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Abstract: Crystallization often occurs in the laser welding of amorphous alloys, reducing the
amorphous alloys’ properties. So, it is necessary to simulate the temperature field curve of the
welding area by computer and then determine the power and laser moving speed of laser welding.
In this paper, the temperature field curve of Zrs12TiizsCui25NioBe225(Vitl) amorphous alloy in laser
welding is obtained by finite element analysis. The continuous heating curve (CHT) of Vitl is fitted
by the Vogel-Fulcher-Tammann (VFT) equation and the Kissinger equation. If the temperature field
curve intersects with the CHT curve, crystallization occurs. The experiment results show that the
VFT equation can be used to predict the crystallization of Vitl better in laser welding. The
temperature and welding time are increased by using low welding speed. Therefore, the
temperature of the weld zone cannot fall in time, resulting intersection of the temperature field
curve and the CHT curve. So, crystallization can be avoided if the welding speed is controlled within
a reasonable range, and the highest temperature is kept under the CHT curve.
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1. Introduction

Conventional metals have a crystalline structure with ordered atoms and grain boundaries,
which makes the metal prone to dislocations and other defects, reducing the strength of the material.
Amorphous alloys are relative to crystalline alloys, which are usually cooled down rapidly to
suppress the generation of grains inside the material. Amorphous alloys are characterized by long-
range disorder, which is disordered in three-dimensional space, without composition segregation
and inclusions, and have a denser internal structure compared to crystals, which gives them excellent
physical properties, chemical properties and biocompatibility, such as high strength, high hardness,
high ductility, and good corrosion resistance [1,2]. Moreover, amorphous alloys have superplasticity
in the supercooled liquid region and this makes them easy to process. These properties earn them
application potential in the field of medical devices [3-5]. For instance, excellent hardness makes it
very suitable for use as various surgical blade (scalpel) materials; excellent biocompatibility and
corrosion resistance make it suitable for manufacturing implantable orthopedic prostheses;
superplasticity makes it very suitable for forming minimally invasive medical devices with small
volumes and complex structures. However, the widespread use of amorphous alloys has been limited
by their glass-forming ability. At present, amorphous alloys are generally made by rapid cooling.
However, this method can only be used to produce samples in the form of thin plates, powder,
filaments, and cylinders. It is difficult to produce complicated and precise shapes. In order to break
this limitation, researchers have made many efforts [6-8], one of which is welding.

Amorphous alloys have been successfully connected by friction welding [9,10], explosive
welding [11,12], electron beam welding [13], and laser welding [14,15]. Compared with other welding
methods, laser welding has great advantages [16,17]. Laser welding is a method of welding two parts
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together by using the radiation energy of a laser to bring the temperature of the welded part to the
melting point. Because laser welding produces a small spot area, its influence around the weld is also
small, and it does not require the filling of other materials during the welding process, so laser
welding is highly efficient, fast, and the weld surface is continuous and uniform with few defects
such as porosity and cracks, making it ideal for precision welding and micro welding to obtain
complex and precise parts [18]. Therefore, in this study, we use laser welding to connect amorphous
alloys. Vitl is one of the Zr-based amorphous alloys with promising applications. It has a large
supercooled liquid region and good glass-forming ability. At a heating rate of 30 K/min, the glass-
transition temperature of Vitl is Tg =633 K, and the crystallization temperature is Tx =724 K. Vit1 can
be made by low cooling rate (1-100 K/s) [19-21]. In this study, we use Vitl to produce samples.

In laser welding, the temperature field of the welding area is difficult to obtain, which means it
is hard to determine the power and laser moving speed in laser welding. Therefore, crystallization
often occurs during the laser welding of amorphous alloys, reducing the amorphous alloys’
mechanical properties [22]. So, it is necessary to simulate the temperature field of the welding area
by computer and then determine the power and laser moving speed of laser welding [23]. In this
study, the temperature field of the welding area is simulated using the software SYSWELD, and the
continuous heating transformation (CHT) curve of Vitl is obtained using the Vogel-Fulcher-
Tammann (VFT) equation and the Kissinger equation to predict the crystallization of amorphous
alloy under given welding parameters. During laser welding, the temperature field curve shouldn't
intersect with the CHT curve, or crystallization will happen in the welding area [24]. The simulation
results are verified by experiments.

