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ABSTRACT: The relationship of deformation-induced phase transition and orientation distributions of polyamide 12 in necking region
is studied by in situ Fourier transformation infrared microspectroscopic imaging (FTIRI) under uniaxial tensile test. With the detec-
tion of an area of 250 X 250 um* with 4096 Fourier transformation infraredspectra, the absorption distributions of crystal (1064
cm~ ' band) and amorphous (1028 cm ™' band) phases with radiation polarized parallel and perpendicular to tensile direction are
obtained, and the spatial orientation distributions in necking region as well as the yielding properties during necking propagation are
analyzed. The results show that the crystal and amorphous are highly oriented and the spatial distributions are correlated with the
necking propagation. The phase-transforming characteristics show that part of amorphous phase transforms to crystal phase and part
of y phase transforms to transient o/’ phase in the necking region, which are also correlated with the necking propagation and draw-
ing ratios. All these behaviors occur in the plastic deformation stage, which show a close correlation between the mechanical response

and the structural evolution during uniaxial tensile deformation. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40703.
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INTRODUCTION

Nylons are important engineering materials and widely used in
industry because of their excellent properties such as high-impact
resistance, good mechanical properties, thermal stability, and
good toughness.'™® The studies show that the hydrogen bonds
constituted in the neighboring molecular chains, play the most
important role in determining the crystal structures and the prop-
erties of nylons.”™" Deformation-induced crystal transformation
is a common behavior of polyamide family and also play impor-
tant factors on nylon properties.'’>*' Many studies have given
detailed views of crystal transition properties and the main efforts
are to establish the relationship between mechanical behaviors
and deformation-induced orientations and phase transitions. For
example, Starkweather et al.?* studied the mechanical properties
and crystallinity of PA 66 under uniformly tensile deformation at
room temperature and found part of crystalline transformed into
fiber structure with high orientation, Na et al.,”** Pierron
et al,” and Vasanthan®® observed that a great part of f phase of
PA 6 transited into o phase under uniaxial drawing.

Similar to other semicrystalline polymers, PA12 also shows
crystal-to-crystal transformation and necking properties under
tensile deformation.””*® For PA12, there has four different crys-
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tal phases denoted as o, y, o and 7’ forms which depend on
crystallization conditions while y form is the most common
form with a hexagonal or sometimes pseudohexagonal packing
with four repeating monomer unites, and is characterized with
a strong diffraction peak with d spacing around 0.41-0.42 nm.
The o form belongs to monoclinic system, which gives two dif-
fraction peaks with d spacings of about 0.37 and 0.45 nm and
can be obtained under the following conditions: crystallization
or casting from solution, drawing just below the melting point,
or crystallization under high pressure. The o form can be
observed near the melting temperature of PA12, which charac-
terized by two diffraction peaks in wide angle X-ray scattering
(WAXS), and are closer to each other than those of o phase.
The 7" form has a similar WAXS pattern as that of y form,
which can transform to o phase through thermal treatment

under pressure.”*™"

Studies show that deformation-induced phase transition of
PAI12 is a complicated process. Ishikawa et al.”” observed y to o
partial transformation in PA12 by drawing near the melting
temperature, and the productions were highly relative to the
drawing ratios and experimental temperatures. Our group?’ also
studied the crystal transition properties of PA12 during drawing
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and found that y phase transforming to transient phase by
drawing. Further studies showed that the transient phase finally
transform to )’ phase with continuously drawing above the glass
transition temperature. Bai et al.’' studied the deformation-
induced phase transitions of PA12 in its segmented copolymers
with polytetrahydrofuran at different temperatures and also
indicated that y form transform to transient form. These give
detailed evidences of phase transition processes of PA12 during
tensile deformation and help to understand the mechanical
characters and crystal-to-crystal behaviors of semicrystalline
polymers.>*>* Nevertheless to our knowledge, some studies
continually concern on the relationship of crystal and amor-
phous spatial orientation distributions as well as the crystal
transition in necking region during tensile deformation, which
can provide direct evidences of the relationship of the mechani-
cal characters and their superstructures of polyamide family.

