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ABSTRACT: The use of injection molding technology to prepare heterogeneous interlayer film of laminated glass holds strong applicable
potential. This article aims to investigate the effects of melt temperature and melt flow on the microstructure evolution and tensile prop-
erties of thermoplastic polyurethane (TPU) specimens during the injection molding process. The tensile properties of the TPU speci-
mens show dependency on the melt temperature and melt flow direction. The results of birefringence indicate that melt flow and lower
melt temperature induce higher stretching deformation of the molecular chain network. Small-angle X-ray scattering analysis approves
that besides the melt temperature and flow direction, the testing position on the cross section of the specimen has great influence on the
microstructure of the TPU sheet. Further analysis and conclusions can be made using wide-angle X-ray scattering method. The above
results demonstrate that both the tensile properties and microstructure of the injection molded TPU specimens tend to be isotropic with

the increase of melt temperature. © 2020 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48891.
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INTRODUCTION

Thermoplastic polyurethane (TPU) has been widely used in many
engineering fields due to its advanced properties, including
modulable flexibility, relatively higher strength, excellent elasticity,
good abrasion resistance, and transparency.' As an interlayer,
TPU can absorb impact energy, prevent penetration and glass frag-
ments from splashing, thereby improving the structural strength
and service life of the windshield. And compared with extrusion
molding, which can only produce sheets, injection molding can
realize the integral molding of interlayer with large curvature and
large thickness. It is a new method for preparing interlayers.

TPU is a typical block copolymer synthesized by diisocyanate,
polyester/polyether polyol, and small molecular chain extender.*
Diisocyanate and chain extender form a hard segment that deter-
mines the melt temperature and high temperature properties of
the material, while the soft segment is composed of long-chain
polyols that mainly affect the low temperature properties and
elasticity of the material.’> Due to the poor compatibility of the
soft and hard segments and the crystallization of the segments,
the TPU block copolymers are separated into microphases or

domains. In addition to the polymerization process, the
processing also has a significant influence on the microstructure
of the TPU, in turn, affects its mechanical properties.®™

The change in melt temperature and the shear forces generated by
the injection melt flow lead to the diversified distribution of the
microphase within the material. Therefore, for block copolymers,
the relationship between microscopic morphology, mechanical
properties, and processing conditions becomes significant research
interests. When the material is heated beyond the melt tempera-
ture of the hard segments, a homogeneous viscous melt would be
created and the microphase separation structure disappears. After
cooling, the domain structure can be reconstructed.'

The earliest literature on the mechanical behavior of polyure-
thanes focuses on the relationship between modulus and temper-
ature. It is assumed that the hard phase in the glass state is the
filler and the continuous phase of the soft segment acts as the
matrix."!~'* In recent years, more related research has been com-
pleted by many researchers. Frick and Mikoszek'® studied the
influence of melting conditions on the structural evolution and
mechanical properties of aromatic polyurethanes by injection



molding. The induced behavior of the molding process was stud-
ied using light microscopy, scanning electron microscopy, and
differential scanning calorimeter (DSC). As the melt temperature
increased, the observed crystals, from the optical microscopic
results, decreased and the tensile deformation increased. Through
DSC analysis, it was found that there was diversity of crystalline
structures along the change of the melt temperature during
injection molding. Small-angle X-ray scattering (SAXS) and
wide-angle X-ray scattering (WAXS) were successfully used to
characterize the structure on the nanometer and sub-nanometer
scale. The dimension of the soft and hard segments in the TPU
molecular chain is nanoscale, which can be monitored by SAXS.
As early as 1983, Koberstein studied the domain structure and
the boundary thickness between the hard and soft domains using
the SAXS and DSC techniques.'®'” Blundell et al.'® used real-
time SAXS technology to determine the evolution of the micro-
structure of TPUs with different morphology micrographs during
tensile deformation, and explored the mechanism of structural
changes during deformation. The experimental results showed
that when the hard blocks were randomly dispersed, the hard
phase regions were separated from each other in an affine man-
ner during the stretching process and did not affect each other.
When the hard blocks were monodispersed, the hard phase inter-
acted to prevented affine deformation of the structure. Moreover,
Stribeck et al.'® studied the effect of melt temperature on the
structure and mechanical properties of TPUs. SAXS results
showed hard domains were only affected by the neighboring
structures. Therefore, another model, which was called
“sandwich,” was developed to explain the nonaffine deformation
of nanostructure during stretching process. The authors pointed
out that the “sandwich” microstructures containing the shorter
soft segments between hard segments featured a strain limit
under high tensile deformation. And with the melt temperature
rose, mechanical properties of material declined. Zhao et al.>*™*
studied the relationship between the mechanical response of
styrenic block copolymers and the melt temperature of injection
molding. Meanwhile, the influence of shear stress field on the
microstructure by employing dynamic pressure-preserving injec-
tion molding technology was studied.

