
 

https://doi.org/10.1007/s10118-023-3027-y

Chinese J. Polym. Sci. 2024, 42, 213–222

Significantly Enhanced Melt Memory Effect of Metallocene-made
Isotactic Polypropylene Containing Talc

Hong-Wen Suna, Fu-Shan Wangb, Yan Gaob, Fu-Qing Weic, and Jia-Chun Fenga*

a State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science, Fudan University, Shanghai 200433, China
b Lanzhou Petrochemical Corporation of PetroChina, Lanzhou 730060, China
c Lanzhou Petrochemical Research Center, Petrochemical Research Institute of PetroChina, Lanzhou 730060, China

 Electronic Supplementary Information

Abstract   The melt memory effect is a widely observed phenomenon in semi-crystalline polymers. In practical applications, various additives are

usually introduced into polymers, which may affect their melt memory behavior. In this work, the effect of talc on the melt memory effect of met-

allocene-made isotactic polypropylene (M-PP) was investigated in detail by using the differential scanning calorimetry. The results indicated that

the  introduction  of  talc  significantly  strengthened  the  melt  memory  effect  of  M-PP.  Specifically,  the  upper  limit  temperature  of Domain  II in-

creased from 161 °C to 174 °C, resulting in a substantial widening of the temperature range of Domain IIa from 1 °C to 14 °C. Analysis of the crystal

orientation of the M-PP containing talc cooled from various Ts suggested that the remarkably enhanced melt memory effect could be ascribed to

the stabilization of oriented nuclei facilitated by talc. This stabilizing effect was likely attributable to the prefreezing effect or the sorption interac-

tion between talc and the M-PP chains.
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INTRODUCTION

The  melt  memory  effect  is  a  common  phenomenon  for  semi-
crystalline  polymer,  which  has  been  extensively  investigated
due to its marked impact on the crystallization behavior of poly-
mers.[1] It  is  widely  accepted  that  when  the  melt  temperature
(Ts) is low enough to leave some self-nuclei in the melt, the crys-
tallization of  the  polymer  is  greatly  accelerated and the  crystal
structure  is  significantly  changed  in  the  subsequent  cooling
process. The melt memory effect of polymers was commonly in-
vestigated  by  employing  the  differential  scanning  calorimetry
(DSC)-based thermal procedure developed by Fillon et al.[2] They
categorized the Ts from high to low into three Domains, namely
Domain  I (isotropic  melt Domain), II (self-nucleation Domain),
and III (self-nucleation and annealing Domain).[2] The Domain II
was further classified into two sub-Domains by Müller et al.: Do-
main IIa,  in which only a few amorphous ordered structures re-
mained  in  the  melt,  and Domain  IIb,  in  which  the  crystal  frag-
ment  survived  in  the  melt.[3] Recently,  the  important  advances
in melt memory effect have been well reviewed by Müller et al.[1]

To date, the melt memory effect of various semi-crystalline
polymers including homopolymers and copolymers has been
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studied  extensively  and  several  interpretations  have  been
proposed  to  describe  the  origin  of  melt  memory  effect.  For
some nonpolar homopolymers, whose Domain IIa was gener-
ally  small  or  absent,  the  melt  memory  effect  was  commonly
ascribed to the crystalline remnants in the melt.[2] In contrast
to these nonpolar homopolymers, for some polar homopoly-
mers  or  some  random  copolymers,  the  transition  tempera-
ture  from Domain  I to Domain II was  usually  located  at  tem-
perature  well  above  the  end  of  the  melting  endotherm  or
even  higher  than  their  equilibrium  melting  temperature
( ).[3−12] In this case, the crystal fragments hardly survived in
the melt, and the origin of melt memory effect was attributed
to the residual amorphous ordered structure, such as the seg-
mental  orientation,[9] the  aggregation  of  long  crystallizable
sequences,[6,7,11] the  partially  disentangled  regions[12] and  so
on. In addition to the molecular structure, the introduction of
some additives also had an influence on the melt memory ef-
fect  of  the  corresponding  semi-crystalline  polymer.  Colonna
et  al.  found  that  the  addition  of  reduced  graphene  oxide
(RGO)  made  the  original Domain  II in  pure  poly(butylene
terephthalate) (PBT) disappeared in the composite, which was
attributed  to  the  formation  of  extended  chain  crystals  on
RGO.[13] Vega et al.[14] and Maiz et al.[15] also reported the ab-
sence  of Domain  II in  high  density  polyethylene  containing
carbon  nanotubes  and  thermoplastic  polyurethane  contain-
ing  nucleating  agents  due  to  the  supernucleation  effect  of
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these  additives  for  the  corresponding  matrix.  Men et  al.  re-
ported a strong melt memory effect in a commercial isotactic
polybutene-1 (iPB-1) even at temperatures much higher than
its .[16] They proposed that this unique melt memory effect
was  associated  with  the  unidentified  additives,  which  stabi-
lized the iPB-1 crystals at rather high Ts due to the occurrence
of prefreezing.[16] In some of our previous works, it was found
that  the  introduction of  nucleation agents  calcium pimelate,
N,N′-dicyclohexylterephthalamide,  1,3:2,4-bis(3,4-dimethyl-
benzylidene)sorbitol and talc,  acid scavenger hydrotalcite,  as
well  as  lubricant N,N′-ethylenebis-(stearamide),  varied  the
critical  transition  temperatures  of Domain  I to Domain II or
Domain  II to Domain III for  isotactic  polypropylene  (iPP)  pre-
pared  by  Ziegler-Natta  catalyst  and  the  specific  effects  dif-
fered depending on the additive used.[17−19] These studies ful-
ly  demonstrated  that  the  addition  of  some  additives  influ-
enced  the  melt  memory  behavior  of  polymers.  Considering
that, on the one hand, the melt memory effect plays a promi-
nent influence on accelerating the crystallization and chang-
ing the crystalline structure for semi-crystalline polymer,  and
on the other hand, in practical application, the introduction of
some  additives  is  now  the  necessary  and  widely  used  ap-
proach  to  improve  the  processability  of  polymers,  optimize
the physical properties or endow products with special func-
tions,  the  investigation  of  melt  memory  effect  for  samples
containing  additives  makes  sense  from  the  perspective  of
both academia and industry.

