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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Annealing with N2 reduced the crystal-
linity of TPUs. 

• Melting point of TPUs decreased by 1–4 
◦C after annealing with N2. 

• Linear relationship of melting peaks is 
independent of the hard segment con-
tent of TPUs. 

• Among the TPUs, low hardness TPU 
expressed more N2 plasticization effect.  
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A B S T R A C T   

Dissolving gas in polymer caused them to plasticize and induced crystallization. As a result, the glass transition 
temperatures (Tg) and melting points (Tm) decreased and crystallinity changed. This study investigated the effect 
of N2 dissolution on the thermal behavior of polyether-based thermoplastic polyurethanes (TPUs). Although the 
affinity between the polymers and N2 is not strong, the solubility of N2 in TPU is below 3 wt% at pressures below 
10 MPa and temperatures in the range of 190 ◦C~210 ◦C. A unique phenomenon is reported. Dissolving N2 in 
TPU reduced the melting point but decreased crystallinity. 

A weight-loss-based test showed that the N2 sorption increased with increased soft segment (SS) content. 
Annealing with N2 showed an apparent plasticizing effect on TPU with high SS content. The melting peak of 
imperfect ordered crystals, around 100 ◦C, completely disappeared. This research contributes to understanding 
the impact of N2 plasticization on TPU crystallization and the development of nitrogen foaming technology.   

1. Introduction 

The crystallization behavior of polymers in compressed gases has 

been well studied. It is well known that dissolving gas may plasticize the 
polymers and lower their thermal transition temperature. The phe-
nomena have been studied extensively in gas separation membrane 
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applications and gas-assisted polymer processing technologies. Such 
plasticization significantly reduces energy consumption, and applica-
tions such as impregnation, foaming or scaffolding, blending, particle or 
fiber formation, and polymer recycling have been developed [1,2]. 
However, the gas plasticization effect is usually accompanied by 
gas-induced crystallization [3], which may change gas solubility and 
interfere with the above processes. Therefore, the impact of gas on the 
polymer morphology must be considered [4–7]. 

More attention has been paid to the CO2-induced crystallization of 
polymers. The effect of CO2 on polymers’ thermal transition tempera-
tures and crystallinity has been studied extensively for various polymers. 
The first polymer about which such phenomena have been reported is 
poly(ethylene terephthalate) (PET) [3], while extensive studies on 
CO2-induced crystallinity in PET and crystalline kinetics have been 
conducted [3,7–12]. CO2-induced crystallization has also been observed 
in other polymers, such as polycarbonate (PC) [13–17], polylactic acid 
[18], poly(ether ketone) [19–21], poly(p-phenylene sulfide) [22], pol-
ybutylene [23], polypropylene [24–29], syndiotactic polystyrene [10, 
30], poly(vinylidene fluoride) [31] and TPU [32–34]. In addition to 
CO2, butane also induces crystallization and plasticization of the poly-
mers [35]. 

Although early studies in PET and PC showed that dissolving high 
pressure CO2 increased the crystallinity of polymers [3,13], it is not 
always true. Nofar et al. demonstrated that various factors, including 
isothermal and non-isothermal crystallization and CO2 pressures, affect 
the crystallization kinetics and thus the final crystallinity [18]. They also 
reported that the crystallinity of TPU decreased in the presence of CO2 
[32,33]. 

TPU products have gotten lots of attention from industries recently 
because of their excellent performance and recyclability. Today, they 
play a vital role in the thermoplastic elastomer market, and their 
application is found in many industrial sectors. For example, the most 
successful story in recent years is the TPU foam for shoe midsole ap-
plications [36]. In addition, TPU has been applied as gas separation 
membranes since the 1990s [37,38]. The effect of gas plasticization and 
induced crystallization may severely impact the processes in both ap-
plications. However, due to the complex chemical structure of TPU, gas 
plasticization and gas-induced crystallization have not been studied 
extensively. 

TPUs are multiblock copolymers consisting of alternating soft seg-
ments (SSs) and hard segments (HSs). Because of thermodynamic in-
compatibility between the SSs and HSs, they usually possess biphasic 
morphologies at room temperature [39]. The properties of TPU are 
controlled by suitable altering of the chemical compositions of the HSs 
and SSs and their crystallinities [40–42]. The crystallinity, size of crys-
tals, interconnection of hard domains, and microphase separation are all 
directly related to the physical properties of TPU materials [39,42]. 
Nevertheless, the polydispersed HS length makes the crystallization 
behavior complex and difficult to analyze [42,43]. This complexity 
makes it challenging to understand the crystallization behaviors and 
their impact on the material properties [41]. 

