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Abstract

Owing to the dependency of multiple process parameters in additive manufacturing (AM) techniques, it is tedious to deter-
mine optimal processing conditions for improving quality characteristics of fabricated functional pats. The present study
focuses on optimization of four key contributing parameters such as layer thickness, heater energy, heater feedrate, and
printer feedrate on dry sliding wear behaviour of high-density polyethylene (HDPE) parts fabricated through a novel selec-
tive inhibition sintering (SIS) process. The experiments are conducted on the basis of response surface methodology (RSM)
and four factor-three level box-behnken design. The significance of the developed models and contribution of each process
parameters on wear rate are estimated through analysis of variance (ANOVA). The results suggested that wear rate is influ-
enced principally by the layer thickness and heater energy. The quadratic regression model of RSM associated with the
desirability approach is employed to determine optimum levels of process parameters. The morphologies of worn surfaces
are observed using scanning electron microscope. Sensitivity analysis has been performed to measure the relative impact of

SIS process parameters on wear rate.

Keywords Selective inhibition sintering - Response surface methodology - Wear rate - Optimization - ANOVA -

Desirability - Sensitivity - Morphology

1 Introduction

Industries are demanding disruptive technologies to adapt
changes swiftly and to remain competitive in the market.
Time-to-market is the key issue in product design and
development. The high strength, durable, non-corrosive
and light-weight products are of prime importance in the
present industrial scenario. On account of this, emergence
of rapid prototyping (RP) technology to fabricate prototypes,
functional parts and concept model at relatively lower cost
compared with traditional subtractive and other manufac-
turing processes has attracted plethora of industries. RP is
used to build three-dimensional (3D) objects directly from
the computer-aided design (CAD) data and it has proven to
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be a key enabling technology by reducing 60% of lead time
compared with traditional manufacturing process during
product development process [1]. RP processes are classi-
fied according to the physical characteristics of raw material
used to develop the product [2]. Stereolithography [3] is
a well-established liquid based system and widely used in
many industries. Solid-based, importantly, fused deposition
modelling technique [4] is attractive due to its versatility in
producing high-strength parts. In recent times, powder-based
RP techniques are playing a vital role in medium-to-high
volume series production. Selective laser sintering (SLS) has
become prevalent because it does not necessitate any support
structure and the post processing is quite easy [5]. It employs
high-power CO, laser to exhibit sintering of polymer powder
at the desired surface area. Due to the utilization of extraor-
dinary laser system, the cost of the machine is high. Elimi-
nating laser technology in RP processes has tremendous
impact in the reduction of cost of machine and increases
speed of the process. Owing to this fact, high-speed sinter-
ing (HSS) process [6] has been developed which employs
low-cost infra-red heater to sinter polymer powder particles.

@ Springer


http://orcid.org/0000-0001-6843-0742
http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-017-0033-z&domain=pdf

110

Progress in Additive Manufacturing (2018) 3:109-121

This process utilizes radiation absorbent material (RAM)
to absorb and transfer heat to the polymers through which
sintering phenomenon is achieved [7]. However, availability
of RAM and more wastage of polymer powder material are
main challenges to accustom HSS. The production cost of
the product is influenced by machine cost and speed of the
process. These two aspects are to be strengthened with a
competitive RP process to produce parts of high volume.

In view of this, a novel layer-by-layer manufacturing pro-
cess called selective inhibition sintering (SIS) is developed
by University of Southern California, USA [8]. In this pro-
cess, indigenous polymer powders and low-cost heaters can
be utilized that significantly reduce the machine cost. The
working mechanism of SIS is sintering of polymer powder
particles in the desired surface region and inhibition at the
part boundary [9]. SIS has significant advantages in terms
of eliminating the expensive tooling and support structure,
and it can handle wide range of polymers, ceramic and metal
powders unlike FDM that makes the system cost effective.
However, there are tremendous challenges to achieve supe-
rior part quality, enhanced part strength, high-dimensional
accuracy, improved surface quality, and maximum wear
resistance. Hence, it is essential to understand the perfor-
mance of SIS process in relation to variation of input process
variables so that the process can be made reliable for func-
tional part production. In SIS, many factors influence the
part quality such as layer thickness, sintering temperature,
heater feedrate, part bed temperature, printer pressure, and
printer feedrate [10]. Wear resistance is an important char-
acteristic for the durability of parts and minimal extents of
studies are undertaken to understand the wear mechanism
of RP processed specimens.

