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Abstract: Despite the fact that selective laser melting (SLM) allows the fabrication of complex parts with a
controlled architecture, limited surface quality is one of the major drawbacks restricting its application.

In the present work the surface roughness of Steel 316L alloy parts made by SLM was investigated. Statistical
design of experiments (DoE) using the response surface technique was used to generate an experimental design
and analyze the effect of the key process parameters (laser power, scan speed and hatch spacing) on the
roughness of the top and side surfaces of SLM components.

The analysis of variance (ANOVA) suggested that all the three studied factors were significant parameters that
affected both the top and side surface roughness. The process parameters have been optimized to obtain SLM
structures with best possible surface quality on both the top and side surfaces. The response surface model
predicted that a laser power of 200 W, scan speed of 2485 mm/s and hatch spacing of 30 um would be required
to fabricate a SLM 316L component with minimum top and side surface roughness of 9 and 10 pm
respectively.
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Introduction

Selective Laser Melting (SLM) is an additive manufacturing technique that applies a laser beam within an
inert atmosphere to selectively melt layers of loose metal powder into a solid, building a part layer by layer
from the bottom up [1-4]. This technology has attracted an increasing interest during the last decade due to its
potential of achieving the freeform fabrication of complex-shaped parts in a timely, reduced-length production
cycle and without the need for part-specific tooling [5, 6]. One of the most widely investigated materials for
SLM was the stainless steel 316L, which was due to its wide applications, particularly in the biomedical
industry. Because of its excellent biocompatibility and superior mechanical properties, stainless steel 316L is
used widely for the manufacturing of orthopedic implants and dental devices [7-9].

One of the key shortcomings of the SLM process is its poor surface quality with comparison to some other
machining processes. Surface roughness is greatly affected by the “stair step” effect, which is the stepped
approximation by layers of curves and inclined surfaces. This effect is present as a consequence of the
additive deposition and fabrication of layers [10]. Furthermore, a smooth surface is limited by the “balling”
phenomenon that occurs during laser melting. Balling is the breakup of the melt pool into small spheres. It
occurs when molten material does not wet well to the underlying substrate or material due to high surface
tension differences generated as a result of variations in thermal properties within the melt pool. The balling
effect limits the SLM process resolution because it causes the formation of discontinuous tracks [11],
therefore limiting the formation of very sharp geometries.
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In order to improve the surface quality of SLM parts, different researches were carried out by many
scholars. The effect of the stair step and particle bonding effect on the surface roughness of steel 316 alloy
was examined by Strano and co-authors [10]. They suggested that the presence of partially bonded particles
on the upper surfaces can adversely influence the surface integrity. Zhang and his colleagues [12] have
successfully applied atmospheric plasma spraying (APS) alumina coatings to improve the surface quality of
SLM stainless steel parts. However, the bonding strength between the deposited layer and the SLM part was
relatively weak, which might affect the serviceability of the component. In another study laser remelting
technology was utilized to enhance the surface quality of SLM parts [13]. Nevertheless, this technique was
shown to be time consuming.

Although many the above-mentioned techniques were proved promising in enhancing the surface quality
of SLM parts, they were also reported to be either time or money consuming processes due to the nature of
individual fabrication, or because of the resources needed. Also, sometimes they experience limitations with
the part geometry and dimensional accuracy. The surface quality of the SLM samples was reported to be
greatly dependent upon the laser heat input (mainly laser power, scan speed and hatch spacing) as it affects the
degree of consolidation of the powder particles as well as the defect formation in the samples produced. By
the proper control of such parameters the surface finish could be significantly enhanced [14].

On the other hand several studies suggested the use of statistical analysis by means of design of
experiments (DoE) techniques such as the Response Surface Method, and the analysis of variance (ANOVA).
One of the most favourite RSM designs is the central composite design. In this design if there are "k" factors
to be examined. The design is a combination of two-level factorial (known as cube points), face points (also
known as axial points) and centre points. The axial points are controlled through a statistical parameter called
a. For Central Composite Design, o is larger than one and each factor is varied over 5 levels (- a, -1, 0, 1 and
a). A special design when o=1, in that case each factor is varied over three levels (-1, 0, 1) and the design is
called Face Cantered RSM [15]. Designs for k = 2 and k = 3 factors are shown in Figure 1 below. These
techniques were successfully applied to investigate the influence of process parameters such as build
orientation, laser power, layer thickness, scan speed and hatch spacing on surface roughness of SLS parts [16];
and the influence of laser power, scan speed and hatch spacing on the porosity content of SLM components
[17].

