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Abstract: In the present work, comparisons of non-isothermal crystallization kinetics between
Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 high-entropy metallic glass (HEMG) and the predecessor
Fe75Cr5P9B4C7 metallic glass (MG) were performed with X-ray diffraction and differential scanning
calorimetry approaches. The HEMG possesses a harsher crystallization process compared with
the predecessor MG, deriving from a higher triggering energy for all the characteristic transitions
and local activation energy along with a smaller local Avrami exponent and a growth with pre-
existing nuclei. Meanwhile, the glass transition is the easiest process, but the nucleation of the
second crystallization case is the hardest transition for the HEMG. However, the predecessor MG
possesses distinctly different crystallization features of a moderate difficulty for the glass transition,
the harshest process for the growth transition of the second crystallization case, and a crystallization
of growth with a diverse nucleation rate. These results conclusively prove that the non-isothermal
crystallization kinetics can be significantly changed after the present high-entropy alloying with the
substitution of similar solvent elements Co, Ni, and Cr with Fe in Fe75Cr5P9B4C7 MG. Moreover, the
two alloys possess a strong glassy formation melt with high thermal stability and diverse crystallized
products after non-isothermal crystallization.

Keywords: high entropy; metallic glass; similar solvent element substitution; non-isothermal
crystallization; Avrami exponent; activation energy

1. Introduction

As typical metastable alloys, the metal–metalloid-type alloys of Fe-P-based high-
entropy metallic glasses (HEMGs) and the predecessor metallic glasses (MGs) normally
possess superior merits of excellent soft-magnetic properties, visible plasticity, outstanding
corrosion resistance, along with high strength and hardness, which are beneficial for the
flourishing of theoretical and engineered explorations of the alloys [1–7]. Nevertheless,
it is worth noting that the metastable alloys of HEMGs and MGs will natively change to
the stable crystalline counterparts, and it becomes less resistant at elevated temperatures,
ineluctably affecting the structures and performances of the alloys [1,2,8–17]. Consequently,
it is greatly imperative to research the crystallization behaviors or kinetics of HEMGs
and the predecessor MGs using different annealing strategies, as this can provide key
evidence for dissecting the formation of the alloys as well as the corresponding correlations,
controlling the structures and performances of the alloys and fabricating glassy crystalline
composites with prominent prospects [8–17].

Generally, research on the non-isothermal crystallization behaviors or kinetics for
various MGs is attracting more interest [1,8–17]. During the research, the alloys were
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continuously heated to a certain temperature until the completion of crystallization under
different heating rates, which was executed by differential scanning calorimetry (DSC).
Meanwhile, features of the crystallization behaviors are also evaluated by means of phase
characterization, Kissinger, Ozawa, Kissinger–Akahira–Sunose (KAS), Ozawa–Flynn–Wall
(OFW), and Vogel–Fulcher–Tammann (VFT). Accordingly, the crystallized phases and
typical parameters of energy (E) for triggering diverse transitions at typical temperatures,
the local activation energy, the local Avrami exponent, and the kinetic fragility parameter
for characterizing the non−isothermal processes can be obtained. However, the difference
of the non-isothermal crystallization kinetics between the Fe-P-based HEMGs and the
predecessor MGs are excessively disregarded. More importantly, the high-entropy alloying
effect through the substitution of similar solvent elements with Fe on the non-isothermal
crystallization kinetics is also lacking, which fails to do justice to the impressive properties
of these alloys.

In our recent research, a Fe-P-based HEMG Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 (at.%)
was synthetized from the predecessor Fe75Cr5P9B4C7 (at.%) MG by high-entropy alloying
with the substitution of similar solvent elements Co, Ni, and Cr with Fe. In comparison
with the predecessor Fe75Cr5P9B4C7 MG, the Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 alloy pos-
sesses superior merits, including a wider supercooled liquid region of about 58 K, more
outstanding corrosion resistance of undetectable weight loss in 1M HCl solution, and good
plasticity, with no fracture when bent 180◦, which makes it preferred as a novel advanced
HEMG. Therefore, the Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 HEMG (denoted as FeP−HEMG
in the following text) and the predecessor Fe75Cr5P9B4C7 MG (denoted as FeP−MG in
the following text) were separately studied as the Fe-P-based HEMG and the predecessor
MG in this work. Accordingly, the non-isothermal crystallization kinetics of the two alloys
were comprehensively researched by means of phase characterization, Kissinger, Ozawa,
KAS, OFW, local Avrami exponent, and VFT through X-ray diffraction (XRD) and DSC,
in order to reveal the features of the non-isothermal crystallization processes of the Fe-P-
based HEMG and the predecessor MG as well as the high-entropy alloying effects of the
substitution of similar solvent elements Co, Ni, and Cr with Fe on the properties.

