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temperature—173.65 °C, hatch length—114.64  mm, and 
scan count—2 are the optimum levels to maximize the den-
sity and hardness.
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1  Introduction

Selective laser sintering (SLS) is a rapid manufacturing 
process which uses powder material for fabrication of dif-
ferent parts directly from CAD drawing. Different com-
mon engineering thermoplastics such as polyamides, ABS, 
polycarbonate, and nylons, and for metal parts the materials 
such as titanium, stainless steel, and tool steel are broadly 
used for fabrication of parts [3]. Laser sintering of plas-
tic and metallic parts is very challenging job mainly due 
to their weak strength, dimensional inaccuracy, and poor 
surface roughness [4]. Density and hardness are two key 
output parameters that affect the quality of produced parts, 
and highly depend upon the level of laser sintering. Along 
with other mechanical properties, in the case of polymeric 
materials, there is direct relationship between hardness and 
density of parts [5]. Hardness discusses the homogeneity 
of the polymeric parts, which is related to the compaction 
condition and density of part [6]. Therefore, it becomes 
necessary to take extra care while choosing the different 
laser sintering parameters. This can be only possible with 
the experience of operator, available guidelines, and with 
the help of previous research work. In laser sintering, the 
level of parameters varies according to the materials used. 
This is the major problem to deal with, which also limits/
diminishes the scope and applications of these laser-sin-
tered parts.

Abstract  Density and hardness of selective laser-sintered 
parts are influenced by the different sintering parameters. 
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to achieve the high precision of end use functional parts. 
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laser power, scan spacing, bed temperature, hatch length, 
and scan count were the parameters taken into account for 
experimentation. Face-centered central composite design 
was used as a statistical design of experiment technique to 
set the optimal laser sintering parameters. A relationship 
between these parameters had also been developed with 
the generation of different mathematical models. The ade-
quacies of these models were confirmed using analysis of 
variance. The study concluded that laser power, scan spac-
ing, bed temperature, and hatch length have higher influ-
ence on density and hardness of polyamide laser-sintered 
parts. Among these parameters, scan spacing is the most 
significant parameter for both density and hardness meas-
ures. Laser power—24.05 mm, scan spacing—0.1 mm, bed 
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In previous years, a number of studies have been carried 
out using different combination of input sintering param-
eters to achieve the precise quality (accuracy, mechanical 
properties [7], and surface roughness [8] of parts [9]). But, 
there is still a scope to fabricate high-quality parts having 
wide engineering as well as other applications. Our scru-
tiny of the literature evidences that there were few reports 
in which density was studied using polymers as a work 
material. Gibson and Shi [10] investigated the influence 
of different laser-sintered parameters with the use of nylon 
powder. It is found that density increases at higher values 
of laser power, but decreases with the increase in the value 
of scan spacing and scan speed. Williams and Deckard [11] 
also investigated the influence of laser-sintered parameters 
on polycarbonate-made parts and concluded that the delay 
time and spot size have significant influence on the strength 
and density of produced parts. Ho et  al. [12] studied the 
physical density, tensile properties, and morphology of 
polycarbonate-made specimens. It is found that the physi-
cal density and tensile properties increase with the increase 
in energy density. Tontowi and Childs [13] examined the 
effect of bed temperature on part density. From this study, 

it is proposed that a linear relationship is required between 
bed temperature and energy density to achieve the maxi-
mum part density. Shi et al. [14] investigated the effect of 
different properties for the polymeric materials such as par-
ticle size, crystallization rate, molten viscosity, and molec-
ular weight on the quality of SLS parts. It is further pre-
sented that by maintaining the particle size of 75–100 µm, 
the parts having higher density can be generated. Bugeda 
et  al. [15] developed a model for prediction of density of 
SLS-made parts. Further, Vijayaraghavan et  al. [16] also 
presented a coupled FEA–EA model for simulation of SLS-
made parts for density measures.

