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Abstract 
 

Metallic glasses (MGs) have superior mechanical properties such as high tensile strength, 
hardness, and corrosion resistance, as compared to crystalline metals. Although newly developed 
MGs have significantly reduced critical cooling rates down to 10 K/s, products of MGs are still 
limited to simple geometries such as foils/plates or rods with thin section-thickness which is 
mainly caused by the decrease of thermal conductivities of the new MGs. Recently, we developed 
a new Laser-foil-printing (LFP) additive manufacturing technology which welds foils, layer by 
layer, to construct desired 3D structures. With the LFP and Zr-based amorphous foils, 3D, large 
amorphous structures with complex geometry have been successfully manufactured. To better 
understand the evolution of crystalline phase, we integrate the finite element based heat transfer 
model and classic nucleation theory (CNT) based crystal nucleation/growth model. The model was 
used to demonstrate the evolution of crystal phase as a function of time during laser welding at 
different locations including the fusion zone (FZ) and heat-affected zone (HAZ). The model is also 
compared favorably with the experiment results. The reported susceptibility to crystallization in 
HAZ were discussed and explained. 

 
Introduction 

 
Metallic glasses (MGs) or amorphous alloys can be produced by rapid quenching and 

solidification of molten metals to bypass crystallization. Atoms in amorphous metals exist in a 
random/disordered manner much like atoms in the liquid phase. Compared to traditional crystalline 
metals, MGs have superior properties such as high tensile strength, hardness, wear resistance, and 
corrosion resistance [1−5]. These properties are inherited from randomness/disorder of atoms in 
the MG which is different from crystallized metals in which periodic arrays of atoms, called crystal 
lattices, are arranged in an organized, structured manner. In a crystalline metal, however, mainly 
due to multi-directional slow cooling and solidification, defects/dislocations/segregations always 
exist between grains/crystals (grain boundaries or interfaces) which are the “weak spots” and could 
initiate “cracks” when subjecting to external loading, propagating and eventually leading to the 
failure of the entire structure. Hence, tensile strength, for example, for a “normal” crystalline metal 
can only be a fraction of otherwise “perfect” crystal lattices of the same metal composition.  

 
The main challenge of producing large metallic glass part/structure is that a certain high 

cooling rate must be reached otherwise the alloy would been crystallized before it cools down to 
room temperature. This is named as the critical cooling rate (Rc). Once crystallized, the unique 
mechanical properties could be lost. Limited by the manufacturing method, this critical cooling 
rate also limits the size of MG part to be produced. One example is the casting method, which is 
currently the most widely used method for produce MG parts in this area.   During casting the 
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material who is away from the surface cools less fast compare to that close to the outer surface. 
Thus, a defined critical cooling rate is equivalent of an upper limit of casting thickness. Additive 
manufacturing, however, build up the designed part layer by layer. The success application of AM 
technology on MG structures will separate the cooling process into every individual layer. As a 
result, once the feasibility of AM for metallic glass is proved, the limitation of dimension in 
manufacturing metallic glass product can be broken through. Unfortunately, to date no successful 
result has been published. Given that the outstanding mechanical properties and high application 
potential of MG, fundamental research is required to address the significant technological 
challenges and bridge the capability in AM of MG structures. 

 
In laser material processing, as a large amount of energy is tightly focused onto a very small 

area, the heating rate (Rh) and Rc of the processed part are very high (104 ~ 105 K/s) [6]. This 
makes laser-based AM technologies naturally a promising method in building large MG parts [7]. 
Recently, Sun [8] studied the microstructure evolution of Vitreloy 106a MGs processed by LENS 

technology. He pointed out that the crystallization phenomenon in the heat-effected zone (HAZ) 
took place even at a Rc of 104 K/s due to complex thermal history. Hence, preventing crystallization 
in the HAZ is the main challenge rather than in the melting zone. Zhang et al. [9] have found a 
similar phenomenon in powder-based AM process. Therefore, it is vital important to understand 
the crystallization mechanism behind the laser-MG interaction. This is different from the posted 
researches on regular crystallization of MGs[11-13]. 

