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Abstract

Residual stresses pose a major setback in Selective Laser Melting (SLM) and limit the applicability of the process, particularly
from the standpoint of form accuracy and mechanical strength. The purpose of this paper is to investigate the influence of SLM
parameters namely laser power and scanning speed on thermal stress related warping distortions and porosity. In this study, residual
stress related distortions and achievable density for different process parameter combinations are presented simultaneously due to
the profound influence of the porosity on residual stress relaxation. The paper also discusses the implications of the process
parameters on the sustainability of the SLM process.
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1. Introduction

In the selective laser melting process, three-dimensional parts are realised by melting thin (2D) layers of metal
powder upon each other based on an initial 3D CAD input, making it possible to produce complex geometries which
would normally be difficult or impossible to manufacture using conventional means. One of the greatest advantages
of SLM (and additive manufacturing in general) is its ability to sustainably manufacture end use products with
virtually no raw material loss as opposed to conventional subtractive methods. However, the process is associated
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with steep thermal gradients which result in undesirable residual stresses [1, 2]. Depending on the magnitude of these
stresses, warping distortions and stress related cracking can occur in finished components. These process defects are
a significant challenge in SLM because they are not reversible using post processing methods such as heat treatment.
It becomes necessary to establish SLM parameters that result in better management of the effects of residual stresses
during the process.

One of the most important goals of SLM is to produce fully dense parts in order to match conventional
manufacturing process capabilities, thus research on process parameters has also focused on parameter optimisation
for high density. Whereas some level of porosity is desirable in some biomedical applications, it is undesirable in
tooling, automotive and aerospace applications as it is associated with accelerated crack initiation and growth, and
resultant failure. At the same time, the achievement of full density is often accompanied by residual stresses and
distortions. It has been noted that residual stresses are more pronounced in non-porous parts compared to porous parts
since pores have an effect of relieving these stresses [3, 4]. The challenge, therefore, is to manufacture parts that meet
both density and dimensional/form accuracy requirements.

The effect of SLM process conditions on residual stresses and warping distortions has been carried out using both
numerical and physical experiments. Recently, the effect of scanning strategies and support types on residual stresses
and distortion during SLM of aluminum and nickel based alloys was studied using simulation and physical
experiments [5]. Elsewhere, both numerical simulation and experimental investigation have also been used to study
the effect of different scanning strategies on dimensional distortions [6]. Although parameters such as laser power,
scanning speed, (powder) layer thickness and hatch spacing have been studied to establish their effect on SLM
outcome, most of these studies have focused on achievable surface quality, density, microstructure and mechanical
properties [7 — 10]. These parameters (laser power, scanning speed, hatch spacing and layer thickness) are usually
considered together through the quantity “volumetric energy density”. Variants of this quantity — line energy density
and energy density per unit area — are also often used. Separate studies show that different relative densities are
achieved even at the same energy density levels, making energy density an unsuitable indicator of porosity profound
influence [8, 9]. Furthermore, energy density has been discredited because it does not accommodate material
properties and cannot provide important information about the melt pool [11, 12]. Besides mention of the exposure
(scanning) strategy, previous researches have concluded that the most important laser and scanning parameters that
influence residual stresses (and therefore related distortions) are laser power, scanning speed and layer thickness and
to some extent hatch spacing [13, 14]. It has been concluded from another research that layer thickness is the most
significant parameter that influences the achievable density of finished parts [9]. Against this background, this paper
therefore presents an experimental investigation of the influence of laser power, scanning speed and layer thickness
on both distortions and porosity.

2. Experimental methodology
2.1. Sample preparation

To study the effect of laser power, scanning speed and layer thickness on residual stress related distortions, a single-
arm cantilever geometry was developed based on previous related studies [5, 15, 16]. The cantilever specimens were
built from tool steel powder (hot work steel 1.2709) using SLM. In the geometry shown in Figure 1, the cantilever
arm is supported by 1 mm thick blocks, which are separated by 1 mm between them. These “supports” are built using
the same parameters as the entire geometry. No additional supports were required. Furthermore, 10 X 10 X 9 mm
cuboids were built for purposes of density evaluations.