This study seeks to experimentally characterize the den-
sity and hardness of laser-sintered polyamide parts using 

Table 1   Process parameters and their values used in SLS

Variable Fixed

Parameters Values Parameters Values

Laser power (A) 24, 28, 32 W Scan speed 5000 mm/s
Scan spacing (B) 0.1, 0.2, 0.3 mm Layer thickness 0.1 mm
Bed temp. (C) 172, 175, 178 °C Roller speed 254 mm/s
Hatch length (D) 40, 100, 120 mm Spot size 0.05 mm
Scan count (E) 1–2 Sinter scan Off

Beam offset 0.25 mm

Fig. 1   Design of specimen with dimensions, specimens used for testing [8]

Table 2   Features of hardness tester used for the experiment

S. no Parameters Values

1 Model RAS
2 Max. test height (mm) 230
3 Depth of throat (mm) 133
4 Max depth of screw 

below base (mm)
240

5 Initial load (kgf) 10
6 Test load (kgf) 60
7 Intender ¼ steel ball
8 Scale Rockwell number-L (HRL)
Dimension of machine
 1 Size of base (app) 430 × 170 mm
 2 Height 655 mm (approx.)
 3 Net weight 65 kg (approx.)
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Table 3   Experimental design matrix and collected data

S. no Coded values Actual values Density (g/cc) Hardness (HRL)

X1 X2 X3 X4 X5 Laser 
power 
(W)

Scan spac-
ing (mm)

Bed temp (°C) Hatch 
length 
(mm)

Scan count

1 1 1 1 1 1 32 0.3 178 120 1 0.975978 96.5
2 0 0 −1 0 1 28 0.2 172 80 1 0.952021 98
3 1 1 1 −1 1 32 0.3 178 40 1 0.961878 89.5
4 1 1 −1 −1 2 32 0.3 172 40 2 0.978337 91
5 0 0 0 0 2 28 0.2 175 80 2 1.00823 88.5
6 −1 −1 −1 −1 1 24 0.1 172 40 1 1.013525 97.5
7 0 0 0 0 2 28 0.2 175 80 2 1.00822 86.5
8 1 −1 −1 1 1 32 0.1 172 120 1 1.023454 87.5
9 −1 −1 −1 1 1 24 0.1 172 120 1 1.017932 82
10 0 0 1 0 2 28 0.2 178 80 2 0.995642 96.5
11 −1 1 −1 −1 1 24 0.3 172 40 1 0.981304 45.5
12 1 −1 −1 −1 2 32 0.1 172 40 2 1.028558 98.5
13 0 1 0 0 2 28 0.3 175 80 2 0.97012 43
14 −1 1 1 −1 2 24 0.3 178 40 2 0.964793 25
15 0 −1 0 0 2 28 0.1 175 80 2 1.0089 97.5
16 0 0 0 0 2 28 0.2 175 80 2 1.00822 93
17 0 0 0 0 1 28 0.2 175 80 1 1.00821 87
18 −1 1 −1 −1 2 24 0.3 172 40 2 0.989566 95
19 1 −1 1 1 1 32 0.1 178 120 1 0.99983 92
20 −1 1 −1 1 1 24 0.3 172 120 1 0.993627 29
21 1 1 −1 1 1 32 0.3 172 120 1 0.971315 66
22 0 0 −1 0 2 28 0.2 172 80 2 0.973161 94
23 1 1 −1 1 2 32 0.3 172 120 2 0.988803 98
24 −1 1 −1 1 2 24 0.3 172 120 2 0.998147 61
25 −1 0 0 0 2 24 0.2 175 80 2 1.00112 77.2
26 0 0 0 −1 1 28 0.2 175 40 1 1.00824 81
27 0 0 0 0 1 28 0.2 175 80 1 1.00821 86
28 0 0 0 0 1 28 0.2 175 80 1 1.0081 90.5
29 1 −1 −1 1 2 32 0.1 172 120 2 1.027518 98
30 −1 −1 −1 −1 2 24 0.1 172 40 2 1.019525 82.5
31 −1 −1 1 1 2 24 0.1 178 120 2 1.030056 84
32 0 0 0 0 2 28 0.2 175 80 2 1.00821 86
33 −1 −1 1 1 1 24 0.1 178 120 1 0.987276 94
34 −1 −1 −1 1 2 24 0.1 172 120 2 1.014789 98.5
35 1 −1 −1 −1 1 32 0.1 172 40 1 1.018774 89.5
36 −1 −1 1 −1 1 24 0.1 178 40 1 1.007321 92
37 0 0 0 −1 2 28 0.2 175 40 2 1.00824 84
38 0 −1 0 0 1 28 0.1 175 80 1 0.99872 98.5
39 0 0 0 0 2 28 0.2 175 80 2 1.00821 82
40 −1 1 1 1 2 24 0.3 178 120 2 0.967313 75
41 −1 1 1 1 1 24 0.3 178 120 1 0.969256 78
42 1 0 0 0 1 32 0.2 175 80 1 0.99212 87
43 0 0 0 0 1 28 0.2 175 80 1 1.0082 83
44 0 0 0 0 1 28 0.2 175 80 1 1.0082 85.5
45 −1 0 0 0 1 24 0.2 175 80 1 0.99882 87
46 0 1 0 0 1 28 0.3 175 80 1 0.99833 62.5
47 1 −1 1 −1 2 32 0.1 178 40 2 1.0259 95.5
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laser power, scan spacing, bed temperature, hatch length, 
and scan count as a function of input parameters.

