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A B S T R A C T   

The amorphous structure of metallic glasses (MGs) endows them with extraordinary properties. Formation of 
MGs requires sufficiently high cooling rates to bypass crystallization, which results in their limited sizes by 
conventional processing routes such as casting. Laser additive manufacturing (LAM) technique is featured by 
high solidification rate that provides the potential for scalable fabrication of MGs. In this work, through high 
throughput laser single-track melting experiments, we studied the LAM processing window of a Zr41.2Ti13.8

Cu12.5Ni10.0Be22.5 (at.%) MG to achieve materials with near-full density and minimal crystallization. We 
observed different types of single-track features including cracking, lack-of-fusion, and partial crystallization 
under different combinations of laser processing parameters. To rationalize the processing-structure relationships 
during LAM of MGs, finite-element thermal modeling was performed to monitor the transient temperature 
evolution and site-specific cooling rate in the melt pool. Our work provides significant insight into the LAM 
protocol optimization towards fully amorphous, well-bonded, and dense MG coatings on dissimilar crystalline 
materials.   

1. Introduction 

Metallic glasses (MGs) are non-equilibrium metal alloys that are 
rapidly cooled from liquid melts. The disordered atomic structure of 
MGs endows them with a gamut of extraordinary properties such as high 
strength (>1 GPa), high elasticity (~2%), strong corrosion resistance, 
and thermoplastic-like formability in the supercooled liquid state [1–5]. 
However, the requirement of rapid cooling for glass formation leads to 
limited specimen dimensions, which restricts their widespread appli
cations [6–8]. 

Laser additive manufacturing (LAM) is an emerging 3D printing 
technology that enables fabrication of net-shaped materials with com
plex geometries directly from digital models [9–12]. The cooling rate 
during LAM is usually orders of magnitude higher than that in tradi
tional casting, reaching 104–106 K/s [9] that provides great potential to 
process MGs at large scale. In recent years, LAM of MGs has garnered 
increasing interest [13–22]. Near-fully amorphous MGs with sizes that 
exceed the critical casting thickness has been successfully achieved by 
LAM [13,23]. However, partial crystallization and processing-induced 
defects such as micro-cracking remain acute challenges 
[13,16,17,24,25]. It has been widely recognized that partial 

crystallization in MGs, despite some exceptions, often leads to detri
mental embrittlement [26,27]. How to mitigate the processing defects 
and minimize crystallization are still open questions. From processing 
standpoint, materials are built layer-by-layer during LAM, whereby 
repeated melting and solidification of highly localized melt pools 
constitute the unit processes of single tracks. As a consequence, the so
lidification microstructure development of the melt pool in the single- 
track deposition provides basic information that is essential for under
standing the additively manufactured material property at bulk scale. In 
fact, single-track studies have been widely adopted for LAM of a wide 
range of metal alloys including steels [28,29], Ti-alloys [30,31], Al- 
alloys [32,33], Ni-based superalloys [34,35], and MGs [36]. In gen
eral, the temperature evolution in the melt pool is site-dependent, which 
can give rise to highly heterogeneous microstructure. For example, in 
additively manufactured crystalline metals, large variations in thermal 
gradient and solidification velocity from the melt pool boundary to melt 
pool center result in the frequently observed columnar-to-equiaxed 
grain morphology transition [9]. Nevertheless, the processing defects 
and microstructure evolution, and their correlations with the site- 
dependent thermal history in the melt pool of MGs during LAM 
remain elusive. Furthermore, less crystallization and better interfacial 
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bonding are two key factors in achieving wear resistance of high quality. 
However, the former requires higher cooling rate, while the latter needs 
higher energy input, which will lead to lower cooling rate. Studies have 
been carried out for the balance. Sohrabi et al. [37] realized well-bonded 
Zr-based MG coatings on Al substrate with a large amorphous fraction by 
a two-layer coating via LAM; Li et al. [38] found higher substrate tem
perature gave rise to a stronger bond between MG coating and substrate 
during LAM. 

In this work, we studied the microstructure and mechanical property 
(microhardness) of high-throughput laser single-tracks of Zr41.2Ti13.8

Cu12.5Ni10.0Be22.5 (at.%, trade name Vitreloy1) [39] MG deposited on a 
dissimilar low-carbon steel substrate under a wide range of LAM pro
cessing parameters in an effort to identify the effective single-track 
processing window for minimal processing defects and crystallization. 
Vitreloy1 MG was selected due to its excellent glass forming ability and 
processability [39]. In addition, numerical simulation is a useful tool to 
monitor temperature history of melt pool [40–42], so we performed 
finite-element thermal modeling to examine the transient time- 
temperature profile and the corresponding site-specific cooling rates 
throughout the melt pool. The systematic study by combining high- 
throughput experiments and thermal simulation provides mechanistic 
insight into the processing-structure-property relationships in laser 
additively manufactured MGs on dissimilar crystalline materials. 

