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Effect of heat treatment on structure and
magnetic properties of Feg; ;Cr;Mo,Ga,P,C;B;;
bulk amorphous alloy
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Abstract: This study deals with the FegsCr,Mo,Ga,P,,CsBs s ferromagnetic bulk amorphous alloy. XRD analysis
showed an amorphous structure of the as-cast sample. The same method revealed that, after annealing at 973 K
for 7=10 min, the sample displayed a crystalline structure with crystalline phases formed. The crystallization process
of the alloy was examined by DTA analysis. It was shown that crystallization took place in the temperature range
between 810 K and 860 K with the exo-maximum peak temperature at 846 K with a heating rate of 20 K-min™.
The method also showed that, at temperatures ranging from 753 K to 810 K, the alloy exhibited the properties
of supercooled liquids. A correlation between heat-induced structural changes and magnetic properties of the
alloy was determined by thermomagnetic measurements. Maximum magnetization M=3.7 Am?*-kg” of the alloy
was reached after its annealing at 733 K for =10 min. Upon annealing, the alloy exhibited a relaxed amorphous
structure. Annealing the alloy above the crystallization temperature led to a decrease in bulk magnetization. After
annealing at 973 K for 7=10 min, the bulk magnetization of the alloy was M'=0.45 Am*-kg™. Accordingly, after
crystallization and formation of new compounds, the magnetization of the alloy was decreased by a factor of about
7.7. The strength of the magnetic field applied during the measurements was H=10 kA-m™. The samples were
tested for changes in the microstructure and hardness of both the amorphous phase and the resulting crystalline
phase.

Key words: bulk metallic glass; X-ray diffraction analysis; differential thermal analysis; thermomagnetic
properties; magnetization; hardness; microstructure
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he development of empirical rules for the synthesis
of bulk metallic glasses and methods for the
evaluation of increased affinity to amorphization has
enabled the production of alloys with a significantly
reduced critical cooling rate of several hundred K-s™" and
increased maximum casting dimensions of about 5—6

mm which generate an amorphous structure !,
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Iron-based bulk metallic glasses (BMGs) are of
significant scientific interest for their exceptional
physical, chemical, mechanical and structural properties
9 Moreover, they are commercially very important
as they are significantly more cost-effective than other
types of bulk amorphous alloys. An extensive range
of new alloys of diverse compositions exhibiting a
unique combination of physical properties such as
high strength, hardness, corrosion resistance and soft
magnetic properties have been developed """,

The Fe-Cr-Mo-Ga-P-C-B BMG system has been
studied due to the combination of superb soft magnetic
characteristics and improved mechanical and corrosion
properties compared to other iron-based systems '),
In the Fe-Cr-Mo-Ga-P-C-B system, the presence of Mo
and Cr ensures improved casting hardness and good
corrosion properties, while the addition of non-metals
(C, B, P) contributes to the formation of an amorphous
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structure ",

Fe-based BMGs have attracted much attention due to their
good soft magnetic properties characterized by low coercive
force (H,<100 A-m™), high maximum value of relative magnetic
permeability (u,>10%), a small area of the hysteresis loop i.e.
low magnetic losses, and high hardness "',

The amorphous structure of the material is thermodynamically
unstable and highly susceptible to structural relaxation and
partial or complete crystallization during thermal treatment. This
requires knowledge of the thermal stability of the alloy structure
at different temperatures ',

Physical, mechanical and structural properties of BMGs are
significantly dependent on thermal or combined thermal and
magnetic treatment resulting in materials exhibiting improved
properties, as induced by the transformation of the starting
amorphous structure.

The present work focuses on the effect of structural changes
on the magnetic properties of Fe-based BMGs during and after
isothermal annealing at different temperatures. The effect of
heat treatment on the structural relaxation, crystallization and
magnetic properties of Feg ;Cr,Mo,Ga,P,,C;B;s alloy were
examined in order to associate structural changes to the resultant
properties of the alloy.

