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Abstract

This paper presents a systematic review of the literature on the melt memory
effects observed in polymers, an area that has engendered considerable debate
for over fifty years. Recent advances in experimental techniques have provided
fresh insights into how a polymer’s thermal history influences its recrystallization
behavior. It has been observed that given other conditions unchanged, the crys-
tallization temperature during recrystallization decreases with an increase in the
melt temperature Ts above the melting point Tm until a critical melt temperature
is attained. This phenomenon also extends to the half-time of crystallization and
the secondary structures, such as lamellar thickness, of semi-crystalline polymers.
Despite these findings, a comprehensive constitutive model that encapsulates
polymer melt memory effects remains elusive. Cutting-edge instrumentation,
including in situ small and wide-angle X-ray scattering, temperature-controlled
Fourier transform infrared spectroscopy, and flash differential scanning calorime-
try, have posed significant challenges to the traditional nucleation and growth
models established in the 1970s. These models are foundational to our under-
standing of polymer crystallization, which is a integral part of polymer processing
and production.
In this review, the historical contours of this discourse are traced, with examina-
tion of both the recent experimental breakthroughs and theoretical advancements
pertinent to polymer melt memory effects. This paper delves into the prevailing
theories of polymer nucleation and crystallization, and engages with theoretical
discussions and numerical simulations that attempt to elucidate and rationalize
these melt memory phenomena.
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1 Introduction

Thermodynamics and kinetics of polymer crystallization are profoundly affected by
the thermal history of the polymer melt. The crystallization temperature and rate
in recrystallization can be greatly influenced by the previous crystallization and melt
temperature. This phenomenon in polymer crystallization is usually referred to as melt
memory effects.

The crystallization of polymers has been, and is still, an elusive concept for more
than half century. Continuous efforts have been made to establish a constitutive model
to describe this process [1–3]. It has been widely accepted that the long polymer chains
crystallize through two stages: primary and secondary nucleation process. During the
primary nucleation, the long polymer chains account for an excessive energy barrier
beyond that is necessary with small molecule materials for homogeneous nucleation.
The primary nucleation from a pure polymer melt is usually very slow or too hard to
initiate even with deep supercooling. In practice, small molecule substances (nucleating
agent, catalyst, or additives), epitaxy, and/or strains can be employed to expedite the
nucleation in the polymer melts.

The nucleation can also be initiated by segments with remaining ordering from pre-
vious crystalline structure, which is referred to as self-nucleation. Superficially, the melt
has some memory on its previous structures. While new experimental observations
owing to the developments of techniques such as in situ small- and wide-angle X-ray
and neutron scattering revealed that a hump can be observed in the small angle X-ray
and neutron scattering experiments scattering profile before any crystalline structure
can be observed by wide angel X-ray diffraction or differential scanning calorimetry,
which implies a density fluctuation in the melt before the genesis of ordered struc-
ture [4, 5]. This interesting phenomenon was also reported in simulation [6]. Strobl [7]
proposed that the growth of crystallites include an intermediate mesophase. Olm-
sted [8] and Kaji et al. [9] then further stated that the progression of the mesophase
before crystallization undergoes a spinodal phase separation, as the long period of the
melt density profile follows a power law growth with time. Muthukumar analyzed the
free energy profile in the very early stage of nucleation and proposed that the evolu-
tion of small X-ray scattering intensity profile is originated from the growth of ”baby
nuclei”, other than a liquid-liquid spinodal decomposition [10].

The melt memory effects can be studied as a special case in self-nucleation and are
highly related to the concept of precursor state in polymer crystallization. These inter-
connected topics can be studied as part of the endeavor in discovering the mechanisms
in polymer crystallization. In this review, attempts are made to provide an overview
on recent progresses, both experimentally and theoretically, in polymer melt memory
effects. An in-depth understanding in fundamentals of these phenomena are estab-
lished based on existing observations and proposed models over a broader spectrum
of materials. In following sections, the advancement in new experiment observations
are reviewed, effects of different structural factors are discussed, and the contribution
of numerical simulation is covered as well. Then the perspective in future studies of
melt memory effects in terms of theories and applications are summarized.
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2 Melt Memory Effects of Semi-crystalline Polymers

There are already quite a few comprehensive review papers on this topic [11–16, 16, 17].
Obviously the concepts of melt memory effects are tightly related to nucleation and
chain ordering in the melt. Therefore these processes must be investigated collabora-
tively. In order for the melt memory effects to be observed, the nucleation and chain
folding behavior in recrystallization must be different from the crystallization from a
homogeneous melt. Nuclei in small molecular materials are initiated from metastable
melt when localized aggregation and ordering of atoms provide surface for further
growth of crystals. In contrary, the much slower kinetics and melt memory effects in
polymer crystallization are hence evidently results of the long chain configuration of
polymers. The intermolecular interactions such as tethering and entanglement intro-
duced higher energy barrier during phase transition, thus the macromolecules take
longer time to conform and reach new equilibrium when temperature dropped below
equilibrium melting temperature, T 0

m. Melting, on the other hand, is a gradual process
that folded polymer chains dissolve into amorphous region. But the chain conforma-
tion and localized ordered structures still persist for a period of time at temperatures
higher than the observed melting temperature, Tm, and lower than a maximum melt
temperature above which melt memory effects disappear. When the polymer melt
recrystallizes, the residual ordered structure will lower the energy barrier for crystal-
lization, consequently, increases the crystallization temperature, Tc, and increase the
crystallization rate, usually denoted by half crystallization time, t 1

2
. This process is

also referred to as self-nucleation. A typical self-nucleation experiment is illustrated
in Figure 1.
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Fig. 1 An illustration of a typical self-nucleation experiment.