2. Methodology 

2.1. Experimental 

The Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 (at.%) ingot was prepared from 
high-purity elements (higher than 99.9%) via arc melting, then the ingot 
was gas-atomized by high-purity argon to obtain amorphous powders. 
The oxygen content was measured by instrumental gas analysis to be 
approximately ~0.04 wt%. Fig. 1a shows the morphology of the pow
ders by scanning electron microscopy (SEM). The powders are pre
dominantly spherical with smooth surface, indicative of good 
flowability. The powders with a size range of 15–53 μm were used for 
our experiment. The X-ray diffraction (XRD) pattern of the as-received 
powders consists of a broad diffused halo peak, suggesting the fully 
amorphous structure at the detection limit of XRD (Fig. 1b). 

Single-track experiments were conducted using an Optomec Laser 
Engineered Net Shaping (LENS) 450 system containing a 400 W IPG 
fiber laser with a wavelength of 1064 nm and a laser spot size of 
approximately 400 μm at the focal point. The chamber of the Optomec 
LENS 450 system was filled with high-purity argon as protective gas to 
keep the oxygen level below 20 ppm. As well-known, MG coatings 
exhibit high hardness, wear resistance, and corrosion resistance [43]. To 
also explore the possibility to deposit MG coatings onto a crystalline 
substrate, we select a most-commonly used steel, low carbon steel, as a 
prototype steel substrate. Low carbon steel with a dimension of 4 in. × 4 

in. × 3/16 in. (McMaster-Carr, see composition in Table 1) was used as 
the printing substrate. The steel substrate was polished and cleaned by 
acetone to remove the impurities before the single-track experiments. 
Vitreloy1 powders were pre-spread on the substrate with a uniform layer 
thickness of ~100 μm. For a high-throughput study, a broad range of the 
LAM processing parameters were performed for single-track library 
depositions (see Table 2). All the single-track samples were sectioned via 
electrical discharge machining for compositional and microstructural 
analyses. The spacing between tracks was set at 4 mm to allow sufficient 
cooling of the tracks and marginal interactions of heat-affected zones. 

The microstructure and chemical composition of the samples were 
characterized by an optical microscope (OM, OLYMPUS SC50) and a 
Magellan 400 field emission scanning electron microscope (SEM, 
Magellan 400 XHR-SEM) equipped with energy-dispersive X-ray spec
troscopy (EDS). The cross-sections of all single-track beads were pol
ished using SiC abrasive papers with 400, 800, and 1200 grits 
respectively, followed by 20 nm diamond suspension. The samples were 
etched with a corrosive agent (a mixture of 1 ml HNO3 and 3 ml HCl) for 
SEM observation. The amorphous structure of the Vitreloy1 powders 
was identified by X-ray diffraction (XRD, PANalytical X'Pert Pro), using 
a Cu-Kα target with the 2θ scanning range of 20◦ ~ 100◦. In addition, the 
microhardness experiments across the melt pool with a spacing of 76.2 
μm (0.003 in.) were performed on a Vickers Microhardness Tester 
(ALPHA -MHT-2000Z) with an applied load of 0.98 N and a dwell time 
of 10 s. 

2.2. Finite element modeling 

Finite element method (FEM) based modeling was carried out to 
study the transient temperature development during the LAM process by 
ABAQUS/Standard. The geometry of the substrate was set as 7.6 mm ×
7.6 mm × 1.6 mm in longitudinal, transverse, and normal directions, 
respectively. The thickness of MG powders was 0.1 mm and discretized 
using a 0.025 mm element size. The linear brick element with eight 
integration points (ABAQUS element type DC3D8) was applied in the 
FEM model. The temperature at the bottom of the substrate was main
tained at ambient temperature (i.e., 298 K) as the boundary condition. 
The heat transfer in the FEM model was implemented to investigate the 
melt pool geometry and the cooling rate through thermal conduction, 
convection, and radiation applied on the top surface of the MG powders. 
Moreover, 15 s cooling time was applied to allow the cool-down of the 
temperature to ambient temperature. 

