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Abstract

This paper exhibits two subjects: one is the experimental results of macroscopic
relationship between the stress-whitening (the stress crazing) and mechanical proper-
ties, and between the stress-whitening and the dielectric constant with respect to
High Impact Polystyrene being one of micro-composite thermoplastics; other is
theoretical analyses of relationship between quantity of the craze and the bending
elastic modulus under the condition of presuming the matrix and the craze as an
elastic body, and of utilizing simplified model.

I. Introduction

When high polymer materials such as modified rubber, so-called micro-composite
thermoplastics, High Impact Polystyrene (HI-PS) resin and ABS resin are stressed,
an opaque whitening phenomenon occurs at a certain stress value. This phenomenon
is so-called stress-whitening. It has been described as a craze®"®, not a crack. The
craze does not consist of void, but of craze-matters orientating at right angle to the
major axis of the craze. The major axis of the craze agrees with direction of right
angle to the stress. It has been thought that such stress-whitening is highly localized.
C.B. Bucknall and R.R. Smith® think that the presence of rubber makes apt to occur
such crazing. The reason is that High Impact Polystyrene is tougher than Polysty-
rene (PS) resin. R.P. Kambour™'® describes the craze as being orientated-matrix it-
self and elastic modulus of the craze being lower than the value of the matrix’s,
nevertheless it behaves as an elastic body.

Therefore, with the thought that the crazed portion (the portion occuring the
stress-whitening) is elastic, this paper is a report on the results of investigation of
macroscopic relationship between the stress-whitening (the stress-crazing) and me-
chanical properties, and between the stress-whitening and dielectric constant with
respect to HI-PS by actual experiments, and the results are given of theoretical in-
vestigation with a simplified model of the relationship between quantity of the craze
and bending elastic modulus.

II. Test Specimen and Experimental Methods

1. For Investigation of Relationship between Stress-Whitening and Tensile,
Bending Properties

For test specimen, TOPOREX 830 sheet, 1 mm thick, manufactured by Mitsui-
Toatsu Kagaku Co., Ltd., was used. This product is a HI-PS containing rubber to.
improve resistance to impact.

To investigate the relationship between the mechanical properties of the material
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and the stress-whitening, it is desirable that the siress-whitening is distributed uni-
formly over the specimen. To achieve this object and to allow macroscopic observa-
tion of the occurence of the craze, the stress-whitening is brought about by applying
a tensile load. The tensile specimen is dumb-bell in shape. Mechanical properties
of the specimens were measured before and after the stress-whitening by a simple
support bending test. The bending specimen was a rectangular plate. In these
tension and bending tests, an Instron type universal Auto-Graph IS-2000 made by
Shimadze Seisaku-sho, Ltd., Kyoto, was utilized. In this paper, the nominal value
is used for the value of tensile stress in the tension test, The HI-PS of the speci-
men is tough and does not fracture in bendable region. Therefore, bending strength
is calculated from the following expression:

_3pl
S= 2wt?

Where S =bending strength, kg/mm?
P=maximum load in bending load-deflection curve given by bending test,
kg
| =distance between fulcrums, mm
w=width of the specimen, mm
t =thickness of the specimen, mm

2. For Repeating Test for Bending and Elimination of Stress-Whitening

For the test specimen, HI-PS TOPOREX 830 sheet, 1 mm thick, as used in the
preceding section, was used. The stress-whitening which had occurred disappeared
when the specimen was heated over the glass transition temperature. Therefore, for
investigation of mechanical properties of the specimen in which the stress-whitening
disappeared, the following tests were performed.

When bending test was performed by Auto-Graph IS-2000, the stress-whitening
occurred in the portion of the specimen pressed by loading wedge of the bending
apparatus. The bending specimen was a rectangular plate cut out of a bigger piece
of the matrix. After the bending test, the stress-whitened portion of the specimen
was heated over the glass transition temperature in an electric heating furnace to
eliminate the stress-whitening. In this test, the stress-whitening was eliminated at
100°C. By alternately bending and eliminating the stress-whitening, one obtains the
relationship between the bending strength and number of times for bending.

3. To determine Relationship between Stress-Whitening and Dielectic Constant

For the test specimen, an HI-PS is a rubber modified to improve its resistance

Permeant direction
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Fig. 1 Geometry of specimen for dielectric constant measurement,
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to impact, bar of so-called TOPOREX 850, manufactured by Mitsui-Toatsu Kagaku
Co., Lid., Tokyo, was used.

