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Selective laser sintering (SLS) is a process of fabrication of three-dimensional structures by fus-
ing powder particles using a guided laser source. The uncertainty in the mechanical properties
of the SLS parts fabricated at the same time and with the same process parameters can affect
the repeatability of the SLS process. A vast difference in the mechanical properties of the con-
currently processed parts can lower the production quality of the batch. Therefore, the param-
eters are required to be design based on the most probable outcome of the desired properties.
Weibull distribution is one such statistical-based probability distribution method to measure
the likelihood of the occurrence of a value of any random variable falling within a particular
range of values. Here, the Weibull distribution was used to measure the relative likelihood
(90% probability) of the surface roughness and the compressive strength values of the SLS-built
polyamide PA2200 components in the given sample space that was obtained from 20 random
samples. The results show that the variance in the surface roughness (scan and built plane) and
the compressive strength values were in the range of 6-7 pm and around 10 MPa, respectively.
Moreover, the surface roughness of the two orthogonal planes with 90% reliability was mea-
sured at 14.81 pm (scan plane) and 12.15 um (built plane). Similarly, the yield strength and the
compressive strength with 90% reliability were found 25.87 MPa and 62.64 MPa, respectively.
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INTRODUCTION the predefined regions [1]. The process is then repeated on

all the subsequent layers, such that a strong linkage can be

Selective laser sintering (SLS) is a powder-based addi-
tive manufacturing (AM) process where a computer-guid-
ed laser source sinters the powder particles to form a
three-dimensional component. Prior to scanning, a layer of
powder particles is spread onto the substrate or on the top
of the previously scanned layer to allow the laser to scan
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formed between the layers. The SLS process is quite useful
in producing complex structures with superior mechanical
and microstructural properties that are otherwise difficult
to create using conventional techniques due to process lim-
itations. It is because the SLS process enables the sintering
of powder particles at a target location of a few hundred mi-
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crometers to generate a complex profile, which is difficult to
create using conventional techniques [2-5].

The processing parameters of the SLS process, such as
the laser-based parameters (laser power, speed, scan spac-
ing, layer thickness, and scan patterns), material parame-
ters (powder granulometry), and the processing conditions,
play a critical role in the final mechanical properties of the
SLS components. The laser-based parameters are easy to
control using the attached software to the SLS machines,
but the particle-size distribution and the processing condi-
tions can still alter the overall mechanical features of the SLS
components. The particle-size distribution can include the
size and shape of the powder particles used and the packing
density that can vary with locations. A slight variation in
the powder granulometry can produce unfavorable results.
Moreover, the processing conditions such as the sintering
location, geometry type, and atmospheric conditions are all
essential parameters of the SLS process to change the me-
chanical properties of the final components [6-9].

Therefore, the mechanical properties of the components
fabricated with the same processing parameters can have
significantly different surface roughness, density, and me-
chanical strength. As of now, it is improbable to control the
material parameters and the processing conditions of the
SLM process; thus, the changes in properties are inevitable.
It is, therefore, necessary to statistically analyze a large num-
ber of samples to evaluate the variation in properties and to
identify the most probable outcome for final design analy-
sis. In this study, a Weibull distribution based on the contin-
uous probability distribution function was used to measure
the probability of the occurrence of different outcomes in an
experiment. It is often useful in industrial engineering, reli-
ability engineering, and failure analysis. The measurements
such as surface roughness of the two orthogonal planes were
measured along with the yield and compressive strength of
all the 20 samples of the PA2200 polyamide powder using
the SLS process. Later, the Weibull distribution was used on
the results to obtain the reliability graph [10-12].