In addition, TPUs have shown broad multiple melting endotherm 
peaks in DSC experiments. The relationship between the peaks and 
structural changes is ambiguous [39]. Previously, it was thought that 
there were no HS crystals in TPU, as the HS content was low. With the 
development of new technologies, however, these peaks have been 
identified as crystals [39,44]. The multiple melting peaks increase the 
complexity of analyzing the crystallization behavior of TPU. Previously, 
the effort was devoted to investigating the morphological and property 
changes in TPU caused by annealing under atmospheric pressure [40, 
45–53]. Such studies have reported that thermal annealing increased the 
crystallinity and affected the thermal and mechanical properties of TPU 
[40]. 

The crystallization kinetics and mechanism have long been the 
subject of academic research. Hundreds of journal papers have been 
published to discuss this topic, and several classic review articles and 

books have summarized the progress in this area [43,54,55]. It has been 
confirmed that TPUs have three crystal forms [56]. However, the origin 
of the multiple melting peaks and crystallization kinetics of TPU is still 
under study. Many updates have occurred in the last decade. For 
example, a large cooperative project in Europe integrated several 
research institutes and BASF to analyze the crystallization behavior of 
TPU using various techniques, including conventional DSC, fast scan-
ning DSC, polarized light optical microscopy, and atomic force micro-
scopy in order to study the crystallization morphology and kinetics of 
TPU. In addition, analysis techniques such as self-nucleating and suc-
cessive self-nucleation and annealing (SSA) thermal fractionation tech-
niques have been applied [39,44,57–59]. The references mentioned 
above reflect the complexity of this problem and that analyzing such a 
problem requires adequate research equipment. 

In the TPU bead-foaming process, the pellets are usually saturated 
and foamed slightly below their softening temperature or melting point 
[60]. Soaking at this temperature usually anneals the sample and 
changes the crystallinity. The changes in crystal size may affect cell 
nucleation and growth [32,35], making it challenging to understand the 
TPU batch foaming mechanism. Although gas-induced crystallization 
has been extensively researched, the impact of crystallization on TPU 
foam remains unknown. Understanding the crystallization behavior of 
TPUs may provide good background information on TPU foam 
processing. 

Currently, most literature that have investigated the crystal 
morphology, crystallization kinetics, and mechanism of TPU have been 
conducted at 1 atm and without dissolving gas. Gas dissolution would 
make a significant impact on TPU crystallization; however, limited 
references have studied TPU crystallization under the influence of dis-
solving gas such as CO2 and butane [32–35]. Observing polymer crys-
tallization under elevated pressure involves a complex equipment design 
[61]. For this reason, most studies have characterized the crystallization 
solely using conventional DSC. 

Because of its low modulus, TPU foam usually suffers severe prob-
lems with post-foaming shrinkage, which happens when the blowing 
agents diffuse out of the foam and cause the total pressure inside the cell 
to be less than 1 atm. Shrinkage can be reduced by using nitrogen as a 
blowing agent since the N2 concentration in the atmosphere is high. In 
addition, N2 is neither flammable nor does it deplete the ozone layer or 
cause global warming. Yet most physical blowing agents have the 
problems above [62]. Even though the latest developments in hydro-
fluoroolefins and hydrochlorofluoroolefin blowing agents do not exhibit 
these problems, as compared with these blowing agents, the cost and 
supply of N2 are reasonable [63]. The growing interest in a N2 foaming 
operation has promoted the need to understand the plasticization 
behavior when N2 is dissolved in polymers [2]. 

However, although the effect of N2 on the crystallinity of polymers 
can be a critical issue for polymer processing, the N2 plasticization data 
in the open literature is limited compared with the abundant literature 
that discusses CO2 plasticization [64,65]. This study examines the 
impact of thermal annealing on the crystallization behavior of TPUs 
saturated with high-pressure N2 under various temperatures. The results 
will help researchers better understand how the N2-induced crystallinity 
of TPU influences the foaming process. 

Table 1 
Physical properties of TPU [60].  

Property TPU85A TPU90A TPU95A 
Density(g/cm3)  1.12  1.12  1.13 
Hardness (Shore A)  85  90  95 
Hard segment content (%)  39.3  45.9  50.4  
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2. Experimental methods 

2.1. Materials 

Three grades of polyether-based TPUs were used to investigate the 
crystallization behavior of TPUs in the presence of N2. The TPUs were 
purchased from Kin Join Co., Ltd., Taiwan. The physical properties of 
the TPUs are shown in Table 1. The SSs were poly-tetra methylene ether 
glycol (PTMEG) with a molecular weight of 1000 g/mol. The HSs of 
TPUs were 4–4’-methylene diphenyl diisocyanate (MDI)/1.4-butanediol 
(BD) copolymer. The nitrogen (99.99% purity) was purchased from 
Wanan Gas Co., Ltd, Taiwan. 

