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Abstract   It  is  a  challenge  to  identify  each  phase  in  a  multi-component  polymer  system  and  uniquely  determine  the  interfacial  properties

between the different phases. Using atomic force microscopy nanomechanical mapping (AFM-NM) and AFM-based infrared spectroscopy (AFM-

IR), we identify each phase, visualize structural developments, and determine the interfacial properties in a blend of three polymers: high-density

polyethylene (HDPE), polyamide (PA6) and poly(styrene-b-ethylene-co-butylene-b-styrene) (SEBS). Each phase can be identified from the Young’s

modulus, along with the structural development within the phases before and after compatibilization. The interfacial widths between HDPE/PA6,

HDPE/SEBS  and  SEBS/PA6  were  determined  independently  in  one  measurement  from  a  Young’s  modulus  map.  The  structural,  mechanical

property development and identity of the phases were determined by AFM-NM, while AFM-IR, providing complementary chemical information,

identified interfacial reactions, showed the chemical affinity of a compatibilizer with the component phases, and mapped the distribution of the

compatibilizer  in  the  ternary  polymer  blends.  The  chemical,  structural  and  interfacial  information  obtained  by  these  measurements  provide

information that is essential for producing mechanically robust materials from incompatible mixtures of polymers.
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INTRODUCTION

The  interfacial  properties  between  dissimilar  polymers,
including  intermixing,  extent  of  entanglements,  structure  and
dynamics,  dictate  adhesion  strength  and  fracture  toughness
between  dissimilar  polymers  and  the  global  mechanical
properties  of  the  mixture  or  composite.  These  are  ultimately
related  to  the  segmental  interactions  between  the  compon-
ents  and  their  statistical  segments  lengths.  Various  reciprocal-
and  real-space  techniques  have  been  developed  to  assess
composition  profiles  and  structural  variations  across
interfaces.[1−12] Interdiffusion,  interfacial  reaction  kinetics  and
interfacial  segregation  have  been  investigated  from  the
segment  to  polymer  chain  to  macroscopic  length  scales  and
have  provided  quantitative  insights  into  compatibilization,
adhesion  and  fracture.  These  studies  have  been  restricted  to
either  two-component  or  two-phase  systems  where  there  is
only  one  interface.  However,  we  are  often  confronted  with
systems that have more than two components with more than

two interfaces, and the characteristics of each of these interfaces
are critical to the overall performance of such multi-component
materials.  Quantitatively  interrogating  each  interface  with  a
single  measurement,  which  is  critical  for  systems  far  removed
from  equilibrium,  is  difficult,  if  not  impossible,  in  a  single
measurement.

Electron  density  contrast  between  different  polymers  can
be  small,  making  a  unique  identification  of  each  phase  diffi-
cult by electron microscopies. Double-staining[13] or selective
etching[14,15] can  be  used  to  enhance  contrast,  at  the  risk  of
perturbing  the  virgin  materials.  Atomic  force  microscopy
(AFM) phase imaging can be used to qualitatively distinguish
different components.[16−18] However,  since the phase image
results  from  combined  contributions  of  viscoelasticity,  sur-
face  adhesion,  and  capillary  forces  of  the  material,  it  is  diffi-
cult  to  extract  quantitative  information[19−21] and  in  some
cases, depending on the set-point, phase images may lead to
erroneous conclusions.[21] In some limited cases, spectroscop-
ic  imaging,  for  example  tip-enhanced  Raman  spectroscopy,
can  be  used  to  unravel  chemical  maps  of  analyzed
materials.[22−27]

This shortfall in methods to characterize interfaces in multi-
phase polymer systems becomes increasingly acute with not
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only the desire to develop high-performance materials arising
from  synergistic  interactions,  but  also  the  ever-increasing
economic and environmental drive for the re-use of polymers
where,  for  polymer  upcycling,  the  mixing  of  polymers  to
produce  a  higher-valued  end-product  is  of  central
interest.[14,15,28−30] However,  since  the  blends  of  multi-phase
polymers  are  generally  thermodynamically  immiscible,  it  is
necessary  to  compatibilize  these  polymers  to  obtain  useful
mechanical and physical properties. Then, the use of a multi-
phase compatibilizer to limit the size scale of the phase separ-
ated morphology and to promote adhesion between the dif-
ferent  phases,  become  a  convenient,  low-cost  and  low-en-
ergy strategy to produce high-performance polymeric materi-
als and to recycle polymeric materials to higher-valued mater-
ials.  Up  to  now,  the  use  of  multi-phase  compatibilizers  has
been engineering in nature with little, if any, fundamental un-
derstanding  of  the  segregation  of  the  compatibilizer  at  the
different  interfaces  or  the manner  in  which such compatibil-
izers modify the interfaces.[14,15,28−30]