In this work, the influence of processing parameters such as laser power, scan speed and hatch spacing on
the top and side surface roughness of 316L stainless steel produced by selective laser melting was performed.
Statistical analysis techniques were adopted to optimise the SLM process parameters towards the fabrication
of custom 316L stainless steel parts with minimum possible top and side surface roughness. This study might
be helpful in reducing the requirement for further expensive post processing operations.

Experimental

In this study the central composite RSM was applied to generate an experimental plan with minimum possible
trials. ANOVA was utilized to find a relationship between the input and output parameters, identify the most
significant parameters, and find the optimal setting of those parameters that can achieve the intended objective
function. The expression for the second order central composite design is given by:

Y = b, + X byx; + X byx? + X byjx; x; (1)
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where Y is process yield or the response surface, while x; are the factors input parameters. The terms by,
bi, bi, and b; are the model coefficients that depend on the main and interaction effects of the process
parameters. Method of least squares is used to determine the constant coefficients [14]. To perform the design
of experiment, Design-Expert Software Version 7.0.0 (Stat-Ease Inc., Minneapolis, USA) was used.

In the current study three factors (process parameters) were considered which are the laser power, scan
speed and hatch spacing. According to the central composite design, and as described above, each parameter
was varied over 5 levels (-a, -1, 0, 1 and o). See Figure 1. In this work a was considered to be 2 in order to
change each factor over five equal levels. Table 1 shows the levels of each factor in this investigation. As seen
in Table 2, -a and o represent the minimum and maximum levels respectively, of each factor. Also, three
center points (at the 0 level (middle) of all factors, see Figurel) were considered. The center points are used to
provide information about the experimental error. This resulted in the identification of 17 parametric
combinations for testing, as shown in Table 2. A small coupon with dimensions 8 mm x 8 mm x 8 mm cube
was fabricated for each parametric condition. 316L stainless steel powder was used in this investigation. SLM
components were fabricated using the SLM system at Croft Additive Manufacturing, UK [18]. All builds were
carried out using a 50 um slice thickness (Z-increment). A photograph of some of the produced specimens is
given in Figure 2.
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Figure 1. Central composite designs for k =2 and k = 3 [15]

Table 1. The range of matrix building parameters.

) Levels
Parameter Units
-0 -1 0 1 o
Laser Power W 100 125 150 175 200
Scan Speed mm/s 500 1125 1750 2375 3000
Hatch Spacing pum 30 52.5 75 97.5 120

Figure 2. A number of the fabricated SLM coupons.
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The surface roughness of fabricated coupons was measured using surface profilometer (Taylor Hobson
Form Talysurf 120L). In this work, the surface quality of the parts was mostly expressed by the arithmetic
mean surface roughness (Ra). Four measurements were carried out for each sample, two at the top surface and
another two measurements at one side of the sample. For each surface the mean value of the two center-line
average surface roughness (R,) was considered as a response.

Results and Discussion

The measured values of surface roughness along with the parametric combinations are presented in Table 2.
Measured surface roughness profiles of the top and side surfaces of sample number 3 are presented in Figure
3.

Table 2. Matrix building parameters and roughness of top and side surfaces.
Top Roughness R, Side Roughness R,

Laser Power Scan Speed

Run W) (mmis) Hatch Spacing (um) (um) (um)
1 150 1750 120 18.87 12.54
2 200 1750 75 7.25 14.78
3 125 2375 97.5 22.25 14.03
4 125 1125 52.5 7.40 33.93
5 150 3000 75 22.61 12.41
6 150 1750 75 12.07 18.56
7 150 500 75 4.06 37.62
8 150 1750 75 11.85 19.72
9 175 1125 97.5 7.67 22.63
10 175 2375 97.5 15.72 9.71
11 100 1750 75 19.00 32.25
12 175 1125 52.5 5.46 28.86
13 150 1750 30 12.76 18.29
14 125 2375 52.5 14.46 26.41
15 150 1750 75 5.85 31.98
16 175 2375 52.5 10.39 16.33
17 125 1125 97.5 13.82 26.61

In statistical analysis, Least Square Fitting R? is used to describe the model fit. RSM method suggested
that both top roughness and side roughness fit linear models with R? of 89% and 91% respectively. The
predicted versus actual plots for top and side surface roughness are shown in Figures 4 (a) and (b)
respectively. The observed points on the two plots reveal that the actual values are distributed relatively near
to the straight line in both cases. This could suggest that each of the models reasonably described the
relationship between the process parameters and the two responses evaluated in this study. The two models
can be represented as linear functions of laser power (P), scan speed (v) and hatch spacing (h) which could be
expressed as in equation (2). The values of the coefficients for the top and side surface roughness are shown in
Table 3.