2.2. Melt compounding 

Melt-compounding influenced the distribution of HS domains and 
the foaming behavior of TPUs [60]. Before any experiment, the TPUs 
were compounded in a nitrogen environment using an Xplore MC-15 
micro-compounder. The TPU pellets were pre-dried in a vacuum oven 
at 80 ◦C for 16 h to remove the moisture. Typically, 5 g of TPU pellets 
with different hardness (85 A, 90 A, and 95 A) were used for processing. 
The melt compounding was implemented at 200 ◦C for 85 A and 90 A 
TPU, while 210 ◦C was selected for 95 A TPU to re-distribute HS crystals. 
Melt-compounding also erased the thermal history from drying. The 
screw speed was fixed at 60 rpm, and the samples were compounded for 
5 min. After compounding, the extrudate was quenched in an ice/water 
mixture. The thermal behavior of TPUs was evaluated using an extruded 
sample. 

2.3. Isothermal annealing analysis 

About 0.05 g of extruded TPU pellets were dried in a vacuum oven at 
80 ◦C for 16 h. The sample was then placed in stainless steel cells 
(Swagelok, SS-2F-05) and annealed for 1 h under atmospheric pressure. 
The annealing temperatures (Ta) were set between 130 ◦C and 170 ◦C 
with an interval of 10 ◦C. After annealing, the samples were immediately 
quenched in an ice/water mixture for 5 min 

Most of the thermal protocols were similar to the steps mentioned 
above. However, the samples were annealed at 13.79 MPa N2 and 
various temperatures to investigate the effect of N2 on crystallinity; they 
were also annealed at 9.65, 11.72, and 13.79 MPa at 160 ◦C to examine 

the impact of N2 pressure. After N2-annealing, the pressure vessel was 
quenched in an ice water mixture for 5 min, and a long depressurization 
time, 30 min, was used to keep the sample from foaming. After that, the 
TPU pellets were stored in a ventilated place at room temperature for 
one week. The samples were then analyzed using DSC according to the 
procedure mentioned in Section 2.4. 

2.4. Differential scanning calorimetry analysis 

The melting and crystallization of TPUs were analyzed using TA 
Instruments Discovery 250 differential scanning calorimetry (DSC) by 
the heat-cool-heat process with a heating and cooling rate of 10 ºC/min 
under a nitrogen atmosphere. Approximately 5–10 mg samples were 
heated from 25 ºC to 250 ºC, kept at a constant temperature for 1 min, 
and subsequently cooled to − 70 ºC and reheated to 250 ºC. The ther-
mogravimetric analysis results, as shown in Fig. S1, demonstrate that 
TPU did not degrade before 250 ◦C. The crystallization of TPU is easily 
affected by heat treatments; therefore, to understand the effect of its 
thermal history on TPU crystallization, the thermal history and thermo 
program of the samples are provided in Fig. 1. 

2.5. N2 sorption behavior 

The solubility of N2 has an important role in determining the foam 
dynamic and cell morphology in polymer foaming [66,67], as has been 
determined using the gravimetric method [2,68]. An oven-dried sample 
with approximately 0.05 g was placed in a high-pressure vessel and 
saturated with 13.78 MPa N2 at 30 ◦C for 24 h. As is commonly known, 
measurement of gas solubility below the polymer’s Tm is affected by the 
existence of polymer crystals [4]. Therefore, this data is an estimation 
that qualitatively describes the effect of polymer soft and hard segments 
on gas solubility. Such estimates are also seen in other works [69–71]. 

Although the diffusion coefficient of N2 in polyether-based TPU 
could not be found, in polyester-based TPU, the diffusion coefficient of 
N2 at 30 ◦C is between 3.2 × 10-7 ~ 8.1 × 10-7 cm2/s [72]. Assuming the 
TPU pellets were spherical, based on the diffusion coefficient provided 
above, the time to reach equilibrium is 17 h, so 24 h should be long 
enough to saturate the sample. Note that such a low temperature was 
chosen to prevent rapid gas diffusion out of the sample too fast, which 
would make it difficult to measure the weight change. The detailed 
calculations can be found in Supporting information section S2 and 

Fig. 1. Thermal protocol for DSC experiments.  
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Fig. S2. The samples were collected from the high-pressure vessels 
immediately after pressure release. The mass, which increased due to 
the N2 sorption, was evaluated using a Mettler Toledo XPR6U ultra 
micro balance, whose 0.1 μg accuracy allows for a very precise reading 
of weight change. The amount of N2 absorbed was determined by 
plotting the mass versus the square root of time and linearly extrapo-
lating the curve to the zero desorption time [2]. The sorption experi-
ments were repeated at least five times to determine the average 
solubility, and the error bars are the standard deviations. 

3. Results and discussion 

3.1. Effect of post-annealing on crystalline melting characteristics of TPUs 

Understanding the crystallization behavior of TPUs provides good 
background information on TPU foaming behavior [32,33]. The thermal 
history was erased since all TPU pellets were melt-compounded, 
quenched with an ice water mixture, and dried at 80 ◦C for 16 h. 
Because drying at 80 ◦C may anneal the TPU, this study compared the 
first heat DSC thermograms of three TPUs with and without drying at 
80 ◦C to investigate the drying effect. The ice water quenched samples 
without drying were wiped carefully with tissues and kept in a cool, 
ventilated place for at least two weeks. Fig. 2(a) shows the first heat DSC 
thermogram of TPU without drying. All three TPUs showed endothermic 
peaks at 70–75 ◦C. After drying the samples at 80 ◦C, the endothermic 
peaks shifted to around 100–105 ◦C. 