AFM nanomechanical mapping (AFM-NM) has been shown
to be a  straightforward and simple  means to  investigate  the
interfaces  between  polymer  systems  where  there  are  only
two  components  or  two  phases.[31−38] AFM-based  infrared
spectroscopy (AFM-IR) is an emerging technique for chemical
analysis  and  compositional  mapping  with  spatial  resolution
of a few tens of nm.[39−50] Here, we used AFM-NM and AFM-IR
to  probe  the  effects  of  a  multi-phase  compatibilizer,  com-
prised  of  graft  copolymers  of  maleic  anhydride  (MAH)  and
styrene (St)  melt-grafted onto HDPE (HDPE-g-MAH-co-St),  on
the  structure  and  interfacial  properties  of  a  ternary  polymer
blend  of  high-density  polyethylene  (HDPE)/polyamide
(PA6)/styrene-ethylene-butadiene-styrene  (SEBS).  The  differ-
ence  in  the  Young’s  moduli  of  the  components  enables  the
simultaneous  mapping  of  structural  development  in  the
blends  and  a  determination  of  the  interfacial  properties
between  the  components.  AFM-IR  provides  chemical  vari-
ations across the interface, the spatial distribution of the com-
patibilizer  in  the blends,  reactions  occurring at  the interface,
and the chemical affinity of the compatibilizer with the com-
ponents comprising the different phases. By combining AFM-
NM  and  AFM-IR,  the  structural  and  mechanical  property  de-
velopment,  the  spatial  distribution  of  the  compatibilizer  in
the three-component system, and the impact on the interfa-
cial properties were elucidated.

EXPERIMENTAL

Materials
The  high-density  polyethylene  (HDPE),  polyamide  (PA6),  and
styrene-ethylene-butadiene-styrene  (SEBS)  used  are  commer-
cialized  product.  The  HDPE  (M572, Mw=1.36×105,  MFR=2.2  g/
10min  at  190  °C/2.16kg),  PA6  (1013B, Mw=2.3×104,  MFR=
15.8  g/10min  at  230  °C/2.16kg),  and  SEBS  (G1652,  styrene
content:  29  wt%, Mw=1.35×105,  MFR=4.9  g/10min  at  230  °C/
5.0kg)  were  supplied  by  Yanshan  Petrochemical  Co.,  Ube  Co.,
and  KRATON,  respectively.  Maleic  anhydride  (MAH)  (99%),
styrene  monomer  (St)  (≥99%),  and  dicumyl  peroxide  (DCP)
(98%)  were  obtained  from  Sigma-Aldrich  and  used  without
further purification.

MAH-St melt grafted HDPE (HDPE-g-MAH-co-St), the multi-

phase compatibilizer, was prepared and characterized follow-
ing  the  procedures  given  in  the  literature.[14,51] The  grafting
reactions  were  conducted  in  a  Rheocord  Haake  batch  mixer
with 50 cm3 chamber. The MAH, liquid styrene monomer and
peroxide  were  first  mixed  and  then  the  mixture  was  pre-
mixed with HDPE. The resulting mixture was charged into the
chamber and mixed at 180 °C for 10 min. The resultants were
then  dissolved  in  boiled  xylene  and  then  precipitated  using
excess  of  acetone.  The  absorption  peaks  at  1785  and
1090 cm−1 in the FTIR spectra (Fig. S1 in the electronic supple-
mentary information, ESI) of the purified HDPE-g-(MAH-co-St)
confirmed  the  presence  of  MAH  and  St  groups  grafted  onto
the HDPE. The grafting content of MAH and St of the as-pre-
pared samples are 0.98 wt% and 1.25 wt%, respectively.

