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a b s t r a c t 

The mechanical properties and atomic-scale structure of the [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 bulk metal- 

lic glass (BMG) treated with cryogenic thermal cycling were studied. The obtained Fe-based BMG shows 

an improvement of plastic strain from 1.4 to 6.1% and maintains a high yield strength over 40 0 0 MPa. 

The high structural disorder degree caused by rejuvenation, as well as the fine-tuned crystal-like order- 

ing structures induced by internal stress, contribute to the formation of multiple shear bands, and thus 

results in the enhancement of plasticity. This work provides a new insight to develop plastic Fe-based 

BMGs through modulating atomic-scale structure. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Fe-based bulk metallic glasses (BMGs) have attracted intense

ttention because of their excellent soft-magnetic properties

nd superhigh strength, as well as relatively low raw material

ost [1–3] . Unfortunately, the negligible plasticity of Fe-based

MGs obstructs their widespread applications as structural and

unctional materials [2 , 4] . In the past decades, a series of plastic

e-based BMGs and BMG matrix composite systems have been

eveloped through composition modification [5–9] . Nevertheless,

his method is usually accompanied by sacrificing the strength,

oft magnetic properties or glass-forming ability (GFA). Recently,

t has been reported that the cryogenic thermal cycling (CTC)

reatment, which subjects samples to thermal cycling between

mbient temperature and cryogenic temperature, can rejuvenate

ome BMGs to improve their plasticity [10–12] . Compared with the

omposition modification, the CTC treatment has no effect on GFA

nd barely weakens the strength of studied BMGs [11] . Particularly,

t has been reported that CTC treatment has little deterioration on

oft-magnetic properties of Fe-based metallic glass ribbons [13] .

evertheless, it is still unclear whether the plasticity of Fe-based

MG can be improved via CTC treatment. 

Besides, there is no general consensus on what CTC treatment

eally does at the structural level. One of the theories is that the

nternal stress of the BMGs increases during CTC treatment, lead-

ng to the formation of a higher concentration of soft spots or
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ow “defects”. This results in the improvement of structural het-

rogeneities in the amorphous matrix, which causes the increase

f plasticity [10] . However, this model may not be a complete

escription for the atomic-scale structure transformation, because

ome BMGs had no response and even underwent inferior plastic-

ty after CTC treatment or increased numbers of cycling [14 , 15] . 

In this study, the effect of CTC treatment on the mechanical

roperties of [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG was investigated

ith the aim of increasing its plasticity but maintaining its super-

igh strength and large GFA [16] . A significantly improved plastic

train ( ɛ p ) of 6.1% combined with a superhigh yield strength ( σ y )

ver 40 0 0 MPa was obtained through CTC treatment at appropriate

ondition. The higher structural disorder degree and more crystal-

ike ordering (CLO) structures with appropriate size induced by

TC treatment are the reasons for the improvement of plasticity.

esides, the samples treated at other CTC conditions experience

ecrease of plasticity due to the higher degree of ordering and

rystal growth. 

Alloy ingots with a nominal atomic composition of

(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 were prepared by induction melt-

ng high-purity ( > 99.9 wt.%) constituents under a high-purified

rgon atmosphere. Cylindrical BMG samples with a diameter of

 mm were fabricated by copper mold casting. During the CTC

reatment, the as-prepared [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG

amples were firstly dipped into liquid nitrogen for 1 min, then

mmersed in silicone oil (Polydimethylsiloxane, supplied by Dow

orning) at 433, 473, 513, 533, and 563 K (0.52–0.68 of the glass

https://doi.org/10.1016/j.scriptamat.2020.05.059
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Fig. 1. (a) The representative engineering stress-strain curves of the AC and CTC treated [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG samples. Inset shows a magnified view of the 

serrated flow in the plastic regime of the CTC513K sample. (b) The values of σ y and ɛ p with error bars. (c) The shear band densities for the AC and CTC treated samples. 

Inset is the SEM image of lateral surface for the deformed CTC513K sample. (d) The relationship between σ y and εp for typical Fe-based BMGs. 
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transition temperature, T g ) for 1 min, respectively. All the samples

were treated for 15 cycles. The oil temperatures selected here are

based on the consideration that the thermal temperature (room

temperature) of CTC treatment locates in the range of 0.42–0.62 T g 
for La-, Zr-, ZrCu-based BMG systems in previous works [10–12] .