Equbal et al. [11] have proposed that wear resistance of
acrylonitrile butadiene styrene (ABS) parts produced by
FDM can be improved by reducing the distortion. They have
reported that wear can occur due to the formation and break-
ing of interfacial adhesive bonds, scratching, and fatigue.
Sood et al. [12] have studied and optimized the influence of
various FDM process parameters on wear rate of ABS parts
using artificial neural network and particle swarm optimiza-
tion technique. Kumar et al. [13] confirmed that parts pro-
duced by selective laser sintering (SLS) process can exhibit
better wear performance when compared with selective laser
melting (SLM) process. Ramesh et al. [14] have premedi-
tated the sliding wear performance of iron—silicon carbide
composite fabricated through SLS process. They concluded
that low amount of usage of laser power exhibits higher wear
resistance, higher density, and micro hardness. It is evident
from literature that none of the researchers have attempted
their investigation to understand the effect of process param-
eters on dry sliding wear behaviour of SIS processed parts.
Therefore, the present study investigates on the wear charac-
teristics of SIS fabricated HDPE parts and its influence with
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various process parameters such as layer thickness, heater
energy, heater feedrate, and printer feedrate. In order to per-
form parametric analysis and building an empirical model
of the process, a box-behnken design (BBD) methodology is
adopted. Interaction of process parameters is studied using
response surface methodology (RSM) and further optimized
through desirability approach to achieve desired wear rate. In
addition, scanning electron microscope (SEM) analysis has
been performed to investigate the morphologies of worn sur-
faces. Further, the quantitative effect of process parameters
on wear rate is obtained using sensitivity analysis.

2 Experimental procedures
2.1 Experimental set-up

Experiments are conducted using a custom built SIS machine
and its schematic is illustrated in Fig. 1. The machine con-
sists of a ceramic heater with 500 W capacity, inhibitor noz-
zle which is connected with inhibition reservoir, a powder
feeding roller, recycle tank, and an effective built chamber
with a volume of 250 x 250 x 150 mm>. A 3D CAD model of
the part is sliced with minimal layer thickness and boundary
of the part is defined during machine tool path generation.
Based on this, heater traverses along longitudinal direction
to apply heat on parts surface through which sintering phe-
nomenon is achieved. A nozzle system delivers inhibitor
solution to avoid excessive heating of polymer powders and
provide region of separation for easy removal of part dur-
ing post-processing. The layer-by-layer fabrication process
continued until the desired 3D part is fabricated.

2.2 Materials

The high-density polyethylene (HDPE) powder supplied
by J.P. Polymers, India, with an average particle size rang-
ing about 35-80 um is used in this process and the test
specimens fabricated in this work are intended to be used
in small armament applications. The microstructure of as
received HDPE powder distribution is depicted in Fig. 2 and
the properties are given in Table 1. It is observed that most
of the polymer particles resemble ellipsoidal shape and it has
high melting point which is advantageous for high-temper-
ature applications. It has potential applications in advanced
engineering materials such as ballistic plates, fuel tanks and
especially small armament appliances (magazine, hand grips
and casings) due to its enhanced properties such as high
strength-to-weight ratio, high corrosion resistance, dimen-
sion stability and stronger intermolecular forces. In this
study, Potassium Iodide (KI) extra pure crystals dissolved
in distilled water and isopropyl alcohol is used as inhibitor
solution to perform inhibition sintering of polymer particles.
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Fig. 1 Schematic layout of SIS
process
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Fig.2 Microstructure of HDPE raw powder

Table 1 Properties of HDPE

Melting point (°C) 178
Density (kg/m®) 940
Coefficient of thermal expansion (/°C) 12%x107°
Tensile strength (MPa) 21-24
Thermal conductivity (W/m K) 0.49

