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Abstract

Selective laser sintering (SLS) is an additive manufacturing (AM) process, which is widely
used for fabrication of end used products, directly from computer aided design (CAD) data.
SLS process is usually used in different areas such as biomedical, automobile and aerospace
industries. The major advantage of this process is that the designer can visualize and test the
specimens before the full scale production of parts. Therefore, to achieve a good dimensional
accuracy in order to fulfill the demands of these fields is a key parameter. Dimensional
accuracy of SLS process is mainly influenced by geometry, process parameters and
materials. It can only be enhanced by controlling the shrinkage of parts. Therefore, this
work is carried out to analyze the effect of crucial contributing factors (i.e, laser power, bed
temperature, layer thickness, scan spacing and orientation) for the shrinkage (CAD, thermal
and volumetric) of duraform polyamide specimens. Face centered central composite (CCD)
design is used for the collection of data. Response surface methodology (RSM) is used to
monitor the effects as well as interactions of selected parameters, and for the development of
regression models. Multi-response optimization of shrinkage along with composite desir-
ability is employed for different optimized selected SLS parameters. It has been found that
the laser power 41 W, bed temperature 170 °C, layer thickness 0.09 mm, scan spacing
0.15 mm and orientation 85.68 degree is a most significant optimized range of these
parameters to improve the overall shrinkage measures of parts.
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A Laser power

B Bed temperature

CCD Central composite design
CAD Computer aided design
C Layer thickness

D Scan spacing

ED Energy density

E Orientation

RSM Response surface methodology
RP Rapid prototyping

SLS Selective laser sintering
Introduction

Rapid Prototyping (RP) includes a number of systems consisting: material jetting,
photo polymerization, laminated sheet, binder jetting, directed energy deposition and
material extrusion [1]. From all these processes, selective laser sintering (SLS) is one,
which is widely used because of extensive range of thermoplastics powders. These
powders are such as: polycarbonate, nylons, polyamides and ABS etc. The metal
powders like aluminum, titanium, and stainless steel powders are generally used for
manufacturing of parts [2]. Fabricated SLS parts are successfully utilized by various
industries like aerospace, automotive and medical applications [3]. In SLS process,
components are directly created from computer aided design (CAD) data. Initially. STL
file is converted into sliced layers, which generates contour information of every layer.
Then a layer of powder having desired thickness is uniformly laid over the part bed
with the help of roller. In this process powder is not fully melted, but before sintering,
bed temperature is raised (because off infrared heaters) to just below the melting point
of powder used, to pre heat it. This pre heating of powder particles is required to
minimize curling and thermal distortion. This whole process is carried out in nitrogen
medium to avoid oxidation. After sintering of top layer, the part bed gets lowered as per
required layer thickness and then a fresh layer of powder particles is spread over the
part bed [4]. SLS is commonly employed because of its comparatively less trial run cost
and SLS consumes less time to present the product in the market [5].

