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Abstract   Acrylonitrile butadiene styrene (ABS) is widely used owing to its excellent mechanical properties, thermal stability, and processability;

however, its poor inherent flame retardancy limits its applications, which require higher safety. Conventional flame-retardant ABS systems main-

ly rely on a bromine-antimony synergistic system, in which antimony trioxide (ATO) is costly and environmentally concerning. In this study, de-

cabromodiphenylethane (DBDPE) and ATO were first selected as the flame-retardant systems and combined at a mass ratio of 3:1. The results

showed that the ABS/12DBDPE/4ATO composite achieved a UL-94 V-0 rating with a limiting oxygen index (LOI) of 24.0%. Subsequently, zinc fer-

rite (ZF) nanoparticles were synthesized via a co-precipitation method and employed as partial substitutes for ATO in ABS composites. When 50

wt% ATO was replaced by ZF, the ABS/12DBDPE/2ATO/2ZF composite exhibited an increased LOI value of 26.9%, while still achieving a UL-94 V-0

rating. Compared with neat ABS, the peak heat release rate (PHRR) and total heat release (THR) were reduced by 62.1% and 46.3%, respectively.

Furthermore, incorporating 5 wt% nitrile butadiene rubber (NBR) significantly improved the toughness of the composite, increasing the impact

strength from 3.8 kJ/m2 to 13.2 kJ/m2, without compromising flame retardancy. Overall, this study demonstrates an effective and practical strate-

gy to reduce ATO usage while simultaneously enhancing the fire safety and mechanical performance of ABS.
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INTRODUCTION

Acrylonitrile  butadiene  styrene  (ABS)  is  a  widely  used  thermo-
plastic  engineering  plastic  known  for  its  excellent  comprehen-
sive  properties.  ABS  has  been  extensively  applied  in  electronic
appliances,  automotive interior  components,  and building ma-
terials,  owing to its favorable thermal stability,  mechanical per-
formance,  and  processing  fluidity.[1−5] These  properties  origi-
nate from the synergistic contributions of its constituent phases:
acrylonitrile  imparts  chemical  resistance  and  thermal  stability;
butadiene  provides  toughness  and  impact  resistance;  and
styrene enhances processability and surface gloss.[6−11] Howev-
er,  ABS  resins  are  inherently  flammable  and  release  large
amounts  of  toxic  fumes  during  combustion,  posing  significant
risks  to  human  health  and  safety.  Consequently,  the  develop-
ment  of  effective  flame-retardant  modification  strategies  is  es-

sential to ensure safe and sustainable application of ABS materi-
als.[12−15]

Over  the  past  several  decades,  halogenated  flame  retar-
dants used in combination with antimony trioxide (ATO) have
been  widely  adopted  to  impart  flame  retardancy  to  ABS  be-
cause  they  deliver  a  high  efficiency  at  relatively  low
loadings.[16] This effectiveness principally stems from the syn-
ergistic action: Sb species react with Br retardants to produce
volatile  SbBr3,  which  enhances  the  gas-phase  flame  inhibi-
tion  mechanism.[17,18] However,  ATO  has  been  associated
with  potential  carcinogenic  hazards,  and  SbBr3 formed  dur-
ing combustion exhibits  persistent  toxicity  in  aquatic  organ-
isms.[19−21] At  the  same  time,  dwindling  antimony  reserves
and  increasingly  stringent  environmental  regulations  have
driven  the  market  price  of  ATO  sharply  upward,  imposing  a
substantial economic burden on industrial production.

Owing  to  the  mounting  health,  environmental,  and  eco-
nomic concerns surrounding ATO, the development of effec-
tive substitutes has attracted considerable attention. Promis-
ing  candidates  include  bismuth  trioxide  (Bi2O3),  zinc  borate
(ZB), and various tin compounds. For instance, Zhang et al.[22]

 

* Corresponding authors, E-mail: sunj@mail.buct.edu.cn (J.S.)
E-mail: zhangsheng@mail.buct.edu.cn (S.Z.)

† These authors contributed equally to this work.
Received April 13, 2026; Accepted May 5, 2026; Published online July 22,
2026 

Chinese Journal of
POLYMER SCIENCE RESEARCH ARTICLE 
 

   
© Chinese Chemical Society www.cjps.org
     Institute of Chemistry, Chinese Academy of Sciences link.springer.com

 

https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
https://doi.org/10.1007/s10118-026-3737-z
mailto:sunj@mail.buct.edu.cn
mailto:zhangsheng@mail.buct.edu.cn
http://www.cjps.org
http://link.springer.com


reported  that  incorporating  6  phr  Bi2O3 into  flexible  PVC
(fPVC)  reduced  the  horizontal  burning  rate  by  20.5%  com-
pared  to  the  4  phr  Sb2O3/fPVC,  achieving  complete  replace-
ment  of  Sb2O3.  This  indicates  that  Bi2O3 as  an  effective  anti-
mony  free  synergist.  Additionally,  tin- and  zinc-based  com-
pounds have been widely explored as potential synergists to
replace ATO.  Zhang et  al.[23] reported that  partially  replacing
ATO (50  wt%)  with  ZB or  SnO2 in  fPVC reduced the  peak  re-
lease  rate  (PHRR)  by  32.1%  and  27.0%,  respectively,  com-
pared  to  the  4Sb2O3/fPVC.  These  findings  demonstrate  that
zinc- and  tin-based  synergists  can  effectively  enhance  the
flame-retardant  performance  when  used  to  partially  replace
ATO.

