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The static and impact fracture toughnesses of a polybutylene terephthalate/polycarbonate/impact
modifier (PBT/PC/IM) blend were studied at different temperatures. The static fracture toughness
of the blend was evaluated via the specific fracture work concept and the J-integral analysis.
A comparison of these two analytical methods showed that the specific essential fracture work,
w,, was equivalent to the Jic _,, obtained by the ASTM E813-81 procedure, representing the crack
initiation resistance of the material. The discrepancy between w, and J,c_,, of ASTM E813-89
was caused by the extra energy component in Jc .. consumed by a 0.2 mm crack growth. Impact
fracture toughness was also analysed using the specific essential fracture work approach. When
the fracture was elastic, w, was equivalent to the critical potential energy release rate, Gc,
obtained via LEFM analysis. Temperature and strain-rate effects on the fracture toughness were
also studied. The increase in impact toughness with temperature was attributed to two different
toughening mechanisms, namely, the relaxation processes of the rubbery particles and the parent
polymers in a relatively low-temperature range and thermal blunting of the crack tip at higher
temperatures. The enhancement in static fracture toughness at temperatures below — 60°C was
thought to be caused by plastic crack-tip blunting, but the monotonic reduction in yield stress
was largely responsible for the toughness decreasing with higher temperatures. The temperature-
dependent fracture toughness data obtained in static tests could be horizontally shifted to match
roughly the data for the impact tests, indicating the existence of a time-temperature equivalence
relationship.

wide to generate a valid Kjc. These size requirements
are now not easy to satisfy. This difficulty has led to
the development of the J-integral analysis proposed
by Rice [4]. The experimental procedure to determine
the critical J-integral, J,c, was later suggested by
Begley and Landes by construction of the crack-
growth resistance curve and crack-blunting line [5, 6].
Physically, the J-integral can be considered as the

1. Introduction

Linear elastic fracture mechanics (LEFM) is now
widely used to characterize fracture behaviour of poly-
meric materials [17]. The size and geometry-independ-
ent parameters, K;c and Gy, have been proven to
represent true material constants of most glassy poly-
mers, provided that certain restrictive size criteria of
the testing specimen have been satisfied [2] to meet

the requirements of plane-strain fracture. For most
homogeneous glassy polymers, such as polymethyl
methacrylate (PMMA), polystyrene (PS) and high-
density polyethylene (HDPE), these requirements are
fairly easy to achieve. Previous work done by Chan
and Williams [2] and Flueler et al. [3] shows that
a valid HDPE sample for plane-strain K¢ test should
be 10 mm thick and 20 mm wide, which are similar to
the specimen size used for metal materials. But when
toughened polymer blends are involved, because of
their low yield stress and high toughness, application
of the LEFM method very often requires an unreal-
istic specimen size to obtain a valid K¢ or G
value. For instance, a toughened nylon with
Kic = 85MPam'? and yield stress o, =50 MPa
requires a specimen at least 70 mm thick and 140 mm
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difference of the potential energy between two loaded
identical bodies with slightly different crack lengths,
ie.
1dU
J = —=-— 1
B da M)
where B is the thickness of the loaded body, U is the
total potential energy which can be obtained by
measuring the area under the load—displacement
curve and a is the crack length. Sumpter and Turner
later expanded the above equation and rewrote it as

[7]




where J, and J, are the elastic and plastic components
of the total J, respectively, and n, and m, are elastic
and plastic factors corresponding to J. and J,.
(W — a)is the ligament length. In notched-bend speci-
mens, when 04 < a/W and < 0.6 both n, and n,
equal to 2 and Equation 3 is simplified to
2U

I = B(W — a) @)

The procedure for Jic determination has been
standardized by ASTM ES813 [8-10]. There are sev-
eral versions of the standard available, namely ASTM
E813-81, ASTM E813-87 and ASTM E813-89. The
major difference between ASTM E913-81 and E813-
87,89 lies in the determination of acceptable data
points for J-R curve construction and how to define
the Jic value on the J-R curve.