2. Materials and Methods

2.1. Preparation of original specimens

The amorphous alloy used in this paper is Vitl, in which the purity of Zr is 90% (atomic
percentage), and the purity of Ti, Cu, Ni, and Be are over 99%. The raw materials were mixed
proportionally, put into an ultrasonic cleaning machine to remove impurities from the raw materials,
dried, and then put into a vacuum induction arc furnace to repeatedly melt the master alloy ingots
four times to obtain a uniform mixture of each element. Then the master alloy ingots are broken to
obtain fragmented master alloy. The master alloy pieces are put into the pressure-casting machine
for die-casting to obtain amorphous alloy sample strips. Four sample strips can be obtained in one
die-casting, with dimensions of 2 x 100mm x 10mm x Imm?3, 1 x 100mm x 10mm x 2mm?3, and 1 x
100mm x 10mm x 3mm? respectively. The sample strips were continued to be cut to obtain the
experimental amorphous alloy sample strips with dimensions of 50mmx10mmx2mm? as shown in
Figure 1. In this paper, the sample strip with the size of 50mmx10mmx2mm? is selected for the
experiment.

Figure 1. Experimental amorphous alloy sample strips.
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2.2. Detection method

First of all, the X-ray diffraction (XRD, Rigaku Corporation, Tokyo, Japan) test should be
performed on the experimental amorphous alloy samples to ensure that they are amorphous so as
not to interfere with the subsequent experiments. The test is mainly divided into two parts: first, to
detect whether the welded part is crystallized; second, to detect the mechanical properties of the
welded parts. For detecting whether crystallization occurs, scanning electron microscope (SEM, FEI
Company, Hillsboro, USA) observation and XRD inspection are mainly used. After welding, the
welded parts will be cut into small pieces, and sample making, the sample made as shown in Figure
2. The surface of the sample was then polished to a mirror finish and the microscopic morphology of
the welded area was observed with a scanning electron microscope to see if crystallization was
produced. Next, XRD testing was performed to determine whether the welded area was crystallized.
For mechanical properties, the maximum flexural strength of the welded part was obtained using a
three-point bending test to analyze the effect of changes in welding parameters on the flexural
strength of the sample.

Figure 2. Block to be observed.

3. Simulation

3.1. CHT Curve Fitting

The crystallization temperature and the range of supercooled liquid region are often used to
evaluate the stability of amorphous alloys. However, the crystallization temperature and the range
of supercooled liquid region vary with the change in heating rate, so they cannot be used to describe
the crystallization process of amorphous alloys. The CHT curve can be used to describe the
crystallization of amorphous alloys [25-27]. However, the measurement of the CHT curve takes a
long time, so it is necessary to find a simple way to fit the CHT curve.

The Kissinger [28,29] equation and the VFT equation [27,30] are often used to study the phase
transition of a material. It is convenient to fit the CHT curve by the Kissinger equation and the VFT
equation using the characteristic temperature of amorphous alloys. However, for different alloy
systems, the fitting ability of the Kissinger equation and the VFT equation are different [30,31].
Therefore, in this section, we use both the Kissinger equation and the VFT equation to fit the CHT
curve of Vitl, and then investigate which equation can be used to better predict crystallization by
experiments.
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Ding et al [31] obtained the CHT curve of CusosZr.7 by the Kissinger equation. It was found that
the fitted CHT curve was in good agreement with the experimental data. The dependence of T on
heating rate « is described by

In—=-=+C 1)

Where T is the characteristic temperature, o is the heating rate, R is the gas constant, E is the
apparent activation energy, and C is a constant. The Kissinger equation describes the linear
relationship between In(T?/a) and 1/T.

The main characteristic temperatures of Vitl at different heating rates (5-40 K/min) are shown
in Table 1 according to the reference [32], which indicates that the characteristic temperature of Vitl
increases as the heating rate increases. Therefore we can obtain Kissinger’s linear relationship
between In(T?/a) and 1/T for Tx as follow:

2
In (<) =19.42x22.17.068 @)
a T

Table 1. The characteristic temperature of Vitl.

Heating

Rate (K/min) Tg (K) Tx(K) Tp1 (K) Tp2 (K) Tps (K)
5 623 682 - 726 -
10 627 697 - 735 -
20 630 712 726 746 802
30 633 724 736 754 808
40 636 732 744 759 815

The correlation coefficient R = 0.997 indicates that the glass-transition temperature meets the
Kissinger fitting well. The fitting line is shown in Figure 3.
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Figure 3. Kissinger plot of In(TZ/o)vs. 1000/T for Vitl.

