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Abstract

The purpose of this study is to study the influence of the laser power and the scanning speed on the surface hardness, and top
surface and side surface roughness of Ti6 Al4V metal specimens fabricated via the selective laser melting (SLM) technique. The
laser power was varied between 150 and 300 W while the scan speed was varied between 800 and 1400 mm/s. Response surface
methodology (RSM) in the Design Expert 11 software environment was used for the design of experiment and results analysis.
The distance for surface indentations were targeted at 10-20 pum for the top surface and 60-80 um for the side surface while the
surface hardness profiling was studied using an indenter with the indentation performed at a load of 500 gf and at a dwelling time
of 15 s. The study revealed that as the laser power was increased, the surface hardness increases, while the top surface and side
surface roughness reduces. Then, when the scanning speed increased, the surface hardness, and top surface and side surface
roughness were found to also increase. The optimum range of the process parameters selected are laser speed 300 W and scan
speed 1400 mm/s. This produces a minimum surface roughness of 13.006 um for the top surface roughness and 62.166 um for
the side surface roughness with a corresponding hardness value of 409.391 HV. The findings of this study will assist manufac-
turers in the process design of the SLM of titanium alloy for aerospace applications.
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1 Introduction

The compelling demand to produce quality materials with even
surface roughness and excellent mechanical properties for en-
gineering application is part of the practical challenges often
encountered during the fabrication of high-strength alloys [1].
Additive manufacturing (AM) is fast gaining industries’ atten-
tion due to its efficient way of manufacturing and ability to
deposit or melt materials in a controlled manner using
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computer-aided software to create object in a layer-based form
during fabrication [2]. Furthermore, AM offers flexibility to
conceptualize and fabricate components especially the ones
with complex shapes without material wastage and the need
for extra machining processes [3—7]. There are a number of
advanced techniques in AM especially for end-use production
which include fused deposition modeling (FDM), laminated
objective manufacturing (LOM), electron beam melting
(EBM), laser engineered net shaping (LENS), selective laser
sintering (SLS), and selective laser melting (SLM) [8].

SLM is a promising technique of AM technologies and
widely adopted for fabricating high-strength alloys such as
titanium alloys useful in aerospace applications [9]. This tech-
nology uses laser beam to selectively melt metal powder par-
ticles together with high accuracy in accordance to the dictate
of slices developed by the 3D model. Selective laser melting
(SLM) method of additive manufacturing is renowned for
production of near-net-shape part, however, with high index
of surface roughness. Thus, there is a need to understudy the
contributing factors to effective part surface finishing.

Materials developed through this method often retain high
relative density in the range that is above 85% and in most
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cases close to 100% theoretical value [10]. Some of the ad-
vantages of using SLM include dimensional accuracy of com-
ponents developed, fast melting and solidification rates, min-
imal human interference, and fabrication of materials with
high mechanical properties [11]. In spite of the advantages
of the SLM process, the rough surfaces accompanying the
surface finish of the fabricated component is a limiting factor.
This issue hampers the direct industrial applications of the
final products from this process unless post-surface finishing
operations such as machining is performed [12]. Nonetheless,
SLM remains the most unique method for the production of
final industrial metal parts where surface roughness is not a
major concern [13]. Ti6Al4V powder material among several
high-performance alloys has been used in SLM process where
the requirements are high strength, lightweight, and potential
for heat treatment, and it is often a preferred material for the
aerospace, biomedical, and automotive industries [13, 14].
Ti6Al4V alloy combines excellent physical with outstanding
mechanical properties; these qualities have placed more de-
mand on the alloy in recent times [14]. Granting the advan-
tages of using SLM for processing metal alloys (Ti6Al4V),
the partially melted or un-melted material from the surround-
ing powder bed sticking to the surface also contributes to its
surface roughness [15]. There are factors with significant in-
fluence on the smoothness of surface of the component fabri-
cated through SLM method [15]. The crucial parameters are
the powder morphology, diameter of the laser beam, layer
thickness, scan speed, surface slope angle, and hatch spacing
[16-19]. The aforesaid parameters can aid the determination
of the morphological properties of material, mechanical, and
energy density of SLM developed product. Considering the
need to obtain the feasible combination of the process param-
eters, it is imperative to perform process optimization. This
will help in controlling the material and mechanical properties
of components in obtaining high surface quality.