In ASTM EB813-81 the J-Aa data points used to
construct a J-R curve are those points located be-
tween two exclusion lines parallel to the blunting line
(specified by J = 2Aa*d,) at crack growth Ag = 0.006
(W —a) and Aa =0.06 (W — a), respectively. The
valid data points are then linearly regressed to obtain
the J—R curve and the crack initiation point is defined
as the intersection of the J-R curve with the blunting
line, which gives Jic. However, ASTM E&13-87 and
E813-89 recommend to use two different exclusion
lines to select valid J-Aa data points for J-R curve
construction. The exclusion lines in these versions are
also parallel to the blunting line but drawn from the
positions of Aa = 0.15 and 1.5 mm, respectively. The:

power-law regression curve of the selected points “is:

the J-R curve whose intersection with a 0.2 mm offset
line gives a crack resistance, Jic, corresponding to
a crack growth Ag = 0.2 mm. Strictly this is not an
initiation value.

J-integral analysis is now broadly accepted for frac-
ture analysis of ductile metallic materials and it is also
being gradually employed in the toughness evaluation
of ductile polymer materials because of the much less
stringent specimen size requirements. However, some

“aspects of the method still remain controversial.
jHashemi and Williams [11] found that the linearity of
the J-R curve for tough polymers could exist much
greater than 6% of the ligament length; Huang and
Williams observed no definitive evidence of dynamic
effects when J-integral tests were carried out at a rela-
tively high loading rate with toughened nylon [12].
The validity of determining crack initiation by the
intersection of the J-R curve and the blunting line was
also questioned by Narisawa and Takemori [13] who
showed that the critical J-value for crack initiation
could not be properly specified by the blunting line
when toughened polymer blends were evaluated. The
same conclusion was also reached by Swei ef al. from
their J-integral analysis with toughened polyethylene
[14].

As an alternative to the J-integral method, the spe-
cific fracture work analysis which is experimentally
simple and theoretically sound has been suggested for
the determination of toughness of ductile materials
[15-20]. The concept was originally developed by
Cotterell, Mai and ‘their co-workers [15-20] and
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applied to thin metal sheets. This was later extended
to study the ductile fracture of polymers. When
a crack in a ductile solid is being loaded, the plastic
flow occurs in an outer plastic zone bordering the
fracture process zone where fracture takes place (see
Fig. 1). Tt is necessary to separate the total fracture
energy, We, into two parts, W, and W,, which are the
energies dissipated in the fracture process zone and
the plastic zone, respectively. Thus,

Wy = W+ W, )
Wy = W.B(W—a) + BW,B(W —a)* (6a)
We = W.+ BW,0W — a) (6b)

where W; is the specific total fracture work, W, and
W, are the specific essential fracture work and specific
plastic work, respectively; B is the plastic zone shape
factor; B, W and a are thickness, width and initial
crack length of specimen. W, is a surface energy in
terms of work per unit fracture surface area and W, is
a volume energy. having a unit of work per unit vol-
ume of deformed material. Obviously, when W; is
plotted against (W — a) according to Equation 6b and
subsequehtly extrapolated to zero ligament length, W7,
can be obtained from the intercept at the Y-axis and

the slope of the straight line represents B 1. Because

the plastic zone shape factor, 3, changes with specimen
geometry and initial crack length, a straight line rela-
tionship between wy and (W — a) can only be achieved
if geometric similarity is retained for all ligament
lengths.

It has been shown [ 15, 16] that the specific essential
fracture work is a material constant for a given sheet
thickness. It represents the work required for crack
initiation or, as the case may be, crack propagation. In

Process zone (w,)

Plastic zone (wp)

[
A

Figure | Schematic drawing of a ductile fracture specimen showing
the inner fracture process zone and the outer plastic zone. w, and
w, are the energies dissipated in these two zones.




addition, there is an equivalence between the specific

fracture work, w;, and the J-integral provided the

J-controlled crack-growth conditions are satisfied, i.e.