2. Experimental Methods

The Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 and Fe75Cr5P9B4C7 master ingots were fused
from the combinations of pure metals (Fe, Co, Ni, Cr, C), FeP alloy (P: 24.98 and Fe: balance,
wt.%), and FeB alloy (B: 20.85, Si: 0.34, C: 0.079, P: 0.023, Al: 0.054 and Fe: balance, wt.%) in
a vacuum induction furnace. Ribbons were produced by melt spinning with a Cu-wheel
rotating at about 3200 r min−1; the wheel was about 2 mm wide and 20 µm thick. Structures
for the as-cast and the non-isothermal devitrified ribbons were characterized using XRD
(D2 PHASER Gen2, Cu−Kα radiation) under room temperature. The non-isothermal
crystallizations for the FeP−HEMG and the predecessor FeP−MG were performed by DSC
(METTLER−TOLEDO TGA/DSC1) in an argon atmosphere with similar experimental
procedures. In detail, the alloys were annealed until the completion of the crystallization
by continuous heat with rates from 0.167 K s−1 to 0.833 K s−1, separately. Meanwhile, the
starting and final temperatures for non-isothermal cases are, respectively, about 200 ◦C or
473 K and 800 ◦C or 1073 K, and the temperature increases once every second.

3. Results and Discussion
3.1. Structure Characterization

Figure 1a,b separately display the XRD curves for the as-cast and non-isothermal
annealed ribbons of FeP−HEMG and the predecessor FeP−MG. It exhibits a broad halo
rather than sharp diffraction peaks of crystalline phases on the XRD pattern for both of the
as-cast ribbons, which indicates an amorphous structure. It also displays in Figure 1a that
the XRD patterns of the non-isothermal crystallized FeP−HEMG under heating rates from
0.167 K s−1 to 0.833 K s−1 possess similar sharp diffraction peaks, which can be generally
characterized as crystalline phases of (Fe,Co,Ni,Cr)23(C,B)6, (Fe,Co,Ni,Cr)3P and some
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unknown phases. Additionally, it depicts in Figure 1b that the XRD patterns of the non-
isothermal crystallized FeP−MG under heating rates from 0.167 K s−1 to 0.833 K s−1 show
similar sharp diffraction peaks as well, and the corresponding phases can be mainly estab-
lished as α−(Fe,Cr), (Fe,Cr)23(C,B)6, (Fe,Cr)3P, (Fe,Cr)3C and some unknown phases. Ac-
cordingly, it can be deduced that the variety of the crystalline products for the FeP−HEMG
after the present non-isothermal crystallization is reduced in comparison with that of the
predecessor FeP−MG, corresponding to the reduced diversity of the crystalline phases
after the present high-entropy alloying.
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3.2. Non−Isothermal Crystallization Behaviors

Figure 2a,b separately exhibit the non-isothermal crystallization DSC curves of FeP−HEMG
and the predecessor FeP−MG under the heating rates from 0.167 K s−1 to 0.833 K s−1. It
exhibits that all the five curves for each alloy possess typical characteristics for MGs, such
as glass transition, supercooled liquid region and the following crystallization exothermic
processes. Meanwhile, it can be clearly seen that the typical temperatures (for instance, the
glass transition temperature (Tg), the crystallization temperature (Tx), the peak temper-
ature (Tp) and the supercooled liquid region (∆Tx = Tx − Tg)) change to high values as
the heating rates elevate from 0.167 to 0.833 K s−1 for both the two MGs, which coincides
with the typical feature of the glass transition and crystallization process dependence on
the heating rate. Moreover, it exhibits that the five DSC curves for both the alloys mainly
comprise two crystallization peaks, which correspond to two crystallization processes, and
all the first crystallization peaks split into two parts. Furthermore, the Tx1, Tx2, Tp1 and
Tp2 on the curves separately represent the crystallization onset temperature and the peak
temperature of the first and the second crystallization case for the two MGs. It is noted
that values for present typical temperatures were mainly determined by the well-known
tangent method, which along with value of ∆Tx for the two MGs are concluded in Table 1.
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Table 1. Values for thermal performances at different heating rates for Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20