However,  these  commonly  used  flame  retardants  often
compromise  the  mechanical  properties  of  the  polymer,  re-
sulting  in  reduced  toughness  and  insufficient  impact  resis-
tance  of  ABS,  rendering  it  susceptible  to  stress  cracking  in
practical  applications.  This  degradation  principally  arises  be-
cause  the  flame-retardant  particles  disrupt  the  continuous
dispersion  of  the  rubber  phase  within  the  matrix,  creating
stress concentrators that promote crack initiation and propa-
gation.  Therefore,  implementing  toughening  modifications
that  preserve  or  enhance  the  ABS  mechanical  performance
while  achieving  flame  retardancy  is  of  critical  importance.
Zhou et  al.[6] constructed  a  core-shell  flame  retardant
ADP@SiR  (silicone  rubber-encapsulated  aluminum  di-
ethylphosphinate)  and incorporated it  into ABS.  The 20 wt%
ADP@SiR/ABS  composte  exhibited  a  433%  higher  impact
strength  compared  to  20ADP/ABS.  Nguyen et  al.[24] em-
ployed nitrile butadiene rubber (NBR) as a toughening agent
to  enhance  the  impact  resistance  of  recycled  ABS  (re-ABS).
The  impact  strength  of  the  blends  increased  and  reached  a
maximum value of 52.7 kJ/m2 at a NBR of 10 wt% when com-
pared  to  neat  re-ABS  (34  kJ/m2).  Among  various  elastomers,
NBR  has  attracted  extensive  attention  owing  to  its  excellent
compatibility with ABS, outstanding oil resistance, good ther-
mal stability,  and high toughness.  The polar nitrile groups in
NBR  can  enhance  the  interfacial  adhesion  with  the  ABS  ma-
trix,  leading  to  a  finely  dispersed  rubber  phase  and  signifi-
cantly improved toughness.

In this study, a ferrite-based additive exhibiting high flame-
retardant  efficiency,  resource  abundance,  and  low  cost  was
prepared by solution co-precipitation followed by calcination
and evaluated as an alternative to conventional antimony tri-
oxide in ABS flame-retardant formulations. Concurrently, NBR
was incorporated to toughen the ABS matrix, with the goal of
synergistically  improving  impact  resistance  and  flame  retar-
dancy. The results demonstrated a viable strategy for produc-
ing ABS composites that combine effective flame protection,

enhanced  toughness,  and  improved  environmental  sustain-
ability.

EXPERIMENTAL

Materials
Acrylonitrile-butadiene-styrene  ABS  (grade  730)  was  procured
from  Shanghai  Kingfa  Technology  Co.,  Ltd.  Decabro-
modiphenyl  ethane  (DBDPE)  was  supplied  by  Shandong  Hai-
wang  Chemical  Co.,  Ltd.  Antimony  trioxide  (ATO)  was  sourced
from Changde Chenzhou Antimony Co., Ltd. Ferric nitrate non-
ahydrate  (Fe(NO3)3·9H2O)  and  zinc  sulfate  heptahydrate
(ZnSO4·7H2O) were obtained from Shanghai Macklin Biochemi-
cal Co., Ltd. Acrylonitrile butadiene rubber (NBR) was purchased
from Rajchem (Mumbai, India). Deionized water was prepared in
the laboratory.

Synthesis of Zinc Ferrite (ZF) Nanoparticles
The ZF nanoparticles were synthesized using a co-precipitation
method. ZnSO4·7H2O and Fe(NO3)3·9H2O were mixed at a molar
ratio of 1:2 and dissolved in 200 mL of deionized water. The mix-
ture  was  magnetically  stirred  at  room  temperature  for  30  min
until  complete  dissolution.  Aqueous  NaOH  was  then  added
dropwise to adjust the pH to 12 and stirring was continued. Af-
ter  reacting at  80  °C  for  2  h,  a  ZF  precursor  was  obtained.  The
precipitate  was  washed  thoroughly  with  deionized  water  and
absolute ethanol and then dried at 80 °C for 12 h to yield a red-
dish-brown  intermediate  (denoted  as  W-ZF).  Finally,  the  W-ZF
was calcined at 400 °C for 4 h in a muffle furnace to obtain the fi-
nal  ZF  nanoparticles  with  an  approximate  yield  of  90%.  The
overall synthetic process is illustrated in Fig. 1.