MATERIAL AND METHODS

The PA2200 polyamide powders were used to fabricate
20 cubical samples of size 12.5 x 12.5 x 25 mm” in the EOS
FORMIGA P110 3D printing machine. The selected pa-
rameters for the manufacturing of the SLS samples were 21
W laser power, 2500 mm/s scan speed, and 0.25 mm scan
distance with an alternate scanning strategy. All the sam-
ples were prepared at the same time. The surface roughness
measurements were performed on the Mitutoyo SJ210,
an ES ISO 4287 certified field-oriented portable surface
roughness tester. An average of 4-6 measurements (Ra)
was obtained on the scan and the built planes of the as-built
samples. The hardness of the samples was measured on the
Future-Tech FM310e, an ASTM E384 certified standard
microhardness tester. The values obtained were very close
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Figure 1. Schematic model of the cuboid sample and the
sample after compression test.

to each other, and therefore, the hardness was not included
in the Weibull analysis. The hardness of the polyamide sam-
ples was found in the range of 19-20 Hv. The compression
test was performed as per standards (ASTM E 8M-04) on
an Instron 5982 dual column testing system with a 100 kN
loading capacity. Figure 1 shows the schematic diagram of
the sample model and the compressed sample. The down-
ward speed of 0.5 mm/min was used amid room conditions
during the compression tests. Table 1 shows the compres-
sive yield stress (0.2% offset), compressive strength (25%
contraction) and the surface roughness values of the two
planes (scan and built planes) of all the samples.

Weibull Distribution
The probability density function of the three-parameter
Weibull random variable is given by

fe e, B,y) =1 - exp(-(55), (1)
a'ﬁ:V 2 OI

In the above equation, the parameters a,, and y are lo-
cation, shape, and scale parameters, respectively. If a=0, the
three-parameter reduces to two-parameter Weibull distri-
bution function;

fesBy) =1-exp(-G)), 2)
By 20,

The probability function f(x;p,y) signifies that the mea-
sured variable is equal to or less than the value x. The reli-
ability function can be defined from the probability func-
tion using the following equation;

fBy)+rxpy)=1 (3)

Here, reliability function r(x;p,y) represents the proba-
bility of the measured variable at least equal to x.

r(xB,y) = exp (~G)) (4)
By =0,
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Table 1. The yield strength, compressive strength, and surface roughness, Ra, values of the scan, and the

built planes of all the 20 samples

S. no: Yield strength Compressive strength Scan plane, R, Built plane, R,
(MPa) (MPa) (um) (um)
1 31.28 67.61 16.9671 13.3810
2 33.09 66.36 16.9434 16.5211
3 31.16 66.55 18.2184 17.0847
4 33.61 69.27 17.0053 13.2524
5 32.51 67.85 18.1364 16.0485
6 30.46 66.68 12.9465 15.5237
7 30.17 65.86 19.8034 14.3133
8 30.01 66.31 16.1642 13.9542
9 27.06 63.32 15.7453 15.2895
10 28.74 64.74 16.6951 15.9039
11 28.15 64.56 16.0305 12.1907
12 30.79 66.12 16.7345 13.1551
13 26.35 63.28 16.2828 13.1362
14 22.81 59.23 16.2551 15.8340
15 2791 63.96 15.2832 13.0490
16 27.63 64.19 16.7475 11.3259
17 28.31 65.12 15.6607 12.1939
18 29.54 65.26 15.8213 14.0202
19 29.97 66.31 16.2223 14.5913
20 30.09 67.22 16.7112 15.3614

In order to calculate the scale p and shape y parame-
ters of the distribution function f(x;p,y)A linear regression
method is required. The linear regression approach is nu-
merically used to assess the goodness of fit and to estimate
the parameters of the Weibull distribution.

Linear Regression Method
Using a double logarithm, the probability function
f(x;B,y) can be transformed into a straight-line model [13];

fapn =1-ew(-(3))
In(1-f(x8.1)) = Q)
In [In (;==)] = vIn() —vin (),

(5)
(6)

Equation 6 is of a straight line form, Y=mX+C, such that

¥ =n[in (7))
X = ln(x)

m=y

C=—-yln(B)

The values of the probability function f(x;B,y) can be
estimated from the observed variables (yield strength,
compression strength, the surface roughness of scan and

built plane) arranged in an increasing order using the fol-
lowing equation;

f(xi;B,v) = (x; = 0.5)/n, (7)

Where n=20 is the sample size of the experiment and , is
the value of the variable at i rank. The values v=n[in ()]
and X=In(y) are plotted for linear regression to estimate the
parameters  and y, as shown in Figure 2. Table 2 shows
the corresponding values of parameters  and y for different
variables evaluated in this experiment. The shape parameter
y>0, signifies an increase in failure rate with an increase in
the measured variable. Larger y shows the higher probabil-
ity of a material failure for every unit increase in compres-
sion values. On the other hand, parameter B signifies the
distribution scale of the measured data, as shown in Table 2.