2.3 Selection of process parameters

The SIS process includes a large number of input process
parameters such as layer thickness, roller feedrate, printer
feedrate, heater feedrate, sintering temperature, and built
tank temperature. Among these parameters, the following

=

Polymer Powder

!

l Feed Chamber

Build Chamber

Table 2 Process parameters and their levels

Parameter Unit Level

-1 1 0
Layer thickness (A) mm 0.1 0.2 0.15
Heater energy (B) J/mm? 22.16 28.48 25.32
Heater feedrate (C) mm/s 3 3.5 3.25
Printer feedrate (D) mm/min 100 120 110

four important process variables are considered in this
study to fabricate HDPE specimens:

Layer thickness (A) The thickness of the layer deposited
by the roller and depends upon the feed of the roller.

Heater energy (B) The amount of heat energy transferred
from the ceramic heater to the powder bed to sinter the poly-
mer particles.

Heater feedrate (C) The speed of the ceramic heater at
which it moves across the build chamber.

Printer feedrate (D) The speed of the inhibitor print noz-
zle at which it prints the inhibition pattern across the surface
of part bed.

The heater energy is selected based on the type of powder
to be used for fabricating the specimens. It is well known
that the assortment of heat energy dominates the sintering
phenomenon. An exhaustive pilot experimentation has been
performed in order to reduce the fabrication errors and to
decide the working range of each control parameters. The
selected process parameters at three different levels with
their ranges to perform experimental studies are given in
Table 2. The remaining process parameters such as roller
feedrate (5 mm/s), built tank temperature (50 °C), and
stand-off distance (5 mm) are kept constant throughout the
experiments.
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2.4 Experimental design

Response surface methodology (RSM) is an empirical sta-
tistical modelling technique utilized for multiple regression
analysis wherein quantitative data are obtained through
designed experiments [15]. RSM can be used for optimiz-
ing complex processes with reduced number of experimen-
tal trails to evaluate multiple independent variables and
their interactions. In this study, RSM is used to optimize
and study the effect of independent variables such as layer
thickness, heater energy, heater feedrate and printer feedrate
on the wear rate. The experiments are established based on
box-behnken design (BBD) with four factors at three levels
between — 1, 0 and + 1 corresponding to low, middle and
high levels (Table 1). The variables are coded by the fol-
lowing equation:

_Xi—X
BT TAx

i=1,2,3,...k (1

where x; and X; are dimensionless value and real value of
an independent variables, X, is real value of an independ-
ent variable at the centre point and AX is the step change
value of the variable. The BBD is a spherical, revolving
design; it consists of a central point and middle points of
edges of the cube circumscribed on sphere [16]. It has been
applied in the optimization of process parameters in which
one is not interested in predicting extreme responses. The
number of experiments (N) required for the development of
BBD is defined as N = 2k(k — 1) + C, (where k is number
of factors and C is number of central point). In general, the
linear model is insufficient for a mathematical description
of a research problem with an adequate precision. Hence,
the mathematical model of the experimental data gives the
second-order polynomial equation for the optimization of the
process parameters. The following second-order polynomial
model explains the behaviour of the system as follows:

k k
y=Bo+ D B+ D Bl + D D B + €, )
i=1 i=1 A

where y is the response and x; are the values of i SIS pro-
cess parameter; f, is model constant; f; represents linear
coefficient; f; denotes quadratic coefficient; §; is the interac-
tion coefficient; k corresponds to number of variables; and
€ indicates statistical experimental error.
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2.5 Specimen preparation