Sample Preparation
All  compositions  used  for  blending  were  dried  in  a  vacuum
oven at 80 °C for 10 h and used immediately. The ternary blends
of  HDPE/PA6/SEBS  without  and  with  the  compatibilizer  were
prepared using melt-blending at 230 °C in the same mixer. The
rotation  speed  was  set  at  60  r/min  and  the  mixing  time  was
8  min.  The  formulation  of  blends  with  5  wt%  compatibilizer
is  (HDPE+HDPE-g-(MAH-co-St))/PA6/SEBS  ((65+5)/15/15).  The
amount  of  HDPE  and  compatibilizer  in  other  blends  were
adjusted  accordingly.  The  resulting  blends  were  ultramic-
rotomed at −150 °C using a cryo-ultramicrotome (Leica EM FC7)
with a diamond knife to remove the top surface of the blends,
leaving  a  smooth  surface  for  AFM-NM  and  AFM-IR  measure-
ments.  The  as-prepared  samples  have  a  surface  roughness Rq

of  9.8±0.6  nm  over  a  15  μm  ×  15  μm  scanning  area.  For
mechanical  testing  samples,  the  as-prepared  blends  were  hot-
pressed  at  15  MPa  and  230  °C  to  obtain  the  composite  sheets
with a thickness of 1 mm.

AFM Nanomechanical Mapping (AFM-NM)
Characterizations
AFM-NM  was  carried  out  on  a  Bruker  MultiMode  8  AFM  using
PeakForce  QNM  mode.  OMCL-AC160TS-R3  cantilevers
(OLYMPUS  Micro  Cantilevers)  were  used  for  scanning,  during
which  the  oscillation  frequency  of  the  Z-piezo  and  force
amplitude  was  set  at  1.0  kHz  and  150  nm,  respectively,  and  a
scan rate of 0.5 Hz was used. The actual spring constant of the
cantilevers  was measured using a  thermal  tune method.  A tip-
check  sample  (Aurora  Nanodevices,  Canada)  was  used  to
estimate  the  tip  geometry  using  tapping  mode  imaging.  The
scan  area  and  scan  rate  were  2.0  μm  ×  2.0  μm  and  1  Hz,
respectively.  The  details  of  QNM  mode  were  provided  in  the
Supporting Information.

AFM-IR Characterizations
AFM-IR  was  performed  on  a  Bruker  nanoIR3  using  contact
mode.  The  samples  were  scanned  using  PR-EX-nIR2-10  tips  to
acquire  the  topography.  Then,  the  samples  were  illuminated
from  the  top  of  the  side  with  Bruker  Hyperspectral  QCL  laser
across  the  800−1900  cm−1 at  a  spectral  resolution  of  2  cm−1.
For  AFM-IR  images,  the  AFM  tip  scans  across  the  sample  sur-
face,  during  which  the  sample  is  illuminating  at  a  desired
wavelength.  For  AFM-IR  spectra,  the  resonance  enhanced
thermal  expansion  of  the  sample  is  measured  as  a  function  of
the laser wavelength with the AFM tip. The laser wavelength is
normalized  by  the  laser  intensity  averaged  over  128  pulses.
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Detailed principles of the AFM-IR can be found in the reported
studies.[39−41]

FTIR Measurements
FTIR  measurements  were  performed  on  a  Nicolet  6700  spec-
trometer using ATR mode. The instrument was operated in the
range of 800−1900 cm−1 at the resolution of 2 cm−1. The spectra
were an average of 64 scans.

Tensile Testing
Tensile testing was carried out on an Instron 3345 tensile tester
at a strain rate of 50 mm/min at room temperature. The tensile
bar  is  dog-bone-shape  with  dimensions  of  50  (length)  mm  ×
4 mm (width) × 1.0 mm (thickness).

