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Abstract
Two-dimensional correlation mapping (2D-CM) is a newly developed analytical tool, which has been applied successfully 
to solve many problems in the field of analytical chemistry. It was used in the present work to analyse the differential scan-
ning calorimetry (DSC) curves of different poly (ether ether ketone) (PEEK) samples. The use of 2D-CM enabled to cor-
relate data from different DSC measurements and extract information related to the double melting behaviour of PEEK. In 
particular, the results indicated that the two main melting processes at 596.5 and 617.0 K represented two different crystal 
types. Thickening of crystals occurred only with the higher melting process, whilst the small size of crystals contributed to 
the lower melting enabled them to diffuse and melt at lower temperatures. Thermal stability and geometry characteristics of 
formed crystals were the driving force for the observed multiple melting behaviour. 2D-CM analysis provided a variety of 
advanced methods to correlate and analyse DSC data and made extracting conclusions straightforward.

Keywords Poly (ether ether ketone) · Crystallization · Double melting · DSC · Two-dimensional correlation mapping

Introduction

Differential scanning calorimetry (DSC) is a useful tech-
nique in the field of polymer characterization. It has been 
utilized to investigate the response of polymers to heating/
cooling to determine their thermal properties including melt-
ing and crystallization processes as well as the glass transi-
tion temperature [1]. It has been also used to measure heat 
capacities and enthalpies of solid–solid transitions such as 
those observed in primary alkylamides [2]. Recently, the 
application of two-dimensional correlation mapping (2D-
CM) has been proposed to analyse the data obtained by the 
DSC operating on both dynamic and isothermal modes [3, 
4]. The concept of 2D-CM has been applied successfully to 
analyse low-temperature DSC data to investigate the molec-
ular interaction and the effect of both cross-linking and ion-
exchange capacity on the state of water in sulfonated poly 
(ether ether ketone) (SPEEK) [3], the thermal properties of 
which have been given a growing attention [5]. Moreover, 
2D-CM approach has been utilized to analyse DSC rate–time 

data in the isothermal crystallization of poly (ether ether 
ketone) (PEEK) [4]. The main result of the 2D-CM analysis 
was the identification of an overlap between the primary 
(Avrami-like) crystallization and a secondary crystalliza-
tion process, an effect that is known for over 60 years [6]. 
Although this overlap can also be easily found using conven-
tional curve analysis, 2D-CM was useful in kinetic crystalli-
zation rate studies as it clearly indicated that the n value was 
changing with temperature, and this was conclusive evidence 
for primary and secondary crystallization being present. It 
has been shown that secondary crystallization is diffusion 
controlled and its rate increases with increasing temperature 
[7]. Accordingly, its contribution to the overall crystallinity 
must increase as its rate increases and the primary crystal-
lization slows down. That is why the ability of the DSC to 
detect secondary crystallization increased towards the end 
of primary crystallization. This sensitivity becomes less 
and less with decreasing the supper cooling [8]. K. Phil-
lipson et al. showed that the secondary crystallization could 
be visualized after Xp = 0.9 with DSC but after Xp = 0.4 
with more sensitive technique such as Fourier transforma-
tion infra-red spectroscopy (FTIR) [9]. An improvement in 
resolution when FTIR was used. However, the correlation 
peaks started in the 2D-CM-DSC maps as low as Xp = 0.2 
and lower indicating the co-occurrence of both primary and 
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secondary crystallization. In addition, the finding of 2D-CM 
was consistent with the new series of isothermal crystalliza-
tion analysis based of the modification of Avrami equation, 
which has been initiated by James N. Hay [10]. The new 
model has resulted in many publications covering different 
type of polymers [11, 12]. All of that strengthens the scien-
tific merits of 2D-CM-DSC and encourages the authors to 
investigate another issue, which is related to the multiple 
melting behaviour encountered with many polymers, such 
as PEEK [8, 13–15]. Two hypotheses have been suggested as 
the origin of this phenomenon namely: two separate crystal 
morphologies and recrystallization effects.