Wy = ‘]R
dJ
= Jo+—=Aa (7)
da
Comparing Equations 7 and 6b we obtain
we = Jc ®)
and
dJg
Bw, = « da )

where o is a constant depending on the specimen
geometry [16]. The above equivalent relationships
have been confirmed for a range of ductile materials
and several different specimen geometries. Thus, the
specific fracture work technique can be used as an
alternative to the J-integral analysis but it is much
easier to perform experimentally.

Many polymer blends are designed to satisfy the
increasing demands of high toughness at low temper-
atures and high strain rates [21-23]. Therefore, to
characterize the toughness under impact conditions is
particularly important. The conventional Charpy and
Izod impact tests measure the total energy required
for breaking a standard notched bar and the apparent
surface fracture energy is then obtained by dividing
the total energy over the ligament area. Unlike the
critical potential energy release rate, Gy¢, or J-integral,
Jic, the apparent surface fracture energy is normally
not reproducible, specimen geometry and size depend-
ent, and varies with testing method.

Analysis of impact energy data based on LEFM
was derived by Marshall et al. [24] and Brown [25].
The impact toughness, in terms of G,¢, of an elastically
fractured material can be successfully evaluated by
breaking a series of specimens with different initial
crack lengths. The impact fracture energy, U, meas-
ured is related to Gyc by [24]

U = GeBWo(a/W) + U, (10)

where a is the initial crack length, B and W are the
thickness and width of specimen, respectively, and U,
is the kinetic energy loss. The correction factor, ¢, is
a function of a/W to account for geometry effects.
Thus when U is plotted against BW ¢, a straight line
with Gc as the slope and U, as the intercept can be
obtained. Equation 10 has been successfully used to
study the impact fracture behaviour of many brittle
polymers. However, its application to ductile polymer
blends is not tested.

The application of J-integral analysis to character-
ize the impact behaviour of ductile polymers has
received some recent attention. Bramuzzo [26] invest-
igated a series of rubber-toughened polypropylene by
an instrumented impact tester together with a high-
speed camera. However, the precise measurement of
true crack extension in the specimen was difficult to
obtain. Vu-Khanh also proposed a model to describe
the fracture property of ductile polymers [27]. He

obtained a straight-line relationship between the frac-
ture energy and the fracture surface area, and further
proposed that the tearing modulus [28, 29]

E dJg

T = —
c; da

(11)
is a material constant. Criticisms of this model were
given elsewhere [30], and in particular it was empha-
sized that T could not be constant in these testing
conditions.

In the present study, the specific fracture work con-
cept is employed to investigate both the static and
impact fracture behaviours of a toughened polybuty-
lene terephthalate (PBT)/polycarbonate (PC)/impact
modifier (IM) blend at different temperatures. In
Part I of this series of papers we describe the fracture
toughness results. The static fracture toughness of the
blend in terms of the specific essential fracture work,
w., i compared to the J,- values obtained via the
J-integral methods of E813-81 and E813-89. The
validity of the theoretical analysis and the effects of
temperature and strain rate on the fracture toughness
are discussed. The toughening mechanisms involved
in both static and dynamic fractures are given in
Part IT [31].

2. Experimental procedure

2.1. Material and specimen preparation

The material used in this study was a commercial
grade polybutylene terephthalate (PBT)/polycarbon-
ate (PC)/impact modifier (IM) blend supplied by
Bayer AG (Australia) in the form of pellets (Makro-
blend PR52). The original pellets were dried at 120°C
for 8 h before being injection moulded into plaques at
260 °C.

The specimens for Charpy impact and single-edge
notched bend (SENB) tests were cut from the plaques
into test bars 8.1 mm wide (W), 60 mm long (L) and
6 mm thick (B). All specimens were subsequently
notched on one side using a guillotine-like apparatus
with a razor blade driven by a screw with 1 mm pitch.
To avoid plastic deformation at the crack tip the razor
blade should be always fresh and the pushing speed as
slow as practical. The normalized crack lengths (a/W)
of the specimens were varied from 0.05-0.75. The
dimensions of the SENB specimens for the J-integral
tests were 6x12x70mm> A deep notch with
a/W = 0.5 was made in the centre of one side of the
test bars using the same notching technique.