1 Experimental procedure

The Fe; sCr,Mo,Ga,P,,Cr;B; s BMG was cast into copper molds
under a protective argon atmosphere to produce cylinders of 1.8
mm diameter. The amorphous structure of the as-cast sample
and structural transformations of the samples after multiple
annealing runs were identified by XRD analysis - PHILIPS
PW-1050. The thermal stability of the amorphous structure
and structural changes during heating at temperatures ranging
between 293 K and 873 K were tested by the DTA analysis
using a SHIMADZU 50 analyzer (Japan) under a protective
nitrogen atmosphere.

Thermomagnetic measurements were performed using the
modified Faraday method in the temperature range 293 K to
973 K. The strength of the magnetic field applied during heating
and isothermal annealings was 10 kA-m". Magnetic force was
measured by a SARTORIUS balance having a sensitivity of 10”7
N. All thermomagnetic measurements were made in an argon
atmosphere.

The samples were tested for microstructural changes and
hardness. The microstructure of the samples was examined by a
POLY VAR MET/REICHERT optical microscope equipped with
a LEICA Q 500 MC automatic image analysis device. Hardness
was measured by a Reichert device at a load of HV1 (F =9.81 N).

2 Results and discussion

2.1. Results of XRD analysis

The diagram in Fig. 1 shows X-ray diffraction patterns of
Fess sCryMo,Ga,P,,C;Bss BMG samples: a) non-annealed
sample, b) sample annealed at 7= 673 K for t=10 min,
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Fig. 1: X-ray diffraction patterns of Feg sCr,Mo0,Ga,P,CsB:; 5
BMG samples: a) non-annealed, b) annealed at
T=673 K, c) annealed at T=873 K and d) annealed at
T=973 K

c¢) sample annealed at 7=873 K for =10 min, and d) sample
annealed at 7=973 K for 7=10 min.

The analysis of the X-ray diffraction patterns presented in Fig. 1.
indicates that no pronounced crystalline phases are observed in
the X-ray diffraction pattern of the non-annealed sample (Fig.
la). The X-ray diffraction pattern of the sample annealed at
973 K for =10 min (Fig. 1d) shows intensive diffraction peaks
which are due to the crystallization of the amorphous phase and
the formation of several iron-based compounds such as B,B,C,,
Fe,B and Fe,C. Comparison of the X-ray diffraction patterns
in Figs. 1a and 1d for non-annealed and annealed samples,
respectively, reveals an amorphous structure of the non-annealed
sample.

X-ray diffraction in Figs. 1b and 1c shows that the diffraction
pattern of the sample annealed at 673 K (Fig. 1b) is very similar
to that of the non-annealed sample (Fig. 1a). Weak boron
reflections observed in the same figure are most likely due to the
inhomogeneity of the system during the melting of the pre-alloy.
This shows that the sample of the tested alloy annealed up to
673 K for =10 min retains the amorphous structure.

The diffraction pattern of the alloy sample annealed at 873 K
for 7=10 min (Fig. 1¢) shows clearly pronounced diffraction
peaks induced by the crystallization of the amorphous phase
and the formation of the iron-based compounds Fe,B, Fe,Mo,C
and B,B,C,. A comparative analysis of the diffraction patterns
presented in Figs. 1c and 1d suggests that annealing at 873 K leads
to partial crystallization of the amorphous phase. Annealing
the alloy sample at 7=973 K for =10 min results in a multiple
increase in diffraction peak intensities (Fig. 1d), with changes in
phase relationships in the alloy and the formation of new Fe,C
compound concurrently occurring.

The decline in magnetization after annealing at temperatures
above 793 K was most likely induced by the increase and
change in the proportion of particular phases in the alloy. The
analysis of X-ray diffraction patterns for annealed samples
indicates that after annealing at 973 K, the Fe,Mo,C phase
disappeared and B,,B,C, phase decreased, with B and C atoms
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binding Fe ions into Fe;B and Fe,C phases, respectively, which
most likely contribute to the decline in magnetization.
2.2. Results of DTA analysis

Results of DTA analysis of the non-annealed Fe,; ;Cr,Mo,Ga,P,,C,B;
BMG sample are presented in Fig. 2.
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Fig. 2: DTA thermogram of non-annealed Fey; ;Cr,Mo,Ga,P,,C:B:; 5
BMG sample with a wide supercooled liquid region (AT,=
57 K) and Curie temperature T, =530 K

The analysis of the thermogram presented in Fig. 2 shows
that in the wide temperature range A7, between glass transition
temperature 7, and crystallization onset temperature 7, (AT
=T,-T,= 810 K- 753 K =57 K) the alloy exhibits the
properties of supercooled liquids. The same thermogram shows a
small endothermic peak at a temperature 7.=530 K corresponding
to the Curie temperature. In the temperature range of 810 to
860 K, an intensive exothermic peak is observed, with 7=846
K as the temperature of the exo-maximum peak related to the
crystallization of the amorphous phase.