Background

In SLS process, shrinkage is a crucial issue in the performance as well as quality
of the products. The material is subjected to significant expansion and contraction
during sintering. When tolerating for shrinkage, the amount of changes can be
effected by the type of polymer. The polymers are divided into two types:
amorphous and semi crystalline. In an amorphous polymer monomers are not
arranged in order. But in a semi-crystalline polymer, monomers are arranged in an
order and forms a well-defined crystal structure. A semi-crystalline polymers has
higher shrinkage than amorphous polymers. This is because when these are cooled
down, in a semi crystalline polymers, the macromolecular chains are rearranged to
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from well-defined crystallite structure and requires less space for the same number
of atoms. Hence the material after the sintering can be expanded or contracted.
Improper cooling of frameworks effects in achieving the desired dimensions in
specimens, and also results in warpage and shrinkage [6]. When the specimens are
removed from the laser bed chamber, these are exposed to new boundary (affect-
ing /environmental) conditions (mechanical and thermal conditions). In SLS
process, specimens are built with slight dimensional tolerances. Measurement of
these specimens can be influence by the geometry, material and methodology
settings [7, 8]. But in case of polymer materials, the shrinkage is a common factor
and this is unavoidable. Shrinkage can be a linear, thermal and volumetric.
Though the specimens built by SLS process, does not attain the desired shape
and size, because of these shrinkages. To control the influence of shrinkage in
SLS process, Wang [9] have derived the formula in relation to shrinkage and beam
offset. Beam offset is being evaluated along with shrinkage measures of parts
produced by SLS processes with different materials. Kumar et al. [10] have
observed the influence of parameters on the part quality. It is concluded that the
dimensional accuracy is highly influenced by the laser power along with bed
temperature and micro-hardness of produced parts is only affected by bed tem-
perature. Wang et al. [11] generated a relationship between SLS parameters and
shrinkage for enhancing the dimensional accuracy. Different input parameters
considered in this work are: laser power, hatch spacing, bed temperature, layer
thickness, scanning speed, interval time and scan mode. Wu et al. [12] examined
that effect of SLS parameters (scan count and fill laser power) on morphology and
properties of polyamide 12. Scanning electron microscope (SEM) and polarized
light microscopy (PLM) micrograph were analyzed to check the obtained results.
Further Raghunath et al. [13] have investigated that scan length and laser power
are major parameters that effect the shrinkage towards X direction, shrinkage
towards Y direction is affected by scan speed and laser power, in Z direction it
is influenced by bed temperature, scan speed and scan spacing. Ali et al. [14] have
examined that scanning pattern, scan speed, bed temperature, laser power and
layer thickness are input factors that effects the shrinkage of parts. Optimization
algorithm is developed for investigation of key process parameters for reducing
the warpage in parts. Baturynska [15] investigated that dimensional accuracy can
be improved by predicting the scaling factors of the part. The result demonstrate
that. STL model properties have impact on set of the dimensional features due to
orientation. Guo et al. [16] have analyzed the effect of energy input i.e. laser
power and surrounding temperature for accuracy, microstructure and mechanical
properties of sintered products. Jain et al. [17] found that SLS processed parts are
highly influenced by delay time. They purposed an optimization algorithm to
develop an optimum factors for increasing the strength of parts. Yeganeh et al.
[18] implemented an algorithm in a finite element simulation and optimized
process parameters such as: scanning length and offsets keeping other conditions
constant. The generated model verifies part accuracy and surface properties,
further production time is improved and part warping is reduced up to 35%.
Negi et al. [19] investigated that bed temperature, scan speed and hatch spacing,
laser power and scan length have higher impact on the shrinkage behavior of SLS parts.
They also predicted shrinkage using artificial neural network (ANN) and presented an
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optimization algorithm. Singh et al. [20] investigated the influence of SLS parameters
like hatch spacing, laser power, bed temperature, hatch length, and scan count on the
shrinkage of parts. It is investigated that the hatch spacing is the highest key factor that
influence the shrinkage in generated parts. Yang et al. [21] examined that shrinkage
rates are varying with part position in the build chamber. It is noticed that accuracy can
be improved by properly adjusting the scale factors. Hiren et al. [22] examined that the
accuracy of SLS made parts with the influence of different process parameters using
CL50WS Maraging steel (developed by Concept Laser Inc) material. They evaluated
that layer thickness is the highest significant parameter that effects the dimensional
accuracy of parts.

Senthilkumaran et al. [23] examined the shrinkage behavior of SLS parts with
polyamide material for different part orientation and exposure strategies. It is concluded
that part orientation effects the shrinkage. Shrinkage is extremely non-uniform in the Y
direction and enhanced with the rise in hatch length. Rong-Ji et al. [24] predicted the
shrinkage of parts by developing a neural network model in relation to the input factors.
The generated neural network model has capability to forecast the part shrinkage prior
to the fabrication of parts. Asiabanpour et al. [25] investigated the effect of different
SLS parameters using response surface methodology (RSM) on the accuracy of
produced parts. Ning et al. [26] examined the influence of scan length on heterogeneity
and material anisotropy for direct metal laser sintering (DMLS). It is found that low
homogenous parts having higher shrinkage values, which are produced at lower scan
length. To control this effect, genetic algorithm is also presented. Shi et al. [27] studied
different powder properties, such as particle size, molten viscosity, molecular weight
and crystallization rate, for improving the quality of SLS made parts. During this study
it is investigated that the part accuracy is highly influenced by crystallization rate. Singh
et al. [4] investigated the influence of selected parameters: laser power, hatch length,
scan spacing, bed temperature and sinter scan, on the shrinkage of SLS samples using
the RSM approach. It is found that scan spacing will act as key factor while controlling
the shrinkage of these parts.

