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The resistance of polymeric materials to time-dependent plastic deformation is
an important requirement of the fused deposition modeling (FDM) design pro-
cess, its processed products, and their application for long-term loading, dura-
bility, and reliability. The creep performance of the material and part processed
by FDM is the fundamental criterion for many applications with strict dimen-
sional stability requirements, including medical implants, electrical and elec-
tronic products, and various automotive applications. Herein, the effect of FDM
fabrication conditions on the flexural creep stiffness behavior of polycarbonate–
acrylonitrile-butadiene-styrene processed parts was investigated. A relatively
new class of experimental design called ‘‘definitive screening design’’ was adop-
ted for this investigation. The effects of process variables on flexural creep
stiffness behavior were monitored, and the best suited quadratic polynomial
model with high coefficient of determination (R2) value was developed. This
study highlights the value of response surface definitive screening design in
optimizing properties for the products and materials, and it demonstrates its role
and potential application in material processing and additive manufacturing.

INTRODUCTION

With the increasing use of the fused deposition
modeling (FDM) additive manufacturing process in
several engineering areas such as the aerospace,
electrical, electronic, automotive, and industrial
sectors, it is necessary to determine and evaluate
the stress and deformation to predict the reliability
and failure behavior of the manufactured products
by this process. The material properties are highly
influenced by the FDM fabrication conditions, and
these are difficult to characterize because of the
strong parametric interactions.1 To extend the
industrial applications of the FDM process, greater
attention is required on the manufacturing process
and on control of the fabrication parameters, which
influence the properties of the final products.2 Creep
in the thermoplastic materials is a complex phe-
nomenon, which depends on both thermoplastic
material properties and external conditions.3 In

practical applications, the functionality of the man-
ufactured parts and the material processed by FDM
technology and their responses to the loading and
stress over time strongly depend on the processing
parameters used at the time of fabrication. Gener-
ally, polymers are characterized by the creep phe-
nomenon, which affects the mechanical
performance and the material application in long-
term reliability and durability of the manufactured
parts.4 It is well known that the thermoplastic
materials can produce high deformation and creep
rates after releasing the applied load. If the mate-
rial and the part processed by FDM technology has
been used in inappropriate application as a result of
lack of knowledge, the thermoplastic materials
would suffer unrecovered deformation, resulting in
dimensional instability and leading to premature
failure. Therefore, flexural creep stiffness of the
part processed by FDM should be really considered
in practical applications.
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Recent studies have reported that the FDM process
parameters can cause major quality-related issues
such as interlayer cracking, micro-voids, distortion,
and warpage. For example, Hossain et al.5 studied the
effect of various process parameters such as raster
angle, contour width, raster width, and raster-to-
raster air gap on the ultimate tensile strength of FDM-
manufactured polycarbonate parts. Torres et al.6 per-
formed experiments on FDM components made from
polylactic acid (PLA) using a Taguchi L9 orthogonal
array to optimize the mechanical properties such as
part strength and ductility. They also addressed how
to compromise between optimum process settings for
part strength and ductility simultaneously. Knoop
and Schoeppner7 measured and compared the tensile
strength, Young’s modulus, elongation at break, flex-
ural strength, and compressive strength of the FDM
polyamide with 12 samples fabricated in two different
build orientations and layer thicknesses. The results
showed that the anisotropy in polyamide samples is
not as strong as for other FDM materials. Basavaraj
and Vishwas8 investigated the impact of FDM process
conditions on tensile strength and dimensional accu-
racy of Nylon using the Taguchi method. They con-
cluded that the layer thickness is the most influential
factor on the tensile strength and dimensional accu-
racy. Mohamed et al.9 formulated mathematical mod-
els for build time, material consumption, and dynamic
flexural modulus of FDM-processed polycarbonate–
acrylonitrile-butadiene-styrene (PC–ABS) prototypes
using Q-optimal design and obtained the optimal
process conditions. Griffiths et al.10 demonstrated how
experimental design and statistical analysis can be
used to improve the mechanical properties of the
materials as well as the build quality. It was shown
that the layer thickness has an insignificant effect on
the tensile strength, but it has a significant impact on
build time and material usage. Es-Said et al.11 exam-
ined the influence of various raster orientations on the
tensile and impact strength of ABS printed parts. The
study suggested that the 0� raster orientation has the
highest mechanical performance than do the other
raster orientations. Nidagundi et al.12 conducted an
experimental study on the relationship among ulti-
mate tensile strength, surface roughness, dimensional
accuracy and manufacturing time, orientation angle,
and fill angle in FDM using Taguchi’s S/N ratio.

