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Abstract
Poly(ether ketone ketone) (PEKK) is a thermoplastic with excellent performance. To date, most PEKK copolymers are 
synthesized by a two-step method. However, in this work, a series of PEKK copolymers with diverse T/I (terephthaloyl/
isophthaloyl) ratios were firstly synthesized by a facial one-step method. Then, the structure of PEKK copolymers was 
characterized and the crystallization and melting behavior were studied in detail. With the increase in meta isomers in the 
structure, the crystallization ability and melting point of copolymers reduced, as confirmed by non-isothermal and isothermal 
crystallization kinetics analysis. Furthermore, the double melting behavior of PEKK copolymers after isothermal annealing 
was researched employing differential scanning calorimetry (DSC) and temperature-modulated DSC (TMDSC). Unlike 
many other outcomes, our study demonstrate that the double melting behavior is mainly related to the superimposition of 
rigid amorphous devitrification and enthalpy relaxation. Finally, through the self-nucleation experiment of PEKK70 and 
PEKK80, the ideal self-nucleation temperatures (Ts,ideal) corresponding to the copolymers were determined, then the suc-
cessive self-nucleation and annealing (SSA) technology was employed to analyze PEKK copolymers for the first time, and 
thermal classification was successfully achieved.
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Introduction

Poly(aryl ether ketones) (PAEKs) are widely used in the 
aerospace industry because of the superior high-temperature 
performance, mechanical properties and corrosion resist-
ance [1–5]. Poly(ether ether ketone) (PEEK) and poly(ether 
ketone ketone) (PEKK) are both well-known instances in 
the PAEKs family. Nevertheless, PEKK copolymers are pre-
ferred in industrial production and application because of the 
better economic performance and thermal properties. On one 

hand, the preparation cost of PEKK copolymers is lower [6, 
7], and on the other hand, PEKK copolymers have adjustable 
crystallization rates and show wider processing windows, 
making them ideal candidates for composite materials [8].

PEKK was first prepared by Bonner [9] through Frie-
del–Crafts acylation reaction, unfortunately, the molecular 
weight of the product was too low to be suitable for practi-
cal applications. Subsequently, several endeavors had been 
made to synthesize high molecular weight PEKK by choos-
ing different solvents or catalysts [10–13]. In 1989, Gay et al. 
[14] discovered a two-step route that successfully synthe-
sized PEKK with high molecular weight, thereafter, PEKK 
has been synthesized mainly by the two-step method in the 
industry [15].

The crystallization morphology and melting behavior 
of PEKK copolymers with various T/I ratios were com-
prehensively studied by DuPont research groups in the 
early 1990s [16, 17]. The addition of isophthaloyl unit 
decreased the equilibrium melting point and crystalliza-
tion rate. When the crystallization conditions or T/I ratio 
are different, the PEKK crystalline structure may exhib-
its two different polymorphs (“Form I” and “Form II”). 
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Gardner et al. [18] conducted an in-depth study on the 
polymorphism of PAEKs, they deemed that the polymor-
phism mainly depends on two factors: the stiffness of the 
polymer chain and molecular mobility during the crystal-
lization process.

Multiple melting behavior has been discovered in many 
semicrystalline polymers, for instance, poly(lactic acid) 
(PLA) [19–23], poly(ethylene terephthalate) (PET) [24, 
25]. In the differential scanning calorimetry (DSC) heating 
curves after isothermal crystallization, PEKK with T/I ratios 
of 90/10, 80/20 and 70/30 exhibited apparent double melt-
ing behavior. In contrast, PEKK with T/I ratios of 60/40 and 
50/50 showed more complex melting behavior [16]. Dou-
ble melting behavior has also been found in PEEK and has 
been studied by many researchers [26–32]. So far, there are 
two major explanations for the multiple melting behavior of 
PAEKs. The first is the mechanism of melt-recrystallization, 
namely, the low-temperature melting peak is caused by the 
melting of the original crystal lamellae, followed by recrys-
tallization to produce crystals with a higher melting point. 
The other interpretation of the multiple melting behavior 
is the presence of various populations of crystals with sev-
eral melting temperatures. In a word, the controversy still 
remains in the cause of PAEKs multiple melting behavior.

In recent years, with the commercialization of PEKK 
and its unique advantages in thermoplastic composites, the 
research on PEKK copolymers has increased gradually. 
The corresponding articles mainly focus on crystallization 
kinetic models [33–35], the thermal aging cross-linking deg-
radation [36, 37] and the dynamical mechanical properties 
[38, 39]. As comprehended from relevant literatures, most 
PEKK copolymers are derived from the two-step synthesis 
route. There are few reports on the crystallization and melt-
ing behavior of PEKK synthesized by the facile one-step 
method. Furthermore, successive self-nucleation and anneal-
ing (SSA) is currently recognized as a thermal fractionation 
method and has been adopted by many researchers [40–48]. 
Nevertheless, it is still lacking the exploration of application 
of SSA technology on PEKK copolymers.