In the present work, the DSC behaviour of PEEK sam-
ples was measured under different conditions focusing on 
the effect of heating/cooling rates, crystallization time and 
temperature on the multiple melting peaks. The collected 
data were analysed by the 2D-CM approach to investigate 
the capability of this relatively new analytical tool in deter-
mining the origin of melting multiplicity in PEEK.

Experimental

Materials and differential scanning calorimetry 
(DSC)

Amorphous PEEK was obtained from Goodfellow Ltd., the 
United Kingdom, as 100-�m-thick films with a density of 
1260 kg  m−3. A PerkinElmer differential scanning calorim-
eter, DSC-2, equipped with a water-cooled jacket and inter-
faced to a computer was used to record the DSC curve of 
PEEK. All measurements were carried out under argon with 
a flow of 20  cm3  min−1 following the procedure developed 
elsewhere [6, 16]. PEEK samples (7.5 mg) were cut to fit the 
shape of the aluminium pans used to encapsulate the sample 
precisely, and an empty pan was used as a reference. All 
samples were initially heated to 650 K at 320 K  min−1 and 
held at this temperature for 5 min to clear previous thermal 
history. Each set of samples was then subjected to different 
type of thermal history before measuring the DSC curve, and 
this will be mentioned in the appropriate place in the paper. 
Temperature and enthalpy calibrations were performed with 
ultra-pure metal standards: indium (melting point, m.pt: 
429.78 K, ∆H = 29.2 J  g−1), tin (m.pt: 505.06 K) and lead 
(m.pt: 600.65 K).

Data pre‑treatments and 2D‑CM analysis

All the DSC heat flow–temperature curves were baseline cor-
rected, which was recorded with the same thermal program 
for each set of PEEK samples using two empty aluminium 
pans. The data were then smoothed with a Savitzky–Golay 
smoothing method using a second-order polynomial function 

with 15 points as the number of the points of the convolution 
weights (to reduce noise) and finally, normalized based on 
sample mass. Other data pre-treatments will be discussed in 
appropriate place in the paper. Subsequent 2D correlation 
analyses were performed using the algorithm developed by 
Noda [17, 18] and calculated using the 2D-Shige version 
1.3 software (Shigeaki Morita, Kwansei-Gakuin University, 
2004–2005). The perturbation variable was chosen accord-
ing to the experiment, and heating rate, crystallization time 
as well as cooling rate were all considered. Sets of data were 
represented as a matrix wherein each raw is comprised of 
the heat flow at a given temperature, and each column cor-
responds to the heat flow at a specific perturbation for differ-
ent temperatures. The reference DSC curve was taken as the 
heat flow response corresponding to the lowest perturbation 
unless otherwise stated.

Results and discussion

The effect of crystallization temperature on melting

Figure 1a shows an example of the DSC curve for two PEEK 
samples, samples A and B that were scanned from 350.0 
and 586.3 K, respectively, to 650.0 K at 20 K  min−1. As can 
be seen, another lower melting peak appeared in sample B.

Samples of PEEK were melted at 650.0 K for 5 min, 
cooled at 80 K  min−1 and held isothermally for extended 
time ranging from 10 to 60 min (depending on the holding 
temperature to insure complete crystallization). After that 
time, a heating scan was recorded from the holding tem-
perature to 650.0 K at 20 K  min−1. The overall results are 
presented in Fig. 1b in a plot of the melting temperatures 
as a function of the holding temperature. Holding below 
the melting point at any temperature above Tg, introduced 
a second lower melting process. Both melting peaks’ tem-
peratures were observed to increase with increasing hold-
ing temperature, but the lower melting temperatures were a 
linear function of the crystallization temperatures whilst a 
change on the slope around 566.8 K was observed with the 
higher melting peaks. Chen and Chung analysed crystalliza-
tion using an optical microscopy, and they concluded that 
PEEK exhibited regime II to III transition at 569.0 ± 1.0 K 
[19, 20].

In fact, heating at 20 K  min−1 means that the sample will 
stay at a specific temperature for no more than 3 s, which 
is less than the time required for the formation of crystal. 
This is why the first melting peak did not appear in sample 
PEEK-A. When starting the experiment from 586.3 K, the 
DSC will hold the sample for 1 min before the dynamic 
section starts and as a result allow some crystal to form and 
participate in the lower melting peak. It is expected that the 
minimum time needed for the appearance of the first melting 
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point will vary with holding temperatures, as there would be 
nucleation stability and activation energy considerations. It 
should be noted that the lower melting point did not obey 
Hoffman and Weeks procedure [21], and thus, there were no 
effects of crystal thickness on this endotherm.