Response = b, + b (P) + by(v) + b3(h) 2
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Table 4 shows the analysis of variance (ANOVA) p-values for each of the studied laser parameters for the
top roughness and side roughness. In statistical significance testing the p-value is the probability of obtaining
a test statistic at least as extreme as the one that was actually observed, assuming that the null hypothesis is
true. The null hypothesis (which assumes that all parameters have no significant effect) is rejected when the p-
value is less than the predetermined significance level which is 0.05 (95 per cent confidence level). This
means that any factor has p-value less than 0.05 is considered to be a significant model parameter [19]. In this
study it was indicated that both the top and side roughness were affected by the laser power, scan speed and
hatch spacing.
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Figure 3. Typical surface roughness profiles for run 3, (a) top surface and (b) side surface.

Figures 5 (a), (b) and (c) show the effect of laser power, scan speed and hatch spacing respectively, on the
top roughness of SLM parts. Also, the effect of the three parameters on the side roughness is presented in
Figures 5 (d), (e) and (f), respectively. It was shown that both roughness types were suggested to decrease
with increasing the laser power. However, increasing the scan speed and/or hatch spacing were found
increasing the top roughness while significantly decreasing the side roughness.
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Figure 4. Design-Expert plot. Predicted vs actual data for surface roughness of SLM part, (a) top roughness
and (b) side roughness.
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Figure 5. (a), (b) and (c) Effect of laser power, scan speed and hatch spacing respectively, on the top
roughness, (d), (e) and (f) Effect of laser power, scan speed and hatch spacing respectively, on the side
roughness.

It could be suggested that decreasing the hatch spacing generally increases the overlapping of laser spots
which decreases the variation in the surface profile and leads to an enhancement in the surface finish of the
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top surface of the SLM part. The smoothness of the top surface could be further improved by using low scan
speeds which encourages the relaxation of the melt pool as there would be sufficient time for the forces by the
gravity and surface curvature to neutralize the shear forces resulting from the temperature gradient inside the
molten pool. This allows the melt pool to flatten before its complete solidification and in turn eliminate the
roughness of the top surface. However, reducing both the hatch spacing and scan speed might widen the melt
pool and therefore increase the inhomogeneity of the thermal properties and surface tension across the pool. In
order to decrease the variation in the surface tension the melt pool detaches into smaller spheres, that is called
“balling effect” [11], which results in poor finish of the side surfaces of the SLM component. The mutual
effect of the scan speed and hatch spacing on both the top and side surface roughness is shown in Figure 6.

Table 3. Response surface model coefficients for the values of top and side surface roughness.
Top roughness Side roughness

Coefficient model model
b, +9.74712 +70.07176
b; -0.10717 -0.14833
b, +6.62310E-003 -9.50300E-003
bs +0.096219 -0.11974

Table 4. ANOVA p-values for each of the parameters and parameter interactions for the top roughness and
side roughness.

P-value
Model Parameter -
Top roughness  Side roughness
P 0.0015 0.0066
v < 0.0001 0.0002
h 0.0064 0.0356
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Figure 6. 3D surface plots showing the model effect of both the scan speed and hatch spacing on (a) side
roughness and (b) top roughness, at laser power of 150 W.

The combined effect of the scan speed and hatch spacing could be represented by identifying a parameter
called “surface scan rate (mm?%s)”, which characterize the surface area scanned by the laser beam per unit
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time, and could be determined by multiplying the scan speed by the hatch spacing. The effect of the surface
scan rate on the top and side surface roughness at laser powers of 125, 150 and 175 W is shown in Figures 7
(@), (b) and (c) respectively. It could be argued that the surface scan rate plays two contradicting mechanisms
during the SLM process with a tendency to pull top and side roughness in opposite directions. Lower values of
surface scan rate would decrease the top surface roughness but on the other hand it would promote the balling
formation which increases the side surface roughness. Raising the surface scan rate would improve the side
surface roughness due to the enhanced stability and homogeneity of the molten pool but this was found to
have deleterious effect on the top surface roughness. Mumtaz and co-researchers reported similar observations
during their study of the top and side surface side roughness SLM components from Inconel 625 super alloy
[11].
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Figure 7. Plots of top and side surface roughness against surface scan rate, at laser powers of (a) 125 W, (b)
150 W and (c) 175 W.

