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Abstract: An Al-Ni-Y-Co-La metallic glass was laser-melted onto an Al substrate which was

at two different temperatures: 25C and 250°C. It was found that the substrate temperature

played a critical role in determining the interface bonding between substrate and support and
final solidification microstructures. The higher substrate temperature resulted in the
formation of a stronger interface bond between metallic glass and substrate while lower
substrate temperature resulted in the formation of a weaker interface bond. This has been
attributed to different cooling rates and thermal histories present in the two cases. A multi-
physics-based computational model based on the heat transfer theory in heat transient mode

of COMSOL™ was introduced to explain the underlying mechanism.
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1. Introduction

Selective laser melting (SLM) has undergone a rapid development for a decade [1]. As an
emerging additive manufacturing technique, it shows great potential in fabrication of metal
components with complex geometries, unachievable through conventional manufacturing
techniques [1]. Due to its net-shape formation capability and high freedom of customer
design ability, potential applications of SLM in medical implants, aircraft and automobile
industries have been foreseen and are becoming promising [1-3]. SLM is characterised by
very high heating and cooling rates which can reach 10°-10® K/s [4, 5]. Due to its unique and
advantageous “point-by-point” processing, only a small volume of material is heated as the
laser beam travels across the powder bed. This leads to the possibility of not only obtaining
non-equilibrium microstructures, but also as a promising alternative for the production of

large-size bulk metallic glass (BMG) and composites [6-8].

Similar to the fabrication of crystalline alloys via SLLM, the high heating and cooling rate
experienced during SLM of metallic glass can cause high temperature gradients and thermal
fluctuations to occur. This results in severe and detrimental thermal and residual stresses to
form [8-10]. These stresses will tend to result in curling, cracking or even delamination of the
fabricated BMG components [8]. The formation of residual stresses is particularly important
in BMG materials due to their intrinsic brittleness. To counteract these stresses, BMG parts
made by SLM must be attached to a base plate using a support structure. The interface
between the support and substrate is critical in determining the final success of the BMG part
and some of the authors’ preliminary trials show that the curling, cracking and delaminating
of the fabricated BMG components always happen at the interface between the support and

the substrate. As such, it was necessary to study the bond between these two regions,



especially the influence of the substrate temperature. However, to the knowledge of the

authors, this has not been reported yet.

In this work, a recently developed Al-based metallic glass was melted onto a pure Al
substrate using SLM. The influence of substrate temperature on the interface bond between
support and substrate and solidification microstructure was studied. Results show that the
higher substrate temperature gave rise to stronger bond between the metallic glass and
substrate. In addition, the solidification microstructure of the material is strongly affected by
the substrate temperature, which has been attributed to the different cooling rates and thermal
histories. This study provides a fundamental basis for successful fabrication of BMG

components via SLM.

2. Experimental details

Master ingot with a nominal composition of AlgeNigY4s5Co,La; 5 (in at. %) was prepared by
arc melting high-purity elemental pieces Al (>99.9 wt. %), Ni (>99.9 wt. %), Y (>99.0 wt. %),
Co (>99.9 wt. %) and La (>99.0 wt. %) under a Ti-gettered argon atmosphere for six times to
ensure chemical homogeneity. Powder was then produced by nitrogen-atomisation and sieved
to below 25 pm. The particle size was measured using a Malvern Mastersizer Plus. The
morphology and particle size of the powder are shown in Fig. 1. Its amorphous nature was
confirmed using X-ray diffraction (XRD) and transmission electron microscopy (TEM) in the
authors’ previous studies [11, 12]. SLM experiments were conducted using a Realizer SLM-
100 machine (Realizer GmbH, Germany) which is equipped with a fibre laser, generating a
laser beam with a wavelength of 1060 nm and maximum power of 200 W at the part bed. A
high purity argon gas was used during the processing [13]. According to several preliminary

trials [7], at a laser scan speed of 750 mm/s a high laser power (200 or 160 W) can cause