2 � Experimental study

2.1 � Process parameters and workpiece material

The range of the different laser-sintered parameters and the 
other constant parameters selected [8] for this experimental 

work are shown in Table  1. These parameters and their 
range have been selected according to the machine specifi-
cations and raw materials used. In laser sintering, the pow-
der is preheated just below its melting temperature to facili-
tate sintering. The temperature in the part bed is uniformly 
distributed and maintained by different part heaters pro-
vided in part bed chamber. Then, appropriate parameters 
are applied to achieve the maximum density and hardness. 
Different specimens (Fig. 1) used for density and hardness 
testing are fabricated using SLS machine manufactured by 

Table 3   (continued)

S. no Coded values Actual values Density (g/cc) Hardness (HRL)

X1 X2 X3 X4 X5 Laser 
power 
(W)

Scan spac-
ing (mm)

Bed temp (°C) Hatch 
length 
(mm)

Scan count

48 1 0 0 0 2 32 0.2 175 80 2 1.0092 90.5
49 1 1 1 1 2 32 0.3 178 120 2 0.989276 69
50 1 1 1 −1 2 32 0.3 178 40 2 1.025822 89.5
51 1 −1 1 −1 1 32 0.1 178 40 1 1.030056 79.5
52 0 0 0 1 2 28 0.2 175 120 2 1.00823 84.5
53 0 0 0 0 2 28 0.2 175 80 2 1.0083 86
54 −1 1 1 −1 1 24 0.3 178 40 1 0.937157 21
55 1 −1 1 1 2 32 0.1 178 120 2 1.01499 29.5
56 0 0 0 1 1 28 0.2 175 120 1 1.0082 89
57 0 0 0 0 1 28 0.2 175 80 1 0.98218 90
58 0 0 1 0 1 28 0.2 178 80 1 0.993642 86.5
59 1 1 −1 −1 1 32 0.3 172 40 1 0.970973 84.5
60 −1 −1 1 −1 2 24 0.1 178 40 2 1.025822 34

Table 4   ANOVA for analysis 
of variance and adequacy of the 
quadratic model for density

