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Based on mechanisms applicable to bulk metallic glasses (BMGs), such as a superposition principle of an
instantaneous finite surface heat source temperature field and a flow model about the shear-band velocity, a

__ oy [Auyvss
=&\ 3m - The model de-

scribes the dependence of the maximum temperature rise on the yield strength and the shear-band velocity in
BMGs. It can be calculated that the maximum temperature rise of BMGs is between 1 K ~ 30 K at room tem-
perature through these two parameters. A critical temperature, Tc, of almost 0.8 ~ 0.9 T, is introduced, at
T < Tc, the change of the yield strength with temperature in BMGs basically conforms a cooperative shear model
(CSM), and at T > Tc, a significant reduction of the yield strength in BMGs can be attributed to avoiding failure

maximum temperature rise model of shear bands in BMGs was deduced, ATpax

due to localized material softening.

1. Introduction

Bulk metallic glasses (BMGs) are promising structural materials with
extraordinary mechanical properties, including the high strength, large
elastic strain, and significant fracture toughness, due to their long-range
disordered structure [1-3]. However, nearly all plasticity is confined
within nano-spanning shear bands, which leads to inhomogeneous
plastic flows on the stress-strain curves [4,5] and usually results in
catastrophic failure at low homologous temperatures (T /T, < 0.8) [6].
Such a flow localization can be attributed to the thermal softening or
mechanical softening, or a combination of both [7,8]. The temperature
rise within shear bands in BMGs is a key factor in determining whether
localized shear deformation and softening are stress or temperature
driven [9].

The temperature rise within shear bands in BMGs has been studied
by different measurements and modeling, including the fusible coating
[10], infrared thermography [11], high-speed camera [12], thermo-
mechanical simulator [13], and related theoretical studies [14-16].
These methods have shown that the temperature rise from less than 1 K
[17] to several thousand Kelvin [10]. The reason for this huge difference
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is that the shear-band velocity or the shear-band duration is an impor-
tant factor affecting the temperature rise within shear bands [18].
Different values of the shear-band duration, ranging widely from about
1 ns to few milliseconds, whose difference is as high as six orders of
magnitude, have been reported by previous work [10,19]. Recently, a
flow model accurately predicts the transition between the serrated and
non-serrated flows in BMGs, and exactly provides equations for the shear
band velocities of different BMGs which can be used in this work [20].
The aim of the present work is twofold: (1) to build a correlated model in
exploring the temperature rise in BMGs by the shear-band velocity, and
(2) to study the influence of the temperature rise on the yield strength of
BMGs by the correlation model. Both (1) and (2) will contribute to a
detailed understanding whether localized shear deformation and soft-
ening are stress or temperature driven in BMGs.

2. Theory
Georgarakis et al. [15] assumed that the shear band is approximated

as an infinitely large plane with zero thickness, and the temperature rise
can be calculated at a moment after shearing at a distance from the shear
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band based on the one-dimensional profile. The temperature rises have
been proven to be very moderate during a stable serration flows by
substituting the stress drop as a function of the time during a serration
into the original constitutive equation of the temperature rise [21]. The
maximum temperature jumps of 1 - 2 °C of an apparent band have been
measured by time-resolved shear-band heating experiments. Using the
experimental data by Luo et al. [22] for the compression of a
Zr50.5Cu17.9Ni14.6Al10Tis BMG (Vit 105) at a strain rate of 5 x10~4 s~!
and at room temperature. Fig. 1(a) shows a typical engineering
stress-strain curve with serrated flows by the intermittent movement of
the shear band. As shown in the left inset of Fig. 1(a), there is a close
correspondent relation between the shear-band velocity (the displace-
ment as a function of time) and corresponding stress drop as a function
of the time [23]. Shear banding plays a key role in dominating the
correspondence of BMGs during room-temperature compression. There
is a sketch map, i.e., a major shear band is formed on a cuboid sample
under the uniaxial compression, as shown in the right inset of Fig. 1(a).
Fig. 1(b) is a schematic diagram where the shear band is considered as
an instantaneous finite surface heat source that can be composed of
multiple instantaneous point heat sources [15,24]. According to the
solution of the temperature field by the superposition method of the heat
source temperature field [24], the coordinate of the instantaneous point
heat-source is (x;, y;, 0), and the coordinate position of any point, M, is
(x, y, 2), the temperature rise function is,

0 e

0=—= ¢ Tar , 6h)
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where Q is the calorific value of the instantaneous point heat source, and
t is the time after the instantaneous point heat-source heats up instan-
taneously.

