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Abstract

In this work, we report on the successful welding of the Ti-based bulk metallic
glass (BMG) plates via electron beam welding route. Microstructure determination
shows that crystalline phases exist both in weld zone (WZ) and heat affected zone
(HAZ). The critical cooling rate for glass formation in WZ is depended on the
solidification condition. The continuous heating transformation curve (CHT) of glass
transition temperature (Tg) and crystallization temperature (Tx) during heating process,
time-temperature-transformation diagram (C-curve) during cooling process, and the
thermal cycle curves are obtained by Kissinger equation, nucleation theory, and
temperature field simulation, respectively. The crystallization mechanism in HAZ was
discussed in details during the heating and cooling processes. The intersection
between cooling curve and C-curve denotes the crystallization of HAZ during the

cooling process.
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Introduction

Due to the disordered atomic structures inherited from molten melts, bulk metallic
glasses (BMGs) are normally endowed with unusual physical, mechanical, and
chemical properties superior to those of their crystalline counterparts. With high
hardness, excellent corrosion resistance, superior strength, and high elastic limit, the
BMGs are promising for multifunctional applications in different industries [1].
However, their three-dimensional (3D) size is limited within only tens of millimeters,
yet, severely hindering the industrial applications of BMGs [2]. Thus, it is crucial to
find a route to form bigger BMGs in order to enable them as structural materials.

To date, numerous efforts have been devoted to increase the 3D size of BMGs,
including optimization of chemical composition and preparation technology, welding
and 3D print process [3-9]. High energy beam welding, as a modern welding process,
has been widely used because of its advantages such as deep welding penetration,
high welding energy density, and little deformation and so on [10]. Yokoyama et al.
connected the Zr-based metallic glass using a conventional electron-beam welding
process [11]. Similarly, the Zr-based metallic glasses were tightly wielded by using a
focused fiber laser beam [12]. Shen et al. successfully welded TisZr2sNizCui2Bezo
BMG together by laser welding process, and found that the tensile strength of the
welded sample can reach up to 93% of the base material [13]. Tsumaura et al.
investigated dissimilar joining of Ni-based metallic glass to stainless steel by fiber
laser beam [14]. Despite of these experimental studies, mechanisms towards
crystallization kinetics and thermal stability have been scarcely reported. Chen et al.
researched the crystallization behaviors of Zr-based BMG by Kissinger analysis and
temperature field simulation [15]. Sun et al. demonstrated the spherulitic
crystallization mechanism of BMG by activation energy and nucleation theory [16].
Lu et al. studied the crystallization of a Zr-based BMG during laser 3D printing
process based on the thermal cycle curves obtained from finite element method (FEM)
analysis [17]. It should be noticed that the crystallization mechanism in the

aforementioned works has been only interpreted during either heating or cooling



process. Therefore, it is necessary to propose an integral and effective method for
crystallization analysis in both the heating and cooling processes.

In the present work, we used electron beam to weld the TisZrsNisCui2Bezo
BMG. The microstructure in the weld zone (WZ) and heat affected zone (HAZ) was
studied in details. The continuous transformation heating curve (CHT) during heating
process and time-temperature-transformation diagram (C-curve) during cooling
process were obtained by Kissinger equation and nucleation theory. Also, the thermal
cycle curves with different welding parameters were obtained by temperature field
simulation. By combining these curves, the crystallization mechanisms in HAZ were

proposed for both heating and cooling process.

Experimental

The quinary TisZr2sNizCui2Bezo alloy ingots were prepared by arc melting Ti, Zr,
Ni, Cu, and Be metals with purities above 99.9% and drop casting into a copper
mould in a Ti-gettered argon atmosphere. The obtained plate-shaped samples had a
dimension of 3 mm x 30 mm x 50 mm. The glassy nature of the as-cast samples was
confirmed by X-ray diffraction analysis. The electron-beam welding was carried out
in a vacuum of 5x10°2 Pa. The accelerate voltage was 150 kV and the focus current
was 2057 mA. The welding beam current was 16 mA. The welding speeds ranged
from 28 mm/s to 34 mml/s, respectively. The ratio of the focal length and distance
from specimen surface to electron lens, an value, was selected to be 1. After welding,
microstructure observations were conducted by scanning electron microscopy (SEM,
Quanta 200FEG), transmission electron microscopy (TEM, Tecnai G2 F30), and
micro-area X-ray diffraction (Bede D1). The TEM samples were prepared by
mechanical polishing, followed by twin-jet electropolishing. Thermal analysis was
performed using differential scanning calorimetry (DSC) with a flow of purified argon
gas. The viscosity of the Ti-based BMG with dimension of 4 mm x 4 mm X 55 mm
was measured by three point bending viscometer containing a two-color Raytek
pyrometer to accurately measure the temperature. Eq.1 shows the equation for the