The as-cast sample and those CTC treated samples at different

oil temperatures are denoted as AC, CTC433K, CTC473K, CTC513K,

CTC533K, and CTC563K samples, respectively. Compression tests

were carried out using a Sans 5305 testing machine with a strain

rate of 5 × 10 −4 s − 1 . The gage size of testing samples was 1 mm

in diameter and 2 mm in length. Compression tests for each con-

dition were conducted on 10 samples to ensure the reproducibility.

The surface morphology of deformed samples before fracture was

analyzed by scanning electron microscopy (SEM, Sirion 200, FEI).

The thermal properties were examined by differential scanning

calorimeter (DSC, Netzsch 404 F3) at a heating rate of 20 K/min.

In order to measure the relaxation enthalpy ( �H rel ), a second

run under the same experimental settings was carried out right

after the first heating process, and used as the baseline to be

subtracted from the first DSC curve. 5 samples for each condition

were tested to assess the reproducibility of �H rel measurements.

Microstructures of the samples were characterized by an X-ray
iffractometer (XRD, D8-Discover, Bruker) with Cu-K α radiation,

ynchrotron XRD, and aberration-corrected high-resolution trans-

ission electron microscopy (HRTEM, FEI Titan 80–300). The

amples for synchrotron XRD and HRTEM measurements were

ut from identical rods to avoid the error caused by different

asting conditions. The method based on the electron energy loss

pectroscopy (EELS) was employed to measure the local thickness

f the HRTEM samples [17] . 

Fig. 1 (a) shows representative engineering stress-strain curves

f the AC and CTC treated [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG

amples. The inset of Fig. 1 (a) is a magnified view in the plastic

egime of the CTC513K sample, clearly showing the serrated flow

ehavior of this sample. The values of σ y and ɛ p with error bars of

hese samples are plotted in Fig. 1 (b). The large scatter of ɛ p may

riginate from the presence of processing defects in samples and

ubtle difference of response to CTC treatment for each sample.

evertheless, it is obvious that the ɛ p increases with the increasing

emperature from 433 to 513 K, then decreases with further in-

reasing temperature to 533 and 563 K, while the σ y maintains

ver 40 0 0 MPa with CTC treatment. Among them, the CTC513K

ample shows a significantly improved ɛ p of 6.1%, combined with a

igh σ y of 4060 MPa. The inset of Fig. 1 (c) shows the lateral sur-
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Fig. 2. (a) The relaxation spectra and (b) variation of �H rel with error bars for the 

AC and CTC treated [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG samples. 
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Fig. 3. (a) XRD patterns of the AC and CTC treated [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 
BMG samples. (b) Synchrotron XRD patterns of AC, CTC513K, and CTC533K samples. 

Inset is the magnification image of the yellow rectangular area. 
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ace morphology of the CTC513K sample unloaded prior to fracture.

t is found that multiple shear bands (SBs) are formed, arrested and

ntersect with each other, resulting in the serrated flow behavior

hown in the inset of Fig. 1 (a) [18] . Furthermore, the shear band

ensities of the AC and CTC treated samples are calculated [19] and

hown in Fig. 1 (c). It shows that the shear band density increases

ith the thermal temperature increasing from 433 to 513 K, then

ecreases with further increasing thermal temperature to 533 and

63 K, indicating a positive correlation between the plasticity and

hear band density. To compare the mechanical properties of this

TC treated [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG with other typical

e-based BMG systems, the data of σ y and εp are summarized in

ig. 1 (d) [5,18,20–33] . It is clearly seen that the CTC513K sample in

his work shows a breakthrough in the general trade-off between

lasticity and strength in the Fe-based BMG family. Based on the

esults mentioned above, the CTC treatment is an effective method

o improve the plasticity of Fe-based BMG due to the increased

ensity of SBs during deformation [34 , 35] . 