The analysis of the rheological properties of TPU provides a good
correlation with the microstructure. Therefore, the study of the
rheological properties of TPU can be a useful method to analysis
and understand the structures. Yamasaki et al.*® investigated the
effects of the molecular aggregation structure on the rheological
properties of TPU and found that the formation of well-
organized hard segment domains had a profound effect on the
rheological properties of TPU. Lu et al.** studied the rheological
properties of TPU at small and large deformation via three differ-
ent types of rheometry: dynamic shear, capillary, and torque. It
was proved that the abnormally high flow activation energy of
TPU was caused the contributions of flow and the degradation
reaction. Yoon et al.>® studied the effect of thermal history on the
rheological behavior of TPU. It was found that melt temperature
employed for specimen molded had a profound influence on the
variations of the dynamic storage and loss moduli with time.

Most of the existing research focus on the mechanism of the
action of melt temperature on phase structure and performance

during injection. However, no systematic study highlights the
mechanical anisotropy as function of melt temperature and melt
flow during TPU injection molding. In this study, a series of
TPU sheets have been prepared by using injection molding with
different melt temperatures. The tensile properties were analyzed
in different directions. In particular, the microscopic morphology
of different scales was characterized by diverse analytical tech-
niques, such as birefringence, DSC, SAXS, and WAXS. The
effects of melt temperature and melt flow on both tensile proper-
ties and microstructure evolution at different scales of TPU speci-
mens have been investigated. An attempt to analyze the
relationship between the mechanical anisotropy and microstruc-
ture has also been made.

EXPERIMENTAL

Materials

The polymer under investigation was TPU AG8451 from
Lubrizol Advanced Materials. The melt flow index is
13.18 g/10 min at 190 °C with the poise weight of 2.16 kg
according to ASTM D1238-2004.>° The shore A hardness is 70A
and density is 1.08 g cm™ according to the technical data sheet.

Preparation of Specimens

The TPU sheets were molded using a 130-ton injection molding
machine CX 130-750 of Krauss-Maffei, Germany. The TPU pel-
lets were fully dried under hot wind at 80 °C after 6 h. The size
of the molded TPU sheets was 200 mm in length, 100 mm in
width, and 3 mm in thickness. As shown in Tables I and II, the
sheets were prepared at different melt temperatures while keeping
other processing parameters invariable.

Measurement and Characterizations

Tensile Properties Testing. The measurement of the tensile
properties of the injection molded TPU sheets were performed
on a GT-AI3000 (GOTECH Testing Machines Inc.) in accor-
dance with ISO 37:2005.*” As shown in Figure 1, Type 1A
dumbbell-shaped specimens, which were cut in two different
directions on the plate according to ISO 37:2005, were selected
for the experiments. In those two directions, one is parallel to the
direction of melt flow, marked as PF, and the other one is per-
pendicular to the direction of melt flow, marked as VF. The ini-
tial distance between the clamps was 20 mm and separated speed
of the grips is 500 mm s~'. The engineering stress, 6 = F/A,, is
computed from the force, F, measured by the load cell, and A, is
the initial central cross section of the specimen. The engineering
tensile strain € equals to (I-ly)/l,, where I, = 20 mm is the distance
between the initial displacement extensometer fixture, and / is the
actual distance between the extensometer fixture.

Birefringence Measurement. Birefringence is a particular prop-

erty of the transparent polymers, which is caused by material
anisotropy. Thus, isotropic solids do not exhibit birefringence.

Table I. Melt Temperature in the Experiment

Factor Level 1 Level 2 Level 3

Melt temperature (°C) 160 170 180




Table II. Basic Processing Parameters of Injection Molding

Processing parameters Value
Mold temperature (°C) 30
Injection volume (cm?) 71.5
Injection speed (mm s 3
Cooling time (s) 60
20mm
N
o
3
3
€
£
<
75mm

Figure 1. Geometry of dumbbell-shaped TPU specimen.

