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The Effect of Structural Changes on the Functional
Properties of FeessCraMosGasP12CsBss Bulk
Metallic Glass
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Abstract: The ferromagnetic FegssCraMosGasP1,CsBs s bulk metallic glass rods
of 1.8 mm diameter were prepared prepared by the copper-mold casting technique.
As-quenched and successive furnace annealed samples were examined by thermal
analysis (DTA), X-ray diffraction (XRD), thermomagnetic, coercivity, and
hardness measurements. The wide supercooled liquid region ATy of 57 K and
reduced glass transition temperature T, of 0.57 indicate enhanced glass forming
ability and high thermal stability against crystallization. After the third annealing
at 673 K the most intensive stress relief is followed by an increase in the magnetic
permeability of 23%, an increase in the Curie temperature (to 558 K), and an
improvement in coercivity of about 40%. Coercivity abruptly increases after
thermal treatment at 773 K, indicating the presence of crystalline inclusions that
hinder stress relief. The XRD pattern of the rod annealed at 873 K shows several
intermetallic compounds formed by crystallizing the amorphous phase, such as
B4sB2C,, and iron-based compounds Fe;Mo4C and FesB. The rods were explored
for the increase in hardness which evolved due to stress relief and after
transformation from the amorphous into crystalline phase.

Keywords: Iron-based alloys, Bulk glassy rods, Successive annealing, Magnetic
permeability, Coercivity, Hardness.

1 Introduction

The improvement of a few empirical principles of synthesis of bulk metallic
glasses (BMGs) and advanced methods for estimation of increased glass forming
ability (GFA) has enabled the preparation of iron-based alloys with very low
critical cooling rates of just a few hundred K/s [1]. The maximum casting
thickness up to about (4—16) mm for iron-based BMGs of the amorphous alloy
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systems Fe-(Cr,Mo0)-(C,B)-Mn [2], Fe-Cr-Mo-(Y,Ln)-C-B [3], and Fe-
(Co,Cr,Mo0)-(C,B)-Y [4] were successfully achieved by melting, casting, and
copper mold injection methods [5, 6].

Iron-based BMGs have been the subject of scientific research due to their
unique properties (chemical, physical, and structural). They have attracted
commercial interest, as they are generally more profitable than other BMG alloys.
Developments during the last two decades have generated many alloys of various
compositions that exhibit exceptional combinations of functional properties:
excellent soft magnetic properties, high strength, and hardness together with
increased corrosion resistance [7—13].

The BMG Fegs sCraMo4GasP12CsBs 5 alloy has been the focus of our research
due to its excellent soft magnetic properties and improved mechanical properties
[14 — 16] compared to other Fe-based BMG alloys. In this alloy system, the role
of Mo and Cr is to increase hardness and provide high corrosion resistance, while
the metalloid combination (P, C, B) facilitates amorphous structure formation
[16]. Namely, iron-based BMGs usually pose low coercive field (Hc < 100 A/m),
very high values of maximum magnetic permeability (um > 10%), low magnetic
losses, as well as relatively high hardness of about 1042-1400 HV [17-19].

The structure of amorphous alloys is thermodynamically unstable and
exhibits the potential for relaxation, as well as for partial or complete
crystallization during heat treatment. Therefore, knowledge of the thermal
stability and thermal prehistory of the alloy sample is crucial to the successful
application of BMGs as multifunctional materials [20 — 22]. The structural, and
therefore physical properties of ferromagnetic BMGs, are notably dependent on
thermal or combined thermo-magnetic treatments which can lead to improved
properties of the material, as the result of the transformation of the starting
amorphous structure.

This study examines the effect of structural changes on the functional
properties of FesssCraMosGasP12.CsBs 5 alloy rods due to the heating runs with an
increase in annealing temperature. Specifically, the objective was to evaluate the
effect of successive thermal treatments on the structural relaxation, crystalli-
zation, magnetic, and mechanical features of FeessCraM0sGasP12CsBss BMG
samples, researching for a correlation between structural changes and evolving
properties of the rods.

2 Experimental

The molten FeessCraMosGasP12CrsBss alloy was cast into a copper mold
under an argon protective atmosphere to prepare BMG rods with a diameter of
1.8 mm and about 70 mm in length [14, 20], as shown in Fig. 1.
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1 2 ", Y o

Fig. 1 — As-cast Fess5CrsM0sGasP12,CrsBss BMG rods — 1.8 mm
in diameter and about 70 mm in length.