Nguyen et al. [20] investigated the influence of powder
layer thickness (between 20 and 50 um) on the SLM printed
parts. The authors reported that density and dimensional ac-
curacy of the specimen fabricated increased as the powder
layer thickness diminishes. According to Sufiiarov et al.
[21], in an investigation conducted on the effect of layer thick-
ness during the fabrication of Inconel 718 superalloy using
SLM, higher strength and lower elongation of Inconel 718
could be obtained at 30 wm than at 50 um layer thickness.
Maamoun et al. [22] conducted a study on the influence of
SLM process parameters on fabricated Al alloy parts. The
authors employed a process map for each material considered
in the study by combining the optimized range of SLM pro-
cess parameters for each characteristic in order to obtain good
quality of the as-built parts. This is aimed at improving the
dimensional accuracy of the final product and minimizing the
need for post-processing. It was observed that optimizing pro-
cess conditions reduces post-processing operations of the
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SLM fabricated Al alloys. Ling et al. [23] studied the optimi-
zation of process parameters of SLM technique for
manufacturing Ti6Al4V alloy using the RSM. The authors
further emphasized the importance of RSM model for design-
ing and processing Ti6Al4V alloy using the SLM technique.
This brings to light the essence of optimization of process
parameters, especially for the effect of surface error reduction
during production and elimination of entire error in approach.

Design of experiment (DoE) approach using response sur-
face methodology (RSM) model has been used by researchers
as a design tool to optimize and analyze process parameters
uniquely. This is due to its ability to generate feasible combi-
nation of input variables, which can be validated via physical
experimentations [24-26]. Besides the approach could also
generate a mathematical model for correlating the dependent
variable (measured response) as a function of the independent
variables (process parameters) [24-26]. Qualities such as sur-
face roughness, hardness, dimensional accuracy, density, and
mechanical properties of materials have been accurately pre-
dicted and investigated with RSM in DoE approach [24-26].
On the other hand, RSM is a collection of statistical and math-
ematics techniques used for the modeling of processes. The
input variables are known as factors that influence the output
called responses [27]. The objective of RSM is to establish
optimal combination of factors that will produce already op-
timized response. The use of RSM, its importance, and pro-
cedures have been widely reported [28-30]. Lui et al. [31]
used RSM approach to investigate the surface morphology
of SLM fabricated Ti6Al4V alloy. The optimization of pro-
cess parameters was analyzed; the focus was on the evaluation
of ductility improvement mechanism. The laser power and
scanning speed were used as the variable factors while the
mechanical properties such as density and material elongation
were the responses (output) of the designed experiment. The
results obtained indicate that the material elongation increases
with the increasing relative density for the fabricated alloy.
The authors established the process parameter range that en-
hances the mechanical properties of the developed Ti6AI4V
alloy.

This study developed an experimental model of SLM
fabricated Ti6Al4V alloy using the RSM in order to
investigate the feasible combination of process parame-
ters that will give optimum surface and hardness re-
sponses for Ti6Al4V alloy.

The laser power and scanning speed were the variables
selected over a range, based on the existing literature
[32-34] for the SLM technique. The attempt made is to cor-
relate the effect of the combined variables on the surface
roughness properties of the developed alloy. The fabricated
part characteristics were investigated for different SLM pa-
rameters to develop a process map that displayed the effect
of variables on the part quality. Thus, optimization of SLM
process parameters has great benefit in optimizing surface
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quality and controlling output of the manufacturing process.
The use of titanium alloy for aerospace applications is increas-
ingly emerging [35, 36]; hence, there is still dearth of infor-
mation regarding the process design using the design of ex-
periment approach validated via physical experimentations for
the development of titanium alloy from the SLM technique.
The novelty of this work lies in the development of three
predictive models for the top surface roughness, side surface
roughness, and hardness of titanium alloy fabricated via the
SLM technique for two independent process parameters,
namely, laser power and scan speed. In addition, the literature
have not reported the SLM of titanium alloy at an exact range
of 150-300 W for laser power and scan speed varied between
800 and 1400 mm/s. Hence, the findings of this study will
assist manufacturers in the process design of the SLM of tita-
nium alloy for aerospace applications. The succeeding sec-
tions present the materials and methods, discussion of the
findings as well as the conclusion and recommendations.

2 Materials and methods
2.1 Materials

The material used is the composition of gas atomized Ti6Al4V
(spherical) with particle average diameter size of 20 um, Ti
grade 5 powder (50 um), and purity of above 95%. This was
supplied by Sigma-Aldrich in South Afiica. Table 1 shows the
material composition of Ti6Al4V alloy used.