The molecular formation is “frozen” into a stretched conforma-
tion when the TPU melt is filled into the cold mold. The material
exhibits anisotropy and thus birefringence occurs. The birefrin-
gence (An) can be reflected by the optical path difference (OPD),
which is defined as®®:

An=T/d (1)

where I is the measured optical retardation, which is also called
as OPD and d is the thickness of slices.

A polarized optical microscope (WPA-100-L; Photonic Lattice
Inc., Japan) was used to measure the OPD of TPU slices, which
were cut from the injection molded sheets in two directions,
which are parallel and perpendicular to the direction of the melt
flow, respectively. These TPU slices have a width of 2.2 mm,
shown in Figure 2.

Differential Scanning Calorimetry. DSC studies were carried
out on a DSC25 (TA Instruments) machine. About 5 mg injec-
tion molded TPU sheets were used for the DSC measurements,
which were conducted at a temperature range of —80 to 250 °C

PF: Parallel to the melt flow direction
VF: Vertical to the melt flow direction
TD: Product thickness direction

Figure 2. Schematic diagram of the orientation of the test slice relative to
the part. [Color figure can be viewed at wileyonlinelibrary.com]

with a heating rate of 10 K min™". First, lower the temperature to
—80 °C and keeping the isothermal condition for 5 min, then
raising the temperature to 250 °C. During the measurements, the
specimens are protected using nitrogen flux to avoid heating
degradation.

Small-Angle X-ray Scattering. SAXS measurements were carried
out using a Bruker Nano STAR camera. The specimens used for
SAXS testing had the same dimensions as those for the birefrin-
gence measurement. In this study, the structural differences were
compared between specimens at processing temperatures of
160 and 180 °C, respectively. The SAXS properties in the
through-width direction of the specimens were obtained and four
locations were selected for the SAXS measurements as shown in
Figure 3. The experiments were conducted in both the parallel
and perpendicular directions to the melt flow. The distance
between the specimen and the detector was 1070 mm, offering a
scattering angle range of 0.1-3.6°. Scattering patterns were col-
lected by Vantec 2000 detector. The collimation, specimen cham-
ber, and flight tube before the detector were evacuated to
minimize air scattering. The scattering time is 1800 s.

Wide-Angle X-ray Scattering. WAXS measurements were per-
formed using a Bruker Nano STAR camera. The distance
between the specimen and the detector was 47 mm, to offer a
scattering angle range of 3-40°, and the scattering time is 1800 s.
Data collection was identical to that for the SAXS experiments
and the locations of inspection points were kept the same as the
SAXS experiments. In this way, the Herman’s factor which can
be calculated by egs. (2) and (3) over the azimuthal angle range
from 0 to 180°, was used to represents the degree of molecular

orientation,”~> given by:
3<cos?p> -1
e )
ccosips _ I H)cossingdy 5
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where f, is the Herman’s factor. When polymer chains are
completely arranged along the reference direction, f,, = —0.5.
When polymer chains are random coil, f,, = 0. In the above
equation, ¢ is the azimuth angle and I(¢) is the scattering inten-
sity at angle ¢. <cos’p> is an average orientation factor.

Rheological Properties. The shear viscosity of the TPU pellets,
which were dried under hot wind at 80 °C for 6 h was measured
as a function of shear rate using a dual barrel capillary rheometer
(Rosand RH2000; Malvern Panalytical Ltd., UK) at constant tem-
perature. The testing temperatures were 160, 170, and 180 °C,
respectively. The shear rate range was from 20 to 6000 s, and
10 data points were collected for each test. The diameter of the
die was 1 mm and the aspect ratio was 16:1.
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Figure 3. Schematic diagram of location selection of SAXS measurement. [Color figure can be viewed at wileyonlinelibrary.com]

