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Abstract   The reinforcement of rubbers by nanoparticles is always accompanied with enhanced dissipation of mechanical energy upon large
deformations.  Methods  for  solving  the  contradiction  between  improving  reinforcement  and  reducing  energy  dissipation  for  rubber
nanocomposites  have  not  been  well  developed.  Herein  carbon  black  (CB)  filled  isoprene  rubber  (IR)/liquid  isoprene  rubber  (LR)  blend
nanocomposites  with  similar  crosslink  density  (νe)  are  prepared  and  influence  of  LR  on  the  strain  softening  behaviors  including  Payne  effect
under  large  amplitude  shear  deformation  and  Mullins  effect  under  cyclic  uniaxial  deformation  is  investigated.  The  introduction  of  LR  could
improve the frequency sensitivity of loss modulus and reduce critical strain amplitude for Payne effect and loss modulus at the low amplitudes.
Meanwhile,  tuning νe and  LR  content  allows  reducing  mechanical  hysteresis  in  Mullins  effect  without  significant  impact  on  the  mechanical
performances.  The  investigation  is  illuminating  for  manufacturing  nanocomposite  vulcanizates  with  balanced  mechanical  hysteresis  and
reinforcement effect.
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INTRODUCTION

Nanoparticles  are  widely  used  for  reinforcing  rubber  materials,
which  is  ascribed  to  the  hydrodynamic  effect,[1−3] filler-rubber
interfacial  interaction[4] and  filler  aggregation  and  perco-
lation.[5−8] Apart  from  the  reinforcement  effect,  the  addition  of
nanofillers  also  promotes  strain  softening  including  Payne  eff-
ect  appeared  in  large-amplitude  oscillational  shear[9,10] and
Mullins effect in cyclic tensile deformation.[11] The softening has
been  attributed  to  deagglomeration  of  filler  clusters,[12−15]

slippage and/or desorption of chains from filler surface,[16,17] and
viscoelastic  effects  rooted  in  the  rubbery  matrix.[18−22] The
ambiguity  and  misunderstanding  of  the  strain  softening  make
it  difficult  to  optimize  the  reinforcement  and  dissipation
behaviors of rubber nanocomposites.

In  practice,  the  rubber  matrix  in  the  nanocomposites  is
commonly  crosslinked.  However,  an  absolute  control  on  the
crosslinking  reaction  is  difficult  and  the  rubber  networks  are
rich  in  defects  including  free  and  dangling  chains.  The  net-
work  defects  influence  the  network  dynamics,[23,24] visco-
elasticity[25−28] and  damping  behavior.[29−31] The  use  of  high
amounts of fillers to meet the engineering applications would
strongly  interfere  with  the  crosslinking  reaction  by  adsorp-

tion of not only rubber chains but also curing and processing
agents,[32−34] which  further  brings  difficulty  in  balancing  the
reinforcement and dissipation behaviors.

There are no attempts to lessen dissipation accompanying
the  Mullins  effect  in  rubber  nanocomposites.  Herein  liquid
isoprene rubber (LR) is  used to mediate the crosslinking net-
work of carbon black (CB) filled isoprene rubber (IR) vulcaniz-
ates.  The addition of LR could reduce the mechanical hyster-
esis  without  significant  impact  on  the  mechanical  perform-
ances. LR participates in the network formation and is hard to
migrates  from  the  nanocomposites,[35−39] providing  a  prom-
ising method for preparing rubber nanocomposites with low
mechanical hysteresis and high reinforcement effect.

EXPERIMENTAL

Materials
Liquid  isoprene  rubber  (LR,  trademark  LIR-30)  with  weight-
averaged  molecular  weight  of  30  kg/mol,  polydispersity  of
1.10, and glass transition temperature (Tg) of −65.3 °C (Fig. S1a in
the  electronic  supplementary  information,  ESI)  was  purchased
from  Kuraray  Co.,  Ltd.,  Japan.  Isoprene  rubber  (IR,  trademark
IR2200) with more than 98% cis-1,4 structure,  weight-averaged
molecular  weight  of  1220  kg/mol  and  polydispersity  of  2.0
was produced by Zeon Chem., Japan. Carbon black (N330) with
particle  size  about  30  nm  was  purchased  from  Longxin  Chem.
Stock  Co.,  Ltd.,  China.  Sulfur  and  antioxidant  of N-(1,3-
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dimethylbutyl)-N'-phenyl-p-phenylenediamine  (6PPD)  were
obtained from Kunshan Anzhe Chem. Stock Co., Ltd., China and
Zhejiang Yongjia Chem. Plant, China, respectively. Activator zinc
oxide  (ZnO)  and  stearic  acid  were  purchased  from  Shanghai
Macklin  Biochem.  Co.,  Ltd.,  China  and  Tokyo  Chem.  Co.,  Ltd.,
Japan,  respectively.  Accelerator N-cyclohexyl-2-benzothiazo-
lesulfenamide (CZ) was purchased from Aladdin, China.