Nevertheless, increasing the laser power was found to successfully decrease both top and side surface
roughness of the SLM parts. Higher laser power generates large recoil pressures which cause the melt pool to
flatten, enhance the interlayer connection and in turn allow for better top surface finish to be obtained [20]. In
addition, the increased laser power improves the wettability of the melt pool, eliminating the differences in
surface tension and by implication decreasing the likelihood of encountering the balling phenomenon which
dramatically decreases the side surface roughness [21].

By considering the results presented in Figures 5 to 7, it can be seen that in order to reduce both the top
and side roughness a high laser power is firstly essential. Afterwards, a compromise of the values of scan
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speed and hatch spacing, and by implication the surface scan rate, would be necessary to obtain an SLM part
with optimum values of top/side surface roughness.

An optimization study was carried out to explore the optimum processing parameters at which the
desirable surface finish of a SLM component can be achieved. The objective function was set to minimize the
roughness of both the top and side surfaces. The experimental data was analyzed by design-expert software
and the genetic algorithm was used to predict the process parameters based on the objective function. The
response equations describing the top and side surface roughness in terms of the key process parameters
(shown in Equation (2)) and the related coefficients listed in Table 3) were solved simultaneously. The results
by design-expert software are shown in Figure 8 which shows the contour plot for the optimization function to
obtain minimum possible values for the top roughness and side roughness, for a range of laser powers and
scan speeds. The model suggested that the optimized values of the process parameters would be 200 W, 2485
mm/s and 30 um for the laser power, scan speed and hatch spacing, respectively. This is equivalent to a
surface scan rate of 74.55 mm?/s. At these values of process parameters the predicted top roughness and side
roughness of a SLM part would be 9 and 10 pm, respectively.

In an attempt to produce a nearly fully dense 316L stainless steel SLM parts Yasa and Krutha [22] used
the following parameters (laser power = 105 W, scan speed = 380 mm/s, hatch spacing = 125 um and layer
thickness = 30 um), and therefore the surface scan rate was 47.5 mm?/s. Using theses parameters the surface
roughness was reported to be about 12 um. In the current work the values recommended by the model for the
laser power and surface scan rate, which are about twice those in the study by Yasa and Krutha, caused a
significant reduction of the top roughness and side roughness by about 25% and 17%, respectively. The
relatively smaller reduction in the side roughness might be due to the larger layer thickness used in the current
study (50 pum compared to only 30 pm in the study by Yasa and Krutha). In another study Strano and co-
authors fabricated 316L components using 195 W laser power, 900 mm/s scan speed, 100 um scan spacing,
which corresponds to surface scan rate of 90 mm?/s [10]. The surface roughness was found to be about 9 pm,
almost the same as that predicted by the model for both roughness types in the current study, perhaps due to
the close value of the laser power and surface scan rate used in both studies.

(a) Top Roughness (um) (b) Side Roughness (um)

Pred\clin 1

B: Scan Sneed (mm/s)
RB: Scan Sneed (mm/s)

A: Laser Power (W) A: Laser Power (W)

Figure 8. Predicted optimum laser power and scan speed and (at a hatch spacing of 30 um) for minimum
roughness of the top and side surfaces.

It should be emphasized that the achieved inferences in the current study are only valid within the
investigated window of process parameters. Other situations, such as melt pool turbulence or evaporation,
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might take place outside the examined range, which might disrupt the integrity of the melt pool causing the
top surface roughness to increase.

To summarize, the present study showed that the surface roughness of 316L stainless steel parts produced
using SLM is directly related to the power settings of the SLM process. It was suggested that achieving a
minimum top and side surface roughness simultaneously is not likely to happen as there are contradicting
mechanisms that affect each of these properties. Decreasing top Ra, through the reduction of scan speed and
hatch spacing, tends to increase the balling effect and increases side Ra. On the other hand, rising both the
scan speed and hatch spacing, which is intended to cause the side Ra to drop, would increase the top Ra of
parts. Only the use of higher laser power was found helpful in declining both the top and side surface
roughness as it would not only help smoothing the melt pool surface, decreasing the top Ra, but also improve
wettability of the melt pool, reducing its affinity to experience the balling mechanism.

Conclusions

1. Increasing the laser power was found to decrease both the top roughness and side roughness of 316L
SLM parts.

2. Increasing the scan speed and hatch spacing was suggested to reduce the side roughness but might
result in rising the top surface roughness.

3. The optimum process parameters predicted by design-expert software for minimum surface roughness
are power of 200 W, scanning speed of 2485 mm/s and hatch spacing of 30 um. The corresponding
predicted roughness values were 9 um and 10 um, respectively for the top and side surfaces of a 316L
SLM component.
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