The FEM simulation is based on the classic heat transfer theory, 
which is briefly reviewed as following. The governing equation of the 
heat transfer is expressed as follows: 

ρcp
∂T
∂t

+∇( − k∇T) = qrad + qconv + qbeam (1)  

where ρ is the density (5.92 g/cm3 [44]), cp the specific heat, T the 

Fig. 1. (a) SEM morphology and (b) XRD pattern of the gas-atomized Vitreloy1 alloy powders.  
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temperature, k the thermal conductivity, ∇T the gradient of the tem
perature field, qrad and qconv the convection and radiation heat flux, 
respectively, and qbeam is the Gaussian heat source. 

qrad = ϵσB
ʀ
T4 − T4

amb

)
(2)  

qconv = h(Tamb − T) (3)  

and 

qbeam = αP⌊
1

πσ2d
exp

(

−
x2 + y2

2σ2

)

⌋exp
(

−
|z|
d

)

(4)  

where ϵ is the emissivity, σB the Stefan-Boltzmann constant, i.e.,5.67 ×
10− 8 W/m2⋅K, Tamb the ambient temperature, h the convection heat 
transfer coefficient, α the laser energy absorptivity of the material 
affected by the wavelength of the laser, P the laser power, and σ and 
d the laser beam radius and depth, respectively. It should be noted that 
the laser beam radius σ and laser beam depth d in the Gaussian heat 
source used in the FEM model was calibrated through fitting the melt 
pool geometry from the experimental results as inputs. The thermo
physical parameters such as thermal conductivity and specific heat ca
pacity of the Vitreloy1 MG and the low-carbon steel substrate [45,46] 
used in the FEM simulation are all listed in Table 3. 

3. Results and discussion 

3.1. Printability diagram 

For high-throughput LAM deposition of Vitreloy1 MG single-track 
library, we systematically varied the laser power from 100 W to 300 
W and the scanning speed from 100 mm/min to 1000 mm/min (Fig. 2a- 
b). Based on the cross-sectional morphology of the melt pool, the single- 

track beads are categorized into four different types: good track with 
marginal crystallization, good track with severe crystallization, 
cracking, and lack of fusion. Here, good track denotes high density 
sample that is free of cracking or lack-of-fusion defects. Their repre
sentative microstructures are shown in Fig. 2c-f. As presented in this 
printability diagram, good tracks with near-full density (>99.5%) were 
achieved under a laser power range of P = 150–200 W and an inter
mediate ratio of laser power (P) to scanning speed (v), i.e., linear energy 
density of P/v ≈ 0.2–0.6 W⋅min/mm. As the laser power was increased 
above 200 W or P/v exceeded 0.6 W⋅min/mm, cracks tended to develop. 
These cracks originated from the melt pool boundary and some of them 
extended through the entire melt pool, leading to local fracture. In 
contrast, at lower powers of P < 150 W or P/v < 0.2 W⋅min/mm, lack- 
of-fusion defects were observed at the interface between the substrate 
and melt pool. In the following, the formation of these processing defects 
will be discussed. 

Cracking is frequently observed in additively manufactured metal 
alloys, especially brittle materials. The cracking behavior in the present 
MG single-tracks is presumably attributed to the existence of residual 
stresses at high laser powers and linear energy densities, as well as the 
brittle nature inherent to MGs. During LAM, remarkable residual stresses 
arise due to the differences in thermophysical properties between the 
Vitreloy1 MG and low carbon steel substrate, such as coefficient of 
thermal expansion (CTE), melting point, and thermal conductivity 
[17,49]. Large thermal gradients arise due to the highly localized 
heating and rapid cooling of a melt pool during LAM, and are subject to 
many processing parameters, such as laser power, melt pool size, pow
der thermophysical characteristics, etc. [50]. Upon rapid solidification, 
the thermal contraction of the melt pool is constrained by the substrate, 
giving rise to the compressive residual stresses on the top surface and 
tensile residual stresses at the bottom [51]. The magnitude of such re
sidual stresses scales directly with the thermal gradient, which is pro
portional to the applied laser power and linear energy density [52]. 
Once the residual stresses exceed the yield stress of the melt pool, plastic 
yielding and cracks may be developed [25,51,53]. In crystalline metals, 
the thermal residual stresses during LAM can be often released by plastic 
deformation in the form of dislocation nucleation and multiplication 
[54]. In contrast, MGs are typically very brittle with a limited plastic 
zone size, ahead of which cracks can propagate rapidly towards the 
center of the melt pool [55]. Interestingly, we found that the observed 
cracks in the MG single-tracks appear to initiate from the melt pool 
boundary, whereby preferential crystallization was concurrently 
revealed (see Fig. 3 later). This observation is understandable since the 
melt pool boundary is featured by the largest thermal gradient and CTE 

Table 1 
Chemical composition of the low carbon steel substrate (wt%).  