Sample Preparation
Table  1 lists  formulations  of  the  nanocomposites.  The  IR  gum
was  first  mixed  with  1  phr  (parts  per  hundred  parts  of  rubber)
6PPD, 2.5 phr steric acid and 4 phr ZnO (not included in Table 1)
at 100 °C and 40 r/min for 10 min via an internal mixer (XSS-300,
Kechuang  Rubber  Plastic  Mechan.  Equipment  Co.,  Ltd.,  China).
After adding LR and CB, the compounds were mixed at 100 °C
and 40 r/min for 20 min. Finally, CZ and sulfur were added in the
compounds at 80 °C and 30 r/min for 10 min.

The carbon black gel (CBG) in the highly filled compounds
was  obtained via extraction  experiment.  The  uncured  com-
pounds were extracted by toluene for 10 days and by renew-
ing  toluene  every  2  days.  At  low  CB  contents,  intact  CBG
could not be obtained due to the leakage of CB particles into
solvent and the dissolution of the rubber.

To  prepare  nanocomposite  vulcanizates,  the  compounds
were compressed into sheets of  2 mm in thickness at  140 °C
by  a  vulcanizer  (XL-25,  Huzhou  Xinli  Rubber  Machinery  Co.,
Ltd.,  China).  The  curing  time  (Table  1)  was  prescribed  as  the
optimal vulcanization time determined from dynamic vulcan-
ization curves.

The  compounds,  CBG  and  vulcanizates  were  named  as
IR/iLR-jCB-C,  IR/iLR-jCB-CBG  and  IR/iLR-jCB-Vz,  respectively.
Here the letters “i” and “j” represent the ratio of LR to IR and
the content of CB in phr, respectively, and “z” stands for cross-
linking  density  (νe)  of  the  matrix  in  mol/m3.  For  better  com-
parison, νe was  manipulated  to  be  similar  for  vulcanizates
with the same CB contents. For manipulating the mechanical
hysteresis  in  cyclic  deformations,  vulcanizates  with  higher νe

or LR to IR ratio were also prepared (Table S1 in ESI) by curing
for 23, 21 and 32 min, respectively.

Characterizations
The dispersion of CB in the matrix was observed by transmission
electron  microscope  (TEM,  JEM-1200EX,  JEOL,  Japan)  at  an
accelerating  voltage  of  300  kV.  The  samples  were  obtained  by
ultramicrotomy.

νe = −[ln(1 − Vr)+
Vr + χVr

2]/[V0(Vr

1⧸3 − Vr

1⧸2 )]

Toluene  was  used  to  swell  the  vulcanizates  at  room  tem-
perature  for  48  h.  Flory-Rehner  equation 

 was  utilized  to  calculate νe.  Here

V0, Vr and χ are  the  molar  volume  of  solvent  (105.7  ml/mol),

volume  fraction  of  rubber  in  swollen  samples  and  poly-
mer-solvent  interaction  parameter  estimated  by  0.427+
0.112Vr

2, respectively.[40]

The  weight  percentage  of  bound  rubber  in  the  com-
pounds  and  CBG  was  determined  by  weighting  method.
Thermogravimetric  analysis  (TGA,  Q1000,  TA  Instruments,
USA) was also applied to estimate the bound rubber content
in  CBG.  Samples  were  heated  from  room  temperature  to
800 °C at a rate of 10 °C/min in nitrogen atmosphere.

Modulated  differential  scanning  calorimetry  (MDSC,  Dis-
covery 25, TA Instruments, USA) was used to test increment of
heat capacity (ΔCp) of the nanocomposites across glass trans-
ition of the matrix. The samples after equilibrium at −85 °C for
5 min were heated to −45 °C at a rate of 1 °C/min with modu-
lated signal time of 2 min and amplitude of ±1 °C. The bound
layer  content  was  calculated  according  to  1−ΔCp/[(1−w)
ΔCp,IR].  Here w is  the CB weight fraction in the nanocompos-
ites and ΔCp,IR is the increment of heat capacity of the matrix
during glass transition.