Figure 1 shows typical routines to investigate the melt memory effects of polymers.
The materials will be melted at a temperature high enough to remove any residual
ordered structure (memory) from previous thermal histories, then crystallized for the
first time. Afterwards, the crystallized polymer is melted and annealed at a temper-
ature (Ts) higher than Tm. In this work, Ts refers to the temperature above Tm at
which the polymer melt is kept for a certain period of time, as indicated in Figure 1.
For most homopolymers, Ts should be lower than T 0

m to observe the memory effect but
there are cases when memory effects can still be seen with Ts higher than T 0

m [18–21].
It is observed experimentally that the melt temperature, Ts, will affect the density

of nuclei and/or the growth rate in recrystallization. Consequently this temperature
is widely used to categorize recrystallization behaviors of polymers [11, 13, 22, 23], as
can be seen in Figure 2:
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Fig. 2 A schematic depiction of Ts categorization on top of a typical DSC scan during melting of
semi-crystalline polymer.

Domain I : Ts is beyond a critical temperature when the remnant ordered structures
are all erased from the melt. Raising Ts in this domain will not affect Tc or t 1

2
in

recrystallization;
Domain II : When Ts is below the lowest temperature of Domain I, increase in Ts will
result in lower Tc and longer t 1

2
. Domain II can then be divided into two subdomains:

Domain IIa and Domain IIb, separated by the upper limit of the melting range. In
Domain IIa there is no crystal structures detectable by DSC or wide-angle X-ray
scattering, but ordered segment structures are preserved at this temperature range
so the memory effects can still be observed. In Domain IIb, crystal structures which
are detectable by X-ray diffraction or DSC still remain in the melt (as can be seen in
Figure 2);
Domain III : As Ts decreases below the nominal melting temperature, Tm, the poly-
mer crystalline structure only melt partially and some secondary structures such
as lamellae and spherulites still remains. Besides the volume fraction of crystalline
structures, the size of second order structures may also affect the melting peak after
recrystallization.
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Fig. 3 DSC scans of polyamide with melt memory effects, during (a) cooling and (b) heating, both
at 10℃/min
1

Those remaining crystalline structures can induce subsequent recrystallization as
surface in secondary nucleation. On the other hand, when the recrystallized structure
is molten again there is a second endothermic peak after the main melting peak, as
can be seen in Figure 3 [24]. This is an indication of differences in degree of crystal
perfection of the remaining and recrystallized crystalline structures. Annealing under
Tm is actually a common practice in polymer processing to increase the crystallinity
and crystal perfection [25, 26].

This categorization is a descent summary covering simple scenarios in memory
effects of polymer melt. For immiscible polymer blends, copolymers, or polymer melt
crystallized within a scaffold, the situations can be more complicated [18, 23, 27].
Domain IIa may disappear during recrystallization in polymer melts with these spatial
confinements. In most cases, the upper limit of Domain IIa should not go above the
equilibrium melting temperature, T 0

m. While high flexible blocks, low mass molecules,
and additives provide more mobility to polymer chains, melt memory effects can still
be observed when Ts > T 0

m in these systems with extra entropy [18–21, 28, 29]. Higher
Ts and longer melt time will both decrease the Tc during recrystallization. The anneal
time at Ts will affect the melt memory effects in a similar way as the value of Ts.
The effect of melting time is investigated by many researchers [30–33]. In following
subsections, the recent advances in experiment observations will be reviewed, then
the effects of intermolecular interactions, polymer chain configurations, and spatial
confinements on melt memory effects will be discussed.

2.1 Advances in Experimental Techniques

In order to study the melt memory effects, the ability to control the thermal history of
a polymer melt is crucial. DSC is commonly used to investigate the change of enthalpy
during phase transitions. Generally speaking, it is difficult to achieve cooling/heating
rates that is high enough to bypass the kinetics during polymer crystallization which

1Reprinted from article [24] with permission.
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is necessary to obtain a sample without any ”memory”. To overcome this obstacle,
the differential fast scanning calorimeter (DFSC) is introduced and it can apply cool-
ing or heating rates up to 1 × 107K/s−1 [34, 35] thus it becomes a useful tool to
study anisothermal crystallization [30, 36–38]. This technique also makes it possible
to investigate the isothermal crystallization over a wide range of temperatures with
much less influences of the thermal history in the system introduced by heating or
cooling [30, 36, 39–41, 41–44]. Deep cooling to a very low temperature (still above
glass transition temperature, Tg) may induce heterogeneous nucleation. The crystal-
lization and recrystallization of poly(butylene succinate) is investigated with DFSC
and it turned out that 280K is a critical crystallization temperature below which
homogeneous nucleation is dominating over heterogeneous nucleation with nanopar-
ticles [41, 43]. Also fast cooling ability of DFSC may produce supercooled polymer
without crystallization. This enables scientists approaching the crystallization point
from lower temperatures in a glassy matrix [41, 45]. This is also a vivid indication that
the thermal history such as cooling/heating rates will greatly affect the crystallization
and recrystallization behavior of polymers.

The wide-angle X-ray scattering technique is widely used in investigating the crys-
talline structure. In addition, real time experiment with varying temperatures can
provide structure information through different processes such as annealing and tem-
perature ramping. But wide-angle scattering can only reveal crystalline structures
after crystallization and cannot detect nucleation or small crystallites. Apparently the
origin of melt memory effects of polymer materials should involve structure evolution
before crystallization or even nucleation. As peaks from small-angle scattering can
detect long range density fluctuations, the combination of these two techniques has
great potential in revealing transitions from local agglomerations to nucleation and
crystallization. Simultaneous wide- and small-angle scattering (SAXS and WAXS) are
applied with time resolution and it has been observed by many researchers that long
range density fluctuation will appear in SAXS profiles before crystal peaks show in
WAXS profiles [4, 5, 9, 46–48], as can be seen in Figure 4. Mita et al. [49] employed in
situ WAXS/SAXS with temperature ramping to investigate the crystallization behav-
ior of poly(4-methylpentene-1). The low q profile in SAXS before crystallization is in
correspondence with Porod’s Law [50] and there is no Bragg peak in WAXS profile at
the same time, implying long range density fluctuation in polymer melts before crys-
tallization. And a higher Ts will result in increased interface thickness in the melt.
This may due to a more evenly distributed density profile at higher Ts, which indi-
cates a more homogeneous melt when Ts is high. Soman et al. [47] investigated the
shear-induced precursor structures in isotactic polypropylene with in situ SAXS and
WAXS and the results showed that a scaffold framework was formed in the melt under
shear before the full crystalline structure emerged. New development in data analysis
can potentially introduce new findings with X-day data. Li et al. [51] recently pro-
posed new methodologies to interpret SAXS data from polymers crystallization based
on evanescent wave-induced scattering, so that the long period, lamellar thickness,
and lateral size can be calculated more accurately. It was found that the lamellar size
shrunk by 20% in lateral size and expand by 12% along the stem during phase tran-
sition of poly(1-butene) form II to form I. This innovative technology can be applied
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in precursor state before crystallization to catch the evolution of structure fluctuation
in small time scales.