Although plotting In(T% ) as a function of 1/T enables the estimation of the apparent activation
energy E. Some researchers believe that the dependence of T on the heating rate agrees with the
nonlinear VFT equation [25,30]:

a=Bexp(=-) ®)
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Where T is the characteristic temperature, a is the heating rate, T° is the hypothetical value of T
at the limit of indefinitely slow cooling and heating rate, and A, B is constant.
We can obtain VFT’s nonlinear relationship between Ina and T for Tx as follow:

3 3583.9
Ina=14.937- T 4)

The correlation coefficient R3 =0.999. The fitting line is shown in Figure 4.
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Figure 4. VFT plot of In(a) vs. T for Vitl.

It can be seen that the Tx meets both the Kissinger fitting and the VFT fitting very well at the
heating rate of 5-40 K/min. And the correlation coefficient Rf and R3 are very close.

The heating rates can be calculated by (T-293)/t, and put into Equations (2) and (4) to construct
the CHT curve, as shown in Figure 5.
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Figure 5. Plots of VFT fitting and Kissinger fitting.
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It can be seen from Figure 5 that the VFT fitting and the Kissinger fitting almost coincide, and
the TTT data meets the fittings very well. Thus, there is no significant difference between the VFT
equation and the Kissinger equation in the ability of CHT curve fitting of Vitl. In laser welding, the
welding speed is high, which leads to short welding time, no more than one second in one spot. So
we reduce the range of time, and the result is shown in Figure 6. It can be seen that the two curves
are far apart in the short time interval. Therefore, it is necessary to analyze both the VFT fitting and
the Kissinger fitting in laser welding.
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Figure 6. VFT fitting and Kissinger fitting at a short time interval.

3.2. Simulation of Temperature Field

For laser welding, simulating the temperature field in advance can guide the selection of
welding parameters and reduce crystallization. We use finite element analysis in this part to simulate
the temperature field curve of the welding area with the software SYSWELD (ESI SYSWELD 2019.0,
Framatome, France), which has been proven effective in the simulation of temperature field [24].

First, the sample was modelled by SYSWELD, as shown in Figure 7. Then, the sample of
amorphous alloy A and the sample of amorphous alloy B were welded virtually to get the
temperature field curve. The dimension of samples A and B are all 50 x 5 x 2 mm? in size. The material
parameters [33] involved in the simulation are shown in Table 2.

Table 2. Parameters required in the simulation.

s Thermal .
Temperature (K) Spec1f11c Hleat Conductivity le)ensﬂy s
(J-g 1K) (W-m-1K-1) (x10-¢, kg-mm™)

300 0.382 4.5 6.12

440 0.411 6.5 6.12

580 0.523 10.8 6.12

650 0.724 14.6 6.13

700 0.543 17.0 6.19
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Weld Line

Figure 7. Simulation model for laser welding.

3.3. Results and Discussion

Firstly, the simulated welding runs under the parameter of 300 W-12 mm/s. The temperature
field curves of points A, B, C and D, which are distributed evenly along the welding line, are shown
in Figure 8. It can be seen that the trends of the temperature field curve at all points are almost the
same, and the highest temperature reaches about 2200 K. The maximum temperature at the starting
point A is about 2000 K, which is lower than 2200 K. The reason is that the welding has just started
and the temperature field has not been fully established. As the laser moves, the temperature rises
rapidly, reaching the maximum temperature, and then decreases quickly. Such a temperature field
curve makes it possible to avoid the intersection with the CHT curve, preventing the crystallization
in laser welding. At the beginning of the welding, the temperature after point C does not change. The
reason may be that the temperature field has not affected the point afterward so it remains at the
initial temperature. Figure 9 shows the temperature field curve normal to the welding line at the
parameter of 300 W-12 mm/s. It can be seen from Figure 9, the farther away from the weld line, the
lower the maximum temperature and temperature changing rate.
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Figure 8. The temperature field curve along the weld line at 300 W-12 mm/s.
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Figure 9. The temperature field curve is normal to point Cat 300 W-12 mm/s.

Amorphous alloy is easier to crystallize in the heat-affected zone in laser welding [34], so we
choose a point in the heat-affected zone and simulate the temperature field curve of this point at
different welding parameters.

The welding power is kept at 300 W while the welding speed is changed to study its influence
of it, as shown in Figure 10. The welding parameters are shown in Table 3. With the decrease in the
welding speed, the welding time and the maximum temperature gradually increase, and the
temperature field curve moves to the upper right. At the welding speed of 3 mm/s and 6 mm/s, the
temperature field curves both intersect with the corresponding VFT fitting and the Kissinger fittings.
According to the hypothesis mentioned above, the crystallization occurs in the welding area at 300
W-3 mm/s and 300 W-6 mm/s. At 9 mm/s, the temperature field curve intersects only with the
Kissinger fitting, so it is hard to determine whether crystallization will occur or not at 300 W-9 mm/s.
In this study, experiments are carried out to investigate which fitting can be used to better predict the
crystallization in laser welding.
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Figure 10. The CHT curves and the temperature field curves.
Table 3. Parameters used in laser welding.
Sample Number Power (W) Speed (mm/s)
1 300 3
2 300 6
3 300 9
4 300 12