RESULTS AND DISCUSSION

Table  1 and Fig.  1 show  the  mechanical  properties  of  the
HDPE/PA6/SEBS  ternary  blends  with  and  without  the  multi-
phase  compatibilizer.  The  results  show  that  by  increasing  the
content of HDPE-g-(MAH-co-St), both the elongation and stress
at  break  increase  greatly.  With  15  wt%  compatibilizer,  the
elongation  and  stress  at  break  of  the  compatibilized  blends
were  6.8  and  1.6  times  higher  than  those  of  the  uncompati-
bilized blends, respectively, while the yield stresses were almost
unchanged  (Table  1 and Fig.  1),  demonstrating  the  efficiency
of  the  HDPE-g-(MAH-co-St)  in  improving  the  compatibilization
of  various  polymer  pairs  and,  therefore,  in  promoting  the
toughness of the ternary blends.[14,15]

Fig.  2 and Fig.  S2  (in  ESI)  show AFM-NM results  of  the  un-
compatibilized  and  compatibilized  HDPE/PA6/SEBS  blends.
With only height images (Figs. 2a and 2b), the individual com-
ponent in the ternary blends is unidentifiable, while with the

Young’s modulus maps (Figs. 2a' and 2b'), the identification of
each component becomes easy. The bright regions with high-
er Young’s modulus are assigned to the PA6 dispersed phase,
the  dark  regions  with  lower  modulus  are  assigned  to  the
SEBS, and the light brown regions with an intermediate mod-
ulus are assigned to the HDPE matrix. A Young’s modulus pro-
file  in Fig.  2(c) clearly  shows  the  modulus  difference of  the
HDPE, PA6 and SEBS components.  The histogram in Fig.  2(d)
shows  the  statistical  results  of  Young’s  modulus  of  the  un-
compatibilized blends where a Gaussian function fitting gives
a  mean  value  of  1.60  (1.42−1.75)  GPa  for  HDPE  and  2.27
(2.18−2.42) GPa for PA6, and a Lorentz function fitting gives a
mean value of 158 (143−169) MPa for SEBS.  These measured
Young’s moduli of the HDPE and PA6 are consistent with the
bulk values, while for the SEBS, it is much higher than the bulk
value.  This  can  arise  from  the  large  deformation  resulting
from the tapping force and high oscillation frequency of  the
Z-piezo  that  is  applied  to  SEBS  elastomer.  The  measured
Young’s  moduli  of  the  HDPE,  PA6  and  SEBS  are  sufficient  to
identify the compositions in those blends.

With the assignment of  the three components,  the modu-
lus map in Fig. 2(a) shows large discrete domains of PA6 and
SEBS dispersed in an HDPE matrix. Most PA6 domains are sev-
eral microns in size and a few are several hundred nanomet-
ers in size, that are entirely or partially encapsulated by SEBS,
forming a  rigid  core-rubber  like  shell  structure  in  HDPE mat-
rix. With the introduction of the multi-phase compatibilizer, it
is  evident that  the sizes of  the dispersed domains decreased
and the size distributions narrowed. The number of the core-
shell  structures  significantly  increased  with  the  use  of  the
compatibilizer. Three different mechanisms give rise to these
morphological  changes.  First,  for  the  immiscible  HDPE  and
PA6 pair, the MAH groups in HDPE-g-(MAH-co-St) will react or
have an affinity  with the amine groups in  PA6,  markedly  en-
hancing the adhesion between the HDPE and PA6, which is a
well-known  compatibilization  strategy.  Second,  for  the  par-
tially  miscible  HDPE  and  SEBS  pair,  the  styrene  groups  in
HDPE-g-(MAH-co-St)  interact  favorably  with  SEBS,  which  in-
creases the adhesion between the HDPE and SEBS.  Third,  for
the  immiscible  PA6  and  SEBS  pair,  reactions  between  the
MAH  groups  in  HDPE-g-(MAH-co-St)  and  amines  groups  in
PA6  lead  to  the  formation  of  graft  copolymers  of  HDPE-g-
(MAH-co-St)  and  PA6  while,  the  styrene  groups,  promote  in-
teractions between the PA6 and SEBS. The detailed compatib-
ilization will  be discussed below from the results of  AFM-NM
and  AFM-IR,  respectively.  Consequently,  this  multi-phase
compatibilizer will reduce the interfacial tension of all the in-
terfaces  and  promote  adhesion  between  the  different
phases.[14,15,52,53]

Fig. 3 shows the Young’s modulus maps of the blends with
scans across the interfaces.  For the uncompatibilized blends,
the  HDPE/PA6,  HDPE/SEBS  and  SEBS/PA6  interfaces  are
smooth,  minimizing  the  interfacial  area  between  the  com-
ponents.  With  introduction  of  the  HDPE-g-(MAH-co-St),  the
interfaces become very rough.  Line scans across different in-
terfaces  were  used  to  determine  the  change  in  the  Young’s
modulus across the HDPE/SEBS,  SEBS/PA6 and HDPE/PA6 in-
terfaces and the interfacial width can be estimated from a hy-
perbolic  tangent  function fit  to  the modulus  profiles  (Fig.  4).

