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Acrylonitrile butadiene styrene (ABS) is widely used in various industries, generating significant post-industrial
waste. Mechanical recycling and outdoor exposure are both known to degrade ABS; however, their combined
effects under natural conditions remain insufficiently understood. This study investigates the influence of
reprocessed ABS (rABS) content (0 — 100% ) and short-term natural weathering (one month) on the physical
and mechanical behaviour of injection-moulded ABS. A total of 160 specimens, representing five material
compositions and two exposure conditions (control and weathered), were characterised through density
measurement, tensile, flexural, and impact testing, complemented by macro photography. The density remained
relatively stable (1.05 —1.06g/ cm3) across all conditions, with a slight increase observed at higher rABS
contents. Under control conditions, tensile strength ranged from 41.2 to 44.9 MPa and flexural strength from 66.3
to 73.4 MPa , values approximately 8 — 12% lower than the manufacturer’s nominal datasheet values, indicating
acceptable agreement with commercial-grade ABS. Following short-term natural weathering, tensile strength
decreased by up to 23.6%, while strain at break was reduced by approximately 86 — 89%, confirming severe
embrittlement. Flexural strength exhibited the most pronounced degradation, with reductions of approximately
88.9 — 92.3%, highlighting the high sensitivity of bending resistance to early-stage environmental exposure. In
contrast, impact strength showed comparatively moderate variations (within —17.3% to 4-1.7% ), suggesting
that dynamic fracture resistance is less sensitive than quasi-static bending during short-term outdoor exposure.
These findings demonstrate that recycled ABS blends, particularly at higher recycled fractions, are more
susceptible to embrittlement under natural weathering conditions.
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1. Introduction

The global production of plastics has increased dramati-
cally since the mid-20th century, with synthetic polymers
such as acrylonitrile butadiene styrene (ABS) becoming es-
sential in various industries including automotive, electron-
ics, and consumer goods due to their excellent mechanical
strength, processability, and cost-effectiveness [1-3]. How-
ever, the petroleum-based nature and high durability of

ABS contribute significantly to plastic waste accumulation,
posing serious environmental challenges [4-6]. Mechanical
recycling has emerged as a promising approach to address
this issue by reducing the dependence on virgin raw mate-
rials and minimizing waste generation in accordance with
the circular economy principles [7, 8].

Despite its advantages, mechanical recycling exposes
ABS to multiple heating and shearing cycles that can cause
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thermo-mechanical degradation, chain scission, and molec-
ular weight reduction, ultimately deteriorating its mechan-
ical performance [9-11]. In addition, ABS products, espe-
cially those used outdoors, are vulnerable to environmental
degradation due to ultraviolet (UV) radiation, humidity,
and temperature fluctuations [12, 13]. Previous studies
have reported that accelerated weathering can decrease the
tensile strength of ABS by up to 68% [14, 15]. Although
the effects of recycling [16, 17] and weathering [12] on ABS
have been studied separately, limited research has explored
their combined influence under actual outdoor exposure
conditions. Understanding this interaction is crucial for
developing reliable applications of recycled ABS in envi-
ronments exposed to natural weathering.

To ensure systematic evaluation and comparability with
existing literature, the mixing ratios of virgin ABS(vABS)
to reprocessed ABS(rABS) were selected as 100:0, 75:25,
50:50, 25:75, and 0:100 by weight. These ratios are widely
adopted as benchmark compositions in ABS recycling stud-
ies because they span the full continuum from pure virgin
material to fully recycled content, enabling clear mapping
of property evolution as a function of recycled fraction [9,
10, 18]. Previous studies consistently report that intermedi-
ate blends, particularly in the range of 25 — 50% recycled
content, often provide a practical compromise between me-
chanical property retention and sustainability objectives,
while higher recycled fractions ( > 75% ) are commonly
used to assess the upper limits of degradation and recycla-
bility [19, 20].

The virgin and recycled ABS materials used in this study
were both obtained from the injection moulding units of
PT. ATMI IGI, Surakarta, Indonesia. This industrial source
ensures controlled and consistent material quality, as both
the virgin ABS (LG Chem HI121H) and the reprocessed
ABS originated from the same production stream. This pro-
vides not only a consistent basis for evaluating the effects
of reprocessing and weathering, but also a strong industrial
relevance since the regrinding and reuse of sprues, runners,
and non-conforming (NG) parts are common practices in

manufacturing to improve efficiency and reduce waste.