HEMG and the predecessor Fe75Cr5P9B4C7 MG. Tg, Tx1, Tp1, Tx2, Tp2, ∆Tx and m separately denote
the glass transition temperature, the onset crystallization temperature for the first crystallization case,
the peak temperature for the first crystallization case, the onset crystallization temperature for the
second crystallization case, the peak temperature for the second crystallization case, the supercooled
liquid region and the kinetic fragility parameter.

Alloys Heating Rates
/K s−1 Tg/K Tx1/K Tp1/K Tx2/K Tp2/K ∆Tx/K m

FeP−HEMG 0.167 669 727 759 818 833 58 20
0.333 678 736 767 829 848 58

0.5 685 742 771 833 856 57
0.667 689 746 775 836 859 57
0.833 693 749 777 838 862 56

FeP−MG 0.167 712 747 777 834 855 35 18
0.333 722 760 792 847 872 38

0.5 730 770 800 856 882 40
0.667 737 780 810 866 895 43
0.833 746 790 822 880 901 44

It is also shown in Figure 2a,b that one more inflection between Tx1 and Tp1 can be
clearly observed before the main crystallization peak on each DSC curve, which was marked
by a black short dash line. As is well known for FeP-based MGs or amorphous alloys that
shoulders, overlaps or superpositions (similar with the present inflections) on the crystalliza-
tion exothermic peaks of DSC curves are generally the primary crystallization exothermic
peaks before the main crystallization peaks, which usually corresponds to primary crystal-
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lization of the α−Fe phase, Fe3(P,C) phase, Fe23C6 phase or other phases. Therefore, it can
be deduced that the present inflections are also primary crystallization exothermic peaks
before the main crystallization peaks, which potentially corresponds to the primary crys-
tallization of the (Fe,Co,Ni,Cr)23(C,B)6 phase or (Fe,Co,Ni,Cr)3P phase for present HEMG
and the α−(Fe,Cr) phase, (Fe,Cr)3P phase, (Fe,Cr)3C phase or (Fe,Cr)23(C,B)6 phase for
present HEMG based on the above descriptions and the XRD results of the non-isothermal
crystallization in present Figure 1.

It is commonly accepted that the energy (E) for triggering the characteristic transitions
(for instance, Eg for the glass transition, Ex for the onset of the crystallization and Ep for the
transition at the peak temperature) can be employed to characterize features of the non-
isothermal crystallization, which are generally obtained by Kissinger [18] and Ozawa [19]
methods. For the Kissinger method, it is usually used as [18]

ln(
T2

ϕ
) =

E
RT

+ c1 , (1)

where ϕ, c1, T and E separately denote the heating rate, a constant, the typical temperatures
(for instance, Tg, Tx and Tp) and the energy (E) for triggering the characteristic transitions
(for instance, Eg, Ex and Ep). Obviously, values of various E can be derived from the plots
between ln(T2/ϕ) and 1000/T by linear fitting. Figure 3a,b separately depict the fitted lines
for 1000/T − ln(T2/ϕ) of FeP−HEMG and the predecessor FeP−MG. It exhibits that all
the fitted plots possess a high degree of linearity. Thus, values of the Eg, Ex1, Ex2, Ep1 and
Ep2 for triggering the transitions at typical temperatures of Tg, Tx1, Tx2, Tp1 and Tp2 for
the present MGs can be estimated according to the slopes of the matched lines, which are
summarized in Table 2.
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Table 2. Energy (E) for triggering the typical transition during the non−isothermal crystallization
processes for Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 HEMG and the predecessor Fe75Cr5P9B4C7 MG.
Eg, Ex1, Ep1, Ex2 and Ep2 are, respectively, the energy for triggering the transition at the glass
transition temperature, the onset crystallization temperature of the first crystallization case, the
peak temperature of the first crystallization case, the onset crystallization temperature of the second
crystallization case, the peak temperature of the second crystallization case.