As a widely used semi-crystalline polymer, iPP is often cho-
sen as candidate for research on melt memory effect.[2,4,20−22]

The iPP  prepared  by  metallocene  catalyst  (M-PP)  attracted
much attention due to its more defined microstructures com-
paring with that of the iPP prepared by Ziegler-Natta catalyst
(ZN-PP).[23,24] The previous studies revealed that the defects in
M-PP chains possessed random distribution due to the single-
site of metallocene catalyst on inducing the polymerization of
propylene,  which  was  significantly  different  from  that  of  the
ZN-PP who exhibited microstructure with a clustered defects
distribution  due  to  the  multiple-site  of  Ziegler-Natta
catalyst.[23,24] Recently,  we  compared  the  melt  memory  ef-
fects  of  M-PP  and  ZN-PP  with  the  similar  content  of  the  de-
fect.  It  was found that when the crystal was fully melted, the
melt  memory effect still  remained for M-PP and disappeared
for  ZN-PP.[20] Obviously,  this  different  melt  memory  behav-
iors  for  M-PP and ZN-PP were related to their  discrepancy in
microstructure.  The random defects  distribution for  M-PP re-
sulted  in  the  separation  of  crystallizable  and  atactic  se-
quences  after  the  fully  melting of  the  crystals,  which  lead to
the  appearance  of Domain  IIa for  M-PP,  while  the  clustered
defects distribution for ZN-PP was not capable to induce the
occurrence of sequence separation and thus the melt memo-
ry  effect  disappeared when the crystal  was completely  melt-
ed.[20] Up to now, the melt memory effect of iPP has been ex-
tensively studied in both M-PP and ZN-PP,[2,4,20−22] while with
regarding to  the melt  memory effect  of iPP containing addi-
tives, comparing with a few works as aforementioned devot-
ed to investigating the influence of the commonly used addi-
tives  on  the  melt  memory  behavior  of  ZN-PP,[17−19] as  far  as
we known, no investigation on the effect of additives on that
of M-PP has been reported in the previous work. Considering

that  the  melt  memory  effect  of  M-PP  is  obviously  distin-
guished  from  that  of  the  ZN-PP  and  the  additive  addition  is
also necessary in M-PP, exploring the melt memory behavior
of M-PP containing additives is of great scientific and applica-
tion value.

In this work, talc, a widely used nucleating agent or filler in
iPP  resin,  was  introduced  in  M-PP  and  the  melt  memory  ef-
fect  of  talc-filled  M-PP  was  systematically  studied  by  DSC.  It
was  found  that  the  M-PP  containing  talc  exhibited  much
wider Domain  II than  that  of  pure  M-PP.  By  analyzing  the
melting behavior of these two samples and the crystal struc-
ture  of  samples  obtained  by  cooling  from  different Ts,  the
possible reason for talc enhancing the melt memory effect of
M-PP was proposed.

EXPERIMENTAL

Materials and Sample Preparation
M-PP employed was a raw powder kindly supplied by Dushanzi
Petrochemical  Co.,  (Dushanzi,  China).  The Mw of  this  M-PP was
173 kg/mol and the dispersity index was 2.9. The talc employed
was a  commercial  product  and its  morphology has  been char-
acterized in our previous study.[18]

The  M-PP  was  melted  mix  with  0.1  wt%  talc  at  180  °C  by
HAAKE Polylab OS mixer (ThermoFisher, Massachusetts) for 8
min with rotate speed of 80 r/min. 0.1 wt% Irganox 1010 was
also  introduced  into  the  mixture  to  avoid  the  possible  ther-
mal  degradation of  M-PP.  Then,  the blend was compression-
molded into a 0.5 mm sheet under 10 MPa for 5 min at 180 °C.
As the reference sample, neat M-PP was also processed in the
same way.  The sheets of  neat M-PP and M-PP containing 0.1
wt% talc was denoted as M-PP/0T and M-PP/0.1T, respective-
ly.

