
TECHNICAL ARTICLE

Effect of Fused Filament Fabrication Parameters
and Tetrabromobisphenol-A/Microcrystalline Cellulose

Additives on the Dynamic Mechanical Behavior
of Polycarbonate/Acrylonitrile–Butadiene–Styrene Blends

for Precision Structures
MNVRL. Kumar and R. Ramakrishnan

Submitted: 29 May 2022 / Accepted: 11 June 2022 / Published online: 19 July 2022

Additive manufacturing is well known for fabricating polymer composites. However, 3D printed product
quality, reliability and precision are still challenging. Polycarbonate (PC) and acrylonitrile–butadiene–
styrene composite is commonly used in automobile applications. However, low mechanical properties are
limiting its applications. Therefore, the present study focuses on developing PC/ABS composite by loading
tetrabromobisphenol-A and microcrystalline cellulose additives. Later, the developed blend is 3D printed
using fused filament fabrication. Further, three significant FFF process parameters are proposed to enhance
precision and reliability. The present study investigates the effect of FFF process parameters on the dy-
namic mechanical properties of additives-loaded PC/ABS composite material. The effect of additives on
dynamic mechanical properties of 3D printed PC/ABS composite was investigated. Results showed that
storage modulus was increased by 68% and loss modulus was decreased by 75% with varying TBBA and
MCC content. The samples with 40 Wt.% TBBA, MCC in PC/ABS polymer composite significantly im-
proved dynamic mechanical properties. Thus, FFF is a robust route to develop additives-loaded PC/ABS
composite from the results.

Keywords dynamic mechanical analysis, 3D printing, fused
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1. Introduction

Additive manufacturing is known as 3D printing technique
in which material is deposited in layers. This manufacturing
process produces part dimensions and can print any complex
shapes in less cycle time than conventional techniques (Ref 1).
A wide range of materials can be used for 3D printing to
develop a part for various applications (Ref 2). However, the
part quality, surface quality, part dimensions and geometric
precision is still challenging problems in 3D printed parts.
Several researchers are focusing on precision and accurate parts
fabricated via additive manufacturing route with different
methods. In AM processes, fused filament fabrication (FFF)
is one of the extensively used method for manufacturing
composite materials due to its simplicity of the step by step
manufacturing process (Ref 3). In FFF method, to print a 3D

dimensional parts, an individual extruded thermoplastic fila-
ment is deposited (Ref 4). Several authors have worked on
developing FFF-based components with composite materials to
improve the mechanical properties (Ref 5-9). acrylonitrile–
butadiene–styrene (ABS) is the most widely used as base
material in the composites (Ref 10, 11). It is strengthened by
other materials such as polycarbonate (PC) and polylactic acid
(PLA) polymers. Usually, the ABS content is used for strong
mechanical properties and capabilities in molding (Ref 12, 13).
On the other hand, its use is limited compared with supple-
mentary polymers due to its less temperature resistance and
strength properties. PC is a thermoplastic polymer with
properties like creep resistance, good dimensional stability,
thermal resistance and impact resistance (Ref 14). PC rein-
forced ABS escalates characteristics of ABS material and
eventually produces a material with finer mechanical properties
(Ref 15).

However, PC/ABS composite lacks in quality of parts
produced and dynamic mechanical properties (Ref 16). Most of
the automotive components which are developed by the FFF
process are subjected to cyclic deformation, dynamic stress and
vibrations, which tend to fail the parts, especially at high
temperatures (Ref 17). Therefore, it is necessary to investigate
the dynamic mechanical properties of FFF printed composite
materials. Adding tetrabromobisphenol-A (TBBA) and micro-
crystalline cellulose (MCC) additives to PC/ABS composite
results in improving the dynamic mechanical properties.

Rosyidy et al. (Ref 18) studied the dynamic mechanical
characteristics of poly(ethylene glycol)/amorphous silica mate-
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rial with varying silica contents in material to enhance the
properties of composite material. Liu et al. (Ref 19) investi-
gated dynamic mechanical characteristics at different frequen-
cies on mortar, and material behavior on varying frequencies
and damping of the material was identified. Xianbo et al. (Ref
20) studied the methods that determine the elastic modulus at
different strain rates with varying temperatures for carbon
nanofiber with polyethylene (HDPE) matrix nanocomposites.
They varied the compositions of polyethylene reinforcement in
carbon nanofiber base material and subsequently tested for
dynamic mechanical analysis. Tajvidi et al. (Ref 21) investi-
gated the effect of natural fiber on dynamic mechanical
characteristics of natural fiber polypropylene composites.
Polypropylene with various natural fibers was analyzed to
determine the dynamic properties of the material, and the
influence of natural fibers on the parent material was also
investigated (Ref 21). Results show better viscoelastic proper-
ties for all composites with natural fibers (Ref 22, 23). Further,
precision parts could be enhanced by adjusting the process
parameters, build orientation and layer height (Ref 13, 16, 24).