To determine the dielectric constant of material occurred the stress-whitening, a
tensile load was applied to a tensile specimen of dumb-bell type until the stress-
whitening occurred. An Auto-Graph 1S-2000, as used in the preceding test, was
used for applying the tensile load. The dielectric constant of the specimen was
measured before and after the stress-whitening occurred by microwave measurement
method®”. The geometry of the specimen for the dielectric constant measurement is
shown in Fig. 1. In this measurement, the instrument indicated in Fig. 2 was
utilized. The utilized microwave was 9375 MHz.

Fig. 2 Microwave-dielectric constant measuring instrument,

III. Experimental Results
1. Stress-Whitening under Tensile Load

To determine the relationship between tensile strain and the stress-whitening,
tension tests were performed. A specimen in which the stress-whitening was brought
about by tension is shown in Fig. 3. In this figure, it is recognized clearly that
most of the crazing runs at right angles to the direction of tensile stress. Fig. 4 is
an electron microscopic photograph which shows a microscopical part of the major
axis of the craze in Fig. 3. From Figs. 3 and 4, it can be seen that the stress-
whitening consists of many crazes and individual craze can not be found with the
naked eye.

The results of stress-strain curve are shown in Figs. 5 and 6. The curve in
Fig. 5 displays an average of the data. In Fig. 5, the stress-whitening can be ob-
served near the limit of elasticity, point (2). As the tensile strain increases over the
upper yield point (3), the area of stress-whitening expands and the stress-whitening
deepens with increase in strain, and if the strain continues to increase, the specimen
cracks and fractures. Growth of the stress-whitening (the craze) becomes remarkably
clear with increase in strain. In Fig. 6, the major axis of the craze becomes longer
and bigger with increase in strain. Moreover, with the strain increasing, among the
major axes of the craze are filled in the craze itself, the stress-whitening expands
and deepens all the more. Thus, the specimen becomes completely milky in colour
as (6) in Fig. 6 and the major axis of each craze can not be dicriminated with the
naked eye.
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Fig. 3 Specimen with stress-whitening
occurred by tension applying in
major axis direction.

4 Electron microscopic photo-
graph (X10,000) of HI-PS,
TOPOREX 830-02.
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Fig. 5 Tensile stress-strain curve.

Fig. 6 Relationship between stress-whitening and tensile
strain at 23°C, strain rate 1.25X10"*min.

Tensile stress-elongation curves showing the relationship between the stress-
whitening and temperature under various temperatures is shown in Fig. 7. The
photographic results of the test are exhibited in Fig. 8. It is shown Fig. 7 that the
yield point rises with decrease in temperature and densitive rate of the stress-whiten-
ing becomes also larger. That densitive rate of the stress-whitening is large is that
the orientated craze-matter becomes more with decrease in temperature at identical
strain and deep of the stress-whitening becomes also deeper. In Fig. 8, many major
axes of the craze can be observed with increased in temperature, i.e., the stress-
whitening of the specimen at lower temperature is deeper. Hence, these figures in-
dicate that temperature is also a factor in the stress-whitening. The stress-whitening
does not occur at 100°C which is over the glass transition temperature.

As above, consequently, it seems that the stress-whitening can be represented
qualitatively by parameters of strain, stress and temperature.

2. Relationship between Stress-Whitening and Bending Strength

For comparing bending strength of specimens before and after stress-whitening,



22 STRESS-WHITENING OF MICRO-COMPOSITE THERMOPLASTICS

- Tension speed 2.5 mm/min
E | |
.= 25
£ -20°C
e
(=]
> 20
0 23°C
g 15
[
@ 10—/~ ——— 8¢ ——— —
‘0
s
= 05}
0 100°C { non - whitening )

0 5 10 15
Elongation between chucks {(mm)

Fig. 7 Tensile stress-elongation curves under various temperatures,

Fig. 8 Relationship between stress-whitening and temperature
at tensile strain 10%, tension speed 2.5 mm/min.

the relationship between the bending strength of the matrix and temperature is
shown in Fig. 9. The figure shows that the bending strength becomes smaller with
increase in temperature. The bending strength at 100°C is extremly small in com-
parison with the value at lower temperature than 90°C. Consequently, the bending
strength of the matrix decreases in straight line with increase in temperature as far
as 90°C.