The compression-molded sheets were thermal-treated by a
DSC  3+  differential  scanning  calorimetry  (DSC,  Mettler  Tole-
do Instruments Inc., Switzerland). The corresponding thermal
protocol  was  as  follows:  after  eliminating  thermal  history  at
200 °C for  5  min,  the sheet  was  cooled to  40 °C to  construct
“standard” crystallized sample; then, it was heated to the pre-
set Ts, holding for 5 min and finally cooled to 40 °C. The heat-
ing/cooling rate in the thermal protocol was set as 10 °C/min.

Characterizations
The  crystallization  and  melting  behaviors  of  M-PP/0T  and  M-
PP/0.1T were characterized by DSC with a rate of 10 °C/min. Af-
ter  the  elimination  of  thermal  history  at  200  °C,  the  samples
were firstly cooled to 40 °C, then heated to 200 °C and the cool-
ing/heating curves during this process were recorded.

The melt memory effect of M-PP/0T and M-PP/0.1T was al-
so investigated by DSC with a rate of 10 °C/min. The samples
in “standard” status  were firstly  prepared by erasing its  ther-
mal history at 200 °C for 5 min and cooling to 40 °C. Then, the
“standard” crystallized  samples  were  heated  to  the  preset Ts

and hold for 5 min. Finally, the samples were cooled to 40 °C
and  reheated  to  200  °C,  where  the  cooling  and  reheating
curves  were  recorded  to  analyze  the  melt  memory  effect  of
samples.

The  crystal  structure  of  sample  was  detected  by  wide-an-
gle X-ray scattering (WAXS), which was conducted on a Xeuss
2.0 apparatus (Xenocs, Sassenage, France). The incident beam
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was  parallel  to  the  normal  direction  of  the  thermal-treated
sample.

The  crystal  structure  evolution  of “standard” crystallized
samples  with  temperature  was  investigated  by  WAXS
equipped with a  hot  stage.  The samples  in “standard” status
were heated from 40 °C to 190 °C at 10 °C/min and the WAXS
patterns were recorded at intervals of 2.8 °C.

RESULTS AND DISCUSSION

The Influence of Talc on the Melt Memory Effect of
M-PP
The preparation of samples with “standard” status is the prereq-
uisite for studying the melt memory effect. Therefore, the “stan-
dard” crystallization  and  the  subsequent  melting  behaviors  of
M-PP/0T and M-PP/0.1T were firstly investigated. Fig. 1 displays
the  corresponding  cooling  and  subsequent  heating  curves  of
these two “standard” crystallized samples. As shown in Fig. 1(a),
on the cooling curves, the crystallization peak temperatures (Tcs)
for M-PP/0T and M-PP/0.1T are 109.5 and 113.7 °C, respectively.
The  increased Tc for  M-PP/0.1T  indicated  that  the  introduced
talc promoted the crystallization of M-PP. As shown in Fig. 1(b),
on the melting curves, there is a similar distinctive melting peak
at around 153 °C for M-PP/0T and M-PP/0.1T with the end point
of  the  melting endotherm (Tm,end)  at  about  160 °C.  That  is,  the
introduction  of  talc  has  a  negligible  effect  on  the  melting  be-
havior of M-PP in “standard” status.

The crystal structure of “standard” crystallized M-PP/0T and
M-PP/0.1T was further characterized by WAXS from surface di-
rection.  As  shown  in Fig.  2,  there  are  six  typical  peaks  at
2θ=14.1°, 16.8°, 18.5°, 20.0°, 21.2° and 21.8° on the WAXS pat-
terns  of  both  samples,  where  the  peak  at  2θ of  18.5°  attri-
buted to the characteristic  peak for  the (130)α plane of α-PP,
the peak at 2θ of 20.0° corresponds to the characteristic peak
for the (117)γ plane of γ-PP, and the peaks at 2θ of 14.1°, 16.8°,
21.2° and 21.8° were ascribed to the overlapping of the peaks
for  (110)α/(111)γ,  (040)α/(008)γ,  (111)α/(202)γ and
(−131)α/(041)α/(026)γ,  respectively.  The  appearance  of  these
various scattering peaks indicated that α and γ crystals coex-
isted in the “standard” crystallized samples of M-PP/0T and M-
PP/0.1T.  According  to  the  literature,  the  random  distribution
of  defects  in  M-PP  resulted  in  relatively  short  isotactic  se-
quences,  which  was  conducive  to  the  generation  of γ
crystals.[25] By  means  of  the  method  proposed  by  Turner-
Jones et al.,[26] the relative amount of γ form crystals f(γ) in M-
PP/0T and M-PP/0.1T were calculated to be 39% and 50%, re-
spectively. That is, the introduction of talc increased the rela-
tive  content  of γ crystals  in  M-PP.  This  phenomenon  was  as-
cribed  to  the  increased  crystallization  temperature  of  M-PP
with the assistance of talc, which was favorable to the forma-
tion of γ-crystals.[27]