The structure of the as-cast sample and structural transformations induced by
annealing were investigated by X-ray diffraction (XRD) analysis — PHILIPS PW-
1050 device using Cu-Ka radiation (A = 0.154 nm).

The thermal stability of the alloy in the temperature range between 300 K
and 873 K was examined by differential thermal analysis (DTA) using a
SHIMADZU 50 instrument under a protective nitrogen atmosphere.

The modified Faraday method was used for thermomagnetic measurements
[23, 24]. Changes in normalized magnetic permeability in the temperature range
from 300 K to 873 K, as well as resulting structural changes and increase in Curie
temperature (T¢) were examined. Magnetic force during heating was measured
by a SARTORIUS balance (with a sensitivity of 107 N) on samples positioned in
a solenoid at the magnetic field strength of about 10 kA/m. Magnetic properties
were also tested by measuring sample coercivity Hc before and after annealing
using a FOERSTER coercimeter.

The rod samples were examined for microstructural changes and hardness as
well. The microstructure was observed by a REICHERT POLIVAR-MET optical
microscope equipped with a LEICA Q-500-MC Image Processing and Analysis
System, and SEM analysis was performed by a JEOL JSM 5300 scanning
electron microscope. Hardness was investigated using a REICHERT device,
according to the Vickers method HV: (load of F = 9.81 N).

3 Results and Discussion

3.1 DTA analysis

Results of the DTA analysis of an as-prepared (non-annealed)
Fess5CraMosGasP12.CsBssBMG rod sample are presented in Fig. 2. Three
different events were observed: (1) ferromagnetic to paramagnetic transition
denoted by Curie temperature (T¢), (2) transition from the amorphous state to the
supercooled liquid state denoted by glass transition temperature (Ty) and (3)
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transition to the crystalline state denoted by crystallization temperature (Tx). The
Curie temperature was detected at the endothermic “A-peak” position, T = 537
K. Temperatures Ty and Tx were determined as the onset of endothermic and
exothermic processes, respectively, and the temperature T, is denoted as a
crystallization peak event.
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Fig. 2 — DTA thermogram of as-prepared (non-annealed) rod of the
Fess 5CraMo4GasP12.CsBs 5 alloy with the diameter of 1.8 mm (notice the wide
supercooled liquid region ATy = Tx — Tq = 57 K), heating rate 20 K/min.

The thermogram shows that, in the temperature range between glass transition
temperature, Tg and crystallization onset temperature Ty, ATx=Tx—Ty=(810-753)K,
ATx=57 K, the alloy exhibits a relatively wide supercooled liquid region ATy
followed by crystallization [11, 12, 14]. In the temperature range from 810 K to
862 K, there is a very intensive exothermic event caused by the crystallization of
the alloy, with a peak temperature of Tp=846 K

The maximum diameters of the samples (dmax), glass transition temperatures
(Tg), crystallization temperatures (Tx), supercooled liquid regions (ATy), and
reduced glass transition temperatures (Tg) for the most common Fe-based BMG
systems are given in Table 1.