Alloy Fe Mn C Cr P Ni Cu Si S Mo V 

Low carbon steel 99.004 0.7 0.2 0.04 0.022 0.01 0.01 0.007 0.006 0.003 0.001  

Table 2 
Processing parameters for high-throughput LAM single-track study of Vitreloy1.  

Serial 
number 

Laser 
power 
(P, W) 

Scanning 
speed 
(v, mm/ 
min) 

Serial 
number 

Laser 
power 
(P, W) 

Scanning 
speed 
(v, mm/ 
min) 

1  100  100  25  200  550 
2  100  250  26  200  700 
3  100  400  27  200  850 
4  100  550  28  200  1000 
5  100  700  29  225  100 
6  100  850  30  225  250 
7  100  1000  31  225  400 
8  150  100  32  225  550 
9  150  250  33  225  700 
10  150  400  34  225  850 
11  150  550  35  225  1000 
12  150  700  36  250  250 
13  150  850  37  250  400 
14  150  1000  38  250  550 
15  175  100  39  250  700 
16  175  250  40  250  850 
17  175  400  41  250  1000 
18  175  550  42  300  250 
19  175  700  43  300  400 
20  175  850  44  300  550 
21  175  1000  45  300  700 
22  200  100  46  300  850 
23  200  250  47  300  1000 
24  200  400     

Table 3 
Thermophysical parameters used in the finite element modeling.  

Parameter Value 

Density (ρ, kg/m3) 5920 (Vitreloy1) [44], 7854 (low carbon steel) [46] 
Latent heat (H, kJ/kg) 136.60 (Vitreloy1) [47], 258.9 (low carbon steel)  

[45] 
Solidus temperature (Ts, K) 940 (Vitreloy1) [48], 1742 (low carbon steel) [45] 
Liquidus temperature (Tl, K) 1001 (Vitreloy1) [48], 1785 (low carbon steel) [45] 
Laser power (P, W) 150 
Scanning speed (v, mm/ 

min) 
250, 400, 1000 

Laser beam radius (σ, mm) 0.6 
Laser beam depth (d, mm) 0.7 
Emissivity (ϵ) 0.1 
Absorptivity (α) 0.75 (Vitreloy1)  
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mismatch between the MG and the steel substrate, as well as lowest 
solidification rate that may readily trigger crystallization [56–58]. In 
this context, the partially crystallized products (e.g., intermetallics) 
become even more brittle to accelerate the crack initiation [27,59]. The 
site-specific thermal schedule and cooling rate throughout the melt pool 
will be discussed in Section 3.3 by finite-element thermal modeling. 

Lack-of-fusion defects occurred at the melt pool boundary when P <
150 W or P/v < 0.2 W⋅min/mm (Fig. 2b). In this case, the energy of the 

incident laser beam is insufficient to melt the substrate to a significant 
depth to enable metallurgical bond between the single-track bead and 
the substrate, leading to linear-shaped voids at the interface [60]. In this 
study, lack-of-fusion defects were present when the melt pool dimension 
followed D/t < 1.5, where D and t correspond to the melt pool depth and 
powder layer thickness (i.e., 100 μm), respectively. Interestingly, such 
observation agrees well with the melt pool geometry criterion for lack- 
of-fusion formation in laser additively manufactured crystalline metals 

Fig. 2. (a) Library image of all single-tracks of Vitreloy1 MG. (b) Printability diagram with representative single-track morphologies: (c) good single-track with 
marginal crystallization (P = 150 W, v = 400 mm/min), (d) good single-track with severe crystallization (P = 150 W, v = 250 mm/min), (e) single-track with 
cracking defects (P = 225 W, v = 850 mm/min) and (f) single-track with lack-of-fusion defects (P = 150 W, v = 1000 mm/min). 

Fig. 3. (a) Cross-sectional SEM micrograph of Vitreloy1 single-track with marginal crystallization (P = 150 W, v = 400 mm/min). (b) SEM-EDS mapping of the area 
marked by the shallow-green box in (a). (c) SEM-EDS mapping of the area marked by the shallow-orange box in (a). The average elemental compositions of Region A 
in (b) and Region B in (c) are summarized in Table 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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[61]. Note that the linear-shaped lack-of-fusion pores can bring 
remarkable stress concentrations at the layer interfaces and thereby 
deteriorate the mechanical property of the as-built part [62,63]. 