Preparation of ABS Composites
All samples were fabricated according to the formula in Table 1.
Before compounding, the ABS and flame retardants were dried
in a vacuum oven at 70 °C for 4 h. The dried raw materials were
premixed in a high-speed mixer for 5 min according to the de-
signed formulations, and then melt-blended with ABS using an
RM-200C  torque  rheometer  (Harbin  Hapu  Electric  Technology
Co.,  Ltd.)  at  180  °C  and  50  r/min.  The  prepared  blends  were
compression-molded at 180 °C using a ZS-4063 flat vulcanizing
machine  (Dongguan  Zhuosheng  Mechanical  Equipment  Co.,
Ltd.  Dongguan,  China)  to  obtain  standard  samples  for  subse-
quent tests.

Characterization
Fourier  transform  infrared  (FTIR)  spectroscopy  was  performed
using  a  Nicolet  IS  5  spectrometer  by  scanning  32  times  in  the
range of 4000–500 cm–1.

 

r/min

Fe(NO3)3·9H2O

ZnSO4·7H2O

Dispersing

in water

Washing

Drying 

Calcine

400 °C, 4 h

ZnFe2O4
 

Fig. 1    Synthesis process of ZF nanoparticles.
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X-ray powder diffraction (XRD) patterns were obtained us-
ing  an  X’ Pert  Pro  diffractometer  (Cu  Kα radiation,
λ=0.15418 nm; voltage: 40 kV, current: 40 mA).

Thermogravimetric analysis (TGA) was carried out on a TGA
Q500 instrument (TA Co., USA), where approximately 5 mg of
the  sample  was  heated  from  30  °C  to  800  °C  at  a  rate  of  10
°C/min under nitrogen flow.

The limiting oxygen index (LOI) was measured according to
ISO  4589-2  using  a  JF-3  oxygen  index  instrument  (Nanjing
Jiangning  Instrument  Factory,  China),  with  a  sample  size  of
100.0 mm × 6.5 mm× 3.2 mm.

The UL-94 vertical burning test was conducted using a JF-3
flame  test  apparatus  (Jiangning  Analytical  Instrument  Co.,
Ltd., China) in accordance with ISO 9773, with sample dimen-
sions  of  100.0  mm×  13.0  mm  ×  3.2  mm.  Five  samples  were
tested per group.

Cone calorimetry (CONE) testing was performed on a 100.0
mm  ×  100.0  mm  ×  3.2  mm  sample  using  an  FTT  cone
calorimeter under a heat flux of 50 kW/m2.

Notched Izod impact tests were conducted on an XJJ-5 im-
pact  tester  (JinJian  Testing  Instrument  Co.,  Ltd.,  China)  ac-
cording to ASTM D256, with sample dimensions of 63.5 mm ×
12.7 mm× 3.2 mm, and a notch radius of 45°. The average en-
ergy absorption was calculated for the five samples.

Tensile tests were performed using an XXJ-5 universal test-
ing machine (JinJian Testing Co., Ltd., China) with a Type 1BA
dumbbell-shaped sample with a total length of 75 mm, thick-
ness  of  2.0  mm,  and  gauge  length  of  25  mm.  The  samples
were tested at a speed of 10 mm/min, and five samples were
used to determine the average value.

The  microstructure  was  observed  using  a  HITACHI  S4700
scanning  electron  microscope  (SEM)  at  an  acceleration  volt-
age of 20 kV.

RESULTS AND DISCUSSION

Synthesis and Characterization of the ZF and W-ZF
The FITR spectra of the W-ZF and ZF are shown in Fig. 2(a). The

ZF sample exhibited Zn―O and Fe―O bond peaks in the range
of 400–600 cm–1，which is a common feature of spinel ferrites.
These correspond to the stretching vibrations of the octahedral
and tetrahedral components of spinel ferrites.[25,26] As shown in
Fig. 2(b), a comparison of the XRD patterns of ZF and W-ZF fur-
ther  confirmed  the  successful  formation  of  W-ZF.  ZF  exhibits
distinct diffraction peaks at 2θ values of 30.1°, 35.3°, 43.0°, 53.5°,
56.3°,  and  62.4°,  corresponding  to  the  (220),  (311),  (400),  (422),
(511), and (440) planes of a cubic spinel structure (JCPDS No. 22-
1012),[27−29] thereby verifying the successful formation of ZF.