Therefore, in this paper, to determine the relationship 
between T/I ratio and crystallization melting behavior, we 
investigated the non-isothermal, isothermal crystallization 
behavior, spherulite morphology and polymorphism of 
PEKK copolymers synthesized by a facile one-step method. 
Regarding the multiple melting behavior of PEKK copoly-
mers after isothermal annealing, the mechanism of multiple 
melting peaks was discussed from the perspectives of iso-
thermal annealing temperature, isothermal annealing time 
and temperature-modulated DSC (TMDSC). In addition, the 
self-nucleation experiments were carried out on PEKK70 
and PEKK80 samples, and further SSA experiments were 
conducted to confirm the feasibility of the SSA method in 
PEKK copolymers.

Experimental

Materials

The PEKK copolymers are prepared by a facile one-
step process employing diphenyl ether (DPE), terephth-
aloyl chloride (TPC) and isophthaloyl chloride (IPC) as 
monomers and aluminum chloride (AlCl3) as catalyst. 
The PEKK copolymers used in this study are provided by 
Shandong Kaisheng New Materials Co., Ltd. The mono-
mer feed ratios of terephthaloyl chloride with para phenyl 
links to isophthaloyl chloride with meta phenyl links are 
50/50, 60/40, 70/30 and 80/20 for PEKK50, PEKK60, 
PEKK70 and PEKK80. The intrinsic viscosity of the sam-
ples is measured by the Ubbelohde viscometer in 95% sul-
furic acid at 30℃. The facile one-step method can achieve 
intrinsic viscosity values similar to the traditional two-step 
method [15]. Samples with the intrinsic viscosity around 
0.85 dL g−1 (as shown in Table S1) are selected as the 
reference in order to compare the crystallization properties 
of PEKK copolymers with different T/I ratios.

Characterizations

Nuclear magnetic resonance (NMR)

The 1H and 13C NMR spectra are measured on a Bruker 
Avance II 400 M NMR spectrometer and Bruker Avance 
III 500  M NMR spectrometer, respectively. The sam-
ples are dissolved in deuterated trif luoroacetic acid 
(CF3COOD) solvent and measured at 25 °C.

Differential scanning calorimetry (DSC)

DSC measurements are achieved by employing TA Instru-
ments Q25 in aluminum pans under nitrogen atmosphere.

To investigate the non-isothermal crystallization and 
consequent melting behavior of PEKK copolymers with 
various T/I ratios, initially, the samples (about 5 mg) 
are heated to 380 °C (390 °C for PEKK80) to erase the 
thermal history. Then, the samples are cooled to 50 °C at 
10 °C min−1 and reheated to 380 °C (390 °C for PEKK80) 
at the same rate. Before and after cooling, the samples are 
kept in isothermal condition for 3 min.

For the research of isothermal crystallization, the 
PEKK50, PEKK60 and PEKK70 samples are firstly heated 
to 380 °C and kept for 3 min, then speedily cooled to the 
presupposed crystallization temperature (Tc). The iso-
thermal time should be chosen long enough to guarantee 
complete crystallization of the PEKK copolymers. Finally, 
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the samples are heated immediately from the desired iso-
thermal temperatures at 10 °C min−1.

To study the effect of isothermal time on the appearance 
of the multiple melting peaks, the PEKK copolymers are 
processed under the similar molten state, except for the dif-
ference of crystallization time. Then the samples are heated 
instantly from the required isothermal temperatures up to 
380 °C at 20 °C min−1.

For the TMDSC experiments, TA Instruments Q25 (with 
the modulation function) is employed to research the multi-
ple melting behavior of PEKK copolymers. The heating rate 
is set as 3 °C min−1 with a period of 60 s and a modulation 
amplitude of 0.5 °C.

Polarized optical microscopy (POM)

The spherulite morphologies of PEKK copolymers are 
watched by a Leica DM4500P polarizing microscope outfit-
ted with a digital camera. The PEKK copolymers are heated 
to 380 °C (390 °C for PEKK80) and held for 3 min using 
Linkam THMS600 hot stage, and then cooled rapidly to the 
presupposed temperatures. After reaching the temperatures, 
the spherulite morphologies are recorded at intervals.