viscosity measurement via the three-point bending.
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Here g is the acceleration of gravity; Ic is the instantaneous inertia of cross section; v
is the rate of deformation of sample; M is the applied weight; p is the density of
sample; A is cross sectional area; L is the distance between pivot.

A FEM analysis was used to calculate the thermal cycle. During the computation,
a composite heat source containing plane heat source on the top surface and body heat
source was used to simulate the high-energy beam source. The model used in present
work was verified by previous work [13]. The equation of the model is shown as

follows [18],

2
Plane heat source: q(r1)=3—Qzexp{—3L§j Q)
7, r,

0 0
The q(r) is the surface heat flux when the radius is r, Q ithe input power; r0 the
characteristic radius of heat flux distribution, and r distance from the center of heat

resource.

Body heat source reads: q(rz,h)zﬁ%emK%][w] ,
0 0 0

)

where h is the distance between heat position and weld surface, B the coefficient of
energy, ¢v the input power, ro the radius of heat source, H the depth of body heat

source, and M the coefficient of energy attenuation.

Results and discussion

Fig. la shows the external appearance of the sample welded by the different
parameters. Welds can be clearly observed at the interface of the welded samples. No
visible welding defects can be found from the view of appearance. Fig.1b-1d show the
corresponding SEM images obtained from the fusion zone of welded BMG samples
with different welding speeds. It can be seen that there are numerous crystalline

phases in fusion zone, and exists the obvious interface between WZ and HAZ at



different welding speeds. For different welding speeds, the crystalline phases are
similar. The WZ consists of numerous flower-like crystals whereas HAZ contains
many irregular polygon-like crystals. Meanwhile, no visible defects, pores or cracks
are observed in both the WZ and HAZ, demonstrating a sound joint.

In order to further investigate the microstructure of joint, the microstructure of the
joint from the middle of WZ to HAZ is studied. Fig.2 shows the SEM images of
welded Ti-based joint with a welding speed of 34 mm/s. Fig.2a demonstrates the SEM
images in the middle of WZ. A homogeneous and featureless characteristic was
detected in the middle of weld, suggesting that no obvious devitrification occurs in the
middle of joint. The average width of crystallization area in the WZ is measured to
be ~200 um, as shown in Fig.2b. Fig.2c shows the microstructure of fusion zone
between the WZ and HAZ, as similar to the Fig.1. An obvious interface can be found
between the two zones, as indicated by the dotted line. Irregular polygon-like crystals
with an average size of ~1um embedded in the HAZ were observed, as shown in
Fig.2d. Fig.2e demonstrates the existence of many flower-like crystals with an
average size of 5~10um embedded in weld zone.

Figure 3 depicts the bright field TEM micrographs and corresponding selected
area electron diffraction (SAED) patterns obtained from the middle of joint, WZ and
HAZ with a welding speed of 34mm/s. In the middle of joint, many nano-crystals
with an average size of ~200 nm were detected by TEM (Fig.3a). Fig.3b and Fig.3c
show the TEM images of the WZ and HAZ. The strong diffraction spots in the inset
of Fig. 3b can be identified as Ti>Ni phase. The inset of Fig. 3c shows the SAED
pattern taken from a crystal in HAZ. The strong diffraction spots belong to Zr2Ni
phase.

Figure 4 shows the micro-focused XRD patterns obtained from the joint of the
welded BMG. The interval between two scanning location was ~ 300 pm.
Inconspicuous but detectable diffraction of crystalline phases was observed in region
A, which indicates the formation of nanocrystalline phase, consistent with the TEM
observations. However, for fusion zone, the diffraction peaks were clearly observed in

region B of the welded sample. The results show that there is a mixture of Zr.Ni and



Ti2Ni phases. For region C, there are also obvious diffraction peaks, and can be
indexed to the ZroNi phases. Furthermore, diffraction pattern consisting of a broad
halo appears in region D, suggesting the existence of only glassy phase for the matrix.