2.3 Results of thermomagnetic measurements

The results of bulk magnetization measurements of the
Fe¢ssCry,Mo,Ga,P,,C;Bs s BMG during multiple annealings of
the same sample are presented in Figs. 3a and 3b.

The results of thermomagnetic measurements illustrated in
Fig. 3a suggest that, after the first annealing at temperatures
up to 403 K, the magnetization of the cooled sample remains
unchanged M,=1.7 Am’-kg"'. Accordingly, during the first
annealing of the sample up to 403 K, there are no structural
changes that induce changes in magnetization.

During the second annealing up to 673 K, the magnetization
of the sample abruptly increases in the temperature range
between 403 K and 463 K. The abrupt increase in magnetization
is due to intense structural relaxation, with the thermal effect
leading to the annihilation of structural defects and mechanical
microstrain, resulting in the formation of a partially relaxed
amorphous structure.

The partially relaxed amorphous structure facilitates the
mobility of magnetic domain walls, enhances their orientation
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Fig. 3: Magnetization of Fey;sCr,Mo,Ga,P,,C;B;s BMG as a
function of temperature during multiple annealings
of the same sample

in the applied magnetic field, and allows an increase in the
magnetization of the cooled sample after the second heating up
to 673 K by 105.9% compared to the starting magnetization of
the non-annealed sample, M, = 3.5 Am*-kg"". The abrupt decline
in magnetization during the second heating at about 530 K is
due to the thermal effect. In ferromagnets, the thermal effect
(motion) competes against the orienting field of the exchange
interaction striving to direct magnetic moments to align in
parallel. At higher temperatures, the thermal effect results in
spin ordering destruction and loss of ferromagnetic properties.

After the third annealing up to 733 K, the magnetization of the
cooled sample reaches maximum i.e. M; = 3.7 Am’-kg", which
is an increase by approx. 117.6% compared to the magnetization
of the as-cast sample. The maximum magnetization value of the
cooled sample shows that annealing the sample at 733 K leads
to a fully relaxed amorphous structure.

During the fourth annealing up to 793 K, the magnetization
remains constant up to Curie temperature. However, the
magnetization of the cooled sample after the fourth annealing
at 793 K is M, = 3.35 Am’ kg, i.e. about 9.5% lower than the
maximum magnetization achieved after the third annealing at
733 K. The decrease in magnetization after the fourth annealing
at 793 K is due to nucleation and increased thermal stability of
the structure.

After the fifth annealing at 873 K, there is a substantial
decline in magnetization of the cooled sample by about 21%
compared to that of the starting sample, the value being M=
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2.92 Am>kg'. This result is completely correlated with XRD
results for the sample annealed at 873 K for = 10 min (Fig. 1c).
Therefore, the decline in the magnetization of the cooled sample
after annealing at 873 K is caused by partial crystallization
of the amorphous phase in the alloy and formation of new
compounds.

After the sixth annealing run at 903 K, the decline in the
magnetization of the cooled sample is M= 1.49 Am’ kg, i.e. a
59.7% decline compared to the maximum magnetization of the
sample having a fully relaxed amorphous structure.

The maximum decline in the magnetization of the cooled
sample occurs after the seventh annealing run at 973 K, its value
being M, = 0.45 Am’-kg", i.e. an 87.8% decline relative to the
initial value. This result is likewise completely correlated with
the results of XRD analysis of the alloy sample annealed at 973
K for =10 min.