Wide‑angle X‑ray diffraction (WAXD)

WAXD experiment is accomplished on a Dmax-Ultimat 
X-ray diffractometer (Rigaku, Japan) with Ni-filtered Cu/Kα 
radiation (λ = 0.15418 nm, 240 kV, 50 mA). Scans are made 
from 5° to 40° at a rate of 10° min−1. The powder samples 
are tested after grinding, and the molten crystallized samples 
are heated to 380 °C (390 °C for PEKK80) to eliminate the 
thermal history and then crystallized isothermally at 230 °C.

Thermal fractionation by SSA

SSA shall be designed using the ideal self-nucleation tem-
perature (Ts,ideal) as the first Ts,1. Prior to the SSA process, 
self-nucleation (SN) is carried out to search for Ts,ideal, and 
the detailed procedure is depicted in Fig. S1. Approximately 
3 mg of PEKK70 and PEKK80 samples is employed to com-
plete the SSA tests. The process to employ SSA is presented 
schematically in Fig. 1, and the detailed steps are described 
as follows:

(a)	 The samples are raised to 380 °C for PEKK70 and 
390 °C for PEKK80 to erase the thermal history.

(b)	 Then, the samples are cooled down to 50 °C at 20 °C 
min−1, and they are held for 3 min in the isothermal 
state.

(c)	 Next, the samples are heated at 20 °C min−1 up to the 
first Ts temperature (Ts,ideal), and they are kept for 5 min 
in an isothermal state.

(d)	 Then, the samples are again cooled at 20 °C min−1 
down to 50 °C so that the fraction of the samples crys-
tallized during cooling.

(e)	 Repeated the (c) and (d) steps until all set Ts tempera-
tures are completed (the fractionation window of 5 °C 
is selected).
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Fig. 1   Schematic diagram of thermal classification program
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(f)	 Finally, the samples are heated at 20 °C min−1 up to 
380 °C for PEKK70 and 390 °C for PEKK80. The final 
heating scans are performed to melt the previously pro-
duced thermal fractions.

Results and discussion

Structure characterization of PEKK copolymers

The structure and composition of PEKK copolymers were 
determined by 1H NMR spectroscopy as shown in Fig. 2. 
The positions 1, 2 and 3 show the peaks associated with 
the IPC links, while the peak corresponding to TPC unit 
is located at position 4. The chemical environment of H6 
and H7 is similar, and the peaks at position 6 and position 7 
overlap (the same applies to H4 and H5). The T/I ratio in the 
structure of PEKK copolymers can be determined by com-
paring the proportional relationship between the integration 
of the peak connected with the H1 or H2 and the H6,7 [49].

Let x be the fraction of “T” unit, y be the fraction of “I” 
unit. When setting the integration value of H6,7 equal to 4, 
then:

(1)x = 1 − ∫ H
1

or x = 1 −
1

2
∫ H

2

(2)x + y = 1

Table 1   The ratio of actual feeding ratio of TPC and IPC compared to 
deconvolution analysis by the 1H and 13C NMR spectra

a obtained by integrating of the H1 resonance peak
b obtained by integrating of the H2 resonance peak

Samples Monomer feed 
T/I

Calculated T/I

1H NMR/H1
a 1H NMR/H2

b 13C NMR

PEKK50 50.0/50.0 50.0/50.0 51.0/49.0 50.3/49.7
PEKK60 60.0/40.0 59.0/41.0 60.0/40.0 58.5/41.5
PEKK70 70.0/30.0 69.0/31.0 69.5/30.5 68.5/31.5
PEKK80 80.0/20.0 78.0/22.0 78.0/22.0 77.6/22.4
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where ∫ H
1
 and ∫ H

2
 are the integration of the H1 and H2 

resonance peaks. The actual feeding ratio of TPC and IPC 
and the T/I values calculated by 1H NMR spectrum are listed 
in Table 1.

To further verify the structure of PEKK copolymers, 13C 
NMR was also employed. As shown in Fig. 3, the signals 
from the carbonyl group, at 200.0–200.5 ppm, matching to 
the T and I units. It can be found that the intensity of the 
peaks associated with the I units increases with the rise of 
the amount of IPC in the monomer feed. The ratio of T/I 
calculated by integrating the corresponding position peak of 
a and b, the actual feeding ratio of TPC and IPC and the T/I 
values calculated by 13C NMR spectrum are also recorded 
in Table 1. It is noteworthy that the 1H and 13C NMR spectra 
of PEKK copolymers obtained by the one-step method are 
actually the same as those obtained by the two-step method 

[15, 49]. Therefore, it is hard to ascertain the sequence struc-
ture of different routes through NMR spectrum.