In addition to the increased f(γ), the intensity of the peak at
2θ=16.8°  also  obviously  reduced  for  M-PP/0.1T,  when  com-
paring  with  that  of  M-PP/0T.  This  reduced  intensity  of  the
peak  at  2θ=16.8°  was  commonly  reported  in  talc-filled iPP
samples,  which  was  caused  by  the  formation  of  oriented  PP
crystals  induced  by  the  in-plane  oriented  talc  in  the
matrix.[28,29] The  WAXS  patterns  of  M-PP/0T  and  M-PP/0.1T
obtained by observing from the direction of surface and cross
section (Fig.  S1  in  the electronic  supplementary  information,
ESI)  further  demonstrated  that  the  crystals  in  M-PP/0T  was
isotropic and the in-plane oriented talc promoted the genera-
tion  of  oriented α and γ crystals  in  M-PP/0.1T,  where  the b-
axis of the α crystal and the c-axis of the γ crystal were paral-
lel  to  the  normal  direction  of  the  samples.  According  to  the
results of Fig. S1 (in ESI), the (040)α plane and the (008)γ plane
of  these  oriented α and γ crystals  were  perpendicular  to  the
incident  beam  when  observing  from  the  surface  direction
and  thus  could  not  be  detected,  which  resulted  in  the  re-
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Fig.  1    The  DSC  (a)  cooling  curves,  (b)  melting  curves  for
“standard” crystallized M-PP/0T and M-PP/0.1T.
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Fig.  2    The 1D-WAXS patterns for “standard” crystallized M-PP/0T
and M-PP/0.1T.
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duced intensity of (040)α/(008)γ plane located at 2θ=16.8°.
After elucidating the effect of talc on the crystallization be-

havior  of  M-PP,  the  DSC-based  thermal  protocol  developed
by Fillon et al.[2] was employed to investigate the melt memo-
ry effect of M-PP/0T and M-PP/0.1T. The Tss were categorized
into three Domains,  namely Domain I, II, III based on the sub-
sequent thermal behavior of polymers after melting at differ-
ent Ts.[2] In Domain I, where the Ts was sufficiently high to de-
stroy  all  thermal  sensitive  nuclei  and  construct  a  homoge-
nous  melt,  the Tc of  polymer  was  independent  of Ts;  In Do-
main II,  where the Ts was low enough to leave some thermal
sensitive nuclei in the melt but without occurrence of anneal-
ing, the Tc increased as Ts decreased; In Domain III, where on-
ly  partial  melting  of  polymer  took  place  and  the  un-molten
crystals  was  annealed,  the Tc further  increased  as Ts de-
creased and a new annealing peak appeared in the high tem-
perature position of the subsequent melting exotherm.[2]

Fig. 3 displays the crystallization curves of samples cooling
from different Ts (ranging from 176 °C to 155 °C) and the sub-
sequent melting curves after cooling from different Ts. For M-

PP/0T, as the Ts higher than 161 °C, the Tc remained constant
at  109.5  °C  and  was  consistent  with  that  of  the “standard”
crystalized sample (cooling from 200 °C), which indicated that
the melt was isotropic and these Tss were located in Domain I
(red curves). When the Ts decreased from 161 °C to 156 °C, the
Tc gradually increased from 109.6 °C to 123.3 °C and no addi-
tional  annealing  peak  appeared  on  the  subsequent  melting
curves.  These  increased Tc implied  that  some  self-nuclei  sur-
vived in the melt and increased in amount with deceased Ts. It
was  concluded  that  the Ts located  between  161  and  156  °C
was in Domain II (blue curves). As the Ts decreased to 155 °C,
the Tc further increased to 126.8 °C. Notably, an additional an-
nealing  peak  arose  on  the  corresponding  melting  curve,
which  implied  that  this Ts was  located  in Domain  III (green
curves).  The  melt  memory  effect  of  M-PP/0.1T  was  also  ana-
lyzed on the basis of the same criteria as M-PP/0T. As shown
in Figs. 3(c) and 3(d), when the Ts is higher than 175 °C, the Tc

is  at  113.7  °C,  which  was  independent  of Ts and  coincident
with the “standard” crystallized M-PP/0.1T.  These constant Tc

indicated that the aforementioned Ts was located in Domain I
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Fig.  3    The  DSC  (a,  d)  cooling  curves  at  preset  temperature  and  subsequently  (b,  e)  melting  curves  for  (a,  b)  M-PP/0T  and  (d,  e)  M-PP/0.1T.
(c, f) The enlarged view of black rectangle in (a, d).
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(red curves). When the Ts decreased from 174 °C to 156 °C, the
Tc gradually  increased  from  113.8  °C  to  123.5  °C.  This  in-
creased Tc manifested  that  some  self-nuclei  survived  in  the
melt  and  their  amount  increased  with  decreased Ts.  Since
there was no annealing peak appeared on the high tempera-
ture  region  of  the  subsequent  endotherm,  the  aforemen-
tioned Ts should be located in Domain II (blue curves).  When
the Ts decreased to 155 °C, the Tc further increased to 126.8 °C
and a new annealing peak emerged on the subsequent melt-
ing  curve,  which  demonstrated  that  this Ts was  located  in
Domain III (green curves).