2.2 Experimental equipment and analysis

The manufacturing process involves selective laser melting
through powder bed-based additive manufacturing (AM).
The manufacturing process permits the development of com-
ponents with high geometrical complexity to a high degree of
surface finish [34]. The experiments were performed using the
selective laser machine (Aeroswift platform; CSIR, Pretoria,
South Africa). This machine is purposely for metal-additive
production using a mix of commercial and locally developed
components with capacity to produce part size of 600 x 600 x
2000 mm. In the present study, the optimization of process
parameters with a specific range of laser power and scanning
speed range was carried out for the developed SLM compo-
nent. Therefore, block sample size of 10 x 10 x 10 mm’ was
developed by using a constant layer thickness of 50 um, hatch

spacing of 80 wm, and scanning mode of S-shaped orthogonal
with 50% overlap. For the test samples, the orthogonal scan-
ning strategy, which involves the turning of the orientation of
the test samples at 90°, was used in this study. The work of Ali
et al. [37] already indicates that the scanning strategy of 90°
alternating could enhance the hardness, and minimize the re-
sidual stresses and subsequently the surface roughness of the
test samples when compared to other scanning strategies.
Density was not determined on these thin-walled samples
due to the fact that they are hollow tube in a thin cube.

The experiment full factor was performed in an optimized
setup to obtain proper process parameter combination that
includes laser power and scanning speed. The influencing
factors or parameters were considered jointly for the fabricat-
ed specimen quality analysis. The surface hardness property
test complied strictly with ISO 6507-1:2018 [38] on micro-
hardness Vicker tester.

The present study considers the effect of only two process
parameters, namely, laser power and scan speed, on the hard-
ness as well as surface and side roughness of the test samples
made from titanium powders. The choice of the process pa-
rameters stems from their significance in the SLM process as
well as their overall influence on the mechanical, microstruc-
ture, and surface finish of the final products from the SLM
process as indicated by the existing literature [39-50]. Laser
power influences the magnitude of the laser energy which in
turn influences the rate of melting of the powders and subse-
quently the mechanical properties and surface finish of the
final product. The degree of porosity, density, hardness, uni-
formity of microstructure, and surface roughness of a product
developed from the SLM process is partly a function of the
magnitude of the laser power [40—45]. Hence, the laser power
is a significant index which reflects the energy absorption rate
of the powder during the SLM process. Low magnitude of
laser power may result in incomplete melting thus resulting
in high porosity, non-uniform microstructure, low density and
hardness as well as poor surface finish. On the other hand,
when the laser power exceeds the optimum, the process be-
comes less sustainable in terms of energy consumption and
environmental friendliness. It can also cause the product to
burn out thereby resulting in surface defect and poor surface
finish [44-47].

Scan speed influences the rate of laser energy transfer into
the powders during the SLM process. At a low speed, the size
of the molten pool may increase although with an increase in
the manufacturing cycle time but with the possibility for

Table 1 Powder composition of titanium alloy (Ti6Al4V) [29]
Composition Al v (0] H N C Fe Si Ti
(Wt.%)

5.5-6.75 3.545 0.15 0.02 0.04 0.04 0.025 0.02 Balanced
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Table2  SLM process preset range for Ti6Al4V as in the literature

Author Range of process parameters selected
Laser power (W) Scan speed (mm/s)

Sun et al. [42] 380 625-3000

Yakout et al. [43] 40-160 360-1200

Miranda et al. [44] 50-100 417 and 733

Yakout et al.[45] 250 600

Carter et al. [41] 100-200 500-2500

Pal et al. [46] 75 150-1000

Xu et al. [40] 175-375 686-1029

Gong et al. [47] 40-160 360-1200

Shi et al. [48] 400 400-1000

Fogangnolo et al. [49] 171-170 225-1250

Kasperovich et al. [S0] 175 200-1100

effective melting and powder consolidation. This may pro-
mote a more even spread of the molten pool thereby resulting
in the development of products with excellent mechanical
properties, uniform microstructure, and surface finish. When
the speed exceeds the optimum, the size of the molten pool
may decrease which may reduce the flow rate of the molten
pool thereby promoting defects such as porosity and surface
roughness [45-50].

However, the optimization of these two process parameters
will ensure the selection of the feasible range of the process
parameters that will influence the development of products
with excellent mechanical properties, uniform microstructure,
and surface finish in relation to the product’s service require-
ments while ensuring cost and time effectiveness.