The addition of the transition metals Hf (0-8%) [26], Ni (0-5 %) [18], and
Cu (0-1%) [19] has no significant effect on the supercooled liquid region (Table
1). The addition of 7% Tb to the (Fe72M04B24)100-xThx alloy (X = 4, 5, 6, 7) leads
to an increase in glass transition temperature Tq= (856 —927) K [17], just as the
addition of 3% Hf increase glass transition temperature T4 = (855-928) K in the
F661COGZI'8.XfoM07515A|1Y1 aIon (X = 0, 3, 5, 6, 8) [26]
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Table 1
Thermal properties of Fe-based BMG rods with diameters of (2 — 16) mm.
ALLOY (ﬂ;“r;x) X | To(K) | Tx(K) | ATx(K) | Tw |Ref.
4 856.0 | 944.0 87.9 0.62
(Fe72Mo04B24)100-x Thx 2 5 847.9 | 952.0 104.1 | 0.61 [17]
(x=4,5,6,7) 6 911.2 | 960.0 48.4 0.66
7 927.0 | 966.3 39.3 0.67
. 0 731 797 66 0.58
(Fe‘;({\'(;_x)gli\"‘ﬁgggmBz 3 [04 [ 720 | 786 | 66 | 057 |[25]
(x=0;0.1a 2), 0.2 707 762 55 0.58
0 855 947 62 0.57
Fes1C06ZrsxHfxMo7B1sAlLY 1 2 3 928 978 50 0.61 [26]
(x=0, 3,5, 6, 8) 5 918 978 60 0.60
8 907 968 61 0.60
0 846 898 52 0.58
Fe41C0o7-xNixCrisM014C15Bs Y2 3 1 846 889 43 0.58 (18]
(x=0, 1, 3,5) 3 841 893 52 0.58
5 841 892 51 0.58
2 0 816 856 40 0.60
(Feo.36C00.36B0.192Si0-048Nb0.04)100xCux | 25 | 0.5 | 791 830 39 0.58 [19]
(x=0; 0.5; 0.75; 1) 3 |07 767 818 51 0.56
2,5 1 772 815 43 0.57
Fe41C07CrisM014C15Bs Y2 16 838 876 38 0.58 | [4]
(Fe44.3CrsCosM012.8Mn12.2C15.8Bs.9)9s5Y15| 12 8355 | 877 415 | 0.57 |[27]

The critical diameters of the Fe-based BMG systems provided in Table 1 are
about (2—3) mm, except for the Y-containing alloys with rod diameters of 16 mm
in  FesnCo7CrisMo014C1sBeY2 [4], as well as about 12 mm in
(Fe443CrsCosM012.8MnN122C15.6Bs9)ess Y15 [27]. The Fe-based BMG systems
listed in Table 1 have relatively high values for reduced glass transition
temperature (0.56 < T,y <0.66) and supercooled liquid region width (ATy), thus
reliably indicating the high thermal stability of the undercooled liquid. The
relatively high values for reduced glass transition temperature (Tyg =Tg/ Tiiq=0.57,
Tg=753 K, Tiig=1330 K [14]) and supercooled liquid region width (ATx = 57 K)
in Fegs sCraMosGasP12CsBs s BMG indicate good GFA and high thermal stability
of the undercooled liquid relative to the process of crystallization.

The good GFA criterion implies large maximum diameters dmax and low
critical cooling rate during melt casting. Therefore, GFA can be estimated by the
mentioned temperatures Tq, Ty, and liquidus temperature Tiiq. The investigated
Fess sCraM04GasP12CsBss BMG alloy can be characterized by several GFA
parameters: o= Tx / Tiig=0.612; y=Ty/(Tg+ Tiiq) = 0.391; 8 = Tx/ (Tiiq— Tg) =1.411.
The values of these three GFA indicators are in the range of Pd-Cu-Si (dmax=2 mm)
and Mg-Ni-Nd (dmax = 3.5 mm) ternary glass-forming systems [28, 29].
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3.2 XRD analysis

The XRD pattern of the as-prepared rod in Fig. 3a shows a broad maximum
around 20 ~ 44 °, i.e. an amorphous structure of 1.8 mm diameter rod is observed.
The analysis of diffraction patterns presented in Fig. 3b and 3c shows that the
XRD pattern of the rod sample annealed at 673 K (Fig. 3b) is quite similar to that
of the as-prepared sample in Fig. 3a. As observed, there are no pronounced crystal
phases and the presence of the weak boron reflections is probably due to the
remaining inhomogeneity that evolved during the pre-alloy melting. Therefore,
the rod sample annealed at 673 K for t = 10 min retains its amorphous structure.
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Fig. 3 — XRD patterns of Fegs 5CraM04GasP1,CsBss BMG 1.8 mm diameter rods:
(a) as-prepared sample and samples annealed for 10 min at (b) 673 K and (c) 873 K.

The comparison between the XRD patterns in Figs. 3a and 3c reveal that
annealing at 873 K results in partial crystallization of the amorphous phase. The
XRD pattern of the rod sample annealed at 873 K shows several diffraction peaks
caused by the crystallization of the amorphous phase (Fig. 3c). Some inter-
metallic compounds have been formed, such as BssB>C,, and iron-based
compounds Fe:Mo4C and FesB. This behavior is typical of iron-based BMGs
which undergo intensive crystallization during annealing in the region near
crystallization temperature, resulting in numerous intermetallic compounds
[10, 11, 14].