2.2. Mechanical tests

To study the specific work of fracture static
(5 mmmin ') three-point bend tests were carried out
on an Instron test machine (Instron 4302) in the tem-
perature range — 196 to + 70°C. The test rig used
was designed in accordance with the ASTM standard
for J-integral test. A set of specimens with different
initial crack lengths were loaded until total failure
occurred. The load versus loading-point displacement
curves were recorded by a X-Y plotter. The energy
absorbed during fracture was regarded as the area
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under the load—displacement curve, which was meas-
ured digitally by a computer. J-integral tests were
conducted on three-point bend SENB geometry with
multiple specimens on the same Instron 4302 with the
same crosshead speed and at three different temper-
atures, e.g. 25, 50 and 70 °C. When the load—displace-
ment curve reached a certain position where a re-
quired crack extension was attained, the specimen was
unloaded, immersed in liquid nitrogen for 20 min and
subsequently fast separated by a hammer and wedge.
The length of the stress-whitening zone between the
end of the notch and the commencement of the fast
fracture was considered as the true crack extension
which was measured by a travelling microscope.
Charpy impact tests were performed on a Zwick
5102 impact tester with single-edge notched specimens
in the temperature range 100 — 196°C. During the
tests specimens with different initial crack lengths
were either kept cold in a liquid nitrogen/ethanol bath
or heated in an oven to the temperature required for at
least 20 min. The specimens were then quickly
mounted on the specimen holder and impacted im-
mediately. The impact fracture energy was directly
taken from the scale on the machine. The impact speed

was 296 ms™ .

3. Results and discussion
3.1. Specific work of fracture

and J-integral tests
The specific fracture energies, wy, obtained in the
SENB tests at different temperatures are plotted
against ligament lengths (W —a) in Fig 2a for
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Figure 2 Plots of specific fracture work, w,, against ligament length
(W — a) obtained in static bend tests at (a) T >25°C and
(b) T < 25°C. (a) (x) 25°C, (@) 50°C, (M) 70°C, (A) 100°C. (b) (*)
25°C, (@) 0°C, (l) —30°C, (A) —60°C.
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temperatures above ambient and in Fig. 2b for sub-
ambient temperatures according to Equation 6b. The
scatter of the data points in Fig. 2a is very small and
the linearity of the curves is extremely good, indicating
that the plastic zone size increases in proportion to the
ligament length. The specific essential fracture work,
w., can be obtained easily by extrapolating the
straight line relationship to zero ligament length. The
specific plastic work, w,, can also be easily determined
from the slope of the lines. At sub-ambient temper-
atures the straight line relationship between w; and
(W — a) still holds, but the scatter of the data points is
relatively large, as shown in Fig. 2b. It is also clear that
in the temperature range 25 to - 60°C the slope of
the lines decreases gradually with decreasing temper-
ature, implying that Bw, is smaller at a lower temper-
ature. Because w, must increase with decreasing tem-
perature this means that §§ or the plastic zone size must
decrease with temperature. In fact, it is expected that
at very low temperatures the plastic flow in the liga-
ment is negligible (i.e. § — 0) and a horizontal line is
obtained when wy is plotted against (W — a). This
means that we = w, under these conditions.

The results of J-integral tests at three test temper-
atures are analysed according to ASTM E813-81 and
E813-89, as shown in Fig. 3a—{. The information that
emerged from these figures is similar to the findings
published by Williams and co-workers [11,12].
Firstly, the J-R curves obtained by the ASTM ES813-
81 procedure is linear far beyond the exclusion line of
6% ligament length. Secondly, there is little scatter in
the data points used for construction of the J-R curve
according to ASTM ES813-89. Finally, the critical
J-integral, J,¢, obtained by ASTM E813-81 (Jyc_,,)
are much smaller than the values derived from ASTM
E813-89 (Jic_,,)- This is simply because Jic_,, is the
J value after a crack growth of 0.2 mm, whereas
Jic_s, agree extremely well with those of w,, suggest-
ing that both Jyc_,, and w, give the crack initiation
toughness. These experimental results also verified the
equivalence of the two methods used and the validity
of Equation 8.