For the good tracks with P = 150–200 W and 0.2 W⋅min/mm < P/v 
< 0.6 W min/mm (Fig. 2b), although near-full-density beads free of 
cracks or lack-of-fusion can be achieved, partial crystallization was 
observed. Specifically, for the samples with P = 150 W, v = 400 mm/min 
(i.e., P/v = 0.375 W⋅min/mm), and P = 175 W, v = 700 mm/min (i.e., P/ 
v = 0.25 W⋅min/mm), the majority of the melt pool is featureless 
(amorphous) but marginal crystallization was found along the melt pool 
boundary. For the samples with P = 150 W, v = 250 mm/min (i.e., P/v =
0.6 W⋅min/mm) and P = 200 W, v = 1000 mm/min (i.e., P/v = 0.2 
W⋅min/mm), severe crystallization throughout the entire melt pool was 
detected. The microstructures of these single-tracks with different de
grees of crystallization will be discussed in detail in Section 3.2. These 
findings suggest that an overall higher linear energy density input pro
motes enhanced crystallization of MGs during LAM. In general, the 
linear energy density input in the melt pool is quantitively correlated 
with the average cooling rate (R) during LAM. For example, an inversely 

exponential relationship of R = 1349 ×

(
P
v

)− 0.87 
was measured during 

LAM of Zr39.6Ti33.9Nb7.6Cu6.4Be12.5 MG [64]. As such, it is understand
able that a higher P/v induces a lower cooling rate, which causes an 
increased probability of crystallization, and vice versa. Note that when 
multiple tracks or layers of MGs are printed, the re-heating induced 
crystallization in the heat affected zone should also be considered 
[65,66] in addition to the crystallization event during solidification 
studied in this work. 

3.2. Microstructure characterization 

After identifying the processing window for good single-tracks with 
no cracking or lack-of-fusion defects, we further analyzed the micro
structures and elemental distributions in these tracks with different 
degrees of crystallization. Fig. 3 shows the microstructural morphology 
and associated elemental distribution in the single-track with marginal 
crystallization (P = 150 W, v = 400 mm/min). SEM-EDS mapping in the 
melt pool interior marked by the shallow-green box in Fig. 3a is dis
played in Fig. 3b. It is seen that a number of spherical particles with an 
average diameter of approximately 1 μm were distributed uniformly in 
the amorphous matrix of the melt pool center. EDS mapping results in 
the melt pool interior indicate that elements distributions were rela
tively homogeneous with no apparent elemental segregation. The whole 
region was rich in Zr and a small amount of Fe was found. This is likely 
due to the Marangoni flow induced intermixing between the melt pool 
and the partially melted steel substrate as well as the thermal gradient 
induced chemical redistribution [36,58]. The average composition of 
the melt pool interior, represented by Region A in Fig. 3b, is summarized 
in Table 4, showing that Fe accounted for 7.3 at.%. Note that in this 
composition table, Be was not taken into consideration due to the dif
ficulty in detecting such light elements by SEM-EDS. Fig. 3c shows the 
microstructure and elemental mapping of the melt pool boundary 

marked by the shallow-orange box in Fig. 3a. Compared with the melt 
pool interior, crystalline particles were more densely distributed along 
the melt pool boundary. While Zr was barely revealed in the substrate, 
the distributions of all other elements including Fe, Ni, Ti, and Cu were 
more diffusive across the melt pool-substrate interface, suggesting the 
strong elemental mixing on both sides of the interface, which is essential 
for achieving a robust metallurgical bonding. The average composition 
of the melt pool boundary, represented by Region B in Fig. 3c, was also 
analyzed and summarized in Table 4. Surprisingly, compared with Re
gion A in the melt pool interior, the content of Zr at the melt pool 
boundary significantly decreased from 52.6 at.% to 35.3 at.%, while the 
content of Fe almost quadrupled from 7.3 at.% to 27.1 at.%. To provide a 
macroscopic vision of the chemical composition throughout the entire 
melt pool, we performed line scans of the constituent elements from the 
melt pool to the substrate (Fig. 4). Elements were distributed uniformly 
in the melt pool center and substrate, respectively. However, gradual 
transitions in the elemental distributions were observed across the melt 
pool boundary, indicating the intermixing between the Vitreloy1 and 
the steel substrate. These results coincide well with the elemental 
mapping shown in Fig. 3. Note that the Marangoni flow and thermal 
gradient can not only cause inhomogeneous chemical redistribution but 
also introduce impurities from the substrate that serve as heterogeneous 
nucleation sites for crystallization, which may impair the glass forming 
ability of the MG, especially at the melt pool boundary. Hence, the LAM 
processing window to minimize crystallization can be substantially 
narrowed down [17,58]. This finding is particularly noteworthy when 
one considers the application of laser processing of MG coatings onto a 
dissimilar substrate material. 