In this work, the relationship of spatial orientation distribu-
tions and the crystal transition of PA12 in necking region dur-
ing tensile deformation is studied in situ combining with a
homemade miniature tensile tester and Fourier transform infra-
red spectroscopic imaging (FTIRI). FTIRI has the advantages in
detecting the amorphous orientation as well as crystal orienta-
tion in microzone, which provides a valuable tool for studying
the relationships of the orientation distributions and phase-
transition behaviors of polymers in necking region, and gives a
direct correlation between mechanical behaviors and structural

evolution.>>™°

EXPERIMENTAL

Material and Sample Preparation

PA12 granules used in the experiments are kindly supplied by
Evonik Degussa with trade name of L 1600. The glass transition
temperature and melting point are about 40 and 178°C, respec-
tively. The PA12 was dried in vacuum at 65°C for 12 h and
then compressed to a film with thickness about 96 pm by a
compression molding at 185°C for 10 min and then erasing
thermal history at 190°C for 5 min at nitrogen atmosphere. The
films were cooled down to room temperature naturally and
then cut into rectangular-shaped specimens with length and
width of 12 and 3 mm, respectively, for uniaxial tensile test.

Tensile Test and In Situ FTIRI Measurement

A homemade miniature tensile tester combined with FTIRI was
used to carry out the tensile test as described elsewhere.’
Briefly, the rectangular-shaped samples are mounted between
two clamps of the tensile tester, which then is installed on the
sample platform of FTIRI. During the experiments, the PAI12
films were drawn with a constant tensile speed of 0.03 mm/min
at 25+ 0.3°C. Because of the low elongation speed as well as
the synchronized movement of the two clamps, the test can be
treated as quasistatic process, during which the sampling region
of FTIRI keeping relatively static.

In situ FTIRI measurements were carried out with an IFS66v
Fourier transformation infrared (FTIR) spectrometer, an infra-
red microscope (HYPERION 3000), a 64 X 64 (4096) mercury
cadmium telluride Focal Plane Array (FPA) detector and a Spe-
cac KRS5 polarizer. With the FPA detector, it allows to measure
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Figure 1. (a) The necking optical morphology of PA12 film after stretch-
ing and the sketch of selected zone for average orientation evolution in

1150

necking region, the scale bar is 50 um, (b) the engineering stress—strain
curve, and (c) corresponding FTIR spectra of Point I, II, and III in the
fingerprint range of 1200-900 cm™'. The black and dash lines are spectra
with radiation polarized parallel and perpendicular to tensile direction,
respectively. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

4096 FTIR spectra in an area of 250 X 250 um® simultaneously
in transmission mode with a spatial resolution of 4 X 4 um *
and spectral range of 4000-800 cm™'. With spectral resolution
of 4 cm™', the 4096 spectra can be collected with 128 scans
within 3.5 min. These spatial and time resolutions are well suit-
able to follow the spatial and time evolutions of the orientation
distributions during tensile test.
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Figure 2. Engineering stress—strain curve and corresponding selected 2D crystal orientation distribution images of PA12 with different strains in the

necking region. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

For quantitative estimation of orientations, the intensity distri-
bution images of interested absorption bands are obtained by
integrating the heights of the corresponding peaks, and then the
effect of anisotropy on a particular absorption band in infrared
spectrum is defined as the dichroic ratio R:

R=A\|/AL (1)

where A| and A, are the integrated absorbance measured with
radiations polarized parallel and perpendicular to the tensile
direction, respectively.

Then, the degree of orientation f of crystal and amorphous can
be further calculated by eq. (2)*

80 —gpn_ 160
Y(jum) P sox (Bm)

Y(}uggl 8}\- 80

f=(R=1)/(R+2) 2
As the spectra are taken with polarized infrared radiation, the
structural absorption is calculated with Ay=(Aj+2A)/3.
The crystallinity is estimated via a comparison of Ay and
Aamorphous with €q. (3))