3.3. SEM analysis

The results of the SEM analysis of the FesssCraMosGasP12.CsBss BMG
sample are presented in Figs. 4. and 5. As shown by analysis of SEM images,
upon annealing at 773 K, the amorphous matrix of the sample undergoes partial
crystallization, resulting in the evolution of a large number of grains about
(0.5-1.5) um and several irregularly shaped grains (2—5) um in size (Fig. 4b).
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Fig. 4 —SEM images of a 1.8 mm-diameter rod of Fegs5CrsM04GasP12CsBs 5
BMG annealed at 773 K: (a) the whole cross-section, and
(b) part of the crystallized microstructure.

The rod sample annealed at 873 K shows intensive crystallization in the
amorphous matrix through the formation of a large number of homogenously
distributed grains mostly spherical in shape with a size of (0.15—0.75) um, and
several irregularly shaped grains sized (1.5—3.5) um (Fig. 5b).

(b)

Fig. 5 — SEM images of a 1.8 mm-diameter rod of Fegs 5CrsM04GasP12CsBs 5
BMG annealed at 873 K: (a) the whole cross-section, and
(b) part of the crystallized microstructure.

The analysis of the SEM images shows intensive crystallization of the
amorphous matrix after annealing. This is in agreement with the XRD results
(Fig. 3c), with a set of diffraction peaks attributed to FesB, BsB2C>, and Fe;Mo4C
resulting from crystallization. The wide distribution of grain shapes and sizes
complies with the microstructures of other iron-based BMGs [20, 30, 31].
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3.4. Thermomagnetic analysis

The results of thermomagnetic measurements after the first annealing at a
temperature of 473 K, exhibit that the magnetic permeability of the sample cooled
to the room temperature remains unchanged, i.e. there are no structural changes
that induce changes in magnetic permeability (therefore p,- normalized magnetic
permeability defined as p (473 K)/ n (293 K) = un (473 K) = 1). The diagrams in
Fig. 6 show the temperature dependence of normalized magnetic permeability of
Fess5CraMosGasP12CsBss BMG rod sample after successive annealing at 573 K
(second), and 673 K (third) for 10 min. Structural relaxation leads to the
annihilation of mechanical microstrains and structural defects, and therefore there
is a partially relaxed amorphous structure. The magnetic structure is with the
improved mobility of the magnetic domain walls, and enhancing magnetization
orientation in the external magnetic field. Therefore, an increase in the
permeability of the cooled sample after the second annealing at 573 K up to 110%
was observed compared to the initial as-cast structure (Figs. 6a and 8). Also,
structural relaxation causes a slight change in Curie temperature, from 543 K to
553 K, Fig. 9, (I-11). After the third annealing at 673 K more intensive structural
relaxation is followed by the next increase in the permeability of the cooled
sample of 123% (Figs. 6b and 8), as well as the next change in Curie temperature
to 558 K, Fig. 9, (I11).
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Fig. 6 — Normalized magnetic permeability of Fess sCraMosGasP12CsBs s
BMG 1.8 mm diameter rod sample vs. temperature after
successive annealing for 10 min at (a) 573 K, and (b) 673 K.
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The diagrams in Fig. 7 show the temperature dependence of normalized
magnetic permeability of FegssCraMosGasP12.CsBss BMG rod sample after the
next two successive annealing at 773 K (fourth), and 873 K (fifth) for 10 min.
During the heating up to 873 K, the magnetic permeability remains constant up
to Curie temperature, but the permeability of the cooled sample after the
annealing at 773 K is about 23% lower (Figs. 7a and 8) than the maximum
permeability achieved after the annealing at 673 K. This decrease in permeability
after the fourth annealing at 773 K is due to grain nucleation. This trend of
deterioration of soft magnetism after the annealing at 873 K is due to the onset of
crystallization evidenced by evolved intermetallic compounds and Fe-based
compounds according to the presented XRD pattern in Fig. 3c.
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Fig. 7 — Normalized magnetic permeability of Fess sCraM0sGasP1,CsBs 5
BMG 1.8 mm diameter rod sample vs. temperature after
successive annealing for 10 min at (a) 773 K and (b) 873 K.