Bending test specimens as shown in Fig. 10 were extracted from the specimens
shown in Fig. 6. The results of the bending tests are exhibited in Fig. 10. In the
tensile test, the upper limit of tensile strain is in the neighbourhood of 18%. There-
fore, the values of the bending strength are measured as far as 18% tensile strain.
The figure shows that the bending strength value (Ss) in direction of the tensile
stress is lower than the value (S.) perpendicular to the stress. The bending strength
decreases with increase in the tensile strain. Comparing the strength values obtained
with bending in direction of the tensile stress with those obtained with bending per-
pendicular to the direction of tensile stress, it is noted that the bending strength S,
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Fig. 9 Bending strength of matrix vs. temperature.
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Fig. 10 Bending strungth vs. tensile strain, and anisotropy defined as S./S,.

of the specimen in the tensile stress direction decreases more than the value S, of
perpendicular to the siress direction. This indicates that the bending strength de-
creases in straight line with increase in the tensile strain, i.e., quantity of stress-
whitening or craze.

R.P. Kambour”'® says that the craze is an orientated-matrix itself and that
though the elastic modulus of the craze is lower than the value of the matrix’s,
nevertheless it behaves as an elastic body. Hence, thinking a schematic simplified
bending spzcimen model as shown in Fig. 11 instead of the bending specimen in
Fig. 10, it is apt to understand that S. is larger than S». In Fig. 11, the specimen
of (a) is a sandwich structure in which the mairices (elastic modulus E is large)
and the crazes (elastic modulus E is small) are arranged at equal intervals from
each other in direction of the major axis of the specimen, (b) is a sandwich struc-
ture in which the matrices (E: large) and the crazes (E: smail) are arranged at
equal intervals from each other in direction of perpendicular to the major axis of
the specimen. Comparing specimens (a) and (b), it is evident that the bending
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strength of (a) is larger than that of (b). The relationship between the bending
strength and temperature at tensile load is indicated in Fig. 12. Specimens of the
bending test as shown in Fig. 12 are extracted from specimens shown in Fig. 8.
The results of the bending test for their specimens are exhibited in Fig. 12. The
figure indicates that the bending strength increases in straight line with increase in

temperature at tensile load. The strength of a specimen extracted from the tensed
specimen at 100°C proved to be the same as the matrix strength.

Tensile stress «— [ 2 l — Tensile stress
N
I,’ \
/ \\
/ Matrix \\
/. (E:large) N
/ \
| TECEEEER
=
Load (E:small) Load

e

{a} Perpendicular to tensile

{b) Tensile stress
stress direction

direction
{ ‘E is elastic modulus )

Fig. 11 Schematic simplified bending specimen model.
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Fig. 12 Bending strength vs. temperature at tensile load.

8. Anisotropy under Bending Strength'® ¥

The results of investigation of anisotropy defined as S./S» is shown in Fig. 10.
The figure indicates that the anisotropy increases in straight line with increase in
quantity of the stress-whitening, because the anisotropy under the bending strength
increases in straight line with increase in the tensile strain. Where the tensile strain

is 17.3%, the value of S./S, is approximately 1.6, i.e., it is about 1.6 times as large-
as the value of the matrix.
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4. Repeating Test for Bending and Elimination of Stress-Whitening

The results of the repeating test for bending and elimination of the stress-
whitening are shown in Fig. 13. The figure indicates that a crack occurs when the
number of times for bending is in the neighbourhood of 16. Unitil a crack occurs,
the bending strength stays at a constant value regardless of the number of times the
specimen is bent and the strength stays the same as that of the matrix. This in-
dicates that stress-whitened specimen recovers the same bending strength as the ma-
trix’s by heating over the glass transition temperature. If the cracked specimen is
heated over the glass transition temperature, the stress-whitening surrounding the
crack disappears. However, the crack itself does not disappear, and the bending
strength of the cracked specimen decreases sharply. If the cracked specimen is sub-
jected to bending and elimination of the stress-whitening alternately 3 to 5 times,
the cracked specimen finally fractures.