Interestingly, the peaks not only shifted, but their area also decreased 
significantly; therefore, drying may affect the TPU structure. These re-
sults indicate that short-range order crystals were created by quenching 
and that their melting point was below 80 ◦C [45,60]. Since there was no 
quenching after the drying process, these short-range order crystals 
disappeared. However, drying at elevated temperatures may be inevi-
table, as it is a common practice in the industry to remove moisture. This 
study considers the dried samples as “pre-dried” samples. 

During the DSC heating experiments, the TPU showed multiple 
endothermic peaks. Balko et al. proved that the structure-properties 
relationship between the endothermic peaks and structural changes 
were caused by the melt and recrystallization of HS crystals. The phase 
separation was solely due to crystallization in the MDI/BD/PTMEG TPU 
system caused by fast scanning calorimetry experiments [39]. However, 
the phase separation and crystallization of HSs could be different in the 
presence of dissolved gas [32,34,35]. During the foaming process, the 
sample was saturated by blowing agents at elevated temperatures, 
which also anneals the sample. The formation of new crystallites and the 
rearrangement of the HS domain during the saturation process may 
affect the foaming behavior of TPU [35]. The DSC experiments with TPU 
samples annealed without N2 at various temperatures were conducted to 
investigate these issues and to decouple the effect of the N2. 

Because the DSC thermograms of these TPUs were similar, here 
TPU85A is applied as an example to illustrate the effect of annealing on 
crystallization, as shown in Fig. 3. In this study, both pre-dried and 
annealed samples showed peaks around 100 ◦C ~105 ◦C (Tm1) and 

Fig. 2. First heating DSC curves of PR-TPU (a) dried at room temperature and (b) dried at 80 ◦C.  

Fig. 3. First heat (a) and second heat (b) of TPU85A annealed at different temperatures.  
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145 ◦C ~185 ◦C (Tm2). 
Note that the thermal history of the DSC thermograms shown in 

Fig. 2(a) and 3(a) are different. The peak below 80 ◦C in Fig. 2(a) is the 
consequence of melt compounding followed by quenching. As shown in 
Fig. 2(a), annealing at 170 ◦C did not completely melt the TPU. The two 
experiments may not be comparable. All samples shown in Fig. 3 were 
pre-dried at 80 ◦C for 16 h before annealing at a temperature above 
130 ◦C. As mentioned earlier, in Fig. 2, drying shifted the short-range 
order crystals below 80 ◦C to a higher temperature. Since the subse-
quent annealing did not completely melt the polymer, the thermal his-
tory of drying still exists in the polymer, and the low temperature 
melting peaks shown in Fig. 2(a) were not observed. 

The total enthalpy ΔHm-total is defined by integrating all areas above 
the baseline, while the enthalpy associated with Tm1 and Tm2 is defined 
as ΔHm1 and ΔHm2, respectively, shown by the dashed line areas in 
Fig. 3(a). The lower boundary temperature of ΔHm1 is defined by the 
lowest onset temperature of the thermogram, while the upper boundary 
temperature is defined as the minimum signal temperature between Tm1 
and the highest temperature of the next peak. 

On the other hand, the lower bound temperature of ΔHm2 is defined 
by the onset temperature of the ΔHm2 peak, and the upper bound tem-
perature is defined by the end set temperature of the curve. Minimum 
signal temperature and onset temperature analyses were determined 
using TA Instruments Trios Software. The information on peak tem-
peratures and enthalpies is listed in Table 2. 

The results of Tm1 versus Ta, shown in Fig. 4, reveal a trend. The Tm1 
first decreased and then increased with the Ta. As the Ta reached 170 ◦C, 

Tm1 started to decline. The origin of Tm1 endotherm is interesting since 
the temperature range of this peak was limited to between 100 and 
110 ◦C, and such a peak was not seen in previous classic DSC studies of 
MDI/BD-based TPU with various soft segments [39,46,73]. However, 
Martin et al. studied the effect of soft segment length on the properties of 
TPU using MDI/BD/poly(hexamethylene oxide) as the model system 
with an HS content of 40 wt% [53]. The samples were annealed between 
80 and 170 ◦C for 10 h. In their study, when the molecular weight of the 
soft segment was above 650 g/mole, a peak similar to Tm1 was observed. 
This peak did not significantly change with the Ta. Their study supports 
our observation. 

Although a trend was observed between Ta and Tm1, the reason for 
forming the Tm1 peak is complicated, as endotherm peaks of TPU are not 
melting and recrystallization of HS only. Microphase separation may 
play an important role. Since the degree of microphase separation is a 
function of the annealing temperature, changing the annealing tem-
perature may affect the degree of microphase separation and change Tm1 
[51]. 