The variation of w, and Jc with temperature is also
shown in Fig. 4. The values of w, for the tests per-
formed at — 196 and — 100°C are calculated from
K¢ using w, = Gic = K?o/E because the fracture at
these temperatures is totally elastic and LEFM is
acceptable. There is a peak fracture toughness at
about — 60°C but on either side of this temperature
the toughness decreases. This phenomenon is a result
of two different toughening mechanisms involved. It is
well known [21] that at low temperatures or high
strain rates the controlling factor in toughening pro-
cesses of a polymer blend is the relaxation behaviour
of the rubbery particles. At a temperature below the
glass transition temperature, T, of the rubber phase
the rubbery particle acts only as a glassy filler having
little or no effect on the parent polymers, and the
blend behaves simply as a brittle polymer. The frac-
ture toughness obtained at — 100 and — 196 °C con-
firms this conclusion.

When the temperature approaches T, of the rub-
bery phase the relaxation of rubber becomes active
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Figure 4 Variation of specific essential fracture work, w,, with tem-
perature in static bend tests. The comparison of (1) w, and (A)
Jio_,, and (O) J,.__is also shown.

and absorbs considerable energy. Because both PBT
and PC possess a f relaxation peak at almost the same
temperature (approximately — 70°C) [32] as the 7,
of rubber, a large amount of energy is also dissipated

by the parent polymers [33, 34]. The combination of

these two relaxation processes results in localized
plastic deformation in the vicinity of the crack tip and
it is this plastic blunting of the crack tip which leads to
a dramatic increase in toughness within the temper-
ature range — 100 to — 60°C, as shown in Fig. 4.

With further increase in temperature there is a com-
petition between the critical crack opening displace-
ment (COD), 3., and the yield stress, o,. It is already
established [ 1, 35] that J,c = 8.5, and both §, and o,
are temperature-dependent [21]. If the decrease in
yield stress outweighs the increase in COD the frac-
ture toughness is reduced with temperature increase.
In general, for many polymers, 8. varies relatively little
with temperature, hence the magnitude of fracture
toughness is governed mainly by o,. Fig. 5 shows the
yield stress of the blend plotted against temperature.
Obviously, the monotonic reduction in o, with in-
creasing temperature satisfactorily explains the de-
creasing fracture toughness found in the temperature
range — 60-70°C. A plot of fracture toughness
against o, Fig. 6, suggests that &, (the slope of the
curve) is not a constant but increases with temper-
ature.
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Figure 6 A plot of specific essential fracture work, w,, against yield
stress, o.

3.2. Charpy impact tests

The Charpy impact resuits at different temperatures
were first analysed with Equation 10. Plots of fracture
energy, in terms of U/(BW), against the calibration
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factor, ¢, are shown in Fig. 7a—f. Clearly, when tested
at a sufficiently low temperature, e.g. — 196 and
— 100°C, plastic flow is suppressed and the strain
energy is stored in the sample elastically until G is
reached. In this case, elastic fracture occurs and Equa-
tion 10, based on LEFM, is valid. A straight-line rela-
tionship between U/(BW) and ¢ is expected as shown
in Fig. 7a and b. Hence, Gy can be obtained from the
slope of the lines which are 2.16 kJm~? at — 196 °C
and 1.88 kJm~2at — 100 °C. With rising temperature
the effect of plastic deformation at the crack tip is not
negligible and the U/(BW)-¢ curves no longer obey
Equation 10 as shown in Fig. 7c-f.