3. Calculation

Based on the superposition principle of the heat-source temperature
field [24], a simple double integral method can be used to derive the
calculated equation about the temperature field of the instantaneous
finite surface-heat source. The temperature rise function of the major
shear band, which is regarded as the instantaneous finite surface heat
source, can be integrated for the point, M,

B L
s (=) + (=) 242
0, = /dyi/%edexi» (2)
, , c,(4mat)

Thus, the calculated equation about the temperature field of the
instantaneous finite surface heat-source is
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Compared with the calculated equation of the temperature field of an

instantaneous infinite surface-heat source, Eq. (3) is only multiplied by a

real coefficient, C/4, less than 1. The value of C in the coefficient is,

e~ (i) -5 ) 2
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The effect of the size, the experimental temperature, and composi-
tions of BMG samples on the value of C is discussed deeply in the sup-
plementary materials. The value of C was determined to be 4 in BMGs for
normal sample sizes at room temperature and above. Finally, the coef-
ficient is chosen to be 1 for the shear band as the instantaneous finite
surface-heat source. Zhang et al. [25] and Miracle et al. [16] calculated
the temperature profiles around a shear band after the end of shearing in
different BMGs, and exhibited that the maximum temperature rise oc-
curs within the shear band. In this study, the temperature rise is only
considered within the shear band, which is generated on the instanta-
neous finite surface heat source at z = 0. Therefore, the temperature rise
of the shear band is

40,
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where Q; = 0.50,Auy, is the heat flux of the shear band, o, is the yield
strength, Auy, is a given amplitude of the shear step of ~ 1 um, Aup,/
At = 0.5vsp, vsp is the shear-band velocity, and At is the time of
shearing.

4. Results

So far, previous studies can be divided into two methods based on
Eq. (5). Method I, the displacement burst size and the duration time can
be gained through a scanning electron microscope and a high-speed
camera during the propagation of shear-bands [26]. Method II, the
local heating during the shear-band operation is measured with the
fusible-coating method, rather than the temporal and the spatial reso-
lution of conventional measurements [10]. The temperature-rise range
within shear bands is estimated from less than 1 K [17] to several
thousand Kelvin [10]. The main reason for the huge difference is that the
duration of the shear-band operation cannot be described with a unified
law. In other words, there is no universal model to describe the
shear-band velocity of the entire plastic deformation dominated by
shear bands during the uniaxial compression of BMGs. Thurnheer et al.
[21] showed the temperature rise during stable plastic flows is very
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Fig. 1. (a) Typical engineering stress-strain curve with engineering strain of 0.5 - 3 % under the compression of a Zrsz 5Cu17.9Ni146Al10Tis BMG (Vit 105). The
sample is a cylindrical with a diameter of 2 mm and the height of 4 mm. The left inset, a partial magnification of a black dotted box, shows the engineering stress (the
blue curve) and the displacement (the red curve) as a function of the time. The right inset, a cuboid with 2 mm in the length and the width and 4 mm in the height,
exhibits that a shear band with the length of L and the width of B is formed under compression. (b) The temperature field coordinates of the instantaneous finite
surface heat source, which consists of the instantaneous point heat source. Here, the shear band in the shearing process is regarded as the instantaneous finite surface

heat source.
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moderate by converting the shear-band velocity to the stress drop as a
function of the time and substituting it into Eq. (5). The relation is Aup, =

V2AF(Cy + Cs), where AF/A = Aoc, AF is the load drop, A is the
cross-sectional area, Ao is the stress drop, Cy is the machine compliance,
and Cs is the sample compliance. Before, we developed a flow model in
metallic glasses, which describes the shear-band velocity during serrated
flows [20]. Therefore, the shear-band velocity can be directly
substituted into Eq. (5). Meanwhile, the maximum temperature rise,
ATpnax, occurs at the latest moment of the shearing. Substituting t = At
into Eq. (5) gives a maximum temperature rise model as
Oy |Auy-vsp

AT = — T A (6)
cp 2z

where ¢, ~ 3 x 1087 m™3 K1 is the specific volume heat capacity of
BMGs, and a =~ 2 x 107%m? s7! is the thermal diffusivity of BMGs [15].