Acrysta.l

X. X 100% (3)

v Acrystal +Aamorphous
RESULTS AND DISCUSSION

Spatial Orientation Distributions
Figure 1(a) is the necking propagation front viewed by optic
microscope, and the corresponding engineering stress-strain
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Figure 3. The selected 2D amorphous orientation distribution images of PAI2 film with different strains in the necking region. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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different drawing ratios are measured. Because the bands at 946,
980, and 1064 cm™' are associated with the crystalline phase,
while the bands at 1026 and 1160 cm™ " are associated with the
.:;3 amorphous phase.* ™ As 1064 and 1026 cm™' show strong
g dichroism, the vibrational bands at 1064 (CONH in-plane
= deformation) and 1026 cm ' (skeletal motion involving
g CONH) are assigned as crystalline phase and amorphous phase
5 for analyzing quantitative behaviors of the uniaxial orientation,
respectively. Because the absorption is the strongest with radia-
tion polarized parallel to chain axis,** the intensity of the
' : ' absorption bands at 1064 and 1026 cm ™' with radiation polar-
0 80 160 240 ized parallel (the black line) to tensile direction is larger than
Position(um) that in perpendicular direction (the dash line). With the equa-
tions (1) and (2), the dichroic ratios of 1064 and 1026 cm '
0.4 (b) bands, Rjpss and Rypas, and the degree of orientation f of crystal
— and amorphous can be calculated, respectively.
‘:;0_3. v ‘;""'}""""‘-":‘-"-"—-‘:':"” Dgi The engineering stress-strain curve and the corresponding
L= O B . 1' 4 selected two-dimensional (2D) crystal, amorphous orientation
..2 0_2_* AN T 1'0 distribution images with different strains during necking initia-
2 v 0' tion, and propagation are shown in Figures 2 and 3, respec-
(o] BT, + o tively. To give a close look at the changes of the axial
0.1 ¥ distributions of crystal and amorphous orientations with differ-
WWWW% ent strains during tensile deformation, the orientation parame-
0.0+ ters are averaged over all the 64 points perpendicular to the
: Sb I(;O 240 tensile direction, which produce one-dimensional (1D)
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Figure 4. Average distributions of crystal (a), amphorous (b) orientations, Wavenumber(cm )
and corresponding fo/fam (c) of PA12 film in the necking region along
the tensile direction. [Color figure can be viewed in the online issue, 6 (b)
which is available at wileyonlinelibrary.com.] 936 band appearence

curve in the tensile deformation is shown in Figure 1(b). The
infrared spectra in the fingerprint range (1200-900 ¢cm™') of
the three selected zones in the necking region are listed in Fig-
ure 1(c). From the picture of Figure 1(a), the small spherulitic
feature of the starting sample can be seen (the left side), while
oriented fibrillar feature is observed in the right side. The small
size of spherulites in the initial sample is an advantage for anal-
ysis, so that it can be treated as a homogeneous system with a
resolution of several micrometers.

To construct the spatial distributions of crystal and amorphous
orientations of PA12 during uniaxial stretching, FTIR spectra
with radiation parallel and perpendicular to tensile directions at
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Figure 5. The 1160 cm ™' amorphous (a) and 946 cm ™' crystal (b) FTIR
spectrum bands of the selected zone during tensile deformation, the small
dashed line is corresponding to the yielding point.
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Figure 6. The crystal spectral band and the fitted 946 and 936 cm™
bands at different strains, the black curve is the original crystal band, the
small dot curve is 936 cm™ ' band while the dash line is 946 cm™ ' band.
(a) e=1.0, (b) e=5.1.
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orientation distributions along the neck propagating direction
(as presented in Figure 4). The figures reveal that, at beginning
the uniaxial deformation, the crystal orientation distributions
are almost uniform with a value of about zero, which show that
the film is isotropic at the beginning of stretching. When reach-
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ing at the yielding point, there has an increase of the crystal ori-
entations (about 0.1 with strain of 0.7) but the whole images
also show a rather uniform distribution. After passing the yield-
ing point, there has a slightly decrease of stress and, then, neck
forms, and the corresponding 2D distributions of crystal orien-
tations become nonuniform. The average crystal orientation
increases quickly up to 0.25 with strain of 1.0 in the necking
region, while the non-necking region still keeps a relative low
orientation. With strain increasing, the crystal 2D orientation
distributions in the image increase and finally almost show a
uniform distribution. The average orientation finally almost
reaches to a plateau of 0.6 with strain of 4.9 as the necking
region expanding to the whole detected region.

The amorphous orientation 2D distributions almost show same
trends as the neck propagating into the observed region. How-
ever, the changes of amorphous orientation distributions show
a little difference compared with that of crystal orientation.
After increasing to the maximum about 0.46 with strain of 3.6,
there has a slight decrease of amorphous orientation with strain
increasing and the necking region expanding to the whole
detected region, and finally about to 0.41 with strain of 4.9,
which has about 0.05 decrease compared to the maximum
amorphous orientation.

To evolute the relationship of crystal and amorphous orienta-
tion distributions under tensile deformation, the average crystal
and amorphous orientations (fc./fam) ratios of the detected
region along the tensile direction are calculated for analyzing
the changing trends directly [presented in Figure 4(c)]. The fig-
ures reveal that the orientations of crystal and amorphous
phases increase mainly in the necking region. Once the neck
propagating into the detected region, the crystal and amorphous
orientations increase dramatically. The ratios of fo/fym also
shows a quick increase, which may reveal that crystal orienta-
tion increasing is quicker than amorphous orientation increas-
ing during neck initiating and propagating. As the neck
expanding to the whole observed region at high strains, fo./fam
increases almost linearly. The results indicate that crystal and
amorphous orientations increasing are not synchronous and
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Figure 7. The selected 2D crystallinity distribution imagings of 7 phase (a) and «” phase (b) in the necking region. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. The selected average crystallinities of o” phase (a), y phase (b) and ratios (C,/C,) of o’ and 7 crystallinities with different drawing ratios dur-