—_ loading speed 2.5 mm/min
e Temperature at bending test 23°C
£ Temperature of eiiminating
< s}t stress -whitening  100°C
= |
4 - t
< o-o-o-o-o-o-o-o-o-o-o-o-o-o-o-o-o«w;o;o—‘o----
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g 3 o0 0\
7 \\
£ \
©
g = s
a g
0 i 2 P 1 PSS T 1 PR S W .. L3
0 5 10 15 20 25

Number of times for bending

Fig. 13 Bending strength vs. number of times for bending.

5. Relationship between Stress-Whitening and Dielectric Constant

The results of the tests on the relationship between stress-whitening and dielec-
tric constant are shown in Fig. 14. In this test, the elongation at tensile load is
used as a parameter of the stress-whitening. The figure shows that the values of
dielectric constant of the matrix (X mark) are about 2.48~2.55 and the values of
the specimens (O and ©) after stress-whitening has been increased by applying the
tensile load are about 2.50~2.56. Consequently, the values of dielectric constant of
the matrix and of the stress-whitened specimen differ hardly at all. The values of
dielectric constant of the specimens extracted in respective direction from the tensile
specimen as shown in Fig. 14 also show almost no difference.

IV. Theoretical

In this section, the results of investigation of the relationship between quantity
of the craze and the bending elastic modulus are proposed. The analysis of the
mechanical strength of the actual specimen is very complex. Therefore, if a
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Fig. 14 Dielectric constant vs. elongation at tensile load.

schematic simplified model is used, the theoretical analyses of the mechanical strength
are simplified greatly. Consequently, the bending strength was used in the experi-
ment, however, the bending elastic modulus is employed in the theoretical analyses.

1. Bending in Direction Parallel to Major Azis of Craze

A schematic bending specimen model in the direction parallel to the major axis
of the craze as shown in Fig. 15 is discussed. It is assumed that: the matrix and
craze are arranged at equal intervals from each other; their numbers are respectively
ky; quantity of craze is &; bending elastic modulus of the matrix is mEsp; bending
elastic modulus of the craze is (Ewp; thickness of specimen is ¢; and width of speci-
men is w. In Fig. 15, if a bending specimen in the direction parallel to the major
axis of the craze is given pure bending moment Mp, the radius of curvature o re-
sults. For a sandwich structure specimen which is constituted with crazes and
matrices as shown in Fig. 15, assuming that radii of curvature at respective bounda-
ries of the craze and matrix is equal, the relationship between Mp and p is:

k
A{P=—bb_(mEbP mdptcEvp Ip) (1>
Y hb=1'2'3'"“
craze 0<ES]
W4 matrix
W o ap iy oy ra Y & T AL S ﬁ
U S ke
4
w voltle W
RU-8Y ‘ he G >
Mp ( — ) )Mp =:a=:—_—;:
Y’ fo— W —+

(Y-Y’ section )

Fig. 15 Schematic bending specimen model in direction parallel
to major axis of craze.
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where the geometrical moment of inertia of the matrix and the craze are respectively:

3

TR (2

mIP (1 E) cIP—

12 ky
If, in place of the sandwich structure specimen a unitary structure having elastic
modulus Es» and geometrical moment of inertia Ip is used, Mp of the unitary struc-
ture is:

3
Mp=lEopIp, where Ip—i—'w ( 3 )
o 12
The following expression is obtained from Egs. (1), (2) and (3):
Ewp ( 1 ) _ mEw
= _~1 ' 4
nEsp 1+ op ¢ $r= Lo (4

The relationship between Esp/mEss and & is shown in Fig. 16. In this graph, values
of Esp/mEw decrease in straight line with increase in § and decreased-tendency of
EuplmEs values becomes larger with increase in value of ¢p. Though gp=0c° shows
that .Esp becomes zere, i.e., the craze becomes complete plastic material, such a
matter is not encountered in practice. That is, before becoming completely plastic,
the craze cracks and fractures. ¢p=1 shows a specimen filled with only the craze
or the matrix.