Numerous researchers have studied the material properties
at static loading conditions, but limited studies have investi-
gated on producing precision parts and the viscoelastic
behavior under dynamic loading conditions of FFF printed
composite. Therefore, the present study focuses on the effect of
additives and FFF process parameters on the geometric
precision and dynamic mechanical behavior of PC/ABS
composite material. Additives such as TBBA and MCC
powders were selected to load with the PC/ABS material to
develop a novel composite material. Later, FFF process
parameters were chosen for printing the composite material to
ensure precision parts. Further, the effect of TBBA and MCC
content on the viscoelastic property of PC/ABS material was
investigated.

2. Materials and Methods

2.1 Materials

PC reinforced ABS composite was used as a matrix
material. The composition of PC/ABS was 30 Wt. of PC and
70 Wt.% of ABS was selected for present study (Ref 25).
TBBA and MCC are used as additive materials to PC/ABS to
improve the dynamic mechanical (viscoelastic) properties of
the composite material. Compositions of TBBA and MCC are
varied in PC/ABS material and different specimens are
prepared to identify the influence of additive loadings on
viscoelastic properties of the composite material.

2.2 Experimental Setup

The entire process involved in developing TBBA/MCC
loaded PC/ABS composite is shown in Fig. 1. The experimen-
tal setup contained a furnace, a filament extruder with a steel
nozzle head of 2.5 mm diameter, air path, and material filament
spooler, and an FFF 3D printer. The processed filament of
composite material is wounded to a spooler and is fed to a 3D

printer. Specimens of various requirements are printed with
considerable process variables of the FFF process. Later,
dynamic mechanical analysis (DMA) analyzer is used to
identify the viscoelastic behavior of composite material with
different additive loads and FFF process parameters.

2.3 Composite Preparation

The entire process of preparing filaments of various
compositions for the FFF process is shown in Fig. 2. Initially,
granules of PC/ABS and TBBA, MCC powders were kept for
the drying process. The materials were dried for about 10 h at
85 �C. Later, mix the required contents of TBBA and MCC as
weight percentage with PC/ABS material. Cooling of material
was done after the kneading process; then, the blend was kept
for the pilling process. After the pilling of blended material was
completed, the material was loaded to an injection molding
machine for extrusion process with an extruder of L/D ratio
34:1. Once a molten state of the material was attained, it was
allowed into a mold by using a screw mechanism. Subse-
quently, cooling and solidifying were done and the filaments
were drawn out from the mold and are spooled for the FFF
process.

2.4 FFF Printing Parameters

Figure 3 shows the FFF process parameters that are
considered in this study which significantly affect the dynamic
properties of the 3D printed parts (Table 1). Parameters are
defined as follows. Build orientation is how the model or part is
oriented on the build plate to axes, as shown in Fig. 3 (a). Layer
height or thickness is the thickness of the layer that will be
deposited by a nozzle and is shown in Fig. 3 (b). Layer height
depends on the tip of the nozzle. An air gap is a space or gap
between the adjacent paths of the material deposits on the same
layer, which is shown in Fig. 3 (c). Viscoelastic properties of an
additive-loaded PC/ABS composite material were identified
using an ASTM D4065 standard specimen as shown in Fig. 3.

2.5 Dynamic Mechanical Analysis

Dynamic mechanical analysis is an essential and effective
tool for determining the dynamic mechanical properties of
polymers and composites under cyclic loading (Ref 12). It is
widely used to characterize the properties of the material as a
function of time, temperature, frequency, stress or a combina-
tion of these parameters. Dynamic mechanical parameters such
as storage modulus (G’), loss modulus (G’’) and damping factor
or loss factor (tan d) are temperature dependents and follow a
relationship:

tan d ¼ G00=G0 ðEq 1Þ

Dynamic mechanical properties of FFF printed TBBA,
MCC additives-loaded PC/ABS composite materials are mea-
sured using a tensile mode of DMA analyzer. The test was
carried under a temperature range of 20 to 200 �C with a
heating rate of 5 �C/min and a fixed frequency of 1 Hz in a
nitrogen environment. DMA experimental setup and schematic
representation of DMA analysis are shown in Fig. 4 (a) and (b).
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Storage modulus, loss modulus and loss factor were recorded as
a function of temperature for six specimens with varying
additive loadings in PC/ABS to identify the viscoelastic
behavior of composite.