Table 1    Mechanical  properties of  the HDPE/PA6/SEBS ternary blends
with the multi-phase compatibilizer loading.

Blends Yield stress
(MPa)

Stress at break
(MPa)

Elongation at break
(%)

0 wt% 19.3±0.8 13.1±0.2 106.1±26.6
5 wt% 19.5±0.3 15.2±0.3 226.7±45.6

10 wt% 22.8±2.7 16.0±1.2 353.4±23.4
15 wt% 21.2±0.9 21.0±0.5 717.7±56.6
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Fig.  1    The  stress-strain  curves  of  the  HDPE/PA6/SEBS  (70/15/15)
blends  without  and  with  HDPE-g-(MAH-co-St)  multi-phase
compatibilizer.
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The  interfacial  widths  between  HDPE/SEBS,  SEBS/PA6  and
HDPE/PA6  in  the  uncompatibilized  blends  are  small,  in  the
range of 8−12 nm in size (Fig. 4a and Fig. S4 in ESI). After com-
patibilization,  it  increases  to  35.0±5.6  nm  for  HDPE/SEBS,
32.9±4.8  nm  for  SEBS/PA6,  and  40.0±5.8  nm  for  HDPE/PA6
(the  interfacial  widths  between  various  pairs  are  listed  in
Table  2).  Previous  information  on  interfacial  width  between
a  reactive  compatibilized  HDPE/PA6  pair  and  polymer
pairs  compatibilized  by  chemical  affinity  (HDPE/SEBS  and
SEBS/PA6), prepared by melt blending, are not available. The

interfacial  width is  usually measured in a thermally annealed
bilayer geometry.  For example,  Inoue et al.  reported that,  for
the  reactive  polypropylene  (PP-g-MAH)/PA6  bilayer  system,
the  interfacial  width  increased  to  ~40  nm  after  annealing,
while  it  was  a  constant  value  at  ~5  nm  for  non-reactive  sys-
tem.[54] For a polymer pair compatibilized by chemical affinity,
as  reported  by  Russell et  al.,  the  interfacial  width  between
polystyrene  (PS)/poly(methyl  methacrylate)  (PMMA)  in-
creased  from  5  nm  to  30  nm  after  compatibilization  using  a
copolymer  of  PS-b-MMA.[3] Although  the  reported  interfacial
width here cannot be used to make direct comparisons with
X-ray or neutron reflectivity results, since the sample prepara-
tion  conditions  are  markedly  different,  the  broadening  of  all
the interfaces due to the presence of the HDPE-g-(MAH-co-St)
is  apparent.  It  should  also  be  noted  that,  for  semi-crystalline
HDPE  and  PA6,  the  measured  interfacial  width  cannot  be
taken as absolute, since the orientation of the crystals can in-
fluence  the  width  of  the  interface  measured.  Other  factors,
like surface roughness may also induce an error to the meas-
ured interfacial width. However, since the results represent an
average over 20 single modulus profiles, the influence of the
morphology, when comparing the mixtures with and without
the compatibilizer, should not be compromised.

Fig. 5 and Fig. S5 (in ESI) show the AFM-IR maps of the un-
compatibilized  and  compatibilized  HDPE/PA6/SEBS  band  at
1785 cm−1.  The band at 1785 cm−1 is  a characteristic absorp-
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images  and  (a',  b')  corresponding  Young’s  modulus  maps  of  the  uncompatibilized  and  compatibilized  blends.  (c)  Young’s  modulus
profile of line scan in (a') across the HDPE, PA6 and SEBS domains. A line scan across the HDPE, PA6 and SEBS domains in compatibilized
blends in (b') shown in Fig. S3 (in ESI). (d) Young’s modulus distribution of the uncompatibilized blends. The dashed and solid red, blue
and brown lines in (c) and (d) are indication of the Young’s modulus and function fitting of the PA6, HDPE, and SEBS components.