1.0
| | ‘¢p:]
08| |
Eop |
mEbp |
06 — 05 —
A
0.4 | — \ S~
Q\\s
02— E ] o\\%
= MEDbD
q) chp l
0 1

o 0.2 0.4 0.6 0.8 10

Fig. 16 Ew/nEw vs. &

2. Bending in Direction Perpendicular to Major Axis Craze

A schematic bending specimen model in the direction perpendicular to the major
axis of the craze as shown in Fig. 17 is discussed. It is assumed that: the matrix
and the craze are arranged at equal intervals from each other; their number are re-
spectively 2,; quantity of the craze is {; bending elastic modulus of the matrix is
nEs; bending elastic modulus of the craze is cEso; thickness of specimen is #; width
of specimen is w; and length of specimen is /. If a bending specimen in the direc-
tion perpendicular to the major axis of the craze is given pure bending moment M,,
strain energy occurs. For a sandwich structure specimen which is constituted with
crazes and matrices as shown Fig. 17, assuming the radii of curvature at respective
boundaries of the craze and matrix to be equal, the relationship between M, and
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Fig. 17 Schematic bending specimen model in direction
perpendicular to major axis of craze.

strain energy U is:

..

—(1 0
U _—{f mEbu m.Iv d +f chu cIu dx} ( 5 )

where nly is the geometrical moment of inertia of the matrix and I, is the geome-
trical moment of inertia of the craze. In Eq. (5), if My, nEbv, cEbv, mlv and cI, can
be assumed to'be independent of x, Eq. (5) can be integrated to:

_IMEf 1, 1
U== {mEo.,qu (1= DJ’CEM,J.,C] (6)

If, in place of the sandwich structure specimen a unitary structure having elastic

modulus Es, and geometrical moment of inertia I, is used, U of the unitary struc-
ture is:

_IM?
U= 2E 1, (7
The following expression is obtained from Eqs. (6) and (7):
__1__ mEbv chu qu cIu
Ebu— Iv chv cIvcl_C)'*'mEOv quC ( 8)

If sectional shapes of the matrix and the crazz can be assumed to be equal, thus
mIvchuEIm Eq. (8) simpliﬁes to:

Ebu _ 1 — mEDv
mEbu 1+(¢u_1)c ’ ¢u— CET (9>

The relationship between Epw/mEs and { is shown in Fig. 18. This graph shows
that the relationship between Euw/mEss and { is curvilinear.

#»=1 shows a specimen
filled with only the craze or the matrix.

3. Anisotropy under Bending
Anisotropy defined as Eup/Ej, is obtained from ratio of Eqs. (4) and (9).



Masayuki KAsAJIMA, Katsuhiko ITO and Shoroku KoIDO 29

1.0
0.8
Ebv
mEbv
0.4
0.7
0 1 1
1] 0.2 04 06 08 1.0
g
Fig. 18 EufnEsm vs.
The ratio is:
Eywp

= {"‘Ebp(l_‘s}‘l'chpE} { chu(l—C)ll“mEbuC }

mEbu chu (10)

Eyy

If nEpp=mnEw=mEs and (Eyp=cEp=c:Ep can be assumed, however, Ewr may not be
practically equal to Es, Eq. (10) simplifies to:

o) wE
When £=({=a is, from Eq. (11), the following result is obtained:
22-hefy e foo-od

The relationship between Eup/Es, and « is shown in Fig. 19. There is an interesting
point in this graph: at a=0.5, i.e., quantity of the craze is 50%, Eup/Eww has maxi-
mum value and increases with increase in ¢. a=0 indicates to be zero quantity of

20 =
_ mkb
¢= ckEb
18
Ebe
Ebv
1.6
1.4
1.2
1.0 i 1 ¢=1 Y 3
0 a2 0.4 06 08 10

Flg 19 Ebp/Eau Vs, &
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the craze, i.e., to be zero quantity of the stress-whitening, a=1 indicates that
quantity of the craze is 100%.

V. Discussion

In Fig. 9, the bending strength at 100°C is extremly small in comparison with
the value at temperatures lower than 90°C. This phenomenon indicates that the
glass transition temperature is in between 90°C and 100°C. Fig. 12 shows that the
bending strength increases in straight line with increase in temperature at tensile
load. This can be understood from the fact that the quantity of stress-whitening of
the specimen tends to decrease as the temperature increases, as shown in Fig. 8.
The specimen extracted from the tensed specimen at 100°C proved to have the same
strength as the matrix. This phenomenon shows that stress-whitening and anisotropy
do not occur when the tensed specimen is over the glass transition temperature.