4. Laser Welding Experiments

4.1. Procedure

In order to verify the accuracy of crystallization prediction in simulated welding, laser welding
tests of Vitl amorphous alloy are performed in this section. As-received amorphous alloys were
produced in EONTEC Co. Ltd.(Dongguan, Guangdong, China). To be consistent with the simulation,
the amorphous alloy samples used for laser welding are 50 x 5 x 2 mm? in size. Laser welding
experiments were conducted by using a WF300 laser welder (GrandTech Laser Industry Group Co.,
Ltd., Shenzhen, China) with a pulse width of 3.0 ms, frequency of 40 Hz, and argon flow rate of 20
L/min. Welding parameters are shown in Table 3. In laser welding, welding areas were protected by
argon to reduce welding defects and increase the cooling rate. The surface morphology of the welding
area was observed by scanning electron microscope (SEM, FEI Company, Hillsboro, USA), and then
X-ray diffraction (XRD, Rigaku Corporation, Tokyo, Japan) experiments were carried out. The
bending strength of the welded samples was obtained by bending experiments.

4.2. Results and Discussion

Laser welding results are shown in Figure 11. Samples 1-4 were successfully welded together.
Sample 1 was welded too slowly and the laser impacted the same welded part for too long, resulting
in severe spattering at some weld locations and affecting the performance of the welded part. Samples

d0i:10.20944/preprints202306.1040.v1
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2-3 welded parts are good, only a small amount of spatter. Sample 1, has the slowest welding speed,
so the temperature of the welding area in the four samples is the largest, and its heat-affected zone
area is also the largest, with the increase in welding speed, the area of the heat-affected zone gradually
reduced, until there is no heat-affected zone in Sample 4. Four samples have a varying number of
porosity defects, of which Sample 1 is the most serious, which is due to the slow movement of the
laser in Sample 1, the laser impact time on the same welding area is too long. With the increase in
welding speed, the number of pores gradually decreased.

Figure 11. Laser welding results, (a)-(d) corresponding to samples 1-4

The heat-affected areas of the four samples were magnified to obtain Figure 12. From the figure,
it can be seen that a large number of cracks were produced in the heat-affected areas of Sample 1 and
Sample 2 by the laser impact, and there were a large number of black spots in the heat-affected areas.
Sample 1 crack range is wide and dense, which is due to excessive laser impact. With the increase in
welding speed, the crack density decreased significantly, Sample 3 has been observed no obvious
cracks. As the welding speed of Sample 3 is too small, no crack generation, but also can not observe
the obvious heat-affected zone. So an appropriate increase in welding speed can reduce the
generation of pores, cracks and other defects, increasing the mechanical properties of the welded
area. However, when the welding speed is too large, there may be no weld penetration, reducing the
performance of the welded area.
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Figure 12. Electron microscopy images of the heat-affected zone, (a)-(d) corresponding to samples 1-4

Figure 13 shows SEM images of the cross-section of four laser welding samples. It can be seen
that different welding speed affects the microstructures of the welding area. Samples 1-3 have
obvious welding fusion zones, heat-affected zones, and base metal zones. Sample 1 has the largest
heat-affected zone, while Sample 4 has no obvious heat-affected zone. The reason may be that the
change in welding speed affects the temperature of the welding area, changing the area of the heat-
affected zone. For Sample 4, the weld fusion zone, heat-affected zone, and base metal zone cannot be
distinguished by SEM because of the high speed of laser welding. It can be seen from Figure 13,
crystallization mainly occurs in the heat-affected zone, and there are no obvious crystals in the
welding fusion zone. The results are consistent with the previous research [28]. Grains appeared in
the heat-affected zone of Sample 1 and Sample 2, and grains could not be observed by electron
microscopy for Sample 3 and Sample 4, so it can be tentatively determined that crystallization
occurred in Sample 1 and Sample 2, while no crystallization occurred in Sample 3 and Sample 4,
which is consistent with the computer simulation results. To further determine the accuracy of the
results, an XRD test was performed.
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Figure 13. SEM images of the welded zone, (a)—(d) correspond to samples 1-4.