In above literature review, it is concluded that the polymer material is already
investigated or validated by several past researchers. It is further concluded that
shrinkage measures is key concern of the SLS made parts using polymer material.
Therefore, in current work, the capability of SLS using polyamidel2 (PA12) powder is
explored by relating and optimizing parameters for different shrinkage measures.
Shrinkage in polymers is majorly influenced by process characteristics, change in
temperature and crystallization [27]. Thermal shrinkage is influenced by temperature
change when no phase transformation occurs and can be measured by linear expansion.
Crystallization may influence the accuracy i.e. change in volume occurs at different
cooling rates of polyamide parts. Therefore, the main objective of current study is to
examine the influence of selected parameters and to present optimized setting of these
parameters for output measures i.e. CAD shrinkage, thermal shrinkage and volumetric
shrinkage of specimens using RSM approach. The choice of process parameters
requires carefulness because these effects the dimensional accuracy and efficiency of
specimens. This investigational plan designed uses the specified settings as per face-
center central CCD based on RSM technique. RSM is a set of mathematical as well as
statistical approach [8]. This technique is useful for optimization of issues which are
influenced by certain variables.
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Experimental Details

Below section discusses the experimental as well as methodology details carried out in
this work. Flow chart pertaining to experimental procedure is also presented in Fig. 1.

Selection of Parameters

SLS process consist of a set of process parameters as illustrated in Fig. 2. From which
laser power (A), bed temperature (B), layer thickness (C), scan spacing (D) and
orientation (E) have been analyzed for CAD shrinkage, thermal shrinkage and volu-
metric shrinkage by fabricating different specimens. Laser power is the power of laser
that is generated by laser light on the powder bed. With the use of laser power, the
powder is heated near to melting temperature during laser scanning. Bed temperature is
a temperature of build chamber and maintained just below the melting temperature of
used powder. Layer thickness is the thickness of powder layers to be processed/sintered
in single process cycle. Scan spacing is the space among neighboring scan vector, or it
is the separation between two consecutive laser beams. Orientation is the arrangement
of specimen in build along X, Y and Z direction. The range for laser power and scan

Selection of SLS parameters and their
range

z

Design matrix using CCD-RSM
(Number of experiments)

~z

Measurement of shrinkage: CAD,
thermal, volumetric

-

Statically analysis using ANOVA

-

Generation of mathematical model for
shrinkage

-

Study the effect (single, interaction) of
parameters on shrinkage

-

Determination of optimal range of
parameters

-

Confirmation test at optimal parameters

Fig. 1 Flow chart of the experimental sequence followed in this study
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Fig. 2 Different process parameters [28]

spacing is set as per energy density (ED). It is the energy provided to the material per
unit area at the surface [23]. When ED increases the fusion of powder particles is
higher, and when ED decreases the fusion of powder particles is poor. But in case of
SLS, material does not melt fully, it can only be heated up to 80% of melting
temperature where material can bind properly and parts are generated. So the range
of ED set very carefully to avoid lack of fusion of powder material and degradation.
The ED is calculated by equation no. (1) as shown below

Laser power
E density(ED) = 1
nergy density(ED) Scan speed x Scan spacing (1)

Therefore, selection of different working parameters ranges (as illustrated in
Table 1), are sorted by an expert opinion and literature review [20].

Detail of Material

The specimens are prepared by using the duraform polyamide material having an average
grain size of 60 um as provided by 3D systems (https://www.3dsystems.com/materials/

Table 1 Process parameters and their values used for experiment

Parameters Unit Symbol Levels Constant Parameters

-1 0 +1
Laser power w A 35 38 41 Roller speed 254 mm/s
Bed temperature °C B 170 173 176 Sinter scan ON
Layer thickness MM C 0.9 0.1 0.11 Beam Offset 0.25 mm
Scan spacing MM D 0.15 0.2 0.25 Spot Size 0.05 mm
Orientation Deg. E 0° 45° 90° Scan Speed 5000 mm/s
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duraform-pa)[29]. This material is a linear, semi crystalline in nature. It is a generally
reformed with plasticizers and reinforcements of Nylon 12, has minimal moisture absorp-
tion with highly stable dimensions in the un-filled nylon materials. This material is used in
a progressive engineering areas such as automobile industry (modeling and end use parts-
dash board and bumpers etc.), medical fields (artificial body parts) and electronics field
(mobile phone body parts and chips etc.). The ratio of material used for fabrication was
70% earlier used powder and 30% unused powder. Higher percentage of recycled powder
generates variable quality of laser sintered specimens [29] and higher quantity of fresh
powder results curling and warpage [30].

