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Abstract: An important polymer processing technique is additive manufacturing (AM), which ena-
bles shape-free design of complex final parts with limited waste during the development change, at 
least if the impact of molecular degradation reactions is minimized. In the present work, polystyrene 
(PS) and acrylonitrile butadiene styrene (ABS) polymer have been processed via: (i) fused filament 
fabrication (FFF), separately accounting for the prior single screw extrusion (SSE) filament produc-
tion; and (ii) pellet-based additive manufacturing (PBAM), which are two important AM tech-
niques. The influence of printing temperature, layer thickness, printing velocity, and printing tech-
nique on the degradation of both polymeric materials is studied by means of thermogravimetric 
analysis (TGA), size exclusion chromatography (SEC), small amplitude oscillatory shearing tests 
(SAOS), Fourier-transform infrared spectroscopy (FTIR), and yellowness index (YI) measurements. 
For ABS, SSE-FF leads to more fission (higher mechanical loading) whereas PBAM results in more 
cross-linking (more thermal loading). For PS, fission is always dominant and this more evident un-
der FFF conditions. ABS also exhibits yellowing upon processing, indicating thermo-oxidative deg-
radation although below the FTIR sensitivity limit. The selected PBAM conditions with PS are al-
ready delivering printed specimens with good mechanical properties and lower degradation. For 
ABS, a further PBAM optimization is still desired compared to the FFF countercase, taking into 
account layer-by-layer adhesion. 

Keywords: thermal degradation; thermo-mechanical degradation; thermo-oxidative degradation; 
rheological analysis; stability; sustainable 3D printing 
 

1. Introduction 
Extrusion-based additive manufacturing (EAM) is one of the most employed tech-

niques for 3D printing of thermoplastics due to its low cost and versatility (e.g., shape-
freedom), with as advantageless waste material and thus higher sustainability during the 
research and design phase [1,2]. EAM includes the broadly used fused filament fabrica-
tion (FFF) technique and the more recently developed pellet-based additive manufactur-
ing (PBAM) technique [3–9]. FFF is a manufacturing technique in which a filament must 
be produced in advance to be used as feedstock for the actual additive manufacturing 
(AM) process. The filament is typically produced via conventional (single-screw) extru-
sion and gives the possibility of tailoring the composition of the feedstock by introducing 
additives such as fillers and antioxidants. In contrast, PBAM allows direct usage of pellets, 
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reducing the processing steps required to obtain the final 3D printed part. Furthermore, 
it allows a wider range of materials to be additively manufactured at a lower cost than 
FFF, with faster processing speeds and less processing-induced degradation of the mate-
rial [10]. 

An important group of polymers to consider for AM are polystyrenics, which are 
used in several applications such as packaging, automotive components, and electronic 
equipment [11,12]. Specifically, acrylonitrile butadiene styrene (ABS) polymer is already 
broadly applied for FFF [13]. ABS is a multi-phase rubber-modified polymer, based on 
styrene-acrylonitrile (SAN) random copolymer and polybutadiene (PB) rubber, including 
graft connections similar to its simplified form high impact polystyrene (HIPS) [12,14]. It 
has a great toughness, and a good impact, abrasion and chemical resistance [15], making 
it superior compared to polystyrene (PS), being a brittle, rigid and transparent thermo-
plastic. So far, PS filaments or pellets have not been thoroughly investigated for EAM 
purposes. Notably, Akintola et al. [16] produced 3D printed PS-based boron nitride nano-
tube nanocomposites for thermal management and electronic packaging applications. Se-
vastaki et al. [17], in turn, produced 3D printed parts for photocatalytic applications based 
on recycled PS/TiO2 composites. However, the authors indicated that further investiga-
tion is still needed to obtain 3D printed parts with a higher quality. 

A significant AM research angle is the understanding of the degree of degradation 
the polymer experiences during processing. The extent of thermoplastic degradation is 
usually analyzed by a combined group of characterization techniques that assess changes 
in the chemical structure of the material. These changes in the chemical structure of the 
polymer may be reflected in the material properties, influencing the application potential, 
shelf life and recyclability. Notably, polymer degradation during conventional processing 
has already been broadly studied [18–23], and also several investigations exist for polymer 
recycling toward EAM applications [24–28]. These studies have revealed that a polymer 
(composite) can undergo thermal, thermo-mechanical, thermo-oxidative, photo-oxidative 
and hydrolytic degradation, leading to irreversible structural changes [29]. Hence, the 
most important factors for degradation during processing are the temperature, humidity, 
oxygen content, mechanical stress loadings, and residence time [30]. Thermal degradation 
essentially leads to (average) molar mass changes [19] caused by chemical reactions pro-
moting chain scission, branching or cross-linking. Although the impact of oxygen may be 
less evident, as most processing tools limit the entrance path to the molten polymer, it 
may be still present in small amounts, due to its given solubility in polymers [31]. 

The degradation is more pronounced in case the materials undergo multiple pro-
cessing cycles, such as in mechanical recycling of thermoplastics or 3D printing via FFF. 
Limiting the number of processing steps provides, therefore, a solution for less degrada-
tion. As PBAM involves only one processing step after the pellet production stage, it may 
inherently cause less structural changes to the material during processing as it will be 
exposed to less thermal and mechanical stresses. In this framework, a comparison of FFF 
and PBAM for a wide material pallet is interesting. Recently La Gala et al. [32] put forward 
a comparison for ABS and poly(lactic acid) (PLA), highlighting the need to optimize 
PBAM conditions. This can explain the differences between the results of Gradwohl et al. 
[33], reporting for poly(lactic-co-glycolic) (PLGA) a stronger degradation with PBAM at-
tributed to a longer residence time, and the results of La Gala et al. [32] reporting a more 
pronounced degradation of ABS manufactured via FFF in comparison with PBAM. 