Figure 14 shows the XRD patterns of four welding samples. Sample 1 and sample 2 have obvious
crystalline peaks, indicating that sample 1 and sample 2 have crystallized. Low welding speed
increases the temperature of the welding area and decreases the temperature drop rate, so the
crystallization degree of sample 1 is the most serious. Either Sample 3 or Sample 4 has only one classic
amorphous peak, and no peak corresponding to a crystalline phase is observed, indicating that the
structure is still amorphous. Both the SEM images and the XRD patterns prove that samples 1,2
crystallize and samples 3,4 keep amorphous, indicating VFT fitting can be used to predict the
crystallization of Zrs12TissCui25NiwBe22s amorphous alloy better in laser welding.
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Figure 14. XRD patterns of 4 samples.

In addition, bending experiments were carried out. Figure 15 shows the stress-strain curves of
the samples at different welding parameters. Sample 0 is an unwelded sample of size of 100 x 5 x 2
mm?. With the change in welding speed, the bending strength does not change monotonously. The
bending strength at 300 W-3 mm/s is the lowest because the welding area has been seriously
crystallized, which greatly reduces its strength. With the increase of welding speed, the
crystallization gradually weakens and the bending strength begins to increase. After 300 W-9 mm/s,
the bending strength decreases again, because the welding speed is too high and the sample is not
fully welded. As can be seen from Figure 15, the bending strength of sample 0 reaches 2256.25 Mpa,
while the maximum bending strength of the welding samples is only 1502.1 Mpa. So laser welding
can greatly reduce the bending strength of samples.
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Figure 15. The stress-strain curves from three-point bend tests.

After the above analysis found that the welding parameters of 300W-9mm / s and 300W-
12mm / s amorphous alloys do not crystallize, followed by a flexural test at Vitl in 300W-9mm /
s welding parameters of the maximum flexural strength is greater, so we choose to go to 300W-
9mm / s welding parameters to weld the gripper. The welding results are shown in Figure 16.
The top view shows that the gripper is not welded through, and due to the high temperature,
the weld around the gripper part of the damage, which is mainly due to improper selection of
the laser angle during the welding process, as well as the welding speed is too slow. As can be
seen from the side view, the weld appears larger molten metal, changing the original shape of
the gripper, which will increase the workload of subsequent processing, which is not conducive
to actual production. From the above analysis, it can be seen that although the amorphous alloy
did not crystallize under 300W-9mm/s, and the maximum bending strength is larger, due to the
small size of the gripper can not withstand the higher temperature generated by this parameter,
resulting in damage around the gripper welding line, the morphology of a large change. So in
the actual welding process to change the welding parameters, continue to reduce the welding
temperature to achieve the desired effect.
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Figure 16. Gripper laser welding results

5. Conclusions

In this paper, the CHT curves of Vitl amorphous alloy are fitted by the Kissinger equation and
the VFT equation respectively, and the temperature field curves are obtained by computer
simulation, predicting the crystallization of amorphous alloy during laser welding. Although the VFT
fitting and the Kissinger fitting almost coincide in large time intervals, they are far apart in small time
intervals. Because the welding speed is fast which leads to a small time interval, two kinds of CHT
curves are fitted to verify their ability of predicting crystallization in laser welding.

To investigate whether the CHT curve can be used to predict the crystallization of Vitl
amorphous alloy in laser welding, experiments are carried out. It can be seen from SEM images that
300 W-3 mm/s causes serious crystallization and produce large crystals. With the increase of welding
speed, the size of the crystals decreases. XRD results show that the samples at 300 W-3 mm/s and 300
W-6 mm/s crystallize, while the samples under 300 W-9 mm/s and 300 W-12 mm/s keep amorphous,
which is consistent with the predicted results of CHT curved fitted by VFT equation. The results show
that the CHT curves fitted by the VFT equation can be used to accurately predict the crystallization
of Vitl amorphous alloy in laser welding.

In addition to exploring the crystallization prediction, we can also see from the electron
microscope picture that the area of the various parts of the weld area will also change with the change
in welding speed, when the welding speed becomes slower, the temperature of the weld area will
also rise, which leads to a larger heat-affected zone area. Changes in welding parameters will also
change the bending strength of the welded parts, with the increase in welding speed, the maximum
bending strength of the specimen shows a trend of first increasing and then decreasing. Overall,
however, laser welding will greatly reduce the bending strength of the welded parts. Therefore, laser
welding has a large impact on all aspects of the specimen, and to obtain a better performance of the
joint, it is necessary to consider not only the crystallization problem but also the bending strength
and other issues.

The results of this study can be used for providing technical support for the production of
various amorphous alloy products, especially for the processing and manufacturing of various
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medical devices. This will facilitate the optimization of relevant process flow and the improvement
of product performance.
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