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Micromechanism of a deformation process
before crazing in a polymer during
tensile testing
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Polymers are popularly used for housing and parts of machines and equipment. However, their
mechanical properties, especially the deformation process, have not been clarified. During
tensile testing, crazes are thought to be a source of microcracking and fracture, but the
relation between the craze formation process and the deformation process before crazing is
not understood. In the present work, scanning acoustic microscopy and X-ray diffraction were
used to investigate the micromechanism before craze formation in polymethyimethacrylate
(PMMA) and polycarbonate (PC). The velocity change of the surface acoustic wave and
X-ray diffraction intensity indicated that molecular orientation occurred in a very small area
from early stages of plastic deformation. From the results it was thought that texture was
heterogeneous and anisotropic in a very small area, the shape of the area was spheroidal with
a longer radius in the direction perpendicular to the applied stress, and the molecular chain in
the area was oriented parallel to the stress axis. The area is thought to increase with increasing

plastic strain.

1. Introduction

Although polymers are commonly used for housing or
parts of machines and equipment, they have not been
used for parts requiring reliability, because their mech-
anical properties, especially the deformation process,
are not well understood.

When the fracture process of a polymer during
tensile testing is considered, crazes are thought to be a
source of microcracks and fracture [1-3]. The crazes
are easy to detect optically. However, the micro-
mechanism of the deformation process before crazing
is not understood, because of the difficulty of detection
and observation.

It is thought that acoustic properties, which are
reflected in the elastic modulus, defect size, density,
molecular orientation, etc., should vary in the hetero-
geneous area according to the stress or strain present.
Therefore, scanning acoustic microscopy provides
quantitative information of the acoustic properties
nondestructively and without contact with the mater-
ial [4, 5].

In the present study, polymers of polymethylmetha-
crylate (PMMA) and polycarbonate (PC) were tested
to investigate the micromechanism of deformation,
with the purpose of clarifying the micromechanism
before crazing during tensile test deformation by scan-
ning acoustic microscopy (SAM) and X-ray diffraction
(XRD) on PMMA and PC.
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2. Experimental procedure

2.1. Materials and tensile specimens
Commercially available PMMA (80N) and PC
(52000) were used in this study. Both materials are
thermoplastic and amorphous polymers. The mechan-
ical properties of the materials used in this study are
given in Table I, and Fig. 1 shows the dimensions of
the specimen used. Specimens were prepared by injec-
tion moulding to obtain a surface smooth enough for
SAM observation.

TABLE I Mechanical properties of the polymers tested

PMMA PC
Specific gravity 1.19 1.20
Tensile strength (MPa) 72.0 60.0
Modulus of elasticity (GPa) 34 2.3
Deflection temperature (°C) 89 145
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Figure 1 Shapes and dimensions (mm} of test specimens.
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2.2. Tensile testing

Tensile tests were performed using a closed loop
servohydraulic tensile test machine, under a strain rate
of 3x107%s7 1, at 25°C and a relative humidity of
55% (RH). The elongation of the specimen was meas-
ured during tensile testing by a clip gauge attached to
the gauge length part of the specimen. The specimen
was deformed until some pre-set strain, then unioaded
for SAM observation and XRD measurement.

2.3. SAM observation and XRD measurement
Measurement of the surface acoustic wave (SAW)
velocity by SAM (HSAM-1000S Hitachi} was per-
formed on two kinds of specimen, pre-strained and
virgin. On SAM, it has been found that the output of a
piezoelectric transducer varied markedly with dis-
tance between the acoustic probe and the specimens
[6, 7]. The relation between this output and the
distance was called the V(z) curve. It has been pointed
out that a reflection acoustic microscope enables
acoustic properties to be determined in solid mater-
ials. The characteristics of the periodicity of the dips
on the V(z) curve have been reported [8]. The results
of measuring the dip interval depended on the mater-
ial; it was uniquely and strongly related to the charac-
teristics of solid materials. The dip interval is also
closely related to the Rayleigh surface wave velocity
on the specimen surface. Furthermore, by using a
convergent anisotropy acoustic lens, the system can be
applied for detecting the acoustic properties that re-
flect crystallographic anisotropies [5, 9].