 
In this paper, we first demonstrate the use of developed laser foil printing (LFP) technology 

to weld amorphous foils, layer-by-layer, via laser to construct 3D MG parts. Then, the evolution 
of crystallization phase during the laser welding on Zr- based MG is studied. A finite element 
based heat transfer model is applied to obtain the temperature history in the HAZ. After that, classic 
nucleation theory based nucleation/growth model is applied to calculate the evolution of crystalline 
phase. 

 
The laser foil printing (LFP) technology 

 
Details of the LFP technology can be found in Ref. [14]. However, in order to better 

demonstrate how a part is manufactured, which will affect the formation of crystalline, and also to 
discuss the effect of process parameters, the method, system, and procedure for the LFP technology 
are briefly described below. A schematic of the LFP process is given in Fig. 1. The LFP process 
is mainly realized by two alternative processes: foil-welding by a continuous wave (CW) fiber 
laser and foil-cutting by a pulsed UV laser. A fresh foil is first loaded on the substrate and then 
fixed by spot-welding, the program controls the scanner to scan a specified pattern path of the CW 
laser beam on the foil to weld the foil to the substrate. Depending upon the desired Rc for different 
amorphous alloys, welding can be accomplished via line-welding or a matrix of spot-welding. The 
welding path/pattern should be designed (which depends on the geometry of the part) to achieve 
symmetrical welding in order to minimize possible thermal stress/part distortion, and at the 
maximum separations in time and in space between two consecutive weldings to avoid heat 
accumulation and achieve high cool rates. For example, for a spot-welding at location A, the next 
spot-welding at location B should be as far as possible from A. After the welding process is done, 
an X-Y motion stage shifts the part to the location under the UV laser beam. Then, the program 
controls the X-Y motion stage and the UV laser to cut the welded foil along the outer and/or inner 
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circumferences of the part. After the laser cutting is completed, the redundant foil is removed and 
another fresh foil is placed and fixed on the top of the sample. The aforementioned entire process 
can be fully automatic. This procedure is repeated until the whole desired 3D part is built. Note, 
in the two alternative processes, laser welding can be done ahead of laser cutting or vice versa.  

 

 
 

 
Fig. 1. Schematic of the LFP process and the LFP system setups at the 
Laser-Based Manufacturing Lab, Missouri S&T. 
 

Figure 1 also shows the LFP setup developed at the Laser-Based Manufacturing Lab, Missouri 
S&T. The welding laser is an IPG YLR-1000 CW (continuous wave) fiber laser with a wavelength 
of 1070 nm and a maximum output power of 1000 W. The cutting laser is a Coherent AVIA-355X 
laser with 355 nm UV wavelength, Q-switched, 30 ns pulse duration and 10 W maximum power. 
The UV laser, not shown in the figure, is located in another room. The welding laser beam passes 
through an optical fiber, enters a collimator to become an expanded parallel beam, then enters the 
scanner (hurrySCAN25, SCANLAB), and finally is focused on the foil through an F-theta lens 
with an effective focal length of 33 cm. The cutting UV laser beam passes through several turning 
mirrors and is focused by a focusing lens with a 10-cm focal length. A cooling chamber with a 
heat exchanger plate at the bottom by passing through liquid nitrogen or liquid argon is designed 
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to achieve rapid cooling while the amorphous structure is being manufactured. The collimator and 
scanner for the fiber laser, and the focusing lens for the UV laser are mounted on a Z (vertical) 
motion stage. The foil is first positioned and fixed onto the substrate via spot-welding using a mold 
plate with predetermined hole-pattern, and the entire structure is placed on an X-Y (horizontal) 
motion stage (Aerotech). The two lasers, scanner and three-axis motion stage are integrated 
through control programs to a computer. 

 

 
Fig. 2. As-fabricated amorphous 3D parts by LFP. 

 
Figure 2 shows a few 3D MG parts printed by LFP from our previous publication [24]. Fig. 