RESULTS AND DISCUSSION

Tensile Properties

The stress-strain curves of the TPU specimens which were man-
ufactured using injection molding at different melt temperatures
are shown in Figure 4. It can be found that the uniaxial tensile
curves of TPU specimens were characterized as no yielding point
and presented a large strain at break values. Except the specimen
that molded at the melt temperature of 160 °C and cut along the
melt flow direction, the others exhibited a viscohyperelastic
behavior®® under the uniaxial tension. This is because small
agglomerations of hard segments in matrix as incompatible indi-
vidual islands or percolated network is the important factor for
the deformation behavior at strain regime and can lead to visco-
elastic behavior of TPU.*® During initial loading stage, the soft
phase between the hard domains are stretched and deformed®®
while the hard phase remained unstained. With the continued
stretching, the molecular chain extension in the soft phase will be
continued, and the molecular chain network begins to deform.
The hard domains start to carry stress and constrain the exten-
sion of the molecular chain and the deformation of the molecular
chain network, during which the stress increase slowly with the
tensile strain. At this stage, the hard domains play an important
role in the entity of the stress, acting as a sort of rigid filler in the
soft matrix. Some hard domains are destructed during deforma-
tion. With increasing strain, the molecular chain networks are
reoriented. Meanwhile, strong hard domains begin to deform
under the high stress. At this stage, the stress rises sharply as the
strain increases until the specimen is fractured.

When the melt temperature was 160 °C, the stress—strain behav-
ior in the PF direction did not show a strain-hardening phenom-
enon and demonstrated a higher stress value at the beginning of
the stretch than those other conditions, this might be caused by
the special microstructure of the TPU specimen. As shown in
Figure 5, when the melt temperature was 160 °C, the shear vis-
cosity of the pellets was higher than that of 170 and 180 °C, indi-
cating that harder melt flow at the same shear rate. Therefore,
the melt flow during injection at 160 °C causes the higher orien-
tation of the molecular segments and more serious stretching of
the molecular chain network along the flow direction than those
in the VF direction. The molecular segments seem to be pre-
stretched, which results in a higher tensile stress at the beginning

of the loading process in the PF direction while the lower elonga-
tion at break than that in the VF direction. It is previously found
that the hard domains are oriented perpendicular to the melt-
flow direction during injection molding.'” This may explain why
the strain-hardening phenomena were only presented in the VF
direction under high strain when the specimens were formed
at 160 °C.

On the other hand, the orientation of the molecular segments
and the deformation of the molecular chain networks would be
frozen more easily for the samples molded at 160 than 170 and
180 °C. The reason is that the melt will be cooled more quickly,
for the 160 °C melt temperature, after touched the mold. There-
fore, as the melt temperature rose, the difference in tensile prop-
erties of the specimens in both directions decreased and both
exhibited a visco-hyperelastic behavior. Further structural analy-
sis had been carried out in the following sections using the bire-
fringence, SAXS, and WAXS measurements.

Figure 6 reveals the tensile mechanical data of the TPU at differ-
ent melt temperatures. It is observed that at lower melt tempera-
tures, there was a great deviation in the tensile strength and
elongation at break values in the two directions. The directional-
ity features with respect to molecular chain orientation and
molecular chain network deformation thus appear to be reduced
with the rising melt temperature. It can also be found from
Figure 6(c,d) that the tensile stress at a given elongation
decreased as the melt temperature rose, which might be caused
by the destruction of the strong hard domains. And the number
of strong hard domains was characterized by DSC.

Thermal Properties

The heat flow traces of the raw material and the injection molded
sheets obtained using the DSC measurement are shown in
Figure 7. Only the curves between 50 and 250 °C are displayed.
The first reason is that curves mainly characterized the glass tran-
sition process of the soft segment at temperature range of —80 to
50 °C and the curves are featureless. The second is to highlight
the influence of the melt temperature on the regularity of the
hard domains. The peak values of the curves in Figure 7 are
shown in Table IIL. It was noted that the pellets had two endo-
thermic peaks during the heating process. It has been known that
the microphase separation of TPU can make the soft and hard
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Figure 4. The stress-strain curves of the TPU specimens molded at different melt
temperatures. (a) 160 °C, (b) 170 °C, (c) 180 °C. VF means the tensile direction is
perpendicular to the melt flow direction and PF means that parallel to the melt
flow direction. [Color figure can be viewed at wileyonlinelibrary.com]

segments inside the material agglomerate to form two phases.
Thus, it consists of hard domains in a soft-domain matrix and
the hard domains themselves contain both hard segments and

soft segments. The peak at temperature about 80 °C (Peak 1) was
a phase transition endotherm, related to the short-range ordered
structure of hard domains. And the peak at 209 °C (Peak 2) was
the melting of the crystallites, which were merged with some
proximate hard segments. The more microcrystals in the hard
domains, the stronger hard domain will be. In addition, those
crystallites are only quasi-crystalline rather than completely crys-
talline.”” The main reason for this conclusion is that the endo-
thermic peak temperature of TPU is relatively low.*”*®