Test Specimens and Performance Measures

The specimens (Fig. 3) having length-120 mm, width-12 mm and thickness-3 mm
respectively, are designed for testing with the use of CAD software (Pro-e¢). CAD
model of specimen is transferred in. STL file format. After changing in. STL file further
alteration in CAD model design is not possible. This generated. STL file is transferred
to machine software (magic software) for orientation and positioning of number of
specimens. In this study, three performance measures are taken into account ic CAD
shrinkage, thermal shrinkage and volumetric shrinkage.

CAD shrinkage (CS): It is evaluated by measuring of length (L), width (W), Height
(H) of each specimen. Every dimension is measured three times and mean of these
value is taken as final value. The CAD shrinkage is calculated by equation no. (2) as
shown below. All values are measured using digital vernier caliper containing least
count of 0.01 mm [31].

Fig. 3 Dimension measurement of specimen, fabricated specimens in single build, position of specimen in
build (orientation X, Y direction only), weight measurement of specimen
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cs = [MIA—OA")} % 100% 2)

Ao = design size of cad drawing, A = actual size measured from vernier caliper.
Thermal shrinkage (TS): Normally when heat is added to or removed from a solid
material there is a change in temperature (AT), and a change in dimensions (AL). The
relative change in dimensions, or the thermal expansion @, is usually expressed in a
percent. Therefore, the thermal shrinkage is calculated by equation no. (3) as shown

below [32].

7S :# (3)

dl = change in length and /= original length.
Volumetric shrinkage (VS): The volumetric shrinkage is calculated by the difference
among the MEASURED volume V.. (measured with digital vernier caliper) and the
volume of the generated part. The actual volume of the part is calculated from the mass
(m) of the part and taking density (p) of the used powder, as provided by 3D systems
(https://www.3dsystems.com/materials/duraform-pa) (https://www.3dsystems.com/
materials/duraform-pa)[29]. To calculate volumetric shrinkage expression used is

given in Eq. (4) as follow [33]:
mass

VS = V actuar=

density “)

Design of Experiment: Response Surface Methodology

In manufacturing processes, model generation and optimization are two main concerns.
RSM is a set of mathematical and a statistical approach. This method is suitable for
optimization of issues, which are influenced by set of variables [34]. RSM technique
helps to find a focused relationship among output variable (y) and the set of indepen-
dent input variables. This technique not only improve the efficiency of technologist but
also develops part supremacy. The ideal solution has been obtained from regression Eq.
5 and by inspecting response surface contours [35].

k k k
Y:ﬁ0+zlﬁfX«i+zlﬁij§+Z > ﬁinin‘Fei (5)
Jj= J=

i <j=1

In above Eq. (5), Y is mainly expected response; 3 is a constant of coefficient; X; and
Y; are coded parameters; (3;, [3; and [3; are the interaction coefficients of parameters of
linear, second-order and quadratic term; and ¢; is random error [35].

In RSM, CCD is the best suited design to analyze functional relation among input
parameters and output measures. In CCD each parameter has five level, but when the
value of o =1 then the level of every parameter is set as three (max, min and middle
level). The total set of experiments can be calculated by 2f+ 2f+n, where f denoted
input parameters and n denotes total design points in cube. When comparing with box
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behnken design, CCD can also include runs having extreme upper and lower settings
(of input factors). Face-center central CCD design is employed in this study because it
can fit full quadratic model and best suited in case of sequential experimental plan.
While comparing RSM with taguchi technique, in RSM generated models and
ANOVA tables are significant factors to analyze the obtained results. From these the
significance of each parameter as well as interaction effect among parameters can also
be ecasily determined. Further desirability criteria in RSM also determines optimal
conditions from the set of experiments.

A total 50 set of experiments are performed using five input variables, ED (equation
no. 1) and three output variables as presented in Table 2.

Result and Discussion
Analysis for CAD Shrinkage

The importance and the significance of different selected process parameters are
analyzed with the application of analysis of variance (ANOVA). The 2FI model is
employed because the data is best fitted to monitor the CAD shrinkage of SLS parts. A
significant model F value (34.71) is obtained due to noise (with chance of 0.01%) and
presented in Table 3(a). Lower probability value (Prob>F < 0.0500) depicts a signifi-
cant model for CAD shrinkage [36]. The terms of model containing values >0.1000 are
non-significant. The 4.57 value obtained for lack of fit is significant in relation to pure
error. Value of Pred R? obtained 0.8047 is in realistic good in relation with the value of
Adjusted R2, which is 0.8281. The value obtained for adequate precision ratio of
generated model is 24.595 (>4), this shows an ample sign for the generated model.
The value of PRESS is 80.74, which shows, how the model fits each point in the
design.
e Model formulation

The model generated for CAD shrinkage contains B, C, D, E, BD, BE and DE as
significant parameters. The nonsignificant parameters, having there partial influence,
have been eliminated from the model for its improvement. With use of actual param-
eters, an emprical relationship developed between output and input parameters, which
is expressed in mathematical Eq. 6.