2(a) is a side view of a “metal fusilli pasta” part created by a continuous rotation of an ellipse 
pattern. Fig. 2(b) shows a 3-mm-thick amorphous “S&T” logo of the Missouri University of 
Science and Technology. A 5-stage 3D table, includes 4-square stages and a semi-spherical cover 
on the top is shown in Fig. 2(c). The overall height of the part was measured to be 11.3 mm. Fig. 
2(d) is a slipped cylinder with overall displacement of 13 mm. All 4 samples were examined to be 
fully amorphous by XRD.  

 
Experiment and Results 

 
Cast Zr-based MG alloy, LM105 (Zr52.5Ti5Al10Ni14.6Cu17.9 (at. %)) was used in this study. 

The cast Zr-based MG alloy, as samples, with a thickness of 0.75 mm, were machined into several 
specimen, each with 10 mm in length and width. All sample surfaces were polished with 800-grit 
SiC paper right before the experiment. Laser welding is applied (bead on plate) on the prepared 
samples. The laser used in this study is a continuous-wave (CW) fiber laser (model YLR-1000, 
IPG Photonic Corp.) with output wavelength of 1070 μm. The laser beam diameter D on the focal 
plane is 430 μm. The motion of the laser beam is controlled by a scanner (hurrySCAN III, 
SCANLAB) with the maximum scan speed of 2000 mm/s at the focal plane. All experiments were 
conducted in an argon shielded chamber. To determine suitable processing parameters, the laser 
power (P) was set to 100 W, while the laser scan speed (v) was varied from 10 mm/s to 500 mm/s. 
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As the main work of this study is to melt the surface of an MG sample at a depth of less than 200 
µm, the laser power was selected at a relatively low value to avoid possible formation of keyholes 
during welding. The laser processed samples were cross-sectioned, polished and then etched by a 
solution of 100 ml H2O, 2 ml H2O2 and 0.1 ml HF for 10 seconds and then examined by an optical 
microscope (OM) and scanning electron microscope (SEM, Helios S600). 

 

 
Fig. 3. Top and cross-sectional views of laser treated MG at a 
laser scan speed of 10 mm/s.  

 
Figures 3 shows the top and cross-sectional views of the laser treated surfaces at laser power 

P = 100 W and scan speed v = 10 mm/s. As shown in Fig. 3(a), a 700 μm wide FZ was created on 
the top surface with ~100 μm wide HAZ on each of its two sides. From the corresponding cross 
section image in Fig. 3(b), along the vertical centerline the depth of FZ was measured as 235 μm. 
The thickness of the HAZ reaches a maximum of approximately 140 μm directly below the FZ. 
The micro-crystalline (MC) phases can be clearly seen pre-existed embedded in the amorphous 
matrix shown as the dark-spots in the image. A back scattering SEM image (Helios, ETD detector, 
BSE mode) for an enlarged view of typical MC crystals is given in inset (bottom left of Fig. 3(b)). 
For the as cast LM105, the volume fraction (VF) of MC crystalline was measured as 2.14%. The 
volume fraction of crystalline phase were estimated from the OM image of the etched cross section 
surface with ImageJ software [20−23]. Two selected areas in HAZ in Fig. 3(b) are enlarged and 
shown in Figs. 3(c) and 1(d). In HAZ there are clearly three distinct regions, as shown in Fig. 3(c); 
region I, as marked, is next to the FZ. An obvious difference in color change between HAZ and 
FZ can be seen after etching. While in region I there are no obvious MC particles observed and its 
thickness is about 16.0 μm. In region II, however, spherical-like MC crystals are observed with an 
average diameter of 4.34 μm. Region II is about 64.4 μm thick. In region III, sub-size crystalline 
phases are clearly seen. The average diameter of the phase is about 1.34 μm and the thickness of 
region III is approximately 53.8 μm. (Note the thickness of HAZ slightly dependents on the 
direction. In order to keep consistent with further discussion, we choose the downward direction 
as shown in Fig.3 (b).)The distinct appearances of the three regions in HAZ is believed to be caused 
by different thermal histories experienced in each region during the laser processing. Materials in 
region I are most close to FZ, so they experienced temperatures close to melting. Based on Ref. 
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[17], the melting temperature of LM105 is 1085 K. Thus, region I may has reached to the 
temperature point beyond the maximum crystalline grow rate, resulting a relatively small crystal 
size. In region II, materials were rapidly heated to around 1000 K at which the crystal growth rate 
is about the maximum and, as a result, the size of crystalline phase is larger than those in other two 
regions. In region III, the materials reach the temperature at which the nucleation rate is high and 
near its maximum. Hence, dense but smaller crystalline phases are expected. To understand the 
aforementioned phenomena, detailed analysis and explanation are postponed to next section with 
the help of mathematical modeling.  