Accordingly, this study aims to evaluate the combined
effects of recycled ABS content (0 — 100% ) and one-month
natural weathering on the mechanical, physical, and ther-
mal properties of ABS. The results are expected to pro-
vide valuable insights for improving the sustainable use
of recycled ABS materials in outdoor and semi-outdoor
applications.

2. Materials and methods

2.1. Materials

The materials used in this study consisted of virgin ABS
(vABS) and reprocessed ABS (rABS). Both materials were
obtained from the injection moulding unit of PT. ATMI IGI,
Surakarta, Indonesia. The virgin ABS used was LG Chem
HI121H, a commercial high-impact grade ABS was sup-
plied in pellet form, which served as the baseline material.
The reprocessed ABS was produced from post-industrial
scraps such as sprues, runners, and non-conforming (NG)
parts collected from the same injection unit. These waste
parts were first ground into flakes using a flake-type plastic
granulator (SDP 400 model) and then re-pelletized using
a single-screw extruder (COLLIN Teach Line E20) to en-
sure a homogeneous material feed for subsequent injection
moulding. For reference, the nominal baseline properties
of the virgin ABS grade, as reported in the manufacturer’s
datasheet, are summarized in Table 1.

2.2. Specimen Preparation

Five material variants were prepared with different weight
fractions of virgin ABS (vABS) and reprocessed ABS (rABS).
For each variant, 16 specimens were fabricated and allo-
cated as follows: 5 specimens for tensile testing, 5 speci-
mens for flexural testing, 5 specimens for impact testing,
and 1 specimen as a backup. The specimen codes and
distribution for both treatment conditions are given in Ta-
ble 2. Thus, each treatment condition (CO = control, C 1
= 1-month weathering) consisted of 80 specimens (5 vari-
ants x 16 specimens), and the total number of specimens
prepared for the study was 160 .

Materials were dried at 80 — 90°C for 15 — 20 minutes,
mixed, and compounded into granules using a COLLIN
Teach Line Extruder E20. Test specimens were produced
by injection moulding on a FANUC Roboshot S5-2000i 100A
according to ISO 527-2 (dog-bone for tensile).

For the flexural and impact tests, the dog-bone speci-
mens were trimmed to the required length using a precision
hand shear, and notches were introduced using a V-notch
cutting machine. This ensured that the specimen dimen-
sions complied with ASTM D790 (flexural test) and ASTM
D256 (impact test) standards. The flexural test specimens
had a nominal thickness of 4 mm, identical to the tensile
specimens, and were prepared in accordance with ASTM
D790 by applying the appropriate span-to-thickness ratio.

The specimens were grouped based on their weathering
exposure conditions as follows:

1. CO (Control): Specimens tested without any weath-
ering exposure and stored under controlled indoor



Journal of Applied Science and Engineering 32 (2026) 26032014 3

Table 1. Baseline properties of virgin ABS HI121H based on the manufacturer’s datasheet

Property Typical value Test standard
Density (specific gravity) 1.04 ASTM D792
Tensile strength at yield ~ 51MPa ASTM D638
Tensile modulus ~ 2.21GPa ASTM D638
Elongation at break ~ 30% ASTM D638
Flexural strength ~ 78.4MPa ASTM D790
Flexural modulus ~ 2.75GPa ASTM D790
Izod impact strength (notched, 3.2 mm,23°C) ~ 22.5K]J/ m?  ASTM D256
Glass transition temperature, Tg ~ 105°C -

Table 2. The material variants and nomenclature codes for both conditions.

No. Treatment Condition Composition (vABS : rABS) Code
100% vABS 75% vABS : 25% rABS ~ W25C0
1 Control (no exposure) 50% vABS : 50% rABS W50C0
25% vABS : 75% rABS W75C0

100%rABS WCO0

100% vABS : VCO VC1
75% vABS : 25% rABS W25C1
2 1-month weathering exposure 50% vABS : 50% rABS W50C1
25% vABS : 75% rABS W75C1

100% rABS WC1

laboratory conditions (23 £ 2°C, 50 & 5%RH ) without
direct UV exposure.