The X-ray diffraction pattern in Fig. 1d shows intensive
diffraction peaks, thus confirming that the amorphous phase in
the alloy has completely transformed into a crystalline state with
simultaneous crystal grain growth. Accordingly, after annealing
at 973 K, complete thermal stability of the structure is obtained.

The high thermal stability of the crystalline structure and
large crystal grains indicate hampered orientation of magnetic
domains in the applied magnetic field and, hence, a decrease in
the magnetization of the alloy.

The diagram in Fig. 4 shows the magnetization of the cooled
sample of the Feg Cr,Mo0,Ga,P,,C;Bs5s BMG as a function of
annealing temperature during an annealing time of 10 minutes.

The analysis of the experimental results presented in Fig. 4
indicates that maximum magnetization is reached after annealing
at 733 K. Therefore, after annealing at 733 K, the sample
exhibits a fully relaxed amorphous structure ensuring maximum
mobility of magnetic domain walls and their maximum
orientation in the applied magnetic field.

The diagram in Fig. 5 shows the Curie temperature of the
Fe¢s sCr,Mo,Ga,P,C;Bss BMG as a function of annealing
temperature. The results of measurements presented in Fig. 5.
show that structural relaxation (annealing at 733 K) causes no
appreciable change in the Curie temperature.

The partial crystallization of the alloy (annealing at 793 K
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Fig. 4: Magnetization of cooled sample of Fey;sCr,Mo,Ga,P,,C;B; s

BMG as a function of maximum annealing temperature
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Fig. 5: A change in Curie temperature T, as a function of
maximum annealing temperature T,

and 873 K) causes a small increase in the Curie temperature
by approx. 5%. Upon crystallization (annealing at 973 K) and
formation of new compounds, a high increase in the Curie
temperature and an abrupt decline in magnetization occur.

2.4 Results of mechanical and structural
analyses

Figure 6 presents the microstructures of the tested sample and
hardness HV, measurements. The hardness of the non-annealed
sample was about HV, = 713. In the sample annealed up to
Tha= 973 K, the arrangement of the closer atomic structure
occurred in the regions that retained an amorphous state, with

Fig. 6: Microstructures and hardness measurements of
mechanical properties of Feg; ;Cr,Mo,Ga,P,,CsB; s
BMG sample annealed up to T,,.,= 973 K
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annealing increasing the hardness of the sample up to about HV,
~ 1,119 (Fig. 6a). In the crystallized regions, hardness values
were somewhat lower HV, =~ 766 (Fig. 6b) !,

3 Conclusions

(1) The analysis of XRD results shows that the
Fegs sCryMo,Ga,P,,Cr;B; s bulk metallic glass with a diameter
of 1.8 mm produced by copper mold casting has an amorphous
structure.

(2) DTA analysis reveals that the alloy in the wide temperature
range (AT, = T, — T, = 57 K) exhibits the properties of supercooled
liquids. The same method shows that the alloy crystallization
process takes place in the temperature range 810 K to 860 K, with
the exo-maximum peak temperature at 846 K. The results of
thermomagnetic measurements made during multiple isothermal
annealings of the same sample at different temperatures for =10
min are completely correlated with those of XRD and DTA
analyses.

(3) It has been shown that the maximum magnetization of the
cooled sample is reached after its annealing at a temperature
of 733 K, which is about 20 K lower than the glass transition
temperature. As experimentally determined, intensive structural
relaxation takes place in the temperature range of 403 K to 463 K,
leading to an abrupt increase in magnetization by about 105.9%
compared to the magnetization of the as-cast sample.

(4) At temperatures ranging from 463 K to 573 K, the final
stage of structural relaxation occurs, inducing a further increase
in magnetization by about 11.7%.

(5) Annealing the sample at temperatures above 733 K
causes a decline in the magnetization of the cooled sample. As
shown, annealing at 973 K causes a maximum decrease in the
magnetization of the cooled sample by about 89.2% compared
to that of the as-cast sample, as induced by the formation of new
compounds in the alloy with a further increase in the thermal
stability of the crystalline structure.

(6) Partial crystallization induced by heating at temperatures
above the crystallization temperature causes a significant
increase in hardness by about 57% in the regions that retained
an amorphous structure, as opposed to the somewhat lower
hardness values in the crystallized regions.
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