The above results suggest that chemical composition and crystalli
zation behavior of the MG at the melt pool boundary are drastically 
different from that in the melt pool interior. In order to further inves
tigate the differences in the crystallization products, we examined the 
crystal morphologies and their compositions in different regions of the 
good single-track with marginal crystallization, as shown in Fig. 5. 
Spherical crystals of ~1 μm in size (Fig. 5b) were spread within the melt 
pool, whereas more refined dendrite-like crystals (~0.2 μm) were pre
sent at the melt pool boundary (Fig. 5c). The chemical compositions of 
both representative crystals and the corresponding matrix are listed in 
Table 4. Zr was a dominant element in all the analyzed crystals, ac
counting for approximately 50 at.%. There was a larger proportion of Cu 
(21.0 ± 6.0 at.%) in the spherical crystals than that in the dendritic 
crystals (14.2 ± 3.9 at.%). Compared with the spherical crystals in the 
melt pool interior, the dendritic crystals at the melt pool boundary are 
featured by a much higher content of Fe, but less Ti. In addition, Fe 
became a major element of matrix at the melt pool boundary, which is in 
line with the aforementioned intermixing between the melt pool and the 
steel substrate. Since the Fe–Cu element pair presents distinct immis
cibility with a large positive heat of mixing [67], the intermixing with Fe 
content in the melt pool is likely to have negative effect on the glass 
forming ability and contribute to more crystallization at the melt pool 
boundary where cracks frequently initiated. Furthermore, the addition 
of Fe from the substrate changed the Ti content, which is reported to 

Table 4 
Chemical composition (at.%) in the melt pool interior and at the melt pool boundary of the good single-track with marginal crystallization (P = 150 W, v = 400 mm/ 
min). Region A and Region B correspond to the rectangle regions in Fig. 3b and c, respectively. The spherical and dendritic crystals reside within Region A and Region 
B, respectively, as marked in Fig. 5b and c.  

Element Vitreloy1 alloy [39] Melt pool interior Melt pool boundary 

Region A Spherical crystal Matrix Region B Dendritic crystal Matrix 

Zr 41.2 52.6 44.7 ± 3.5 51.9 ± 0.6 35.3 49.0 ± 3.4 30.8 ± 1.1 
Ti 13.8 16.6 15.4 ± 1.7 16.6 ± 0.3 10.5 9.8 ± 1.1 10.5 ± 0.5 
Cu 12.5 13.0 21.0 ± 6.0 12.6 ± 0.5 14.0 14.2 ± 3.9 10.7 ± 1.3 
Ni 10.0 10.5 11.7 ± 1.1 9.6 ± 0.2 13.1 13.3 ± 1.3 12.8 ± 0.4 
Fe – 7.3 8.5 ± 0.9 9.4 ± 1.0 27.1 13.7 ± 1.3 35.2 ± 1.2 
Be 22.5 – – – – – –  

S. Zhang et al.                                                                                                                                                                                                                                   



Surface & Coatings Technology 428 (2021) 127882

6

significantly affect GFA [68]. 
Fig. 6 displays the optical micrographs of Vitreloy1 good single-track 

with severe crystallization (P = 150 W, v = 250 mm/min). Massive 
crystals were revealed in this case. Specifically, the melt pool interior 

mainly consisted of fine equiaxed dendritic crystals (Fig. 6a) while the 
melt pool boundary was comprised of a two-layered structure, planar 
layer with a thickness of ~15 μm at the boundary and columnar dendrite 
layer inside the boundary (Fig. 6b). The width of the columnar dendrite 

Fig. 4. (a) SEM micrograph of Vitreloy1 good single-track with marginal crystallization (P = 150 W, v = 400 mm/min). (b), (c), and (d) show the corresponding 
elemental distributions along the line scans marked in (a). 

Fig. 5. (a) SEM micrograph of Vitreloy1 good single-track with marginal crystallization (P = 150 W, v = 400 mm/min). (b), and (c) are SEM micrographs showing 
enlarged areas in Region A and Region B. The chemical compositions of spherical crystal and dendritic crystal are listed in Table 4. 