In this experiment, the propagating velocity of SAW
in the direction perpendicular or parallel to the ap-
plied stress on the surface, was measured using a
convergent anisotropy acoustic lens. For the virgin
specimen, the propagating velocity of SAW on the
surface was measured using a point focus acoustic
lens. The measured velocity was, therefore, an average
value of all directions around the beam axis. All
measurements were performed at a frequency of
400 MHz, and carried out at the centre of the speci-
men gauge length by scanning a 4.0 mm x4.8 mm
area. We determined the velocity of SAW by analysing
the dip interval of the V(z) curve. For several kinds of
polymer, the mode of SAW has been reported to be
the leaky surface skimming compressional wave
(LSSCW) mode, and the velocity of the LSSCW was
close to the longitudinal wave velocity along the plate
[10, 11]. We describe the LSSCW velocity as the wave
velocity in this paper. The temperature of pure water,
used as the coupling mediurm between the acoustic
lens and the specimen, was also measured for car-
ibrating the measured velocity.

In order to measure the orientation in PC structure,
XRD (RAD-RC Rigaku) was employed [12]. The
measurement conditions are shown in Table IL

3. Results

3.1. Tensile testing

Stress—strain curves of PMMA and PC are shown in
Fig. 2. The stress increased gradually with increasing
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TABLE II XRD conditions

Characteristic X-ray CuK,
Tube voltage 50kV
Tube current 300 mA
Scanning speed 2°min~1!

Irradiated area 2 mm diameter
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Figure 2 Stress—strain curves of (a) PMMA and (b) PC. (. . .)Elastic
deformation obtained by elastic modulus.

strain in both materials, as shown in Fig. 2. The
boundary between the elastic and plastic deformation
area is not clear. Dotted lines are the elastic deforma-
tion lines obtained from the elastic modulus. There-
fore, the results suggest that both materials show only
a little elastic deformation.

The difference in stress-strain curve characteristics
of PMMA and PC is that the PMMA specimen
indicated brittle failure, but the PC specimen indi-
cated ductile failure after initiation of necking. The PC
specimens for SAM observation were loaded under a
strain below 8%, which corresponded to the initiation
of necking.

After tensile testing, the surface behaviour of the
pre-strained specimen was observed by optical micro-
scopy. Fig. 3 shows PMMA (plastic strain 2.4%), and
Fig. 4 shows PC (plastic strain 2.8%). Stress was
applied in the allowed direction. In both figures, many
crazes ran in a direction perpendicular to the applied
stress. In PC, some crazes had shear bands at their
ends.
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Figure 3 Optical micrograph of PMMA after applying 2.4% plastic
strain. The loading direction is indicated by the arrow.

Figure 4 Optical micrograph of PC after applying 2.8% plastic
strain. The loading direction is indicated by the arrow.

3.2. SAM observation and XRD measurement
The distribution of reflected signal intensity obtained
in the X-Z mode by SAM on virgin specimens of
PMMA and PC is shown in Fig. 5. The vertical
direction indicates the direction of specimen depth, the
horizontal direction indicates the direction aiong the
specimen width. In the figures, the brightest horizontal
line corresponds to the reflected signal from the speci-
men surface. Fig. 5 shows the periodicity of the signal
intensity along the vertical direction. Therefore, tex-
ture was thought to be homogeneous for both speci-
mens. From the distribution results, V(z) curves were
obtained and wave velocity was determined from the
dip intervals of the ¥(z) curves.

Wave-velocity measurement by SAM was per-
formed in pure water. Therefore, the effect of water
absorption on wave velocity should be clarified.

Specimen
surface

Specimen
surface

Figure 5 Typical results of x—z mode in PMMA and PC. The
vertical direction indicates specimen depth; the horizontal direction
indicates specimen width. The brightest horizontal line corresponds
to the reflected signal from the specimen surface.
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Wave-velocity change was measured during absorp-
tion in pure water. Fig. 6 shows relation between wave
velocity and time in water. The effect of water absorp-
tion is negligibly small for the materials up to 10h
immersion in pure water. Therefore, the measurement
of wave velocity was performed within this time.
However, over 1000 h in water, the wave velocity
changed considerably in both materials [13].