The wear specimen of length 50 mm and diameter of 6 mm
is modelled and exported as a stereolithographic (.stl') file.
Further, .STL (surface tessellation language) file is sliced
into layers using slice3r software with required layer thick-
ness to get contour information of each layer and converted
into G-codes. Finally, G-code data are sent to the SIS sys-
tem (Pronterface) for specimen fabrication. All test speci-
mens are fabricated using virgin HDPE powders and pro-
cess parameters are set as per experimental plan (Table 3).
During the course of experiments, initially polymer powder
(HDPE) are filled in the feed chamber and inhibitor tank is
filled with potassium iodide (KI) solution. Then the pow-
der is fed by a roller with specified layer thickness, at the
same time selected part area is inhibited through inhibi-
tor nozzle to prevent powder from sintering. Here, surplus
powder is warehoused into a separate recycle chamber
which is bounded parallel to part fabrication chamber. A
ceramic heater is moved above and along the build chamber
to achieve sintering of polymer powder. The sequence of
deposition, inhibition and sintering is continued until reali-
zation of desired 3D specimen. Finally, the part is removed
from built chamber and post processing including cleaning
of inhibitor from the part and removing excess unsintered
powder from part surface completes the SIS process.

2.6 Wear testing

Dry sliding wear tests are conducted on a pin-on-disc wear
testing apparatus (Ducom-TR-20LE) as shown in Fig. 3.
The cylindrical pin specimens of 6 mm diameter and 50 mm
length are tested against EN 45 steel disc of 65 HRC. The
test specimen having flat end contact surface is positioned
perpendicular to flat circular disc. The contact path diameter
is set as 120 mm and disc is made to rotate with constant
speed of 1 m/s. A constant weight of 25 N is applied par-
allel to the axis of specimen. Wear volumes (mm?>/m) are
measured by multiplying cross sectional area with decrease
in height and also sliding distance (m) is obtained by mul-
tiplying time with speed of rotation [12]. The initial wear
volume is not uniform because of higher surface roughness
and presence of foreign materials in the specimen. Hence,
true wear rate is calculated after removing foreign materials
through break in period. As initial wear data possess non-lin-
ear relationship between wear volumes and sliding distance,
it is regarded as transient wear region data and neglected.
Beyond transient region, complete contact between the disc

! “st1” is used by the company 3D Systems as an data file format for
their stereo lithography machine; stl was never standardized.
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Tablg 3 Experimental design Std. No. Run Parameters Response
matrix and collected data
Layer thick-  Heater energy Heater fee- Printer feedrate Wear rate (mm?/m)
ness (mm) (J/mm?) drate (mm/s) (mm/min)

1 26 0.10 22.16 3.25 110 0.0425
2 16 0.20 22.16 3.25 110 0.0376
3 25 0.10 28.48 3.25 110 0.0217
4 27 0.20 28.48 3.25 110 0.0416
5 22 0.15 25.32 3.00 100 0.0377
6 19 0.15 25.32 3.50 100 0.0289
7 8 0.15 25.32 3.00 120 0.0238
8 7 0.15 25.32 3.50 120 0.0395
9 24 0.10 25.32 3.25 100 0.0255
10 5 0.20 25.32 3.25 100 0.0468
11 6 0.10 25.32 3.25 120 0.0333
12 29 0.20 25.32 3.25 120 0.033

13 28 0.15 22.16 3.00 110 0.0401
14 2 0.15 28.48 3.00 110 0.0291
15 15 0.15 22.16 3.50 110 0.0373
16 9 0.15 28.48 3.50 110 0.0323
17 18 0.10 25.32 3.00 110 0.0341
18 13 0.20 25.32 3.00 110 0.0416
19 3 0.10 25.32 3.50 110 0.0335
20 1 0.20 25.32 3.50 110 0.0451
21 12 0.15 22.16 3.25 100 0.0411
22 11 0.15 28.48 3.25 100 0.0264
23 14 0.15 22.16 3.25 120 0.0309
24 23 0.15 28.48 3.25 120 0.0307
25 21 0.15 25.32 3.25 110 0.0349
26 17 0.15 25.32 3.25 110 0.0368
27 10 0.15 25.32 3.25 110 0.0353
28 20 0.15 25.32 3.25 110 0.0344
29 4 0.15 25.32 3.25 110 0.0373

Fig. 3 Pin-on-disc wear test experimental setup

and specimen is ensured and wear is considered as the true
wear rate of the specimen under operating conditions.