A laser power, B scan spacing, C bed temp., D hatch length, E scan count

Source Sum of squares df Mean square F Value Prob > F

Model 0.017 8 0.002 11.959 0.0001 Significant
A 0.0003 1 0.0003 2.135 0.150
B 0.012 1 0.012 69.991 0.0001
C 9.77E-05 1 9.77E-05 0.564 0.456
D 2.67E-06 1 2.67E-06 0.015 0.902
E 0.001 1 0.001 7.556 0.008
C2 0.001 1 0.001 10.98 0.002
D2 0.001 1 0.001 6.702 0.013
AC 0.001 1 0.0007 4.353 0.042
Residual 0.009 51 0.0001
Lack of fit 0.008 41 0.0002 3.583 0.018 Significant
Pure error 0.001 10 5.64E-05
Cor total 0.025 59
Std. dev. 0.013 R squared 0.652
Mean 0.999 Adj R squared 0.598
C.V. 1.318 Pred R squared 0.502
PRESS 0.0127 Adeq precision 12.301
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3D systems (Vanguard HS) and using duraform polyamide 
(3D systems) as a workpiece material. This polyamide pow-
der is semicrystalline in nature. Aging state of powder dif-
fers, as the powder goes under heating cycle and mechani-
cal load which results in change in mechanical properties 
[17]. So for experimentation mixture of 30% fresh and 70% 
previously used but unsintered powder is used for build-
ing parts, more amount of virgin powder cause curling and 
warpage.

2.2 � Performance measures

Density determinations are frequently performed using 
Mettler Toledo AL204 balance by means of Archimedes’ 
principle (buoyancy method) [18, 19] at room temperature 
with the use of n-Butyl acetate (0.88) as a liquid medium, 
which is also the method used by the density determination 
kit for balances. Hardness testing of different polyamide 
samples on top of surface is performed on Rockwell hard-
ness tester, and the specification and other parameters are 

listed in Table  2. For SEM analysis, HITACHI TM3000 
machine is used, and samples are prepared by coating thin 
layer of gold on a small piece of sample and then SEM 
images are captured for analysis.

2.3 � Response surface methodology

Modeling and optimization of a process are important 
issues in manufacturing. Response surface methodology 
(RSM) is a statistical technique that is used in this study. 
RSM is commonly used to inspect and optimize the effect 
of two or more factors on quality criteria [20, 21]. Optimi-
zation of different parameters not only enhances the effi-
ciency of technologist, but also develops part superiority. 
Since SLS is normally a multivariate problem, RSM is 
fitted to be an appropriate method for improving, analyz-
ing, and optimizing the structures over feasible domain of 
parameter settings for density and hardness. The optimum 
situation has been generated by solving the regression Eqs. 
(1, 2) and by checking response surface contours.

Table 5   ANOVA for analysis 
of variance and adequacy of the 
2FI model for hardness

A laser power, B scan spacing, C bed temp., D hatch length, E scan count

Source Sum of squares df Mean square F value Prob > F

Model 10664.79 8 1333.10 5.44 <0.0001 Significant
A 2070.25 1 2070.25 8.44 0.0054
B 2695.34 1 2695.34 10.99 0.0017
C 793.36 1 793.36 3.24 0.0780
D 37.01 1 37.01 0.15 0.6993
E 8.07 1 8.07 0.03 0.8568
AB 1937.53 1 1937.53 7.90 0.0070
AD 1128.13 1 1128.13 4.60 0.0367
CE 1995.11 1 1995.11 8.14 0.0063
Residual 12505.69 51 245.21
Lack of fit 12399.69 41 302.43 28.53 <0.0001 Significant
Pure error 106.00 10 10.60
Cor total 23170.48 59
Std. dev. 15.66 R squared 0.460
Mean 80.82 Adj R squared 0.376
C.V. 19.38 Pred R squared 0.153
PRESS 19615.14 Adeq precision 11.715

Table 6   Different model generated for density and hardness

A laser power, B scan spacing, C bed temp., D hatch length, E scan count

Density (scan count 1) −53.42265 − 0.070027A − 0.18360B + 0.63458C − 1.30558 × 10
−3
D − 1.84703 × 10

−3
B
2

+8.11732 × 10
−6
D

2
+ 4.04737 × 10

−4
AC

Density (scan count 2) −53.41330 − 0.070027A − 0.18360B + 0.63458C − 1.30558 × 10
−3
D − 1.84703 × 10

−3
B
2

+8.11732 × 10
−6
D

2
+ 4.04737 × 10

−4
AC

Hardness (scan count 1) −91.22639 + 0.97396A − 631.21528B + 0.91667C + 1.06441D + 19.45313AB − 0.037109AD