2. C1 (1-month exposure): Specimens were exposed to
natural outdoor weathering for one month (end on 10
August 2025). The exposure site was the climatology
laboratory field of the Faculty of Agriculture, Universi-
tas Sebelas Maret, Surakarta, Indonesia (Coordinates:
7°37'47.6724" S, 110°56/52.5876" E). Specimens were
mounted on a 45° angled rack facing east, in accor-
dance with ASTM D1435.

To support reproducibility, a summary of the recorded
weather parameters (temperature, humidity, and rainfall)
during the exposure period, the data are provided in Ta-
ble 4. It should be noted that these data represent a summa-
rized snapshot of the outdoor exposure conditions rather
than a complete or continuous climatic record. Within this
context, the specimens were exposed to typical tropical
outdoor conditions, with average daily temperatures rang-
ing from 26 — 33°C, relative humidity of approximately
70 — 85%, and total rainfall of about 120 mm during the
exposure month.

2.3. Characterization Techniques

The physical and mechanical properties of the ABS speci-

mens were characterized using the following methods:
Macro photography was performed using an Olympus

SZX7 stereo microscope to document visual changes in

Fig. 1. Outdoor weathering exposure of ABS specimens at
a 45° inclination according to ASTM D1435.

surface morphology and fracture patterns before and after
weathering exposure and mechanical testing. Specimens
were systematically examined for defects including voids,
sink marks, weld lines, surface cracks, and color variations.

Density measurements were conducted using a Shinko
Denshi DME-220E density analyzer operating on the
Archimedes principle (ASTM D792). The instrument fea-
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Table 3. Specimen preparation process from molding to final test specimens.
Step Description Standard Reference Specimen Form Illustration / Photo
dog{rk:]c?rclz(::nlsr;felcslge%i(r)iens 180 527-2
1 using FANUC Roboshot ) (zfl‘rileen) Dogbone (asmolded)
$-2000i 100A P
,  Timmeditoud s
P & D790 bar
hand shear
Trimmed and notched for

ASTM Notched bar

Table 4. Summary of recorded weather parameters during the outdoor exposure period.

Month Rainfall Rainy Days Relative Sunshine Air Temp.
(mm) (days) Humidity (%) Duration (%) (°C)
July 4.0 2.0 78.1 80.5 29.1
Aug. 11.1 8.0 79.2 86.1 29.0

tures a maximum capacity of 220 g with 0.01 g/cm? res-
olution, employing tuning fork vibration technology for
precise solid density determination. Five replicates per
variant were tested in distilled water at room temperature
(23 £2°C).

Tensile and flexural properties were evaluated using
a Zwick/Roell Z020 Universal Testing Machine with 20
kN capacity and servo-motor drive system. Tensile tests
followed ISO 527-2 at 5 mm/ min crosshead speed, while
three-point bending tests complied with ASTM D790 at
2 mm/min with 16 : 1 span-to-depth ratio. Data acquisi-
tion and analysis were performed using the testXpert II
software, with five specimens tested per variant.

Impact toughness was determined using a Zwick/Roell
HIT 5.5p instrumented impact tester according to ASTM
D256. The system features a 5.5 ] maximum energy capacity
and digital sensor technology for precise energy measure-
ment. Notched specimens were tested at room temperature
(23 £2°C), with five replicates per variant.

All mechanical testing was performed under controlled
laboratory conditions ( 23 £ 2°C, 50 £ 5%RH ). Results are
reported as mean =+ standard deviation, with statistical
significance assessed using one-way ANOVA and Tukey’s
post-hoc test (p < 0.05).
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3. Results and discussion

3.1. Macro Photography

Macro photography was used to qualitatively evaluate the
fracture surfaces of tensile, flexural, and impact specimens.
The visual differences between the control (C0) and the
weathered (C1) groups clearly indicate a transition from
ductile to brittle behaviour. As shown in Fig. 2, tensile
specimens in the control condition (VC0-WCO) exhibited
necking and fibrillated tearing typical of ductile fracture,
whereas weathered specimens (VC1-WC1) displayed gran-
ular, rock-like fracture surfaces characteristic of brittle fail-
ure [21].