The same experimental data were then examined
using the specific fracture work model. The fracture
energy in terms of U/B(W — a) is plotted against liga-
ment length (W — a) in Fig. 8a—¢ for tests performed
below ambient temperature. As discussed in Sec-
tion 3.1, when the tests are carried out at very low
temperatures, a plateau value of we = w, is expected
according to Equation 6b because of f — 0. But all the
curves in Fig. 8 have an upward curvature, even at
— 196 and — 100 °C. This implies that in the specific
fracture energy, w;, there must be an energy compon-
ent which is not plastic work but which increases with
ligament length. Further tests at — 100 and — 196°C
discovered that the kinetic energy involved in impact
is the cause of the curvature. It is known that when an
elastic body is subjected to impact there is kinetic
energy absorption. This kinetic energy is greater when
a more rigid body, for instance, a sample with a short
crack or long ligament, is tested. Indeed, it was ob-
served that the kinetic energy increases rather sharply
with ligament length as shown in Fig. 9. Taking into
account the kinetic energy, Uy, effect in Equation 6 we
can rewrite

we = w.B(W —a) + Bw,B(W —a)* + Ug (12a)
we =Ug) .
m = W, + BWP(W a) (12b)

Using Fig. 9 as the kinetic energy calibration curve
and deducting U, from wg, (w; — Uy)/B(W —a) is
replotted against (W — a) for the test at — 100 and

— 196 °C. As expected, the corrected specific fracture

work is a straight horizontal line with w; = w, for all
ligament lengths, Fig. 8a and b. The large scatter is
associated with the kinetic energy measurements. The
values of w, obtained in this way are 1.74 and
1.23kIm~? at — 196 and — 100 °C, respectively. In
fact, it is not always necessary to deduct U, from w; to
obtain w,. It is always possible to subtract the kinetic
energy effect by extrapolating to zero (W — a) because
the kinetic energy drops down to zero at zero ligament
length. Actually, the w, values obtained by directly
extrapolating to zero ligament, which are 2.08 kIm 2
at — 196°C and 143 kIm~2 at — 100°C, are closer
to the values obtained using Equation 10 based on
Williams” model [36, 37] (i.e. 2.16 and 1.88 kIm~?)
because the additional errors caused by U, measure-
ment are avoided.

With the increase of testing temperature, plastic
flow at the crack tip becomes no longer negligible and
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fracture becomes progressively semi-brittle and semi-
ductile. The kinetic energy effect is vanishing but the
energy dissipation due to plastic deformation is, how-
ever, becoming more and more dominant. The second
term on the right in Equation 12b, Bw, (W — a), is no
longer zero as long as the ligament length is not zero.
The upward curvature in the data shown in Fig. 8c—e
in the temperature range — 100-25°C is now a result
of a mixed effects of Uy and w,. However, because
both Uy and w, tend towards zero at zero ligament
length, it is still possible to obtain w, from the inter-
cept by extrapolating to the zero ligament length. The
specific plastic work, w,, is not available because w,
and U, cannot be separated easily.

When the temperature for complete ductile stable
fracture is reached, the kinetic energy becomes negli-

—_ BN N Y T« SN |
S O O O O O o ©o
L P T
<

Specific fracture work , wy {kJ m™2)
A

o 2 4 6 8 10
(a) Ligament fength (mm)

30 A

11.14

Specific fracture work, wy (kJ m™2)

—_ no
o o O
1 Il

4 6 8 10
lc) Ligament length (mm)

(o)
N

gible compared with the total energy absorbed and
Equation 6b holds. In Fig. 10d the data obtained at
room temperature do give a straight-line relationship
with w, = 9.14kJm™% and B*w, = 3.64 x 10* kI m 3,
However, at higher temperatures the data do not give
a linear relationship. The slope of the curves increases
when a critical ratio of a/W ~ 0.2 is reached, as shown
in Fig. 10a~c. This implies that either B or w, or both
increase with ligament length.