Hardness (scan count 2) 776.55880 + 0.97396A − 631.21528B − 4.04630C + 1.06441D + 19.45313AB − 0.037109AD
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As there are only three levels for each factor, the appro-
priate model is the quadratic model, Eq.  (2). Equation (2) 
is more appropriate because it provides protection for cur-
vature generated from second-order effects and indepen-
dently estimates the generated errors [20]. In this, Y is the 

(1)Y = 𝛽
0
+

k
∑

j=1

𝛽jXj +

∑∑

i<j

𝛽ijXiXj + ei

(2)Y = 𝛽
0
+

k
∑

j=1

𝛽jXj +

k
∑

j=1

𝛽jjX
2

j
+

∑

i

k
∑

<j=1

𝛽ijXiXj + ei

response; Xi and Xj are two variables; β0 is a constant coef-
ficient; βj, βjj, and βij are the interaction coefficients of lin-
ear, quadratic, and second-order terms; k is the number of 
studied factors; and ei is the error. The quality of the fit of 
this model was expressed by the value of correlation coef-
ficient (R2). The main indicators representing the signifi-
cance and adequacy of the developed model consist of the 
model F value, probability value, and adequate precision.

2.4 � Experimental design

In this experimental test plan, face-centered central com-
posite design (CCD) of response surface methodology had 

Fig. 2   a Normal probability plot of residuals for density. b Plot of 
predicted vs. actual response for density

Fig. 3   a Normal probability plot of residuals for hardness. b Plot of 
predicted vs. actual response for hardness
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been used. This design provides perfect platform for gen-
erating a response surfaces. In face center CCD, the star 
or axial points are located on the every face or corner of 
the cube. This design is non-rotatable design with a value 
of α = 1. A total of 60 experiments were performed at four 
independent input variables and one category factor. The 
design factors selected for study are summarized in Table 3.

3 � Result and discussion

3.1 � Analysis of variance

The ANOVA test is performed to verify the significance 
of selected parameters in the designed experimental study. 
The ANOVA results for both density and hardness are pre-
sented in Tables 4 and 5, respectively.

For density measures, reduced quadratic model is used 
as it fits the data appropriately. As shown in Table  4, 
model F value of 11.96 and small probability value 
(Prob > F < 0.0500) show that the model is significant 
for density. The model terms having values >0.1000 
are insignificant model terms [20]. The lack of fit is 

statistically significant as the probability values are less 
than 0.05. This may be due to the exact replication of 
the values of the independent variables in the model that 
provide an estimation of pure error. The predicted R2 of 
0.5018 is in reasonable agreement with the adjusted R2 
of 0.5977. The adequate precision ratio of the model is 
12.302 (Adequate precision > 4), which is an adequate 
signal for the model [20].

Further for hardness measures, reduced 2-factor inter-
action (2FI) model is used as it fits the data appropriately. 
As shown in Table 5, model F value of 5.44 and low prob-
ability value (Prob > F < 0.0500) indicate that model is sig-
nificant for hardness. In case of hardness, significant lack 
of fit shows that there may be some systematic deviation 
unaccounted for in the model. Again this may due to the 
exact replication of the values of the independent variables 
in the model that provides an estimation of pure error. The 
predicted R2 of 0.1534 is in reasonable agreement with the 
adjusted R2 of 0.3756. The adequate precision ratio of the 
model is 11.715 (Adequate precision > 4), which is an ade-
quate signal for the model developed for hardness [20].

The lower value of R square obtained in both models is 
undesirable, which indicates the data are scattered around 
the regression line. But the interpretation of variables 

Fig. 4   Perturbation plot for density a at scan count 1, b at scan count 
2

Fig. 5   Perturbation plot for hardness a at scan count 1, b at scan 
count 2



26	 Prog Addit Manuf (2017) 2:19–30

1 3

cannot be effected by the value of R square, if the selected 
parameters and generated models are significant [22].

3.2 � Model formulation

The models obtained for density contained B, E, C2, D2
, 

and AC as significant model terms and for hardness A, B, 
AB, AD, and CE are significant terms. Insignificant model 
terms, which have limited influence, are excluded from the 
study to improve the model. In terms of actual factors, an 
empirical relationship between performance measures and 
process variables can be expressed by the following equa-
tions as shown in Table 6.