 
In Fig. 3(d), a cluster of MC crystal is observed near the top-right corner of the FZ. The size 

of the cluster is about 40 μm in diameter, which is significantly larger than the pre-existed MC 
crystal. We believe the formation of this MC crystal in FZ is caused by the follow reasons. 
Amorphous phase has a higher energy status as compared with crystalline phase (denoted as Gibbs 
free energy, ∆𝐺𝐺); hence, to be melted, the crystalline phase needs more thermal energy. Assuming 
the laser heat deposition rates are the same for crystalline phase and its nearby amorphous phase, 
the crystalline phase requires a longer time to get melted as compared to the nearby amorphous 
phase. In other words, crystalline phase may still stay in its solid status after nearby amorphous 
phase is melted. For a Gaussian-like beam profile, at the edge of the FZ (melt pool), the crystalline 
phase may not have enough laser energy to get fully melted as compared to its nearby amorphous 
phase or that in the center of the FZ. The un-melted MC phase acts like a pre-existed crystal, and 
the size of the crystalline phase may grow and becomes larger during the cooling process.  

 

 
Fig. 4. Cross-section view of laser treated MG at laser scan 
speeds of 30 mm/s, 50 mm/s and 100 mm/s.  

 
Figure 4 shows laser treated cross-sections at v = 30, 50 and 100 mm/s, respectively, for Figs. 

4(a), 4(b) and 4(c). The size of FZ decreases with the increase of scan speed, as expected. Fig. 4(d) 
is an enlarged image for v = 100 mm/s, Fig. 2(c). The size of HAZ also decreases with the increase 
of v. The HAZ is no longer observable in Figs. 4(c) and 4(d). Further increase of the laser scan 
speed causes a dramatic decrease of the size of FZ and thus, there is no need for further increase 
of laser scan speed beyond 100 mm/s. 
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The crystallization process during laser-MG interaction is more complex than that during 
casting process. In the casting process, the temperature cools directly from above the melting 
temperature to below the glass transition temperature, which can be simplified to a value of critical 
cooling rate. While in the laser-MG interaction, the temperature first rises from room temperature 
to above melting and then followed by a rapid cooling back to below glass transition temperature. 
Thus the critical cooling rate may not be sufficiently applied in the laser-MG interaction case. To 
better understanding the crystallization evolution during laser-MG interaction process, we setup a 
coupled model combined with heat transfer and classic nucleation theory (CNT) in this study. The 
heat transfer model is used to estimate the temperature history at the selected point, while the CNT 
model is used to estimate the volume fraction evolution of crystalline phase in the amorphous 
matrix.  

 
The heat transfer model and the related assumptions and validation have been discussed in our 

previous paper [24]. However, to facilitate the following discussion, the heat transfer model is 
briefly discussed. For heat conduction, the governing differential equation can be written as: 
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   (1) 
where T denotes the temperature, t is the time, k is the thermal conductivity, ρ is the material 

density and Cp is the specific heat. The heat losses from the part’s surfaces to the surroundings are 
assumed to be thermal radiation and heat convection, and they are: 

−𝑘𝑘 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝜖𝜖𝜖𝜖(𝑇𝑇4 − 𝑇𝑇∞4) + ℎ(𝑇𝑇 − 𝑇𝑇∞) (2) 
where n is the normal direction to the surface which can be the x-, y- or z-direction, ϵ is the 

surface emissivity, σ is the Stefan-Boltzmann constant and h is the convective heat transfer 
coefficient. The laser power is assumed to be a Gaussian distribution at the top surface (z-plane) 
which is expressed as: 

𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝛼𝛼 ∙ 2∗𝑃𝑃
𝜋𝜋𝑙𝑙2

∙ 𝑒𝑒
−2[(𝑥𝑥−𝑣𝑣𝑣𝑣)2+𝑦𝑦2]

𝑟𝑟2  (3) 
where 𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 represents the laser power density, α is the surface absorptivity, P is the laser 

power, r is the laser beam radius and v is the laser scan speed. The x-, y-, x-coordinate system was 
established at the center of the top surface for the plate with the dimensions of 10 mm by 10 mm 
by 0.75 mm. The calculated domain was: x (−5 mm, 5 mm), y (−5 mm, 5 mm), and z (0 mm, −0.75 
mm). The laser scanned from (x = −5 mm, y = 0 mm, z = 0 mm) toward the positive x direction. 
From the heat transfer model, the temperature history at any location can be calculated.  

For the nucleation model, the classic nucleation rate writes [25]: 
𝐼𝐼(𝑇𝑇) = 𝐴𝐴 ∙ 𝐷𝐷 ∙ exp (−∆𝐺𝐺∗

𝑘𝑘𝜕𝜕
) (4) 

where 𝐼𝐼  is the nucleation rate, 𝐴𝐴  is a constant, 𝐷𝐷  is the effective diffusivity, 𝑘𝑘  is the 
Boltzmann’s constant, 𝑇𝑇 denotes the absolute temperature and ∆𝐺𝐺∗ is the thermodynamic potential 
barrier of nucleation. ∆𝐺𝐺∗obeys the following relation: 

∆𝐺𝐺∗ = 16𝜋𝜋𝜎𝜎3

3∆𝐺𝐺2
 (5) 

where 𝜖𝜖 denotes the interface energy between nucleus and melt, and ∆𝐺𝐺 is the difference of 
Gibbs free energy between the solid and liquid (amorphous) phase. The diffusion limited 
crystalline growth velocity U can be expressed by [25]: 

𝑈𝑈(𝑇𝑇) = 𝐷𝐷
𝑙𝑙

[1 − exp (−∆𝐺𝐺
𝑘𝑘𝜕𝜕

)] (6) 
where 𝑎𝑎 is the average interatomic spacing. Considering diffusion limited crystal growth, the 

3D time-dependent VF of crystallized phase 𝑋𝑋(𝑡𝑡) is [9,26]: 
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Note I and 𝑈𝑈 each is a function of temperature T. As T is a function of time and location from 
the heat transfer model, I and U each is a function of time and location. 𝑁𝑁 represents the pre-
existed nucleus density (unit in m-3) in the sample. It is reset to 0 when T > Tm due to melting 
where Tm = 1085 K is used in this paper.  

 
The aforementioned equations are numerically solved with the parameters determined below. 

The temperature dependent effective diffusivity, 𝐷𝐷, calculated from measured viscosity in Ref. 
[27] by Stork-Einstein relation [26]. The Gibbs free energy difference between undercooled liquid 
and corresponding crystal solid, ∆𝐺𝐺, as a function of temperature given in Ref. [28] was used in 
the present study. The reported nose temperature of 860 K from Ref. [29] was used. By evaluating 
the maximum value of I × U3 which corresponds to the nose temperature in the TTT curve, 𝜖𝜖 can 
be determined as 0.076 J/m2 [30]. Then, the constant, A, can be determined by running Eq. (7) 
with N = 0 at the nose temperature and examining the time of crystallization which matches the 
TTT curve [26,29]. The constant A was found to be 2.5×1033. Finally 𝑁𝑁 can be determined by 
running Eq. (7) using the thermal history in manufacturing from the liquid phase to room 
temperature. However, as it is difficult to know the exact thermal history during manufacturing; 
instead, we used the evaluated VF of the sample (2.14%) and predicted the equivalent averaged 
cooling rate during manufacturing which is about 50 K/s. Thus, the pre-existed nucleus density 
was determined by integrating the nucleation rate w.r.t. time, which is 𝑁𝑁 = 1×1014 m-3. For a 
selected location, by plugging the temperature history T(t) obtained from the heat transfer model, 
Eq. (1), into Eqs. (4) and (6) to calculate 𝐼𝐼(𝑡𝑡)  and 𝑈𝑈(𝑡𝑡) , respectively, and, then, the VF of 
crystalline phase, 𝑋𝑋(𝑡𝑡), as a function of time was computed by Eq. (7). Hence, for the entire sample 
domain, the VF of crystalline phase can be obtained as a function of time and location. 