Alloys Methods Eg/
kJ mol−1

Ex1/
kJ mol−1

Ep1/
kJ mol−1

Ex2/
kJ mol−1

Ep2/
kJ mol−1

FeP−HEMG Kissinger 246 317 422 439 309
Ozawa 245 313 414 431 307

FeP−MG Kissinger 198 171 180 200 206
Ozawa 200 174 184 204 209

Additionally, the Eg, Ex and Ep for both of the present alloys were also characterized
through the Ozawa method based on the following form [19]:

ln(ϕ) = −1.0516
E

RT
+ c2 , (2)

where c2 represents a constant. Correspondingly, values of various E can also be derived
from the plots between ln(ϕ) and 1000/T by linear fitting, which are separately depicted
in Figure 4a (FeP−HEMG) and b (FeP−MG). It exhibits that there are also good linear
relations between the present ln(ϕ) and 1000/T for the two MGs. Hence, values of Eg, Ex1,
Ex2, Ep1 and Ep2 for the present MGs can be derived from the slopes of the matched lines as
well, which are also summarized in Table 2.

Metals 2023, 13, x FOR PEER REVIEW  7  of  18 
 

 

 

 

Figure 4. Plots  for characterizing  the energy E  for  triggering various characteristic  transitions by 

Ozawa approach,  (a) Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 HEMG and  (b)  the predecessor Fe75Cr5P9B4C7 

MG, separately. (Color on the web only). 

It exhibits that values of Eg, Ex and Ep derived from the above two methods are com-

parable with each other for each alloy. Meanwhile, it exhibits that values of various E for 

FeP−HEMG are all much higher than that for the predecessor FeP−MG, suggesting that a 

much  higher  energy  is  required  for  triggering  all  the  characteristic  transitions  of  the 

FeP−HEMG in comparison with that for the predecessor FeP−MG. As is known, a higher 

value of E always corresponds to a harsher transition of the process. Meanwhile, it is gen-

erally accepted that Ex and Ep also denote the energy for triggering the crystallization tran-

sition of nucleation and growth, separately [20]. Consequently,  it reveals  that  the glass 

transition, the transition for nucleation and growth stage of the two crystallization cases 

for the FeP−HEMG are all much harsher than those of the predecessor FeP−MG, inferring 

that all the characteristic transitions of the non-isothermal crystallization become much 

severer after  the present high-entropy alloying with  the substitution of similar solvent 

elements Co, Ni, and Cr with Fe in FeP−MG. 

For the FeP−HEMG, it also exhibits that all values of Ex1, Ex2, Ep1 and Ep2 are much 

higher  than  the value of Eg, meaning  that all  the  typical  transitions of  the present  two 

crystallization processes are much harder than the glass transition, since Eg, Ex1, Ex2, Ep1 

and Ep2 separately denote the energy for triggering the glass transition, the transition for 

nucleation and growth stage of the two crystallization processes. Meanwhile, it displays 

that the value of Ex2 is higher than that of other typical transitions, inferring that the tran-

sition of nucleation for the second crystallization case is the hardest process. Additionally, 

it shows that the value of Ep1 is much higher than that of Ex1, which points out that the 

transition  for  growth  is much  harsher  than  the  transition  for  nucleation  of  the  first 

Figure 4. Plots for characterizing the energy E for triggering various characteristic transi-
tions by Ozawa approach, (a) Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 HEMG and (b) the predecessor
Fe75Cr5P9B4C7 MG, separately. (Color on the web only).
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It exhibits that values of Eg, Ex and Ep derived from the above two methods are
comparable with each other for each alloy. Meanwhile, it exhibits that values of various E
for FeP−HEMG are all much higher than that for the predecessor FeP−MG, suggesting
that a much higher energy is required for triggering all the characteristic transitions of
the FeP−HEMG in comparison with that for the predecessor FeP−MG. As is known, a
higher value of E always corresponds to a harsher transition of the process. Meanwhile, it
is generally accepted that Ex and Ep also denote the energy for triggering the crystallization
transition of nucleation and growth, separately [20]. Consequently, it reveals that the glass
transition, the transition for nucleation and growth stage of the two crystallization cases for
the FeP−HEMG are all much harsher than those of the predecessor FeP−MG, inferring that
all the characteristic transitions of the non-isothermal crystallization become much severer
after the present high-entropy alloying with the substitution of similar solvent elements
Co, Ni, and Cr with Fe in FeP−MG.