The selection ranges have been carefully chosen and deter-
mined by considering a similar study on SLM process from
which surface roughness within the range of 25-40 um was

Fig. 1 Experimental equipment
and manufactured part: a the
Aeroswift SLM process machine
and b fabricated part specimen
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obtained [39]. The selection of the range of the process pa-
rameters was also selected based on the works of Xu et al. [40]
and Carter et al. [41] after careful review of the existing liter-
ature presented in Table 2. Hence, the range selected by the
authors is encompassed partially by various studies as present-
ed in Table 2.

The literature have not reported the SLM of titanium alloy
at exact selected ranges used in this study. The selected range
in this study are within those employed by Xu et al. [40] for
laser power and Carter et al. [41] for scan speed selection.

The SLM machine and the test specimen manufactured for
this study are shown in Fig. 1a, and b respectively.

The experimental design matrix obtained for two factors
levels considered in this study is presented in Table 3. The
factor values are in uncoded form for the experiment as con-
ducted in a randomized order to minimize error. As represent-
ed in the table, 16 sample experiments were performed for the
study analysis. The fitted regression models with the fitness
value coefficients are further formulated. The responses are
presented in Table 3.

The top and side surface roughness of the samples were
measured using the Mitutoyo SJ-201 surface roughness
machine.

The surface and side roughness were measured according
to EN ISO 4287 and EN ISO 16610-21 standards and the
parameters considered during the roughness measurement
are presented in Table 4 [51].

2.3 Design of experiment

To reflect on an efficient methodology useful in design of
experiment and to reduce the number of unnecessary experi-
ments, a part of a given experimental design, e.g., one frac-
tional factorial design, is often used to generate data. After the
operator of a process has gotten used to the equipment, the
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Table 3 The selective laser

melting (SLM) process parame- Runs  Factors Response 1 Response 2 Response 3
ters used for building the
Ti6Al4V alloy and their A: laser B: scan speed Top surface Side surface Surface
responses power(W) (mm/s) roughness (pm) roughness (pm) hardness (HV)
1 250 800 14.45 71.3 386.6
2 300 1000 13.61 66.3 405.8
3 300 1200 13.52 66.1 406.5
4 250 1000 14.31 71.2 390.9
5 200 1000 15.05 73.7 375.2
6 250 1200 14.07 69.8 3933
7 200 1200 14.77 72.9 380.7
8 300 1400 12.64 59.7 408.2
9 300 800 13.62 66.5 405.3
10 250 1400 13.73 67.8 401.3
11 150 1000 17.09 86.5 350.2
12 150 1200 16.58 84.9 357
13 150 1400 16.12 79.8 358.5
14 150 800 17.75 87.9 346.1
15 200 1400 14.55 71.9 383.1
16 200 800 15.88 75.9 362.4
Mean 14.86 73.26 381.94
SE 0.36 1.99 5.36
SD 1.44 7.98 21.46
Variance 2.08 63.75 460.48

experimental design can be classified in three parts: screening
experiment, response surface model, and verification. Thus,
response surface methodology (RSM) method with central
composite design (CCD) was used for the SLM process pa-
rameter optimization. The general second-order polynomial
RSM (full quadratic model) used for the experimental design
is expressed as Eq. 1 [52].

R, = /30 + Z?=15,Xiu =+ Z?=1ﬁiiX?u + ZL,‘B;‘;‘XWXJ'H +eu, (1)

where R, is the corresponding response and 3y, 5, 3;;» and 3;;
represent the regression coefficients. The terms X, and X, are

Table 4  Parameters considered for roughness measurement

Parameters Specification

10x10x10
Maximum probe tip radius (um) 2.00

Dimension of sample (mm3 )

Sampling length (mm) 0.08
Evaluation length (mm) 0.40
Stylus travel (mm) 0.48
Point pitch Standardized in the measuring device

Cut-off wavelength Standardized in the measuring device

coded values of the ith and jth input parameters (i < j), and g,
is the residual error. Design Expert version 11 stat-ease soft-
ware was used for analysis and serves as the regression design
and statistical analysis medium for the evaluation of these
experimental studies to obtain responses from the influence
of the factors.