The shear-band velocities and the yield strengths of twelve BMGs
were summarized at room temperature [20,27], and AT, of these
BMGs was calculated by Eq. (6), as listed in Table 1. Fig. 2 isa
three-dimensional coordinate diagram, where vgp is the x axis, oy is the y
axis, and AT,y is the z axis. The two longitudinal planes in Fig. 2 are the
relationship between ATy,.x and vsp or oy, respectively. ATmay of these
BMGs increases with increasing the shear-band velocity, which shows a
strong correlation, and conversely, o, can be considered as a coefficient
from ATmax equation. It can be concluded that ATy of these BMGs is
between 1 ~ 30 K at room temperature and half of these BMGs have
ATpax of 1 ~ 3 K at room temperature. Taking the Zrg5Coz5Al1¢ and
ZrgsCuisAljgNijg BMGs as examples, the model indicates that their
maximum temperatures rise at room temperature are 1.88 K and 2.51 K,
respectively. Thurnheer et al. [21] obtained that ATp.x of the
Zrs7.1Co286Al14.3 BMG was about 1.9 K through experimental mea-
surements and related model analysis at room temperature. Li et al. [28]
considered the effects of the strain rates and machine stiffness, which
was taken into account in the experiments and calculations, and
concluded that ATy, of the ZrgoCuys.sNip2 sAl; 0 BMG was about 2.5 K
at room temperature. Therefore, the model has general applicability in
predicting ATyax within shear bands at room temperature.

5. Discussion

According to the flow model [20], the shear-band velocity of the
BMGs is related to its activation energy, Es, and experimental temper-
ature, T, as vsg = vpao-exp(Es /kT; — Es /kT). For a BMG, Ejs is basically
constant. Hence, its shear-band velocity increases with increasing T.
Combining with Eq. (6), the parameters are basically constant in a
certain experimental temperature range except vsg. Hence, ATy of the
BMG increases with the increase of T. Spaepen [29] found that the yield
strengths of BMGs with main components of Pd and Si remained un-
changed in a large experimental temperature range far below T, and the

Table 1

For various BMGs: the shear-band velocity, vsg, at room temperature [20]; the
yield strength, 6,, at room temperature [27]; the maximum temperature rise,
ATmax, at room temperature.

vgs(mm/s) oy(MPa) ATax(K)
AuygCusg 9Ags sPds 3Si16.3 56.66 1.32 29.54
Zrs2.5Cuy7.9Niq 4 6Al1Tis 1.05 1.8 5.49
Ptsy 5Cuy4.7Nis 3P225 0.27 1.4 2.18
ZresCuysAl;oNijo 0.34 1.45 2.51
CugoZrooHf;0Tizo 10.08 1.95 18.41
FegNiSiroB1a 0.06 36 256
Lasy sAlisCuyy s 42.31 0.64 12.38
Zr4s5CuysAlyg 8.93 1.95 17.32
ZresCoasAl10 0.14 1.7 1.88
Co7gSi10B12 0.01 3.45 1.14
Pd;sCueSite 0.73 1.57 3.98
NigoNbsg 0.09 3.2 2.80
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yield strength of these BMGs dropped significantly in a small experi-
mental temperature range close to T,. In order to explain this phe-
nomenon, Spaepen pictured a schematic deformation diagram of BMGs
to indicate the various deformation modes and proposed that the ma-
terials can be called ‘viscous’ when T ~ T, and the materials may be
called ‘solid” when T<T,. Here, T, is considered as a transition point
from the ‘solid’ to the ‘viscous.” A critical temperature, Tc, is defined,
and the sum of ATy at Tc and Tc is equal to Ty,

ATnax(Tc) + Tc = T,. )