The effect of heating rate on melting peaks

Samples of PEEK were heated to 586.3 K at different heat-
ing rates and then, were scanned to 650.0 at 20 K  min−1. 
It was observed that the first melting peak sharpens with 
decreasing heating rate, but the peak temperatures were 
nearly constant, see Fig. 2. It was difficult to separate the 
two peaks and calculate the area under each one; however, 
Fig. 2 shows that the area under the second melting curves 
decreased with decreasing heating rate and that of the first 
melting increased. This may imply that there was a transfor-
mation from one region to another.

2D-CM-DSC was applied to analyse the data in Fig. 2 
by normalizing the curves based on the total area under 
each of them and subtracting a reference DSC curve, which 
was taken as the DSC curve at the maximum heating rate 
used, i.e. at 320 K  min−1. The results of this procedure are 
depicted in Fig. 3.

In the synchronous map of Fig. 3a, there were three auto-
peaks at 594.5, 600.0 and 608.5 K, and a positive cross-peak 
at (608.5, 594.5) K, which indicated that both melting pro-
cesses changed in the same direction with increasing heat-
ing rate. This suggested that the process occurred simul-
taneously. In the asynchronous map of Fig. 3b, there were 
two cross-peaks, one of which was positive that correlated 
the signals at (612.5, 606.5) K and the other was negative 
that correlated the signals at (608.5, 594.5) K. The signs of 

cross-peaks indicated that the lower melting process increase 
occurred before the higher melting process. This implied the 
presence of a bimodal population of crystals present at the 
beginning of the heating scans [13]. The low endotherm was 
attributed to the melting of lower stability crystals, whilst the 
higher endothermic region was associated with the melting 
of the most stable crystals.

The appearance of correlation peak at 612.7 K may imply 
the thickening of the crystal with decreasing heating rate as 
this temperature corresponded to the end of second melting 
peak. According to the 2D-CM, there was a multiple melt-
ing behaviour and at least three processes were identified 
at 594.5, 600.0 and 608.5 K, whilst only two of them were 
detectable by conventional DSC. Marand et al. [13] showed 

(a) (b)

Fig. 1  a DSC curves of PEEK samples, and b The dependence of the melting temperatures of PEEK on crystallization temperature

Fig. 2  The effect of heating rate on melting behaviour of PEEK
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that care must be paid to analyse such effects on the DSC 
and a special correction procedure had to be applied on the 
data. They had observed that the heating rate dependence of 
the lower melting process was identical for melt- and cold-
crystallized PEEK samples, whilst the higher melting pro-
cess was different for the two series of samples. In addition, 
the presence of an intermediate melting process whose asso-
ciated latent heat increased with heating rate at the expense 
of the highest endotherm was observed.

Many processes contribute to the complicated melting 
process of polymeric crystals. These are reorganization, 
annealing, or recrystallization on heating before final melt-
ing. On heating, the crystal phase can be perfected and their 
lamellae can thicken which increases the measured melt-
ing temperature with decreasing heating rate. However, in 
the case of a large extended-chain crystal of nylon 6, the 
measured melting temperature decreased with decreasing 
heating rate [22].

In conclusion: the results of 2D-CM-DSC were in line 
with the reported results and provided the advantages of: (I) 
obtaining a consistent results without using any correction 
method apart from the data pre-treatment which is neces-
sary for 2D-CM, and (II) showing the multiplicity in the 
DSC curves.

The effect of crystallization time on melting process

PEEK samples were melted at 650.0 K, cooled to 586.3 K 
at 80 K  min−1 and crystallized for time varied from 5 to 
40 min. The melting curves were recorded after each run at 
20 K  min−1. The results are depicted in Fig. 4. It was noted 
that the higher endotherm started before the lower one and 

both endotherms increased with increasing crystallization 
time.