It should be stressed that the few EAM degradation studies mostly deal with FFF 
only. For example, Fernandez et al. [34] assessed the influence of printing parameters on 
the performance of different copolyesters. The authors explained how the combination of 
a high printing temperature and a low printing velocity can lead to degradation if the 
chemical structure is prone to chemical modifications. However, the extent of degradation 
did not result in a reduction in the macroscopic properties, as the coalescence between 
deposited layers was slightly improved at higher temperatures. Similarly, the study of 
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Jagenteufel et al. [35] put forward that the printing process of ABS, PLA and polypropyl-
ene (PP) via FFF led to negligible degradation. However, no reports on the very systematic 
variation in FFF and PBAM parameters and the degradation degree of the material exist. 
A non-trivial optimization is also expected as increasing the printing speed could lead to 
less degradation, but detrimental effects on the quality of the 3D printed part are likely 
caused above a threshold printing speed. In addition, the best operating window is likely 
material dependent, and different for FFF and PBAM. A more detailed focus on degrada-
tion mechanisms and degrees is thus relevant, bearing in the mind the rather new nature 
of FFF and PBAM and their potential use for recycling purposes [36–38]. Defining and 
developing processing pathways which induce less degradation in the material is im-
portant to propitiate a more sustainable approach to polymer production [39,40]. 

In the present work, we investigate the effect of the most relevant EAM parameters 
on the degradation of both PS and ABS. The influence of the FFF printing temperature, 
layer thickness and printing velocity on the degradation of PS and ABS is assessed via 
rheological analysis, size exclusion chromatography (SEC) analysis and Fourier Trans-
form infrared spectroscopy (FTIR), to indicate the changes of the molecular properties. 
Under defined conditions, the same analysis is then carried out for PBAM samples, and 
the results are compared. The degradation during manufacturing is correlated with mac-
roscopic properties as well. It is highlighted that the molecular degradation mechanism is 
different under PBAM and FFF conditions for PS and ABS. 

2. Materials and Methods 
2.1. Materials 

Two amorphous styrene-based commercially available polymers were used: (i) gen-
eral purpose ABS (Terluran GP-22, INEOS, London, UK) with a density of 1040 kg m−3, as 
obtained by emulsion polymerization, with a glass transition temperature (Tg) of 100 °C; 
and (ii) a conventional polystyrene (PS) (441147, Sigma Aldrich, St. Louis, MO, USA) with 
a density of 1040 kg m−3 and Tg of 100 °C. Furthermore, tetrahydrofuran (THF; CL00.2027, 
Chem-Lab, Zedelgem, Belgium) was used in the SEC analysis. 

2.2. Sample Preparation 
Filament Fabrication 

ABS and PS filaments for FFF were produced using a single screw extruder (SSE) 
(Brabender 19, 19 mm screw diameter, length over diameter ratio (L/D) of 25, Brabender, 
Duisburg, Germany). A rolling system and spooling device developed in-house were used 
to pool the extrudate into a filament with a controlled (average) diameter of 1.75 mm, and 
to wind it for further FFF application. The processing parameters used are described in 
Table 1. 

Table 1. Extrusion parameters used for producing ABS and PS filaments. 

Material 
Temperature Profile (°C) 

Screw Speed (rpm) Spooling Speed  
(m min−1) Zone 1 Zone 2 Zone 3 Zone 4 

ABS 145 185 205 210 27 5.0 
PS 215 220 225 230 13 2.2 

Fused Filament Fabrication. 

Prusa printers (Prusa i3 MK3S+, Prusa, Prague, Czech Republic) were employed to 
manufacture a set of tensile specimens for examination of the influence of the nozzle tem-
perature, layer thickness and printing velocity and their combination on the degradation 
and tensile properties of PS and ABS specimens. The samples were named as follows: 
“Material_Nozzle Temperature_Layer Thickness_Printing Velocity_Processing Route” 
and are described for the FFF case in Table 2. The nozzle temperatures were 220 and 270 
°C for ABS; and 240 and 270 °C for PS; the layer thicknesses were 0.15 and 0.25 mm; and 
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the print velocities were 40 and 120 mm s−1. Fixed printing parameters used to produce 
the specimens were 100% infill, with a rectilinear pattern and 45° infill angle, a nozzle with 
0.4 mm diameter, a bed temperature of 110 °C, and an XYZ build pattern (parallel to the 
bed). To prevent warpage of PS parts, a 2 mm brim was initially printed and removed 
later. 

Table 2. Samples produced via FFF. 

Material Run Sample 
Nozzle 

Temperature 
(°C) 

Layer 
Thickness 

(mm) 

Print Velocity 
(mm s−1) 

ABS 

1 ABS_220_0.15_40_FFF 220 0.15 40 
2 ABS_270_0.15_40_FFF 270 0.15 40 
3 ABS_220_0.25_40_FFF 220 0.25 40 
4 ABS_270_0.25_40_FFF 270 0.25 40 
5 ABS_220_0.15_120_FFF 220 0.15 120 
6 ABS_270_0.15_120_FFF 270 0.15 120 
7 ABS_220_0.25_120_FFF 220 0.25 120 
8 ABS_270_0.25_120_FFF 270 0.25 120 

PS 

9 PS_240_0.15_40_FFF 240 0.15 40 
10 PS_270_0.15_40_FFF 270 0.15 40 
11 PS_240_0.25_40_FFF 240 0.25 40 
12 PS_270_0.25_40_FFF 270 0.25 40 
13 PS_240_0.15_120_FFF 240 0.15 120 
14 PS_270_0.15_120_FFF 270 0.15 120 
15 PS_240_0.25_120_FFF 240 0.25 120 
16 PS_270_0.25_120_FFF 270 0.25 120 

Pellet-based additive manufacturing. 

Tensile specimens of both ABS and PS were also produced via pellet-based additive 
manufacturing (PBAM). Pellets of ABS and PS were directly fed into a PBAM system de-
veloped in-house [10], with the printing parameters shown in Table 3. Furthermore, the 
bed temperature was set to 110 °C, the layer thickness to 0.25 mm, the nozzle diameter to 
0.4 mm, and the printing velocity to 40 mm s−1. An overview of the samples produced via 
PBAM is provided in Table 3. 

Table 3. Samples and printing parameters used in PBAM system. 

Material Sample 
Temperature Profile (°C) Screw Speed  

(rpm) Zone 1 Zone 2 Zone 3 

ABS 
ABS_220_0.25_40_PBAM 220 220 220 0.8 
ABS_270_0.25_40_PBAM 220 270 270 0.8 

PS 
PS_240_0.25_40_PBAM 220 240 240 0.1 
PS_270_0.25_40_PBAM 220 270 270 0.1 

Compression molding. 