The RSM has proven to be a suitable approach that can be
employed to determine the feasibility of the combination pro-
cess parameters, their optimum range as well as their cross
effects on the response of the designed experiment. It is also
a viable tool suitable for process modeling and optimization in
order to improve the product’s quality as well as the cost and
time effectiveness of the manufacturing process [51-54]. With
the RSM, the effect of the process parameters (independent
variables) on the output target (dependent variables) of the
designed experiment can be determined leading to the devel-
opment of a predictive model for process optimization. As
shown in Table 3, the experimental design consists of two
factors A and B (A = laser power and B = scan speed) which
are the independent variables with three experimental re-
sponses (top surface roughness, side surface roughness, and
surface hardness) which are the dependent variables. The val-
idation of the numerical experimentation and developed mod-
el were validated using ANOVA and the physical experimen-
tations. The indicators of a valid numerical experimentation
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Table 5 Study build

information File version 11.1.2.0
Study type Response surface Subtype Randomized
Design type Central composite Runs 16
Design model Quadratic Blocks No blocks
Build time (ms) 2.00

include F value, adequate precision, “p value Prob > F”” which
should be less than 0.050, and the correlation coefficients
(predicted R?, R?, and the adjusted R*) [55, 56]. The F value
is used to examine the statistical significance of the model
terms obtained from the individual process parameters or their
combination. The larger the F" value (>4),the more significant
the model terms and vice versa. On the other hand, the p value
is a measure of the probability that an observed variation from
the statistical mean is a product of random chance. The lower
the p value (<0.05), the more significant the model terms and
vice versa [55, 56].

3 Results and discussion

The build information for the developed samples is presented
in Table 5.

The descriptive statistical analysis of the responses present-
ed in Table 3 was carried out. For the top surface roughness,
the SD (1.44) was found to be small, < + 2, thus indicating that
the values of the TSR are close to the mean (14.86). The SE
(0.36) and variance (2.08) were also found to be relatively
small. This implies that the response data obtained for the
top surface roughness are normally distributed. This further
implies that the variations in the magnitude of the values of
TSR obtained via the physical experimentation are small and
that the variations in the magnitude of the process parameters
do not have significant influence on the magnitude the top
surface roughness, as the experimental values obtained were
found to fall within the similar range. For the side surface

roughness, the SD (7.98) was found to be high (>+2), thus
indicating that the values of the SSR are farther away from the
mean (14.86). The SE (1.99) and variance (63.75) were also
found to be relatively high. This implies that the response data
obtained for the SSR is not normally distributed. This further
implies that there exist significant variations in the magnitude
of the values of the SSR obtained from the physical experi-
mentations and that the variations in the magnitude process
parameters do have significant influence on the magnitude the
TSR, as the experimental values obtained differ.

In order to statistically validate the results obtained from
the numerical and physical experimentations, ANOVA was
carried out and the results obtained are presented in
Tables 6, 7, and 8. From Table 4, the high F value (118.35)
and small p value (0.0001<0.05) show that the developed
model for the TSR is statistically significant and suitable for
correlative and predictive purposes. The F value of 118.35
implies the model is significant while there is only a 0.01%
chance that an F value this large could occur due to noise. For
the TSR model, the R* of 0.9834 is in reasonable agreement
with the predicted R 0f 0.9421 and adjusted R 0f 0.9751 (the
differences between the values are less than 0.2) and were
found to be close to 1. In addition, the adequate precision with
avalue 32.914>4 indicates adequate signal-to-noise ratio. The
fact that the correlation coefficients were found to be close to
unity implies that the developed is statistically significant and
suitable for predictive purpose. For the TSR, A, B, and A”
were the significant model terms (Table 6).

Table 9 presents the three mathematical models for the
prediction of the TSR, SSR, and SH (Egs. 2-7).

Table 6 ANOVA results of the

quadratic model for top surface Source Sum of squares df Mean square F value p value R?
roughness of Ti6A14V alloys

Top surface 30.73 5 6.15 118.35 <0.0001 0.9834

A—Tlaser power 26.61 1 26.61 512.47 < 0.0001

B—scan speed 2.85 1 2.85 54.89 < 0.0001

AB 0.2016 1 0.2016 3.88 0.0771

A? 1.06 1 1.06 20.43 0.0011

B’ 0.0042 1 0.0042 0.0814 0.7813

Residual 0.5193 10 0.0519

Cor total 31.25 15
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Table 7 ANOVA results of the
quadratic model for side surface Source Sum of squares df Mean square F value p value R
roughness of Ti6Al4V alloys
Side surface 922.66 5 184.53 55.05 <0.0001 0.9649
A—Tlaser power 817.92 1 817.92 244.00 <0.0001
B—scan speed 63.37 1 63.37 18.90 0.0014
AB 0.7056 1 0.7056 0.2105 0.6562
A? 33.64 1 33.64 10.04 0.0100
B’ 7.02 1 7.02 2.09 0.1784
Residual 33.52 10 3.35
Cor total 956.18 15
Table 8 ANOVA results of the
quadratic model for the hardness Source Sum of squares df Mean square F value p value R
of Ti6AI4V alloys
Hardness 6823.62 5 1364.72 163.44 < 0.0001 0.9879
A—laser power 6349.27 1 6349.27 760.40 <0.0001
B—scan speed 350.70 1 350.70 42.00 < 0.0001
AB 39.00 1 39.00 4.67 0.0560
A? 80.55 1 80.55 9.65 0.0111
B’ 4.10 1 4.10 0.4911 0.4994
Residual 83.50 10 8.35
Cor total 6907.12 15