A welded joint made by fusion welding consists of weld zone, fusion zone (line),
heat affected zone, and base metal. For base metal, the microstructure almost remains
unchanged after welding. Therefore, the quality of the welded joint depends on the
microstructure of WZ and HAZ. The weld zone is the portion of the joint subjected to
melting during welding. After welding, rapid cooling of the welded metal occurs.
Thus, for metallic glass, the cooling rate from the liquidus temperature to the room
temperature plays a crucial role on the microstructure of the WZ. A simplified cooling

rate calculation in WZ was performed by Rosenthal [19] by the following equation,
R=k(T-T,)’ )

Here, R is the cooling rate (K/s); T is temperature of each point (K); and Tothe initial

temperature, defined as 293 K. The factor k is defined as following:
k = 272pc(v,,5/0)? . (3)

In the equation, 4 is the thermal conductivity (W/m-K); p is the density of material; c
is the specific heat (J/g-K); vw is the welding speed (m/s); s is the thickness of sample;
and q the heat input. In the present work, the value of g can be calculated by the
product of acceleration voltage and beam current of as g = 150 x Ip. Also, the value of
T is defined as Tm. The value of 4, p, ¢ and Tm can be obtained from Ref. [20].

Combing Eq. 2 and Eq. 3 yields the cooling rate in the weld zone as follows:

R :8.4><10'8(\|/—WJ T -T,)° (4)

b

Accordingly, a high cooling rate can be obtained by using high welding speed and
small heat input. For the present work, R is calculated to be 84 K/s, 110 K/s and 124
K/s for the welding speed of 28 mm/s, 32 mm/s and 34 mm/s, respectively. Huang et
al. reported that the critical cooling rate (Rc) of arc-melted TisoZr2sNisCui2Bezo BMG
is ~3.2 K/s [21], which is much smaller than the present values. Therefore,

theoretically, the WZ of the joint prepared with the used parameters in the present



work can lead to amorphous states. Actually, a large amount of flower-like crystals in
WZ was detected by SEM and TEM, as shown in Fig.1-Fig.3. This is due to two
aspects. On one hand, for metallic glass, the cooling rates in the joint not only
strongly depend on the welding speed and heat input, but also on the thermo-physical
parameters, especially the thermal conductivity (1), specific heat (c), viscosity () and
so on. Furthermore, 4, ¢ and 7 significantly vary with the temperature during heating
and cooling process. Thus, the results calculated from Eq.4 may not abide by actual
situation. Moreover, a higher welding speed can cause a longer WZ along welding
direction under a constant heat input. The longer WZ can result in a lower cooling rate
in the WZ. Thus, a fast welding speed and a small heat input do not always lead to a
high cooling rate. On the other hand, the critical cooling rate for glass formation
largely depends on the solidification condition. For ZrsoCu1sNitoAl1oPds metallic glass,
Inoue et al. have reported a critical cooling rate of ~190 K/s for glass formation
prepared by zone-melted method [22]. However, the critical cooling rate for glass
formation is ~40 K/s under unidirectional solidification with a moving velocity of
liquid/solid interface, v, of faster than 4 mm/s and a temperature gradient, G, of
greater than 4 K/mm [23]. Besides, the critical cooling rate has been reported to be
110 K/s obtained from the thermal analysis data of the cast melt in a wedge-shape
copper mold [24]. That is, the critical cooling rate varies significantly from 40 to 190
K/s, whereas the alloy remains the same compositions. Drehman and Greer have
proposed that there are some crystal growth centers called quenched-in nuclei in the
glass-forming melt. Considering heterogeneous nucleation of a crystalline phase, the
existence of quenched-in nuclei can lead the C-curve to shorter nose time [25]. This
means that the higher critical cooling rate is required to achieve amorphous structure.
The more quenched-in nuclei causes the shorter nose time [26]. Thus, the significant
difference in R¢ can be attributed to the difference in the amount of quenched-in
nuclei in the molten alloy resulting from the difference in the purity of the alloy melt
and the atmosphere [27, 28]. According to our previous results [13], the critical
cooling rate of WZ is at least 780 K/s by melting welding, much higher than the

critical cooling rate of arc-melted TisoZr2sNizCui2Bezo BMG and the cooling rate in



the present work. Therefore, for the present work, some crystalline phases form in the
WZ.