Molecular weight and polydispersity of the sol fractions ex-
tracted  from  the  compounds  were  measured  by  a  gel  per-
meation chromatography (GPC,  Water  2690,  Water  Co.,  USA)
at  40  °C  and  flow  rate  of  1  mm/min.  Tetrahydrofuran  was
used as solvent.

The rheological behaviors of the compounds and vulcaniz-
ates  were  measured  by  a  rheometer  (ARES-G2,  TA  Instru-
ments,  USA)  at  60  °C.  The  linear  rheological  responses  were
measured  in  the  frequency  (ω)  range  from  100  rad/s  to
0.025  rad/s  at  strain  amplitude  (γ)  of  0.1%.  The  strain  amp-
litude sweep experiment was conducted in the γ range from
0.01% to 80% at 1 rad/s.

Dumbbell shaped samples of 4 mm in width, 2 mm in thick-
ness  and  25  mm  in  length  of  working  section  were  used  for
tensile  test  using a tester  (Suns Zongheng Technol.  Co.,  Ltd.,
Shenzhen,  China)  at  room  temperature  and  at  a  crosshead
velocity of 500 mm/min. The cyclic loading-unloading uniaxi-
al  tensile  deformations  with  increasing  maximum  prestrains
at  each  cycle  were  performed  at  step  strain  of  100%  at
crosshead velocity of 50 mm/min. The area of hysteresis loop
in  one  loading-unloading  cycle  and  that  under  the  loading
stress  curve  are  defined  as Eh and E respectively,  and Eh/E
is  used  to  describe  the  ratio  of  energy  dissipation  in  each
cycle.

RESULTS AND DISCUSSION

Microstructure and Interfacial Interaction of the
Nanocomposites
Fig.  1 shows  TEM  images  of  the  vulcanizates.  The  CB  nano-
particles  are  distributed  rather  homogeneously  in  the  matrix.
The degree of CB agglomeration increases at high CB contents
while  the  composition  of  the  matrix  does  not  influence  the
CB dispersity significantly.  The presence of LR has no influence
on  the  distribution  of  other  additives  such  as  ZnO  activator
(Fig. S2 in ESI).

The  adsorption  of  chains  on  the  surface  of  CB  nanocom-
posites leads to the formation of bound rubber depending on
chains size[41,42] and filler content.[43,44] The bound rubber and
CB  constitute  CBG  in  which  a  small  fraction  of  strongly  im-
mobilized  chains  forms  a  thin  glassy  layer  surrounding  CB

Table  1    Formulations  of  the  compounds  and  their  curing  time  for
preparation of the vulcanizates. a

Sample IR LIR-30 CB CZ S Curing
time (min)

IR/0LR-20CB 100 − 20 0.55 0.55 45
IR/0LR-40CB 100 − 40 0.55 0.55 43
IR/0LR-60CB 100 − 60 0.55 0.55 50

IR/0.4LR-20CB 71.4 28.6 20 0.95 0.95 43
IR/0.4LR-40CB 71.4 28.6 40 1.00 1.00 45
IR/0.4LR-60CB 71.4 28.6 60 1.05 1.05 37

a Amounts of raw materials and chemicals are presented in phr.
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nanoparticle. As shown in Table 2, Tg of bound rubber in the
CBG is the same as that of the matrix (Fig. S1 in ESI). The CBG
contains about 30% bound rubber (Table 2 and Fig. S3 in ESI),
being independent of filler content and rubber composition.
Normalized  increment  of  heat  capacity,  ΔCp/(1−w),  is  about
0.365 J/(g·°C),  which corresponds to glassy layer content less
than  10  %  (Table  2),  indicating  a  slight  degree  of  chain  im-
mobilization.

The  sol  fraction  extracted  from  the  IR/0.4LR-20CB-C,
IR/0.4LR-40CB-C  and  IR/0.4LR-60CB-C  compounds  demon-
strates  bimodal  distribution  (Fig.  S4  in  ESI),  from  which  the
content of the low molecular weight fraction is determined as
46.3%, 32.6% and 38.5%, respectively, being higher than that
of LR in the matrix (28.6%) of the compounds. It indicates that
long chains participate in the bound rubber formation prefer-
entially.