The applicability of additives to melt-processed polymers is
largely  governed  by  their  thermal  stability  under  high-tem-
perature  extrusion  and  molding  conditions.  Therefore,  TGA
was  conducted  to  evaluate  the  thermal  degradation  behav-
ior of the ZF and its precursors. As shown in Fig. 2(c), the ini-
tial  decomposition temperature (T5%)  of  ZF reaches 443.2 °C.
These results  demonstrate that,  following hydrothermal  syn-
thesis  and  calcination,  ZF  derived  from  relatively  unstable
precursors  exhibits  remarkable  thermal  stability,  thereby  en-
abling its  reliable  application in  the melt  processing of  most
conventional  polymers.  Moreover,  the  prominent  high  char
residue of ZF throughout the entire thermal degradation pro-
cess reflects its excellent structural stability during decompo-
sition.

Thermal Stability of ABS Composites
Thermogravimetric analyses of ABS and its composites under N2

atmosphere are shown in Fig. 3, and the corresponding data are
shown in Table 2. ABS undergoes a single-step decomposition,
leaving  a  residue  of  1.1%,  which  indicates  its  lack  of  charring
ability. In contrast, ABS/12DBDPE/2ATO/2ZF and ABS/12DBDPE/
2ATO/2ZF/5NBR  showed  a  notable  increase  in  residue  from
1.1%  to  7.1%  and  14.7%,  respectively.  This  enhancement  re-
veals that the partial incorporation of ZF acts synergistically with
the bromine-antimony system. The synergy originates from the
ability of ZF to form a protective barrier in the condensed phase,
which  complements  the  gas-phase  flame  inhibition  of  the
bromine-antimony  system,  thereby  leading  to  more  efficient
char formation and a higher residue yield. The single peak in the

 

Table 1    The formulation of ABS composites.
 

Sample ABS content (wt%) DBDPE content (wt%) ATO content (wt%) ZF content (wt%) NBR content (wt%)

ABS 100 – – – –
ABS/12DBDPE/4ATO 84 12 4 – –

ABS/12DBDPE/2ATO/2ZF 84 12 2 2 –
ABS/12DBDPE/2ATO/2ZF/5NBR 79 12 2 2 5
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Fig. 2    Structural characterization of W-ZF and ZF: (a) FTIR spectra; (b) XRD patterns; (c) TGA curves.
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DTG curve arises from the overlapping decomposition process-
es  of  the  styrene-acrylonitrile  (SAN)  copolymer  and  butadiene
rubber, as their decomposition temperatures are very close.

In  contrast  to  ABS,  the  DTG  curves  of  the  binary
(DBDPE/ATO),  ternary  (DBDPE/ATO/ZF),  and  quaternary  (DB-
DPE/ATO/ZF/NBR)  specimens exhibited two distinct  peaks in
similar  temperature  ranges.  The  first  degradation  peak  for
these systems appeared at a significantly lower temperature,
and the second peak was similar to that of ABS. The T5% and

maximum  mass  loss  temperature  (Tmax)  of  ABS  were  384.2
and  425.3  °C,  respectively.  The  incorporation  of  the
DBDPE/ATO  flame-retardant  system  significantly  influenced
the  thermal  degradation  behavior  of  ABS.  The T5% for  the
ABS/12DBDPE/4ATO  composite  was  320  °C,  which  was  ap-
proximately 64 °C lower than that of ABS. In addition, the DTG
curves reveal a two-stage degradation process. The first peak
corresponded  to  the  decomposition  of  DBDPE  and  ATO,
where the synergist ATO facilitated bromine release by gener-
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Fig. 3    (a) TGA and (b) DTG curves of different ABS composites.

 

Table 2    TGA data of ABS composites.
 

Sample T5% (°C) Tmax (°C) Char yields at 800 °C (wt%)

ABS 384.0 425.3 1.1
ABS/12DBDPE/4ATO 320.8 415.1 4.8

ABS/12DBDPE/2ATO/2ZF 317.5 410.3 9.9
ABS/12DBDPE/2ATO/2ZF/5NBR 313.9 417.2 14.7
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Fig. 4    Digital photographs of the UL-94 vertical burning test for ABS composites.
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ating  SbBr3.  The  second  decomposition  peak  was  attributed
to the thermal degradation of the ABS main chain. Compared
to  ABS/12DBDPE/4ATO,  the  char  residue  of  the  ABS/12DB-
DPE/2ATO/2ZF composite increased from 4.8% to 9.9%, indi-
cating that ZF primarily acts in the condensed phase. For the
ABS/12DBDPE/2ATO/2ZF/5NBR  composite,  the  addition  of
NBR  further  increased  the  char  residue  content  to  14.7%  at
800 °C.