Fig. 2 (a) shows the relaxation spectra of AC and CTC treated

amples derived from DSC measurements, and the �H rel is repre-

ented by the shaded area below the horizontal dashed line. The

alues of �H rel for the samples are calculated, and their varia-

ion with the thermal temperature of CTC treatment is shown in

ig. 2 (b). The �H rel gradually increases with the temperature in-

reasing from 433 to 533 K, and then decreases sharply for the

TC563K sample. The increased �H rel is a sign of rejuvenation,

hich is acknowledged as the state of higher energy and more dis-

rdered structure, generally corresponds to the improved plasticity

36–38] . However, the CTC533K sample does not exhibit the largest

 p although it shows the largest value of �H rel . This inconsistence

as also been reported by other researchers [10 , 12] , indicating that

he origins of structural changes affecting mechanical properties
ay not entirely be the same of those affecting the thermal be-

avior [39] . 

Therefore, further measurements were carried out to uncover

he structural changes caused by CTC treatments at different

ettings. Fig. 3 (a) shows XRD patterns of the AC and CTC sam-

les of [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG. As shown in the

gure, all the samples keep amorphous structure. Fig. 3 (b) shows

ynchrotron XRD patterns of the AC, CTC513K, and CTC533K sam-

les. The curves of the three samples are smooth without sharp

iffraction peaks, further confirming their amorphous nature. For

larity, the encircled part of the peak for the three samples was

nlarged and shown in the inset, with the dashed lines denoting

heir peak positions ( Q ). The diffraction peak of the AC sample

ocates at the Q value of 3.110 Å 

−1 , and those of the CTC513K

nd CTC533K samples locate at the same Q value of 3.106 Å 

−1 . It

as been proved that there is an inverse correlation between the

iffraction peak position Q value and average interatomic spacing

f metallic glass [40–42] . Thus, the decrease of Q values for the

TC513K and CTC533K samples indicates the increase in average

nteratomic spacing, which means that a more loosely packed

tructure is obtained in both samples through CTC treatment.

esides, the intensity of the diffraction peaks differs a lot, with

he AC sample showing the sharpest diffraction peak, followed by

he CTC533K and CTC513K samples. It means that the CTC513K

ample has the highest degree of disordering, corresponding to

he most rejuvenated structure. This may be the reason that

TC513K sample exhibits the best plastic deformation ability. The

ynchrotron XRD result is in line with the current understanding

f structure-property relationships in BMGs that highly disordered
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Fig. 4. The HRTEM images with the corresponding SAED patterns as insets for [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG samples of (a) AC, (b) CTC513K, and (c) CTC533K. (d)-(f) 

The high magnification images of the areas highlighted by the white rectangles in (a), (b) and (c), respectively, with the dashed lines highlighting the CLO structures. The 

inset in (d) is the energy-loss spectrum from a 16 nm thickness region of the AC sample. (g)-(h) The representative 2D ACF of divided cells for the HRTEM images of (g) AC 

and (h) CTC513K. (scale bars, a, b and c - 5 nm, d, e and f - 2 nm). 
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glass generally behave in a ductile manner, and also indicates that

there is pronounced structural change with CTC treatment. 

To further investigate the atomic-scale structure change, the

HRTEM observation was also conducted. Here, it is worth mention-

ing that the HRTEM images of all samples were captured at the

regions with thickness around 15 nm, in order to reasonably com-

pare the nano-crystalline precipitates in the three samples [32 , 43] .

Fig. 4 (a-c) show the HRTEM images and selected area electron

diffraction (SAED) patterns of the AC, CTC513K, and CTC533K sam-

ples, respectively. As shown in the SAED patterns, there is no crys-

tallization behavior in the samples before and after CTC treatment,

which is consistent with the synchrotron XRD results. Fig. 4 (d-f)

are high magnification images of the regions highlighted by the

white squares in (a), (b) and (c), respectively. The inset of Fig. 4 (d)

is the representative energy-loss spectrum of the AC sample. Based

on the analysis of the zero-loss peak and a certain range of en-
rgy loss, the thickness of AC sample is estimated to be ~16 nm.