Before the temperature reached 160 ◦C, ΔHm1 was much smaller 
than ΔHm2 and occupied less than 40 % of the total enthalpy (ΔHm-total), 
which implies that ΔHm1 could result from the imperfect HS crystals 
formed during annealing [46]. Annealing the sample at a temperature 
above Tm1 should have melted the Tm1 crystals; however, the Tm1 peaks 
did not disappear and could have been formed by recrystallization and 
quenching [39,50,74,75], as annealing the sample significantly below 
the melting point and quenching may cause self-nucleation and recrys-
tallization [44,75]. The second heat thermogram supports the in-
ferences, as shown in Fig. 3(b). The crystals were completely melted 
during the first heat process, and the second heat thermogram does not 
show the Tm1 peak. Since there was no isothermal annealing, the time 
for recrystallization of the Tm1 peak may have been too short. 

As shown in Table 2, although the annealing temperature, Ta, is 
higher than Tm1, ΔHm1 did not disappear. On the contrary, ΔHm1 
increased with increasing Ta until the temperature reached 160 ◦C; 
when the temperature increased to 170 ◦C, ΔHm1 started to drop. Fig. 3 
(b) shows that the TPU85A used in this study possesses a broad melting 
peak, from 105 ◦C~185 ◦C. Since 170 ◦C is close to 185 ◦C, the Tm1 peak 
crystals caused by annealing may have started to melt. 

Although TPU may recrystallize during heating, the shift from ΔHm1 
to ΔHm2 may imply a change in crystal size or form [44,56,75–77]. As 
the temperature increased from 130 ◦C to 160 ◦C, ΔHm1 increased again, 
but ΔHm2 decreased. Nofar et al. claimed that the decrease in ΔHm2 is 
most likely could be caused by the rearrangement of HS crystals, 
creating a more closed pack structure, rather than by an increase in the 
size of the HS crystals [32]. 

The observation that ΔHm1 increased with increasing Ta is inter-
esting. It is generally accepted that multiple melting peaks are the 

Table 2 
DSC results of TPUs annealed at different temperatures without N2.  

Materials Ta (◦C) Tm1 
(◦C) 

ΔHm1 (J/g) Tm2 
(◦C) 

ΔHm2 (J/g) Tm-new 
(◦C) 

ΔHm-new 
(J/g) 

ΔHm-total 
(J/g)   

130  103.7  3.94  147.0  13.76 – –  20.91  
140  100.1  5.46  156.7  11.24 – –  21.84  
150  104.8  7.63  165.3  8.58 – –  22.74  
160  108.3  11.40  175.4  6.16 148.7 11.80  29.50  
170  105.5  3.57  184.4  0.86 157.8 9.22  14.58 

TPU90A  130  104.5  2.43  147.4  19.82 – –  25.07  
140  102.7  3.12  159.5  17.67 – –  25.26  
150  105.3  4.80  166.7  13.52 – –  23.06  
160  107.8  7.10  174.6  11.33 – –  25.49  
170  107.9  5.37  184.8  6.04 158.6 11.86  23.45 

TPU95A  130  104.9  1.73  147.8  21.50 – –  25.24  
140  103.2  1.64  157.2  22.76 – –  27.23  
150  107.8  3.86  167.2  21.95 – –  30.68  
160  109.3  6.27  176.2  18.05 – –  32.24  
170  106.5  4.67  184.9  11.91 155.7 10.55  28.05  

Fig. 4. Tm1 versus Ta of TPUs annealed without N2.  
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consequence of the melting of the ordered structure in the hard phase 
and microphase mixing/separation of the soft and hard segments [73, 
75]. In addition, microphase separation is a time- and 
temperature-dependent behavior. So multiple melting peaks is a time-, 
temperature-, and composition-related question. Since many events 
happened simultaneously and the two peaks did not overlap, it is 
impossible to identify each peak’s origin by deconvolution. 

As Ta exceeds Tm1, one would expect ΔHm1 to decrease. However, the 
contribution of TPU crystallization during quenching should not be 
overlooked. The crystallization rate of TPU is extremely fast. Crystals 

were observed even if the TPU was completely melted and quenched 
using liquid nitrogen [75]. Balko et al. showed that the minimum 
cooling rate to suppress TPU crystallization is 300 ◦C/min [39]. There-
fore, quenching with ice water may not be able to suppress the TPU 
crystallization, and the formation of ΔHm1 and ΔHm2 peaks is the 
consequence of annealing followed by the crystallization during 
quenching. Also, as the annealing time of 1 h may not be long enough to 
complete the microphase separation process, the formation and transi-
tion of ΔHm1 and ΔHm2 peaks maybe related to microphase separation 
as well [51,75]. These complex reasons make it very challenging to 
deduce the cause and size of ΔHm1 and ΔHm2 peaks, and the increase in 
annealing temperature does not necessarily cause a decrease in ΔHm1. 