Fig. 4 The structure evolution of the iPP samples during the cooling process from both the struc-
tured and supercooled melts. The selected SAXS profiles were derived from the cooling process: (a)
from the structured melt (partially melted iPP with the thermal history shown in Figure 1) and (b)
from the supercooled melt; three selected WAXS profiles were shown in (a,b), as inset, respectively.
(c) The evolution of invariant Q derived from SAXS data and (d) crystallinity derived from WAXS
data, both from the structured and supercooled melt. The insets in (c,d) were the evolution of Q and
crystallinity during the isothermal crystallization at 135 ◦C, respectively.
2

Techniques such as DSC [22], DFSC, polarized optical microscopy (POM), atomic
force microscopy, electron microscopy, and scattering techniques can reveal thermody-
namic, partial, or statistical structural information but the picture becomes vague in
molecular and segment levels in these observations. But the structure information in
the molecular scale is critical in nucleation and crystallization of polymers. Zhang et
al. [52] combined DFSC and AFM and revealed surface structure in 1-2µm during
annealing of poly(ϵ-caprolactone) (PCL) and polyetheretherketone (PEEK). This syn-
ergetic setup can help in investigating the segment conformation during nucleation
and crystallization. Though the time scale of initial stage of spherulite generation can

2Reprinted from open access article [46].
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be determined, it is worth to mention that the tip of AFM device approached the melt
and introduced heterogeneous nucleation. So the AFM images in time series have to
be considered with DFSC data to determine the real start time of nucleation.

Another approach is that the small-angle neutron scattering on partially or
fully deuterated polymers can be employed to study behaviors of molecules or side
groups [53, 54]. Mixtures of fully deuterated and protiated polymer chains can be
viewed as a Θ solution of one another. Different from X-ray scattering, neutrons scat-
tered on nuclei are sensitive to hydrogen atoms. The contrast discrepancy between
coherent and incoherent scattering lengths from hydrogen isotopes, hydrogen, and deu-
terium, makes it possible to reveal the chain conformation in melt and solid. This type
of techniques shed some light on the questions polymer scientists have been wrestling
with for decades: What does a single polymer chain look like among other identical
chains? Furthermore, an analytical form of scattering law has been developed in coop-
eration with reptation model, so that the entanglement density may be estimated from
data in Q range representing structure length between the radius of gyration and chain
segments [54–56]. Sadler and Keller [57] studied the polymer ”solid solution” grown
from dilute soluiton with neutron scattering and the result data showed that the radius
of gyration, Rg, exhibited a very weak dependence on molar mass, as Rg ∝ M0.1.
Sadler and Keller also compared the ”solid solution” grown from melt [58]. Based
on this investigation they proposed a superfolding model, according to which chains
formed folded chain ribbons in crystallized structure. Hong et al. [59] reported recent
progress with combination of 13C selective doping and double quantum NMR spec-
troscopy to investigate chain folding in polymer crystallization from melt and dilute
solutions. Such studies in iPP demonstrated that chain entanglements play a critical
role in polymer crystallization and self-folding occurs in early stage in crystallization
from melt, which may satisfy the conventional secondary nucleation model.

Infrared spectroscopy is usually employed to elucidate the covalent bonds or other
interatom interactions such as hydrogen bonds within polymers [24, 60]. The dynamics
of helix structures [19, 61, 62] or stereocomplex [27, 63, 64] can be unearthed during
melting and recrystallization with time resolved FTIR. It is observed that the helix
shorter than crystalline stem length remain in melt state above Tm both in polar and
non-polar [19] polymers. And the memory effect is highly related to the dynamics of
remnant helix structure in melt.

2.2 Intermolecular Interactions

With all these observations considered, the interactions between polymer chains stand
out as the most important factor in self-nucleation and growth of crystalline struc-
tures. A classical model proposed by Flory [65] stated that the random coil chains in
amorphous is unperturbed in a Θ solution. But it has been discovered that there are
domains in amorphous region where polymer chains persist a certain degree of ordering
and packing with aligned chain segments, which is usually referred to as ”bundle” [66].
This type of short-range ordering in amorphous domain can be extended into medium-
or long-range ordering by isotropic deformation or crystallization. There are obviously
no remnant crystallites in melt above Tm, which is how Tm is defined, and also con-
firmed by numerous experimental results [9]. While due to the long relaxation time of
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polymer chains in bulk, when the polymer material is molten from previous crystal-
lization, the segment proximity will sustain at moderate temperature above Tm even
after the lamellar and spherulite structures are destroyed. Thereafter the intermolec-
ular interactions, such as entanglement and hydrogen bond confined the movement
of single chains. The localized lower entropy in these metastable domains results in a
lower energy barrier for self-nucleation in recrystallization. Properties of these local
regions with high chain ordering will be affected by previous crystallized structure and
thermal history afterward. At Ts, these regions are stabilized by surrounding amor-
phous domains where the chains are highly entangled. Recent investigations with FTIR
and NMR revealed the existence of helix with length shorter than the stem length
in lamellae, which is a supporting evidence to the claim that the partially ordered
structures in amorphous domain are decay from crystalline structures. Xiang-Yang
Li et al. [19] found that there are no peaks at 1220cm−1, 1303cm−1, and 1330cm−1