he CTC513K, and CTC533K samples also show similar EELS results

nd have thickness around 15 nm. It is found that the atomic-

cale ordering is different among the three samples. For the AC and

TC513K samples, some CLO structures with a size around 1 nm

an be observed in the magnified images ( Fig. 4 (d, e)), which is

haracterized by a local fringe pattern reminiscence of translational

ymmetry. The average fringe spacing is around 2.00 ± 0.05 Å. It

s interesting that the value does not correspond to FCC crystalline

tructure of Fe 23 B 6 phase (distance of (511) lattice space: 2.07 Å),

hich is inclined to precipitate first in the (Fe,Co)-B-Si-Nb system

44 , 45] . For the CTC533K sample, some larger nanocrystals extend-

ng to 2–3 nm can be observed, as shown in Fig. 4 (f). The Fast-

ourier-Transformation pattern (inset of Fig. 4 (f)) of the area with

attice fringe shows clear diffraction spots, which confirms the ex-

stence of nanocrystals. As the average lattice fringe spacing of the
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anocrystals is measured to be 2.09 ± 0.05 Å, corresponding to

attice space of (511) of the Fe 23 B 6 crystalline phase, it suggests

hat the nanocrystals in CTC533K sample are Fe 23 B 6 crystalline

hase. Besides, the areal fraction of CLO structures for the AC and

TC513K samples are calculated using the 2D autocorrelation func-

ion (ACF). The HRTEM images are divided into square cells with

 size of 1.073 nm × 1.073 nm, which is close to the size of the

bserved CLO structure [43 , 46–47] . The details of the ACF analysis

or 100 sub-images in two randomly selected regions of the two

amples are elaborated in Figs. 4 (g, h), respectively. The total frac-

ion of CLO structures is 15% in the AC sample and increases to

5% in the CTC513K sample. The HRTEM results suggest that the

TC treatment can promote the formation of the CLO structure,

nd if the oil temperature is high enough, the CLO structure will

row into Fe 23 B 6 crystalline phase. This evolution of atomic-scale

tructure may be induced by the internal stress, which is caused

y the extreme temperature change of CTC treatment. During CTC

reatment, the internal stress assists the atoms to hop from one

ub-basin to another. As a result, some densely packed atoms can

op into the gulf and thus transform to a more ordered struc-

ure [48] . When the oil temperature is higher (over 533 K in our

ase), the evolution of the Fe 23 B 6 crystalline phase occurs. It is

orth mentioning that the HRTEM observation and the ACF anal-

sis of the [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG sample that only

mmersed into silicon oil at 563 K for 15 min (without thermal

ycles) are also carried out (data not shown here). It is found that

he total fraction of CLO structures after heating is only 17%, which

s very close to 15% of the as-cast sample, indicating that the heat-

ng itself has no effect on crystal formation in this work. 

Based on the results, the CTC treatment not only leads to re-

uvenation in [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 BMG, but also brings

o local ordering and crystallization. For the CTC513K sample, the

nhanced plasticity is considered to be predominately originated

rom the higher structural rejuvenation degree and the increase

f CLO density. Both the rejuvenated state and increasing number

f CLO structures improve the nucleation of SBs [36 , 49] . And dur-

ng the propagation of SBs, the previously formed SBs are subse-

uently hindered by the distributed CLO structures, which brings

o the reactivation of new SBs [49 , 50] . As a result, the CTC513K

ample shows abundant SBs during deformation. While for the

TC533K sample, some larger Fe 23 B 6 crystalline ordering struc-

ures appear, which are hard and brittle. The Fe 23 B 6 crystalline

hase may increase stress concentration during compression test,

eading to instantaneous catastrophic failure [51] . The results in-

icate that the effect of thermal cycling on mechanical properties

f Fe-based BMGs is determined by the evolution of atomic-scale

tructure. 

In summary, the CTC treatment is an effective method to af-

ect the mechanical properties of [(Fe 0.5 Co 0.5 ) 0.75 B 0.2 Si 0.05 ] 96 Nb 4 
MG by manipulating its atomic-scale structure. Through adjust-

ng the thermal temperature during CTC treatment, the CTC513K

MG exhibits improved ɛ p of 6.1%, combined with superhigh σ y 

ver 40 0 0 MPa. The structure rejuvenation and increased local

tomic-scale ordering induced by CTC treatment result in the en-

ancement of plasticity. Besides, the brittle crystalline structure is

armful to macroscopic plasticity, and should be avoided in the

e-based BMGs. This work provides a fundamental guideline for

esigning Fe-based BMGs with large plasticity and high strength

hrough CTC treatment. 
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