Pellets, filaments and a part of the tested tensile specimens of ABS and PS were 
chopped and compression molded for further characterization via rheological testing, 
size-exclusion chromatography (SEC), and Fourier-transform infrared (FTIR) spectros-
copy. The samples were prepared in a disk-like shape with 1 mm thickness and 25 mm 
diameter at 220 °C, using a hot press. The materials were pre-heated for 5 min and then 
compression molded for 5 min. They were cooled under environmental conditions. 
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2.3. Characterization 
2.3.1. Thermal Stability of Raw Materials 

The thermal stability was assessed by thermogravimetric analysis (TGA) in a Netzsch 
(Selb, Germany) Simultaneous thermal analysis (STA 449 F3 Jupiter) equipment in the 
TGA mode, under nitrogen atmosphere. Dynamic runs were carried out from 30 to 600 °C 
with a heating rate of 10 °C min−1. Isothermal runs were performed for 2000 s at 220 and 
270 °C for ABS, and at 240 and 270 °C for PS, which reflects the processing temperatures 
used to 3D print the materials (see Table 2 and Table 3). 

To further assess the thermal stability, rheological time sweep tests were carried out 
in a rheometer (MCR 702, Anton Paar, Graz, Austria) for 2000 s at 220 and 270 °C for ABS, 
and at 240 and 270 °C for PS. The parallel plate configuration was used (25 mm in diameter 
and 1 mm in gap), with a frequency of 1 rad s−1 and a strain amplitude of 1%, under nitro-
gen atmosphere. 

2.3.2. Degradation Analysis 
The influence of processing steps on the degradation of the materials employed in 

the present work was done by means of linear viscoelastic characterization of the pellets, 
filaments and specimens produced via additive manufacturing (FFF and PBAM), SEC and 
FTIR. 

Linear Viscoelastic Properties 
The linear viscoelastic characterization of the materials was performed in a rheome-

ter (MCR 702, Anton Paar, Graz, Austria) by means of small amplitude oscillatory shear-
ing tests (SAOS), using the parallel plate configuration (25 mm in diameter and 1 mm in 
gap). Frequency sweep tests of pellets, filaments and tested tensile specimens (sample 
preparation as described in Section 2.2—Compression molding) were carried out at 220 
°C, with a strain amplitude of 1%, from 600 to 0.1 rad s−1, under nitrogen atmosphere. 

Size-Exclusion Chromatography 
A PL-GPC 50 Plus instrument with an autosampler and a refractive index (RI) detec-

tor was used to perform SEC analysis. The set-up is equipped with a 50 × 7.5 mm Resipore 
guard column followed by two Resipore 300 × 7.5 mm columns in series (Agilent Tech-
nologies, Santa Clara, CA, USA). Tetrahydrofuran (THF; flow rate of 1 mol min−1) was 
used as eluent. The temperature of the column compartment was maintained at 30 °C. 
Calibration was performed using narrow polystyrene standards (Medium EasiVials kit, 
Agilent Technologies, Santa Clara, CA, USA) in the 1.62 × 102 to 4.83 × 105 g mol−1 range. 

Fourier-Transform Infrared Spectroscopy 
FTIR analysis was carried out in a spectrometer (Tensor 27, Bruker, Billerica, MA, 

USA) in the attenuated total reflection mode (ATR). The investigated spectral range was 
from 4000 to 600 cm−1, with a resolution of 4 cm−1. Values of absorbance were determined 
using the baseline method. For ABS, attention is paid to the absorbance peaks of C=C 
bonds with different configurations, specifically, the 1,2-butadiene monomer unit at 911 
cm−1 and the 1,4 butadiene monomer unit at 966 cm−1, as they may decrease gradually 
because of the PB phase degradation. These peaks were compared with the absorbance 
peaks of (unmodified) nitrile entities, which are not expected to change, at 2237 cm−1 using 
the absorption ratios R1 to R2, as defined by Equations (1) and (2) [41–43]. 

R1 =  
Absorbance at 911 cm−1

Absorbance at 2237 cm−1 (1) 

R2 =  
Absorbance at 966 cm−1

Absorbance at 2237 cm−1 (2) 
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For PS, all the spectra were normalized to the peak at 1606 cm−1, which corresponds 
to the in-plane stretch of the C=C bonds in the aromatic ring or other conjugated double 
bonds [44]. 

2.3.3. Color Variations, Mechanical Properties and Morphology 
Yellowness Index 

The color measurements were performed with a spectrophotometer (UltraScan VIS, 
HunterLab, Reston, VA, USA) using a D65 light source and 10° viewing angle. All color 
measurements were obtained from compression molded specimens. The yellowness in-
dex (YI) was obtained by the International Commission on illumination (CIE) tristimulus 
values X, Y and Z according to the CIELAB color system, and determined according to 
Equation (3) [45]. 

YI =  
100. (1.3013X −  1.1498Z)

Y
 (3) 

Tensile Tests 
Tensile tests were carried out using a universal testing machine (5565, Instron, Nor-

wood, MA, USA) with a 10 kN load cell, following ISO 527 with 1BA specimens. The tests 
were conducted in a controlled environment under an atmosphere of 23 °C and 50% rela-
tive humidity. 

Morphological Analysis 
The fracture morphology of a mechanically tested specimen was assessed via scan-

ning electron microscopy (SEM) via a Phenom Pro Desktop (ThermoFischer Scientific, 
Waltham, MA, USA). The specimens were sputtered with a 7 nm thin layer of gold prior 
to imaging. 

2.3.4. Statistical Analysis 
A factorial design 23 (three factors, two levels of each factor) was conducted to eval-

uate the influence of each factor and their interactions on the complex viscosity (│η*│) of 
ABS and PS, and on the melt yield stress of ABS (σ0) produced via FFF, employing analy-
sis of variance (ANOVA). Factor A represents the printing temperature (levels: 220 or 270 
°C for ABS and 240 or 270 °C for PS), Factor B represents the layer thickness (levels: 0.15 
or 0.25 mm), and Factor C represents the print velocity (levels: 40 or 120 mm s−1). The 
values of the factors were codified according to the level of each factor, i.e., −1 for the 
lower level and +1 for the higher level. Two replications of each experiment were done, 
reflecting the sources of variability both between runs and within runs [46]. The order of 
the mixtures within each replication was randomized. The results obtained were com-
pared using the Tukey’s test, which indicates if there is a significant difference between 
the average results of two populations [46]. A conventional significance level (α) of 0.05 
was considered. 