in FTIR results in iPP melt at 170◦C and 172◦C (Ts), which indicates that there is
no crystalline structure in the melt. Meanwhile a peak is present at 841cm−1 which
implies ordered structures in the same length scale of chain segments. Furthermore,
this 841cm−1 peak vanishes when Ts is higher than 172◦C (174◦C and 176◦C in this
work), which is synchronous with the removal of melt memory effects when Ts crosses
from Domain IIa to Domain I, as shown in Figure 2. For polar polymers, similarly,
Zhang et al. [27] found the existence of 103 helix in poly(lactic acid) (PLA) melt
above Tm. At Ts beyond Domain IIa (190◦C), the intensity changes in FTIR pro-
files at early stage of crystallization at different peaks follow the order 1458 cm−1 >
1210 cm−1 ≫ 921 cm−1, which suggests that firstly the −CH3 group is involved and
subsequently COC · · · − CH3 intermolecular interactions takes effect before the for-
mation of 103 helix. At lower Ts (170◦C), the change in intensity from 1210 cm−1 to
921 cm−1 is less than that with Ts = 190◦C. When Ts = 168◦C, changes of those
aforementioned peaks are ignorable in the FTIR pattern during crystallization. That
indicates that the 103 helix is already formed in the melt before the start of isother-
mal crystallization. In Domain IIa there is no discernible crystalline structure, it is
feasible to postulate an inhomogeneous melt with first-order chain segment alignment
in random coiled matrix.

When a polymer melt at above Tm is quenched to a temperature below melting
point, the melt will be at first ”incubated” during a induction period, when there
is no observable density change or crystalline structure in the melt. And this incu-
bation time will increase with decreasing quenched temperature, which might be an
phenomenon related to melt memory effects since it showed the effects of chain mobil-
ity on crystallization. Entanglement, intermolecular interactions, and lower quenching
temperature can all alter the chain mobility of polymers during crystallization. For
polyethylene terephthalate (PET), when the molten polymer is crystallized at 115◦C,
no peak is observed in the first 100 s in DSC scan. After that an exothermic pro-
cess can be detected. When the PET crystallization temperature is dropped to 80◦C,
which is 5◦C higher than Tg, the induction time is then increased to 100 min.

The morphology evolution in polymer melt can be observed with in situ SAXS [8,
9, 67, 68]. The peaks in the I(Q) profile from time resolved SAXS shows the emergence
of long-range density variations. The long-range characteristic length increase follows
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a power law with time, such as L ∝ tn (n = 0.25 for PET), which is an analogy
to a spinodal decomposition in a phase separation. The spinodal decomposition of
an immiscible binary mixture is also usually divided into an induction stage and
decomposition stage. Although there are similarities, these phenomena are different in
many other ways. The spinodal decomposition is a spontaneous process if the system
resides in the spinodal region in a phase diagram. There is no induction or incubation
stage in spinodal decomposition as in polymer crystallization.

The origin of this behavior is still in debate. According to Doi et al. [67, 68] the self-
nucleation can be divided into two steps: segment fixation and interchain alignment.
When the temperature dropped below Tm the random coil chain dynamics slows down
and segments tend to move to vicinity of each other as it energetically preferred.
In order to achieve a smaller intermolecular space more trans-trans dihedrals are
formed in backbones and aligned chain segments, or helix are constructed consequently.
According to Doi, the excluded volume of straight segment with persist length, l, can
be estimated as,

Vexc = 2bl2|sinΘ| (1)

where b is the exclusion diameter of the chain and Θ is the angle between neighboring
consecutive straight segments. It is evident that Vexc achieves its minimal value when
Θ becomes 0. When l reaches a critical length, it is thermodynamically favorable for
these persistent straight segments to orient and parallel to each other and consequently
nuclei formed from the homogeneous polymer melt. The difference in local energy
between domains with higher concentration of aligned and paralleled segments and
that with higher concentration of random coil chains, from a thermodynamics point
of view, can be viewed as the energy gap between components in a binary immiscible
blend. The propagation of long period measured in SAXS patterns can be treated as
spinodal decomposition of two phases separated by different orientation and density.

Muthukumar et al., on the other hand, proposed that polymer crystallization, even
on the very early stage, is nucleation and growth with the extra energy contribution
from connection between semetic pearls, which are essentially metastable nuclei [14].

Regardless of the debates on theories behind the evolution in long period from
SAXS pattern at early state of nucleation, the chain conformation and interchain
interaction, especially entanglements, is the salient feature that affects the formation
of nuclei and lamellae. In primordial stage of crystallization, during the extension and
packing of aligned segments the entanglements have to be excluded from the more
condensed and ordered domains before the crystalline structure can be constructed.
The entanglement will be expelled from the ordered structure and concentrates in the
amorphous domains between crystalline structures. This is also the reason of different
behaviors of crystallization from polymer melt and solution.

The chain conformation can be investigated by neutron scattering within the sam-
ple mixture of fully deuterated and hydrogenate polymer chains. Radius of gyration,
Rg, of deuterated polymer chains can be assessed from the lowQ profile. It’s worth not-
ing that the Rg value is relatively stable in both the melt and crystallized structures,
which implies the chain diffusion may not be the governing effect during nucleation
and growth. This also explains why the self-nucleation takes much longer time than
relaxation time estimated from reptation model. On the other hand, the nucleation
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and growth of polymer chains from solution is a result of competition of Brownian
motion of segments and solution molecules with van der Waals force between segments.
At lower temperatures (below Tm) the interchain attraction forces overcome the seg-
ment dynamics then the initial ordered structure emerges. In this scenario single chain
folding is the most dominating process and entanglement is rarely involved [69, 70].

The molecular dynamics simulation of polymer crystallization from solution by
Muthukumar et al. [71–74] showed the folding and packing of a single from random
coil into ordered structures and stated that the peak in SAXS is originated from
isolated nucleation. Though the model and simulation only consider polymer chains in
solutions so the effects of entanglements and intermolecular forces are not considered
in his model.