Fig. 6. Cross-sectional optical micrographs of good single-track with severe crystallization (P = 150 W, v = 250 mm/min) at (a) melt pool interior and (b) melt 
pool boundary. 
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near the melt pool boundary is about 1.9 μm. Temperature gradient and 
solidification rate both have great impacts on the solidification micro
structure during welding [56,69], so is the case in single-track printing. 
A combination of high temperature gradient and low solidification rate 
usually leads to planar structures while low temperature gradient and 
high solidification velocity promote equiaxed dendrites [56]. The so
lidification rate varies remarkably over the melt pool depth, from zero at 
the bottom of the melt pool boundary to the maximum (comparable to 
laser scanning speed) at the surface [57]. A typical transition in 
microstructural morphology from planar through columnar to equiaxed 
dendritic structures is a frequent signature in a rapidly solidified laser 
weld, in analogy to the microstructure of the severely crystallized single- 
track here [69]. 

3.3. Finite element simulation 

The different solidification and crystallization behaviors and the 
evolution of processing defects are fundamentally related to the thermal 
history during LAM of MG. To gain an insight into the site-specific 
thermal history and cooling rate throughout the melt pool, numerical 
simulation was carried out for the good single-track sample with mar
ginal crystallization (P = 150 W, v = 400 mm/min), which is used to 
elucidate the site-specific microstructures in the melt pool. As shown in 
Fig. 7a, the left part is the experiment result while the right part is the 
simulated peak temperature distribution from the substrate to the melt 
pool interior. The experimental and numerical single-track depths were 
similar, but the width of the simulated single-track was slightly larger 
than that in experiment. The width to depth ratio was 2.2 in experiment 
and 3.0 in simulation. Fig. 7b shows the thermal history for the positions 
of C1 ~ C6 in Fig. 7a. The peak temperature increased continuously 
from C1 to C6, and the cooling rates (bypassing the melting temperature 
of Vitreloy1 alloy, Tl = 1001 K [48]) are listed in Table 5. At the bottom 
position (C1), the cooling rate was found the smallest, 6726 K/s, and it 
increased with the distance away from the melt pool boundary. Higher 
cooling rates lead to greater volume fraction of amorphous solidification 
while lower cooling rates promote crystallization. The lower cooling 

rate near the melt pool boundary revealed by the thermal modeling is 
consistent with the fact that crystallization occurs preferentially from 
the melt pool boundary (Fig. 3). 

In general, the linear energy density (P/v) input can significantly 
affect the cooling rate and solidification microstructure, as we have 
observed that under the same power of 150 W, but different scanning 
speeds of 250 mm/min (i.e., P/v = 0.6 W⋅min/mm), 400 mm/min (i.e., 
P/v = 0.375 W⋅min/mm), and 1000 mm/min (i.e., P/v = 0.15 W⋅min/ 
mm) yield different features of severe crystallization, marginal crystal
lization, and lack-of-fusion. To understand the origin of this trend, we 
simulated the thermal histories for the three different P/v cases at the 
bottom of the melt pool boundary, as shown in Fig. 7c. The results turn 
out to be that the cooling rate was the slowest down to 3841 K/s in the 
sample with severe crystallization (150 W, 250 mm/min), and highest 
up to 12,148 K/s in the sample with lack-of-fusion (150 W, 1000 mm/ 
min), which agrees well with that there was severe crystallization 
occurring at sample of 150 W and 250 mm/min while there was negli
gible crystallized phase at sample of 150 W and 1000 mm/min. It is 
worth noting that the critical cooling rate to retain amorphous phase 
was reported to be of the order of 10 K/s or less [39], while the cooling 
rates in the melt pool of the simulated single tracks in this study were of 
more than the order of 103 K/s. Besides the cooling rate, the higher 
linear energy density input may cause more Marangoni convection and 
hence chemical intermixing (Fig. 4). Such enhanced element diffusion 

Fig. 7. (a) Cross section of the single-track with marginal crystallization (150 W, 400 mm/min) from numerical simulation with peak temperature contour and 
experiment results. (b) Transient temperature evolutions at different locations in (a). (c) Transient temperature evolutions at the bottom of the melt pool boundary in 
various samples: marginal crystallization (150 W, 400 mm/min), severe crystallization (150 W, 250 mm/min), and lack of fusion (150 W, 1000 mm/min). 