The peak temperature of the higher melting appeared to 
be constant during crystallization as depicted in Fig. 5a, but 
the total area increased with time and did not reach a con-
stant value even after a complete crystallization experiment, 
see Fig. 5b. On the contrary, the lower melting temperatures 
peaks increased with time but slowed down after 25 min of 
crystallization.

2D-CM-DSC was also applied to analyse the data in 
Fig. 4 by normalizing the curves based on the total area 
under each of them and subtracting a reference DSC curve, 
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Fig. 4  DSC curves for PEEK samples during and after crystallization
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which was taken as the average DSC curve over all crystal-
lization times. The results are depicted in Fig. 6.

The important features of the 2D-CM-DSC maps were 
considered. In the synchronous map of Fig. 6a, the most 
important auto-peaks located at 617.0 and 596.5 K cor-
responded to the higher and lower melting endotherms, 
respectively. The other auto-peaks that were observed in 
the temperature region from 600.0 to 615.0 K represented 
intermediate melting processes. There was also a positive 
cross-peak at (617.0, 596.5) K, which indicated that both 
melting temperatures increased with increasing crystal-
lization time. On the other hand, the intermediate melting 

processes correlated with negative signs with both the 
lower and the higher melting peaks. In the asynchronous 
map of Fig. 6b, there was a positive cross-peak at (617.0, 
596.5) K. The signs of cross-peaks from both synchronous 
and asynchronous maps indicated that the higher melt-
ing process increase occurred before the lower melting 
process. In addition, all melting processes in the region 
600.0–615.0 K change occurred before that of the two 
main melting at 595.5 and 617.0 K, which was indicative 
of transformation from the region 600.0–615.0 K to the 
other two main melting endotherms.

a b

Fig. 5  The effect of crystallization time on a the melting temperature and b the heat of fusion Δ  Hm
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The 2D-CM-DSC results could be explained by assigning 
the temperature region from 600.0–615.0 K to the melting 
and recrystallization of crystals of different stabilities. Part 
of these crystals continued growth and form stable crystals 
that contributed to the higher melting endotherm at 617.0 K. 
The remaining part broken down and forms less stable crys-
tals that contributed to the lower endotherm at 596.5 K.

The previous discussion was consistent with 1D-DSC 
analysis discussed in Fig. 1b, as only the thicker crystals that 
obeyed Hoffman–Weeks equation contributed to the higher 
melting endotherms.

The effect of crystallization time on recrystallization 
process

PEEK sample was melted at 650.0 K, held for 5 min, cooled 
to 586.3 K at 20 K  min−1 and crystallized isothermally for 
extended time from 0.5 to 40 min. The cooling curves were 
recorded immediately after each isothermal crystallization 
run from the isothermal crystallization temperature, i.e. 
586.3 K to room temperature at a cooling rate of 20 K  min−1. 
The recrystallization temperature shifted to higher values 
with increasing crystallization time, see Fig. 7a, and the heat 
flow decreased, see Fig. 7b. After 40 min of isothermal crys-
tallization, no recrystallization peak was observed. It was 
evident that thickening of the crystals was not detectable 
by the DSC cooling scan. It was also evident that the induc-
tion period contributed to the recrystallization peak as the 
later decreased in heat flow and shifted to higher temperature 
before the primary crystallization started.

2D-CM-DSC was also applied to analyse the data in 
Fig. 7b after normalizing all curves based on the total area 

and subtracting a reference DSC curve, which was taken as 
the DSC curve at the maximum isothermal crystallization 
time used, i.e. at 40 min. The results are depicted in Fig. 8.

The synchronous map, Fig. 8a, shows a characteristic 
angel pattern, comprising two positive auto-peaks at 555.5 
and 565.5 K correlating to each other with two negative 
cross-peaks at (555.5, 565.5) and (565.5, 555.5) K. The 
auto-peak at 555.5 K was disproportionately large compared 
to the other auto-peak at 565.5 K, which arose from the 
difference in breadth of the two recrystallization processes, 
probably due to the different types of crystals.