The introduction of LR leads to the formation of more chain
ends  and  more  sulfur  is  required  to  maintain ve the  same  as
that of  the IR vulcanizates at  given CB contents (Table 1 and
Table  3).  The  presence  of  LR  raises  the  sol  content  slightly
(Table 3) while most of chains are connected to the crosslink-
ing  network.  Although νe and  CB  contents  are  different, Tg

and  ΔCp/(1–w)  of  the  vulcanizates  are  similar  (Table  3; DSC
curve referencing to Fig. S1 in ESI).  Thus, the influences of Tg

and glassy chains on the rheological and deformation behavi-
ors will not be considered further.

Rheological Behaviors of the Nanocomposites
The  introduction  of  CB  significantly  influences  the  linear
rheological behavior of the uncured compounds (Fig. 2). For the

compounds  with  IR  or  IR/0.4LR  matrix,  the  frequency  (ω)-
dependences  of  storage  modulus  (G′)  and  loss  modulus  (G′′)
weaken gradually  with  increasing CB content.  The presence of
LR  lowers  both G′ and  G′′.  The  variations  of  linear  rheological
behavior  could  be  ascribed  to  the  strain  amplification  effect
induced  by  CB  and  the  bound  rubber  formation  at  high  CB
contents.  LR  could  reduce  the  bound  rubber  content  slightly.
In  the  IR/0LR-40CB-C,  IR/0.4LR-40CB-C,  IR/0LR-60CB-C  and
IR/0.4LR-60CB-C  compounds,  the  bound  rubber  contents  are
18.3%, 16.7%, 29.5% and 26.2%, respectively. However, both the
segmental  dynamics  (Table  2)  and  bound  rubber  content  are
not  determinative  influencing  factors  of  the  rheological
behaviors.

Fig.  3 shows  nonlinear  Payne  effect  of  IR/0LR-jCB-C  and
IR/0.4LR-jCB-C compounds. Both G′ and G′′ are invariant in the
low γ region  (the  values  being  denoted  as G′0 and G′′0,  re-
spectively)  while  they  decay  markedly  at γ above  a  critical
amplitude  (γc).  The  additions  of  CB  and  LR  lower γc. Fig.  4

500 nm 500 nm 500 nm

500 nm 500 nm 500 nm

a b c

d e f 
Fig.  1    TEM  images  of  IR/0LR-20CB-V64.3 (a),  IR/0LR-40CB-V76.5 (b),  IR/0LR-60CB-V110.4 (c),  IR/0.4LR-
20CB-V70.1 (d), IR/0.4LR-40CB-V79.3 (e), and IR/0.4LR-60CB-V111.8 (f). The red circles indicate ZnO particles.

Table 2    Tg and composition of CBG.

CBG
Tg

(°C)
ΔCp/(1−w)
[J/(g·°C)]

Glassy layer content
(%)

Rubber content (%)

Weighting TGA

IR/0LR-40CB-CBG −67.4 0.362 2.1 31.3 27.2
IR/0.4LR-40CB-CBG −67.4 0.364 7.8 29.5 25.8

IR/0LR-60CB-CBG −67.2 0.371 ND a 33.0 30.4
IR/0.4LR-60CB-CBG −67.3 0.362 8.3 30.4 26.4

a Not detectable.

Table 3    Parameters of the vulcanizates.

Sample
νe

(mol/m3)

Sol
content
(wt%)

Tg

(°C)
ΔCp/(1−w)
[J/(g·°C)]

IR/0LR-20CB-V64.3 64.3±1.4 2.39 −66.2 0.412
IR/0LR -40CB-V76.5 76.5±1.6 2.79 −66.2 0.426
IR/0LR -60CB-V110.4 110.4±4.7 2.64 −66.3 0.429
IR/0.4LR -20CB-V70.1 70.1±3.3 6.22 −65.1 0.429
IR/0.4LR-40CB-V79.3 79.3±4.1 6.87 −65.4 0.432