Table 5 
Cooling rates at different positions of the melt pool in 
the good single-track with marginal crystallization 
(Fig. 7a).  

Position Cooling rate (K/s) 

C1  6726 
C2  6803 
C3  6979 
C4  7033 
C5  7121 
C6  7242  
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could also elevate the crystallization. Therefore, at the vicinity of the 
melt pool boundary, the cooling rate and the chemical composition 
(intermixing) collectively influence the local crystallization behavior. 

3.4. Microhardness 

Microhardness measurements were carried out for the good single- 
tracks from the substrate to the melt pool along the building direction 
(Fig. 8). Samples with marginal crystallization (P = 150 W, v = 400 mm/ 
min) and severe crystallization (P = 150 W, v = 250 mm/min) were both 
tested and then compared with fully amorphous Vitreloy1 alloy (560 
HV) [70], marked by dash-dotted line. The optical micrograph in the 
inset illustrates the indentation locations. Overall, compared with the 
microhardness of 199 ± 17 HV for the low carbon steel substrate, the MG 
melt pools showed significantly enhanced microhardness of approxi
mately 700–1000 HV, suggesting that laser additively manufactured MG 
exhibits a high hardness that offers a great potential for coating appli
cations. It is noted that microhardness of fully amorphous Vitreloy1 
alloy was smaller than that in both cases, indicative of a positive effect of 
crystallization on the improvement of microhardness on Vitreloy1 alloy. 
Specifically, in the marginal crystallization sample, a drastic hardness 
peak of 1164 ± 87 HV was observed at the melt pool boundary while in 
the severe crystallization sample the hardness throughout the entire 
melt pool (including the boundary) seemed to be more uniform. In the 
former sample, the melt pool was mainly amorphous, which exhibits a 
lower hardness of 705 ± 48 HV in comparison with the locally crystal
lized melt pool boundary of 1164 ± 87 HV. A significantly higher 
microhardness at the melt pool boundary than in the interior melt pool 
might be caused by element diffusion across the interface between the 
melt pool and the substrate, as indicated in Fig. 4. In addition, lower 
cooling rate at the melt pool boundary (Fig. 7b) tends to induce more 
crystallization, which may also contribute to higher microhardness. In 
the latter sample, the entire melt pool was severely crystallized, leading 
to the uniform hardness of approximately 930 HV. The difference in the 
average hardness of the melt pool for the two samples may arise due to 
the compositional and grain size differences in their crystallization 
products under different processing parameters. Higher scan speed (400 
mm/min vs 250 mm/min) could create higher cooling rate, as indicated 
by Fig. 7c, and thus less crystallization would occur, leading to a lower 
average microhardness inside the melt pool (705 HV vs 930 HV). Note 
that the microhardness of the substrate below the melt pool boundary 
gradually reduced and stabilized to ~200 HV, which could be attributed 
to elemental intermixing between substrate and single-track or even 
microstructural/phase transformation (e.g., dynamic recrystallization) 
in the heat-affected zone [71]. 

4. Conclusions 

We have conducted high-throughput laser single-track melting of 
Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 metallic glass on low carbon steel with a 
wide range of laser powers and scanning speeds. A printability diagram 
was constructed to identify the optimal process window for achieving 
good single-tracks with minimal crystallization or processing defects 
such as cracking or lack-of-fusion. We found that cracking usually 
occurred at high powers (i.e., P > 200 W) or large linear energy densities 
(i.e., P/v > 0.6 W⋅min/mm) whereas lack-of-fusion tended to fall into 
the regions with lower powers (i.e., P < 150 W) or linear energy den
sities (i.e., P/v < 0.2 W⋅min/mm). Finite element thermal modeling was 
also performed to quantify the thermal history and cooling rate 
throughout the melt pool under different processing conditions in order 
to unravel the processing-microstructure relationship in the single-track 
library. The simulation results suggest that increasing linear energy 
density input during laser additive manufacturing can decrease the 
cooling rate and lead to more crystallization. For a given laser processing 
condition, the cooling rate inside the melt pool is highly site-specific. 
The melt pool boundary is featured by a lower cooling rate that leads 

to enhanced partial crystallization, compared with the melt pool inte
rior. In addition, we also performed microhardness tests and revealed 
significantly enhanced microhardness in the melt pool of MG in com
parison with the substrate of low carbon steel, suggesting the promise of 
laser additive manufacturing of MG for wear-resistant coating applica
tions. Our work provides significant insight into laser processing of MGs 
on a dissimilar crystalline substrate such as steel. 
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