing Ni
content.

The bonding nature among the constituent elements could
also be illustrated with the mixing enthalpies of the atomic
pairs. The mixing enthalpies of Fe-P, Fe-B, and Fe-C atomic
pairs are —41, —11, 40 kJ/mol, respectively, and that of Ni-P,
Ni-B, and Ni-C atomic pairs are —26, —9, 51kJ/mol,
respectively.?? It is noticeable that the mixing enthalpies of
atomic pairs with Fe element are more negative than those of
atomic pairs with Ni element. The more negative mixing
enthalpy indicates the stronger atomic interaction, therefore,
the substitution of Fe with Ni in present alloy system is
assumed to weaken the bonding between the constituent
elements.

Lower Ty is also a denotation of weak atomic interaction,
so that it has the same trend as bonding nature, and we
assume that glassy alloys with lower T, correspond to weaker
bonding nature. In our present Fe-Ni-Mo-P-C-B alloy with
increasing Ni element, T, decreases from 713K to 698 K,
which is in agreement with the depression of strength. The
same trend of bonding nature and T is further validated by
the evident serrated flow characteristic on the compressive
stress-strain curve of glassy alloy as Ni content increases to
11.1 at% (as shown in Fig. 4). Wei et al.® found that serrated
flow characteristic on the load-displacement curves of BMGs
during nanoindentation related tightly to the 7,. Johnson et
al.’> deduced that lower T, related to depressed plastic
yielding of metallic alloys, and Wang et al.?® have also
suggested that BMGs with T, close to room temperature are
prone to exhibit room temperature ductility. These results
agree well with our assumption.

5. Conclusions

Bulk metallic glasses with critical diameters up to 5 mm
were synthesized in Fe-Ni-Mo-P-C-B system by copper
mold casting. Analyses indicate that either AT, and AHpgo
or Ty, and y can not be used to illustrate the GFA of ob-
tained alloys solely. With increasing Ni element in
Fe74_xNi;Mo¢PoC75B, 5 alloys, the plasticity increases,
while the yield strength and Vicker’s mircrohardness decline,
which implies that enhancing plasticity by adjusting the
composition of alloys is followed with the loss of some
strength. Serrated flow of compressive stress-strain curves,
indicating ductile characteristic of alloy, are found to be more
obvious as Ni content reaches at 11.1 at% and T, decreases to
698 K in present alloy system. The regular mechanical
properties of obtained BMGs with increasing Ni element are
illustrated by the bonding nature between the constituent
elements. The comprehensive excellent properties of these
Fe-based ferromagnetic bulk glassy alloys imply their

extensive application as new structural and functional
materials.
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