3. Results and Discussions

3.1 Effect of TBBA and MCC Addition to PC/ABS on Dynamic
Mechanical Properties

In the present study, dynamic mechanical properties such as
storage modulus, loss modulus and damping factor were
investigated. Further, the effect of TBBA and MCC addition
with different contents (0 Wt., 5 Wt., 10 Wt., 20 Wt., 30 Wt.,
and 40 Wt.%,) to PC/ABS composite on storage modulus, loss
modulus and damping factor was discussed.

3.1.1 Effect of TBBA and MCC Addition to PC/ABS
on the Storage Modulus. Figure 5 shows the results of
storage modulus as a function of temperature. It reveals the
effect of additive inclusion to PC/ABS material on storage
modulus. Results revealed that the storage modulus was high
for the PC/ABS which had more content of TBBA and MCC
when compared to material with less content of additive
material. It was evident from Fig. 5 that a higher value of about
43.7 GPa of storage modulus was traced for material with 40
Wt.% of TBBA and MCC in PC/ABS material. The increase in
storage modulus could be attributed to good interfacial bonding
between molecules and less mobility. From Fig. 5, it was
showed that pure PC/ABS material had significantly lower
storage modulus when compared to TBBA and MCC added
material. This indicates that reinforcement of TBBA and MCC
additives allows more stress transfer than pure PC/ABS which
escalates the inherent properties of the material. The addition of
MCC additives could increase the mechanical properties of PC/
ABS materials. The storage modulus of the composite material
is affected significantly and influenced by the composition
effect of TBBA and MCC in PC/ABS polymer composite.

Fig. 1 Schematic representation of preparing a TBBA/MCC in PC/ABS composite using the 3D printing process

Fig. 2 Flowchart for composite preparation
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3.1.2 Effect of TBBA and MCC Addition to PC/ABS
on Loss Modulus. Damping properties of viscous responses
of the materials can be measured by loss modulus. Loss
modulus with relative weight fraction of TBBA and MCC
material in PC/ABS composite is shown in Fig. 6. The highest
value about 7.92 GPa of loss modulus was observed in PC/ABS

composite material with 0 wt.% TBBA and MCC content. The
present results show decrease in loss modulus with increase in
the TBBA and MCC composition in PC/ABS material.

It has been observed that loss modulus has the highest
modulus peak up to 80 �C for the pure PC/ABS polymer
composite material. Later, a sudden drop is observed because of

Fig. 4 (a) Dynamic mechanical analyzer equipment setup, (b) Schematic of dynamic mechanical analyzer

Table 1 Default FFF process parameters

Bed temperature, �C Printing speed, mm/s Layer height, mm Build orientation, � Air gap, mm

75 50 0.2 0 0.1

Fig. 3 Layer-to-layer printing with FFF process parameters and testing sample (a) build orientation, (b) layer height and (c) air gap
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molecular mobility in the material during loading. The loss
modulus decreased to 4.04 and 3.65 GPa for PC/ABS material
which consists of 5 wt. and 10 wt.% TBBA and MCC content,
respectively. The decrease in the loss modulus is attributed to
the mobilized polymer matrix and the changes in the physical
state of the matrix. Loss modulus which defines the energy
dissipation was observed to be less about 1.92 GPa for the
material of 40 wt. % TBBA and MCC to PC/ABS material
(Fig. 6). From the results, it is revealed that energy dissipation
behavior reduces with reduction in loss modulus and it lowers
the resistance of molecular movement during loading.

3.1.3 Effect of TBBA and MCC Addition to PC/ABS
on Damping Coefficient or loss factor. In general, with the
increase in temperatures, the material loses stiffness and atomic
bonding will be reduced. Further, the loss modulus of the
material increases due to rise in the atomic molecular interac-
tions in material structure. By adding additives to the compos-
ites, the load-bearing capability of the material will increase.
From Fig. 7, it was observed that the peak value of the damping
coefficient was less for the material with 40 wt.% TBBA and

MCC material when compared with the material with less and
no additives in PC/ABS material. It indicates that material has
good bonding capabilities and increases the elastic property of
the material. It discloses that PC/ABS material with 40 wt.% of
TBBA and MCC content exhibits excellent dynamic mechan-
ical properties when compared to other compositions in PC/
ABS polymer composite.