 

 
Fig. 5. Solid lines: The calculated nucleation rate (𝐼𝐼(𝑇𝑇)) and crystalline 
growth rate (𝑈𝑈(𝑇𝑇)) as a function of temperature. Dashed line: calculated 
temperature history of laser scan with P = 100 W and v = 10 mm/s at 
different locations. Curve (1): bottom of HAZ (region III in Fig. 1(d)), 
Curve (2): middle of HAZ (region II in Fig. 1(c)), and Curve (3): in FZ. 
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Figure 5 plots the calculated 𝐼𝐼 and 𝑈𝑈 as a function of temperature for LM105 alloy. It is seen 
the peak of nucleation rate occurs at the temperature of about 780 K. However, the maximum 
crystal growth rate occurs at about 1030 K, and then drops rapidly to 0 at the melting temperature 
Tm = 1085 K. Figure 5 also plots the calculated temperature histories for three points in the sample 
at laser power P = 100 W and scan speed v = 10 mm/s. The three dashed curves represent the 
heating and cooling histories for the points at (x = 0 mm, y = 0 mm, z = −0.35 mm), (0, 0, −0.3), 
and (0, 0, −0.18 ), respectively. For Curve (1) representing the heating and cooling for point (0, 0, 
−0.35), which is located in HAZ but far away from FZ (region III in Fig. 1(c)), it is heated to about 
810 K by laser in 0.1 s and then followed by rapid cooling to below 500 K in around 0.5 s. The 
curve (point) experiences much nucleation while touches only a little bit of crystal growth, which 
implies that there would be high dense with relatively small crystalline phase generated. For the 
point (0, 0, −0.3) as presented in Curve (2) of Fig. 3 (region II in Fig. 1(c)), it reaches about 920 
K. This is the temperature that U is high and one would expect larger sizes of crystalline phase to 
be observed here. For Curve (3), which is for the point (0, 0, −0.18) located in FZ, the temperature 
exceeds the melting temperature in around 0.05 s. It is reasonable to assume that all crystalline 
phases/amorphous/nuclei will be melted while melting occurs (see also in Fig. 6). In the cooling 
process, the liquid alloy first experiences the temperature range in which U is very high in the 
temperature range, 920 K ~ 1080 K. However, as it was free of nuclei in the newly solidified alloy, 
the growth of crystalline phase is not significant. Then, the alloy experiences the temperature range 
where nucleation is high, but the growth is low, leading to a certain amount of nuclei in the alloy 
after cooling to the room temperature. The aforementioned discussions explain and consistent with 
the results obtained from experiments as shown in Fig. 3 at different locations in the sample. 

 
From Fig. 5, if an amorphous alloy is cooling down from its molten state, as there is no 

nucleation site even the cooling curve hit the crystal growth curve, U(t), the volume fraction of 
crystalline phase, X(t), is very minimum until it hit the nucleation curve I(t) at which nucleation 
sites start to be generated. However, at this time the crystal growth rate decreases to small and, 
hence, the X(t) is limited. The dependence of X(t) is not very critical for cooling from the molten 
state, particularly during the manufacturing process (e.g., mold casting). However, if a solid 
amorphous alloy is heated from room temperature by, for example, a laser, then the location and 
its heating/cooling rates would be very critical for the X(t). If a point is located in the HAZ, it 
would experience twice of passing through the I(t) and U(t) curves during its heating and cooling 
processes and, hence, the accumulated X(t) is great. This explains the reports that why 
crystallization occurred in HAZ even the cooling rate is much higher than the critical cooling rate 
for amorphous phase [9−13]. Based on the aforementioned discussion, it is easy to understand that 
the pre-existed nucleus density, N, would have a significant effect on X(t) in HAZ.  
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Fig. 6. Calculated the evolution of volume fraction of 
crystalline in FZ. 