Two powder layer thicknesses of 30 and 45 pm are considered in this work, therefore two separate builds are
necessary so as to allow for exposure every layer for all the specimens. Otherwise, if the two layer thicknesses are to
be considered in one build, a slice of 15 um - a common factor to both 30 and 45 um - would be necessary. This would
result in exposing the powder bed every two layers for those parts fabricated from layer thickness 30 um and every 3
layers for a layer thickness 45 um. In such a scenario, the parts fabricated from layer thickness 45 um have greater
time in between laser beam exposure which could impact on the relative temperature gradients and cooling rates. The
experimental design followed a full factorial approach, with screening being conducted to remove unnecessary
experiments that, from experience and theory, would result in porous parts because the parameter combinations do
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not deliver sufficient energy to enable full melting of the powder or cause excessive balling leading to porosity. Laser
power was varied from 80 to 180 W in increments of 20 W whilst scanning speeds between 200 and 1000 mm/s were
investigated. The experiments discussed in this paper are shown in the Appendix.

In order to maintain approximately the same laser energy intensity on the volume of the irradiated powder,
relatively less scanning speeds as well as higher laser power become viable for full melting of the metal powder as
the layer thickness is increased from 30 to 45 um. This explains why only power levels between 120 and 180 W are
investigated for a powder layer thickness of 45 pm.

S

Figure 1: Top: Front view; Bottom: Plan view of the cantilever geometry considered (Dimensions in mm)
2.2. Density measurements

The Archimedes’ method was used for density measurements due to the low cost and better speed and accuracy it
has over other methods such as microscopy and X-ray scanning [17]. The mass of the cuboids was first measured in
air and then in distilled water. The difference in these two masses is equal to the volume (or mass) of displaced water
(which is also equal to the volume of the cube). The part density is then calculated by dividing the mass of sample in
air by the volume of the displaced water. According to Spierings et al. [17], the water penetrates the part if it has open
cavities, and air bubbles can be seen during the immersion. Such parts should be made airtight to avoid incorrect mass
measurements. In this study, no such air bubbles were observed, thus no sealing of the specimens was required. The
relative density is calculated based on a theoretical density of 8.1 g/cm? for tool steel [10].

2.3. Distortion analysis

After building, the cantilever samples were separated from the base plate using electric discharge wire cutting. A
Coordinate Measurement Machine (CMM) was then used to measure the distortions that the cantilevers underwent as
aresult of stress relief upon separation from the base plate. Measurement speed was set at 5 mm/s to reduce the impact
of collisions on the measurement process. A probe diameter of 2 mm was used to avoid the possibility of the probe
getting stuck in between the supports. The measurement points were separated by 0.5 mm to increase accuracy of the
profile measurement. The actual distortion was measured based on the deviation of the profile of the bottom (cut)
surface of the cantilevers (Figure 2). The cut surface was chosen in order to negate the effects of the surface roughness
of the top surface on the measurement accuracy.

Figure 2: Top: Cantilever distortion after separation from base plate. Bottom: CMM profile showing deviation from the reference horizontal
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3. Results and discussion

The density and maximum distortion results are presented in the Appendix. For convenience, both relative density
and porosity are presented in the same table in the Appendix. Layer thickness of 45 um generally yielded highly
porous parts with a poor surface finish, with all but 2 of the 13 experiments at this layer thickness resulting in more
than 4 % porosity. Higher laser power is required as the layer thickness is increased. However, an average relative
density of 99.35 % was achieved for laser power 180 W and scanning speed 600 mm/s at this layer thickness.
Interestingly, for the same range of relative density achieved, this layer thickness (45 pum) resulted in much less
distortion (of about 50 %) compared to 30 um layer thickness.