Hong et al. [75] measured the re-entrance sites, successive re-entry chain-folding
number, (< n >), and ratio of stems participating re-entry chain folding in one chain,
(< F >), in crystallization of isotactic poly(1-butene) (iPB1) in both solution and
melt with solid-state NMR. The results indicated that the chains exhibit analogous
re-entry structures in crystals grown from both melt and solution, while the solution-
grown crystals exhibit smaller < n > number, or extended Rg, which due to the more
extended and less entangled chain conformation in solution. The results indicated
that the entanglement and concentration of polymers are essential in chain folding
processes. The highlighted strategy in this paper is excitation and detecting labeled
carbon atom pairs (13C −13 C) within polymer chains. Combined with simulation,
it can be determined that the adjacent packing of left- and right-handed stems is
dominating in crystals.

If we expand our scope to a wider spectrum of polymer types, it can be seen that
the factors involved in nucleation and crystallization are competing with each other in
different systems . Sun et al. [76] investigated the effects of entanglement density on
crystallization of stereocomplex polymers, poly(L-lactic acid) and poly(D-lactic acid)
(PLLA/PDLA) 1:1 blend. Since the chain packing with different chirality next to each
other is preferred in crystallization of enantiomeric mixtures, chains with appropriate
chirality will move into vicinity of growth front. Thus the nucleation and growth within
this type of polymer melts should be a diffusion controlled process. In this work, the
stereocomplex polymers are dissolved in solutions with different concentrations then
the solutions are dropped into liquid nitrogen to freeze the motion of polymer chains.
The solid droplets are freeze-dried to sublimate the solvent and retain the bulk of
polymers with different entanglement densities. The results showed that the half crys-
tallization time, t1/2 almost doubled when the weight concentration decreased from
1% to 0.05%. Besides, the degree of crystallization is higher with less entangled sam-
ples. The crystallized structures are also improved with less concentrated thus less
entangled polymers, as can be assessed from DSC with isothermally and nonisother-
mally crystallization. Interestingly, Tg is also decreased to ∼ 52.2◦C from ∼ 56.8◦C
with weight concentration from 0.05% to bulk, respectively. Those results showed the
effects of entanglements on polymer materials properties. The condensed solution or
bulk contains entanglements of polymer chains, thus the mobility of segments will be
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confined and the Tg increased. On the other hand, t1/2 decreased with higher concen-
tration because it is more difficult to dissolve the crystalline structure above Tm thus
the melt memory effects are stronger when the concentration is higher.

According to Hu and Schmidt [77], crystalline polymers can be categorized as
crystal-fixed and crystal-mobile based on chain mobility in crystals. In crystal-fixed
polymers such as Nylon, PET, sPP, and isotactic polystyrene, chains are fixed in
crystals and cannot be easily extended or extracted even under high strain during
deformation. In contrary, chains may extend and form fibrils during hot drawing in
crystal-mobile polymers such as iPP, poly(ethyleneoxide), and poly(vinyl alcohol).
Kurs et al. [78] studied the crystallization and entanglements in amorphous phase.
The results show that in crystal-fix polymers the crystalline lamellae thickness is not
a function of molecular weight and the thickness values are better defined than that in
crystal-mobile polymers. In crystal-mobile polymers the amorphous domain thickness
is well defined and stay unchanged with different molecular weight during isothermal
crystallization. But the thickness of crystalline layers and long period increase signif-
icantly during crystallization. Also the compositions of amorphous, crystalline, and
intermediate phases during crystallization are determined by dipole-dipole coupling
from NMR. It is revealed that the entanglement density is higher in the amorphous
between lamellae after crystallization compared to that in melt. The proposed hypoth-
esis stated that in crystal-fixed case, the lamellae is formed through retraction of
chains without being fully disentangled. A related work [79] compared crystallization
of crystal-mobile and crystal-fix polymer and the result demonstrated that the crystal-
fixed polymer (PCL) exhibit a marginally stable lamellae with well-defined thickness
between thinner amorphous layers. These crystallites reorganize readily under heating
without being totally dissolved into amorphous melt. Whereas crystal-mobile polymer
(PEO) shows a well-defined amorphous thickness and the crystal lamellae are relatively
stable over a wide range of temperatures. The thickness selection in crystallization
is then not solely a function of temperature, in contrary to classical interpretations,
but rather a competition of chain packing and segment dynamics. Thus the entangle-
ment and intermolecular interactions are unavoidably key factors that influence the
crystallization and recrystallization.

Luo and Sommer [80] studied polymer crystallization with molecular dynamics
simulation. The results showed dependence of density and crystalline stem length on
local entanglement length, as can be seen in Figure 5. Therefore the slow relaxation
of entangled chains is account for the memory effect in polymer crystallization.
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Fig. 5 3D illustration of influence of entanglement density on melt memory effect. Volume inside
green isosurface is less entangled zone (Ne < 60). The crystallized polymer was melted at 550K
and annealed to certain periods of time. The recrystallized structures are the same with similar
entanglement distribution even the original crystalline structure is fully melted.
3

Though not all these studies are focused on melt memory effects, it is obvious that
the interchain restrictions play a crucial role in nucleation and crystallization thus it
is rational to assume that the retained conformation and entanglements from previ-
ous crystallization will affect the rate and morphology of recrystallization. The chain
attachment to growth front and the diffusion of segments are two competing factors in
nucleation and growth, depending on the nature of the polymer system (homopolymer,
stereocomplex, solution, melt, etc.). Despite of which one is the governing effect, the
entanglements are important to all stages such as movement, alignment, and attach-
ment during crystallization. Thus entanglement should be an essential factor to be
measured in the study of melt memory effects of polymers.