T, and the equations from vgp of twelve BMGs were summarized [20,
30], and Tc was calculated by Eq. (7), and Tc/T, of these BMGs was
determined, as listed in Table 2. Fig. 3 exhibits the sum of the maximum
temperature rise and the experimental temperature, ATy (T)+ T, of
twelve BMGs is plotted as a function of T, and the horizontal and vertical
coordinates are normalized by T,. The inset in Fig. 3 is the variation of
AT with T, and the abscissa cuts off at T¢. The values of T¢ of these
BMGs are scattered in the range of 350 ~ 750 K. In comparison, the
values of Tc /T, of these BMGs are uniformly distributed within 0.8 ~
0.9, except for the Lasy sAl;15Cug7.5 BMG, in which AT, is less than 30 K
at Tc. Similarly, AT, of these BMGs at T¢ is scattered in the range of 25
- 165 K, and the ratio of ATy, at Tc to T, of these BMGs is uniformly
distributed within 0.1 - 0.2, except for the Lasy 5Al;5Cugy 5 BMG. Li et al.
[31] summarized the change of the normalized strength, ¢, /E, with the
normalized temperature, T/T,, at similar strain rates for four BMGs with
different compositions, and found that there are two very different
linear relationships between o,/E and T/T, before and after 0.9 T,.
Before 0.9 T,, 0,/E remained basically unchanged with the increase of
T/T,, with a slope of - 0.0106; after 0.9 T,, o, /E decreased suddenly with
the increase of T/T,, with a slope of - 0.117. Tong et al. [32] have
indicated that annealing at 0.8 ~ 0.9 T, generally leads to the structural
relaxation with the unchanged yield strength, and severe brittleness
because of the increased resistance for the nucleation of shear bands.
When the experimental temperature is greater than 0.9 T,, and the yield
strength remains unchanged, the temperature within shear bands will be
greater than T, according to Eq. (6). Hence, the shear band softens, and
catastrophic failure occurs. Therefore, the sudden decrease of o, /E of
BMGs can be attributed to avoiding the catastrophic destruction of the
shear-band softening when the experimental temperature is greater than
09T,

The 0.2 % yield stress and the maximum stress at different temper-
atures under quasi-static compression for the Pd;7 5CueSiie.5 BMG given
by Pampillo and Chen [33] and Zrs3 5Cu;7.9Nij4.6Al19Tis BMG given by
Dubach et al. [34], as presented in Fig. 4. Pampillo and Chen found that
the yield strength of the Pd;7 5CugSii6.5 BMG decreases rapidly at about
530 K, and the temperature is about 116 K lower than T, of the BMG
(646 K) measured by Chen and Turnbull [35], but the temperature is
very close to the T¢ of the Pd;gCugSi;¢ BMG (546 K) calculated by Eq.
(7). Dubach et al. measured more data points with a larger temperature
range in this series of experiments, and detected a clear deviation from
the T%3-law proposed for BMGs by Johnson and Samwer [36]. The
authors observe that the maximum stress of the Zrsy 5Cuy7.9Nij4.6Al10Tis
BMG decreases rapidly at about 575 K, and the temperature is closer to
the T of the BMG (572 K) calculated by Eq. (7) and is about 105 K lower
than T, of the BMG (680 K). A cooperative shear model (CSM) for plastic
yielding of BMGs, 7y/G = yco — rc1 (T/T,)™ with 7y = oy/2, is fully
applicable to the data points for two BMGs before Tc [36]. For the
ZI'52V5CL117_9Ni14_6A110Ti5 BMG with G = 32.3 GPa, Yco = 0038, Yc1 =
0.014, m = 0.485, and the fitting degree is R> = 0.93. All fitting pa-
rameters of the BMG conform to the CSM. For the Pd;7 5CugSii65 BMG
with G = 32.9 GPa, y¢, = 0.034, y; = 0.014, m = 0.325, and the
fitting degree is R> = 0.90. The values of y, and y; of the BMG all meet
the CSM, but the value of m of the BMG deviates slightly from the CSM to
obtain a higher fitting degree. Fortunately, the same data points of the
BMG were perfectly fitted in the CSM, as shown the vertical triangle of
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Experimental temperature: 298 K
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Fig. 2. The three-dimensional coordinate diagram of the yield strength, o,, the shear-band velocity, vsg, and the maximum temperature rise, ATy,y, of different

BMGs at the experimental temperature of 298 K.