Although the W75CI1 fracture surface appears relatively
flat compared to other weathered variants, fracture did
occur. The smoother morphology may be associated with
brittle crack propagation under reduced plastic deforma-
tion following weathering.

Similar morphological degradation was also evident in
the flexural and impact specimens (Figs. 3 to 5), where
smooth fracture planes in unweathered samples became

rougher and more irregular after exposure.

VC1
e ;o si| .5=

W25C1

=123 4567881011213 1415

Fig. 2. Macro images of tensile test specimens (VCO,
W25C0, W50C0, W75C0, WCO0 and VC1, W25C1, W50C1,
W75C1, WC1).

This morphological evolution supports the assumption
that outdoor weathering promotes surface embrittlement
through oxidation and UV-induced chain scission. Com-
parable ductile-to-brittle transitions have been reported by
Ramesh et al. [14] after accelerated weathering of ABS, con-
firming that even short-term tropical exposure can trigger
similar degradation. These visual observations provide
a qualitative foundation for the subsequent quantitative
mechanical results, as the fracture morphology trends cor-

respond closely with the changes in tensile, flexural, and
impact properties are discussed below.

(b) Weathered (C1).

Fig. 3. Macro images of flexural test specimens.
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Fig. 4. Macro images of flexural test specimens at the
bent/fracture region.

It is important to clarify that the observed ductile-to-
brittle transition in the weathered specimens is not associ-
ated with the ductile-brittle transition temperature (DBTT)
of ABS. According to established literature, the DBTT of vir-
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gin ABS is typically reported in the range of approximately
-40 to —20°C, which is far below both the natural weather-
ing temperature experienced in this study (26 —33°C) and
the mechanical testing temperature ( 23 = 2°C) [2]. There-
fore, under the present testing conditions, ABS is expected
to remain in a ductile regime from a purely thermal per-
spective. The brittle fracture morphology observed after
weathering should instead be attributed to environmen-
tal degradation mechanisms, particularly photooxidation
and oxidative chain scission in the butadiene-rich phase,
which progressively reduce molecular mobility and im-
pact resistance without requiring a transition across the
intrinsic DBTT [10, 14]. Similar embrittlement phenom-
ena at ambient temperature have been widely reported for
ABS subjected to thermal or UV aging, supporting the in-
terpretation that the mechanical degradation observed in
this study is driven by weathering-induced microstructural
damage rather than temperature-induced brittle transition.

3.2. Density

The density values of all material variants under both con-
trol (C0) and weathered (C1) conditions are presented in
Fig. 6. The results remained within 1.05 — 1.06 g/cm?3, con-
sistent with reported values for ABS [2]. A slight increase in
density was observed in higher-rABS compositions (W75
and W), which may be attributed to residual inorganic
contaminants or oxidation-induced densification during
reprocessing. Cress et al. [9] observed similar behaviour,
linking it to microstructural rearrangement and localized
cross-linking in recycled polymers.

Although the variation is minor, the gradual increase
in density correlates with the stiffening effect discussed
later in the tensile and flexural data. This suggests that
mild oxidation and cross-linking during weathering may
have contributed to denser surface layers, influencing sub-
sequent mechanical responses.

3.3. Mechanical Properties

1. Tensile Properties.

The tensile performance of all specimens is sum-
marised in Fig. 7, and the representative stress-strain
curves are shown in Fig. 8. Under the control condition
(C0), the ultimate tensile strength decreased gradually
with increasing recycled content, from 44.893 MPa for
VCO to 41.243 MPa for WCO. This trend is consistent
with molecular chain scission and molecular weight
reduction during repeated reprocessing cycles, as re-
ported by Bai et al. [10].

For clarity, the average tensile strength, strain at break,
and tensile modulus values for all compositions are

summarised in Table 5.

After one month of natural weathering (C1), tensile
strength exhibited moderate reductions for most com-
positions. The decrease was approximately 19.3% for
VC1, 17.0% for W25C1, 23.6% for W50C1, and 13.4%
for W75C1. Interestingly, WC1 showed a slight in-
crease of 3.2%, indicating a possible surface stiffen-
ing effect. Similar temporary hardening behaviour
has been reported following thermal or environmen-
tal exposure due to oxidative cross-linking within the
butadiene phase [10].