The specimen with the melt temperature of 160 °C still presented
two endothermic peaks during the endothermic process, meaning
that the specimen was phase separated in its morphology and the
crystallites were retained. However, compared with the pellets,
the intensity of Peak 2 was weakened, indicating that part of the
crystallites was destroyed. As the melt temperature increased
from 160 to 180 °C, Peak 2 disappeared due to the increased
chain mobility, which can destroy the crystallites. Therefore, the
decline and disappearance of Peak 2 indicate the reduction in the
number of crystallites. After the processing, the temperature of
Peak 1 was lower than that of pellets and the Peak 1 shifted from
78 to 75 °C with the increase of the melt temperature. The hard
domains appear to be lost with increasing melt temperature.
Meanwhile, due to the low temperature of the mold surface and
the rapid cooling of sheets after filling, it is difficult to form a sta-
ble short-range ordered structure. Therefore, the temperatures of
the Peak 1 presented by the injection molded sheets were
reduced. It indicates that the microphase separation structure of
the melt is removed as the melt temperature increased. Combin-
ing with the previous analysis, the reduction of the number of
strong hard domains and the destruction of the microphase sepa-
ration structure are the main reason for the general decrease of
tensile stress at a given elongation with melt temperature
increased, as shown in Figure 6(c,d).

Birefringence Results

The OPD distribution of TPU specimens is shown in Figure 8,
which can give some information on the conception of molecular
chain network. As the width of different specimens are
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Figure 5. The shear viscosity VS shear rates plots for raw pellets at different
temperatures. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6. The tensile mechanical data of the TPU at different melt temperatures. (a) Ultimate tensile strength at break, (b) ultimate elongation at break,
(c) tensile stress at 100% elongation, (d) tensile stress at 300% elongation. VF means the tensile direction is perpendicular to the melt flow direction and PF
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raw material

endo - = 160°C

- = = 170°C

— = 180°C
z
5}
=
ki
tan)

| | |
50 100 150 200 250

Temperature [°C]

Figure 7. DSC traces of TPU material before (raw pellets) and after injec-
tion molding. The labels at the dashed curves indicate the temperature of
the injection melt. [Color figure can be viewed at wileyonlinelibrary.com]

approximately the same, the difference in the distribution of opti-
cal path is caused by the different microphase structures. In
Figure 8(a,b), when the melt temperature was 160 °C, the OPD
values of the TPU slices along the direction of the melt flow were
much higher than that in the VF direction. This means that the
overall molecular chain network undergoes more seriously
stretching deformation along the flow direction during the filling
and cooling process, which led to the anisotropy of the TPU
specimens. However, when the melt temperature increased to
180 °C, the discrepancy of the OPD values in both directions
decreased because the higher melt temperature accelerated the
relaxation of the molecular chain network. The stretching defor-
mation limits the deformation of the mesh chain during
stretching in the melt flow direction, resulting in a decrease in
elongation at break. It can also better explain the tensile proper-
ties discussed in Tensile Properties section.

The OPD values in the horizontal centerline of the different spec-
imens are shown in Figure 9. Similar conclusions can be drawn
as discussed above, with the increasing melt temperature, the



Table III. Melt Temperature, T,, and Melt Enthalpies, AH,, from the DSC Scans. The Processed Materials Are Labeled with the Melt Temperature

Peak 1 Peak 2
Specimen T, (°C) AH, (g™ T,,(°C) AH, (g™
Raw material 80 1.76 209 1.32
160 °C 78 3.34 206 0.96
170°C 76 3.28 =
180°C 75 2.94 —

Figure 8. The OPD distribution of the injection molded TPU specimens with the melt temperature of 160 and 180 °C, respectively. In (b) and (d), the spec-

imen was cut in the direction of the melt flow, and in (a) and (c), the cutting route was perpendicular to the melt flow direction. [Color figure can be viewed

at wileyonlinelibrary.com]
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Figure 9. The OPD distribution curve of the specimen on the horizontal
center line. The solid lines (a-d) are corresponded to Figure 8(a-d), respec-
tively. [Color figure can be viewed at wileyonlinelibrary.com]

value of OPD decreased significantly in the PF direction, while in
the VF direction, the value of OPD was small with a little change.
It further illustrates that the stretching deformation of the molec-
ular chain network, in the PF direction, has been mainly caused
by the melt flow. All the above phenomena can be further vali-
dated by the WAXS results.