a

2.5 GPa

150 nm 1 μmb

200 nm

 
Fig.  3    Young’s  modulus  maps  of  the  uncompatibilized  (a)  and
compatibilized  (b)  HDPE/PA6/SEBS  blends  at  the  interfacial  regions.
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roughening between the HDPE/SEBS, PA6/SEBS and HDPE/PA6.
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tion  of  symmetric  C＝O  stretching  of  the  anhydride  group,
enabling  a  mapping  of  the  distribution  of  HDPE-g-(MAH-co-
St)  in the ternary blends.  The absorption peak of  the styrene
can  also  be  used  to  map  the  distribution,  since  the  system
contains SEBS, so the absorption of the anhydride groups was
used. As seen in Figs. 5(a) and 5(b), the AFM-IR images show a
phase-separated morphology that is consistent with the AFM-
NM results. The bright-yellow regions with higher AFM-IR sig-
nal are assigned to the PA6 dispersed phase, the dark regions
with lower signal are assigned to the SEBS, and the orange re-
gions  with  an  intermediate  signal  are  assigned  to  the  HDPE.
The  identification  of  the  HDPE,  SEBS  and  PA6  in  the  AFM-IR
images were confirmed by comparison of the FTIR and AFM-
IR  spectra  (Figs.  S6  and  S7  in  ESI).  For  uncompatibilized
blends,  PA6 has a strong absorption band at 1632 cm−1 (Fig.
S7  in  ESI),  characteristic  of  C＝O  stretching  and  HDPE  has  a
strong  absorption  at  1472  cm−1,  arising  from  CH2 bending.
SEBS  has  an  absorption  characteristic  of  CH2 bending  at
1454  cm−1,  but  it  is  weak.  Therefore,  when  imaging  at
1785  cm−1,  PA6  has  the  highest  AFM-IR  signal,  HDPE  has  an
intermediate value and SEBS shows the lowest signal.

Fig.  5(c) and  Fig.  S8  (in  ESI)  show  the  AFM-IR  spectra  ac-
quired  in  the  SEBS/PA6,  HDPE/SEBS,  and  HDPE/PA6  interfa-
cial  regions.  For  thin  film  samples,  the  film  thickness  can  af-
fect  the  measured  IR  intensity,  which  is  absent  for  the  bulk

samples  used  in  the  current  studies.  Therefore,  the  intensity
of the AFM-IR signal reflects the concentrations of the anhyd-
ride groups in the imaged areas. Fig.  5(d) shows the normal-
ized  value  of  the  ratio  of  the  band  area  of  the  characteristic
absorption  of  the  anhydride  groups  from  1768  cm−1 to
1820 cm−1 at 5 wt%, 10 wt% and 15 wt% compatibilizer load-
ings to that of  without the compatibilizer,  acquired at  differ-
ent  interfacial  regions.  At  the  SEBS/PA6  interface,  with  in-
creasing compatibilizer loading, the concentration of the an-
hydride  increases,  while  at  the  HDPE/PA6  interface,  the  in-
crease  is  much  more  marked.  Consequently,  the  anhydride
groups  are  enriched  at  the  HDPE/PA6  interface,  due  to  the
strong chemical affinity between the anhydride groups in the
compatibilizer  and  amine  groups  in  PA6.  It  should  be  noted
that  only  very  limited  number  of  anhydrides  groups  reacted
with  the  amine  groups  in  PA,  as  evidenced  in Fig.  6,  where
only  trace  amounts  of  carbonyl  imide  linkages  between  the
anhydride groups in the compatibilizer  and amine groups in
PA6  are  observed.  In  fact,  even  for  a  model  bilayer  sample
consisting  of  amine-terminal  polystyrene  (PS-NH2)  and  an-
hydride-terminal  poly(methyl  methacrylate)  (PMMA-anh),
both having molecular weight lower than 3×104 (Mn) and an-
nealed for  many hours,  the conversion of  PS-NH2 (or  PMMA-
anh) into PS-b-PMMA copolymer is limited,[5,55,56] only several
percent  in  some  cases.[55] Considering  the  much  higher  mo-
lecular  weights  of  the  components  (all  three  polymers  are
commercial  products),  the  mechanical  blending  conditions
(as  opposed  to  the  simple  annealing  of  model  bilayer
sample),  and the complexity of  the ternary blends,  the num-
ber of anhydrides reacted is negligible.