For the FeP−HEMG, it also exhibits that all values of Ex1, Ex2, Ep1 and Ep2 are much
higher than the value of Eg, meaning that all the typical transitions of the present two crys-
tallization processes are much harder than the glass transition, since Eg, Ex1, Ex2, Ep1 and
Ep2 separately denote the energy for triggering the glass transition, the transition for nucle-
ation and growth stage of the two crystallization processes. Meanwhile, it displays that the
value of Ex2 is higher than that of other typical transitions, inferring that the transition of
nucleation for the second crystallization case is the hardest process. Additionally, it shows
that the value of Ep1 is much higher than that of Ex1, which points out that the transition
for growth is much harsher than the transition for nucleation of the first crystallization
case. In comparison, the value of Ex2 is much higher than that of Ep2, which indicates that
the transition for nucleation is much harsher than the transition for growth for the second
crystallization case, possessing nearly an opposite feature in comparison with that of the
first crystallization case.

For the predecessor FeP−MG, it can be seen that the value of Eg is higher than that of
Ex1 and Ep1, but a little lower than that of Ex2 and Ep2, which means that the glass transition
is more difficult than the transitions of nucleation and growth of the first crystallization case,
but a little easier than the transitions of nucleation and growth for the second crystallization
case. In the meantime, it can be concluded that the typical transitions of the second
crystallization are harder than the glass transition and the typical transitions of the first
crystallization. It is worth noting that Ep2 possesses the highest value, indicating that the
growth for the second crystallization is the harshest transition. Moreover, it also displays
that the value of Ex1 is a little lower than that of Ep1 and the value of Ex2 is a little lower
than that of Ep2 as well, which implies that the transition of nucleation is a little easier
than the transition of growth for each crystallization. These features of the various E for
the predecessor FeP−MG are evidently different from that of the FeP−HEMG, which
demonstrates that the non-isothermal crystallization kinetics can be visibly affected after
the present high-entropy alloying with the substitution of similar solvent elements Co, Ni,
and Cr with Fe in FeP−MG.

Noticeably, the above E denotes the energy for triggering the whole characteristic
transition of the non-isothermal crystallization. Accordingly, the energy for triggering the
transition at crystallized volume fraction (x) during non-isothermal crystallization was
proposed, which was named local activation energy (E(x)). Correspondingly, it can be
employed to characterize the feature during the non-isothermal crystallization. Generally,
E(x) can be evaluated by the KAS approach [21,22] and OFW approach [19,23,24] with the
following forms:

ln(
T(x) 2

ϕ
) =

E(x)
RT(x)

+ constant, (KAS approach) (3)

ln(ϕ) = −1.0516
E(x)

RT(x)
+ constant, (OFW approach) (4)
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where T(x) denotes the temperature at crystallized volume fraction x. Generally, the crystal-
lization volume fraction is proportionally relevant with the area of the crystallization peak
on the DSC curve. Thus, values of x can be mathematically characterized by integrating
the crystallization peak. Correspondingly, values of x in this work can be derived from the
crystallization peaks in Figure 2. Noticeably, the crystallized volume fraction of the first
crystallization peak for each MG was only employed in the present work, and the corre-
sponding plots between the present x and the T under diverse heating rates are depicted in
Figure 5a,b. It depicts that all the plots can be characterized as the typical “s” form plot,
exhibiting the x with a change tendency of a slow increase at first, then a steep increase and
slow increase again in the end with the increment of the temperature, which is similar to
that in other HEMGs and MGs [8–11,13–16].
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Figure 5. Plots between non-isothermal crystallization volume fraction x and crystallization tem-
perature T under various heating rates, (a) Fe20Co20Ni20Cr20(P0.45B0.2C0.35)20 HEMG and (b) the
predecessor Fe75Cr5P9B4C7 MG, separately. (Color on the web only).