Annealing increased Tm2 to 15 ◦C ~ 20 ◦C higher than Ta, with the 
peak shifting to a higher temperature as Ta increased. Annealing might 
also form new HS crystals [35,73,78]. When Ta was above 150 ◦C, a new 
peak (Tm-new) was observed at around 150–160 ◦C. The peak could be 
created by recrystallization because ΔHm-total of the samples signifi-
cantly increased, similar to the phenomenon reported by Hossieny et al. 
[35]. For the TPUs used in this study, annealing made new long-range 
order HS crystals, but no peaks above 200 ◦C, considered the typical 
hard segment crystals, were observed [55]. 

The DSC thermograms of TPU90A and TPU95A can be found in 
Fig. S3. With the increase in HS, TPU90A and TPU95A show a shoulder 
peak around 185 ◦C~195 ◦C, which is the rearrangement and formation 
of HS crystals during compounding [60]. The thermal behaviors of this 
high hardness TPU are similar to those of TPU85A. Nevertheless, 
interesting phenomena were observed: between 130 ◦C and 170 ◦C, 
ΔHm2 increased with the increasing HS content, but ΔHm1 decreased, 
supporting the assumption that less-perfect HS crystals created the ΔHm1 

Fig. 5. N2 sorption as a function of TPU hardness.  

Fig. 6. DSC thermograms of TPUs annealed with and without N2.  
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peak, and as the HS content increased, more perfect crystals were 
formed, resulting in a shift from ΔHm1 to ΔHm2. 

3.2. N2 Sorption in TPUs 

In polymers, CO2 and N2 solubility have been of particular interest in 
polymer modifications and processing using supercritical fluids [2]. The 
permeation (diffusivity × solubility) of N2 depends strongly on the 
chemical structure of the TPU [72,79]. Many factors affect the solubility 
of the gas in TPUs, such as the molecular weight of SS, the HS to SS ratio, 
and the type of HS and SS [66,67,80,81]. 

The gas absorption behavior in semi-crystalline polymers below their 
Tm is very complex since the semi-crystalline polymer may have 
different phases, such as crystals, mesophases, liquids, and glasses [82]. 
Previously, gas was considered insoluble in polymer crystals. Never-
theless, the mesophase, frequently referred to as the rigid amorphous 
fraction, may be permeable to gas, and gas is soluble in the mesophase. 
Instead of decreasing with crystallinity, the gas permeability in semi-
crystalline polymers reaches a plateau [83]. Such a complex phenome-
non shows that it is very difficult to determine the solubility of gases in 
crystalline polymers and that a three-phase model is needed to estimate 
gas solubility in semicrystalline polymers [4]. 

The results of measuring the N2 sorption of TPUs at 30 ◦C and 
13.79 MPa show that the solubility of N2 increased with the SS (polyol) 
content (see Fig. 5). TPU85A possesses the highest N2 solubility, and 
TPU95A shows the lowest. The results are not surprising, since TPU95A 
has the highest HS crystallinity, and polymer crystals usually do not 
absorb the gas. Ito et al. measured the solubility of CO2 in TPU and 
observed similar results [70]. In this study, the molecular weight of SS 
was 1000 g/mole, which may not generate SS crystals easily [47]. Thus, 
the solubility of N2 in TPU could be determined by the gas solubility in 
SS, but such may not be the case. Although Fieback et al. did not identify 
the type of polyol, they measured the solubility of N2 in polyol from 
20 ◦C to 40 ◦C and pressure from 2 to 6 MPa and concluded that N2 is 
almost insoluble in polyol [68]. 

At the moment, there is very little data about N2 solubility in TPU. 
Primel et al. reported that at 200 ◦C and 25 MPa, the solubility of N2 for 
a polyester TPU was 6 wt% [67]; Li et al. reported the N2 solubility of 
polyether-based TPU was around 1 wt% at temperatures ranging from 
190 ◦C to 210 ◦C and pressures up to 19 MPa [66]; Chen et al. reported 
that N2 solubility at 150 ◦C and 15 MPa in polyether-based TPU was 
0.56 wt% [84]; and Zhong et al. reported 0.56 wt% at 120 ◦C with a 
saturation pressure of 15 MPa [85]. These results tell us that the solu-
bility of N2 in TPU is still inconclusive, and the reported results showed 
that the chemical structure and crystallinity of TPU play an important 
role in their N2 solubility. 