To check the ability and adequacy of the generated mod-
els related to the real system, normal probability plots of 
the studentized residuals and the predicted data vs actual 
data value plot have been analyzed. Figures  2a and 3a 
show the normal probability plots for density and hardness, 
respectively. In these plots, it is seen that the residuals are 
falling in the straight line in both cases, which seems that 
the errors are normally distributed. In Figs. 2b and 3b, the 
predicted values of density and hardness which are gener-
ated from the obtained models and the experimental data 
values are equally randomly distributed.

3.3 � Effect of process parameters on density 
and hardness

Figures  4 and 5 show the perturbation graphs for density 
and hardness at scan counts 1 and 2, respectively. From per-
turbation graphs, as shown in all figures, it can be seen that 
the density and hardness increase with the increase in laser 
power. While the increase in laser power results more heat 
to penetrate into the machine bed, the tendency of powder 
particles to get closely packed also increases. This leads 
toward complex structured parts having higher density and 
hardness. Similar trend/results are also obtained for laser 
power by Gibson and Shi [10] while measuring the density 
of polymer (Nylon)-based SLS samples. Further decrease 
in density and hardness is observed with increase in scan 
spacing. This is because the increase in scan spacing results 
in poor packing of the particles in the powder bed or unsin-
tered particles. It should not be larger than the laser beam 
diameter. So higher scan spacing gives poor density and 
hardness. Gibson and Shi [10] also found similar downward 
trend in case of scan spacing while investigating the den-
sity of polymer-made samples. In case of bed temperature, 
it is noted that first density increases when bed tempera-
ture increases from 172 to 175 °C similar as investigated 
by Tontowi and Childs [13], but this trend reversed with 
the further increase in bed temperature for 175–178 °C. 
But for hardness as shown in Fig. 5a, it is noted that hard-
ness increases with increase in bed temperature when scan 
count is 1 and this trend totally reversed with scan count 
is 2 (Fig.  5b), i.e., hardness lowers with increase in bed 
temperature. Higher bed temperature results the proper sin-
tering of powder particles, which gives high density and 
hardness of sintered parts. But in case the increase in bed 
temperature (175–178 °C for density and at scan count 2 for 
hardness) leads to decrease in density and hardness con-
firmed that this reduction is due to polymer degradation as 
suggested by Ho et al. [12]. Hatch length also shows a sig-
nificant effect on density and hardness. It is found that den-
sity first decreases up to middle level and then it increases 
with the increase in hatch length. But hardness increases 
continuously with the increase in hatch length. Scan count 
only shows the effect on density; it can be seen that density 
increases with increase in scan count due to proper sinter-
ing of powder particles.

3.4 � Interaction effect of process parameters on density 
and hardness

Interaction and 3D response surface plots show the com-
bined effect of two different variables on the selected out-
put parameters. Figure  6a, b shows the interaction graph 
and 3D response surface plot of laser power and bed tem-
perature for density measures. It can be seen that with the 

Fig. 6   Interaction and 3D response surface plots for Density. a Inter-
action between bed temperature and laser power, b 3D response sur-
face plot between bed temperature and laser power
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increase in laser power from low level toward higher level 
the density also increases. But with the increase in the level 
of bed temperature, a little decrease in the value of density 
has been observed. Figure 7a, b demonstrates the interac-
tion and 3D response surface plot between laser power and 
scan spacing for hardness measures. The specimen sin-
tered at high level of laser power (32 W) and at low level 
of scan spacing (0.1 mm) exerts maximum hardness. The 

interaction and 3D plots between laser power and hatch 
length for hardness measures has been presented in Fig. 7c, 
d. From these graphs, it has been observed that with the 
increase in the level of laser power and hatch length from 
low level toward higher level, the hardness of fabricated 
specimens also increases. Figure 7e only shows the inter-
action graph between bed temperature and scan count for 
hardness measures. The higher hardness of specimen has 

Fig. 7   Interaction and 3D response surface plots for hardness. 
a Interaction graph between laser power and scan spacing, b 3D 
response surface plot between laser power and scan spacing, c inter-

action graph between laser power and hatch length, d 3D response 
surface plot between laser power and hatch length, e interaction graph 
between bed temperature and scan count
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been observed at higher lever of bed temperature and at low 
level of scan count.