Similarly, values of E(x) can be also obtained from the slopes of the linear fitted lines
using the KAS method (ln(T(x)2/ϕ) against 1000/T(x)) or OFW method (ln(ϕ) against
1000/T(x)). The plots for characterizing E(x) of the present two alloys using the KAS and
OFW methods are separately displayed in Figure 6a,b and Figure 7a,b. Noticeably, data
for 0.2 ≤ x ≤ 0.8 of each alloy are employed for the advantage of lower experimental error
compared to the preliminary (x in 0~0.2) and final (x in 0.8~1.0) crystallization regions.
It presents that all the plots of the two MGs match very well with the linear fitting lines.
Consequently, values of the present E(x) for each alloy can be derived by the KAS and
OFW methods, and the corresponding plots between E(x) and x are separately displayed in
Figure 8a,b. It exhibits that E(x) derived from the KAS method is similar to that derived
from OFW for both of the present alloys. Noticeably, all the E(x) values for the FeP−HEMG
keep in the range of about 228~276 kJ mol−1, which are much higher than that for the
predecessor FeP−MG with a range of about 123~161 kJ mol−1. As is mentioned above
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that a higher value of E generally means a higher energy for triggering the corresponding
transition, indicating a harsher transition. Therefore, it can be inferred that the process
for the FeP−HEMG is much harsher than that for the predecessor FeP−MG during the
present non-isothermal crystallization process. These results further imply that the non-
isothermal crystallization become much severer after the present high-entropy alloying
with the substitution of similar solvent elements Co, Ni, and Cr with Fe in FeP−MG.
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(Color on the web only).
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(b) the predecessor Fe75Cr5P9B4C7 MG, separately. (Color on the web only).

Moreover, it has been widely accepted that the details of the crystallization pro-
cess for HEMGs and MGs during the non-isothermal annealing can be characterized by
another typical parameter of local Avrami exponent n(x), denoting values of Avrami ex-
ponent (n) at crystallized volume fraction x during the process. Noticeably, n is a typical
parameter to characterize the nucleation and growth features of the MGs during crystal-
lization. Generally, n(x) is employed as the following equation, which was derived from
the equation (n(x) = dln[−ln(1 − x)]/dln(t − τ)), where d, t and τ, respectively, denote the
differentiation operation, isothermal crystallization time and the incubation time during the
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isothermal crystallization) for evaluating the local Avrami exponent during the isothermal
crystallization [25]:

n(x) =
−Rdln[ln (1/1 − x)]

E(x)d(1/ T)
, (5)

where T denotes the temperature T(x). It exhibits that n(x) can be mathematically estimated
from the plots of ln[ln(1/1 − x)] versus 1000/T by differentiation. The corresponding
plots under various heating rates for the present two alloys are separately displayed in
Figure 9a,b. It is noteworthy that data in 0.2 ≤ x ≤ 0.8 for both the two alloys are used
because of the advantage of lower experimental error compared to the preliminary (x in
0~0.2) and final (x in 0.8~1.0) crystallization regions as well. Additionally, values of present
E(x) established from the KAS approach are chosen for calculating values of n(x) for the
present two alloys. Consequently, values of n(x) under divers heating rates for present two
alloys are obtained on the basis of the E(x) and the plots in Figure 9a,b, and the plots for
n(x) against x are, respectively, drawn in Figure 10a,b. It presents that n(x) at each heating
rate for the FeP−HEMG mainly shows a reduced trend with the increment of the x, and
values of the n(x) generally range in about 0.70~2.07. In comparison, it shows that n(x)
at each heating rate for the predecessor FeP−MG mainly displays a changeable tendency
of reduction at first, then an increase and finally reduction again with the increasing x,
which is visibly different from that for the FeP−HEMG. Moreover, it also shows that values
of the corresponding n(x) generally belong to the range of about 1.50~5.21, the majority
of which are larger than that for the FeP−HEMG. It is worth mentioning that a higher
value of n usually corresponds to an intensified nucleation rate and an easier transition
of the crystallization. Accordingly, it exhibits that the nucleation rate and the transition
probability for the FeP−HEMG is lower than that for the predecessor FeP−MG during the
present non-isothermal crystallization, inferring a retarded non-isothermal crystallization
after the present high-entropy alloying with the substitution of similar solvent elements
Co, Ni, and Cr with Fe in FeP−MG.
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For the FeP−HEMG, the n(x) exhibits a changeable tendency of gradual reduction
at first, then a slight increase and finally gradual reduction again with the increasing x
for heating rates of 0.167 K s−1 and 0.333 K s−1, the major process of which is gradual
reduction. For these two heating rates, n(x) firstly decreases from about 1.97 and 1.83 at
x of about 0.2 to about 0.89 and 1.16 at x of about 0.4, then it increases to about 1.03 at
x of about 0.6 and about 1.19 at x of about 0.5, and finally it reduces to about 0.76 and
0.78 at x of about 0.8, separately. However, all the n(x) for heating rates of 0.5 K s−1,
0.667 K s−1 and 0.833 K s−1 gradually decrease during the whole process. The values of
n(x) for heating rates of 0.5 K s−1, 0.667 K s−1 and 0.833 K s−1 gradually reduce from about
1.84, 1.89 and 2.07 to about 0.86, 0.76 and 0.70 as the x increases from about 0.2 to 0.8,
separately. Furthermore, it also displays that most of the n(x) ranges in n < 1.5, some of
which are lower than 1.