Non‑isothermal crystallization and melting 
behavior

The thermal properties are closely linked to the actual use 
of polymers. Therefore, DSC was employed to research 
the non-isothermal crystallization and subsequent melting 
behavior of PEKK copolymers with different T/I ratios. 
The DSC curves of PEKK copolymers are shown in Fig. 4. 
In detail, the parameters of interest are listed in Table 2. 
Among them, the values of crystallinity (Xc) are calculated 
from Eq. 3, where ΔH100% = 130 J g−1 is the melting enthalpy 
of 100% crystalline PEKK, the same as that of PEEK [50].

Fig. 4   a Cooling DSC curves 
after eliminating the thermal 
history. b Subsequent heating 
DSC curves of PEKK copoly-
mers. c Changes in Tg and Tm as 
a function of the T unit molar 
fraction and comparison with 
the two-step method
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Table 2   Thermal parameters of 
PEKK copolymers

a from the second heating scanning at 10 °C min−1

b from the cooling scanning at − 10 °C min−1

Samples Tg
a/°C Tcc

a/°C ΔHcc
a /J g−1 Tm

a /°C ΔHm
a /J g−1 Tmc

b/°C ΔHmc
b /J g−1 Xc/%

PEKK50 160.5 246.5  − 12.6 304.0 15.0 – – 1.8
PEKK60 165.0 – – 322.9 31.8 228.6  − 30.8 24.4
PEKK70 166.0 – – 346.6 32.8 276.9  − 33.6 25.2
PEKK80 167.7 – – 366.4 37.4 313.5  − 40.4 28.8
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It is clearly noticed that PEKK50 presents extremely 
weak crystallization ability. No crystallization peak can 
be observed in the cooling curve, and a cold crystalliza-
tion peak appears in the following heating scan. With the 
increasing of T content, both the glass transition temperature 
(Tg) and the melting point (Tm) of PEKK tended to increase, 
but the Tg increased relatively slowly (the Tg of PEKK60-
80 are maintained at about 166 °C). The variation of Tg and 
Tm in the PEKK copolymers with the molar fraction of the 
T unit and comparison with the two-step method is shown 
in Fig. 4c. These data suggested that the crystallinity and 
crystallization ability are enhanced with the increase in T 
content (the crystallinity raised from 1.8% of PEKK50 to 
28.8% of PEKK80). The reason for the above phenomenon 
is that the addition of meta isomers introduces defects, 
which reduces the melting temperature and the crystalliza-
tion rate; meanwhile, the effect is more significant with the 
increase in the meta isomers content. It can be concluded 
that PEKK copolymers have tunable crystallization rates and 
a wider processing window can be obtained by adjusting 
the T/I ratio. It is worth mentioning that the PEKK50/50 
copolymers, synthesized by the two-step method, have two 

(3)Xc =
ΔHm − ΔHcc

ΔH100%

melting peaks during the heating process, located at 305 °C 
and 331 °C, respectively [16]. In addition, the Tg and Tm of 
the one-step synthesized PEKK copolymers are higher than 
those of the two-step synthesized PEKK copolymers, and 
as the increase in the content of terephthaloyl, the Tg and Tm 
of the PEKK copolymers synthesized by the two synthesis 
methods become closer.

Isothermal crystallization

It is crucial to achieve isothermal crystallization in preheat-
ing molds for PEKK products with high heat resistance 
requirements. Thus, the isothermal crystallization behav-
ior of PEKK copolymers with a series of T/I ratios was 
explored. The DSC exotherms of isothermal crystallization 
for PEKK50 in the temperature range of 210–250 °C are pre-
sented in Fig. 5a. According to the formula of relative crys-
tallinity (Eq. 4), it can be obtained that conversion curves 
of relative crystallinity (Xt) which are shown in Fig. 5b. In 
the curves of time and relative crystallinity, as isothermal 
crystallization temperature (Tc) from 210 °C to 250 °C, the 
time required to reach the same crystallinity first decreased 
and then increased.

The reason for this phenomenon is that the diffusion abil-
ity of the molecular chain is enhanced as the Tc rises in the 

Fig. 5   a Heat flow curves of 
isothermal crystallization. b 
Relative crystallinity versus 
time curves. c The Avrami 
plots for PEKK50 copolymer 
crystallized isothermally at 
210–250 °C
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low-temperature range, so the crystallization rate increases 
gradually. However, with a further increase in crystalliza-
tion temperature, the movement of the molecular chain 
becomes extremely active and it becomes difficult to form 
stable crystal nuclei, which causes the crystallization rate to 
increase first and then decrease with the rise of crystalliza-
tion temperature.