3. Results 
First emphasis is the thermal stability of ABS and FFF feedstock (raw) materials in 

view of their 3D printing, considering TGA and basic rheological analysis. This more con-
ventional analysis up to longer times is further supported by dedicated rheological, SEC 
and FTIR analysis to obtain more molecular scale driven insights under actual processing 
conditions, e.g., shorter analysis times. In a final stage, attention is paid to color, mechan-
ical and morphological changes, always comparing FFF and PBAM. Specific emphasis is 
on the assessment of the impact of mechanical and thermal contributions to the degrada-
tion pattern. 
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3.1. Conventional Thermal Stability of Feedstock Materials 
The thermal stability of the feedstock materials for EAM must be assessed to assure 

that the printing temperature is sufficiently below their degradation temperature. The dy-
namic and isothermal TGA variations for raw PS and ABS material are shown in Figure 
1. According to the curves obtained in the dynamic mode (Figure 1a), the degradation of 
the tested materials has an onset temperature of 404 and 397 °C for ABS and PS, respec-
tively. The temperature of 1% mass loss (T1%) further indicates the thermal stability of the 
materials and is as high as 310 and 336 °C for ABS and PS, respectively. This means that 
no major degradation should be seen under the chosen processing temperatures used in 
the present work (Table 1). 

 
Figure 1. Thermogravimetric analysis of PS and ABS in: (a) dynamic; and (b) isothermal mode. 

The isothermal TGA results in Figure 1b indicate that at the final time of 2000 s ABS 
experienced a mass decrease of 0.82 and 1.43% at 220 and 270 °C, respectively. For PS, at 
the same testing time, both test conditions promoted a mass decrease under 1% so that 
care should be taken for translation of non-isothermal findings in isothermal results, with 
the former showing more degradation. Notably, at the lowest time in Figure 1b (300 s) the 
changes in the mass are always minor and the chosen processing parameters (Table 1; 
below 300 s) should be suitable for both materials. The mass variation with time under the 
test conditions is also shown in table format in the Supporting Information (Table S1). 

Supplementary to the thermal tests, low frequency rheological time sweep tests allow 
us to assess the stability of the feedstock materials. Specifically, monitoring the complex 
viscosity (|η*|) over time can give insights on irreversible structural changes in the poly-
mers [47], e.g., caused by chemical reactions that promote cross-linking, branching, or 
chain fission. The complex viscosity was obtained as a function of time and normalized 
by the first measured value after 15 s of testing (|η*|15). The normalized complex viscosity 
(|η*|t/|η*|15)) is shown in Figure 2. 
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Figure 2. Time sweep plots complementary to Figure 1; normalized with the first recorded value. 

Figure 2 shows that ABS exhibits at both 240 and 270 °C an increase in the normalized 
complex viscosity at both test temperatures, but more pronouncedly at 270 °C. This is 
attributed to the degradation of the PB phase, leading to cross-linking. In the initial stages 
of ABS degradation it has been indicated that the PB phase is attacked and unsaturated 
groups are consumed forming hydroperoxides, which in turn decompose and promote 
the formation of cross-linked structures [48]. Some level of oxygen is thus assumed to be 
present in the samples under this premise, giving rise to thermo-oxidation of the PB phase. 
In contrast, PS is stable at 240 °C with a constant normalized viscosity throughout the test, 
indicating that no structural changes are happening at this temperature, which agrees 
with the TGA data of Figure 1b. At 270 °C, PS exhibits even a decrease in the normalized 
complex viscosity, as a result of degradation via chain fission [49]. As the isothermal TGA 
(Figure 1b) results indicate negligible mass loss, we can assume a limited contribution of 
random chain fission [50] and only a small fraction of low molar mass compound for-
mation. 

Overall, Figure 2 indicates that PS and ABS are likely very stable at the processing 
temperatures selected, especially for at least 40 s upon considering the higher processing 
temperatures. Due to the short residence times in AM, the actual printing processing step 
should not induce dedicated material degradation so that the materials should be suitable 
for printing. Still, it must be kept in mind that these tests only account for the thermal 
stability of the materials, e.g., not mechanical stresses. Furthermore, in the case of FFF the 
filament already underwent a processing step, which may have already caused changes 
in its chemical structure. Therefore, further degradation analysis is needed to fully assess 
the effects of each step along the manufacturing chain. 

3.2. Detailed Rheological, Size Exclusion Chromatography and Fourier Transfer Infrared 
Spectroscopy Analysis for Stability under Processing Conditions 

The effect of the filament manufacturing via single screw extrusion (SSE), the 3D 
printing via FFF, and the FFF processing parameters (printing temperature, layer thick-
ness and printing velocity) on the complex viscosity of ABS and PS are shown as a func-
tion of the angular frequency in Figure 3. The results for the raw materials are added in 
all graphs for comparison. In the case of ABS printed at 220 °C (Figure 3a) and at 270 °C 
(Figure 3b), no major differences can be seen. This indicates a limited amount of structural 
changes as a result of processing, including the filament fabrication, consistent with the 
work of Jagenteufel et al. [35]. Even though the time sweep tests (Figure 2) show an in-
crease in the complex viscosity of ABS with time, the materials have now been subjected 
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to thermal and mechanical stresses. The latter stresses may have caused a certain level of 
chain fission, which decreases the viscosity and average molar mass of the material, com-
pensating cross-linking increases. In contrast, in the case of PS (Figure 3c,d), it is clear that 
the processing leads to structural changes (with lower chain lengths) because of degrada-
tion. The filament fabrication reduces the complex viscosity of PS, which is further de-
creased after the FFF process, especially if the material is processed at 270 °C. 

 
Figure 3. Effect of processing steps and processing parameters on the complex viscosity of ABS 
printed at (a) 220 °C and (b) 270 °C and of PS printed at (c) 240 °C and (d) 270 °C. Symbols: experi-
mental data points, lines: modified Carreau–Yasuda fitting. 