3.3. Effect of annealing on crystallization behavior of TPUs in the 
presence of N2 

As mentioned previously, the isothermal annealing behavior of TPU 
could be affected by the N2 plasticization effect. The samples were 
saturated at various temperatures to understand the impact of N2 on the 
crystallization behavior of TPU. Although the thermogram was not 
determined in-situ using high pressure DSC, quenching the sample under 
high pressure N2 may preserve the crystalline structure as much as 
possible. Fig. 6 shows DSC thermograms of TPU85A, TPU90A, and 
TPU95A with and without N2 annealing. The saturation pressure was 
fixed at 13.78 MPa for 1 h. The first and second heat DSC thermograms 
of N2-annealed TPUs can be found in Fig. S4. The evolution of different 
TPU endothermic peaks is summarized in Table 3. The plasticizing effect 
of N2 is obvious, as the total enthalpy (ΔHm-total) of all TPUs decreases, 
as shown in Fig. 6. Similar to the annealing experiments, as Tsat 
increased, the Tm2 peaks of all N2 saturated samples shifted to approx-
imately 15 ◦C higher than Tsat. Note that Tsat in this experiment is 
exactly Ta mentioned in the annealing experiments. 

Annealing with N2 showed an apparent plasticizing effect on 
TPU85A, as shown in Fig. 6(a). The Tm1 peak disappeared, Tm2 was 
lowered by 1 ~ 4 ◦C, and the area of the Tm2 peak also decreased [86]. 
The melting temperature of polymers under hydrostatic pressure can be 
determined by measuring the polymer’s PVT behavior. It is well known 
that a polymer’s melting point increases with increasing hydrostatic 
pressure [87,88]. In this study, the melting point of TPU decreased with 
increasing N2 pressure, indicating that nitrogen has a plasticizing effect 
on TPU. Stan et al. also observed a melting point increase in TPU com-
posites [89]. 

Nofar et al. and Huang et al. also demonstrated via high pressure DSC 
experiments that the thermal transition temperatures of PLA decreased 
slightly under high pressure N2 [64,65]. In addition, the Tm-new peak 
became less apparent. As Tsat reached 170 ◦C, most of the crystals 
melted, and the differences in peak area were less obvious; however, the 
shift in Tm2 can still be seen. As the HS content increased, N2 still plas-
ticized TPU and caused a decrease in Tm2; however, the plasticization 
effect on Tm1 became less apparent. As can be seen from Fig. 6(b) and 6 
(c), only the Tm1 peak in the TPU90A sample annealed at 130 ◦C with N2 
disappeared. The Tm1 peak did not vanish as the temperature increased. 
It seems that the plasticization effect of N2 decreased during nitrogen 
saturation, and the Tm1 peak crystal structure was not affected during N2 
dissolution. The annealing did not make the Tm1 peak disappear. Such a 
phenomenon could be reasonable for 90A and 95 A TPU since the sol-
ubility of N2 decreases with increasing HS content. On the other hand, 
the solubility of N2 is also a function of temperature. Based on our 
observation, the N2 solubility might decrease with increasing 
temperature. 

Table 3 
DSC results of TPUs annealed at different temperatures with N2.  

Materials Tsat 
(◦C) 

Tm1 
(◦C) 

ΔHm1 (J/g) Tm2 
(◦C) 

ΔHm2 
(J/g) 

Tm-new 
(◦C) 

ΔHm-new (J/g) ΔHm-total (J/g)   

130 – –  145.3  11.80 – –  13.05   
140 – –  155.5  10.84 – –  13.62 

TPU85A  150 – –  163.6  7.65 116.0 6.36  14.45   
160 – –  172.7  5.12 148.7 12.01  17.43   
170 – –  183.3  1.75 148.3 13.73  15.89   
130 – –  145.2  18.80 – –  20.39   
140 101.2 2.67  154.9  16.40 – –  21.47 

TPU90A  150 104.7 5.09  165.4  13.57 – –  23.32   
160 107.7 6.59  173.8  12.18 – –  26.06   
170 105.0 5.69  183.1  7.13 151.5 10.86  23.76   
130 103.1 1.46  145.9  22.62 – –  25.89   
140 101.1 1.87  153.5  22.36 – –  27.99 

TPU95A  150 104.6 2.34  164.5  21.67 – –  30.60   
160 106.1 4.45  175.5  15.99 – –  25.91   
170 105.6 4.20  183.9  11.38 147.2 7.99  23.58  
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The temperature dependence of N2 solubility, until now, is unclear. 
Most of the references show that the solubility of N2 in polymers in-
creases with increasing temperature [66,90–96], but some references 
show the opposite trend [67,97]. More interesting is that polystyrene 
showed opposite N2 solubility temperature dependency in different 
temperature ranges: the solubility in polystyrene decreased from 313 K 
to 353 K [92,98] but increased from 373 K to 453 K [99]. Only two 
references report the solubility of N2 in TPU. One studied 
polyester-based TPU [67] while the other studied polyether-based TPU 
[66], and the hardness of the two TPUs differed. The two studies showed 

opposite temperature dependence in N2 solubility within a similar 
temperature range. It is difficult to comment on the temperature 
dependence without detailed chemical structure information. Thus, the 
temperature dependence of N2 solubility in TPU is still inconclusive. 