3.1 Adequacy of the design for top surface roughness
(TSR)

For the TSR model, the fit statistical parameters of the model
equation were obtained for the fabricated Ti6Al4V alloys. The
predicted R* of 0.9421 is in reasonable agreement with the
adjusted R? 0f 0.9751 (that is, less than 0.2) and the ratio of
32.914 indicates adequate signal. For the TSR, A, B, and A*
were significant model terms and the F value of 118.35 im-
plies the model is significant while there is only a 0.01%
chance that an F value this large could occur due to noise.
The p values less than 0.0500 as well confirm the significance
of the model. Figure 2 presents the normal probability plot of
the externally studentized residuals and the predicted versus

Table 9  Summary of the model equations for the investigated responses

actual value response while Fig. 3 presents the top surface
roughness in 2D and 3D plot.

From the results obtained, up to 220 W and 1400 mm/s,
the magnitude of the laser power and scan speed, respec-
tively, were found to be sufficient, thus, leading to the
development of test samples with the targeted surface fin-
ish. This was evidenced in the low magnitude of the top
surface roughness obtained for the test samples. An in-
crease in the magnitude of the laser power and scan speed
were found to be sufficient at 220 W and above 1400 mm/
s, respectively. Beyond the value of 220 W, for the laser
power, the corresponding surface roughness for the test
piece was observed to increase which implies that an in-
crease in the magnitude of the power is no longer desirable

Response Regression Equations

Top Surface Roughness (TSR)

TSR =14.56 — 1.73A — 0.5663B + 0.2021AB + 0.5794A% — 0.03668> (2)

TSR =28.76955 —0.0792998LP — 0.0030145S + 8.98000E. 06LP"SS +0.000103°LP — 4.06250E. 07> SS (3)

Side Surface Roughness (SSR)

SSR=72.28—9.59A —2.67B +0.3780AB + 3.26A% — 1498 (4)

SSR = 124.3255 — 0.407380LP + 0.0237578S + 0.00001 7LP"SS + 0.000580LP* — 0.000017SS” (5)

Surface Hardness (SH)

SH =385.38+26.73A + 6.28B—2.81AB— 5.05A — 1.14B° (6)

SS'=190.50850 + 0.897615LP + 0.076884SS — 0.000125LP*SS — 0.000898LP* — 0.000013SS” (7)
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Fig. 2 TSR deterministic portion

Normal Plot of Residuals

Predicted vs. Actual

and stochastic error. a The normal (a)
plot of residuals. b The predicted w
versus actual values (response)
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for the process. On the other hand, the laser speed was
observed to be desirable at the magnitude beyond 1400
mm/s as evidenced in the reduction of the corresponding
surface roughness for the test pieces.

Figure 4 shows the actual (from the physical experimenta-
tions) and predicted (from the numerical experimentations)
side surface roughness values of Ti6Al4V alloy. From Fig.
2a, the closeness of the data to the average (diagonal) line
indicates that the residuals are approximately linear (normal
distributed) although with inherent randomness left over with-
in the error portion. In addition, the relationship between the
actual and the predicted values of the top surface roughness
was found to be significant as indicated by the closeness of the
predicted and the actual values represented by the diagonal
line. This implies that that the model is adequate for predictive
purpose (Fig. 2b). Thus, Fig. 2 presents the experimental plots
of residuals as well as the predicted and the actual response
values.

Top Surface Roughness (um)

B: Scan Speed (mm/s)

A: Laser Power (W)

-1.00

Top Surface Roughness {um)

T
0.00

Actual

The validation of the developed model for the SSR was
further carried out via the comparisons of the results obtained
from the numerical and physical experimentations. The high
degree of agreement between the numerical and physical ex-
perimentations as shown by the similarity in the data points
shows that the developed model for the prediction of SSR is
highly significant (Fig. 4).