The HAZ, a region adjacent to the WZ, has not been welded but has experienced
a change in microstructure or mechanical properties due to the effects of heating and
cooling during welding process. Here, the CHT curve and C-curve were established to
interpret the crystallization behaviors of welded TisZr2sNizCui2Be2o BMG.  For
continuous heating transformation curve, Kissinger equation can be introduced, which
reflects the glass transition and crystallization behaviors during heating process, as

follows [29]:

In(%) =— E + constant (5)
T RT

Here, B is the heating rate; T is the specific temperature; R is the gas constant; and E
is the activation energy. By using the values of the glass transition temperature (Tg),
crystallization temperature (Tx) and B indicated from the inset of Fig.5a, plots of
In(B/T?) against 1/(RT) yield approximately straight lines as shown in Fig. 5a. B can
be approximatively defined as (T-293)/t, where t is the heating time. Thus, the

Kissinger equation in the characteristic temperatures can be described as:

T, - 293
In| o 22| 20747 | 435 (6)
T,’t T,
| 17293 27108 4 4 (")
Tt T,

Based on Eq. 6 and Eq. 7 and Ty, Tx values given by DSC (in the inset of Fig.5a), the
continuous heating curves can be achieved, as shown in Fig.5b. It also shows the
minimum heating time needed, i.e. the maximum heating rate with different welding
parameters in order to avoid the crystallization during heating process. During the
heating process, in order to achieve the amorphous state of joint, the thermal cycle
curves should not intersect with the CHT curves, especially the CHT curve of Tx. This
method can be used to predict the crystallization or beyond the heating process.

Next, the crystallization behavior during cooling process will be discussed. The

Onorato-Uhlmann expression introduces formal transformation theory into the kinetic



analyses for glass formation. Equation to calculate the homogeneous nucleation rate |
reads [30, 31]:

NKT 1.229

Xp (

| = exp (- ————
37, T AT ?

(8)

Here, N is the number of single molecules per unit volume and is calculated to be 6.33
X 10% atom/m? using the measured density of 5600 kg/m?® for the studied alloy. k is
the Boltzmann constant, ao is the mean atomic diameter (a0=0.22 nm, calculated as
the weighted average atomic diameter of the five components in the studied alloy) and
n is the viscosity. The reduced temperature Ty is given by T/Tm, and AT is equal to (Tm
—T)/Tm. The temperature-dependent viscosity is described with the empirical VFT
equation [32]:

*,

D'T,
T-T,

7 = 17, 80 ) (9)

where 70= Na - h/V, To is the VFT temperature at which the viscosity approaches
infinity, D* is the fragility parameter, Na is Avogadro’s constant, h is Planck’s
constant, and V is the molar volume. In the present study, based on the experimental
data from our previous work [33], the value of D" and To can be calculated to 13 and

426 K, respectively.
The temperature dependence of the crystal growth rate u can be expressed as

[34]:
kT AT AH/!
u= l-exp| - ———O 10
37za§77{ xp[ RT ﬂ (10)

where f is the fraction of sites at the interface where growth occurs (here f = 0.04), and

AH'y is the molar heat of fusion (AH'm =7209 J/mol in the present alloy[35]).
Moreover, the Johnson-Mehl-Avrami equation [36] has been used to understand the
crystallization Kinetics of a glass, which gives the volume fraction of crystallized

material X as:
X :l—exp[—% |u3t4} (11)

where t is the time taken to transform X. At the beginning of transformation or for a



small X, Eq. 11 can be simplified to,
X =2 3! (12)
3

From the Eq.12, for a fixed X, t can be estimated as a function of temperature
because | and u are expressed as a function of temperature. Therefore, a C-curve can
be obtained. Combining Eqs.8-10, the temperature dependences of | and u are shown
in Fig. 6a. The maximum growth rate is observed at 935 K, 50 K below the melting
point of the studied alloy. The maximum nucleation rate is located at 680 K, slightly
higher than its crystallization temperature. A crystallized volume fraction X=10% was
identified as a just-detectable concentration of crystals which must be avoided if a
glass is to be formed. The C-curve was estimated, as shown in Fig.6b.