On the other hand, the effect of chemical structure on solubility is 
apparent. With the increasing HS content, the solubility decreased, and 
because of the poor solubility of N2, its plasticization has less effect on 
TPU90A and TPU95A. Therefore, the Tm1 peak did not disappear, and 
ΔHm2 decreased less, as seen in ΔHm2 data in Tables 2 and 3. From this 
point of view, the effect of chemical structure on N2 solubility should be 
independent of temperature. 

Another interesting phenomenon is the linear relationship between 
Tm2 and Tsat or Ta. Plotting Tm2 against Ta revealed a linear relationship 
(R-square = 0.997) between the two variables, as shown in Fig. 7. In 
addition, this trend is independent of HS content. The linear relationship 
between Ta and Tm2, which has been studied extensively [35,40,50,73], 
could be attributed to two reasons: (1) the enthalpy relaxations of a 
hard-microdomain, SS, or interfacial materials, or (2) the melting of the 
fringed micelle structure of HS or short-range order. Yanagihara et al., 
who considered the growth behavior of the HS domain and the forma-
tion of the fringed micelle-like structure at various Ta., explained the 
specific linear relationship in their detailed SAXS analysis of the HS 
domain [50]. Note that the minimum annealing temperature in this 
study was set at 130 ◦C because the TPU they used did not foam below 
this temperature at 13.78 MPa. 

The presence of N2 did not change the linear relationship between 
Tm2 and Tsat. Again, plotting Tm2 against Tsat still showed a linear rela-
tionship with an R-squared value of 0.9967, and the slope of the two 
lines was similar, which confirms that the N2 plasticization has less 
impact on ΔHm2 than on ΔHm1. Interestingly, the N2 plasticization can 

Fig. 7. Tm2 versus Ta or Tsat of TPUs annealed with and without N2.  

Fig. 8. DSC thermograms of TPUs saturated at 160 ◦C under different N2 pressures.  
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be further confirmed by comparing the two lines in Fig. 7. In the pres-
ence of N2, the interception of the N2 annealed sample equations was 
reduced by about 7 ◦C. 

3.4. Effect of N2 pressure on crystallization of TPU 

Since ΔHm-total is always highest at the annealing temperature of 
160 ◦C, the sample was saturated with N2 at 160 ◦C and different satu-
ration pressures to analyze the impact of saturation pressure (Psat) on the 
crystallization behavior of TPU. The DSC thermograms of the TPUs are 
shown in Fig. 8, and the pressure dependency characteristic endotherm 
peaks of all samples are shown in Table 4. Although the pressure de-
pendency of N2 solubility was not measured, it is well known that the 
solubility of N2 increases with increasing pressure [66,67]. Fig. 8 and 
Table 4 demonstrate that in the presence of N2, the amount of crystal-
linity was reduced and melting peaks were lowered in all TPUs, with the 
most decrease in crystallinity in TPU85A. The effect of N2 pressure on 
ΔHm1 and ΔHm2 was not obvious, and there is no significant correlation 
between N2 pressure and the melting temperatures. 

The mechanism of gas pressure in the final crystallinity is still un-
clear. The present study shows that although the crystallinity decreased 
in the presence of N2, it did not decrease with increasing N2 pressure, 
and there is no clear trend. As mentioned in the introduction, the 
mechanism of gas-induced crystallization is a complicated phenomenon, 
and many factors can affect crystallization kinetics and final crystallinity 
in the PLA-CO2 system [18]. Due to the complex nature of TPU crys-
tallization, the mechanism may be more complicated. More research 
work is in progress to further explore the phenomenon. This study is just 
the first step: hopefully, it will increase academia’s understanding of this 
interesting phenomenon. 

4. Conclusion 

This study is the first investigating N2-induced crystallization of TPU. 
The experiments were performed at various temperatures and pressures 
to analyze TPU melting and crystallization behaviors. The DSC results 
indicate that the crystallinity of TPU decreases in the presence of ni-
trogen. The clearest case is TPU85A. The melting point, Tm1, completely 
disappeared in the presence of N2. Among three TPUs, annealing with N2 
shows an apparent plasticizing effect on TPU85A, while TPU90A and 
TPU95A are less affected by N2 plasticization since the N2 sorption de-
creases with an increase in the HS content of TPU. 

However, the melting point of TPU decreased by 1 ◦C ~ 4 ◦C after 
annealing with N2, which is similar to other blowing agents like CO2 and 
butane. Annealing at various temperatures under atmospheric pressure 
increased the crystallinity of TPU. The melting point of Tm2 is 15 ◦C ~ 
20 ◦C higher than that of Ta, and Tm2 showed a linear relationship with 
Ta that is independent of the TPU HS content. This linear relationship 
was maintained under 13.79 MPa N2, and a clear plasticization effect 
was observed. Although impregnating nitrogen in TPU decreases the 

crystallinity, there is no clear trend between TPU crystallinity and N2 
pressure. Understanding the impact of N2 on TPU crystallization 
behavior is critical in developing N2 foaming technology. These dis-
coveries will also be useful in other gas-assisted polymer processing 
technologies. 
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