In the repeating test for bending and eliminating of the stress-whitening, as shown
in Fig. 13, a crack occurs when the number of times for bending is in the neigh-
bourhood of 16, Until a ecrack occurs, the bending strength stays at a constant
value regardless of the number of times for bending and the strength is the same as
the matrix’s, This phenomenon seems to correspond to the fatigue phenomenon of
metal.

When measured with a microwave 9375 MHz, the values of dielectric constant
of the matrix and of the stress-whitened specimen differ hardly at all. The dielectric
constant of the specimens extracted in respective directions from the tensile specimen
as shown in Fig. 14 also differ little from the value of the matrix. These observa-
tions seem to imply that the method of measurement used was not accurate, because
different values of dielectric constant are actually thought to exist. By utilizing more
severe measure method, consequently, their values of the specimens may be measured.

It is evident that the bending strength employed in the experiments is related
functionally to the bending elastic modulus used in theoretical analyses. It will re-
quire greatly effort to obtain more the experimental data in great various testing
conditions. The mechanical strength properties estimated with extensive measure
condition can be analogized from the theoretical results. That is, the bending
strength in the experiments and the elastic modulus in theoretical analyses can not
be compared directly, but the mutual relationship can be analogized. For instance,
looking at Figs. 10 and 19, anisotropy defined as S./S, in Fig. 10 increases in straight
line with increase in the tensile strain (quantity of the stress-whitening); however
anisotropy defined as Eyp/Epy in Fig. 19 changes parabolically. These things seem to
correspond as follow: the data in Fig. 10 corresponds to merely part of the data in
Fig. 19; where a and ¢ in Fig. 19 are smaller, a thought that the relationship be-
tween Eup/Epy and a is linear is approximately correct. The material in which craz-
ing or stress-whitening occurred was assumed in this paper to be elastic, however,
actually, high polymer material is viscoelastic. Therefore, discussions of viscoelastic
transactions will be prospectively tried.
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Nomeneclaturea

E,p=elastic modulus of sandwich structure specimen shown in Fig. 15. (kg/mm?)
Eppy=elastic modulus of sandwich structure specimen shown in Fig. 17. (kg/mm?®)
Esp=bending elastic modulus of the craze shown in Fig. 15. (kg/mm?)
Esw=Dbending elastic modulus of the craze shown in Fig. 17. (kg/mm?)
nEsp=bending elastic modulus of the matrix shown in Fig. 15. (kg/mm?)
mEsy=Dbending elastic modulus of the matrix shown in Fig. 17. (kg/mm?)
Iy=geometrical moment of inertia of sandwich structure specimen shown in
Fig. 15. (mm*)
I,=geometrical moment of inertia of sandwich structure specimen shown in
Fig. 17. (mm*)
Jp=geometrical moment of inertia of the craze shown in Fig. 15. (mm?*)
J,=geometrical moment of inertia of the craze shown in Fig. 17. (mm?*)
nIp=geometrical moment of inertia of the matrix shown in Fig. 15. (mm*)
nly=geometrical moment of inertia of the matrix shown in Fig. 17. (mm?*)
ky=respective number which the matrix and craze in Fig. 15 are arranged at
equal intervals from each other. (dimensionless)
1 =distance between fulcrums in bending test. (mm)
! =length of specimen shown in Fig. 17. (mm)
Mp=pure bending moment shown in Fig. 15. (kgm)
M,=pure bending moment shown in Fig. 17. (kgm)
npy=respective number which the matrix and craze in Fig. 17 are arranged at
equal intervals from each other. (dimensionless)
P =maximum load in bending load-deflection curve. (kg)
S =bending strength. (kg/mm?)
S.=bending strength of specimen in direction perpendicular_to tensile stress.
(kg/mm?)
S»=bending strength of specimen in direction of tensile stress. (kg/mm?)
t =thickness of bending specimen. (mm)
U =strain energy. (kgm)
w =width of bending specimen. (mm)
x =rectangular coodinate, direction perpendicular to the major axis of craze,
Fig. 17.
a =value for £€={, i.e., é={=qa.
¢ =quantity of the craze shown in Fig. 17. (dimensionless)
& =quantity of the craze shown in Fig. 15. (dimensionless)
p =radius of curvature resulted by Mp. (mm)
@ =mEs/cEs. (dimensionless)
pp=mEsp/cEpp. (dimensionless)
Po=mEsv/cEso. (dimensionless)
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