severe crystallization and cracks during SLM of BMG while low laser energy (80 W) can
also cause cracks. Hence, the laser scan speed and power in this study were set at 750 mm/s
and 120 W, respectively. To investigate the interface between support and substrate, a 100
pm single layer of metallic glass powder was built on an Al substrate, which was either at
room temperature (~ 25°C) or had been heated to ~ 250°C which is lower than the glass
transition temperature (7,) of the powder [12]. Scanning electron microscopy (SEM, Zeiss
1555 VP-FESEM, operated at an accelerating voltage of 15 kV and working distance 10 mm),
electron probe microanalyser (EPMA, JEOL 8530F microprobe, equipped with 5 tuneable
wavelength dispersive spectrometers operated at 40 degrees take-off angle, a beam energy of
15 keV and beam current of 20 nA for a dwell time per pixel of 20 ms) and nanoindentation
(Hysitron® Triboindenter, at room temperature in air with a Berkovich indenter of a tip radius
of 100 nm) were used to investigate the interface between the support and substrate and
solidification microstructure of the support. The maximum indentation force applied was 2
mN at a rate of 200 uN/s for both loading and unloading. The dwell time at the peak load was
fixed at 10 s. A minimum of 10 indentations were conducted on each site. A finite element
modelling (FEM) method using a multi-physics-based computational model based on the heat
transfer theory in heat transient mode of COMSOL™ [4] was used to estimate the cooling

rates and temperature distribution during SLM.

3. Results and discussion

The interface between support and substrate with different substrate temperatures is shown in
the back-scattered SEM images in Fig. 2. At a substrate temperature of 250°C (Fig. 2a), there

is a region with a sub-circular morphology (width ~ 100 um and depth ~ 50 pm) that sits in

between the support and the substrate. It is apparent that both the powder and top part of the



substrate have been melted together and a good bond exists between the two. This sub-
circular morphology is caused by the Gaussian distribution of the laser beam energy (TEMyo,
M? < 1.05) and the competition between convection and conduction heat transfer within the
melt pool, which has been explained in detail in the authors’ previous study [7]. At room
temperature there is no such sub-circular region between the support and substrate and a clear
interface gap can be observed, as indicated by the white arrow in Fig. 2b. Although the heat
generated from the laser seems to be sufficient to melt the powder, melting of the top of the
substrate has not occurred. This suggests that the temperature at the interface does not exceed
the melting point of the Al substrate (~ 660°C). In addition, it can be seen that at a substrate
temperature of 250°C there is no apparent crystallization in the melt pool shown in Fig. 2c
while severe crystallization has occurred in the melt pool after solidification, signified by the
apparent crystalline phases shown in Fig. 2d. At the higher substrate temperature, there is a
dark phase sitting at the interface between the support and substrate which is arrowed in Fig.
2a. Based on the SEM energy dispersive X-ray spectroscopy analysis (EDS) of this area
shown in Fig. 3, it is apparent that this phase is an Al-rich oxide and has presumably formed

during melting.

It is well acknowledged that convection in the melt pool plays a key role in heat transfer
during laser processing especially when the laser energy density is high [7, 14]. This
convection can also enhance mass transport during SLM, as material flows from the hotter
centre of the melt pool to the edge, driven by the negative coefficient of surface tension of the
metallic glass [15]. Since the laser-material interaction time is usually of the order of 100 us
and the melted materials exhibits rapid solidification, slow mass transfer mechanisms, such as
diffusion, would have little effect on the formation of the bond between the metallic glass and
substrate [16]. Therefore, it is believed that forming the bond in such a short time is mainly

through convection-enhanced mass transport. To investigate this mass transport in the melt



pool, EPMA was used to characterize the chemical distribution of the main elements Al, Ni,
Y and Co in the abovementioned sub-circular interface region and the results are shown in
Fig. 4. It is apparent that both the support and the melted substrate regions show a swirl-like
pattern, most likely as a result of convection-enhanced mass transport. The swirling pattern is
more apparent in the melted substrate region compared to the support region, indicating that
the convection is stronger here. In addition, the lower part of the melt pool contains a higher
concentration of Al and lower amounts of the other elements (Ni, Y and Co) than the support,

which is likely to be a result of the melting of the aluminium substrate.

