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ABSTRACT: The constantly increasing requirements of critical engineering parts can often be
satisfied through the use of different materials with unique properties. In an effort to realize the
potential of multi-functional parts, a study on the melt track characteristics of a copper based alloy
(HOVADUR® K220) deposited on 316L steel via Selective Laser Melting (SLM) has been
conducted. Single-line melt tracks, processed using 3 different sets of laser parameters, were
printed on top of copper based alloy of variable height. It was found that the widths of the line
tracks decreased with the height of the copper alloy. When processed at an energy density of
262J/mm3 the width of the copper alloy line tracks decreased from an average of 332pum to 151pm
as the layers of underlying copper alloy increased from 0 to 40. Extensive cracking was observed
when excessive energy density was used on layers 1 to 6. All scan tracks are continuous with
minor amounts of unmelted particles. Track stability is observed to decrease slightly at higher
layers as the track width decreases.
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INTRODUCTION

The multi-disciplinary nature of engineering applications today often has several functional and
structural requirements to fulfill. Creating a component which has an optimal balance of properties
may require different materials to be used in the same part. Within the metallic class of materials,
there are many methods that can be used to create a bond between dissimilar alloys. Solid state
bonding techniques such as diffusion bonding has been used to join metals either with or without
the use of an intermediate bond layer (Kundu et al. 2005). Explosion bonding has been used to join
dissimilar metals such as copper and steel for applications that require both structural integrity as
well as thermal shielding properties (Leedy & Stubbins 2001). Laser welding has also been used to
melt and fuse different metals (Chen et al. 2013). Lately, additive manufacturing has also
displayed the capability to produce multi-material parts (Al-Jamal et al. 2008, Sing et al. 2015,
Sahasrabudhe et al. 2015) as well as parts made from bimetallic powder blend (Sing et al. 2016,
Sing et al. 2015). Unlike the other joining techniques, additively manufactured multi-materials part
does not require the user to first have 2 solid parts prior to joining. Hence, the geometry of a join
produced through AM is not restricted by the profile of the original solid parts and higher
geometrical complexity can potentially be achieved. However, these potential advantages of
additively manufactured multi-material parts may only be realized after the interfacial bond
properties at are adequately characterized. The interface, which has high amount of material
property mismatch, is usually the critical area of concern. By far most research work on the SLM
of bimetallic systems have employed a single laser parameter to process the entire interface (Liu et
al. 2014, Sahasrabudhe et al. 2015). Due to the intermixing of the 2 materials, the interface
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inherently has a material composition gradation that changes from 100% of material ‘A’ to 100%
of material ‘B’. To maintain similar melt track morphology across the interface despite the
composition gradation would require a range of laser processing parameters. On the other hand, if
only a single set of laser parameter was used, the melt track morphology is then expected to vary
continuously within the interface. In this study, line tracks were deposited on the top surface of a
copper alloy (HOVADUR® K220) printed on bases made from 316L stainless steel (Figure 1b).
The laser parameter and height of the copper alloy were varied to investigate its effects on the line
track characteristics. The width, appearance and stability of the line tracks are examined under
optical microscope to evaluate the suitability of the different laser parameters.

EXPERIMENTAL SETUP

The machine used for this experiment is the SLM250HL. It is equipped with a Gaussian beam
fiber laser having a focal diameter of 80pum. 10 mm line tracks, processed using 3 different sets of
laser parameters, were printed on top of a variable thickness copper alloy which is printed over a
316L steel base (Figure 1a &1b). The line tracks were printed on the Ist, 6th, 11th, 21st, 31st and
41st layers. When the line tracks are printed on the 1st layer, it is implied that they are printed
directly over the 316L steel base without any copper alloy layers in between. Similarly, line tracks
printed on the 31st layer would have 30 underlying layers of copper alloy. The laser parameters
used in the 3 different configurations are shown in Table 1. Melt track stability and width
measurements were performed on an optical microscope.
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Figure 1. (a) Top view of printed samples, (b) Illustration of the front view of specimen

Table 1: Laser parameters

Set A Set B Set C
(High energy) | (Moderate energy) | (Low energy)
Laser Power, P (W) 375 375 375
Scanning Speed, V (mm/s) 300 530 800
Hatch Spacing, h (um) 90 90 90
Layer Thickness, t (Lm) 30 30 30
Energy Density, E (J/mm?) 463 262 174