3.1.4 Microstructure Analysis. Figure 8 shows the PC/
ABS composite with varying TBBA, MCC loadings. From the
above results, it was disclosed that material with 40 Wt.%
TBBA, MCC exhibits excellent dynamic mechanical properties
when compared with other compositions.

Figure 8 (a) and (b) reveals the improper binding of matrix
and additive materials, and how porosity of the material
increased. Voids were observed in the microstructure of the
composite with 0 Wt.% of TBBA and MCC in PC/ABS
material. Due to that, week interfacial bonds were formed
between the matrix and additive materials. This led the material
to exhibit lower mechanical properties in dynamic mode and
very less viscoelastic properties. From Fig. 8, there was
betterment in bonding with increase in TBBA + MCC content,
and porosity seen decreased. From Fig. 8(e), it was observed
that there was good interfacial bonding between the composite
matrix and the additive materials. Moreover, no porosity in that
material was observed in that structure. This led the material
composition to exhibit excellent dynamic mechanical proper-
ties. By decreasing the focal spot sizes, the high-resolution
parts can be achieved (Ref 26). From Fig. 5 with increase in the
TBBA/MCC content from 0 wt. and 40 wt.%, the focal spot
sizes are decreasing. Therefore, the present study results show
that potential geometric precision parts could be achieved by
decreasing the focal spot sizes.

3.2 Effect of FFF Process Parameters on Geometric
Precision and Dynamic Mechanical Properties

In the present study, TBBA and MCC of various
compositions were added to PC/ABS composite polymer.
Further analyzed the effect of the composition of TBBA and
MCC on geometric precision and dynamic mechanical
properties. Since the part quality and properties of FFF

Fig. 5 Storage modulus results from DMA temperature sweep at
1 Hz

Fig. 6 Loss modulus results from DMA temperature sweep at 1 Hz

Fig. 7 Loss factor results from DMA temperature sweep at 1 Hz
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fabricated components were greatly affected by FFF process
parameters (Ref 14), the average of experimental results from
valid data sets is listed in Table 2. Maximum values of each
parameter were listed as dynamic mechanical properties of
the material changes with temperature. The current study
results exhibited that quality of part, geometric precision and
viscoelastic properties were improved with the addition of
TBBA, MCC material in PC/ABS composite by using
appropriate FFF printing parameters.

3.2.1 Effect of Layer Height on Geometric Precision
and Dynamic Mechanical Properties. Layer height has a
significant influence on the dynamic mechanical properties of
an additive-loaded PC/ABS composite material. Further, the
layer height also affects the part quality and geometric
precision of fabricated part (Ref 27). From Fig. 9, it is noticed
that storage modulus, loss modulus and loss factor of FFF
printed samples decreased with an increase in the layer height.
The smaller the layer height, the bonding strength between the
layer and filament would be higher, thus resulting in the
higher stiffness of the material (Ref 28). From dynamic cyclic
loading testing, the smaller layer height may have more
constraints in the movement of adjacent polymer chains in PC/
ABS composite with additive addition. Further, with a
decrease in layer thickness, the number of layers of the part
will be increased which needs cooling and heating of the
component. However, this could lead to accumulated residual
stresses and results in minimum distortion. It drives to the
non-uniform thermal gradient in the bottom layers and caused
inter-layer distortion which varies the storage and loss
modulus of the material. During energy material interface,

decreasing the accumulated residual stresses could result in
quality and precision dimensional part. The layer-by-layer
deposition of material plays significant role in enhancing the
geometric precision of part fabricated using FFF. The results
show good agreement with the both decreased residual
stresses and layer height have improved the geometric
precision of parts fabricated using FFF.