Based  on  the  above-mentioned  results,  it  was  confirmed
that the self-nucleation behavior of M-PP/0.1T was obviously
different  from  that  of  M-PP/0T.  To  further  explore  the  influ-
ence of talc addition on the memory effect of M-PP, the varia-
tion  of Tc with Ts was  superimposed  on  the “standard” en-
dotherm  of  the  sample  and  the  corresponding  three Do-
mains for  M-PP/0T and M-PP/0.1T were marked.  As shown in
Fig. 4, the boundary Ts between Domain II and III (referring to
the lowest Ts of Domain II) for M-PP/0T and M-PP/0.1T both lo-
cated at 156 °C, while the transition Ts between Domain I and
II (referring  to  the  lowest Ts of Domain  I)  for  M-PP/0.1T  was
much higher than that of M-PP/0T, which located at 175 and
162 °C, respectively. It was found that the introduction of talc
improved the upper limit  temperature of Domain II and thus
largely widened the temperature width of Domain II from 6 °C
to 19 °C. Notably, the upper limit temperature of Domain II for
M-PP/0.1T was much higher than its Tm,end at 160 °C (marked
by the black dotted line). According to Müller et al., Domain II
could  be  divided  into  two  sub-Domains, i.e., Domain  IIa and
IIb by taking Tm,end as the boundary.[3] When the Ts in Domain
II was  lower  than  160  °C,  some  crystal  fragments  survived  in
the  melt  and  these Tss  were  assigned  to Domain  IIb;  while
when  the Ts in Domain  II was  higher  than  160  °C,  no  indica-
tion  for  crystal  residue  was  detected  and  these Tss  were  as-
signed to Domain IIa. The Domain IIb of M-PP/0.1T was consis-
tent with that of M-PP/0T. In sharp contrast, the Domain IIa of
M-PP/0.1T  was  obviously  different  from  that  of  M-PP/0T,
where  the  extremely  narrow Domain  IIa with  the  tempera-
ture width of  only 1 °C was widened to 14 °C with the intro-
duction  of  talc.  Recall  to  our  previous  work,  for  ZN-PP,  addi-
tives  including  talc  were  reported  to  widen  or  shorten  the

temperature  range  of Domain  II by  no  more  than  4  °C.[17−19]

Different from ZN-PP in which the additives only slightly influ-
ence  its  melt  memory  behavior,  these  above  results  demon-
strated that talc  addition significantly strengthened the melt
memory effect of M-PP.

The Possible Explanation for the Strengthened Melt
Memory Effect of M-PP Containing Talc
Aforementioned DSC results suggested that the introduction of
talc  remarkably  enhanced the melt  memory behavior  of  M-PP.
In  our  previous  work,  talc  was  proposed  to  slightly  strength-
ened melt  memory effect  of  ZN-PP,  which was ascribed to the
improved thermal  stability  of iPP crystals  induced by talc.[18] In
this case, the origin of the melt memory effect for talc-filled ZN-
PP  was  attributed  to  the  crystalline  remnants  in  the  melt.[18]

However, in the present investigation, the upper limit tempera-
ture of Domain IIa for M-PP/0.1T was much higher than its Tm,end,
which  implied  that  the  crystal  residues  were  unlikely  to  be  re-
sponsible  for  the  extremely  wide Domain  IIa for  M-PP/0.1T.  To
further  rule  out  the  role  of  the  crystal  residues  on  the  melt
memory effect of M-PP/0.1T, the WAXS was employed to moni-
tor  the  structure  evolution  of  the “standard” crystallized  M-
PP/0T  and  M-PP/0.1T  upon  heating  from  40  °C  to  190  °C.  As
shown in Fig. 5, the typical scattering peaks for M-PP/0T and M-
PP/0.1T are  only  slightly  varied when the temperature  is  lower
than 140 °C;  further  increasing the temperature,  the intensities
of  these  peaks  continuously  reduced  and  disappeared  com-
pletely  at  164.6  °C.  This  phenomenon  indicated  that  the  bulk
melting  behavior  of  M-PP/0.1T  was  similar  with  that  of  the  M-
PP/0T and there was no obvious difference in  thermal  stability
of the iPP crystals for M-PP/0.1T and M-PP/0T. Therefore, the en-
hanced  melt  memory  effect  of  M-PP/0.1T  should  not  be  as-
cribed to the crystalline remnants derived from the bulk crystal-
lization.

The  early  researches  showed  that  the  crystals  induced  by
the  self-nuclei  survived  in  the  melt  inherited  the  orientation
of its original status.[30] Our prior work also demonstrated that
in  talc-filled  ZN-PP  samples,  the  nuclei  stabilized  by  talc  ex-
hibited  specific  orientation,  which  induced  the  formation  of
the oriented iPP crystals and thus improved the crystal orien-
tation  of  the  sample.[12,18] Conversely,  the  nuclei  unaffected
by  talc  was  isotropic,  which  enabled  the  generation  of
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Fig. 4    Three Domains for (a) M-PP/0T and (b) M-PP/0.1T superimposed on the “standard” melting curve of the corresponding sample (Domain I,
II and III were identified in red, blue and green, respectively). The red and blue solid line represented the transition temperatures of Domain I to II
and Domain  II to III,  which  were  the  lowest Ts for Domain  I and Domain  II,  respectively.  The  black  dotted  line  represented  the  end  melting
temperature of the sample, which divided the Domain II into two sub-Domains: Domain IIa and Domain IIb. The squares represented the variation
of Tc with Ts. (c) The enlarged view of the variation of Tc with Ts in the range of 164−176 °C.
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isotropic iPP  crystals  and  thus  decreased  the  crystal  orienta-
tion of the sample.[18] That is, the properties of the nuclei sur-
vived in the melt at different Ts played a crucial role in deter-
mining  the  ultimate  crystal  orientation  of  the  products.[18]

Building upon these studies, it was proposed that the nature
of  the  residual  nuclei  in  the  melt  can  be  inferred  in  reverse
and on the basis  of  this,  the remarkable  effect  of  talc  on en-
hancing the melt memory effect of M-PP can be explained.