 
Figure 6 shows the calculated 𝑋𝑋(𝑡𝑡) in FZ for the same condition shown in Fig. 3(b) with laser 

power P = 100 W and scan speed v = 10 mm/s. The location studied is (0, 0, −0.18), also the same 
as Curve (3) in Fig. 5, which is in FZ (the calculated depth of fusion zone is 230 μm from the top 
surface). The dashed curve represents the temperature history from the heat transfer model. The 
“discontinue” solid curve in Fig. 4 represents the evolution of 𝑋𝑋(𝑡𝑡) as a function of time. The VF 
of crystalline increases rapidly upon heating to about 38% at t = 0.192 s. Then, melting starts and 
clears the crystalline/nuclei at t = 0.192 to 0.232 s. Upon cooling and starting at t = 0.232 s, 𝑋𝑋(𝑡𝑡) 
grows from 0 again and ends up with a near constant value of 2.6×10-6 at t = 0.4 s. The final 
residual nucleus density in the sample, Nres, is calculated as 2.23×1013 m-3 which is only 22% as 
compared to the initial nucleus density 𝑁𝑁 = 1×1014 m-3. Note, this number of residual nucleus 
density is equivalent to the pre-existed nucleus density for the later thermal circles. 

 
Fig. 7. Calculated the evolution of volume fraction of 
crystalline in HAZ at different depths. 

 
Figure 7 plots the evolution of VF of crystalline 𝑋𝑋(𝑡𝑡) at different locations in HAZ shown in 

Fig. 1(b) with P = 100 W and v = 10 mm/s. Note in the experiment, the depth of FZ was measured 
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as 235 μm and followed by an about 140 μm thick of HAZ (also see Fig. 8). In the modeling, the 
depth of FZ was calculated as 230 μm. From Fig. 7, for a point in HAZ but just right below FZ (0, 
0, −0.23), 𝑋𝑋(𝑡𝑡) grows to 100% rapidly. Unlike what happened in FZ, melting, which is able to 
reset the crystalline percentage to 0, the value of 𝑋𝑋(𝑡𝑡) at any location in HAZ increases and then 
reaches a steady-state constant value through the entire heating-cooling process. The VF of 
crystalline phase ends up with 98.82%, 48.14%, 6.74 %, and 0.76 % at the depth of 310 μm, 330 
μm, 350 μm and 370 μm, respectively. It is considered to be undetectable (0.76 % < 2 %) at the 
370 μm depth for X(t). Thus, the calculated thickness of HAZ is around 135 μm (~365 µm – 230 
µm), which is consistent with the experimental result, ~140 µm, as shown in Fig. 3(b).  

 
The curve at the depth of 230 μm from t = 0.21 to t = 0.23 s, as shown in the enlarged inset 