CS = —360.77967 + 2.15459 x B—67.36111 x C 4 1662.61714 x D—0.92822

x E-9.80122 x BD + 5.71984 x 10° x BE—0.20754 x DE (6)

Normal probabilty plots confirms that whether the obtained model or data relates to real
system or not. For analyzing the obtained model for CAD shrinkage, normal probabilty
graphs of the studentized residuals and the predicted vs actual graph have been drawn.
Figure 4(a) show the normal probabilty plot for CAD shrinkage. In the obtained graphs,
it is observed that the residuals are allined along the straight line for CAD shrinkage. In
Fig. 4(b), the predicted data of CAD shrinkage, which are presented using developed
model and the experimental data is randomly distributed.
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Table 3 ANOVA and adequacy of 2FI model (a) CAD shrinkage (b) thermal shrinkage (c) volumetric
shrinkage

Source Sum of Squares DF MeanSquare F Value Prob > F

(a) CAD Shrinkage

Model 352.44 7 50.35 34.71 < 0.0001 significant
B 62.45 1 62.45 43.06 < 0.0001

C 1543 1 15.43 10.64 0.0022

D 152.32 1 152.32 105.02 < 0.0001

E 27.02 1 27.02 18.63 < 0.0001

BD 69.17 1 69.17 47.69 < 0.0001

BE 19.08 1 19.08 13.16 0.0008

DE 6.98 1 6.98 4.81 0.0339

Residual 60.92 42 1.45

Lack of Fit 58.36 35 1.67 4.57 0.0215 significant
Pure Error 2.55 7 0.36

Cor Total 413.35 49

Std. Dev. 1.2 R-Squared 0.8526
Mean —0.48 Adj R-Squared 0.8281
C.V. -251.74 Pred R-Squared 0.8047
PRESS 80.74 Adeq Precision 24.595

(b) Thermal Shrinkage

Model 14.09 9 1.57 16.21 < 0.0001 significant
A 0.21 1 0.21 2.19 0.1463

B 11.29 1 11.29 116.84 < 0.0001

C 0.012 1 0.012 0.12 0.7302

D 0.019 1 0.019 0.2 0.661

E 7.71E-03 1 7.71E-03 0.08 0.7791

AC 0.69 1 0.69 7.15 0.0108

AE 0.38 1 0.38 3.98 0.0528

CD 0.83 1 0.83 8.58 0.0056

CE 0.65 1 0.65 6.74 0.0131

Residual 3.86 40 0.097

Lack of Fit 3.48 33 0.11 1.93 0.1859 not significant
Pure Error 0.38 7 0.055

Cor Total 17.96 49

Std. Dev 0.31 R-Squared 0.7848
Mean 13.02 Adj R-Squared 0.7364
CV 2.39 Pred R-Squared 0.6154
PRESS 6.91 Adeq Precision 15.787

(c) Volumetric Shrinkage

Model 6.39 7 091 34.69 < 0.0001 significant
B 1.15 1 1.15 43.65 < 0.0001

C 0.27 1 0.27 10.39 0.0025
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Table 3 (continued)

Source Sum of Squares DF MeanSquare F Value Prob > F

D 2.69 1 2.69 102.38 < 0.0001

E 0.47 1 0.47 17.69 0.0001

BD 1.28 1 1.28 48.62 < 0.0001

BE 0.37 1 0.37 14.15 0.0005

DE 0.16 1 0.16 5.98 0.0188

Residual 1.1 42 0.026

Lack of Fit 1.06 35 0.03 5.06 0.016 significant
Pure Error 0.042 7 6.00E-03

Cor Total 7.49 49

Std. Dev. 0.16 R-Squared 0.8526
Mean 4.25 Adj R-Squared 0.828
C.V. 3.82 Pred R-Squared 0.801
PRESS 1.49 Adeq Precision 24.534