The Avrami Eq. (5) was used to investigate the isother-
mal crystallization behavior of PEKK copolymers, and its 
logarithmic form can be expressed as (Eq. 6). The plots (by 
plotting ln

[

−ln
(

1 − X
t

)]

 against lnt) for the PEKK50 copoly-
mer isothermally crystallized in the temperature range of 
210–250 °C are shown in Fig. 5c. In order to minimize the 
influence of secondary crystallization on the isothermal 
crystallization kinetic parameters [33–35], data with relative 
crystallinity of 30%-70% were selected for fitting. Similarly, 
the corresponding curves of PEKK60 are shown in Fig. S2. 
For PEKK70 copolymer, due to its high crystallization abil-
ity, only its isothermal crystallization in the high-tempera-
ture region has been studied, and the results are shown in 
Fig. S3. The parameters related to isothermal crystallization 
include n, k and half-time (t1/2) (the time required to reach 
half of the total crystallinity) are recorded in Table 3.

For the PEKK50 copolymer, the Avrami exponent (n) 
has been calculated at 2.38–2.68, revealing a crystal growth 

(4)Xt =
∫ t

0
(dH∕dt)dt

∫ ∞

0
(dH∕dt)dt

(5)Xt = 1 − exp(−ktn)

(6)ln
[

−ln
(

1 − Xt

)]

= lnk + nlnt

of three-dimensional spherulite morphology with hetero-
geneous nucleation. However, the n values of PEKK60 
and PEKK70 are closer to 2, reflecting a two-dimensional 
crystallization growth with instantaneous nucleation, which 
is not consistent with the spherulite structure of PEKK 
observed by polarized optical microscopy. The reason is 
that, it is difficult to record the complete crystallization peak 
employing DSC at the onset of isothermal crystallization 
due to the thermal inertia effects (the thermal inertia of the 
instrument suddenly changes from the cooling to isothermal 
step) [51]. The higher the crystallization rate, the more obvi-
ous the gap between the crystallization peak and the baseline 
(as shown in Fig. S4). For incomplete crystallization peak, 
the starting point of isothermal crystallization is determined 
by the intersection of linear extrapolation and the base line. 
According to the research of Jonas et al. [51], the selection 
of the crystallization origin point influenced the Avrami 
value by more than 10%.

The peak-time method (the time when the crystallization 
exothermic peak reaches its maximum) is another way to 
study isothermal crystallization, which is less affected by the 
gap at the onset of isothermal crystallization. The isothermal 
crystallization process of PEKK copolymers synthesized by 
one-step method was characterized by the peak-time method 
and compared with the PEKK copolymers synthesized by 
the two-step method reported in the literature [16], and the 
results are presented in Fig. 6.

The larger the peak time during isothermal crystalliza-
tion, the slower the crystallization rate. It is clearly detected 
that the crystallization rate of PEKK copolymer synthesized 
by one-step method increased with the decrease in isoph-
thalate content. This is consistent with the results above. 

Table 3   Kinetic parameters of isothermally crystallized PEKKs

Samples Tc/°C n k/min−n t1/2/min

PEKK50 210 2.68 1.683 × 10−3 9.45
220 2.60 3.675 × 10−3 7.50
230 2.50 3.050 × 10−3 8.76
240 2.38 1.685 × 10−3 12.54
250 2.43 3.879 × 10−4 21.79

PEKK60 210 2.01 0.097 2.66
220 2.00 0.220 1.78
230 2.22 0.275 1.52
240 2.17 0.157 1.98
250 1.97 0.070 3.20

PEKK70 290 1.78 0.375 1.41
300 2.05 0.084 2.80
310 2.19 1.730 × 10–2 5.39
320 2.13 3.448 × 10–3 12.06
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Fig. 6   Comparison of peak time for PEKK copolymers synthesized 
by one-step method with PEKK copolymers synthesized by two-step 
method reported in the literature [16]
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Nevertheless, when the PEKK samples were synthesized 
by the two-step method, samples with a ratio of 50/50 had a 
higher crystallization rate than those with a ratio of 60/40. 
It is different from the above experimental results that the 
samples were synthesized by a facile one-step method. This 
is due to the fact that the PEKK50/50 sample, employing the 
two-step synthesis method, is equivalent to the homopoly-
mer with TI diads. Although it has a high content of isoph-
thalate, it still exhibits a higher crystallization rate. How-
ever, the PEKK60/40 copolymer also has a high content of 
isophthalate, and its molecular structure is more random, so 

it exhibits a slower crystallization rate. Another difference 
between the one-step mothed and the two-step method is that 
the copolymers of PEKK50 and PEKK60 have the highest 
crystallization rate at 230 °C. However, the copolymers of 
PEKK50/50 and PEKK60/40 have the highest crystallization 
rate at 250 °C. From these results, it can be noticed that sam-
ples synthesized by one-step method have more advantages 
in crystallization at low temperatures.