3 Results and discussion

3.1 Statistical analysis and development
of empirical model

The statistical analysis is performed using Design expert
statistical software 7.0.0 (Stat Ease Inc.). The experimental
data are analysed using analysis of variance (ANOVA) and
significance of developed models is evaluated through F test.
The ANOVA results shown in Table 4 describe that F value
of 48.631 indicates that model is adequate for prediction of
wear rate. Moreover, the model “Prob > F”’ value of less than
0.05 (i.e., a=0.05 or 95% confidence level) shows that this
model is significant, which is desirable as it demonstrates

@ Springer



114

Progress in Additive Manufacturing (2018) 3:109-121

Table 4 Analysis of variance (ANOVA) results

Source Sum of squares DOF Mean square F value Prob>F Remarks
Model 0.00105 12 8.81E-05 48.631 0.0001 Significant
A-layer thickness 0.00025 1 0.00025 139.505 0.0001
B-heater energy 0.00018 1 0.00018 104.55 0.0001
C-heater feedrate 8.67E-06 1 8.67E-06 4.780 0.0440
D-printer feedrate 1.92E-05 1 1.92E-05 10.616 0.0049
AB 0.00015 1 0.00015 84.784 0.0001
AD 0.00011 1 0.00011 64.315 0.0001
BC 9E-06 1 9E-06 4.962 0.0406
BD 5.25E-05 1 5.25E-05 28.983 0.0001
CD 0.00015 1 0.00015 82.745 0.0001
A? 2.34E-05 1 2.34E-05 12914 0.0024
B? 1.06E-05 1 1.06E-05 5.880 0.0275
D? 5.94E-05 1 5.94E-05 32.756 0.0001
Residual 2.9E-05 16 1.81E-06
Lack of fit 2.27E-05 12 1.89E-06 1.213 0.4654 Not significant
Pure error 0.000006 4 0.000001
Cor. total 0.00108 28
R*=97.33% Adj. R*=95.33%
(a) Normal Plot of Residuals (b) Predicted vs. Actual
0.047 —|
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1 E -
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Internally Studentized Residuals

Fig.4 Normal probability and predicted vs actual plots for experimental runs

that terms in the model have a significance on wear rate.
This table also shows that layer thickness and heater energy
have significant effect on wear rate, whereas printer feedrate
and heater feedrate are not much influenced. The coefficient
of determination (R?) for wear rate is found to be 97.33%,
which approaches to unity. This confirms that developed
model can better fit to actual data. The adjusted coefficient of
determination (Adj. R?) value of 95.33% enables that devel-
oped model from experimental data is reasonably accurate
and the relationship generated is satisfactory.

The diagnostic plots such as normal probability plot of
residuals and predicted versus actual plots (Fig. 4a, b) are
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used to evaluate the model satisfactoriness and also exhibit-
ing relationship between experimental and predicted values.
From these figures, each of the observed values is compared
to predicted value from the model. It also illustrates that
residuals are normally distributed and lie reasonable close
to the straight line. Hence, it can be concluded that the pro-
posed models are adequate and there is no reason to suspect
any violation of independence or constant variance assump-
tion [17].

The empirical relationship between experimental
results of BBD model and regression coefficients of sec-
ond-order polynomial equation is obtained by removing
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Fig.5 Effect of process parameters on wear rate

insignificant terms in the developed model. The final
regression relation to estimate wear rate as a function of
four input process parameters is given by:

Wear rate (mm3/m) = 0.9557+0.0623 x A — 0.0195 x B
—0.3141 x C — 0.0028 x D
+0.0392x A X B—-0.0108 XA XD
+0.0018 x Bx C + 0.0001 x Bx D
+0.0024 X C x D 4 0.7463 x A2

—0.0001 x B> —3x 107 x D%,

3)

The quadratic regression model represents response
for wear rate parameter, where A is layer thickness, B
is heater energy, C is heater feedrate and D is printer
feedrate, AB is interaction factor between layer thickness
and heater energy, AD is interaction factor between layer
thickness and printer feedrate, BC is interaction factor
between heater energy and heater feedrate, BD is interac-
tion factor between heater energy and printer feedrate,
CD is the interaction factor between heater feedrate and

(c) One Factor
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printer feedrate and A%, B%, D? are the quadratic effect
of layer thickness, heater energy and printer feedrate,
respectively.