For the predecessor FeP−MG, it depicts that the n(x) preliminarily decreases from
about 3.76 to about 2.81 with x increasing from about 0.2 to 0.4, then it increases to about
5.21 with x further increasing to about 0.7, and finally it reduces to about 4.52 at x of about
0.8 for heating rate of 0.167 K s−1, the total of which fixes in n > 2.5. Meanwhile, it depicts
that the n(x) firstly reduces from about 3.03 to about 2.42 with the x increasing from about
0.2 to 0.3, then it increases to about 3.42 with x further increasing to about 0.6, and finally
it decreases to about 2.41 at x of about 0.8 for heating rate of 0.333 K s−1, the most n(x)
keeps value in n > 2.5 and others possess a value in 1.5 < n < 2.5. Additionally, the n(x)
preliminarily decreases from about 2.77 to about 2.30 with x increasing from about 0.2 to 0.3,
then it increases to about 3.08 with x further increasing to about 0.5, and finally it reduces
to about 1.85 at x of about 0.8 for heating rate of 0.5 K s−1. It is noted that values for half of
the n(x) lie in n > 2.5 and values for the other half locate in 1.5 < n < 2.5. Moreover, values
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of the n(x) firstly reduce from about 2.60 and 2.41 to about 2.31 and 2.37 with x increasing
from about 0.2 to 0.3, then it increases to about 2.78 and 2.72 with x further increasing
to about 0.4, and finally it decreases to about 1.60 and 1.50 at x of about 0.8 for heating
rates of 0.667 K s−1 and 0.833 K s−1, separately. Values of the major n(x) are locating in
about 1.5 < n < 2.5 and others lie in n > 2.5. Furthermore, it exhibits that values for all the
n(x) approximately locate in n ≥ 1.5, which further confirms that the majority of values
of the n(x) for the predecessor FeP−MG are larger than those for the FeP−HEMG. These
characteristics of the n(x) for the predecessor FeP−MG are visibly distinct from that for the
FeP−HEMG, which further exhibits that the non-isothermal crystallization kinetics can
be remarkably influenced after the present high-entropy alloying with the substitution of
similar solvent elements Co, Ni, and Cr with Fe in FeP−MG.

It is widely recognized that the crystallization can be mainly categorized as several
types from the values of n in HEMGs and MGs [9,16,26,27]. In detail, it separately denotes
a crystallization with the feature of growth with pre-existing nuclei, approximate zero
nucleation rate, decreasing nucleation rate, constant nucleation rate and improving the
nucleation rate for 0 < n < 1.5, n = 1.5, 1.5 < n < 2.5, n = 2.5 and n > 2.5.