Flame Retardancy of ABS Composites
The  flame  retardancy  of  the  composites  was  evaluated  using
LOI and UL-94 tests, and the corresponding results are present-
ed in Fig.  4 and Table 3.  As expected,  ABS exhibited a low LOI
value of 18%, failed to self-extinguish upon ignition, and burned
completely  with  severe  melt  dripping  that  ignited  the  ab-
sorbent cotton during the UL-94 test. Incorporation of flame re-
tardants  markedly  improved  the  performance:  ABS/12DBDPE/
4ATO  showed  an  enhanced  LOI  of  24%  and  self-extinguishing
after two ignitions, achieving a UL-94 V-0 rating. When 50 wt%
ATO  was  replaced  by  ZF,  ABS/12DBDPE/2ATO/2ZF  increased
the LOI to 27.1% while still attaining the V-0 rating. Furthermore,
with the addition of 5 wt% NBR, ABS/12DBDPE/2ATO/2ZF/5NBR
exhibited an LOI of 26.9% and retained the UL-94 V-0 rating, in-

dicating that NBR does not compromise the beneficial effect of
ZF  replacement,  and  that  the  composite  preserves  excellent
flame retardancy.

Cone  calorimetry  testing  was  performed  to  evaluate  the
combustion  behavior  of  the  ABS  composites  under  realistic
fire conditions.[30] The test yielded critical parameters, includ-
ing  the  heat  release  rate  (HRR),  total  heat  release  (THR),  CO2

production  (CO2P),  residual  mass  (Mass),  and  fire  perfor-
mance index (FPI), as shown in Fig. 5 and Table 4.

Fire intensity is typically characterized by the peak heat re-
lease rate (PHRR). A higher PHRR denotes a more intense and
rapid heat release, which accelerates the fire propagation and
reduces  the  available  escape  and  rescue  times.  As  shown  in
Fig. 5(a), the ABS exhibited a PHRR of 940.3 kW/m2. The incor-
poration  of  DBDPE  and  ATO  markedly  reduced  the  heat  re-
lease.  The  ABS/12DBDPE/4ATO  sample  displayed  a  PHRR  of
378.3 kW/m2, which is 59.8% lower than that of ABS. When 50
wt% ATO was replaced by ZF, the PHRR of the ABS/12DBDPE/
2ATO/2ZF sample further decreased to 356.6 kW/m2. This im-
provement can be ascribed to the catalytic effect of ZF, which
promotes early stage crosslinking of  the ABS matrix,  thereby
generating a denser, more thermally stable char layer that ef-
fectively  insulates  the  substrate  and  impedes  oxygen  diffu-

 

Table 3    LOI and UL-94 data for ABS composites.
 

Sample LOI (%)
UL94

t1 (s) t2 (s) Dripping Rating

ABS 18.0±0.2 >40 – Y. N.R.
ABS/12DBDPE/4ATO 24.0±0.1 1 1 N. V-0

ABS/12DBDPE/2ATO/2ZF 27.1±0.3 1 2 N. V-0
ABS/12DBDPE/2ATO/2ZF/5NBR 26.9±0.1 1 1 N. V-0
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Fig. 5    Cone calorimetry data curves for ABS composites: (a) HRR, (b) THR, (c) COP, (d) Mass, (e) CO2 Production, and (f) FPI.
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sion.[31]

The  fire  performance  index  (FPI,  defined  as  TTI/PHRR)  is
widely used as a key indicator for evaluating the fire safety of
polymer materials, with a higher FPI generally corresponding
to  a  better  flame-retardant  efficiency.[32,33] Compared  with
the FPI of neat ABS (0.071 s·m2/kW), the ABS/12DBDPE/2ATO/
2ZF composite exhibited a significantly higher value of 0.132
s·m2/kW.  This  result  further  demonstrates  that  the  introduc-
tion  of  the  12DBDPE/2ATO/2ZF  system  substantially  en-
hanced the flame retardancy of ABS.

Char Residue Analysis
It  is  well  recognized  that  the  morphology  of  protective  char
plays a crucial role in determining the condensed-phase flame-
retardant  mechanism.  A  continuous,  tightly  bonded,  and  ther-
mally stable char layer is beneficial for enhancing the flame re-
tardancy of the polymer matrix.  As shown in Fig. 6(a),  ABS was
almost completely combusted during the cone calorimeter test,
leaving  only  a  small,  fragmented  residual  evidence  of  rapid
thermal degradation and high flammability at elevated temper-
atures.[34] For  the  ABS/12DBDPE/4ATO  composite,  the  halo-
genated  flame  retardant  mainly  acted  in  the  gas  phase.  Al-
though  it  is  effective  at  stopping  flame  reactions,  this  mecha-

nism  does  not  help  form  a  strong  and  continuous  protective
char  layer  (Fig.  6b).  Consequently,  burning  produces  a  large
central  cavity  that  fails  to  provide  an  effective  char  barrier  to
shield the underlying polymer.[35] However, with the incorpora-
tion  of  ZF,  the  ABS/12DBDPE/2ATO/2ZF  composite  formed  a
dense and continuous  char  layer  on the surface  after  combus-
tion (Fig. 6c). This residue effectively insulates against heat and
restricts  oxygen  diffusion,  indicating  a  dominant  condensed-
phase  flame-retardant  mechanism,  and  demonstrates  that  ZF
promotes catalytic char formation.[31] The synergistic effect was
further  enhanced  by  adding  NBR  as  an  additional  carbon
source,  which increased the char yield and produced a thicker,
more coherent residue (Fig. 6d). Consequently, the flame retar-
dancy of the ABS composites was markedly improved, primarily
because  of  the  enhanced  char-forming  capability  of  the  con-
densed phase.[36]