To investigate the reason and the underlying mechanism for the formation of this bonding
region, the temperature distribution within the melt pool at the two substrate temperatures and
the corresponding cooling rates during solidification were estimated based on a multi-
physics-based computational model. For Al alloys, the laser absorption is very low ~5% at

the 1pm wave length used [17]. Since there has been no published data on the laser absorption

of Al-Ni-Y-Co-La metallic glass and the metallic glass in this study contains 86% Al, it was
assumed to be similar to that of Al. Many factors such as the size and morphology of the
powder particles will influence the actual absorption co-efficient of a material [18]. However,
given that the substrate temperature is the only variable with all other parameters kept
constant, including the powder used, there is not expected to be a significant change in the
laser absorption between the two cases. For simplification, the simulation was carried out on
Al-based thin film with the same composition as the powder this study used and no gap
between the metallic glass and substrate was considered. The thickness of this thin film was
set to 100 um, which is identical to the actual thickness of powder deposited on the substrate.
The results are shown in Fig. 5. It can be seen that the temperature distribution varies with the
substrate temperature, signified by the isothermal line in Figs. 5a and b, which shows the

melting point of Al. This contour line is an indication of the expected shape of the melt pool.
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It is apparent from Fig. 5 that the area of material heated to above the melting point of

aluminium is much greater at a substrate temperature of 2509 than at room temperature. This
difference explains why the melting of the Al substrate occurs at 250°C rather than at room

temperature. It is also apparent from Fig. 5, that the depth of the melting contour is larger

than its width at both substrate temperatures and the difference is greater at 250°C than at

room temperature. According to the authors’ previous study [7], this indicates that convection
rather than conduction plays a dominant role in the heat transfer and higher substrate
temperature can enhance the convection within the melt pool. These are consistent with the

solidified microstructure shown in Figs. 2 and 4.

The heating and cooling rates at different points (I-V) in the melt pool are obtained from the
model, shown in Fig. 5c. In both cases the cooling rate decreases along the vertical direction
(from point I to V). At the centre of the melt pool (point I), the cooling rates at a substrate
temperature of 250°C and room temperature are similar and estimated to be 3.5 x 10* K/s and
3.6 x 10° K/s, respectively. These cooling rates are greater than the reported critical cooling
rates R, of this Al-based metallic glass (1.5 X 10° K/s)[12]. At the interface between the
support and substrate (point IIT) the cooling rate on the unheated plate is greater (1.4 x 10’

K/s) than when the substrate is heated to 250°C (1.1 x 10° K/s). The difference in cooling rate

between the two substrate temperatures becomes larger as you move vertically further away

from the heat source.

The fact that the cooling rate is greater than the R, should mean that the amorphous nature is
retained after solidification [19]. From the model, the predicted cooling rates at both substrate
temperatures are higher than the critical cooling rate of the Al-based BMG. This model is
based on the condition that the heat can be transferred from support to the Al substrate

without any obstruction. At a substrate temperature of 250°C, this is indeed correct, with no



apparent crystallization occurring (Fig. 2a). However, this is not the case for the room
temperature substrate. Even though the heat generated from the laser is sufficient to melt the
Al substrate (Fig. 5b), the formation of a gap in between the support and substrate (see Fig.
2b) hinders the heat transfer from the support to the substrate, causing the Al-based metallic
glass support to experience a lower than the predicted cooling rate. Given that the predicted
cooling rates within some parts of the melt pool, e.g. from point I (2.1 x 10° K/s) to I1I (1.4 x
10° K/s), are close to the R., it would not require much reduction in cooling rate for

crystallisation to occur, as seen in Fig. 2d.