To date, no study concerning the effect of fabrica-
tion conditions on creep performance has been found,
and the relationships between these conditions and
time-dependent deformation of processed material
has not been studied yet. The aim of this article is to
investigate the effect of fabrication conditions, such
as slice thickness, raster-to-raster air gap, deposition
angle, part print direction pressure, bead width, and
number of perimeters on the flexural creep stiffness.
Time-independent deformation of PC–ABS material
was studied through a response surface definitive
screening design and dynamic mechanical analyzer
DMA 2980.

MATERIALS AND METHODS

The thermoplastic PC–ABS blend (density of
1098.89 kg/m3) was used in this study supplied by
Stratasys, USA. A total of 13 specimens having the
same dimensions of 60 9 12.5 9 3.5 mm (length 9
width 9 thickness) were fabricated using FDM For-
tus 400 mc with different processing conditions as per
the planned experimental design matrix shown in
Table I.The specimendimensions wereselectedas per
test standard13 for Dynamic Mechanical Analysis.

Flexural creep stiffness tests were conducted
using a three-point bending mode at the desired
temperature of 80�C with a standard dynamic
mechanical analysis instrument (DMA Model
2980TA, New Castle, USA). The flexural creep
stiffness test was determined as a function of the
time (creep time = 1800 s). Prior to the flexural
creep stiffness measurement, the samples were
equilibrated for 3 min to ensure that the sample
had reached thermal equilibrium, and then the
flexural creep stiffness was tested by applying a
constant pressure of 12 MPa, which was within the
linear viscoelastic deformation regimen and main-
tained for 1800 s. The load was then removed to
allow the sample to recovery for 5400 s. The max-
imum value of flexural creep stiffness (FCS) test
data has been reported for each specimen.

In this study, the response surface methodology
based on definitive screening design was applied to
optimize and investigate the influence of the fabri-
cation parameters on the flexural creep stiffness. Six
fabrication parameters�X1 = slice thickness (0.127–
0.3302 mm), X2 = raster-to-raster air gap (0–
0.5 mm), X3 = deposition angle (0�–90�), X4 = part
print direction (0�–90�), X5 = bead width (0.4572–
0.5782 mm), and X6 = number of perimeters (1–
10)—were considered as input variables (Table I),
and the flexural creep stiffness was determined as
the response. In this study, the definitive screening
design method has been applied for the first time to
characterize the material and product performance
in relation to the processing parameters. A definitive
screening design is a new class of three-level exper-
imental designs that can demonstrate higher effi-
ciency than the classic response surface designs.14 A
definitive screening design possesses several advan-
tages for identifying the main effects, interaction
effects, and quadratic effects with considerably less
number of experiments. The main effects are con-
founded or aliased with quadratic effects and two-
factor interactions, and all quadratic effects can be
estimated effectively.15 A definitive screening design
requires a minimum of (2 k + 1) runs, where k is the
number of variables. Hence, an investigation on the
effect of six fabrication parameters requires 12
experiments plus one center point. An analysis of
variance (ANOVA) technique was used to verify the
significance of the interaction effects between vari-
ous parameters and the flexural creep stiffness.
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RESULTS AND DISCUSSION

Model Fitting and Statistical Analysis

In this study, a mathematical model for the
flexural creep stiffness was developed by fitting
the experimental data with a quadratic regression
model as expressed in Eq. 1:

FCS ¼ b0 þ
X6

i¼1

biXi þ
X6

i¼1

biiX
2
i þ

X5

i¼1

X6

j¼iþ1

bijXiXj þ e

ð1Þ

where FCS is the flexural creep stiffness; b0 is the
interception coefficient; bi is the coefficient of linear
effect; bii is the coefficient of the quadratic effect; bij
is the coefficient of the interaction effect; Xi andXj

are independent variables; and e is the random
error.

The developed mathematical model for the flexu-
ral creep stiffness derived in terms of the actual
factors is given by Eq. 2:

FCSðMPaÞ ¼ 902:487�29:387
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ð2Þ

Figure 1a and b graphically shows the ranking of
the factors from most significant to least significant.
Figure 1a is the Pareto chart of effects of standard-
ized values of processing parameters on the flexural
creep stiffness. It can be noticed that the process
variables raster-to-raster air gap, number of perime-
ters, as well as the interaction between raster-to-
raster air gap and number of perimeters have a more
significant effect on the flexural creep stiffness than
do the other terms. Figure 1b shows the estimated