The hydrogen bonds in polymer melt act analogously as of an interaction stronger
than van der Waals force but weaker than covalent bond. Liu et al. [24] investigated
the effects of N-H bond in polyamides on melt memory effects. FTIR was employed to
monitor the dissociation of hydrogen bond in melt with different Ts. Different strategies
were used to fit the peaks measured from different Ts domains (Domain I, Domain
IIa, and Domain IIb). The results showed that distribution of hydrogen bond distance
is larger in Domain II than in Domain I. And the potion of free N-H pairs increases
before Ts = 200oC, which is the boundary between Domain II and Domain III. That
is to say the portion of free N-H pair keeps constant after the memory effect disappears

3Reprinted from article [80] with permission.
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at higher Ts. Furthermore, samples with different amide group concentrations were
tested and it showed that the higher the amide group concentration the wider the
Domain IIa. It can be seen that the hydrogen bond as one of the intermolecular
interactions plays a crucial role in melt memory effects. Thanks to apparatus such
as FTIR scientists have clearer and more qualitative vision on hydrogen bond than
entanglements of polymer chains. But in terms of intermolecular forces these two
interactions should act analogously in the determination of melt memory effects.

Sangroniz et al. [81] compared effects of polar functional groups in alkyl chains on
memory effects. The results also showed that the width of Domain IIa decreases notice-
ably with the increase of methylene groups in the polymer chain while the portion of
polar groups decreases. This agrees with the work from Liu et al. [24] as mentioned
above. Polyamide is special compared to other functionalized polymers (polyesters,
polycarbonate, and polyethers) in that the Domain IIa never vanishes in the methy-
lene group ratios tested in this work. The width of Domain IIa increases with the
solubility of polymers, which is used as an indication of the functional group polariza-
tion. These phenomena clearly showed that the stronger the inter chain interactions
the wider the Domain IIa, which implied a stronger melt memory effects.

2.3 Effects of Chain Configurations

The melt memory effect is essentially another phenomenon originated from the
slow dynamics of polymer chains under external thermodynamic or mechanical
effects and ubiquitous in almost all polymer materials. Meanwhile the characteris-
tics of the polymer chains, such as degree of polymerization (DP) [57, 82–84], chain
polarization [24, 62, 81, 85], steric hindrance, rigid segment [18, 86], branching, copoly-
merization [13, 21, 32, 87, 88], and polydispersity index (PDI) [89], can affect the
behavior of polymer melt memory effects. From the rich literature it is beyond doubt
that the melt memory effect is controlled by a multivariable constitutive equation
which is too complicated to solve analytically. While among all the variables, the high
degree of freedom from macromolecules and their slow mobility in bulk due to entan-
glements are prominent factors in nucleation and consecutive chain folding. Therefore
the chain characteristics will greatly affect the interchain interaction thus affect the
melt memory effects.

Lorenzo et al. [31] investigated the memory effects of PCL in different molecu-
lar weight (Mn = 10kg/mol and 65kg/mol). DSC results showed that the higher and
lower boundaries and the width of Domain II all increased with higher molecular
weight (Domain II from between 53◦C ∼ 59◦C to between 58◦C ∼ 73◦C). Pérez [90]
compared the crystallization behaviors and melt memory effects of linear and cyclic
PCL samples with different molecular weights. The result showed that the molecular
weight can significantly change the crystallization behavior of polymers. The crystal-
lization and melting temperatures both increase with Mn to a maximum value and
then decrease after the molecular weight surpasses a threshold value. And the degree of
crystallinity monotonically decreases with Mn to an extent then stabilizes. The influ-
ence of Mn on thermodynamics of crystallinity (Tc and Tm) can be attributed to the
competition of chain dynamics and diffusion ability. Shorter chains have a lower energy
barrier in nucleation [91–93]. When the molecular weight is higher than a critical value,
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the decrease in diffusivity hinders the nucleation and chain folding due to the increase
in entanglement density. This critical value in molecular weight is around 7kg/mol for
linear PCL and 8kg/mol for linear polyethylene [91]. And this phenomenon can be
ubiquitous in linear polymers. From the rheology experiment it turned out the stem
length in lamellae and the entanglement density both increase with molecular weight.
The critical entanglement length of linear PCL is reported to be 2.3-3kg/mol [94, 95].
And there is an abrupt change of scaling of viscosity exponents from 2.15 to 3.4 when
Mn increases beyond 7kg/mol [96]. But theoretically there must be an extreme value
when these two values become stable with increasing Mn. In the work by Pérez [90],
it was also observed that Domain II boundaries increase with Mn, same as Tm, till
Mn reached the maximum value in this study, 7kg/mol. Obviously this is due to the
slow diffusivity of longer chains, which requires higher temperature or longer annealing
time to drive the longer chains back to a total random coil state.

Fatou et al. [97] summarized the influence of molecular weight into 4 stages:

1. With lower molecular weight, the energy barrier increases with molecular weight.
Therefore Tm increases;

2. Crystallization rate will decrease with higher molecular weight;
3. When the entanglement kicks in, the values of Ts, Tm, and rates of crystallinity will

reach maximums with increase in molecular weight, due to the limited diffusion by
increased entanglement density;

4. There is a plateau in crystallization rate beyond which rate of crystallization is
independent of molecular weight.

Similar molecular weight dependent behaviors can be observed in variety of polymer
materials including PCL, PE, and PP [93].

The cyclic PCL shows higher rate of nucleation compared to linear PCL with
similar molecular weight. Though nucleation rate also increases as linear PCL
with increasing molecular weight. The experimental observation is summarized as
follows [90, 98, 99]:

1. Cyclic chains nucleate at faster rate than their linear counterparts;
2. Cyclic polymers show faster growth rate in crystallinity, which is mostly attributed

to faster spherulite growth rate.

These phenomena can be attributed to the different topology of polymer chains. Obvi-
ously the cyclic chains are more restricted in conformation changes compared to linear
polymer chains. The lower entanglement density and Rg make the cyclic chains easier
to diffuse after nucleation, which explains the higher rate of crystallization.