The Hoffman-Weeks method was widely employed to 
evaluate the equilibrium melting point ( T0

m
 ) [52] due to its 

simplicity. The connection between melting and isothermal 
crystallization temperature is shown in Fig. 7, the T0

m
 reached 

367, 348, 324 and 315  °C for the PEKK80, PEKK70, 
PEKK60 and PEKK50, respectively. This means that melt 
processing may require higher processing temperatures with 
increasing T content.

Spherulite morphology

The polarized optical microscopy (POM) enabled intuitive 
observation of the growth and morphology of crystalline 
polymer crystals. POM was applied to observe the mor-
phology of PEKK copolymers generated during isothermal 
crystallization under the same undercooling temperature. 
The POM photographs of PEKK copolymers are presented 
in Fig. 8, at the same time, the spherulite growth process 
of PEKK50 and PEKK60 are shown in Figs. S5 and S6, 
respectively.

The PEKK50 copolymer has a slower crystallization 
rate and a smaller number of nuclei are observed under the 
polarized optical microscopy, with the extension of isother-
mal time, the volume of spherulites increases gradually and 
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Fig. 8   POM photographs for the 
samples isothermally crystal-
lized under the same undercool-
ing temperature a PEKK50 at 
271 °C, b PEKK60 at 290 °C, c 
PEKK70 at 314 °C, d PEKK80 
at 333 °C
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larger spherulites can be formed when they collide with 
each other. With the rise of T content, the number of nuclei 
increases; however, the diameters of spherulites decrease 
when they collide with each other. As for PEKK70, the size 
of the spherulites decreases sharply, and densely packed 
crystals with blurred boundaries are observed. The crystal 
nucleus density changes drastically upon further increase 
in the T content (PEKK80); meanwhile, finer crystals are 
observed. All these phenomena show that the crystallization 
rate and crystallinity gradually enhance with the rise of T 
unit, which is consistent with the DSC data above. In addi-
tion, the spherulite morphology observed is not consistent 
with the Avrami exponent, and the possible reasons have 
been discussed in the isothermal crystallization part.

Polymorphism

The crystalline form of PEKK copolymers of unmelt-treated 
powder and melt-crystallized samples was investigated by 
WAXD. The diffraction pattern of PEKK after melting and 
isothermal crystallization at 230℃ is shown in Fig. 9a. 
There are three diffraction peaks at 2θ = 18.7°, 2θ = 20.6° 
and 2θ = 22.7° corresponding to the (110), (111) and (200) 
crystal planes of PEKK, respectively [7, 16, 53]. These dif-
fraction peaks are typical of the “Form I” structure which 
is consistent with the diffraction patterns of PEEK. The dif-
fraction curves of as-synthesized PEKK powder without 
melting treatment are presented in Fig. 9b. A different dif-
fraction pattern was observed in the unmelt-treated powder 
samples, which differed from the “Form I” diffraction peak 
by a new peak at 2θ = 16° that was related to the “Form II” 
structure, and this peak corresponds to the (010) reflection 
of the “Form II” structure [18].

It will not affect the crystalline form that the PEKK 
copolymers synthesized by the one-step or two-step method. 
Interestingly, the melt-crystallized and as-synthesized sam-
ples exhibited different crystal forms. The reason is that the 
polymorphism of poly aryl ether ketones (PAEKs) is related 

to the molecular mobility during the crystallization process. 
Under the condition of melt crystallization, the molecular 
chain has stronger movement ability, at the moment, diffrac-
tion curves are characteristic of the “Form I” structure. Fur-
thermore, for the powder samples that have not been fused, 
their synthesis and post-processing are conducted at lower 
temperatures (well below the melting point). The molecular 
chain activity is limited, which results in a “Form II” struc-
ture of the diffraction curves, which were consistent with the 
results from previous studies [18].

Multiple melting behavior

Although PEKK has two crystal modifications, the WAXD 
pattern indicated only “Form I” modification under melt 
crystallization. Furthermore, it has been shown in the litera-
ture that the crystal “Form I” is more stable than the crystal 
“Form II” [18], consequently, under our experimental condi-
tions, there will be no change in crystal form, which can rule 
out the possibility that multiple melting peaks arise from 
different crystal modifications.

The crystallization temperature is an essential factor 
affecting the multiple melting behavior. The DSC heating 
scan curves of PEKK copolymers after isothermal crys-
tallization at different temperatures (Tc) are displayed in 
Fig. 10. The melting peak temperature values are listed in 
Table S2. It is obvious that the temperatures of low-tem-
perature melting peaks increase with the rise of the Tc, and 
the low-temperature melting peaks occur 10–20℃ above the 
Tc, such behavior also discovered in PEEK. In addition, the 
high-temperature melting peaks increase slightly with the 
increase in the Tc, which is related to the lamella thickening. 
It is worth noting that the fitted curve of the temperatures of 
low-temperature melting peaks versus Tc is almost parallel 
to the line of Tm = Tc, which is a typical characteristic of the 
annealing peak (as shown in Fig. S7).