RESULTS AND DISCUSSIONS

Effects of copper alloy thickness on line track width

Five width measurements were randomly taken along each line track on the same sample and the
average widths are plotted in Figure 2. Regardless of the laser parameter all track widths are
observed to decrease as the layers/height of copper alloy increases. This change in width can also
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be observed from the optical images of the scan tracks in Figure 3. The decrease in width can be
explained through the thermal conductivities of both materials. According to the data from
SCHMELZMETALL, HOVADUR® K220 has an average thermal conductivity of 220W/m/K
between temperatures of 293 to 573K. Compared to the 13-34W/m/K for 316L stainless steel at
temperatures between 300 to 1500K (Kim 1975), the conductivities of both alloys are drastically
different. In the first layer when the copper alloy is printed directly on 100% 316L stainless steel, a
high amount of heat energy is being retained in the melt pool due to low conduction loss through
the underlying low conductivity steel material. This causes the melt pool to be significantly larger,
leading to wider width measurements. As more layers of copper alloy were printed over the 316L
stainless steel base, the top surface of the sample would experience a composition shift from 100%
316L stainless steel towards 100% copper alloy. This shift causes the average thermal conductivity
of the top layer to increase and subsequently lead to higher conduction loss and narrower melt pool
on the next printed layer. Eventually, when the composition of the top layer approaches that of the
copper alloy, the track width stabilizes and levels off to fixed values as shown in Figure 2.
Naturally, the stabilized track widths are different for the 3 laser settings. The narrowest stabilized
width corresponds to the highest scanning velocity (lowest energy density) and vice versa. To keep
the porosities within a part to a minimum, adjacent tracks must have a certain amount of overlap.
Intuitively, when the hatch spacing is too large, insufficient overlap introduces gaps and porosity
between tracks. However, overly narrow hatch spacing may also lead to increased porosity
(Yadroitsev et al. 2007, Thijs et al. 2010). Although the reason of increased porosity due to
excessive overlap is not well understood, it will be assumed that there exists an optimal hatch
spacing and track overlap that will give maximum part density. If indeed a fixed amount of overlap
is necessary for optimal density, there is a need to constantly vary the hatch distance in the
intermix region to match the decreasing track width across the interface. If a 40% overlap between
tracks is desired, one may set the hatch spacing to take a value that is 40% of the width
measurements at different layers, assuming that the track width is independent of hatch spacing.
Even though the underlying assumption is flawed and may lead to slight errors in the resultant
track overlaps, the proposed method serves as a starting point to achieve the desired overlap. The
smallest width of the melt track processed at 800mm/s is 118+19um. Even if fluctuations are taken
into account, this value is still slightly larger than the 90 um hatch spacing. Hence there is still
overlap between adjacent tracks.
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Figure 2. Track width vs. layer count (power: 375W, layer thickness: 30pum, hatch: 90pum)
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Figure 3. Appearance of the melt tracks procesed at different heights and laser velocity (P=375W)

Continuity and stability of melt tracks

The continuous appearance of all the tracks with minor amounts of unmelted particles attached
indicates good melt pool stability. However, as the tracks get thinner with layer count and
scanning speed, the perturbations due to surface roughness becomes large relative to the
dimensions of the scan tracks. Furthermore, at high scanning speeds, the melt pool becomes longer
and narrower. If we assume that the melt pool can be approximated as a circular cylinder of molten
liquid attached to the solid base through a single line of contact, then according to Yadroitsev et al.
the necessary and sufficient condition for stability is:

nD 2
C o\ (D
where L is the wavelength that corresponds to the perturbations and D is the diameter of the
cylinder (Yadroitsev et al. 2010). Clearly when the width and hence the circumference of the melt
pool decreases, the above condition for stability becomes harder to satisfy. From Figure 4i,
irregularities in the tracks have resulted in a significantly different track width measurement at the
top and bottom of the picture. Even though balling has not occurred, it is believed to be imminent
following further increase in scanning speed.
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Surface cracks on melt tracks

As shown in Figure 3a, obvious cracks can be observed on the tracks printed in the first layer using
the high energy density parameter. These cracks were also visible on the surface of the 6" layer
(Figure 4) but disappeared on the 11" layer (Figure 3d). The same laser setting that induced
excessive residual stress and caused crack initiation and propagation from layers 1 to 6 appeared to
be suitable for layers 11 and beyond. This again suggests the need to adopt different laser
parameters across the intermix region. The cracks that appear in the SLM of a single material are
likely caused by large differential cooling which induced excessive residual stresses and mismatch
strains. However, in the SLM of bimetallic systems the dilution of the deposited layer becomes an
added consideration, i.e. the extent of mixing between the scan track and the underlying layers
(Hofman et al. 2011). When dissimilar metals are fused together, their different thermophysical
properties create even greater mismatch strains during solidification and cooling. Furthermore, the
mixing of 2 alloys may also produce brittle phases that could further aggravate the situation. The
cracks in this bimetallic print on layers 1 to 6 were certainly caused by the coupled effects of
cooling, material and phase composition. It may not be justifiable to consider these effects in
isolation to determine the cause of cracking. What will be said for now is that the unique
combination of these factors for each laser parameter is responsible for crack initiation and
propagation. As to whether there is a more predominant factor is a topic for future research.

Figure 4. Extensive cacing on layer 6, V=300mm/s
CONCLUSION

Line tracks were deposited on the top surface of copper alloys samples that were printed on
stainless steel bases. The height of the copper alloy and the laser setting were varied to investigate
their effects on the melt track morphology. The findings are:

e Width of melt track decreases with the height of copper alloy for each laser setting due to
increased conduction loses.

e Line tracks were continuous with minor amount of unmelted particles for all
combinations of laser settings and copper thickness investigated in this study. Stability
was observed to deteriorate slightly as the track width became narrower at higher
scanning speed and build heights.

e The high energy density laser parameter that produced tracks with extensive surface
cracks from layers 1 to 6 is capable of producing crack-free tracks from layer 11 onwards.
This emphasizes the need for a range of laser parameter across the interface between 2
materials.
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