3.5 � Optimization and confirmation test

Optimization was carried out to determine the optimum 
values of input parameters to fulfill the desired goal by 
maximizing the density and hardness of SLS-made pol-
yamide parts. To find the optimal condition in design 
space, all input parameters were set within range and 
performance measures at maximum to achieve desired 
performance. Present optimized practice combines the 
individual desirability’s into a single number and then 
investigates to maximize these functions. The generated 

set of optimal conditions with maximum desirability 
function is shown in Table 7. After development of opti-
mal level for these parameters, the next step is to confirm 
and verify the perfection of the performance characteris-
tics using this optimal level of the laser-sintered param-
eters. An additional experiment was then performed to 
verify the optimum results. The values of density 1.02 g/
cc and hardness 100.54 HRL were obtained from the 
confirmation test which agrees well with the predicted 
response value. Figure 8 shows the micrographs for the 
above specimen, it is seen that there are some gaps, oth-
erwise the particle are properly packed due to necking 
process which fills the maximum pores by proper sinter-
ing/melting the powder particles.

Table 7   Optimization results for maximizing density and hardness

S. no. Laser power (w) Scan 
spacing 
(mm)

Bed tem-
perature 
(°C)

Hatch length (mm) Scan count Density (g/cc) Hardness (HRL) Desirability

1 24.05 0.10 173.65 114.64 2 1.03 100.64 1 Selected
2 25.17 0.10 173.67 119.33 2 1.03 99.51 1
3 27.24 0.10 173.06 119.85 2 1.03 99.12 1
4 27.52 0.10 173.04 118.86 2 1.03 98.64 1
5 25.59 0.10 173.60 114.18 2 1.03 98.8 1
6 26.85 0.10 173.15 119.67 2 1.03 98.84 1
7 31.76 0.11 173.28 40.28 2 1.03 100.23 1
8 25.42 0.10 173.53 107.38 2 1.02 98.5 0.980613
9 32.00 0.10 175.73 41.82 1 1.03 95.0 0.977223
10 32.00 0.10 173.71 57.35 2 1.02 96.92 0.975348

Fig. 8   Micrographs of the SLS-made specimen
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4 � Conclusion

In this study, the experiments were carried out to deter-
mine the density and hardness and to sense the effect of 
different process parameters on laser-sintered polyamide 
parts. The RSM approach was used to check the optimal 
working conditions, and ANOVA was also carried out to 
determine the significance of each process parameter on 
the density and hardness. The following conclusions were 
evolved after the study.

•	 The process parameter for achieving the maximum 
density and hardness can be obtained from the gener-
ated mathematical model. The conformation result for 
the generated model comes within the range.

•	 The scan spacing seems to be the most significant 
parameter for both density and hardness. The experi-
mental results show that the increase in scan spacing 
results in the decrease of density and hardness as well. 
So to maximize these performance measures, scan 
spacing should be selected at a low level, i.e., 0.1 mm.

•	 Laser power also shows the effect on density and hard-
ness where both increase with increase in the level of 
laser power.

•	 With increase in bed temperature, hardness continu-
ously increases, but density first increases with an 
increase in bed temperature and then decreases with 
further increase in bed temperature.

•	 In case of hatch length, hardness increases with 
increase in the level of hatch length, while density 
first decreases with an increase in hatch length up to 
middle level and then increases with further increase 
in the level of hatch length.

•	 With increase in scan count, density also increases, but 
in case of hardness it only shows combined effect with 
bed temperature, i.e., at lower level of scan count, the 
increase in bed temperature leads toward the increase 
in hardness. But this trend totally reversed with scan 
count 2, i.e., hardness decreases with increase in bed 
temperature.

•	 Laser power is at 24.05  mm, scan spacing is at 
0.1 mm, bed temperature is at 173.65 °C, hatch length 
is at 114.64  mm, and scan count is at 2 while deter-
mining the optimum level to maximize the density and 
hardness.
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