A finite element analysis was employed to calculate the thermal cycle curves in
the HAZ with the location near the fusion zone at different welding conditions, as
shown in Fig.6b. A magnified image of intersection area between CHT curves and
thermal cycle curves is shown in Fig.6¢c, as indicated by circle in Fig.6b. It can be
seen that no intersection points exists between CHT curve of Tgand thermal cycles
curves with welding speeds of 32mm/min and 34 mm/min, revealing that the alloy
still maintains glassy nature during heating process for high welding speed. However,
for the welding speed of 28 mm/min, the thermal cycle curve intersects with the CHT
curve of Tg, but not with the CHT curve of Tx. Due to the excellent thermal stability in
supercooled liquid region and the short exposure time in this region, it is concluded
that no crystallization takes place during heating process in this welding parameter.

Fig. 6d shows the magnification image of intersection area between thermal
cycle curves and C-curve, as indicated by frame form Fig.6b. It can be seen that all
the thermal cycle curves intersect the C-curve during the cooling process. This
suggests that the alloys are crystallized. The cooling curves can be divided into two
parts. Due to its high-density energy applied to a localized area, electron beam
welding would produce larger temperature gradient in HAZ, which would give rise to
fast heat transfer and thus the rapid temperature drop during the beginning stage of

cooling. The thermal conductivity and thermal diffusivity show a positive temperature



coefficient for an amorphous solid [37, 38]. Therefore, upon further cooling, the
thermal conductivity and thermal diffusivity gradually decrease, accompanied with
the fast decrease in temperature gradient, causing the slow cooling rate during the
final stage of cooling for HAZ. In the present work, for low welding speed as 28
mm/min and 32 mm/min, intersection points exist between thermal cycle curves and
C-curve during the slow cooling rate stage, as shown in Fig.6¢. For a higher welding
speed as 34 mm/min, intersection points exist between thermal cycle curves and
C-curve during the fast cooling rate stage as shown in Fig.6c¢. Thus, a higher speed is
required for the formation of glassy nature. However, the high welding speed causes
the long melt region along welding direction under the constant heat input, leading the
decease of cooling rate in the fast cooling rate stage, which is also harmful to the
formation of metallic glass. Consequently, it is concluded that the BMG’s welding
demands the balance between the welding speed and heat input to obtain the

satisfactory welded structure.

Conclusions

In summary, the electron beam welding was performed to join the
TiaoZr2sNisCu2Beo BMG samples. The microstructure shows that there are many
ZroNi and Ti2Ni phases precipitated in HAZ and WZ, respectively. The critical
cooling rate for glass formation in WZ depends on the solidification condition,
resulting from the purity of the alloy melt and the atmosphere. We estimated the CHT
curve, C-curves and thermal cycle curves of the welded Ti-based BMG. The
crystallization mechanism was analyzed based on the obtained curves. For HAZ, there
are no intersection points between the CHT curves and thermal cycle curves,
indicating that the HAZ remains amorphous nature in the heating process. However,
the thermal cycle curves intersect with the C-curve, demonstrating that the

crystallization of HAZ takes place in the cooling process.
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Figure Captions

Fig.1 a) Outer appearance of welded samples and SEM images of fusion zone in
welded Ti-based BMG joint with different welding speeds: (b) 28 mm/min, (c) 32
mm/min, and (d) 34 mm/min

a)

middle of joint

crystalline phase

crystalline
phase

R
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Fig.2 SEM images of welded Ti-based joint with a welding speed of 34 mm/s: a)
middle of the weld, b) WZ, c¢) fusion zone, d) HAZ, and e) magnification of WZ



Fig.3 TEM images and corresponding SAED patterns of crystalline phases in a)
middle of joint, b) WZ, and ¢) HAZ with a welding speed of 34 mm/s

Intensity(a.u.)

20

o ® Zr,Ni
! " Ti,Ni
ABD D
c
¢ "
.Aﬂ -. B
w—
A
%0 m %0 100
2 Theta(Degree)

Fig.4 Micro-XRD patterns of welded Ti-based joint at different zone
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Fig.5 a) Kissinger plots for the T4 and Ty, inset showing DSC curves with different
heating rate and b) continuous heating transformation curve obtained from the Eqgs.5

and 6.
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Fig.6 a) calculated nucleation frequency (I) and growth rate (u), b) calculated C-curve

and thermal cycle curves, c) and d) magnification image from Fig.6b as indicated by
circle and frame
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