Further research was conducted on the effect of crystal-
lization time on the multiple melting behavior of PEKK 

Fig. 9   WAXD patterns of a 
PEKK copolymers after melting 
and isothermal crystallization at 
230℃, b as-synthesized PEKK 
copolymers powder without 
melting treatment
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copolymer. The DSC heating curves of PEKK60 samples 
after isothermal crystallization for different times are shown 
in Fig. 11. It is discovered that PEKK60 copolymer could 
not complete crystallization within 2 min at 230 °C, which 
was confirmed by a cold crystallization peak that appeared 
during the subsequent heating. With the extension of iso-
thermal time, the crystallinity increases in the isothermal 
state, therefore the cold crystallization peak gradually 
weakens. The same phenomenon also occurs when the Tc at 
250 °C. When the isothermal crystallization time exceeds 

the half-time (t1/2) (the corresponding values are shown in 
Table 3), the low-temperature melting peaks are gradually 
obvious. The factors affecting the low-temperature melting 
peaks may mainly occur after the isothermal crystallization 
time exceeds half crystallization. This is also reflected in the 
PEKK50 and PEKK70 samples. The DSC heating scans of 
the PEKK50 and PEKK70 samples crystallized at different 
isothermal times are shown in Figs. S8 and S9.

Temperature-modulated DSC (TMDSC) superimposes 
a sinusoidally modulated temperature on the conventional 

Fig. 10   DSC heating scans 
for a PEKK50, b PEKK60, 
c PEKK70, d PEKK80 after 
isothermally melt-crystallized at 
indicated temperatures
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linear heating rate, thereby separating the reversing and non-
reversing heat flow signals in the total heat flow. TMDSC 
can provide richer and more accurate information for the 
complex melting behavior. The multiple melting behaviors 
of PEKK copolymers were investigated using TMDSC. The 
TMDSC curve of PEKK70 after isothermal crystallization 
at 250 °C and 290 °C for 40 min is presented in Fig. 12. It 
shows typical double melting peaks in the total heat flow 
curves; meanwhile, in the reversible heat flow curves, a pro-
cess similar to glass transition appears (marked in yellow in 
Fig. 12) at the position of the low-temperature melting peak, 
which is actually the process of rigid amorphous fraction 
transformed into a mobile amorphous fraction. The rigid 
amorphous phases have been found and studied in other 
polymers [54–60]. The reason why the rigid amorphous 
phase shows higher transition temperature than the amor-
phous phase is that the movement of its molecular chains is 
restrained by the adjacent lamella, resulting in poor chain 
mobility. In the non-reversible heat flow curve, an endo-
thermic peak also appeared at the position of the low-tem-
perature melting peak, which corresponds to the enthalpy 
relaxation of the rigid amorphous phase [55, 59]. The same 
phenomenon is also observed in PEKK50, PEKK60 and 
PEKK80, and the corresponding TMDSC curves are shown 
in Figs. S10-S12, respectively. These results denote that the 
low-temperature melting peaks are the annealing peaks. The 
double melting behavior is mainly related to the superposi-
tion of devitrification and enthalpy relaxation of the rigid 
amorphous fractions, rather than the melting and recrystal-
lization of the original crystal lamellae as described by the 
melt-recrystallization mechanism.

Successive self‑nucleation and annealing (SSA)

The SSA technology utilizes the heterogeneous nature of 
polymer chains to achieve thermal fractionation of polymers 
through continuous self-nucleation and annealing, which 
is a means to rapidly achieve the physical fractionation of 

polymers. It is necessary to perform SN to determine the 
ideal self-nucleation temperature (Ts,ideal) before the SSA 
procedure. The self-nucleation technique was applied to the 
PEKK70 and PEKK80. The DSC scans from each indicated 
Ts are shown in Fig. 13. From the cooling curves, it can 
be observed that the position and size of the crystallization 
peak remain unchanged in the subsequent cooling process 
at Ts ≥ 368 °C for PEKK70 or Ts ≥ 381 °C for PEKK80. 
Thus, it is deemed that the sample is in the complete melting 
domain (Domain I). At 359 °C ≤ Ts ≤ 367 °C for PEKK70 or 
375 °C ≤ Ts ≤ 380 °C for PEKK80, the exothermic crystal-
lization peak temperature rises and the peak area decreases 
compared with the complete melting domain, suggesting the 
crystallization capacity of the polymer is enhanced during 
cooling from the melt; meanwhile, no annealing peaks were 
found in the consequent heating curves. This state represents 
the self-nucleation domain (Domain II). As Ts continually 
decreased to 358 °C for PEKK70 or 374 °C for PEKK80, at 
this time, the temperature was not enough to melt the poly-
mer mostly. Some unmelted crystals annealed within 5 min 
of isothermal temperature, and additional high-temperature 
annealing peak appeared in the subsequent heating curves, 
as discovered in Fig. 13b and d (signaled with arrows). Dur-
ing this process, both the self-nucleation and annealing pro-
cesses occurred concurrently (Domain III). Therefore, the 
ideal self-nucleation temperature (Ts,ideal) for PEKK70 and 
PEKK80 was determined to be 359 °C and 375 °C, respec-
tively, through the above studies. Furthermore, it was found 
that the self-nucleation temperature ranges of PEKK70 and 
PEKK80 are 359–367℃ and 375–380℃, respectively.