regression coefficients and their significance for
flexural creep stiffness. In statistical language, if
the probability value (p value) is smaller than 0.05
(level of significance 5%), then the variable or
interaction term is considered to have a significant
effect on the response. In this case, as shown in
Fig. 1b, the process variables (raster-to-raster air
gap, number of perimeters, raster-to-raster air
gap 9 number of perimeters, bed width 9 number
of perimeters, slice thickness 9 deposition angle,
slice thickness, deposition angle, and part print
direction) have p values smaller than 0.05 (at a
confidence level of 95%). Hence, these process vari-
ables have a critical effect on the flexural creep
stiffness and should be included in the fitted model.
Insignificant variables and terms have been elimi-
nated from the fitted model by using the backward
elimination method. The backward elimination
method is the most robust method for algorithmic
model reduction because in this process all the
variables and their terms will be given a chance to
be included in the fitted model. In the backward
elimination technique, the predictor variable with
the highest partial p value, which is >0.1, must be
excluded from the fitted model as the p value<0.1
still makes a noise on the response. Therefore, the
quadratic term (part print direction 9 part print
direction) with p value of 0.0602 and the individual
variable (bead width) with p value of 0.0629 were
included in the fitted model.

The diagnostic plot (Fig. 1c) is used to determine
the capability of the developed model to fit the
experimental data and to verify the required statis-
tical assumptions. Figure 1c illustrates that the
predicted values obtained from the developed model
are in a very good agreement with the experimental
values, which implies that the proposed model is
adequate for this investigation.

Effect of the Fabrication Conditions

Figure 2 represents the 3D response surface plots
illustrating the compositional interaction effects for
various fabrication conditions over the design space.
The interaction effect between part print direction
and bead width is found to be interesting. It can be
noticed from Fig. 2a that the maximum flexural
creep stiffness can be achieved with the lowest value
of bead width at zero degree of part print direction.
This is because zero degree of part print direction
exhibits a minimum stair-step effect, and the lowest
value of bead width produces finer roads, which
helps in achieving solid-filled interior regions of the
part structure. Hence, the flexural creep stiffness
improves remarkably. Figure 2b also shows that the
lower value of slice thickness can improve the
flexural creep stiffness because a lower slice thick-
ness creates thinner rasters and roads, resulting in
a minimum stair-stepping effect and hence better
filled regions of the part structure. Figure 2b–d
represents the flexural creep stiffness as a function
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of raster-to-raster air gap combined with other
parameters, which shows that raster-to-raster air
gap is an effective parameter to improve the flexural
creep stiffness of PC–ABS processed material. Fig-
ure 2b–d indicates that lower values of the raster-
to-raster air gap can considerably maximize the
flexural creep stiffness. This result is expected
because zero air gap makes the rasters and bead
widths touch each other within a region, leading to
a stronger interior and dense microstructure. But
an unexpected result can be seen in Fig. 2d. As a
higher value of raster-to-raster air gap leads to poor
mechanical properties and brittle structure, Fig. 2d
demonstrates that it is still possible to obtain high

flexural creep stiffness by using a positive value of
raster-to-raster air gap but using 10 perimeters.
This is because the number of perimeter fills the
part with external contours, internal contours, and
internal raster fills. Thus, the number of perimeter
minimizes the number of filling rasters, which can
significantly reduce void formation. The scanning
electron microscopy (SEM) microstructural images
presented in Fig. 3a and b clearly show a highly
dense microstructure of the part processed with 10
perimeters. This interesting finding has a signifi-
cant industrial benefit not only to improve the
mechanical properties but also to reduce the mate-
rial consumption and processing time.

Table I. Experimental design matrix

Run X1 X2 X3 X4 X5 X6 FCS MPað Þ

1 0.127 0.25 90 0 0.4572 10 1103.282
2 0.3302 0.5 0 45 0.4572 10 925.4835
3 0.3302 0 45 0 0.5782 10 1212.572
4 0.3302 0.5 90 0 0.5177 1 302.5722
5 0.127 0.5 0 0 0.5782 5 690.8303
6 0.254 0 0 0 0.4572 1 1235.464
7 0.3302 0.25 0 90 0.5782 1 507.3044
8 0.127 0 0 90 0.5177 10 1214.309
9 0.127 0 90 45 0.5782 1 1090.207
10 0.3302 0 90 90 0.4572 5 1247.514
11 0.254 0.25 45 45 0.5177 5 870.9
12 0.127 0.5 45 90 0.4572 1 323.6737
13 0.254 0.5 90 90 0.5782 10 1214.309

Fig. 1. (a) Pareto plot, (b) parameter estimates, and (c) scatterplot for predicted versus experimental values.
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Deposition angle also has a significant effect on
the material response (Fig. 2c, e, and f). It can be
seen from Fig. 2c, e, and f that the flexural creep
stiffness increases with the increase in deposition
angle. This is because higher values of deposition

angle lead to shorter raster length, and hence, the
flexural creep stiffness improved significantly. Fig-
ure 2f illustrates that the interaction between slice
thickness and deposition angle is interesting as this
interaction plot plays a very important role in