The asynchronous map, Fig. 8b, shows the characteris-
tic distorted butterfly pattern, consisting of a pair of elon-
gated cross-peaks of opposing signs located very close to 
the diagonal and near the stronger auto-peak side, i.e. the 
peak at 555.5 K. Next to these elongated cross-peaks and 
slightly away from the diagonal, are another set of lower 
intensity cross-peaks [3, 18]. The patterns observed in both 
synchronous and asynchronous maps are characteristic of 
signals shift coupled with an intensity change, and the direc-
tion of the shift is determined by the signs of the asynchro-
nous cross-peaks within the butterfly cluster as outlined by 
Noda [18]. The elongated cross-peak above the diagonal was 
positive, and that below the diagonal was negative, which 
indicated that the signal position was shifting from left to 
right along the horizontal axis of the 2D-CM map and from 
bottom to top along the vertical axis.

The 2D-CM patterns indicated that the recrystalliza-
tion peaks shifted to higher temperatures and the total area 
decreased with increasing isothermal crystallization time. 
This was in agreement with the classical DSC analysis 
shown in Fig. 7 and further confirmed the applicability of 

(a) (b)

Fig. 7  DSC curves for PEEK sample a crystallized isothermally at 586.3  K for different times and b scanned to 350  K at a cooling rate of 
20 K  min−1
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2D analysis to this type of DSC measurements. In addition, 
the 2D-CM results indicated different temperature depend-
ency of the two different crystallization processes. This was 
consistent with literature [7], as it has been shown that sec-
ondary crystallization was diffusion controlled and its rate 
increased with increasing temperature. Thus, with increasing 
isothermal crystallization time the contribution of secondary 
crystallization to the overall crystallinity must increase as its 
rate increases and the primary crystallization slows down.

Hybrid‑correlation approach

The data presented in Figs. 4 and 7 were collected under the 
same perturbation (isothermal crystallization time) but under 
different conditions (heating or cooling scans). In particular, 
by considering data generated from both heating and cooling 
scans of PEEK samples that were isothermally crystallized 
to the same time, the similarity and/or difference between 
the two sets of data could be explored by the use of the 
hybrid 2D approach [23–25]. The results are presented in 
Fig. 9 as the synchronous map, of which the y axis repre-
sents the portion of crystals remain after holding (second-
ary crystallization) and the x axis represents the melting of 
the crystallized portion (primary crystallization) of PEEK 
sample.

The important features of the hybrid 2D-CM were that the 
middle region, i.e. 600.0–610.0 K correlated with positive 
signs with the start and the end temperatures of the recrystal-
lization process, but it correlated with negative signs with 
the middle recrystallization peak. This confirmed that this 
region, i.e. from 600.0 to 610.0 K contained crystals of dif-
ferent stabilities, which was consistent with the previous 
assignments. On the other hand, the negative sign indicated 

different direction of change of the melting of crystal in the 
region 600.0–610.0 K and recrystallization peak tempera-
ture. The lower (at 596.5 K) and higher (at 617.0 K) melting 
processes correlated with the start and end temperatures of 
the recrystallization process with negative signs, but they 
correlated with positive signs with the middle recrystalli-
zation peak. This indicated that the recrystallization peak 
represented both contribution of crystals melted at 596.5 
and 617.0 K, which was consistent with Fig. 7 as the recrys-
tallization peak shifted and the area decreased before the 
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isothermal crystallization took place. In conclusion, the 
2D-CM-DSC confirmed again the presence of two different 
types of crystals.

Conclusions

Two-dimensional correlation mapping (2D-CM) was used 
to analyse the differential scanning calorimetric curves of 
different PEEK samples, to investigate the multiple melting 
behaviours. One obvious merit of 2D-CM analysis is that 
it enabled different experimental data to be correlated with 
each other and open the way of new information extraction 
procedures. Many affecting factors were thus considered, in 
particular the heating rate, crystallization time and tempera-
ture. Generalized and hybrid 2D-CM approaches were used 
to analyse the different data sets obtained, and the overall 
results suggested that the origin of multiple melting in PEEK 
was the presence of two different type of crystals that have 
different temperature dependency. 2D-DSC-CM has been 
shown to be a versatile data tool analysis and valuable infor-
mation extraction method. Thus, it would be advantageous 
analytical procedure in polymer science and analysis.
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