Analysis for Thermal Shrinkage

For thermal shrinkage the 2FI model is used because the data is best fitted to monitor
the thermal shrinkage of SLS parts. A significant model F value (16.21) is obtained due
to noise (with chance of 0.01%) and presented in Table 3(b). Lower probability value
(Prob>F < 0.0500) depicts a significant model for thermal shrinkage [36]. The terms of
model containing values >0.1000 are non-significant. The 1.93 value obtained for lack
of fit is not significant in relation to pure error. So there is a probability of 18.59% that
this large value of lack of fit occurs due to noise which is otherwise desirable. It is good
if lack of fit is non-significant. Value of Pred R? obtained 0.6154 is in realistic good in
relation with the value of Adjusted R2, which is 0.7364. The value obtained for
adequate precision ratio of generated model is 15.787 (>4), this shows an ample sign
for the generated model. The value of PRESS is 6.91, which shows, how the model fits
each point in the design.

e Model formulation

The model generated for thermal shrinkage contains B, AC, CD, CE as significant
terms. The non significant model terms, having there limited influence, have been
eliminated from the model for its improvement. With use of actual parameters, an
emprical relationship developed between output and input parameters, which is
expressed in mathematical Eq. 7.

TS = —12.10884-0.42698 x A + 0.19206 x B~105.65713 x C + 32.65684 x D
+0.062226 x E + 4.89850 x AC-8.12235 x 10* x AE-321.85813
x CD-0.31696 x CE (7)
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Fig. 4 Normal probability plot of residuals and plot of predicted versus actual response (a, b) CAD shrinkage
(¢, d) thermal shrinkage (e, f) volumetric shrinkage

Normal probabilty plots confirms that whether the obtained model or data relates to real
system or not. For analyzing the obtained model, normal probabilty graph of the
studentized residuals and the predicted vs actual graph have been drawn. Figure 4(c)
shows the normal probabilty plot for thermal shrinkage. In the obtained graphs, it is
observed that the residuals are allined along the straight line for thermal shrinkage. In
Fig. 4(d), the predicted values of thermal shrinkage, which are presented using devel-
oped model and the experimental data is randomly distributed.

Analysis for Volumetric Shrinkage

For volumetric shrinkage the 2F1 model is again used because the data is best fitted to
monitor the volumetric shrinkage of SLS parts. A significant model F value (34.69) is
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obtained due to noise (with chance of 0.01%) and presented in Table 3(c). Lower
probability value (Prob>F < 0.0500) depicts a significant model for volumetric shrink-
age [36]. The terms of model containing values >0.1000 are non-significant. The 5.06
value obtained for lack of fit is significant in relation to pure error. Value of Pred R?
obtained 0.8010 is in realistic good in relation with the value of Adjusted R2, which is
0.8280. The value obtained for adequate precision ratio of generated model is 24.534
(>4), this shows an ample sign for the generated model. The value of PRESS is 1.49,
which shows, how the model fits each point in the design.

e Model formulation

The model generated for volumetric shrinkage contains B, C, D, E, BD, BE, DE as
significant parameters. The nonsignificant parameters, having there partial influence,
have been eliminated from the model for its improvement. With use of actual param-
eters, an emprical relationship developed between output and input parameters, which
is expressed in mathematical Eq. 8.

VS =—44.61477 4+ 0.29184 x B—8.96582 x C + 226.32471 x D—-0.12935

x E—1.33267 x BD + 7.98733 x 10* x BE—0.031151 x DE (8)

Normal probabilty plot confirms that whether the obtained model or data relates to real
system or not. For analyzing the obtained models, normal probabilty graph of the
studentized residuals and the predicted vs actual graph have been drawn. Figure 4(e)
show the normal probabilty plot for volumetric shrinkage respectively. In the obtained
graphs, it is observed that the residuals are allined along the straight line for volumetric
shrinkage. In Fig. 4(f), which are presented using developed model and the experimen-
tal data is randomly distributed.

Effect of Process Parameters for: CAD Shrinkage, Thermal Shrinkage,
Volumetric Shrinkage

» Laser power: The influence of laser power is only observed in case of thermal shrinkage
and illustrated in Fig. 5(a). During the analysis of the influence of laser power it can be
grasped that thermal shrinkage increases with the increase in the value of laser power
from lower level to top level. This is because of when the laser power increases, heat
conduction rate also increases, which results in closely packing of powder material.
Increase in laser power also transfer high energy to the powder particles which effects in
sintering of a material, which enhances the shrinkage. Similar trend is also observed by
the Singh et al. [4, 20] during analysis of shrinkage using polyamide powder.