Sangroniz et al. [100] investigated the effects of molar mass of PCL with rheome-
ter with and without self-nucleation. The results showed that the molecular weight
has no considerable influences on the Newtonian viscosity. The degree of polymeriza-
tion influences the chain dynamics and conformation by affecting the entanglement of
polymer chains.

In addition to molecular weight, recent studies have reported strong memory
effects with Ts above T 0

m with polymers with long branches [21, 28], additives [20],
or metastable polymorphs [29, 82]. The excessive structural entropy introduced by
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polymer configurations (randomness, side groups, side chains, and/or small molecule
additives) will increase the inhomogeneity in the polymer melt, which will in turn
decrease the energy barrier in self-nucleation during crystallization. For example, at
temperatures above melting point the residual structural heterogeneity may stay due
to entanglement of branches, polarization of side groups, or randomness in monomers.
Therefore the upper limit of Domain II can be increased above T 0

m for these types of
polymers. It is worth mentioning that the effects of short-chain branches (SCB) are
more complicated and not monotonic with the increase of SCB content. On one hand
the SCB content hinders the intermolecular chain movement and results in a decrease
in diffusion rate [101]. The crystallization rate may decrease during non-isothermal
crystallization. On the other hand, in a work by Longo et al. [102] the grafting of SCB
on PLLA enhanced the crystallization kinetics by increase both the nucleation and
growth rates. A recent work by Krishnaswamy et al. [103] showed that SCB on long
chain PE slowed the crystallization kinetics significantly. The short PE chain with SCB
contents do not have obvious effects on the crystallization rate. The chain lengths,
polarity, and SCB distribution can be roles that affect the polymer crystallization
interactively.

The crystallization behavior of star polymer are compared with linear and branched
polymers experimentally [104–106]. It is shown that star polymers exhibit faster nucle-
ation but slower spherulite frontier growth than linear polymers. This may be due to
the confined chain conformation that lowered the entropy of the polymer chains in
melt state. Also the junction points of star polymers play a similar role as nucleates
that segments can be attached to during nucleation. The behavior of star polymers in
self-nucleation are thus similar to their branched polymer counterparts.

2.4 Effects of Confinements

The crystallization kinetics can be greatly affected by confinement on polymer melt.
Wang et al. [23] investigated the recrystallization of PCL and PBS on aluminium oxide
templates and it turned out the self-nucleation domain (Domain II ) is narrowed with
smaller template patterning sizes. The melt memory region will even vanish with alu-
minium dioxide nanopore size smaller than 60 nm. This phenomenon indicates the
self-nucleation and melt memory effect can be affected by the compatibility of pattern
domain sizes and the average size of self-nuclei, which implied a new method to mea-
sure the domain size during crystallization. Research by Liu et al. [107] revealed similar
phenomena for PEO. Furthermore the existence of nanopores will induce anisotropy
in crystallization and the orientation is determined by kinetics of nucleation and crys-
tal growth in combination with the nanopore sizes. Accordingly, if the confinement
spaces (pores or tubes) are smaller than the intrinsic domain size in precursor state the
crystallization will turn into homogeneous nucleation controlled by surface or homo-
geneous nucleation which requires large supper cooling. This can greatly alternate
the kinetics of crystallization compared to polymer melts in an open domain [107].
Similarly, the separation of different blocks of the copolymers will form confinement
in crystallization as well. If the domain separation of block copolymers may induce
homogeneous nucleation and the self-nucleation domain will disappear [13, 108, 109].
It is worth to mention that this phenomenon of block copolymers is different from the
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effect of random copolymers. In random copolymers the randomness may broaden the
self-nucleation domain thus enhance the melt memory effects [21, 28, 32, 45, 88].

3 Numerical Simulation

The numerical simulation of crystallization and melt memory effect of polymer mate-
rials can be categorized into two groups based on their focuses: the nucleation of
polymer chains and the crystallization kinetics.

Salvalaglio et al. [110] brought up the solution for contradictory issues when
conducting numerical modeling on nucleation. On one hand the time scale of self-
nucleation from homogeneous melt is far beyond the feasible time scale for a numerical
modeling. Researchers then usually apply unrealistic energy profiles to tweak the force
field for a faster evolution. To solve these problems, the WTmetaD system is intro-
duced [111], where the calculation of converged energy profiles is not necessary for
each time step. Instead, an acceleration factor is applied to the real time in molecular
dynamics simulation. This acceleration factor is considered the ratio between the phys-
ical time and the metadynamics time. When the conditions are met during accelerated
MD simulation, the transition time can be transformed back to physical time. This
scheme has been widely used in the simulation of various processes, such as motions
of DNA and protein-ligand [112–114]. In the work by Carilli et al. [115] it is shown
that the order-disorder transition estimation is essential in the accuracy of the simu-
lation. The simulation results including the nucleus size are highly dependent on the
estimated quantities. Zhang et al. [116] simulated nucleation of incompatible polymer
blends with different monomer types. The simulation showed that the slow and incom-
patible chains hinder the crystallization process. Addition of crystallizable chains into
the block copolymer can accelerate the nucleation while the incubation time does not
change. These phenomena are compatible with experimental investigations. In a series
of classic studies by Liu and Muthukumar et al. [71–73, 117] the molecular dynamics
of polymer nucleation is studied. United atom model is implemented to investigate the
polymer chain folding on the early stage of crystallization. It showed that at the begin-
ning, single chain can fold into multiple nuclei, which is different from small molecule
materials. The nucleation of single chains starts spontaneously and grow with time,
during which the speed of growth is a function of undercooling temperature. Multiple
chains then start to fold collaboratively into the crystallization front into lamellae.
The thickness of the lamellae is inversely related to the undercooling degree.