WAXS was employed to characterize the crystal orientation
of  M-PP/0T  and  M-PP/0.1T  cooled  from  various Ts (ranging
from 156 °C to 176 °C) by observing from surface direction of
the  samples.  As  shown  in Fig.  6,  although  similar  six  typical
peaks arising from the α and γ crystals can be detected on the
WAXS patterns of M-PP/0T and M-PP/0.1T cooled from differ-
ent Ts,  some obvious differences was not negligible for these
samples. Notably, the intensity of the peak at 2θ=16.8° was re-
duced  for  M-PP/0.1T  when  comparing  with  that  of  M-PP/0T
cooled  from  same Ts.  This  reduced  intensity  was  caused  by
the formation of oriented iPP crystals induced by in-plane ori-

ented talc in M-PP/0.1T. Besides, it was worth noting that the
intensity of the peak at 2θ=16.8° for M-PP/0.1T varied regular-
ly  with  the  change  of Ts, i.e.,  it  remained  stable  at  higher Ts,
decreased obviously at medium Ts, and increased significant-
ly at lower Ts.  These results indicated that the crystal orienta-
tion of M-PP/0.1T showed regular changes with Ts.

The  intensity  ratio  of  the  peak  at  2θ of  16.8°  and  14.1°
(I16.8°/I14.1°)  was commonly utilized to estimate the crystal ori-
entation of iPP samples.[28,31] This ratio was reported to be lo-
cated between 0.67−0.77 for samples only containing isotrop-
ic α crystals.[28,31] Meanwhile,  the I16.8°/I14.1° value  decreased
for  samples  possessing  oriented α crystals  induced  by  in-
plane  oriented  talc,  since  the  existence  of  these  oriented α
crystals  reduced  the  intensity  of  the  peak  at  the  2θ of
16.8°.[28,31] It was generally accepted that the higher the con-
tent  of  talc-induced  oriented α crystals  in iPP  samples,  the
lower  this  ratio  was.[28,31] In  our  work,  the introduction of  in-
plane oriented talc not only induced the formation of orient-
ed α crystals  but  also  enabled  the  generation  of  oriented γ
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Fig. 6    WAXS patterns of (a) M-PP/0T and (b) M-PP/0.1T cooled from various Tss.
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crystals in M-PP. In view of the results of Fig. S1 (in ESI), the ex-
istence of these oriented γ crystals also decreased the intensi-
ty  of  the  peak  at  the  2θ of  16.8°  and  thus  reduced  the
I16.8°/I14.1° value. Therefore, when the oriented α and γ crystals
coexisted in M-PP, the I16.8°/I14.1° value can also utilized to esti-
mate its crystal orientation. The lower the ratio, the higher the
content of oriented α and γ crystals in M-PP.

Before investigating the influence of Ts on the crystal orien-
tation  of  M-PP/0T  and  M-PP/0.1T  by  analyzing  the I16.8°/I14.1°

values of various samples, the crystal orientation of the “stan-
dard” crystallized M-PP/0T and M-PP/0.1T (the samples cooled
from  200  °C)  were  firstly  evaluated,  whose I16.8°/I14.1° values
were 0.90 and 0.63, respectively. The lower I16.8°/I14.1° value for
M-PP/0.1T should be caused by the presence of talc-induced
oriented α and γ crystals. It is worth noting that although this
value  for “standard” crystallized  M-PP/0T, i.e.,  0.90,  was  not
within the range of 0.67−0.77, it did not imply the presence of
oriented  crystals  in  this  sample,  as  the  criterion  for  proving
the formation of isotropic PP crystals with the I16.8°/I14.1° value
in the range of 0.67−0.77 was only applied to α crystals, which
was  not  appropriate  for  the “standard” crystallized  M-PP/0T,
where α and γ crystals  coexisted.  In  fact,  the  WAXS  patterns
displayed  in  Fig.  S1  (in  ESI)  already  demonstrated  that  the α
and γ crystals in “standard” crystallized M-PP/0T were isotrop-
ic. That is, when the α and γ crystals coexisted in the sample,
the I16.8°/I14.1° value  for  isotropic  PP  crystals  was  enhanced.
Based on this  result,  it  was speculated that  the I16.8°/I14.1° val-
ue for isotropic γ crystal was higher than that of the isotropic
α crystal,  which resulted in the higher I16.8°/I14.1° value for the
isotropic iPP crystals in “standard” crystallized M-PP/0T.