3.2 Relationship between wear rate and process
parameters

Based on the developed response surface models, it is found
that all the four selected parameters such as layer thickness,
heater energy, heater feedrate and printer feedrate have a sig-
nificant effect on wear rate. Hence, it is necessary to estab-
lish the relationship between the wear rate and the process
variables. The individual effects of selected process vari-
ables on wear rate are depicted in Fig. Sa—d.

3.2.1 Effect of layer thickness
The increase of layer thickness from 0.1 to 0.2 mm
tends to increase the wear rate as observed in Fig. 5a.

When the layer thickness is low, sufficient heat energy
infiltrates into thin powder layer which causes strong
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bonding between powder particles thereby dense parts
are obtained. Due to strong intermolecular attraction of
polymer particles, the mechanical properties are enhanced
which lead to minimized wear rate. As the layer thickness
increases from its low level to high level, the uniform
thermal stress is not developed at deposited materials
due to non-uniform temperature gradients resulting ther-
mal distortion in sintered layers. Therefore, the wear rate
increases with increase in layer thickness because of the
domination effect of distortion in bonding.

3.2.2 Effect of heater energy

Heater energy has a significant effect on wear rate, as
revealed in Fig. 5b. It can be seen that there is a reduction
in wear rate as the heater energy increases from 22.16 to
28.48 J/mm?. As the heat energy increases from its low level
to high level, the inter-particle bonding between the powder
particles become stronger due to better fusion, resulting in
increase in part strength and wear resistance.

3.2.3 Effect of heater feedrate

Wear rate has increased with respect to increase in heater
feedrate from low level (3 mm/s) to high level (3.5 mm/s) as
depicted in Fig. Sc. This can be attributed due to the fact, at
higher heater feedrate, energy absorbed by polymer powder
for a fixed time interval per unit area has shorter heating time
resulting in improper sintering and weak bonding of powder
particles causes poor wear strength. On the contrary, lower
heater feedrate increases the contact time between the heater
and powder bed. Hence, sufficient heat energy is spread over
the powder surface and temperature fields tend to be uni-
form, ensuing in the formation of compact structure with
higher wear resisting characteristics.

3.2.4 Effect of printer feedrate

It can be seen from Fig. 5d, increase of printer feedrate from
100 to 120 mm/min slightly reduces wear rate. Also printer
feedrate is not much influencing on wear rate, because the
inhibitor solution is inhibited at the periphery of the part
profile that affects only at the boundary of specimen. How-
ever, at a low printer feedrate, inhibition spell is increased
and it penetrates apart from the actual targeted regions. This
leads to prevent powder from effective sintering. Hence,
wear resistance is decreased due to inappropriate sintering
of polymer powders. Moreover, the inhibition printing time
depends on geometrical complexity and thickness of each
layer.
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3.3 3D response surface plots for wear rate

The response surface plots shown in Fig. 6a—c depicts the
interaction effect of various process parameters on wear rate.
The consequence of layer thickness and heater energy on
wear rate shown in Fig. 6a describes that at higher heater
energy minimal wear rate is obtained. However, wear rate
is increased with increase of layer thickness. The minimum
wear rate of 0.0229 mm?>/m is achieved at high heater energy
of 28.48 J/mm? and low layer thickness of 0.1 mm. Increas-
ing layer thickness and printer feedrate have increased wear
rate as observed in Fig. 6b. Least wear rate of 0.0212 mm?/m
is obtained at lower layer thickness of 0.1 mm with mini-
mal printer feedrate of 100 mm/min. Decrease in wear rate
is attained for higher heater energy and influence of heater
feedrate has not affected wear rate as seen from Fig. 6¢. The
minimum wear rate of 0.0295 mm>/m is found at a combi-
nation of high heater energy (28.48 J/mm?) and low heater
feedrate of 3 mm/s.