As discussed elsewhere [51–54], ABS may exhibit a plateau for its storage modulus 
(G’) in the low-frequency regime, indicating a non-terminal behavior and an apparent 
yield stress, which is consistent with the increase in the complex viscosity in this regime 
(see also different curvature in Figure 3 top row (ABS) compared to bottom row (PS)). This 
non-terminal behavior is related to the contribution of the interfacial interactions involv-
ing the (grafted) rubber phase (PB-g-SAN) to the overall elastic response of the material. 
Due to this non-terminal behavior, the traditional models for fitting the polymer viscosity 
curve are unsuitable and instead the complex viscosity data in the present work (Figure 3 
top row; ABS) have been described by a modified Carreau–Yasuda model (lines in Figure 
3) [55]: 

│η ∗ │(𝜔𝜔) =
𝜎𝜎0
𝜔𝜔

+ 𝜂𝜂0[1 + (𝜆𝜆𝜔𝜔)𝑎𝑎](𝑛𝑛−1)/𝑎𝑎 (4) 

where σ0 is the melt yield stress, η0 the zero-shear viscosity, λ the relaxation time, n the 
power law index, and a the Yasuda parameter. As PS (lines in bottom Figure 3) does not 
exhibit an apparent yield stress, Equation (4) then becomes the regular Carreau–Yasuda 
model. The fitting parameters for ABS and PS are presented in Table 4. 

An inspection of the fitting parameters in Table 4 allows a better understanding of 
the structural changes that occurred in both materials due to processing. In the case of 
ABS, the experimental complex viscosity data in Figure 3a,b seem at first sight not to 
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change much after the different processing steps. However, the fitting results depict a de-
crease in the zero-shear viscosity in the steps of both filament production and 3D printing. 
The zero-shear viscosity decreases around 7% after the filament fabrication and from 15 
to 25% after FFF, compared to the raw material. The melt yield stress in turn first decreases 
in the filament fabrication step, but after FFF the materials exhibit an increase as high as 
12% with respect to the raw material. The reduction in the viscosity of ABS can be related 
to chain fission of the main chains [56] so that the contribution of the PB-g-SAN phase 
becomes more pronounced, increasing the melt yield stress. Moreover, the oxidation of 
the grafted PB can lead to a de-grafting of SAN, which can be one of the reasons for the 
decrease in the zero-shear viscosity [56]. 

For PS, the filament fabrication rather strongly reduces the zero-shear viscosity of the 
raw material by 31% (see entries 13 and 14 in Table 4). If the printing processing has been 
carried out at 240 °C, the decrease in the viscosity ranges from −39 to −45% compared to 
the raw material and from −10 to −20% compared to the filament (see entries 15, 17, 19 and 
21 in Table 4). Even more pronounced degradation occurs if PS is printed at 270 °C, with 
viscosity values −50 to −59% lower than the raw material and −28 to −40% lower than the 
filament (see entries 16, 18, 20 and 22 in Table 4). This indicates that at 240 °C, the most 
critical step in the degradation of PS is the filament fabrication, whereas at 270 °C both the 
SSE and FFF step lead to major changes in the structure. 

Table 4. Parameters of complex viscosity fitting to the modified Carreau–Yasuda model for ABS 
Equation (4) and PS samples (Equation (4) with no σ0); Results for both fused filament fabrication 
(FFF-) and pellet-based additive manufacturing (PBAM); before FFF a conventional single screw 
extrusion (SSE) is performed. 

Processing 
Technique Entry Sample σ0 (Pa) η0 (Pa·s) λ (s) a 

(-) 
n 
(-) 

- 1 ABS Raw 2797 24,073 0.55 0.35 0.32 
SSE 2 ABS Filament 2516 22,452 0.63 0.37 0.35 

SSE + FFF 

3 ABS_220_0.15_40_FFF 2824 17,983 0.43 0.41 0.34 
4 ABS_270_0.15_40_FFF 3130 19,369 0.45 0.40 0.34 
5 ABS_220_0.25_40_FFF 2979 18,654 0.46 0.42 0.34 
6 ABS_270_0.25_40_FFF 2905 18,817 0.44 0.40 0.33 
7 ABS_220_0.15_120_FFF 3073 18,826 0.49 0.41 0.35 
8 ABS_270_0.15_120_FFF 2758 19,793 0.55 0.39 0.36 
9 ABS_220_0.25_120_FFF 3046 19,356 0.49 0.40 0.34 

10 ABS_270_0.25_120_FFF 2836 20,397 0.51 0.39 0.34 

PBAM 
11 ABS_220_0.25_40_PBAM 2139 32,862 0.78 0.34 0.33 
12 ABS_270_0.25_40_PBAM 2369 43,684 1.45 0.32 0.34 

- 13 PS Raw - 12,423 0.23 0.56 0.21 
SSE 14 PS Filament - 8530 0.18 0.57 0.24 

SSE + FFF 

15 PS_240_0.15_40_FFF - 6833 0.14 0.58 0.24 
16 PS_270_0.15_40_FFF - 5093 0.11 0.59 0.24 
17 PS_240_0.25_40_FFF - 6885 0.15 0.58 0.24 
18 PS_270_0.25_40_FFF - 5953 0.13 0.56 0.23 
19 PS_240_0.15_120_FFF - 7094 0.16 0.58 0.25 
20 PS_270_0.15_120_FFF - 6105 0.14 0.57 0.25 
21 PS_240_0.25_120_FFF - 7628 0.19 0.58 0.26 
22 PS_270_0.25_120_FFF - 6064 0.15 0.60 0.25 

PBAM 
23 PS_240_0.25_40_PBAM - 8671 0.21 0.58 0.26 
24 PS_270_0.25_40_PBAM - 6773 0.26 0.65 0.31 

 
For all FFF data in Table 4, λ) decreases with processing steps, and a and n slightly 

increase with the processing steps. The same has been reported by Berzin et al. [57] upon 
studying the controlled degradation of PP during extrusion. The relaxation time λ is di-
rectly related to the average molar mass of the polymer [58] so it is logical that it follows 
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the same trend of the complex viscosity, for (ABS and) PS processed via FFF. An increase 
in n indicates that the material linear viscoelastic behavior is closer to the conventional 
Newtonian behavior, with the shear-thinning effect being less pronounced. This has been 
attributed to the decrease in the average molar mass and narrowing of dispersity of the 
polymer [57,59]. 