The crystal grains act as pinning centers for the movement of the magnetic
domain walls and permeability decreases (un (873 K) =~ 0.78) as a result of
magnetic hardening [32]. Therefore, upon crystallization and evolution of new
compounds, a very high increment in the Curie temperature to 713 K on Fig. 9,
(V) and a significant decrease in magnetic permeability occur (Figs. 7b and 8).

However, after annealing the sample at a temperature of 773 K, an increase
in the normalized coercivity Hcnor Was observed, even by about 30 times. The
nucleation process and the evolution of crystal grains cause an increase in the
coercivity, which follows the results of the previous research on the magnetic
properties of the (Fe,Nb)-(Al,Ga)-(P,C,B) BMG system [32]. Namely, the grains
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act as centers of pinning of magnetic domains and, by making the process of
magnetization more difficult, lead to deterioration of soft magnetic properties
[14, 32]. The increase of the annealing temperature up to the 873 K is followed
by a further increase of coercivity (Hcnor ~ 55) due to the simultaneous
precipitation of several compounds upon crystalization with more intensive
diffraction peaks as it is observed from the XRD pattern on Fig. 3c.
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Fees.5CraMosGasP12.CsBs s BMG 1.8 mm diameter rod sample
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Fig. 9 — Curie temperature vs. annealing temperature of Fegs sCrsM04GasP12.CsBs 5
BMG 1.8 mm diameter rod sample after successive thermal treatments.
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Fig. 10 — The normalized coercivity vs. annealing temperature of
Fe55,50r4Mo4Ga4P120585,5 BMG 1.8 mm diameter rod
sample after successive thermal treatments.

3.5. Structural and mechanical analyses

Fig. 11 shows the microstructures and hardness HV; testing of the
Fess 5CraMosGasP12.CsBss BMG sample before, and after annealing (773 K and
948 K). In the as-cast sample, hardness was about HV; =713 (Fig. 11a). Upon
annealing the microstructure shows the transformation from amorphous (pristine
sample) to microcrystalline (annealed) structure. The first event of nucleation,
shown in Fig. 11b, was noticed after the fourth annealing at 773 K.

L

.

soum ]
() (b)

Fig. 11 — Microstructures and hardness testing of Fe65.5Cr4Mo4Ga4P12C5B5.5
BMG 1.8 mm diameter rod sample: (a) as-cast, and (b) annealed at 773 K.
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: o :

Fig. 12 — Microstructures (a) and hardness testing (b) of FesssCraM04GasP12CsBs s
BMG 1.8 mm diameter rod sample annealed at 948 K.

The microcrystalline structure presented in Fig. 12a and 12b is homogenous
over the whole sample surface, and the crystallization process at 948 K is
accompanied by an increase in hardness up to about HV; =1086.

4 Conclusion

In this paper, structural, magnetic, and mechanical properties of the
ferromagnetic Fees sCraMosGasP12CsBss BMG rods of 1.8 mm diameter obtained
by copper mold casting were investigated.

DTA analysis showed that the alloy exhibits the features of supercooled
liquids over a wide range of temperatures (ATx = Tx — Tg =57 K). Moreover,
crystallization was observed to occur in the temperature range of 810 K to 860 K,
with the exomaximum peak at 846 K. XRD analysis revealed an amorphous
structure of the 1.8 mm diameter Fegs sCraM04GasP1,CrsBss BMG sample. The
same method has detected the change in structure from amorphous to
microcrystalline induced by annealing.

The increase in permeability of the cooled sample after successive annealing
runs compared to the initial as-prepared rod was examined. After the third
annealing at 673 K, the most intensive structural relaxation is followed by an
improvement in permeability of 123%, as well as an increase in Curie temperature
from 537 K to 558 K. The analysis of the effect of annealing on coercive field
values showed that annealing below the crystallization temperature improved
Hcnor., Which increased after the onset of the crystallization process.

The transformation of the structure from the starting amorphous to the
resulting microcrystalline state was observed by SEM and microstructural
analyses. It was found that crystallization was accompanied by an increase in
hardness from about HV1 =713 in the amorphous state to about HV1 = 1086 in
the microcrystalline state.
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