Analysis of Flame Retardant Mechanisms
To  further  understand  the  synergistic  interactions  among  the
flame  retardants,  the  chemical  compositions  of  the  char
residues  formed  at  different  temperatures  were  systematically
investigated using FTIR spectroscopy, as shown in Fig. 7.  It  can
be observed that, in the temperature range from 350 °C to 450

 

Table 4    Cone calorimetry data for ABS composites.
 

Sample THR (MJ/m2) PHRR (kW/m2) FPI (s·m2/kW) Residue (%)

ABS 120.4±2.1 940.3±5.1 0.071 1.3±0.2
ABS/12DBDPE/4ATO 49.7±3.5 378.3±4.2 0.114 5.3±0.3

ABS/12DBDPE/2ATO/2ZF 64.6±4.2 356.6±3.6 0.132 7.7±0.2
ABS/12DBDPE/2ATO/2ZF/5NBR 61.5±2.5 330.3±3.7 0.112 10.0±0.5
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Fig.  6    Digital  photos  of  samples  after  cone  calorimeter  tests.  (a)  ABS;  (b)  ABS/12DBDPE/4ATO;  (c)  ABS/12DBDPE/2ATO/2ZF;  (d)  ABS/12DBDPE/
2ATO/2ZF/5NBR.
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°C, the stretching vibration bands of ABS observed at 3067 and
3025 cm–1 (＝C―H) and at 2917 and 2848 cm–1 (C―H) can be
attributed  to  aromatic  and  aliphatic  hydrocarbons  originating
from  the  thermal  scission  of  styrene  and  butadiene  chains,  re-
spectively.  The  absorption band at  2217 cm–1 was  assigned to
the C≡N stretching vibration of  the acrylonitrile  unit,  which is
one of  the most  characteristic  absorption peaks  of  ABS.[37] No-
tably,  this  C≡N  absorption  band  almost  completely  disap-
peared  at  temperatures  above  500  °C.  The  bands  located  at
1597, 1493, and 1452 cm–1 are attributed to the C＝C skeletal vi-
brations  and  C―H  bending  vibrations  of  the  benzene  ring  in
the  styrene  units,  indicating  that  the  aromatic  ring  structure  is
gradually  destroyed  during  thermal  degradation.  The  absorp-
tion band at 749 cm–1 corresponds to the out-of-plane bending
vibration  of  mono-substituted  aromatic  C―H.  In  the  tempera-
ture range 500–600 °C, most of the aforementioned absorption
bands  nearly  vanish.  Although  the  mono-substituted  aromatic
C―H absorption band at approximately 758 cm–1 could still be
detected, its intensity gradually decreased, suggesting that the
polymer main chains were completely decomposed.[38]

As  shown  in Fig.  7(b),  the  FTIR  spectra  of  ABS/12DBDPE/
4ATO exhibit  absorption features nearly identical  to those of
ABS,  suggesting  that  the  Br-Sb  flame-retardant  system  pri-
marily operates in the gas phase and contributes negligibly to
char formation in the condensed phase. In contrast, as shown

in Fig. 7(c), ABS/12DBDPE/2ATO/2ZF exhibited a pronounced
attenuation of the C―H stretching vibrations near 3000 cm–1

and a concurrent enhancement of the aromatic C＝C absorp-
tion around 1500 cm–1 with  increasing temperature,  indicat-
ing  that  intensified  dehydrogenation  and  aromatization  are
conducive  to  the  formation  of  a  dense  and  stable  char
layer.[39] The appearance of Zn-O and Fe-O absorption bands
indicated  the  formation  of  a  thermally  stable  inorganic  net-
work  that  cooperated  with  the  carbonaceous  char  to  con-
struct  an  effective  protective  layer.[31] These  results  demon-
strate that  the incorporation of  ZF effectively  promotes con-
densed-phase  char  formation,  thereby  enhancing  the  flame-
retardant performance of the composites.