To  comprehensively  evaluate  the  crystal  orientation  of  M-
PP/0T  and  M-PP/0.1T  cooled  from  different Ts ranging  from
156 °C  to  176 °C,  the I16.8°/I14.1° values  of  these  samples  were
calculated and outlined in Fig. 7 (specific values of these sam-
ples  are  summarized in  Table  S1 in  ESI).  The I16.8°/I14.1° values
for  M-PP/0T  cooled  from  different Ts within  the  range  of
158−176 °C were predominantly hovered around 0.90, which
was  similar  with  that  of  the “standard” crystallized  M-PP/0T,
indicating  the  generation  of  isotropic iPP  crystals  in  these
samples. This phenomenon was consistent with our previous
work,  which  proposed  that  the  crystals  in  neat iPP  samples
cooled from different Ts were all isotropic, since the isotropic
nuclei  survived  in  the  melt  only  enabled  the  generation  of
isotropic  crystals.[18] Notably,  further  decreased the Ts to  157
and  158  °C,  the I16.8°/I14.1° values  noticeably  increased  to  1.0
and 1.2, respectively. The increased I16.8°/I14.1° values for these
two samples did not indicate the formation of oriented crys-
tals in the samples but might be caused by the increased con-
tent of γ crystals in these two samples (the f(γ) of various sam-
ples were shown in Table S1 in ESI).

For  M-PP/0.1T,  as  shown  in Fig.  7,  it  has  significantly  re-
duced I16.8°/I14.1° values comparing with that of M-PP/0T when
cooled  from  the  same Ts.  More  specifically,  the  values  of  M-
PP/0.1T slightly fluctuated at around 0.63 (similar with that of
the “standard” crystallized M-PP/0.1T)  as  the Ts≥175 °C,  obvi-
ously reduced from 0.57 to 0.28 when the Ts decreased from
174 °C to 162 °C, and obviously increased from 0.32 to 1.13 as
the Ts decreased from 161 °C to 156 °C. Combining the result
of melt memory effect for M-PP/0.1T shown in Fig. 4(b), it was

concluded  that  when  the Ts fell  within Domain  I,  the  crystal
orientation of M-PP/0.1T was irrelevant with Ts,  which was in
accordance  with  our  previous  work;[18] when  the Ts lined  in
Domain  II,  the  crystal  orientation  of  M-PP/0.1T  noticeably  in-
creased  with  decreased Ts at  the  higher  temperature  part  of
Domain  II (162−174  °C,  assigned  to Domain  IIa)  and  remark-
ably  decreased  with  decreased Ts at  the  lower  temperature
part of Domain II (156−161 °C). Moreover, the orientational or-
der  parameters  of  the  (040)α/(008)γ reflection  for  M-PP/0.1T
cooled  from  various Tss  (Figs.  S2  and  S3  in  ESI)  also  demon-
strated  that  the  crystal  orientation  of  M-PP/0.1T  firstly  in-
creased and then decreased with the decreased Ts when the
Ts located  in Domain  II.  The  variation  of  crystal  orientation
with Ts in Domain  II for  M-PP/0.1T  provided insights  into  the
nature of these residual nuclei in the melt. At the higher tem-
perature part of Domain II, the increased crystal orientation of
M-PP/0.1T  with  decreased Ts manifested  that  some  oriented
nuclei stabilized by talc survived in the melt and their quanti-
ty continually increased with decreased Ts, while at the lower
temperature part  of Domain II,  the decreased crystal  orienta-
tion of M-PP/0.1T with decreased Ts. This implied that in addi-
tion to these oriented nuclei,  some isotropic nuclei  unaffect-
ed by talc also remained in the melt and their quantity contin-
ually increased with decreased Ts as well. Based on the afore-
mentioned  analysis,  it  was  unquestionable  that  the  signifi-
cantly  enhanced  melt  memory  effect  for  M-PP/0.1T  in  con-
trasted  to  M-PP/0T  must  be  related  to  these  oriented  nuclei
stabilized by talc, which remained stable even well above the
bulk melting temperature of M-PP.

The  origin  of  these  talc-stabilized  oriented  nuclei  with  ex-
ceptional  thermal  stability  may be correlated with the possi-
ble  existing  prefeezing  effect[32−35] between  the  M-PP  and
talc. This prefreezing effect proposed by Thurn-Albrecht et al.
suggested  that  the  occurrence  of  prefreezing  between  the
matrix  and  substrate  enabled  the  generation  of  thermo-
dynamically  stable  crystals  on  the  surface  of  the  substrate,
which kept stable well above the bulk melting temperature of
the  matrix.[32−35] Recently,  Men et  al.  reported  that  the  pres-
ence  of  an  unidentified  additive  in  commercial iPB-1  signifi-
cantly strengthened the melt memory effect of iPB-1.[16] They
attributed  this  strong  melt  memory  effect  to  the  additive-
stabilized iPB-1  crystals,  which  survived  at  the  temperature
much higher than its bulk melting temperature due to the oc-
currence of prefreezing and acted as potential nuclei to accel-
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erate  the  crystallization of iPB-1.[16] In  our  study,  considering
that  the talc-stabilized nuclei  also survived in the melt  when
the Ts was  much  higher  than  its  bulk  melting  temperature,
this  prefreezing effect  may also exist  between talc  and M-PP
and  thus  enhanced  the  upper  limited  temperature  of  Do-
main  II  for  M-PP/0.1T.  Based  on  the  prefreezing  theory,  the
crystals  prefrozen  on  the  substrates  commonly  possessed
unique  orientation  given  by  the  substrate,  which  served  as
the  ideal  nuclei  to  initiate  the  bulk  crystallization  and  en-
abled  the  generation  of  oriented  crystals.[32−35] The  preced-
ing  results  regarding  the  crystal  orientation  of  M-PP/0.1T
cooled  from  different Ts indeed  demonstrated  the  existence
of  the  oriented  nuclei  stabilized  by  talc,  which  induced  the
formation  of  oriented iPP  crystals  during  the  crystallization
process.  This  phenomenon  indirectly  supported  the  occur-
rence of prefreezing between talc and M-PP.