In  the  compatibilized  blends,  a  small  absorption  band  at
1722  cm−1 appears  at  higher  compatibilizer  loading  (Fig.  6),
corresponding  to  an  absorption  of  the  carbonyl  imide  link-

Table 2    Interfacial widths determined by AFM-NM between the three
polymer pairs at different compatibilizer loadings.

Sample
Interfacial width (nm)

0 wt% 5 wt% 10 wt% 15 wt%

HDPE/SEBS 8.8±2.6 24.0±3.8 32.4±5.1 35.0±5.6
SEBS/PA6 8.4±2.3 21.6±3.7 29.6±4.2 32.9±4.8
HDPE/PA6 12.2±3.4 28.8±5.1 36.3±6.0 40.0±5.8
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Fig.  4    Young’s  modulus  profiles  across  the  interfacial  regions  between  the  HDPE/SEBS  in  uncompatibilized  (a)  and
compatibilized  (a')  HDPE/PA6/SEBS  blends.  (b,  c)  Profiles  across  the  SEBS/PA6  and  HDPE/PA6  interfacial  regions  in
compatibilized blends.
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age between the anhydride groups in the compatibilizer and
amine  groups  in  PA6,  a  strong  indication  of  a  reactive  com-
patibilization.[57,58] It  should  be  noted  that,  even  with  the
formation  of  the  imide  linkages,  a  clear  shift  of  the  C＝O
stretching  of  anhydride  group  at  1785  cm−1 to  a  lower
wavenumber  is  not  observed.  However,  given  the  very  low
fraction of reacted anhydride groups, the absence of this shift
is not surprising.

From the AFM-NM and AFM-IR results, it is evident that the
markedly broadened interfacial width due to a simple reduc-
tion in the interfacial energy by the compatibilizer, interfacial

reactions of the compatibilizer with components at the inter-
face,  and the chemical  affinity  of  the compatibilizer  with the
component  phases  are  readily  discerned.  The  markedly  in-
creased interfacial  width and the number of  core-shell  struc-
tures formed, where the rigid PA6 particles are encapsulated
by the SEBS elastomer in HDPE matrix, as well as AFM-NM and
AFM-IR  reveals  that  such  a  synergy  is  crucial  for  the  signific-
antly increased toughness of the ternary polymer blends.

CONCLUSIONS

In  summary,  we  have  shown  that  nanomechanical  and
infrared chemical mapping of a HDPE/PA6/SEBS ternary blend
can  easily  map  the  structure  and  interfacial  properties  in  a
multi-component  polymer  system,  which  were  difficult  to
access  previously.  The  morphology  of  the  ternary  blend,
based  on  the  Young’s  moduli  of  the  constituents,  allows
direct  identification  of  the  component  phases,  insights  into
the  development  of  all  of  the  interfaces,  and  a  mean  to
correlate  changes  of  the  interfaces  with  mechanical
properties.  The  morphology  observed  by  nanochemical
mapping agrees well  with that observed by nanomechanical
mapping.  Further,  the  spatial  distribution  of  the  compati-
bilizer  at  the  various  interfaces  and  within  the  domains  was
observed,  uncovering  interfacial  reactions  and  preferential
chemical  affinity  of  the  compatibilizer  with  the  component
phases. The AFM nanomechanical and chemical mapping show
tremendous  promise  for  the  investigation  of  a  wide  range  of
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Fig. 5    AFM-IR maps of the uncompatibilized (a) and compatibilized (b) HDPE/PA6/SEBS blends with 15 wt%
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Fig. 6    AFM-IR spectra acquired at the HDPE/PA6 interfacial regions
where a small imide band appears.
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structural  changes  and  interfacial  phenomena  in  a  multi-
component  polymer  system  with  complex  multi-phased
morphologies.

 Electronic Supplementary Information
Electronic  supplementary  information  (ESI)  is  available  free  of
charge  in  the  online  version  of  this  article  at http://dx.doi.org/
10.1007/s10118-021-2567-2.
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