SAXS Results

To better observe the structural features with relatively low
degree of molecular orientation, the q VS I(q)q” curves, which are
also named the Lorentz correction curves, of the injection molded
TPU specimens have been obtained through the original two-
dimensional-SAXS patterns as shown in Figure 10. g is a scatter-
ing vector, defined: g = (4n/A) sin 8. The parameter A is the wave-
length and O is the scattering angle. Some scholars have found
that, the long spacing, calculated from I(q) VS q curves, is related
to the extent of the phase separation when the specimen is
heated. In the same range of temperatures as the hard segment
melting, the long spacing disappearance showing that a
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Figure 10. The g VS I(q)g* curves of the injection molded TPU specimens
with the melt temperature of 160 and 180 °C, respectively. VF means verti-
cal direction to the melt flow while PF is parallel direction. The Numbers
1 and 4 indicate the position of the test point. [Color figure can be viewed
at wileyonlinelibrary.com]

homogeneous melt is produced by melting.” Therefore, the
Lorentz correction curves can also be used to characterize the
phase separation.

The peaks in the curve represented the relative position between
the hard domains. The long spacing, which means the distance
between the hard domains, can be calculated using eq. (4)
according to the position of the Bragg peak. If the long spacing
increases, the size of the hard domains will increase. The reason
is that the relative proportion of the soft and hard segments does
not change during the processing. It can be seen from Figure 10
that the Bragg peaks of different specimens were coincident with
about 8 nm, which means that different molding temperatures
had no effect on the distance between the hard domains. The
long spacing between different specimens is consistent, indicating
that the hard segment agglomerates in the specimen generally
have the same size.

dBragg = 2n/qpeak (1’11’1'1) (4)

Figure 11 shows intensity VS azimuthal angle curves corresponding
to the Points 1 and 4 for the injection molded TPU specimens with
the melt temperature of 160 and 180 °C, respectively. The position
of testing Point 1 was close to the surface layer while the position of
testing Point 4 was near to the center of the cross section. The ori-
entation of the domains can be characterized by the azimuth inte-
gration calculation of the two-dimensional patterns. From the
azimuthal angle curves, the full-width at half-maximum (FWHM)
of the azimuth integral curve between 0 and 180° can be calculated,
the degree of orientation (IT) of different testing positions can be
defined as IT = (180-FWHM)/180. The corresponding results are
shown in Table IV. It can be concluded that both the melt tempera-
ture and the distance from the testing point to the surface have
influence on the orientation degree of the hard domains.
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Figure 11. The intensity VS azimuthal angle curves of testing point one
and four with the melt temperature of 160 and 180 °C, respectively.
(a) Testing Point 1 and (b) testing Point 4. VF means spline cutting direc-
tion is perpendicular to the melt flow direction and PF means spline cutting
direction parallel to the melt flow direction. [Color figure can be viewed at
wileyonlinelibrary.com]

It has been found from Figure 11 and Table IV that the hard
domains presented more reorientation in the surface layer rather
than the core layer, independent of melt temperature. This can

Table IV. The FWHM and the Degree of Orientation (IT) of the Different
Specimens

Specimen FWHM I

160°C-VF-1 48 0.74
160°C-PF-1 42 0.77
180°C-VF-1 51 0.71
180°C-PF-1 53 0.70
160°C-VF-4 50 0.72
160°C-PF-4 69 0.67
180°C-VF-4 63 0.65
180°C-PF-4 56 0.68




be explained as the surface layer of the specimens cools faster
after the melt contact with the surface of the mold and more hard
domains have been maintained. However, more time will be per-
mitted for the movement of the molecular segment since the core
layer cools slower, inducing lower orientation degree of the hard
domains. In the surface region, the orientation of the hard
domains decreased as the melt temperature rose, due to that the
higher melt temperature benefits to the free movement of the
molecular segment.