The ANOVA results for the zero-shear viscosity of FFF specimens allow us to con-
clude that the only significant factors are the printing velocity for ABS (p-value < 0.05) and 
the printing temperature for PS (p-value < 0.002); the other p-values can be seen in Table 
S2 of the Supporting Information. Lower printing velocities result in a lower zero-shear 
viscosity in the case of ABS, and high printing temperatures result in a lower zero-shear 
viscosity for PS. The (ABS) melt yield stress was, although not significantly affected by 
any of the ANOVA factors, showing that the changes for this property are quite limited 
and consistent with the very similar data points at low frequencies. 

The measured complex viscosity variations for ABS and PS printed via the second 
AM technique PBAM are shown in Figure 4 (open symbols). The plots of the raw materi-
als, filaments and specimens printed via FFF under similar conditions are included for 
comparison. The fitting parameters of the complex viscosity (lines in Figure 4) are again 
shown in Table 4. For the PBAM printed ABS, the complex viscosity variations in Figure 
4a show that these samples exhibit somewhat higher values than the raw material and 
filaments. An analysis of the fitting parameters in Table 4 indicates a completely different 
trend than the one observed for the FFF printed specimens. Compared to the raw material, 
the melt yield stress decreases by 23 and 15%, and the viscosity increases by 35 and 81in 
case the material has been printed at 220 and 270 °C, respectively. This suggests that the 
printing conditions such as shear rate, residence time and presence of residual oxygen, 
have resulted under PBAM conditions in a completely different structural changes for 
ABS. The increase in viscosity may be related to the cross-linking formation in the PB-g-
SAN phase of ABS. As the screw speed used to produce specimens via PBAM is 0.8 rpm, 
which is significantly lower than the one used to process the feedstock (raw material) for 
FFF (27 rpm), the mechanical stresses related to PBAM are lower than the ones used to 
manufacture the feedstock. Hence, cross-linking in the PB-g-SAN phase is predominant 
over chain fission under PBAM conditions. 

 
Figure 4. Effect of type of printing technique on the complex viscosity of: (a) ABS; and (b) PS. The 
lines represent the (modified) Carreau–Yasuda fitting. 

In the case of PS, as shown in Figure 4b, the PBAM process leads to less structural 
variations than the FFF process. If processed at 240 °C via PBAM, the complex viscosity 
plot overlaps the curve for the filament manufactured via SSE. If processed at 270 °C via 
PBAM, the complex viscosity plot still overlaps the one for the FFF printed specimen at 
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240 °C. The reduction in the zero-shear viscosity in Table 4 is 30% and 45% for the mate-
rials printed via PBAM, compared to the raw material. Even though structural changes 
still happened, their effect is thus less pronounced in PBAM compared to FFF. 

To further establish correlations between the processing conditions and the polymer 
structure, SEC traces have been obtained for all the materials (raw, filament, and after FFF 
and PBAM). The corresponding values of the mass average molar mass (Mm) and disper-
sity (Đ) are shown in Table 5. ABS specimens show a decrease in Mm, from the raw mate-
rial to the filament, with a further decrease after FFF processing. The dispersity is in-
creased from the raw material after the first processing step (from 1.36 to 2.16), and after 
FFF it ranges from 2.04 to 2.12. The ABS samples produced via PBAM presented fractions 
that could not be dissolved, indicating cross-linking. The Mm results for these ABS sam-
ples in Table 5 therefore only account for the soluble fraction and cannot be directly cor-
related with the rheological tests. However, the already discussed increase in the zero-
shear viscosity for PBAM samples is compatible with the cross-linking formation assump-
tion, again indicating that this processing route leads to a different degradation mecha-
nism of the material compared to FFF. 

Table 5. Mass average molar mass (Mm) and dispersity (Đ) for ABS and PS raw material, their fila-
ments and after printing via FFF and PBAM; only soluble fraction for ABS. 

Sample—ABS Mm 
(kg mol−1) Đ Sample—PS Mm 

(kg mol−1) Đ 

ABS Raw 121.5 1.36 PS Raw 301.6 2.19 
ABS Filament 120.0 2.16 PS Filament 278.1 2.26 

ABS_220_0.15_40_FFF 116.3 2.04 PS_240_0.15_40_FFF 270.3 2.16 
ABS_270_0.15_40_FFF 119.2 2.00 PS_270_0.15_40_FFF 256.1 2.35 
ABS_220_0.25_40_FFF 116.4 2.07 PS_240_0.25_40_FFF 274.2 2.06 
ABS_270_0.25_40_FFF 118.4 2.06 PS_270_0.25_40_FFF 267.5 2.72 
ABS_220_0.15_120_FFF 117.8 2.05 PS_240_0.15_120_FFF 274.6 2.22 
ABS_270_0.15_120_FFF 117.7 1.98 PS_270_0.15_120_FFF 268.1 2.21 
ABS_220_0.25_120_FFF 115.9 2.12 PS_240_0.25_120_FFF 270.7 2.19 
ABS_270_0.25_120_FFF 115.8 2.12 PS_270_0.25_120_FFF 265.8 2.14 

ABS_220_0.25_40_PBAM 116.5 2.04 PS_240_0.25_40_PBAM 285.9 2.22 
ABS_270_0.25_40_PBAM 117.3 2.68 PS_270_0.25_40_PBAM 267.0 2.23 

Regarding PS, the trends for Mm in Table 5 confirm the rheological testing results. 
Mm decreases 8% from the raw material to the filament and a further decrease is observed 
after the FFF process, especially at 270 °C, with decreases ranging from 9 to 15%. For the 
PBAM processed specimens, the decrease in Mm is only 5% and 11% for the specimens 
processed at 240 and 270 °C, respectively. This again puts forward the reduced structural 
changes in PS if processed via this route. For completeness it is mentioned here that no 
major trends are noticed for the dispersity in Table 5, so it is likely the variations in n are 
related to Mm variations only. 