The relation between wave-velocity change and
plastic strain found by using a convergent anisotropy
acoustic lens is shown in Fig. 7a for PMMA, and
Fig. 7b for PC. The vertical axis indicates wave-
velocity change normalized by the wave velocity on
the virgin specimen. The wave-velocity change of
SAW in a direction perpendicular or parallel to the
applied stress is shown. The horizontal axis indicates
plastic strain. The results of wave velocity on virgin
specimens measured using a convergent anisotropy
acoustic lens and a point focus acoustic lens is shown
in Table II1. In Fig. 7a, the wave velocity in the direc-
tion perpendicular to the applied stress decreased
linearly with increasing plastic strain. However, the
wave velocity in the parallel direction hardly de-
creased. Therefore, the texture indicated anisotropies.
On the other hand, the wave velocity in the direction
perpendicular or parallel to the applied stress had the
same value. Further, the wave-velocity results meas-
ured by a line focus lens and a point focus lens were
almost the same as in Table IIL. Therefore, the texture
was isotropic on virgin specimens. The sense of the
results was the same in both PMMA and PC.

XRD measurements of PC revealed the relation
between plastic strain and diffraction intensity around
a diffraction angle at 20 = 17°. The diffraction profile
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Figure 6 Relation between LSSCW velocity and time in water.
(O) PMMA, (@) PC.
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Figure 7 Relation between relative velocity change and plastic
strain for (a) PMMA and (b) PC, (O) perpendicular and (@) parallel
to the applied strain.

TABLE III LSSCW velocity on virgin specimens of PMMA and
PC

Direction Velocity (ms™1)
PMMA PC
Perpendicular 2674 2197
Parallet 2702 2217
Point focus 2643 2179

in the direction perpendicular or parallel to the ap-
plied stress was measured. Fig. 8 shows a typical
example of a diffraction profile obtained under 2.8%
plastic strain. A diffraction peak was observed at the
diffraction angle of 17°. Fig. 9 shows the relation
between plastic strain and relative intensity change in
the direction perpendicular or parallel to the applied
stress. The relative intensity change, K, was used to
avoid the effect of specimen thickness, and the relation
may be represented by

K = PE/PA (1)
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Figure 8 Typical example of the diffraction profile in PC (——) perpendicular and (-—-) parallel to applied strain. The plastic strain was

2.8%, and diffraction peak angle was 17°,
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Figure 9 Relative intensity change of the diffraction profile versus
plastic strain in PC.

where PE and PA are diffraction intensity in the
direction perpendicular and parallel to the applied
stress, respectively. The vertical axis indicates the
change in K, the horizontal axis indicates plastic
strain. With increasing plastic strain, the relative in-
tensity change, K, increased linearly.

4. Discussion

It is known that the micromechanism of deformation
before crazing in amorphous polymer during tensile
testing is as follows. Molecular chains are not oriented
on virgin specimens, as shown schematically in
Fig. 10a. Therefore, the texture is thought to be homo-
geneous and isotropic. If we assume in the micro-
mechanism that texture is anisotropic and homogen-
eous, as shown in Fig. 10b, molecular chains should
orient gradually with increasing stress.

According to the XRD results, the diffraction in-
tensity in the direction perpendicular or parallel to the
stress applied was almost the same on virgin speci-
mens. With increasing plastic strain, the relative

{a) (b)

Figure 10 Schematic figures showing the micromechanism of the
deformation process before crazing, assuming the texture is homo-
geneous and anisotropic. (a) undeformed, (b) deformed.

intensity change increased linearly. In Fig. 9, the res-
ults suggest that some molecular chains are oriented
linearly to the plastic strain in the direction parallel to
the applied stress. Here, we should note that the
diffraction intensity is influenced by orientation and
crystallization. PC is an amorphous polymer, and
thermal hysteresis was not applied in this study.
Therefore, it is considered that the diffraction intensity
is almost dependent on the orientation of the molecu-
lar chain. Therefore, the results of XRD measurement
agree well with the assumption of Fig. 10.