Table 2

For various BMGs: the shear-band velocity as a function of the temperature,
vsg(T) [20]; the glass transition temperature, T, [30]; the critical temperature,
Tc; the ratio of T¢ to Ty, Tc/T,.

vsp(T)(mm/s) T, (K) Tc(K) Tc/Ty
AuoCle 0Ags 5Pds 5Sit6 3 107(4.864-927/T) 401 350 0.87
Zrs.5CU17.oNiy 4. 6Al1Tis 10°(5.424-1610/T) 680 572 0.84
Ptsy.5Cuy4.,Nis 3Pas s 107(8.165-2601/T) 502 443 0.88
ZresCupsAl oNipo 10°(5.44-1761/T) 670 595 0.89
CugoZraoHf1Tizo 10°(4.611-1075/T) 722 582 0.81
FegNizoSi;oB12 10°(4.652-1757/T) 755 653 0.86
Lasy.sAl;sCuyys 107(4.915-980/T) 402 375 0.93
Zr4sCuysAlyg 10°(4.699-1117/T) 710 573 0.81
ZresCozsAl1g 107(5.188-1802/T) 688 619 0.90
Co75Si10B12 107(4.871-2020/T) 800 699 0.87
Pd;sCucSise 10°(5.503-1681,T) 622 546 0.88
NigzNbsg 107(4.869-1768/T) 892 732 0.82
1.0

AuyyCuyg gAgs sPd, 3Sisg
Zrsp 5Cu17,9Niy Al Tis
= Pty;sCuyy;Nis Py 5

— ZrsCuysAlNiyg
200.8 = CugZry Hf; Ti;,

b FegNiySi;oBy, /
Q — Lag; sAl;sCuy; 5 4
+>e ZrysCuysAly,

EO 6 E “ZrsCoysAly,
[T Coy5SiyoBy,
< —— PdCugSij

= Nig,Nbyg

04

0.4 0.6 0.8
T/T,

Fig. 3. The experimental temperature plus the maximum temperature rise as a
function of the experimental temperature is plotted for all BMGs mentioned in
Fig. 2., and the horizontal and vertical coordinates are scaled to the glass
transition temperature, T,. The specific temperature-rise changes of these BMGs
are shown in the inset, and the cut-off points of the abscissa are the critical
experimental temperature, Tc, for these BMGs.
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Fig. 4. The 0.2 % yield stress at different temperatures under quasi-static
compression for the Pd;; sCueSijes BMG given by Pampillo and Chen [33].
And the maximum stress at different temperatures under quasi-static
compression for the ZrspsCuj7.9NijgeAlioTis BMG given by Dubach et al.
[34]. The abscissas corresponding to the red and blue dotted lines are the
critical temperature, T¢, of the two BMGs, respectively. According to the CSM,
the fitting curves of the data points before T¢ for the Zr-based BMG and the
Pd-based BMG are (c/2)/G = 0.038 — 0.014 x (T — T,)***> with R? = 0.93 of
the fitting degree and (¢ /2)/G = 0.034 — 0.014 x (T — T,)*** with R* = 0.90
of the fitting degree, respectively.

Fig. 2 in Ref. [36]. In summary, it can be concluded that at T < Tc, the
change of the yield strength with temperature in BMGs basically con-
forms the CSM, and at T > T¢, the significant reduction of the yield
strength in BMGs can be attributed to avoiding failure due to localized
material softening.

6. Conclusions

In this study, the maximum temperature rise model of shear bands in
BMGs was established through mechanisms applicable to BMGs, such as
the superposition principle of the instantaneous finite surface heat
source temperature field and the flow model about the shear-band ve-
locity in BMGs. The model was deduced through rigorous processes,

. Auy . . .
ATpax = 21/=25% which describes the dependence of the maximum
P
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temperature rise on the yield strength and the shear-band velocity in
BMGs. Compared with the experimental data reported from the previous
work, the current model can accurately predict the maximum temper-
ature rise of BMGs at room temperature. Combining with the yield
strength and the shear-band velocity of many BMGs, it can be concluded
that the maximum temperature rise of BMGs is between 1 K ~ 30 K at
room temperature. The shear-band velocity increases with the increased
experimental temperature in the flow model. Hence, the maximum
temperature rise also increases with the increase of the experimental
temperature. The critical temperature, Tc, is introduced that compre-
hensively explains the variation of the yield strength with temperature.
At T < Tc, the CSM is basically suitable for the change of the yield
strength with temperature, and at T > T¢, the significant reduction of
the yield strength in BMGs can be attributed to avoiding failure due to
localized material softening.
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