IR/0.4LR -60CB-V111.8 111.8±0.1 7.20 −65.3 0.420
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shows the normalized plots of G′/G′0 and G′′/G′′0 as a function
of Aγγ. Here Aγ is strain amplification factor that is determined
as  horizontal  shifting  factor  for  creating  master  curves  with
reference to the nonlinear rheological curves of the matrix. It
can  be  observed  that Aγ increases  with  filler  content  and  is

smaller  in  the  IR/0.4LR  compounds  than  in  the  IR/0LR  ones
(inset  in Fig.  4).  It  means that  the occurrence of  Payne effect
may  be  influenced  by  the  molecular  weight  distribution  of
the matrix.[45,46] It should be noted that, at 40−60 phr CB, the
compounds  demonstrate  a  two-step  softening  and  the  first
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Fig. 2    G′ (solid symbols) and G′′ (lines and hollow symbols) as function of ω for IR/0LR-jCB-C (a) and IR/0.4LR-jCB-C compounds (b).
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Fig. 3    G′ (solid symbols) and G′′ (lines and hollow symbols) as function of γ for IR/0LR-jCB-C (a) and IR/0.4LR-jCB-C compounds (b).
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Fig. 4    Normalized plots of G′/G′0 (solid symbols) and G′′/G′′0 (hollow symbols) as a function of Aγγ for IR/0LR-
jCB-C (a) and IR/0.4LR-jCB-C compounds (b). Inset in (b) shows strain amplitude factor Aγ. The lines in (a) and (b)
are drawn according to γ−1.3 and γ−1.1, respectively.

890 Hou, F. Y. et al. / Chinese J. Polym. Sci. 2021, 39, 887–895  

 
https://doi.org/10.1007/s10118-021-2550-y

 

https://doi.org/10.1007/s10118-021-2550-y


one occurred at γ=1%−10% is  more obvious for  the IR/0.4LR
compounds. The first softening is possibly related to breakup
of some filler structures.[47]

LR  influences  the  linear  and  nonlinear  rheological  re-
sponses of the nanocomposites vulcanizates. Fig. 5 illustrates
G′ and G′′ as  a  function of  ω.  The ω-sensitivities  of G′ and G′′

are  much  weaker  than  those  of  the  compounds.  The  pres-
ence  of  LR  lowers G′ on  the  one  hand  and  improves  the  ω-
sensitivity of G′′ on the other hand. Fig. 6 shows Payne effect
of  the  vulcanizates.  The G′′ curves  demonstrate  weak  strain
overshoot  (type  III  behavior),  which  differs  from  the  sustain
softening (type I behavior) of the compounds (Fig. 3). With in-
creasing  filler  content, γc becomes  smaller  and  the  weak
strain overshoot becomes weaker.

Fig. 7 shows normalized plots of G′/G′0 and G′′/G′′0 as a func-
tion  of Aγγ.  The  superposition  is  well  for G′/G′0 while  fails
for G′′/G′′0,  exhibiting  weak  strain  overshoot.  The  normalized
plots  of G′/G′0 of  the  vulcanizates  even  overlap  that  of  the
uncured  gum,  suggesting  that  the  crosslinking  and  filling
do  not  alter  the  major  mechanisms  of  the G′ decay  accom -
panying the Payne effect. However, Aγ in IR/0.4LR-jCB vulcan-
izates  is  higher  than  that  in  the  IR/0LR-jCB  vulcanizates  at
given  CB  contents,  which  is  in  contradiction  with  the  com-
pounds (Fig. 4). In the nonlinear region, G′ varies as γ−x with x=
1.1  and x=1.3  for  the  IR/0LR-jCB  and  IR/0.4LR-jCB  vulcaniza-
tes,  respectively.  The scaling exponents  are  close to  those in
the  uncured  compounds  (Fig.  4)  and  in  silica  filled  polydi-
methylsiloxane  vulcanizates,[48] being  in  agreement  with  the
predictions  (x=4/3[49] and x=1[50])  of  Rouse  model,  revealing
the  importance  of  Rouse  dynamics  to  the  occurrence  of
Payne effect.
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Fig. 5    G′ and G′′ as function of ω for vulcanizates.
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Uniaxial Tensile Deformation of Vulcanizates
Fig.  8 shows  stress-strain  curves  of  vulcanizates.  At  given  CB
contents  and  similar νe,  the  presence  of  LR  dose  not  impair
the  mechanical  performances.  The  vulcanizates  during  cyclic
deformation  demonstrate  Mullins  effect  characterized  by
mechanical  hysteresis  and  stress  softening  (Fig.  9).  At  given
strains,  the  unloading  stresses  of  the  IR/0.4LR-jCB-Vz vul-
canizates  are  higher  than  those  of  the  IR/0LR-jCB-Vz ones.  The
differences become smaller  with increasing CB content.  Both E
and Eh increase  with  increasing  CB  content  and  prestrain
whereas  the  existence  of  LR  reduces Eh and  relative  hysteresis
energy Eh/E (Fig.  10).  In  filled  vulcanizates,  the  physical
interactions  would  be  interrupted  during  loading  and  reform
partially during the unloading process, which contributes to the
Mullins effect. The introduction of LR in the nanocomposites has
no  influence  on  the  filler-rubber  interactions  as  evidenced  by
the  small  amount  of  glassy  content  and  the  similar  bound
rubber  content  (Table  2).  Furthermore,  LR  has  no  influence  on
the  filler  dispersion  (Fig.  1).  It  means  that  the  reductions  in Eh