The scaling of 𝜂𝜂0 with Mm for ABS and PS is shown in Figure 5, and is based on the 
well-known equation for linear polymers: 𝜂𝜂0 = 𝐾𝐾𝑀𝑀𝑚𝑚

𝛼𝛼  [60], in which K is a proportionality 
factor and α = 3.4. For ABS (Figure 5a), the values for the PBAM samples are not included 
to increase the correlation potential; however, a rather weak correlation between both 
properties is still observed as evident from a low coefficient of determination R2. It should 
although be admitted that the Mm variation range is rather small compared to a standard 
range to identify a 3.4 type of power. The data for the ABS FFF samples are also rather 
scattered, revealing that the FFF process does not lead to very clear systematic variations, 
even though both properties are decreased after this processing step. In contrast, as shown 
in Figure 5b, PS samples exhibit a stronger correlation between both properties, indicating 
that the processing parameters strongly influenced the degradation. This is also obvious 
from the larger Mm range in Figure 5b compared to Figure 5a. 
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Figure 5. Scaling of zero-shear viscosity with mass average molar mass for: (a) ABS; and (b) PS. 
Squares are the data from Tables 4 and 5. Line is the fit. 

Further analysis is possible via the consideration of FTIR results. Consistent with lit-
erature data [61], important peaks can be assigned for raw PS and ABS, as shown in Figure 
6. For the other samples, the spectra are included in the Supporting Information (Figure 
S1). Because styrene is present in both PS and ABS, several peaks are shared between these 
materials including two aliphatic CH stretching signals at around 2920 and 2850 cm−1, 3 
to 5 aromatic CH stretching signals between 3000 and 3100 cm−1 and two aromatic CH 
wagging signals at approximately 700 and 750 cm−1, with the second one at one third of 
the height of the first one. ABS presents extra peaks, which are attributed to triple CN 
bond of the acrylonitrile group at 2237 cm−1 and two peaks that refer to the PB phase. They 
are centered at 965 and 910 cm−1, and represent stretches regarding CH in trans butadiene 
and CH2 in vinyl butadiene [62]. 

 
Figure 6. Most important peak assignments for raw PS and ABS material in the Fourier Transform 
infrared spectra. 
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To assess the degradation of the PB phase in ABS it has been recommended to mainly 
inspect the variation in the ratios R1 and R2 (Equations (1) and (2)) [41], with the results 
in the present work shown in Figure 7. Upon comparing the results for the filament and 
samples prepared via FFF and PBAM with the raw material, no (clearly) statistically sig-
nificant differences are seen for both R1 and R2, highlighting that FTIR can be less sensi-
tive than rheological analysis. 

 
Figure 7. Measured Fourier Transform Infrared (FTIR) ratios for the ABS raw material, filament, 
samples manufactured via FFF and via PBAM. (a) Equation (1) and (b) Equation (2); colors as guide 
of the eye to identify raw materials from processed materials. 

It is interesting to evaluate oxygen-related FTIR peaks [63] as well, noting that such 
moieties may also be due to the presence of additives [64,65]. Originally, ABS and PS have 
no hydroxyl (~3296 cm−1) or carbonyl groups (~1723 cm−1), nor peaks in the region of C-O 
stretching vibrations (~1000–1300 cm−1). Nevertheless, it has been indicated that thermo-
mechanical degradation may induce several reactions that can be responsible for the ap-
pearance of a wide range of oxidative moieties [63,66]. Due to the limited amount of oxy-
gen in the polymer melt, it is at first sight unlikely that radicals are easily converted in 
peroxy radicals [67], so that the FTIR spectra may present no (significant) changes regard-
ing the peaks of hydroxyl, carbonyl or other C-O stretches. Indeed, in the present work, 
no major changes are found for ABS, as shown in Figure 8a for the carbonyl region and in 
the Supporting Information for the hydroxyl and C-O stretches regions (Figure S2). How-
ever, in previous work [32], FTIR spectra of mass polymerized ABS samples manufac-
tured via FFF and PBAM have been compared and samples prepared via FFF displayed 
larger peaks around 1250 and 1750 cm−1, which regards C=O and C-O stretches in ester 
moieties, indicating the more pronounced degradation of ABS via FFF. This can be related 
to the different processing conditions in that work or to the different type of ABS (mass 
polymerized vs. emulsion polymerized). 

For PS, no major differences in the hydroxyl groups band have been detected (see 
Figure S3 of the Supporting Information). The carbonyl group region, however, exhibited 
differences between the specimens, as is clear from the zoomed wavenumber range in 
Figure 8b. A clear increase is observed for the carbonyl absorption band at 1743 cm−1. 
Upon studying thermal and mechanical degradation of PS via FTIR in air, D’Esposito et 
al. [68] also found a prominent peak around 1730 cm−1 attributed to an aldehydic com-
pound. Between 1656 and 1644 cm−1 an increase in the absorption peak can also emerge 
because of a disproportionation reaction leading to double bond formation [68]. Further-
more, the sample PS_270_0.15_40, showing the biggest drop in the mass average molar 
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mass and viscosity, exhibits the highest peak among FFF samples. This indicates a higher 
level of degradation for the highest temperature and longer residence time. 

 
Figure 8. Carbonyl stretches region on FTIR spectra of: (a) ABS; and (b) PS samples. 

3.3. Analysis of Variations in Color, Mechanical Properties and Morphology 
One of the possible outcomes of degradation due to processing is yellowing 

[56,63,69]. Such discoloration is attributed for the formation of carbonyl substituents dur-
ing thermo-oxidative degradation, although as in the present work a yellowing is not au-
tomatically captured FTIR sensitivity wise specifically for low oxygen contents (cf. Figures 
7 and 8). It should be realized that a color change is likely undesirable and may limit the 
range of applications of the materials, especially in case aesthetics are important. A visual 
inspection of the ABS specimens produced via FFF and PBAM, as incorporated in Figure 
9, confirms the yellowing due to processing. This feature is more pronounced for the spec-
imens produced via FFF at 270 °C, whereas PS samples did not show any visual color 
changes, as can be seen in Supporting Information (Figure S4). 

 
Figure 9. Variation in the color of ABS specimens produced via FFF and PBAM. 