Besides, Table IV shows that the value of IT was 0.72 in the VF
direction at the core region, which was larger than that in the PF
direction when melt temperature was 160 °C. However, as the
melt temperature increased to 180 °C, the value of IT decreased
significantly and became similar in the two directions. The results
indicate that the orientation degree of the hard domains in the
VF direction is greater than that in the other direction when the
melt temperature is relatively low. Other studies'® have also
drawn similar conclusions that the hard domain in a TPU injec-
tion molded part would be reoriented to the perpendicular direc-
tion to the melt-flow direction. This is also expected, when the
melt temperature is 160 °C, the hard domains are not destroyed
completely based on the DSC results. As a result, some stronger
hard domains can be reserved and oriented in the VF direction.
Therefore, in the VF direction, the strong hard domains can be
better stressed to greatly increase the strength in the late stage of
tensile stretching. This illustrates the phenomena that the speci-
mens formed at 160 °C have the strain-hardening phenomena
only in the VF direction under high strain. When the melt tem-
perature is 180 °C, the microphase separation structure disap-
pears completely and the orientation direction of the hard

YOROO
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Figure 12. The WAXS patterns of TPU slices in the different positions of
the cross section. (a) The specimen that molded at 160 °C and (b) the spec-
imen that molded at 180 °C. VF means spline cutting direction is perpen-
dicular to the melt flow direction and PF means spline cutting direction
parallel to the melt flow direction. Numbers 1-4 indicate the testing point.
[Color figure can be viewed at wileyonlinelibrary.com]

domains is no longer obvious. As a result, the specimen formed
at 180 °C shows the strain-hardening phenomena in the two
directions and the tensile strength at break decreases.

WAXS Results

To exhibit more microscopic structural information of the injec-
tion molded specimens, the WAXS patterns, obtained from dif-
ferent positions of the cross section with different melt
temperatures, are shown in Figure 12. The amorphous halo in
the WAXS results probed the orientation of the inter chain gaps,
which was perpendicular to the chain axis. The direction of the
amorphous halo meridian was perpendicular to the long side of
the spline. In Figure 12, it was found that the amorphous halo of
testing Points 1 and 2, near the surface, exhibited a certain degree
of asymmetric structure, indicating that the microstructure within
the specimen exhibited anisotropy. As the testing point
approached to the core layer, the amorphous halo appeared
almost isotropic.

Figure 13 displays the corresponding inclinational slices through
the maximum of the amorphous halo, and the background scat-
tering in the pattern has been subtracted. The curves describe the
orientation of the molecular segments. From Figure 13, it can be
intuitively found that the molecular chain orientation was signifi-
cantly different in the PF and VF directions when the melt tem-
perature was 160 °C. At the position of the testing Points 1 and 2,
there was a clear molecular segment orientation in the PF direc-
tion. However, only at the position of testing point 1 in the VF
direction, slightly oriented molecular chain was referred by the
WAXS intensity of the surface layer, while subsurface layer did
not change with azimuth. When the melt temperature raised to
180 °C, the degree of the molecular chain orientation was similar
in both directions, and only the molecular chains were oriented at
testing Points 1 and 2.

In order to quantitatively describe this orientation degree, the
Herman’s factor, f,,(P), had been calculated from Figure 13 as a
function of the testing point (P) and the results have been shown
in Figure 14. From the testing Points 1 to 4, the Herman’s factor
increased to nearly zero, indicating that the orientation degree of
the molecular chains was lowered from the surface layer to the
core layer. It also can be seen from Figure 14 that when the melt
temperature was 160 °C, the difference in the value of the
Herman’s factor was obvious at testing point of 2 and 3. f,, (2)
and f,, (3) of specimen molded at 160 °C in the PF direction
were —0.031 and —0.013, respectively. However, for specimen
molded at 160 °C in the VF direction, both f,, (2) and f,, (3) were
close to zero. It indicates that the molecular chain is oriented
along the melt flow direction, caused by the orientation of the
chain segment in the PF direction, and this orientation is pre-
served due to the relatively lower melt temperature. This conclu-
sion is corresponding to the results of the birefringence because
the molecular segment orientation and the stretch deformation of
the molecular chain network are both caused by melt flow and
cooling freezing. Therefore, at lower melt temperature, the orien-
tation of the molecular segments is directional, which cause a
decrease in elongation at break and an increase in tensile stress
under small strain along the flow direction. Due to the influence
of low mold temperature, the orientation degree of molecular
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Figure 13. The WAXS intensity in the pole figure cut through the maximum of the amorphous halo with the melt temperature of 160 and 180 °C, respec-
tively. ¢ = 0 is on the meridian. VF means spline cutting direction is perpendicular to the melt flow direction and PF means spline cutting direction parallel
to the melt flow direction. Numbers 1-4 indicate the testing point. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 14. The Herman’s factor, f,(P) which computed from Figure 13
with the melt temperature of 160 and 180 °C, respectively. VF means verti-
cal direction to the melt flow while PF is parallel direction. [Color figure
can be viewed at wileyonlinelibrary.com]