3.4 Optimization using desirability approach

Prediction of optimal process parameters in minimizing wear
rate is a challenging task in SIS process due to the presence
of a large number independent variables and complicated
stochastic process mechanism. In view of this, RSM based
desirability optimization approach [18] is used in which
the wear rate is ‘minimized’ and for the factors are ‘within
range’. In addition, weights are assigned for each response
ranging from 0.1 to 10 to adjust the shape of its particular
desirability function. The importance of process variables
is varied from the least to most desirable (i.e., 1 and 5).
From the desirability-based approach, varied best solutions
are obtained and the solution with highest desirability is
preferred. The best optimized conditions are obtained at
desirability of 1.00 for minimal wear rate of 0.0209 mm?>/m:
layer thickness 0.11 mm, heater energy 27.88 J/mm?, heater
feedrate 3.00 mm/s, and printer feedrate 118.78 mm/min
which is shown in desirability ramp function (Fig. 7) In the
desirability ramp function, the dot of each ramp denotes
reflection of parameter setting and height of the dot indi-
cates the amount of desirability [19]. Further, contour plots
for overall desirability are depicted in Fig. 8 to comprehend
the sensitivity of optimization results. From the contour plot,
the optimal region is located at the left corner part of graph
that indicates the desirability value of 1.00, which contests
the target value.

In order to predict and verify identified optimal pro-
cess parameters on determining wear rate, confirmation
experiments are performed. Each of the confirmation
experiments is repeated three times and the average val-
ues have been considered. Table 5 shows the predicted
and actual values of wear rate and its percentage of error
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Fig. 6 Interaction and 3D response surface plots for wear rate. a Layer thickness and heater energy, b layer thickness and printer feedrate, and ¢
heater energy and heater feedrate

during experimental validation of the developed model.  the developed model is suitable for predicting the wear
The results suggested that the difference between pre-  rate of SIS processed parts.
dicted and actual value is below 5% which signifies that
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T

0.10

Layer Thickness = 0.11

T

28.48

B

3.00

0.20 3.50

22.16

Heater energy = 27.88 Heater Feed rate = 3.00

Desirability = 1.000

100.00

Printer Feedrate = 118.78

T

120.00 0.0217 0.0468

Wear rate = 0.0208928

Fig.7 Desirability ramp function of numerical optimization

Fig.8 Contour plot for desir-
ability

Table 5 Validation test results

Desirability

Prediction

25.32

23.74

Heater energy (J/mm?)

I
0.15

Layer thickness (mm)

0.10 0.13

0.18

0.20

3.5 Microstructure analysis

Process parameters

Optimum level Predicted Actual Error %

0.11
Heater energy (J/mm?)  27.88
Heater feedrate (mm/s) 3

Printer feedrate (mm/  118.78
min)

Layer thickness (mm)

The micrographs presented in Fig. 9a—d illustrate the worn
surfaces of HDPE specimens fabricated at diverse process
parameters for sliding velocity of 1 m/s in evaluating dry
sliding wear characteristics. The surface characteristics of
part produced at optimal processing conditions reveals in
Fig. 9a that indicates the accumulation and deformation

0.0208 0.0217 4.14
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Sliding direction
—>

Deformation

c

Agglomerate

Fig.9 SEM microphotographs of worn surfaces a A=0.11 mm,
B=27.88 J/mm?, C=3 mm/s, D=118.78 mm/min; b A=0.15 mm,
B=25.32 J/mm?, C=3.25 mm/s, D=110 mm/min; ¢ A=0.2 mm,

of polymer particles are more at the counter side of slid-
ing direction. The agglomeration of particles observed in
the worn surface is scarcer because better fusion of pow-
der particles produces dense structure with increased wear
resistance.

The specimens built considering middle range of pro-
cess parameters has experienced micro cracks and smeared
layer in their worn surface as observed from Fig. 9b. It is
due to insufficient heat delivery of sintered layers when
layer thickness is increased. The augmented deformation,
debris, polymer pull-out and major cracks are observed in
the worn surfaces that fabricated at low and higher range
of process parameters as shown in Fig. 9c, d. This could be
caused because of improper sintering in the event of heating
and cooling process, dislocation of layers and non-uniform
temperature gradients. These SEM results confirm the wear
trend observed in 3D surface plots (Fig. 6a—c) and indicate
that the wear rate increased linearly with increasing layer
thickness and decreasing heat energy.