Based on the above analysis, Fig. 8 schematically illustrates
the  proposed  flame-retardancy  mechanism  of  ABS  compos-
ites. During combustion, a pronounced synergistic effect was
observed in both the condensed and gaseous phases.  In the
condensed phase, ZF thermally decomposes to generate ZnO
and  Fe2O3.[31] These  metal  oxides,  together  with  residual  ZF,
act as effective catalysts for carbonization, promoting the for-
mation of a compact and thermally stable char layer. This char
layer  functioned  as  a  physical  barrier  that  restricted  heat
transfer  and  impeded  the  diffusion  of  oxygen  and  volatile
degradation  products  to  the  underlying  matrix.[40,41] Mean-
while, gas-phase flame-retardant activity was triggered simul-
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Fig.  7    FTIR  spectra  of  char  residues  obtained  from  calcination  at  different  temperatures:  (a)  ABS,  (b)  ABS/12DBDPE/4ATO,  (c)  ABS/12DBDPE/
2ATO/2ZF.
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Fig. 8    Schematic diagram of the flame retardant mechanism in ABS/12DBDPE/2ATO/2ZF composite.
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taneously. Upon heating, DBDPE decomposed to release HBr
and  Br·.  The  released  HBr  reacts  with  ATO  to  form  SbBr3,
which  subsequently  volatilizes  and  decomposes  at  elevated
temperatures to generate additional Br·.[42] These radicals ef-
fectively  scavenge  H·  in  the  flame  zone,  thereby  disrupting
the radical chain reactions responsible for flame propagation.
In  addition,  HBr  contributed  to  flame  inhibition  by  diluting
the local oxygen concentration and reacting with HO·, during
which HBr was regenerated. This continuous radical quench-
ing  cycle  further  suppresses  combustion.[43] Overall,  the  in-
corporation of ZF exhibited a pronounced synergistic interac-
tion  with  the  bromine-antimony  flame-retardant  system,
leading  to  the  formation  of  a  reinforced  char  structure  and
enhanced gas-phase radical  inhibition,  which collectively  ac-
counted  for  the  significantly  improved  flame  retardancy  of
the ABS composites.

Mechanical Properties of ABS Composites
Impact  and  tensile  strength  tests  were  performed  on  the  ABS
composites, and the results are presented in Fig. 9. The notched
impact  strength  of  ABS  reaches  20.0  kJ/m2,  which  can  be  at-
tributed to its three-block copolymer structure, in which the bu-

tadiene phase contributes to excellent toughness and mechani-
cal  performance.[44] However,  for  the  ABS/12DBDPE/4ATO  and
ABS/12DBDPE/2ATO/2ZF samples, the notched impact strength
decreases  significantly  to  4.6  and  3.8  kJ/m2,  respectively.  This
deterioration  was  mainly  attributed  to  the  introduction  of  ZF
and ATO, both of which are inorganic particles. Their incorpora-
tion  leads  to  poor  interfacial  compatibility  between  the  fillers
and the ABS matrix, thereby increasing material brittleness.[45] In
contrast,  when  5  wt%  NBR  was  incorporated  into  the
ABS/12DBDPE/2ATO/2ZF  composite,  a  pronounced  toughen-
ing  effect  was  achieved,  and  the  notched  impact  strength  in-
creased from 3.8 kJ/m2 (ABS/12DBDPE/2ATO/2ZF) to 13.2 kJ/m2

(ABS/12DBDPE/2ATO/2ZF/5NBR).  This enhancement is  attribut-
ed to the rubber toughening mechanism, where the NBR parti-
cles undergo cavitation under impact, triggering shear yielding
of the ABS matrix  and facilitating energy dissipation via plastic
deformation.  Meanwhile,  improved  interfacial  compatibility  al-
leviates  the  stress  concentration,  leading  to  a  transition  from
brittle to ductile fracture behavior, thereby significantly enhanc-
ing the impact toughness.

According to the tensile tests shown in Figs.  9(b)  and 9(c),
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Fig.  9    (a)  Notched  impact  strength,  (b)  tensile  strength,  (c)  stress-strain  curve  and  SEM  micrographs  of  the  fracture  surface  of  impact  sample:
(d1−d3) ABS/12DBDPE/2ATO/2ZF and (e1−e3) ABS/12DBDPE/2ATO/2ZF/5NBR.
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the tensile strengths of ABS, ABS/12DBDPE/4ATO, ABS/12DB-
DPE/2ATO/2ZF,  and  ABS/12DBDPE/2ATO/2ZF/5NBR  compos-
ites were 42.8, 38.0, 39.0, and 33.5 MPa, respectively. The cor-
responding  elongations  at  break  are  8.4%,  6.6%,  5.6%,  and
11.2%, respectively.  Compared with neat ABS, the incorpora-
tion  of  inorganic  particles  reduced  both  the  tensile  strength
and elongation at break of the material. However, after addi-
tion of NBR, the elongation at break increased by 33%.