The ABS yellowing has been quantified by means of the yellowness index (YI), as 
shown in Figure 10. Every processing step (SSE, SSE + FFF or PBAM) leads to an increase 
in the YI of the ABS specimens. After filament production (SSE), the YI value increased by 
33%. For FFF an increase in YI ranging from 60 to 90% and from 132 to 260% is measured 
for samples processed at 220 and 270 °C, respectively, putting forward that a two-step 
processing enables more opportunity for thermo-oxidation. This is somewhat supported 
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only by specimens produced via PBAM at 220 °C exhibiting an increase in the YI like the 
FFF samples, whereas at 270 °C the YI of a specimen printed via PBAM is 20% lower than 
its counterpart produced via FFF, being in the range of samples processed at 220 °C. Under 
PBAM conditions, more thermal degradation likely takes place and thus less thermo-oxi-
dative degradation. One of the factors causing yellowing in ABS samples during pro-
cessing is the oxidation of the PB phase [56]. As an example, mass polymerized ABS usu-
ally shows a lower YI than emulsion polymerized ABS due to its lower PB content [41]. 
The FFF sample ABS_270_0.15_40 shows the highest increase in the YI, which might be 
due to a combination of a high temperature and longer residence time (lower printing 
velocity and layer thickness), indicating a higher level of degradation for this specimen. 
Even though no major changes are seen in the FTIR spectra of ABS, the yellowing indicates 
that some level of degradation occurred. 

 
Figure 10. Yellowing index (YI) for ABS raw material, filament, specimens manufactured via FFF 
and via PBAM: colors as guide of the eye to identify raw materials from processed materials. 

The tensile strength results for additively manufactured ABS and PS are shown in 
Figure 11 (raw data in Table S3 of Supporting Information). The tensile strength of ABS 
produced via FFF is mostly affected by the layer thickness. Printing with a small layer 
thickness yields the highest values of tensile strength. This is probably due to the increase 
in the exit contact pressure [70], which forces the layers into a more intimate contact, im-
proving the bond strength between the deposited filaments. Printing at higher tempera-
tures lead to similar or slightly lower results for tensile strength, while the printing veloc-
ity did not show specific trends. 

The latter trend is not captured for PS samples. If both techniques (FFF and PBAM) 
are compared, at 240 °C, the results for tensile properties are similar, while a decrease in 
the tensile strength is seen for the PS printed via PBAM at 270 °C. This suggests that the 
best (FFF) printing parameters for PS are printing with a low layer thickness, lower tem-
perature, and a high printing velocity. Furthermore, printing PS with PBAM under such 
conditions may be an alternative to further reduce degradation. 

The results for the tensile modulus and strain at break are, for completeness, included 
in the Supporting Information (Table S2), together with the stress–strain curves for ABS 
and PS samples (Figures S5 and S6, respectively). The tensile modulus of ABS and PS are 
not influenced by the printing parameters and printing technique, as no statistically sig-
nificant differences are seen between the samples. The same is observed for the strain at 
break of samples produced via FFF. Nevertheless, samples produced via PBAM usually 
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exhibit lower strain at break than FFF samples. For instance, ABS samples manufactured 
via PBAM exhibit a decrease in this property of 50 and 52%, if printed at 220 and 270 °C, 
respectively. A similar trend in strain at break for ABS has been reported by La Gala et al. 
[32]. A reduction in the strain at break in ABS specimens has been attributed to the deg-
radation of the PB phase [63]. However, since no major changes in FTIR and YI data are 
perceived between FFF and PBAM ABS in the present work, it is likely that this is due to 
a lower bond strength between the deposited filaments, leading to premature failure of 
the specimens. Furthermore, for PS, a decrease of 46% of strain at break is seen for the 
sample printed at 270 °C via PBAM compared to FFF. Hence, it is worthwhile improving 
the actual PBAM process from a deposition point of view. 

 
Figure 11. Comparison of tensile strength of: (a) ABS; and (b) PS specimens printed via FFF and 
PBAM. 

Fracture surfaces of tensile tested ABS and PS produced via FFF and PBAM are in-
cluded in Figure 12, to better interpret the variations in mechanical results obtained via 
both techniques. For ABS printed at 220 °C, the interface between layers is more noticeable 
and the coalescence level is lower, supporting the hypothesis of a lower bond strength for 
these specimens, specifically for the PBAM technique. For PS printed at 240 °C, both mor-
phologies are similar and both techniques yield similar mechanical results. For the mate-
rials printed at 270 °C, the specimens produced via PBAM present a rougher structure, 
highlighting the relevance of a PBAM temperature optimization in future work. For PS, it 
can be stated that PBAM, as conducted in the present work, is already a suitable alterna-
tive to produce parts with less undesired structural changes and similar properties than 
FFF in case the printing temperature is 240 °C. 
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Figure 12. Scanning electron microscopy (SEM) micrographs of tensile fractured ABS and PS speci-
mens produced via FFF and PBAM. 

4. Conclusions 
The influence of printing temperature, layer thickness, printing velocity and printing 

technique on the degradation of ABS and PS has been assessed and compared for FFF and 
PBAM. For ABS, manufacturing samples via FFF with prior filament production (SSE) are 
characterized by a different degradation mechanism (more fission) than manufactured 
samples via PBAM (more cross-linking). This has been deduced by different variations in 
the zero-shear viscosity, melt yield stress and molar mass, due to the lower mechanical 
stresses employed in PBAM and thus a more thermally driven degradation. Even though 
no clear differences in the FTIR spectra have been noticed, the YI measurements show that 
samples produced via FFF at higher temperatures present a higher level of degradation. 
Hence, care should be taken upon using (ABS) FTIR data ignoring potential sensitivity 
issues. 

For PS, FFF with prior SSE promotes a higher level of degradation according to the 
same mechanism compared to PBAM, as is clear from more significant zero-shear viscos-
ity and average molar mass decreases. PBAM can even be preferred over FFF, as the me-
chanical layer-by-layer properties are also acceptable under the selected printing condi-
tions. For ABS, further optimization of such PBAM conditions is still needed aslikely too 
much cross-linking is still active under the currently selected conditions.  

In addition to the optimization of the PBAM process, other materials of interest for 
extrusion-based additive manufacturing could be tested to obtain more insights on the 
degradation during 3D printing via both techniques. 
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