3.2 Adequacy of the design for side surface roughness
(SSR)

For the side surface roughness model, the R? 0f0.9649 is in
reasonable agreement with the predicted R of 0.8920 and the
adjusted R* of 0.9474 (the differences between the values are
less than 0.2) and the adequate precision value of 21.874 >4
indicates adequate signal-to-noise ratio. All the correlation
coefficients were found to be close to 1 while A, B, and A*
were the significant model terms for the SSR. The F value of

(b)

Top Surface Roughness {um)

240

A: Laser Power (W) e

300 T 800 B: Scan Speed (mnv's)

Fig.3 The 2D and 3D plot of top surface roughness. a The contour plot of top surface roughness with respect to scan speed and laser power. b 3D RSM

plot of top surface roughness with respect to scan speed and laser power
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55.05 implies the model is significant while there is only a
0.01% chance that an F' value this large could occur due to
noise. The p values less than 0.0500 as well confirm the sig-
nificance of the model.

Figure 5 presents the normal probability plot of the exter-
nally studentized residuals and the predicted versus actual
value response.

Figure 6 presents the side surface roughness of 2D and
3D plot of side surface roughness. Figure 7 shows the ac-
tual and predicted side surface roughness values of
Ti6Al4V alloy.

From Fig. 5a, the closeness of the data to the average
(diagonal) line indicates that the residuals are approximately
linear (normally distributed) although with inherent random-
ness left over within the error portion. Obviously, the devia-
tion of the data points from the average line vis-a-vis the
average line is permissible. In addition, the relationship be-
tween the actual and the predicted values of the side surface
roughness was found to be significant as indicated by the
closeness of the predicted and the actual values represented

Normal Plot of Residuals

by the diagonal line. This implies that that the model is ade-
quate for predictive purpose (Fig. 5b).

The relationship between the actual and the predicted
values of the side surface roughness is shown in Fig. 7. The
closeness of the predicted and the actual values as indicated by
the similarity in their data pattern indicates that the model is
adequate for predictive purpose having inherent randomness
left over within the error portion.

3.3 Adequacy of the design for surface hardness (SH)

For the surface hardness model, the fit statistical parameters
of the model equation were obtained for ANOVA models of
Ti6Al4V alloys. The R? of 0.9879 is in reasonable agreement
with the predicted R? 0f 0.9569 and adjusted R of 0.9819 (the
differences between the values are less than 0.2) and the ade-
quate precision value of 37.307 indicates adequate signal-to-
noise ratio. For the SH, A, B, and A? were the significant
model terms and the F value of 163.44 implies the model is
significant while there is only a 0.01% chance that an F value

Predicted vs. Actual

Fig. 5 Deterministic portion and (b)
stochastic error for the side (a) 90
surface roughness of Ti6Al4V 99
alloys. a The normal plot of o =
residuals. b The predicted versus L 0 ° 80
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Fig.6 The 2D and 3D plot of side surface roughness. a The contour plot of side surface roughness with respect to scan speed and laser power. b 3D RSM

plot of side surface roughness with respect to scan speed and laser power

this large could occur due to noise. The p values less than
0.0500 as well confirm the significance of the model.
Figure 8 presents the normal probability plot of the externally
studentized residuals and the coefficient estimate in coded for
surface hardness. Figure 9 shows the 2D and 3D plot of side
surface roughness.

From the results obtained, up to 270 W and 1300 mm/s,
the magnitude of the laser power and scan speed, respec-
tively, were found to be insufficient for the development of
the samples to the required surface hardness, thus, leading
to the development of test samples with low values of sur-
face hardness. This is because of the input power influ-
ences the rate of melting and densification of the powders,
which is a function of the material’s hardness. An increase
in the magnitude of the laser power and scan speed were

found to be sufficient at 300 W and above 1320 mm/s,
respectively. Beyond these optimum values, the corre-
sponding surface hardness for the test pieces were observed
to increase which imply that an increase in the magnitude
of the power and scan speed are no longer desirable for the
process. Up to 270 W, the laser power was found to be
inadequate to promote rapid plastic deformation of
Ti6Al4V with tendency to develop porosity. The higher
the porosity, the lower the surface hardness and vice versa.
Thus, an increase in the scan speed up to the optimum 1320
mm/s was found to promote the quick interfacial interac-
tions, reflections, and phase transformations with the de-
velopment of highly densified samples.