In contrast, strain at break showed a drastic reduction
after weathering, decreasing from 7.6-15.1% under con-
trol conditions to only 1.4-2.6% after exposure. This
corresponds to reductions of approximately 86-89%,
confirming severe embrittlement despite the relatively
moderate changes in tensile strength.

The tensile modulus remained relatively stable across
all compositions, ranging from approximately 2491 to
2657 MPa , suggesting that short-term natural weather-
ing primarily affected ductility and fracture behaviour
rather than the initial elastic stiffness of the material.

. Flexural Properties

The flexural results, illustrated in Figs. 9 and 10, reveal
a markedly higher sensitivity to natural weathering
compared to tensile strength. Under control conditions
(C0), flexural strength ranged between 66.3 — 73.4MPa,
with W50CO0 exhibiting the highest value ( 73.4 MPa ),
while WCO0 showed the lowest.

After one month of natural weathering (C1), flexural
strength decreased drastically across all compositions.
The reductions reached approximately 90.6% for VC1,
90.7% for W25C1, 92.3% for W50C1, 91.0% for W75C1,
and 88.9% for WC1. This substantial degradation in-
dicates that bending resistance is highly vulnerable to

early-stage environmental exposure.

Such pronounced reductions may be attributed to sur-
face oxidation and microcrack initiation under tensile-
compressive stress gradients during bending. Simi-
lar oxidative degradation mechanisms in aged ABS
systems have been reported by Ramesh et al. [14],
while crack propagation behaviour under brittle con-
ditions has been discussed by Milovanovic et al. [22].
The drastic loss in flexural performance suggests that
surface-initiated damage plays a dominant role during
bending, where tensile stresses amplify crack growth
more readily than in uniaxial tensile loading.



Journal of Applied Science and Engineering 32 (2026) 26032014 7

1VCO

" I lwzsco
g -
g .

VC1

W25C1

W50C1

W75C1

WC1

i

(b) Weathered (C1).

Fig. 5. Macro images of impact test specimens.
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Fig. 6. Density of ABS variants under control (C0) and
1-month natural weathering (C1) conditions (mean + SD,
n = 5). Error bars represent standard deviation.

3. Impact Strength (Izod) The impact toughness results
(Fig. 11) exhibit a different sensitivity pattern com-
pared to tensile ductility and flexural strength. Un-
der control conditions (C0), W25C0 demonstrated the
highest impact strength ( 18.01 k] /m? ), representing
an increase of approximately 22.2% compared to vir-
gin ABS (VCO0, 14.74 kJ/m? ). This suggests that a
moderate recycled fraction may enhance energy ab-
sorption capability, possibly due to microstructural
heterogeneity that promotes stress redistribution.

After one month of natural weathering (C1), the re-
duction in impact strength was relatively limited. The
decreases were approximately 7.2% for VC1, 17.3% for

W25C1, and 15.2% for W75C1, while W50C1 exhibited
only a minor reduction ( 1.1% ) and WC1 showed a
slight increase ( 1.7% ). Compared with the drastic
reductions observed in flexural strength and strain
at break, the impact performance remained compara-
tively stable during short-term exposure.

Previous studies have reported decreased impact en-
ergy in aged ABS systems under environmental con-
ditioning [12]. However, the present results indicate
that short-term natural weathering induces only mod-
erate changes in dynamic fracture resistance, sug-
gesting that impact performance may be less sensi-
tive than quasi-static bending behaviour during early-
stage degradation.

3.4. Synthesis of Results

The combined interpretation of all results presented
throughout Tables 1 to 5 and Figs. 2 to 11 reveals a coherent
and quantitatively differentiated pattern of degradation.
Macro observations confirm the ductile-to-brittle transition;
density data indicate subtle but meaningful structural com-
paction; and mechanical tests quantitatively verify the loss
of toughness and elasticity.