In  addition  to  the  prefreezing  effect,  the  introduced  addi-
tives were also reported to be capable of absorbing the poly-
mer chains and thus fixing the residual segmental orientation
after the completely melting of the crystals, which was able to
induce  oriented  recrystallization  of  polymer.[36,37] This  possi-
ble  existing  sorption  effect  between  talc  and  M-PP  chains
may also responsible for the origin of these talc-stabilized ori-
ented  nuclei  in  the  melt.  When  the  crystals  on  talc  was  fully
melted,  some  oriented  segments  might  still  survive  on  sur-
face of the talc due to the slow relaxation of the M-PP chains
under the sorption action of talc, which remarkably strength-
ened the melt  memory effect  of  M-PP.  Meanwhile,  these ori-
ented segments  anchored on talc  acted as  the  potential  ori-
ented nuclei  to induce the formation of  oriented iPP crystals
in subsequent recrystallization process.

On  the  basis  of  the  preceding  discussion,  we  have  pro-
posed  the  plausible  structure  evolution  of  M-PP/0T  and  M-
PP/0.1T upon heating to elucidate the role of talc on enhanc-

ing the melt memory effect of M-PP. As shown in Fig. 8, refer-
ring  to  our  previous  work,[20] for  M-PP/0T,  when  the Ts fell
within Domain IIb,  some crystal  fragments with high thermal
stability survived in the melt; increasing the Ts to the temper-
ature range of Domain IIa, the random defects distribution for
M-PP  led  to  the  separation  of  crystallizable  and  atactic  se-
quences after the fully melting of the crystals; further increas-
ing  the Ts to  the  temperature  range  of Domain  I,  this  se-
quence separation vanished and resulted in the formation of
the  homogenous  melt  without  melt  memory  effect.  In  clear
contrast, for M-PP/0.1T, when the Ts lied in Domain IIb, similar
to  M-PP/0T,  some  crystalline  remnants  survived  in  the  melt;
increasing the Ts to the lower temperature part of Domain IIa,
in addition to the sequence separation, some oriented nuclei
stabilized by talc (possibly the crystals prefrozen on the talc or
the  oriented  segments  absorbed  on  the  surface  of  talc)  also
remained in  the  melt;  further  increasing the Ts to  the  higher
temperature part of Domain IIa, although the sequence sepa-
ration  vanished,  these  oriented  nuclei  still  survived  in  the
melt,  which  resulted  in  the  remarkablely  enhanced  melt
memory effect for M-PP/0.1T compared to M-PP/0T; when the
Ts lied  in Domain  I,  these  oriented  nuclei  vanished  as  well
leading  to  the  disappearance  of  the  melt  memory  effect  for
M-PP/0.1T.

CONCLUSIONS

In this work, the effect of talc on the melt memory effect of M-PP
was  investigated  in  detail.  By  comparing  the  melt  memory  ef-
fect of neat M-PP (M-PP/0T) and M-PP containing 0.1% talc (M-
PP/0.1T), it was found that the introduction of talc obviously en-
hanced the upper limit temperature of Domain II from 161 °C to
174 °C and thus widened the temperature width of Domain IIa
from  1  °C  to  14  °C.  The  structure  evolution  of  the “standard”

 

M
-P

P/
0T

M
-P

P/
0.

1T

“Standard” 

crystallized state

TalcBulk crystalsCrystallizable
sequences

Sequences with
defects 

Oriented nuclei
stabilized by talc

Self-nucleated melt Homogenous melt

Domain llb Domain lla 

Increasing Ts

Domain l

 
Fig. 8    The possible structure evolution of M-PP/0T and M-PP/0.1T during heating process.
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crystallized M-PP/0T and M-PP/0.1T upon heating ruled out the
role of the bulk crystal residues on enhancing the melt memory
effect of M-PP/0.1T. The crystal orientation of M-PP/0.1T cooled
from different Ts reflected the properties of residual nuclei at dif-
ferent Ts to a certain extent. The results of WAXS indicated that
some oriented nuclei stabilized by talc survived at the tempera-
ture  well  above  the  bulk  melting  temperature  of  M-PP,  which
obviously enhanced the melt memory effect of M-PP. These ori-
ented nuclei stabilized by talc might originate from prefreezing
effect  or  the  sorption  interaction  between  talc  and  the  M-PP
chains.
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