Figure 10 shows the experimental relative density versus
RSM predicted side surface roughness of Ti6Al4V alloy
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3.4 Optimized values obtained by the constraints

In the parameter optimisation, nine solutions are found desir-
able out of the 16 experimental designs. The evaluation data of
the optimised parameter sets are presented in Table 10 for the
productivity and surface quality values. For the range of the
optimized process parameters, the magnitude of the top sur-
face roughness ranges from a minium value of 13.006 to
13.303 um while the side surface roughness ranges from a
minimum value of 62.166 pm to a maximum value of
62.516 um. The magnitude of the surface hardness ranges

— Surface Hardness {V)

1100

B: Scan Speed (mm/s)

150 180 210 240 T 300
A Laser Power (W)

T T T T T T T
100 200 -1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

(b)

from a minimum value of 407.742 HV to a maximum value
0f409.391 HV. Hence, the optimum magnitude of the process
parameters selected are laser speed 300 W and scan speed
1400 mm/s. This produces a minimum surface roughness of
13.006 um for the top surface roughness, and 62.166 um for
the side surface roughness with a corresponding hardness val-
ue 0f 409.391 HV.

The optimal process parameters for both surfaces’ laser
power (LP = 300 W) and scanning speed (SS = 1400 mm/s)
which gave a minimum top surface roughness and side rough-
ness of 13.006 um and 62.166 pum, respectively, at surface

@ [ porry ey prrca v d b

(b)

© Dovgn pawes besion pracatad vkt

Swiface Mardness (MY}

B Scan Speed (mm/s)

Fig.9 The 2D and 3D plot of top surface hardness. a The contour plot of surface hardness with respect to scan speed and laser power. b 3D RSM plot of

surface hardness with respect to scan speed and laser power
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Fig. 10 Actual and predicted side
surface hardness values of
Ti6Al4V alloy

Table 10 Optimised values
obtained and default parameters

hardness 409.391 produced a desirability value of 0.946. The
practitioners in industry can choose the best parameter set
from this table based on their needs, considering the balance

Fig. 11 The main effect plot for
the parameters

@ Springer
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Number  Laser Scan Top surface Side surface Surface Desirability
power speed roughness roughness hardness
(W) (mmy/s) (pm) (um) (HV)
1 300.000  1400.000  13.006 62.166 409.391 0.946 Selected
2 298.967  1399.997 13.011 62.203 409.200 0.945
3 297310  1399.997  13.020 62.266 408.889 0.944
4 296.593  1399.999  13.024 62.294 408.753 0.943
5 294734 1400.000 13.034 62.370 408.396 0.942
6 293337  1399.997  13.043 62.430 408.123 0.940
7 291.408  1399.997  13.055 62.516 407.742 0.936
8 299.999  1319.285 13.121 63.476 408.987 0.922
9 300.000  1182.879  13.303 65.201 407.931 0.887

between surface quality and productivity of different industri-
al components. Figure 11 represents the main effect plot for
the influencing parameters.
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4 Conclusions

The purpose of this study was to study the influence of the
laser power and the scanning speed on the surface hardness,
and top surface and side surface roughness of Ti6Al4V metal
specimens fabricated via the selective laser melting (SLM)
technique. This was achieved using the design of experiment
technique involving the use of the response surface method-
ology validated via physical experimentations.

The experimental results show that quality with respect to
roughness and hardness of the fabricated component part is
affected by laser power and scanning speed as far as minimiz-
ing roughness is concerned. The statistical analyses of the
results obtained show the significance of the predcitive
models for the top surface roughness, side surface roughness,
and hardness of the fabricated Ti6Al4V samples. The results
show that the coefficient of determination (R?) for the devel-
oped model indicates the developed regression model fits for
the actual data. This study shows that there is a need for a right
combination of processing parameters to attain the targeted
required values within a given micron range. The study indi-
cated that TSR, SSR, and SH can be optimized concurrently to
obtain better response. The optimum magnitude of the process
parameters selected were laser speed 300 W and scan speed
1400 mm/s. This produces a minimum surface roughness of
13.006 pum for the top surface roughness and 62.166 um for
the side surface roughness with a corresponding hardness val-
ue 0f 409.391 HV.

From the three response surfaces, the three output pa-
rameters show a monotonic relationship with the two
input parameters (LP and SS), for example, the top sur-
face roughness can be further reduced by either increas-
ing SS or LP. In view of this, future works can consider
the extension of the range of the process parameters for
improved optimization in order to get the peak of the
process parameters that will promote optimum hardness
and minimum surface roughness. Furthermore, this study
considers the orthogonal scanning strategy, other expo-
sure parameters such as contour exposure, and upskin
and downskin parameters can be considered as part of
the future study. In addition, process conditions such as
the exposure time, point distance, contouring method as
well as the upskin and downskin parameters can also be
considered.

The effect of the hatching distance on the mechanical prop-
erties of the metal parts produced using the SLM process as
well as the effect of the processing conditions on residual
stresses of titanium alloy are also recommended.
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