ing necking propagation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

amorphous orientation increasing is more slowly than crystal
orientation increasing at high strains. The possible reasons are
that amorphous phase transforms to crystal phase, which con-
sumes oriented amorphous and lead to a reduction of amor-
phous orientation besides the highly oriented crystal chains
along the tensile direction lead to a reduction of stress and
causes amorphous chains to relax and lose part of initial orien-

o " crystallinity
UOIBIUDLIO [RISAID)

o " crystallinity
uonejualio snoydiowry

Position(pum)

Figure 9. The changing trends of average o/’ crystallinities compared with
average crystal, amorphous orientations. (a) is o’ crystallinity compared
with crystal orientation and (b) is o crystallinity compared with amor-
phous orientation. The units of Y-axes are relative units just for compar-
ing the changing trends. (O: Orientation, [ o phase crystallinities).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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tation. The changes of orientation distributions reflect the
kinetic process during necking propagation with time and indi-
cate the relationship of amorphous phase transforming to crys-
tal phase, which is coincident with the observation in
stretching-induced recrystallization of polymer such as isotactic
polypropylene.**

Deformation-Induced Phase Transition

Like other semicrystalline polymers, there also shows crystal-
to-crystal transition in PAI12 film during tensile deforma-
tion.”>?! Because 7 phase is the most stable form in the film,
and the whole tensile experiments were done at room temper-
ature, the most crystal phase in the sample at first is y phase,
which is verified by the FTIR spectra as shown in Figure 5.
For undeformed PAI12 samples, the 946 cm ™' band (CONH
in-plane deformation) in the spectrum belongs to the y phase
while 1160 cm™' band (Skeletal motion involving CONH
deformation) belongs to the amorphous phase.*? Because there
have large numbers of hydrogen bonds and some are perpen-
dicular to the stretching direction, these cause the two bands
not showing strong dichroism. Because the two bands show
strong infrared absorption behaviors and are easy to find the
shape changes during tensile deformation, the 946 and 1160
cm~ ! bands are selected for crystal-to-crystal transformation
analysis.

After giving a detailed analysis of the spectra in the fingerprint
region (1200-900 c¢cm™'), there have not any changes of the
amorphous band at 1160 cm™' during whole tensile deforma-
tion (the band intensities decreasing mainly come from the
sample thinning during drawing), but the crystal band at 946
cm”~ ! shows with certain complexity during the process. In the
elastic region (as shown the fast increasing region in the engi-
neering stress—strain curve [Figure 1 (b)], there can not find
any changes of the crystal band. After yielding (the correspond-
ing spectrum is denoted with the short dash line), a small
shoulder at 936 cm ™' appears, which belongs to the CONH in-
plane deformation of o phase and means that other phase with
structures similar to o phase forming during tensile deformation
in plastic stage. Because o crystal in PA12 forms under deforma-
tion at temperatures close to the melting point, we can not
directly assign this deformation-induced phase as o crystal. Fol-
lowing X-ray diffraction results of our early work, the new
phase is denoted as o crystal.*>*!
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Figure 10. Schematic diagrams of the deformation process under uniaxial stretching. The morphology before stretching (a) during stretching (b), and

the final stable morphology (c). N represents new form crystal, S represents slipping crystal, M (with red lines) represents melting crystal, and H repre-

sents orientated crystal. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Considered that the overlap with 946 cm ™', a lorentzian fitting is

adopted to obtain the real intensity of 936 cm™' band with Mat-
lab software. To simplify the analysis, we assume that the infrared
absorption coefficients of y and o crystals are same, then the val-
ues of the contributions of the y and o crystals can be calculated
using the integrated intensities of fitting curves of the two crystals
of A, or Ayr /(Acystal + Aamorphous )» Where Acrysear is the integrated
intensity of y and o’ crystal band. The fitting curves with differ-
ent strains are shown in Figure 6. The estimated y and o crystal-
linities in 250 X 250 um?* microzone in the necking region can be
calculated and the corresponding selected 2D crystallinity images
and average distributions along the neck propagating direction
can be obtained (as shown in Figures 7 and 8). Because there
almost have no changes of the crystal spectral band under defor-
mation in the elastic region, no new crystal phase is considered to
form during this period. But after yielding (¢ > 1.0), a new small
936 cm™ ! shoulder appears and the intensities increase with the
strain increasing, which means that o’ phase begins to develop in
plastic deformation stage.