On the other hand, from the results of wave-velocity
measurement by SAM, the wave velocity in a direction
parallel to the applied stress decreased with increasing
plastic strain. The velocity in the perpendicular direc-
tion decreased only slightly compared to others. In
general, the longitudinal wave velocity, V, along a

plate is represented by
Vo =E/[p(1 — v]1'* )
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where E is the elastic modulus, p the density, v is
Poisson’s ratio [14]. In order to decrease wave velo-
city in the direction parallel to the applied stress, the
elastic modulus must decrease, or the density must
increase, from Equation 2. However, the elastic modu-
lus in the parallel direction ought to increase because
of the oriented molecular structure. If the density
increases, the wave velocity should decrease in both
directions. Therefore, the results of wave-velocity
measurement are in contradiction with the assump-
tion of Fig. 10.

Now, we propose another assumption in the micro-
mechanism that the molecular chains will orient het-
erogeneously as schematically shown in Fig. 11a. It is
considered that an oriented fibril structure, which is
very similar to that in a craze, is constructed in a very
small area compared to the craze. This is thought to be
the embryo of crazing. In this area, the elastic modulus
will increase and the density decreases because of the
fibril structure. Thus acoustic velocity will be very
different from a non-oriented area. Therefore, acoustic
impedance becomes very high, and SAW should be
scattered or diffracted at a locally oriented area, and
SAW will propagate by a roundabout path through
the locally oriented area. Wave velocity should de-
crease because the propagation path of SAW in-
creases. However, these characteristics alone could
not explain the anisotropies of SAW velocity.

We now consider the shape of a locally oriented
area, for example, the embryo of crazing. Assuming
that the shape is spherical, the results of wave velocity
should be isotropic. Therefore, the shape is thought to
be spheroid with a longer radius in the direction
perpendicular to the applied stress, similar to the craze
shown in Fig. 11b. In this case, the propagating path
of SAW in the direction parallel to the applied stress
should increase, because SAW will propagate by a
roundabout path through the embryo of crazing. On
the other hand, the propagation path in the perpendi-
cular direction should increase slightly.

Referring to Fig. 7, the anisotropies of SAW velo-
city were observed from early stages of plastic defor-
mation. Therefore, embryo crazing is produced when
plastic deformation occurs, and the area develops

Fibril

(a) (b}

Figure 11 Craze embryo model of plastic deformation. (b) Magni-
fication of (a).
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further with increasing plastic strain. Finally, it may
be observed optically as a craze.

5. Conclusions

The micromechanism of the deformation process be-
fore crazing has been described using SAM and XRD.
Amorphous polymers PMMA and PC were used.
Material characterization was made by quantitatively
determining SAW velocity and XRD diffraction in-
tensity. The following conclusions were drawn.

1. From the results of the SAW velocity measure-
ment by SAM, the propagating velocity of the SAW in
the direction parallel to the applied stress decreased,
but the velocity in the perpendicular direction de-
creased only slightly. Thus the acoustic property indi-
cated anisotropies.

2. From the XRD results, the relative intensity
change was found to increase linearly with increasing
plastic strain. The results suggested that some molecu-
lar chains were oriented in a direction parallel to the
applied stress.

3. The micromechanism of the deformation process
before crazing is as follows. Molecular chains locally
were oriented in a very small area with increasing
stress. Therefore, the texture became heterogeneous
and anisotropic. It is considered that a fibril structure
is constructed in the locally oriented area, which are
thought to be embryo crazing.

4. The shape of the embryo crazing is spheroid with
a longer radius in the direction perpendicular to the
applied stress. The molecular chains of this area were
oriented parallel to the stress axis.

5. The embryo crazing was produced from the early
stages of plastic deformation, and developed with
increasing plastic strain.
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