and Eh/E are not determined by the variations in filler structure
and interfacial interaction. Such result highlights the vital role of
rubber  network  structures  including  entanglement  density,

defect  chains  and νe on  the  stress  softening,  which  is  in
contradiction  with  previous  arguments  that  the  mechanical
hysteresis  mainly  involves  in  the  destruction  of  filler  structure
and  interfacial  interactions.[16,51−56] In  the  nanocomposites,  LR
participates  in  the  crosslinking  network  formation,  which  is
expected to generate a great number of dangling chains along
with the production of a slightly increased sol fraction (Table 3).
The  LR  chains  connecting  the  CB  nanoparticle  and  the  rubber
network  should  recoil  prior  to  the  long  IR  chains  during  the
unloading  process,  promoting  the  hysteretic  recovery  of  the
deformation and lowering Eh/E.

Since the mechanical hysteresis is mainly related to rubber
network, it could be tuned via regulating the LR content and
νe at given CB loadings (Table S1 in ESI). At similar νe for the 60
phr CB filled vulcanizates,  the introduction of LR has little ef-
fect on tensile strength and strain at break (Fig. S5 in ESI).  At
νe≈200 mol/m3 and 60 phr CB, LR does not influence the load-
ing stress while improves the unloading stress, promotes the
hysteretic recovery and largely reduces Eh/E at high prestrains
(Figs. S6 and S7 in ESI). At νe≈116 mol/m3 and 60 phr CB, Eh/E
at high prestrains decreases markedly with the increasing LR
to IR ratio (Fig. 10c and Fig. S7c in ESI). Thus, the use of LR in
combination with filling and crosslinking provides a potential
way to prepare rubber nanocomposites with balanced mech-
anical performance and energy dissipation.

It  is  shown  that  the  introduction  of  LR  brings  a  promising
balance  between  the  mechanical  hysteresis  and  reinforce-
ment  for  the  IR  nanocomposite  vulcanizates.  The  introduc-
tion  of  LR  would  bring  complicated  variations  in  molecular
structure of  the crosslinking network.  It  introduces structural
heterogeneities associated with generation of chain branches
and  dangling  ends  that  would  restrain  the  molecular  align-
ment along the stretch axis. The local crosslinking density and
network defects in the vulcanized matrix should possibly con-
tribute  to  the  reduced  energy  dissipation  in  cyclic  deforma-
tion.  It  is  expected  that  the  effects  of  LR  should  be  depend-
ent on the weight ratio of LR to IR, the molecular weight and
its  distribution of  LR,  and the competitive interactions of  CB,
sulfur and the other additives with LR and IR, which should be
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Fig. 8    Stress-strain curve for vulcanizates.
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investigated in detail in future.

CONCLUSIONS

It  is  a  challenge  to  prepare  rubber  nanocomposites  with  high

reinforcement efficiency and low energy dissipation.  This long-

standing  issue  is  settled  herein  by  using  LR  in  CB  filled  IR

vulcanizates.  LR does not  influence the filler-rubber  interaction

and  the  formations  of  glassy  layer  and  bound  rubber  while  it

improves  the ω-dependence  of G′′ and  the  critical  strain  amp -

litude  of  Payne  effect.  By  changing νe and/or  LR  content,  the
Mullins  effect  can be  tuned,  and the  accompanied mechanical
hysteresis  can  be  reduced  without  significant  influence  on  the
mechanical performances.

 Electronic Supplementary Information
Electronic  supplementary  information  (ESI)  is  available  free  of
charge  in  the  online  version  of  this  article  at http://doi.org/
10.1007/s10118-021-2550-y.
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