The 2D distributions of &', y crystallinities and average o, y crys-
tallinities in the necking region along tensile deformation are pre-
sented in Figures 7 and 8. The figures indicate that, o’ phase
mainly forms in the necking region, the new phase distribution
expands as the neck propagating and the crystallinities increase
with strain increasing. At the same time, the y crystallinities show
opposite changes as the neck propagating during drawing. There
have about 2.3% of maximum o« crystallinities increasing and
about 3.4% of maximum 7 crystallinities decreasing in the
detected region during tensile deformation. The difference of o,
y phase changing is that o’ crystallinitiy continuously increases
while 7y crystallinity almost keep in a constant at high drawing as
the neck expanding to the whole detected region. The results
reveal that y transits to '’ phase during neck initiating and prop-
agating and also other phases transform to crystal phase in plastic
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deformation stage, which compensate part of consumed 7y phase.
The average ratios of C,//C, also show the same crystal changing
trends in the necking region.

To evaluate the correlation of y and o phase transformation
during tensile deformation, the average changing trends of o
crystal compared with the crystal and amorphous orientations
in necking region are presented in Figure 9 (a,b). In the figures,
o’crystallinities and crystal orientation distributions are almost
uniform before neck initiating. When neck forming and propa-
gating (strain > 0.7), o crystal increasing is almost consistent
with that of crystal and amorphous orientations in the necking
region. The faster the crystal and amorphous orientation
increases, the more the phase transition occurs. The difference
of amorphous and crystal increasing is that there has a slight
decrease of amorphous orientation while crystal orientation
continuously increasing at high strains.

As discussed above, amorphous phase will transform to crystal
phase during tensile deformation, and the calculated y and o
crystallinities also reveal that y phase decreasing more slowly
than o phase increasing at high-drawing ratios, which indicate
that the probability of amorphous phase transforming to y
phase is larger than that of amorphous phase to o phase, and
the new forming y phase compensates part of the one trans-
forming to o phase, thus the y phase decreasing to the plateau
is earlier than o’ phase increasing to the plateau. Because there
have large amounts of hydrogen bonds between the ) sheets as
well as inside the y crystals and the hydrogen bonds between
the y sheets may directly bear the load,*> new phase could not
be developed in the early elastic stage.

In the studies, we discuss that the transient o'’ form is always
produced in plastic deformation stage and our group has also
proved that the appearance of o’ form mainly be caused by
martensitic transformation of y crystal.”® But the crystallinities

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40703
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of o' phase can not increase unlimitedly and finally almost
reaches to a plateau as the strain increasing, we can indicate
that o form is unstable and will transform to mesomorphic
state during tensile deformation. The results show that the
yielding and necking behaviors of PA12 are strongly correlation
with the phase transition processes by various deformations of
the crystal and amorphous regions.

The experimental results reveal that there has a distribution of
crystal and amorphous orientations along the tensile direction
and the crystal orientation increases faster than the amorphous
orientations during neck initiating and propagating. Also tensile
deformation can induce crystal-to-crystal and amorphous-to-
crystal transitions in plastic deformation stage. A schematic
illustration of this process is presented in Figure 10. The start-
ing sample has an isotropic morphology, where lamellar stacks
and interstacks construct a 3D network to sustain stress during
tensile deformation [Figure 10 (a)]. During necking propaga-
tion, parts of crystals are damaged either through crystal slip or
melting, while large numbers of crystals change their orientation
through rotation. Because the structures in amorphous region
are more incompact and the hydrogen bonds in the region are
more dynamic than those in crystal region, these cause crystal
orientations increasing faster than amorphous orientations
increasing during neck initiating and propagating [Figure 10
(b)]. With the strain continually increasing, the crystal and
amorphous phases are highly orientated. Meanwhile, some dam-
aged y phase will transform to o’ phase as well as amorphous
phase transform to crystal phase [Figure 10 (c)].

CONCLUSIONS

The yielding and necking properties as well as the orientation
distributions of crystal and amorphous phases are studied by in
situ FTIRI technique. The studies show that part of amorphous
phase transforms to crystal phase during tensile deformation
and the new crystal phase with structures similar to o phase
develops during neck propagating, there has a quick increase of
the crystal and amorphous orientation distributions in the
necking region and the distributions expand with the neck
propagating. All these indicate that mechanical responses and
superstructures of polymers correlate directly with phase transi-
tion and necking propagation during tensile
deformation.

uniaxial
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