Quantitatively, natural weathering produced distinct
degradation magnitudes depending on the mechanical
loading mode. Tensile strength decreased by up to 23.6%
(W50C1), while strain at break exhibited a drastic reduction
of approximately 86 — 89% across all compositions, con-
firming severe embrittlement despite moderate changes in
ultimate strength. Flexural strength showed the most pro-
nounced sensitivity, with reductions ranging from approxi-
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Fig. 7. Effect of recycled ABS content and one-month natural weathering on ultimate tensile strength and strain at break.
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Table 5. Summary of average tensile strength, strain at break, and tensile modulus of ABS blends under control (C0) and
one-month natural weathering (C1) conditions (n =5).

Tensile Modulus (MPa)

Sample Tensile Strength (MPa) Strain at Break (%)

VCO0 449 11.2 2559.9
W25C0 444 7.6 2656.7
W50C0 43.7 13.0 2627.0
W75C0 42.8 15.1 2578.1

WCO0 41.2 9.8 2582.9

VC1 36.3 1.5 2617.7
W25C1 36.8 1.6 2637.8
W50C1 334 1.4 2617.4
W75C1 37.0 1.6 2491.4

WC1 42.6 2.6 2654.7

mately 88.9% to 92.3%, indicating that bending resistance
is highly vulnerable to early-stage surface degradation. In
contrast, impact strength displayed comparatively moder-

ate variations (from —17.3% to +1.7% ), suggesting that dy-
namic fracture resistance is less sensitive than quasi-static

bending under short-term outdoor exposure.
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Fig. 11. Effect of recycled ABS content and one-month natural weathering on impact strength of ABS variants. Error bars
indicate standard deviation (n = 5).

When benchmarked against the manufacturer’s of virgin ABS (44.9 MPa ) was approximately 12% lower
datasheet values (Fig. 11), the experimental tensile strength than the nominal 51 MPa, while the control flexural
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strength (approximately 70 — 73MPa ) was around 8-12%
lower than the reported 78.4 MPa. Such deviations are
considered reasonable given differences in processing
parameters, specimen preparation, and testing config-
urations. Importantly, the relative degradation trends
observed across recycled compositions remain internally
consistent, supporting the validity and reliability of the
experimental findings.

The minor increase in density and stiffness observed
in weathered and high-rABS specimens supports the hy-
pothesis of surface oxidation and partial cross-linking [9,
10, 14]. Collectively, these findings demonstrate that short-
term natural weathering induces substantial mechanical
deterioration, particularly under bending, while recycled
content amplifies susceptibility to embrittlement within the
investigated exposure duration.

It is acknowledged that the absence of quantified UV
dose data limits direct quantitative comparison of the
present results with accelerated weathering studies or out-
door exposures conducted under different climatic con-
ditions. Accordingly, the findings of this study should
be interpreted within the framework of early-stage natu-
ral weathering under tropical conditions rather than dose-
controlled degradation metrics.

4. Conclusion

This study examined the combined influence of recycled
ABS content and one-month natural weather exposure
on the mechanical performance of injection-moulded ABS
blends. The results demonstrate that short-term outdoor
weathering induces mechanically differentiated degrada-
tion behaviour depending on the loading mode.

Tensile strength decreased by up to 23.6%, while strain
at break exhibited a drastic reduction of approximately
86 — 89%, indicating severe embrittlement across all com-
positions. Flexural strength showed the most pronounced
deterioration, with reductions ranging from approximately
88.9% to 92.3%, highlighting the high sensitivity of bending
resistance to early-stage surface degradation. In contrast,
impact strength exhibited comparatively moderate varia-
tions (within —17.3% to 4+1.7% ), suggesting that dynamic
fracture resistance is less sensitive than quasi-static bending
during short-term exposure.

Blends containing 25-50% recycled ABS maintained im-
pact performance comparable to virgin ABS under control
conditions; however, substantial losses in ductility and flex-
ural capacity were observed after weathering. At higher re-
cycled content, the susceptibility to embrittlement became
more evident, indicating limitations for applications in-
volving sustained outdoor exposure or bending-dominated

loading.

Within the investigated exposure duration, moderate
recycled fractions may still be considered for non-critical
or short-term outdoor applications, provided that bending
stresses are limited. Nevertheless, the present findings are
restricted to early-stage natural weathering under tropical
conditions, and extended exposure durations or accelerated
aging protocols are necessary to comprehensively assess
long-term durability.
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