3.2.2 Effect of an air gap on Geometric Precision
and Dynamic Mechanical Properties. From Figure 10, it
is observed that as the air gap increases dynamic mechanical
properties of polymer composite decreases relatively. The
decrement of dynamic mechanical properties is due to the air
gaps in the material. The air gaps in the material attributed to
lowering the fill rate during the FFF process. In addition, the
bonding between the material layers and resistance of compos-
ite molecular movement decreases. This phenomenon would
lead to decrease in the storage modulus, loss modulus and loss
factor. Generally, if the air gap is zero, the deposited bed is
closer to each other that could result in the dense structure with
less porosity. Thereafter the inter raster bonding will increase
and dynamic mechanical properties will be significantly higher
for the 3D printed parts with zero air gap (Ref 16). This shows
the evidence that dynamic mechanical properties of the
materials are affected by the air gap. The present study results
show that good dynamic mechanical properties were achieved
with zero air gap (Table 2). Further, the minimum air gap could
affect the geometric dimensions and quality of parts fabricated
using FFF. The dimensional tolerances can be controlled by the
adjusting the air gap. The negative air gap will lead to the poor
surface quality and geometric precision of parts (Ref 29).

Fig. 8 SEM images of FFF printed: (a) pure PC/ABS material with 0 wt.% TBBA + MCC;(b) PC/ABS material with 10 wt.%
TBBA + MCC;(c ) PC/ABS material with 20 wt.% TBBA + MCC; (d) PC/ABS material with 30 wt.% TBBA + MCC; (e) PC/ABS material
with 40 wt.% TBBA + MCC
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3.2.3 Effect of Build Orientation on Geometric Precision
and Dynamic Mechanical Properties. Build orientation has
a large influence on the dynamic mechanical properties of
additive-loaded PC/ABS composite (Ref 30). In general, the
storage modulus increases as the angle of printing increases.

From Fig. 11, it is noticed that the maximum values were
observed at build orientations at horizontal and vertical
directions, respectively. However, variations in loss modulus
were observed with different printing angles. When a material
is subjected to dynamic loading, additive-loaded PC/ABS

Table 2 Effective experimental results

Level

FFF process parameter Average of effective experimental results

Layer height, mm Air gap, mm Build orientation, � Storage modulus G’, GPa Loss modulus G’’, GPa Loss factor tan d

1 0.05 0 0 29.13 4.92 2.03
2 0.1 0.2 30 31.32 5.31 1.98
3 0.2 0.1 45 31.01 5.25 2.01
4 0.25 0.2 60 32.56 4.91 1.08
5 0.3 0.1 75 28.91 5.17 1.82
6 0.2 0 90 32.71 5.12 1.86
7 0.05 0.4 30 30.14 5.13 1.81
8 0.1 0.1 45 31.05 5.31 1.06
9 0.2 0.2 60 33.89 5.23 1.91
10 0.25 0.1 75 32.59 5.42 1.01
11 0.1 0.5 0 31.13 5.21 1.92
12 0.2 0 0 35.48 5.19 2.01
13 0.25 0.3 45 30.15 4.97 1.97
14 0.05 0 60 32.46 5.69 1.91
15 0.1 0.4 75 32.76 5.42 1.67
16 0.3 0.1 90 29.72 4.97 1.64
17 0.05 0.3 90 33.44 5.25 1.94
18 0.25 0.1 90 35.01 5.20 1.97
19 0.25 0.4 90 32.01 4.99 1.86
20 0.3 0 90 31.16 5.18 1.88

Fig. 9 Effects of FFF process parameters on storage modulus
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material printed at vertical and horizontal orientation will
have more load storing potential, Further, the materials
printed at other orientations will have more potential in
dissipating energy.

4. Conclusions

In the present study, the dynamic mechanical properties of
PC/ABS polymer composite material parts fabricated using
FFF process have been analyzed. Further, the influence of

TBBA and MCC additive loaded in PC/ABS polymer com-
posite and FFF process parameters on dynamic mechanical
properties has been investigated. It is noticed that the addition
of TBBA and MCC additives significantly enhanced the
dynamic mechanical properties of TBBA and MCC additive
loaded in PC/ABS polymer composite when compared to pure
PC/ABS material. In particular, the part which consists of 40
wt. % TBBA and MCC content has better dynamic mechanical
properties. The storage modulus was increased by 68% and loss
modulus was decreased by 75% with varying TBBA and MCC
content. In addition, the 40 wt.% of TBBA/MCC content part
showed good geometric precision by decreasing the focal spot

Fig. 10 Effects of FFF process parameters on loss modulus

Fig. 11 Effects of FFF process parameters on loss modulus
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sizes. The effect of layer thickness, air gap and build orientation
has influenced the quality of part and geometric precision of
parts printed by using FFF process. Further, the dynamic
mechanical properties also varied by different layer thickness,
air gap and build orientation. Overall, the present results are
potential for developing a novel composite with better mechan-
ical properties and geometric precision.
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