chain segment in the surface layer was the largest, and the core
layer melt was rearranged in the cooling stage due to its relatively
slower cooling rate. Therefore, the results showed that f,, (1) was
the smallest and f,, (4) was near to zero. When the melt tempera-
ture was 180 °C, the orientation degree of the molecular chain
was similar in both PF and VF direction at all testing points
except the Point 1. This may due to the higher melt temperature
facilitates the molecular segment rearrangement of the core layer,
therefore, the orientation of the molecular chain in the core layer
was weakened and the f,,(P) values became almost the same for
the testing points of 3 and 4.

Evolution Model of Microstructure

Through the characterization and analysis of the microstructure
of TPU at different scales, the mechanism of the melt tempera-
ture influence on the microstructure was clarified, and the
corresponding model was established as shown in Figure 15. Due
to the higher viscosity of the melt at 160 °C, the higher shear
force would like to induce higher molecular chain orientation
along the melt flow direction than that obtained at 180 °C, as
shown in Figure 15(a,d). The molecular chain orientation has
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Figure 15. Schematic picture of the structure development of the TPU molded at different melt temperature. (a—c) The structure development process at
the melt temperature of 160 °C, and (d-f) the structure development process at the melt temperature of 180 °C. PF means parallel to the melt flow direc-

tion. [Color figure can be viewed at wileyonlinelibrary.com]

mostly been frozen during the cooling stage of the melt when the
melt temperature is 160 °C while some relaxation would happen
for the melt temperature of 180 °C proved by the birefringence
and WAXS results, as shown in Figure 15(b,e). This is because
the higher viscosity and lower melt temperature make the free
movement of molecular chain difficult at lower melt temperature.
As the temperature decreases, the compatibility of the soft seg-
ment and the hard segment decreases and the hard segments
begin to agglomerate into hard domains under the action of
intermolecular force and hydrogen bond force. Finally, a rela-
tively stable microphase separation formed.
According to the theory of fold-chain fringed micellar grain
model, the molecular chains in the ordered region are arranged
approximately parallel. Therefore, the hard domains are oriented
along the VF direction because the molecular chains are arranged
along the direction of melt flow, as shown in Figure 15(c), which
can be confirmed by the SAXS results. Due to the relaxation of
the molecular chain and chain segment when melt temperature is
180 °C, the orientation arrangement of the hard domains and the
stretching deformation of the molecular chain network are no
longer obvious, as shown in Figure 15(f), corresponding to the
results of the birefringence and SAXS.

structure is

CONCLUSIONS

This article investigated the effects of melting temperature on the
microstructure and tensile properties of TPU sheet after injection
molding process. Through a systematic study, the effect of melt
temperature and melt flow direction on the tensile properties and
microstructure was measured and analyzed. The following con-
clusions can be drawn:

1. The tensile properties of the TPU specimens exhibit anisot-
ropy with the melt temperature of 160 °C. In parallel direction
of melt flow, the specimen does not show a visco-hyperelastic
behavior, but the tensile stress at given elongation is higher
than that in other directions. However, in the vertical

direction, the tensile strength and ultimate elongation at break
are higher, and the strain-hardening phenomena are observed.
As the melt temperature increased, the tensile properties tend
to be consistent in both directions.

2. The molecular chain network undergoes deformation in paral-

lel to the direction of melt flow proved by the results of bire-
fringence. When the melt temperature is 160 °C, the large
stretching deformation of the molecular chain network causes
a great difference in the elongation at break in two directions,
which is opposite to 180 °C melt temperature.

3. The results of SAXS and WAXS further explain under the

160 °C melt temperature, the oriented molecular segments in
the melt flow direction results in the higher the tensile stress
at given elongation, and the higher orientation of hard
domains in the perpendicular direction to the flow direction
caused the strain-hardening phenomena. As the melt tempera-
ture increased, the microstructure of specimens tends to be
isotropic, which corresponds to the change of tensile proper-
ties. The results also prove that the injection molded samples
have a distinct skin-core structure and TPU molecules near
the surface layer orient higher than the core layer.
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