* Bed temperature: Fig. 5 (a, b, c¢) displays that shrinkage enhances with the increase
in the bed temperature. It is observed from the fact that in laser sintering rate of
crystallization confirms the tendency of material to curl and probability to achieve
desired accuracy. With decrease in temperature the crystallization of material
decreases, but at higher temperature because of low cooling rate the molecules
get arranged properly. Therefore enhanced packing of powder particles results
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higher shrinkage in parts. Singh et al. [4, 20] and Nagi and Sharma [19] also
presented that the shrinkage is enhanced at higher temperature.

» Layer thickness: Fig. 5 (a, c) presents that the layer thickness influences the CAD
shrinkage as well as volumetric shrinkage. With the enhancement in layer thickness
from lower level (0.09 mm) to extreme level (0.11 mm) there is decrease in the
CAD shrinkage as well as volumetric shrinkage. The reason behind is that, with the
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increase in layer thickness the thickness of powder layer laid in build also increase,
this will affect the in depth melting of powder layer. This will affect the sintering of
part and results in lower shrinkage in the obtained parts. But a minute increase is
observed in case of thermal shrinkage at higher level of layer thickness when we are
analyzing it with layer thickness as shown in Fig. 5(b).

* Scan spacing: In Fig. 5 (a, b, c), a significant effect on CAD shrinkage, thermal
shrinkage and volumetric shrinkage have been observed for scan spacing. CAD
shrinkage and volumetric shrinkage of parts decreases with the increase in scan
spacing from low level (0.15 mm) to higher level (0.25 mm). It occurs because of
overlapping of sintered zone at lower scan spacing, which also results repeated
heating and cooling sequences in the build. But at higher scan spacing powder
particles are not proper packed and the value of scan spacing should always be
remain below the laser beam diameter. The high value of san spacing can also cause
the curling of fresh layer that may clings to the roller as well. Singh et al. [4, 20]
also obtained the similar trend for shrinkage measures the increase in scan spacing.
But again minute increase is observed in case of thermal shrinkage as shown in Fig.
5(b) with the increase in scan spacing this trend of shrinkage matches with the
observation found by Nagi and Sharma [19].

* Orientation: Fig. 5 (a, b, ¢) indicates that orientation has significant effect on CAD
shrinkage, thermal shrinkage and volumetric shrinkage. It is seen that when orien-
tation increases from 00 to 909 the CAD shrinkage and volumetric shrinkage also
increase. This observation attributes that at the 90° orientation, parts have greater
width values, so it is difficult to achieve the desired width value and parts are also
shrinking during cooling. This whole phenomena leads towards higher shrinkage.
This trend get reversed in case of thermal shrinkage as shown in Fig. 5(b).

Interaction Effect of Process Parameters for: CAD Shrinkage, Thermal
Shrinkage,Volumetric Shrinkage

* CAD Shrinkage-

Interaction as well as 3D surface plots displays the combined influence of two
parameters on the performance measures. Figure 6(a) presents the interaction and
surface plot of bed temperature and scan spacing for CAD shrinkage. It has been seen
that with the rise in bed temperature form lower level to higher level the CAD
shrinkage decreases and further with the rise in the level of scan spacing, CAD
shrinkage also increases. Figure 6(b) exhibits the interaction and 3D surface plot
between bed temperature and orientation. CAD shrinkage in interaction to both bed
temperature as well as orientation increases as the level of these parameters rises from
low level to higher level. The interaction graph and 3D plot between scan spacing and
orientation for CAD shrinkage has been shown in Fig. 6(c). Diagrams perceived that
the increase in the level of orientation and scan spacing from low level to high level, the
CAD shrinkage decreases gradually.
* Thermal shrinkage-
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In Fig. 7(a) demonstrates the interaction and 3D surface plot among the laser
power and layer thickness. The specimen sintered with the level of laser power
increasing from 38 W to 41 W the thermal shrinkage in these specimens also
increase but with the rise in layer thickness from low level to higher level, the
thermal shrinkage decreases. Figure 7(b) show the interaction graph and 3D
surface plot between laser power and orientation. It is perceived that the
thermal shrinkage increase with the increase in laser power and remains stable
with increasing the level of orientation. Figure 7(c) show the interaction graph
and 3D surface plot between layer thickness and scan spacing. It can be
perceived that as the level of layer thickness increase toward higher side the
thermal shrinkage also increase and further thermal shrinkage decrease with
increase in the level of scan spacing from lower level to higher level.
Figure 7(d) show the interaction and 3D surface plot between layer thickness
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and orientation. It can be observed that the thermal shrinkage increases with
increasing the level of level of layer thickness and the thermal shrinkage
gradually decreases with increasing the level of orientation.
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*  Volumetric shrinkage-