RESULTS AND DISCUSSION

As observed in Table 1, the SLS-built PA2200 poly-
amide samples exhibit different compressive strength and
surface roughness values. The compressive yield strength
and the maximum compressive strength were found to
vary in between 22-34 MPa and 59-70 MPa, respective-
ly, which agrees well with previous results [1, 14, 15].
The difference of nearly 10-12 MPa in the compressive
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Figure 2. The regression line for (a) compressive yield stress, (b) compressive strength, and surface roughness of the (c)

scan plane, and (d) built plane.

Table 2. The shape B and scale parameters y and the corresponding linearized Weibull plot

Variable Shape parameter, Scale parameter, y Straight line equation
Yield strength 30.59 13.87 Y=13.87X-47.45
Compressive strength 66.47 36.57 Y=36.57X-153.46
Roughness, scan plane 17.14 14.14 Y=14.14X-17.14
Roughness, built plane 14.99 10.75 Y=10.75X-29.09

strength is quite significant and it can be attributed to the
change in densification between the sintered samples. The
SLS components are known for their high internal poros-
ity and that can vary depending mainly on the packing
density of the sintered layers.

The surface roughness of the two planes was also
found to differ by an average of 7 um in the observed
samples. The surface roughness of the SLS components
is relatively high compared to the samples prepared by
the conventional methods, and this is due to the charac-
teristic behavior of the sintering process where powder
particles are fused together through a neck formation [16,
17]. Moreover, the surface roughness of the built plane
was found lower than the scan plane, which is contrary
to the surface roughness behavior of the metals produced
from the selective laser melting (SLM) process [18]. The
amount of incident energy in the SLS process is relatively

lower than the SLM process that results in a lesser extent
of powder sticking to the edges of the SLS components
[1]. The surface roughness variation between the two
planes was found in the range of 0.4-5.4 um with an aver-
age surface roughness variation of about 2.5 um.

Figure 3 shows the reliability graph of the four variables,
and Table 3 shows the reliability values of the occurrence of
the respective variables at 90%. For example, the Weibull
analysis shows that the polyamide samples produced by the
SLS process are expected to have at least 62.63 MPa of max-
imum compressive strength.

CONCLUSION

The physical and mechanical properties of the SLS com-
ponents are not static as it varies with samples even fabricat-
ed at the same time and at the same fabricating conditions.
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Table 3. Reliability distributions corresponding to various stress values for both compressive yield stress and compressive

strength
Parameters Yield strength Compressive strength Scan plane, R, Built plane, R,
(MPa) (MPa) (um) (um)
R (90%) 26.07 62.63 14.81 12.15
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Figure 3. Reliability distribution for (a) yield strength, (b) compressive strength, and surface roughness of the (c) scan and

the (d) built plane.

Weibull distribution analysis was carried out on the as-built
SLS polyamide PA2200 samples to evaluate the distribution
in properties such as compressive yield strength, maximum
compressive strength, and surface roughness of the two
orthogonal planes, parallel and perpendicular to the scan-
ning direction. The study clearly establishes a significant
variance in the values of the measured variables. The differ-
ence in the values of the compressive strength and surface
roughness of the two planes was found approximately in the
range of 10-12 MPa and 6-7 pm, respectively.

The surface roughness of the built side was found lower
than the surface roughness of the scan side of the as-built
SLS PA2200 samples. In the present case, the compressive
yield strength, maximum compressive strength, surface
roughness of the scan, and the built plane with 90% reliabil-
ity were found to be 26.07 MPa, 62.63 MPa, 14.81 pm, and
12.15 pm, respectively.
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