on left-top, indicates a “dent” in the crystallization rate curve between t = 0.21 s and 0.22 s. This 
“retardation of crystallization” is in fact expected [31] and can be well explained with the help of 
Fig. 5. From Fig. 5, it can be seen that for temperatures below (but close to) Tm (e.g., 1035 K to 
Tm = 1085 K), U(t), the crystal growth rate decreases rapidly from its maximum to almost 0. Hence, 
for a point in HAZ but next to FZ if its heating history is such that the maximum temperature is 
very close to the melting temperature (but not yet melted), the crystallization process freezes. The 
retardation of crystallization is also frequently observed from the well-known TTT curve of 
metallic glasses. As can be seen in the right inset image of Fig. 7, at temperatures just below Tm 
(the shaded area) the supercooled liquid can stay in its amorphous status for a long time because 
of the frozen of crystallization. Thus, to the position next to the fusion zone, the average crystalline 
size would expected to be smaller. Note, this phenomenon may be only observed under rapid 
heat/cooling to the sub melting temperature like in laser welding. Under a relatively slow 
heating/cooling, fully crystallization would be reached already before the temperature gets high 
enough [32]. An example is given in Fig. 8 where the final VF of crystalline is plotted as a function 
of depth from the surface, as shown in the inset, for laser scan speeds of 10 and 30 mm/s. The 
region on the left where VF = 0 represents the fusion zone. For v = 10 mm/s, the VF of crystalline 
reaches 100% at the depth of 223 μm, which is the start of HAZ just below the FZ. With the 
increase of depth, the VF of crystalline first keeps steady (100%) and then starts to drop at the 
depth about 280 μm to below 2% at the depth of 346 μm. If the criteria of fully amorphous is set 
to the final VF of crystalline < 2%, the thickness of HAZ is measured as 123 μm (346 µm minus 
223 µm) under laser scan speed v = 10 mm/s. While for scan speed v = 30 mm/s, the final VF of 
crystalline is found to be about 43% right below FZ at the depth about 175 μm. It is noticed that 
the final VF of crystalline increases to about 50% at the depth about 182 μm and then drops back 
to 0 for higher depths, resulting in a 72 μm thick of HAZ (247 µm minus 175 µm). The maximum 
VFs of crystalline at other laser scan speeds are given in Fig. 8. As shown in Fig. 8, when the laser 
scan speed is about 17 mm/s or lower, the maximum VF of crystalline reaches 100%. 
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Fig. 8. Calculated final volume fraction of crystalline 
as a function of depth at different laser scan speeds. 

 
Fig. 9. Calculated maximum crystalline VF at 
different laser scan speeds. 
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Fig. 10. Calculated and measured depth of fusion 
zone (FZ) and thickness of heat-affected zone (HAZ) 
as a function of laser scan speed at a fixed laser power 
(P =100 W). 

 
The depth of FZ and the thickness of HAZ from experiments and modeling are shown in Fig. 

8. For a fixed laser power P = 100 W, the scan speed v increases from 10 mm/s to 100 mm/s with 
an increment of 10 mm/s. The depth of FZ in the modeling were counted from the top surface to 
the depth at where T = 1085 K, the melting temperature. The thickness of HAZ was counted from 
the bottom of FZ to the location at where final crystalline VF goes below 2% (see the inset of Fig. 
6). The experimental data were measured from the cross-section images presented before. 

 
It can be seen from Fig. 10 that for relatively low scan speeds (10 mm/s and 20 mm/s), the 

HAZ is thicker than 100 μm. At the scan speed of 50 mm/s, the thickness of HAZ is calculated 
around 50 μm. Further increases of laser scan speed lowers the HAZ thickness to almost 0 at 90 
or 100 mm/s of scan speeds. Similarly, the depth of FZ also decreases as the laser scan speed 
increases, as expected. The depth of FZ at P = 100 W and v = 100 mm/s is 105 μm, which is close 
to the experimental result, 110 μm, shown in Fig. 4(c). Since at this speed, no crystallized HAZ is 
observed and, hence, further increase of scan speed can only decrease the depth of FZ.  

 
Conclusions 

 
In this paper, evolution of the crystalline phase in HAZ during laser welding on Zr- based MG 

is studied. Using a model couples with heat transfer and classic nucleation theory, the 
crystallization during laser-MG interaction is accurately predicted. Based on the aforementioned 
discussion, we can draw the following conclusions: (1) In laser-MG interaction, the major 
challenge is to suppress the crystallization in HAZ. Increasing laser scan speed will reduce the size 
of crystallized HAZ. In the HAZ for low laser scan speed (10 mm/s), three distinct crystallized 
regions was observed. This is explained by the different temperature history induced different 
crystallization history. (2) Classic nucleation theory is successfully applied in describing the 
crystallization process of LM105 alloy. The modeled results marches well with the experiments 
conducted. This model can be used in future work to further studying the laser welding and laser-
based additive manufacturing of metallic glasses. 
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