Migro ‘cracL\’\ Deformationm—— .
" &
> oo =4 Ay
- - ;: e - .-7_”“" =

Grain pullout

SN

B=28.48 J/mm?% C=3.5 mm/s, D=120 mm/min; d A=0.1 mm,
B=22.16 J/mm?, C =3 mm/s, D= 100 mm/min

3.6 Sensitivity analysis

Sensitivity analysis is performed to identify the qualitative
and quantitative effectiveness of process parameters and
rank them by their order of importance. It has remarkable
importance in the model validation wherein attempts are
made to compare the calculated output to the measured data
[20]. Therefore, it plays a vital role in determining input pro-
cess variables by exerting the most influence on the model
outputs. The sensitivity of a design objective function with
respect to a design variable is the partial derivative of that
function with respect to its variables [21].

The purpose of the present study is to predict the ten-
dency of wear rate with respect to various SIS process vari-
ables such as layer thickness, heater energy, heater feedrate
and printer feedrate. The wear rate sensitivity equations are
obtained by partially differentiating the Eq. 3 with respect
to A, B, C and D. The following equations (Eqgs. 4-7) repre-
sent the wear rate sensitivity for layer thickness (A), heater
energy (B), heater feedrate (C) and printer feedrate (D),
respectively:
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Fig. 10 Wear rate sensitivity of a layer thickness, b heater energy, c heater feedrate and d printer feedrate

g = 0.062358 + 0.039241 x B — 0.0108 x D + 1.492702 X A,
4)
aS
=5 = —0.01955+0.039241 X A + 0.001899 x C
+0.000115 x D — 0.00026 X B, &)
a8
& = ~ 031418+ 0.001899 x B +0.00245 x D, (6)
S
=5 = ~ 000284 — 0.0108 X A +0.000115 x B
+0.00245 x C — 6 x 1075 X D. 0
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If the wear rate sensitivity with respect to a certain
process variable is positive, it implies an increment in
the wear rate due to an increase in design variables [22].
The sensitivities of layer thickness (A), heater energy (B),
heater feedrate (C) and printer feedrate (D) on wear rate
are presented in Fig. 10a—d by solid bars with respect to
various processing conditions as premeditated using BBD
in Table 2. These results revealed that the layer thick-
ness followed by heater feedrate is more sensitive on wear
rate, whereas heater energy and printer feedrate have less
sensitivity.
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4 Conclusion

Prediction of wear rate using RSM based box-behnken
design and finding optimal SIS process parameters through
desirability approach is carried out. Response surface analy-
sis yielded a better understanding on the influence of four
SIS process parameters in evaluating wear rate of built speci-
mens. The following observations have been made during
the modeling and experimental studies:

e ANOVA results demonstrated that the layer thickness has
significant effect on wear rate followed by heater energy.
Moreover, strong interaction has been found between
layer thickness and heater energy, heater feedrate and
printer feedrate.

e Wear rate decreased with increase in heater energy,
whereas it is increased with increase in layer thickness.
Wear rate is not much influenced with increase in printer
and heater feedrate.

e Minimal wear rate of 0.0208 mm®/m is attained at opti-
mal SIS process parameters of 0.11 mm layer thickness,
27.88 J/mm? of heater energy, 3 mm/s of heater feedrate,
and 118.78 mm/min of printer feedrate.

e The SEM micrographs of worn surfaces illustrate the
wear debris, polymer pull-out and micro cracks due to
uneven sintering and heat generation through continuous
sliding motion.

e Sensitivity analysis revealed that the variations in layer
thickness and heater feedrate are predominantly affected
wear rate of fabricated SIS parts.

e Performed confirmation experiments agreed with an error
of 4.14% between actual and predicted wear rate.

e The conformity of predicted results indicates that the
proposed RSM-desirability approach can be effectively
utilized in evaluating and determining optimal SIS pro-
cess parameters.
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