Figure 8(a) show the interaction and 3D surface plot of layer thickness and
orientation versus volumetric shrinkage. With the increase in scan spacing, high
volumetric shrinkage is obtained. But as the bed temp increases there is minor
decrease in volumetric shrinkage is observed. Figure 8(b) show the interaction
and 3D surface plot of bed temp and orientation for volumetric shrinkage. It can
be observed that volumetric shrinkage increases with the increase in the level of
both bed temperature as well as orientation. Figure 8(c) shows the interaction
graph and 3D surface plot of scan spacing and orientation. It has been observed
that the volumetric shrinkage decreases with the increase in the level of scan
spacing as well as orientation.
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Optimization
Analysis of Desirability Function

Multi-response optimization is most prominent technique to select desirable condition
that fulfil all goal required by desirability function approach. This concept of desirabil-
ity deals best in case of multi-response optimization. As the desirability value increases
the product quality also enhances. In this study optimized set of parameters are obtained
keeping CAD shrinkage =0 and thermal shrinkage and volumetric shrinkage at mini-
mum level combined equally. Consequently, a set of objectives is implemented to
optimize the generated model in which the optimization value consist of the selected
input parameters and obtained responses. All input parameters are selected in range and
the goal for output ie CAD shrinkage =0, thermal shrinkage and volumetric shrinkage
is to minimize respectively as shown in Table 4(a).

The set of optimal combinations of selected parameters are shown in Table 4(b). The
combination that present desirability equals to 86.1% are the optimum combinations,
and generated better yield. The shrinkage predicted as per the model using obtained
conditions (laser power-41 W, bed temperature — 170 °C, layer thickness-0.09 mm,
scan spacing-0.15 mm and orientation-85.68). The value of desirability function is 0.86
obtained for these conditions. The confirmation test are performed to confirm the
obtained optimum value. The value of CAD shrinkage —0.01, thermal shrinkage 12.2
and volumetric shrinkage 4.27 is respectively obtained from confirmation tests, these
obtained results agrees fine with the predicted values.

Conclusion

In this experimental work, in order to enhance the quality of SLS made parts, the multi-
objective optimization of CAD shrinkage, thermal shrinkage and volumetric shrinkage
is carried out to analyze the influence of selected parameters on shrinkage of parts.
With the application of RSM methodology, all parameters are analyzed with three
level. The statistical approach is applied for investigation of different experimental
outcomes. The results shows that the R2 value of the CAD shrinkage, thermal shrinkage
and volumetric shrinkage are 85.2%, 78.4% and 85.0% and the AP value are 24.5, 15.7
and 24.53 respectively. This indicates that the fitting of model is good. Further 2FI
models are used for the development of all regression models of CAD shrinkage,
thermal shrinkage and volumetric shrinkage. Then composite desirability method is
employed for multi-objective optimization of performance measures. As the goal for
CAD shrinkage =0 and for thermal shrinkage and volumetric shrinkage is set to
minimum the optimized combination of selected parameters are: laser power-41 W,
bed temperature — 170 °C, layer thickness-0.09 mm, scan spacing-0.15 mm, and
orientation-85.68°. The optimal value of CAD shrinkage —0.0100825, thermal shrink-
age - 12.19, and volumetric shrinkage —4.30 are obtained with the combined desirabil-
ity of 86.2%. This shows that the predicted values are in good agreement to the
experimental results obtained.

Further it is noticed that the bed temperature, layer thickness, scan spacing and
orientation are the significant parameters and influence the all three type of shrinkage
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measures. Laser power have only influence on the thermal shrinkage. The thermal
shrinkage increases with the increase in laser power from low level to higher level. Bed
temperature has same influence in all type of shrinkage measures i.e. with the increase
in bed temperature all three: CAD shrinkage, thermal shrinkage and volumetric
shrinkage increases gradually. With the increase in scan spacing the CAD shrinkage
and volumetric shrinkage decreases gradually but there is minute increase in case of
thermal shrinkage. During interaction of CAD shrinkage and volumetric shrinkage with
orientation, both of these increases with the increase in the orientation but in case of
thermal shrinkage this trend get reversed.
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