For the same laser power, there is a central scanning speed which results in the highest density. An illustration of
this is given in Figure 3 (a) where 600 mm/s results in the highest relative density of 99.58 % at 180 W laser power.
Any movement away from this speed value results in either too little energy which cannot sufficiently melt the powder,
or too much energy which results in balling — both leading to the observed decline in density. A similar trend can also
be observed when laser power is increased from 80 to 180 W at a fixed scanning speed. When laser power is varied
whilst the scanning speed is held constant at 400 mm/s, the relative density increases from 88.48 % at 80 W to 96.53
% at 120 W before declining gradually to 94.89 % at 180 W as shown in Figure 3 (b). At scanning speed 600 mm/s,
the relative density progressively increases from 96.76 to 99.58 % when the laser power is increased from 120 to 180
W respectively. It is expected also that if the laser power would be increased beyond 180 W, the density would begin
to decline in similar fashion to the trend observed for a scanning speed of 400 mm/s. Unfortunately, due to the
limitations of the SLM equipment used, laser power beyond 180 W was not available.
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Figure 3: Density variation with (a) scanning speed (at laser power 180 W) and (b) laser power

Generally, the distortion of the cantilevers is more pronounced for parameters which result in low porosity (less
than 2 %). On the other hand, parts that exhibit greater porosities are also associated with the least distortions. Figure
4 (a) shows the influence of porosity on cantilever distortions for selected results at 30 pm layer thickness. Although
the distortion slightly increases from 1 to 1.2 mm at first when porosity rises from 0.42 to 0.65 % respectively, a
general decline can be seen thereafter as the maximum distortion continues to decline until it reaches 0.3 mm when
the porosity level touches 6.11 %. A With regards to the influence of scanning speed, it can be seen from the results
that distortion of the cantilevers is greater at higher scanning speeds because high speeds are associated with high
thermal gradients and cooling rates. For laser power 180 W (at layer thickness 30 pm), the distortion gradually
increases from 0.38 mm to 1.18 mm as the speed is increased from 400 mm/s to 1000 mm/s. This is regardless of the
fact that density begins to drop after 600 mm/s and therefore an accompanying decrease in distortion would be
expected. Similarly, for 160 W laser power, the distortions increase from 0.65 to 1.13 mm when scanning speed is
increased from 400 to 800 mm/s. A similar trend is also observed for layer thickness of 45 um where the maximum
distortion increases from 0.07 mm to 0.51 mm when the laser speed is increased from 300 mm/s to 600 mm/s. These
trends are presented in Figure 4 (b) which also shows that the thicker layer (45 pm) contributes to significantly lower
distortion compared to 30 pm. The reason for this is the porosity associated with 45 um as discussed already.
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The influence of laser power on distortions is not as direct and clear as that of scanning speed. However, a general
increase in distortion with increase in power can be deduced. When laser power is increased from 120 to 140, 160 and

180 W at a fixed scanning speed of 400 mm/s, accompanying distortions of 0.81, 0.98, 1.03 and 1.04 mm respectively
can be observed for a layer thickness of 30 um.
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Figure 4: Influence of (a) porosity and (b) scanning speed on distortions

It is also clear from the results of this paper that energy density can only be used as a basis for comparison when
the laser power is held constant whilst the scanning speed is allowed to vary, and vice-versa. The aforementioned
scenarios are the ones depicted in Figure 3 (a) and (b). However, when all the parameters are allowed to vary, energy
density becomes meaningless as a quantity for comparing effects of parameters on the end state of the process. To
confirm this, a line energy density of 0.2 J/mm, which can be associated with parameter combinations shown in Table
1 does not necessarily result in the same relative density or maximum distortion for all the parameter combinations.

Table 1: Density and distortions at the same energy density level

Laser power (W) Scanning speed Relative density Maximum
(mm/s) (%) distortion (mm)
80 400 88.48 0.50
100 500 96.04 0.74
120 600 96.76 0.81
140 700 98.04 0.89
160 800 96.35 1.13
180 900 98.77 1.09

4. Contribution to sustainable manufacturing

The observed relatively low porosity and distortion levels at layer thickness 45 pm and scanning speed 600 mm/s
present an opportunity for faster fabrication of tool steel parts on the SLM equipment used by shifting to a thicker
powder layer (45 pum) from the default 30 pum. The reduced building time further results in manufacturing cost
reduction without compromising on the product quality with regards to porosity and distortion. Shifting from 30 um
to 45 pm layer thickness reduces the number of slices by 33.3 % and a corresponding reduction in production time
can be estimated. This is also in line with the production time and cost models found in [18 —20]. Reduced production
time or shortened machine running hours also leads to lower consumption of gas (to flood the building chamber during
the process) and reduced lubrication requirements. In addition, the energy consumption in running the SLM equipment
and accessories is also reduced, particularly the time dependent energy consumption as described in [21]. All these
scenarios promote sustainable manufacturing in terms of product quality, manufacturing cost and energy use.
Understanding the correlation between porosity and distortions is important as it confirms that it is not sufficient to
produce residual stress and distortion-free parts if these parts are characterised by undesirable porosity levels which
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may require costly, time and energy consuming post processes to be carried out.
5. Conclusions and future work