Hence, it can be decided that the non-isothermal crystallization for the FeP−HEMG
mainly possesses features of growth with pre-existing nuclei as the major values of n(x)
fix in 0 < n < 1.5. For comparison, the non-isothermal crystallization for the predecessor
FeP−MG generally possesses characteristics of approximate zero nucleation rate, decreas-
ing nucleation rate, constant nucleation rate or improving nucleation rate as values of
all the n(x) approximately located in the range of n ≥ 1.5. For the FeP−HEMG, it also
can be pronounced that it is sequentially conducted a non-isothermal crystallization with
characteristics of growth with a reducing nucleation rate, approximate zero nucleation rate
and pre-existing nuclei during the whole process under all the present five heating rates.
For the predecessor FeP−MG, it also can be declared that it is sequentially performed a
non-isothermal crystallization with characteristics of growth with an improving nucleation
rate among most of the process for a heating rate of 0.167 K s−1, growth with an improving
nucleation rate, constant nucleation rate, decreasing nucleation rate, constant nucleation
rate, improving nucleation rate, constant nucleation rate and decreasing nucleation rate
during the whole process for heating rates of 0.333 K s−1, 0.5 K s−1 and 0.667 K s−1, growth
with reducing nucleation rate, constant nucleation rate, improving nucleation rate, con-
stant nucleation rate, decreasing nucleation rate and approximate zero nucleation rate
during the whole process for heating rate of 0.833 K s−1, separately. It further exhibits
that the features during the present non-isothermal crystallization are evidently different
between the FeP−HEMG and the predecessor FeP−MG, which conclusively proves that
the non-isothermal crystallization kinetics can be significantly changed after the present
high-entropy alloying with the substitution of similar solvent elements Co, Ni, and Cr with
Fe in FeP−MG.

Additionally, it is worth noting that the kinetic fragility parameter m for HEMGs and
MGs can be captured from the non-isothermal crystallization results [9,27–30], which is
commonly employed to characterize the thermal stability of the glassy formation melts of
the alloys based on the following formula [31]:

m =
DT0Tg(

Tg − T0)
2ln 10

, (6)

where D and T0 separately represent the strength parameter and the Tg under extraor-
dinarily low cooling or heating rates. It is noted that values of Tg under 0.333 K s−1 are
employed to evaluate values of m in the present paper. Meanwhile, D and T0 are generally
established through the Vogel−Fulcher−Tammann (VFT) approach based on the famous
form as follows [32]:

ln(ϕ) = ln(B)− DT0

T −T0
, (7)
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where B and T separately denote a constant and values of Tg under diverse heating rates.
Thus, D and T0 can be mathematically pinpointed from the plots for ln(ϕ) against T by
non-linear fitting, which are, respectively, shown in Figure 11a,b for present FeP−HEMG
and the predecessor FeP−MG. It exhibits that the data and the fitted plot for each alloy
are matched well. Accordingly, values of m are, respectively, about 20 and 18 for present
FeP−HEMG and the predecessor FeP−MG, which are listed in Table 1 as well. It is mainly
recognized that it is a sort of strong glassy formation melt with high thermal stability for a
MG with m < 30 [9,27–30,33]. Therefore, the glassy formation melts for both of the present
alloys are the sort of strong glassy formation melts with high thermal stability.
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4. Conclusions

In this work, comparisons of non-isothermal crystallization kinetics for FeP−HEMG
and the predecessor FeP−MG along with the influences of high-entropy alloying with
the substitution of similar solvent elements Co, Ni, and Cr with Fe on the crystallization
kinetics between the two alloys were characterized by XRD and DSC approaches. For the
FeP−HEMG, it separately shows that the crystallization processes are much harder than
the glass transition, the transition for nucleation of the second crystallization process is the
hardest transition, the transition for growth is much harder than the transition of nucleation
for the first crystallization case, and it mainly possesses a crystallization feature of growth
with pre-existing nuclei during the process. For the predecessor FeP−MG, it separately
exhibits that the glass transition is more difficult than the first crystallization process, but
a little less difficult than the second crystallization process, the transition for growth of
the second crystallization case is the harshest transition, the transition for nucleation is
a little easier than that for growth for both the two crystallization cases. Meanwhile, it
generally possesses the crystallization characteristics of an approximate zero nucleation
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rate, decreasing nucleation rate, constant nucleation rate and improving nucleation rate
during the process for the predecessor FeP−MG, which is evidently different with that
for the FeP−HEMG, conclusively demonstrating that the non-isothermal crystallization
kinetics can be significantly changed after the present high-entropy alloying with the
substitution of similar solvent elements Co, Ni, and Cr with Fe in FeP−MG. In addition, the
non-isothermal crystallization kinetics are retarded after high−entropy alloying with the
substitution of similar solvent elements Co, Ni, and Cr with Fe in FeP−MG, deriving from
the improved energy for triggering all the characteristic transitions of the whole process
and the crystallization transition during the crystallization process along with the reduced
local Avrami exponent. Moreover, both of the alloys possess similar crystallization features
of diverse crystallization products and comparable values of the kinetic fragility parameter
as well as strong glassy formation melt with high thermal stability.
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