To further evaluate the interface bond at different substrate temperatures, nanoindentation
tests were carried out and the results are shown in Fig. 6. It can be seen that the hardness of
the substrate (position 1 to 4) is almost the same for each substrate temperature, suggesting
that the substrate far from the interface at 250°C is not influenced by the convection in the
melt pool during the SLM process. At 250°C, the hardness at the interface (position 5 and 6)
is higher than that at room temperature, indicating the formation of a stronger bond at 250°C.
This is probably caused by the composition difference between the sub-circular region at
250°C (Fig. 4) and the interface region at room temperature. The increase of hardness from
Al substrate to metallic glass support is also smoother at 250°C than room temperature. In
addition, the hardness of the metallic glass support also varies between different substrate
temperatures. This can be largely attributed to the different thermal histories at different
substrate temperatures especially the cooling rates within the metallic glass according to the
abovementioned model (Fig. 5) [20, 21]. The lower cooling rates in the melt pool at room
temperature cause severe crystallization (Fig. 2b), which is probably the reason for lower
hardness at position 9 and 10 at room temperature when compared to 250°C. Similar results
have also been reported [11]. As Al is a relatively soft phase compared to Al-based BMG, the

increased concentration of Al in the melt pool at 250°C (Fig. 4) could probably lower the



hardness at position 7 and 8 when compared to the room temperature. However, to fully
understand the variation of hardness in the melt pool at different substrate temperatures, more

detailed research work is needed.

4. Conclusions

In summary, it has been shown that substrate temperature plays a critical role in determining
the interface bonding between the support and substrate and final solidified microstructures.
A higher substrate temperature gives rise to stronger bond and the amorphous nature of the
materials is retained. This has been attributed to the high cooling rate and larger melt volume
including melting of the Al substrate. The latter is an important condition for enhancing the
heat transfer from the support the substrate. Though at the lower substrate temperature the
predicted cooling rate is higher, the small melt volume caused a clear boundary and gap to
form, in between the support and substrate. This prevents an effective heat transfer from the
support to the substrate, resulting in a decrease in the actual cooling rate to below the R,
hence severe crystallization. Therefore, to achieve stronger bonding and avoid crystallization
during SLM of metallic glass, using a high substrate temperature is beneficial as long as the

cooling rate is kept above the R,.
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Figure captions:

Fig. 1 (a) An SEM image and (b) particle size distribution of the AlscNigY45Co0,La; s metallic

glass powder.

Fig. 2 Back-scattered SEM images of the interface between the metallic glass support and the
Al substrate with different temperatures: (a) 250°C; (b) room temperature. (c¢) and (d) are
images corresponding to (a) and the marked areas in (b) at high magnification, respectively.
Arrows (in red) point to Al-rich oxide which formed during SLM and arrow (in white) points

to unbonded area which forms as a result of insufficient melting during SLM.

Fig. 3 SEM EDS mapping results for elements O and Al in the area shown in Fig. 2a. Arrows
(in red) point to Al-rich oxide which formed during SLM. Red is higher in concentration than

blue.

Fig. 4 Quantitative chemical maps obtained using EPMA in the sub-circular interface region

between the metallic glass support and Al substrate at a substrate temperature 250C. Only

the four major elements Al, Ni, Y, Co are shown here.

Fig. 5 Predicted temperature distribution within the melt pool at different substrate
temperatures: (a) 250°C; (b) room temperature. (c) Cooling rates at different spots (black
triangle) within the melt pool, marked by I-V in (a) and (b) at different substrate temperatures.

The green line shows the critical cooling rate of this metallic glass.

Fig. 6 (a) Nanoindentation test results showing the variation of hardness from the Al
substrate to the metallic glass along the vertical direction at different positions (from 1 to 10)
at two substrate temperatures. (b) and (c) are photos showing the positions where indentation

experiments were carried out at 250°C and room temperature, respectively.
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Highlights

e Substrate temperature can influence interface between metallic glass and substrate
e Solidification microstructure is strongly affected by the substrate temperature
e Higher substrate temperature gives rise to a stronger interface bond

e The reason is attributed to different cooling rates and thermal histories
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