We investigated an SSA protocol appropriate for frac-
tionating PEKK, and thermal fractionation was applied to 
PEKK70 and PEKK80 samples. As indicated in the SN 
results, the first self-nucleation temperature of PEKK70 
and PEKK80 samples was chosen to be 359 °C and 375 °C, 
which represent the Ts,ideal of the PEKK70 and PEKK80 
samples, respectively. The final heating curves after ther-
mal fractionation are displayed in Fig. 14, where the thermal 

Fig. 12   TMDSC curve of 
PEKK70 after isothermal 
crystallization a at 250℃ and b 
290℃ for 40 min
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fractionation temperature used by the procedure is marked 
on the graph and divided by a vertical line. The seven frac-
tions obtained for the PEKK70 sample after an eight-step 
SSA protocol are presented in Fig. 14a, where the Ts,ideal 
only occurs self-nucleation and no annealing peak appears 
in the final heating curve. As described in the SN, Ts,2 is in 
domain III; therefore, the annealing took place within 5 min 
of isothermal temperature Ts,2, and the polymer self-nucle-
ated in the subsequent cooling. The first thermal fraction 

is produced in the sample. The same is true at subsequent 
thermal fraction temperatures. Thus, seven fractions were 
obtained from PEKK70 samples after the eight-step SSA 
protocol. Similarly, the seven fractions of the PEKK80 sam-
ple after the eight-step SSA protocol are shown in Fig. 14b. 
The SSA fractionation profiles showed a succession of melt-
ing peaks for PEEK70 and PEKK80 associated with the 
melting of crystals with various average lamella thicknesses 
generated at severally thermal fractionation temperature 

Fig. 13   a DSC cooling curves 
of PEKK70 after isothermal 
at Ts and b subsequent heating 
curves. c DSC cooling curves of 
PEKK80 after isothermal at Ts 
and d subsequent heating curves
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Ts (except Ts,ideal). The successful implementation of SSA 
on PEKK copolymers laid the foundation for subsequent 
research on the difference of chemical compositions and 
sequences synthesized by various synthesis methods.

Conclusions

The crystallization and melting behavior of PEKK copoly-
mers synthesized by a facial one-step method were studied 
in detail. With the rise of isophthalate unit content, the melt-
ing temperature reduces gradually, while the glass transition 
temperature changes slightly. The isothermal crystallization 
behavior of PEKK copolymers was investigated by Avrami 
equation, which has limitations for PEKK copolymers with 
fast crystallization rate, thereby the isothermal process was 
analyzed by the peak-time method. The crystallization rate 
increases with decreasing isophthalate content, which is con-
firmed by the isothermal crystallization results. It is worth 
noting that PEKK copolymers synthesized by different 
methods have distinct crystallization and melting proper-
ties. The result is instructive for the performance control of 
high-performance PEKK materials.

The as-synthesized powdered and the melt-crystallized 
PEKK copolymers have different crystal forms. This is asso-
ciated with the chain stiffness and molecular mobility during 
the crystallization process. Regarding the multiple melting 
peaks, the fitted curve of the low-temperature melting peaks 
to the Tc are almost paralleled to the curve of Tm = Tc with 
the characteristics of annealing peak. Moreover, the low-
temperature melting peak occurred when the annealing time 
exceeded the half-time (t1/2). For the TMDSC results, the 
endothermic peak in the non-reversible heat flow curve and 
the glass transition in the reversible heat flow curve con-
firmed that the low-temperature melting peak originated 
from the enthalpy relaxation and the transformation of the 
rigid amorphous phase to the mobile amorphous phase. 
Finally, the technique of SSA was applied to PEKKs for the 
first time. The PEKK copolymers were successfully ther-
mally classified, which provided a feasible means for the 
rapid thermal classification of PEKK copolymers and laid 
the foundation for subsequent research.
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