The influence of laser power, scanning speed and layer thickness on residual stress related distortions and porosity
has been demonstrated. A relationship trend between porosity and residual stress related distortions has been presented
too. The following conclusions can be drawn:

e The achievable density increases with the increase of laser power as more energy is absorbed by the powder to
facilitate full melting. However, at some point this energy begins to cause balling thereby reducing the relative
density.

e Increasing the layer thickness from 30 to 45 um results in a general increase in porosity. This explains the reduction
in distortions associated with this layer thickness in comparison to 30 pm.

e The density and distortion results at 180 W and 600 mm/s and to some extent 500 mm/s show that there is potential
to increase production rates by moving over to 45 pm powder layer thickness without compromising on achievable
density and form accuracy. This is a subject for further study as it has the potential to positively impact on
sustainable manufacturing with regards to cost, time and energy use.

e Cantilever distortions increase with increase in relative density. On the other hand, highly porous samples exhibited
near zero distortions since pores tend to relax the residual stresses that cause these distortions. Since one of key
goals of SLM is to produce fully dense parts, an approach to reduce these distortions is critical.

e Generally, cantilever distortions increase with increase in scanning speed. Therefore, a balance is necessary
between manufacturing speed and product quality.

e The direct influence of laser power on distortions is not readily clear, but a general increase in distortions with laser
power can be deduced for 30 um layer thickness.

e There is an indication that energy density may only be applicable as a guideline for experimental investigation
where only one parameter is being varied and the other(s) being held constant.

Based on the experimental set-up of this paper, further research is ongoing, mainly focusing on statistical modelling
of the influence of the studied parameters on porosity and residual stresses. Building up on this paper’s foundation,
future focus will be on development of process windows within which residual stresses and distortions can be
minimised without compromising on the achievable density.
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Appendix A.

Table 2: Experimental design and results

L. Mugwagwa et al. / Procedia Manufacturing 21 (2018) 92—99

Layer thickness ~ Laser power (W)  Scanning speed Relative density Porosity (%) Maximum
(um) (mm/s) (%) distortion (mm)
30 80 400 88.48 11.52 0.50
30 80 300 90.98 9.02 0.39
30 80 200 94.75 5.25 0.18
30 100 500 96.04 3.96 0.74
30 100 400 95.97 4.03 0.51
30 100 300 91.03 8.97 0.33
30 120 600 96.76 324 0.81
30 120 500 98.04 1.96 0.87
30 120 400 96.53 3.47 0.65
30 120 300 93.89 6.11 0.34
30 140 700 98.04 1.96 0.89
30 140 600 98.77 1.23 0.98
30 140 500 96.90 3.10 0.88
30 140 400 96.27 3.73 0.71
30 160 800 96.35 3.65 1.13
30 160 700 99.06 0.94 1.10
30 160 600 98.91 1.09 1.03
30 160 500 96.59 3.41 0.81
30 160 400 95.39 4.61 0.65
30 180 1000 98.47 1.53 1.18
30 180 900 98.77 1.23 1.09
30 180 800 99.21 0.79 1.16
30 180 700 99.35 0.65 1.16
30 180 600 99.58 0.42 1.04
30 180 500 98.62 1.38 0.87
30 180 400 94.89 5.11 0.38
45 120 400 90.42 9.58 0.20
45 120 300 90.06 9.94 0.14
45 120 200 89.76 10.24 0.25
45 140 500 95.81 4.19 0.41
45 140 400 90.59 9.41 0.13
45 140 300 91.62 8.38 0.02
45 160 500 95.86 4.14 0.12
45 160 400 95.24 4.76 0.10
45 160 300 92.00 8 0.01
45 180 600 99.35 0.65 0.51
45 180 500 98.48 1.52 0.30
45 180 400 89.72 10.28 0.09
45 180 300 9291 7.09 0.07
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