A work by Gee et al. [6] established a MD model for crystallization in bulk poly-
mer. The system is composed of polymer chains consists of 20,480,240 atoms coarse
grained into 4,915,200 united particles. This enabled the MD simulation of a system
in meso-scales in terms of tens of nano meters. The results exhibit spinodal-like phase
separation in the incubation period. The long period in the domain is already apparent
before the crystallization and the peaks in structure factor profile becomes evident,
same as observed in experiments as well. The growth of the long-period value obeys
the power law, which is a character of spinodal decomposition. A more recent work
by Gao et al. [87] exhibits strong memory effect of random copolymers with Monte
Carlo Simulations. The melt memory effect of random copolymers is observed above
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equilibrium melting point [21, 28, 32, 45, 88]. The MC modeling showed that long
sequences in random copolymers raised the local melting point thus retained ordered
structures from previous crystallization. This observation partially explained why the
demixing of different sequences can influence the melt memory effect.

4 Perspectives

The ultimate endeavor of the research related to melt memory effects of polymer
crystallization is to describe this phenomenon with an analytical model. Considering
the wide variety of polymer materials that can be involved besides the polymer blends
and copolymers, this can be a challenging job. The main obstacles in achieving this
goal come from different directions. Solutions to these questions can also enlighten
promising future research work in many aspects.

• The in situ investigation at different scales during melting and crystallization is
crucial in this area. Advances in experiment equipment for real-time and cross-scale
investigations can greatly help in tracing the chain conformation evolution at dif-
ferent phases. For example, the combination of neutron and/or X-ray scattering
with DSC or environment control devices has great potential for a significant break-
through in revealing the mechanisms of melt memory effects. The coupling of AFM,
DSC, and/or FTIR is another approach to correlate the macromolecular structure
in micro/meso-scales with temperature change.

• Essentially the melt memory effect is induced by the incompatibility between slow
macromolecular dynamics and fast macroscopic or temperature changes. The speed
in temperature ramping can be crucial. The fast changing techniques such as DFSC
are favorable in studying the melt memory effects since it can quench the melt in
ultra-high rate so the structure of polymer will be frozen into the bulk.

• Another interesting territory is the numerical modeling of polymer materials which
is a promising route to study the structure-property relations of polymer materials
during crystallization. It is convenient for scientists to quantitatively assess the
ensembles at different stages and conditions. One of the challenges is that the self-
nucleation process can be painfully slow to simulate. New developments in high
performance computing, GPU, and coarse-graining will greatly help in numerical
simulation in polymer crystallization.

• The melt memory effects of polymers are multivariable processes, with influencing
factors such as polymer type, degree of polymerization, degree of polydispersity,
branching, etc. The degree of freedoms in a complete analytical model can be over-
whelmingly high. It is impossible to solve the puzzle experimentally. Meanwhile
using numerical modeling and machine learning may be an feasible alternative in
solving this complex model. The machine learning models can be used to predict
the correlation of different structural factors and properties with limited existing
experimental results. That will expedite the advancement in finding the appropriate
model for polymer melt memory effects.

• Last but not least, the application of melt memory effects in novel manufacture
and processing of polymer materials is a promising research area. Engineers may
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design the thermal history of polymers in order to obtain designed crystalline struc-
tures. Another example of such efforts may include composite materials (mixture
or copolymers) that consist of polymers with different responses to thermal history
for nanomanufacturing.

5 Conclusions

Recent researches on melt memory effects of polymers are reviewed. The historic
works in nucleation and crystallization of polymers are summarized. Self-nucleation
is a unique phenomenon of macromolecules that the ordered structure can sustain
high temperatures above melting point. Fundamentally, the nucleation of polymers
is highly dependent on its thermal history. When a crystallized polymer is annealed
above its melting point and recrystallizes, the kinetics of recrystallization may be
affected by the annealing temperatures, Ts. The effects of annealing temperatures can
be categorized into different domains as shown in Figure 2. Domain II is the region
where self-nucleation occurs.

It is obvious that the study of melt memory effects are highly related to broader
concepts in polymer crystallization and chain dynamics. Classic polymer crystalliza-
tion theories proposed a straightforward nucleation and growths scheme in which the
nucleation process is instantaneous. The new findings of mesophase in polymer melt
before crystallization indicated that the crystallization of macromolecules is far more
complicated than a well-defined two-step process. The growth of long period from
the mesophase follows the power law, which is a good indications of a spinodal phase
separation. But the real foundation of this phenomenon is still on debate. New experi-
ment discoveries showed that there are ordered structures remained above the nominal
or even equilibrium melting point. For example, variation in density or helix shorter
than stem length may still be observed in polymer melt. The finding of these remnant
ordered structures above melting point present new challenges on classic crystalliza-
tion theories. Also these phenomena should be accounted for the melt memory effects
of polymers.

Recent advances in experiment measures are summarized. It has been widely
reported that the self-nucleation can be affected by variety of structural and envi-
ronmental factors. The influences of intermolecular interactions, chain configurations,
and confinements are discussed. Though more experiment evidence is needed to estab-
lish a concrete relationship between the macromolecule structure to its melt memory
effects, these new observations strongly implied that the confinement from inter-
molecular interactions is the main constrain in melt memory effects. Both experiment
and simulation results showed that the entanglement density in amorphous domain
plays an important role in folding and unfolding of polymer chains. Consequently, the
chain flexibility (rigidity), branching, side groups with spatial effects, and/or degree
of polymerization all contribute to the melt memory effects by affecting the chain
mobility. Meanwhile, H-bond, additives, and polarity of macromolecules will greatly
affect the intermolecular interactions and thus hinder the diffusion of polymer chains.
Those factors altogether determined how the polymer chains will react above melting
temperature.
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The numerical simulation techniques are widely applied to investigate the nucle-
ation and crystallization of polymers as well. The development in numerical simulation
and modeling are summarized in this paper. The advantages of numerical simulation
reside in two aspects. First, it is much easier to conduct a in situ cross scale inves-
tigation with numerical simulation than in real world, which will be able to provide
detailed information in atom scale. Second, it is difficult and costly to explore the
multidimensional parameter space with experiment results, but this is possible with
numerical simulation and/or machine learning.

The perspective of the studies in polymer melt memory effects are discussed. We
speculate that in the future the works in this area may focus on five different directions.
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