The  ABS  composites  showed  no  deterioration  in  impact
performance  either,  as  shown  in Fig.  9(a).  The  fracture  sur-
faces  of  the  impact-tested  specimens  were  examined  using
SEM.  As  shown  in Figs. 9(d1)−9(d3),  the  impact  fracture  sur-
face  of  the  ABS/12DBDPE/2ATO/2ZF  composite  exhibited  a
noticeable agglomeration of inorganic particles. In particular,
large voids can be observed in Fig.   9(d3),  which are attribut-
ed to the poor interfacial compatibility between the ABS ma-
trix and inorganic fillers. The tendency of the fillers to aggre-
gate leads to weak interfaces and localized stress concentra-
tion,  ultimately resulting in a  significant reduction in the im-
pact strength.[2] In contrast, as shown in Figs.  9(e1)−9(e3), the
ABS/12DBDPE/2ATO/2ZF/5NBR  sample  appears  considerably
rougher,  with  distinct  stress-whitening evident.  Under  exter-
nal loading, the NBR domains act as stress concentrators that
effectively  absorb  the  deformation  energy,  leading  to  pro-
nounced  stress  whitening.  Overall,  the  incorporation  of  NBR
not only improved the interfacial compatibility between ABS
and  the  inorganic  particles,  but  also  substantially  enhanced
the toughness of the composite.[46]

Properties Comparisons
In  addition,  the  reduction  in  the  PHRR  and  THR  of  the

ABS/12DBDPE/2ATO/2ZF composite were compared with those
of  flame-retardant  ABS  systems  reported  in  the  literature,  as
summarized  in Figs.  10(a),  10(b)  and Table  5.  ABS/12DBDPE/
2ATO/2ZF  exhibited  pronounced  decreases  in  PHRR  and  THR,
reaching 62.1% and 46.3%, respectively,  at  a  50% replacement
ratio of ATO. These reductions are superior to those achieved by
the  previously  reported  reference  fillers  (Fig.  10c),  indicating
that  ZF  can  effectively  function  as  an  alternative  synergist  to
ATO and offers a promising technical route for its partial substi-
tution in flame-retardant ABS systems.

CONCLUSIONS

In this study, ZF nanoparticles were successfully synthesized via
a co-precipitation method and employed as  partial  substitutes
for ATO in flame-retardant ABS composites. When 50 wt% ATO
was  replaced  by  ZF,  the  resulting  ABS/12DBDPE/2ATO/2ZF
composite  exhibited  a  significant  improvement  in  flame  retar-
dancy, with the LOI increasing from 18% for ABS to 26.9% and
achieving  a  UL-94  V-0  rating.  In  addition,  compared  with
ABS/12DBDPE/4ATO,  the  ABS/12DBDPE/2ATO/2ZF  composite
exhibited a further decrease in the PHRR, demonstrating its su-
perior  flame-retardant  efficiency.  In  addition  to  the  improved
fire performance, the partial substitution of ATO with ZF led to
an estimated reduction in material cost. Furthermore, the incor-
poration  of  5  wt%  NBR  as  a  toughening  modifier  effectively
compensated  for  the  loss  in  the  impact  resistance.  The  modi-
fied  composite  retained  the  UL-94  V-0  rating,  whereas  its  im-
pact  strength  increased  by  247.4%.  Overall,  this  work  demon-
strates  that  ZF  is  an  effective  and economical  synergistic  addi-
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Fig.  10    (a)  Radar  plot  comparing  the  properties  of  ABS  composites;  (b,  c)  Comparison  of  reduction  of  THR  and  PHRR  between  ABS/12DBDPE/
2ATO/2ZF and other ABS blends or composites.
 

Table 5    Comprehensive performance comparison of different flame retardant systems that enable ABS to pass the UL94 V-0 rating.
 

Sample Content (wt%) LOI (%) ΔPHRR (%) ΔTHR (%) Ref.

ABS/2Ag@PZS@MXene 2 24.0 36.8 20.5 [47]
ABS/10(Ce/P-CN) 10 28.6 54.0 15.2 [48]

ABS/15CM 15 / 39.4 24.1 [49]
ABS/20ADP@SiR 20 33.0 54.8 58.4 [6]

ABS/18IFR/2MIL-125 20 31.5 72.0 75.6 [50]
ABS/18DB–AO/5OMT 23 27.5 78.0 35.0 [51]

ABS/25MFAHP2 25 26.0 76.4 37.8 [2]
ABS/30P-LIG 30 / 58.1 19.4 [52]

ABS/10LM/20IFR 30 27.2 63.3 32.0 [10]
ABS/2OLDH/28IFR 30 31.0 68.9 51.6 [53]

ABS/22.8Ce@APP/7.5DP 30 28.6 76.6 32.4 [34]
ABS/12DBDPE/2ATO/2ZF 16 27.1 62.1 46.3 This work
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tive for brominated flame-retardant ABS systems and provides a
cost-efficient  and  environmentally  friendly  strategy  for  partial
replacement of ATO.
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