Fig. 2. 3D response surface plots showing the compositional–interaction effects between (a) part print direction and bead width, (b) raster-to-
raster air gap and slice thickness, (c) raster-to-raster air gap and deposition angle, (d) number of perimeters and raster-to-raster air gap, (e)
deposition angle and bead width, and (f) slice thickness and deposition angle.
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improving the flexural creep stiffness. It can be
observed from Fig. 2f that the flexural creep stiff-
ness can be higher (the same maximum value)
either at the lowest values of slice thickness and
deposition angle or at the highest values of slice
thickness and deposition angle. This is because a
deposition angle of 90� has a shorter raster length
than does the deposition angle of 0�, which ideally
improves the flexural creep stiffness. Nevertheless,
Fig. 2f also shows that if the lowest values of slice
thickness and deposition angle are used, then it is
possible to obtain the highest flexural creep stiffness
of the processed material and part. This is also an
unexpected outcome through this study. To clarify
these interesting results, Fig. 3d and e shows that if
the material and the part are possessed with the
lower slice thickness along with a lower disposition
angle, there would be many layers, fibers, and long

fiber reinforcement and the tension load would
fracture many layers, fibers, and long fiber rein-
forcement. This can significantly enhance the defor-
mation resistance and fracture of the processed part
to the applied load. Hence, the part processed with a
disposition angle of 0� (Fig. 3d) tends to be stronger
than the part processed with a deposition angle of
90� (Fig. 3e). It is not advisable to process the part
with a deposition angle of 45� as it leaves many
empty gaps between the rounded corners and
contours as shown in the SEM image presented in
Fig. 3c.

Optimization of the Fabrication Conditions

In this study, the numerical optimization was
conducted with Minitab statistical software version
17. The objective function is to maximize the

Fig. 3. SEM microstructural images for the sample processed with (a–b) 10 perimeters, (c) with a single perimeter and deposition angle of 45�,
(d) failure mechanism of sample manufactured with disposition angle of 0�, and (e) failure mechanism of sample manufactured with disposition
angle of 90�.
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flexural creep stiffness in relation to the fabrication
conditions detailed in Table I and to use the math-
ematical model developed in Eq. 2. As illustrated in
Fig. 4, the optimum fabrication conditions were
obtained with a slice thickness of 0.127 mm, zero
air gap, deposition angle of 0�, part print direction of
0�, bead width of 0.5782 mm, and 10 perimeters,
which predicted the flexural creep stiffness to be
1303.09 MPa with a high desirability of 0.984255.

The validity of the optimum levels of the process
variables is then conducted through the confirma-
tion experiment by manufacturing of three addi-
tional samples. Table II and Fig. 5 show a
comparison between the predicted value of the
flexural creep stiffness at the optimum levels of
the process parameters and with the experimental
value. The percentage of error is calculated through
as shown in Eq. 3. It is clear from Table II and
Fig. 5 that the maximum value of the flexural creep
stiffness of 1298.412 MPa was obtained through
confirmation experiments and that a small varia-
tion can be observed between the predicted and the
experimental value. This indicates that the pre-

dicted value is in very good agreement with the
experimental value. Therefore, the applicability and
suitability of the model employed and the success of
definitive screening design in optimizing the FDM
process conditions are proven:

Fig. 4. Optimization plot for the optimal fabrication conditions.

Table II. Result of confirmation experiment

Response

Optimum level of process
parameter

Predicted values Actual values ErrorA B C D E F

Flexural creep stiffness (MPa) 0.127 0 0 0 0.5782 10 1303.09 1298.412 �0.3589%

Fig. 5. Comparison of predicted flexural creep stiffness versus
actual values.
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Percentage of error %ð Þ

¼ Actual value � Predicted value

Predicted value

����

����� 100
ð3Þ

CONCLUSION

The relationships between the fabrication condi-
tions and the flexural creep stiffness of PC–ABS
material processed by FDM were investigated. The
slice thickness of 0.127 mm, zero air gap, deposition
angle of 0�, part print direction of 0�, bead width of
0.5782 mm, and 10 perimeters are found to be the
optimum fabrication conditions for improving the
flexural creep stiffness. A response surface defini-
tive screening design adopted in this study further
substantiates the robust nature of this approach
with respect to characterizing the material and
product to a desired range of mechanical properties.
The developed model is useful in industry for
evaluation of the flexural creep stiffness without
conducting multiple experiments. The influences of
the fabrication parameters on the material response
and product quality remain an interesting issue for
future studies.
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