It is known from the results of our earlier work
[38, 397 that a notched specimen with a shallow crack
(small a/ W ratio) provides less plastic constraint at the
crack tip than a deeply notched specimen. There is
a transition a/W ratio at which a sharp change in
plastic constraint occurs. For a sharp-notched three-
point bend specimen, this transition occurs at
a/W = 0.177 [39]. It is therefore reasonable to expect
an increase in Bw, for a/W < 0.2 due to the increase in
plastic zone size. However, § is not invariant with
ligament length. If we define h[ = B(W — a)] as an
effective depth of the plastic zone (as sketched in
Fig. 11) then a straight-line relationship between w;
and h should hold, provided that w, is a constant. In
this work the effective plastic zone depth was meas-
ured using a cold-section technique [40] and an op-
tical microscope. The stress-whitening area, 4, on the
sub-fracture surface was regarded as the plastic zone
area and was measured digitally. % is then obtained by
dividing A with (W — a). Fig. 12a—c show the expected
straight-line correlations between wy and h for all tests
at high temperatures. It suggests that w, is a constant
and does not change with crack length. The intercept
again gives the specific essential fracture work, w,,
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Figure 10 Plots of specific fracture work, wy, versus ligament length (W — a), obtained at temperatures above ambient: (a) 100 °C, (b) 70 °C,

(c} 50°C, (d) room temperature.

3381



Fracture surfoce

Initial notch

P

A

Notch for
cold-section

EANANAERE LRI RN

{o)

Fracture surface

Initial crack

A {Effective plastic
f zone depth)

[\ Plastic zone
inside somple

Notch for
cold-section

m

Sub-fracture surface

Figure 11 Sketches showing (a) the cold-section process and (b)
effective stress-whitening zone depth, h.

m
-~
o

B O
o O O
1 Il I

30 A

Specific fracture work, w, (kJ

00 02 04 06 08 1.0
{a) Depth of plastic zone (mm)

30 >
o

10 140,00

Specific fracture work, w (kJ m¢)

0 02 04 06 08 10
(¢) Depth of plastic zone (mm)

w
w
o]
N

which is quite close to that obtained by extrapolating
the linear part of the w; versus (W — a) curves in
Fig. 10a—c to zero ligament length.

The variation of w, with temperature is shown in
Fig. 13. Briefly, w, is constant from — 196 to
— 100°C, increases slightly in the temperature range
— 100 to - 30°C, rises dramatically from — 30-
70°C, and then drops down between 70 and 100 °C.

The temperature effect on the impact fracture
toughness of polymeric materials has received a good
deal of attention in the past [41-47]. Much of the
work has been concentrated on the question of
whether or not the molecular relaxation processes
occurring in a polymer have a one-to-one correlation
with the energy absorption mechanisms observed in
the mechanical tests. Though the answer to this ques-
tion is still far from settled, however, with the aid of
previous work, the experimental observations of the
present study are not very difficult to understand. As
pointed out in a previous paper [46], there are two
factors which are of particular importance when the
temperature effect on the impact behaviour is con-
sidered, i.e. the tand loss and the crack-tip thermal
blunting caused by adiabatic heating induced by the
high strain rate in an impact test. Normally, tan & has
a less pronounced effect on the energy absorption
process than that of crack-tip blunting. It is therefore
expected that tan § loss becomes operative only when
the effective temperature of the local material at the
crack tip, which is equal to the test temperature plus
the temperature increase due to adiabatic heating, is
lower than the softening temperature of the blend.
According to our DSC study of the PBT/PC/IM
blend, it is found that there is a B transition loss
process with a peak at about — 70°C. On the other
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Figure 12 Plots of specific fracture work, w,, against effective depth
of plastic zone, h, showing the straight-line relationship expected. T
(a) 100°C, (b) 70°C, (c) 50°C.
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Figure 13 Variation of impact fracture toughness in terms of (O)
specific essential fracture work, w,, with test temperature. (A)
Toughness values, G, obtained from Equation 10.

hand, the effective temperature of the local material,
T., in the crack-tip region can be estimated by [48]

T, = T + AT (13)

where T is the test temperature and AT is the temper-
ature increase which can be calculated from
WC
AT = (npckt)? (14)

The data supplied by the manufacturer give the den-
sity p=1.23x10°kJm™3, specific heat ¢ = 1.18 kJ
kg 'K !, thermal conductivity k = 0.2x 10" 3kJs ™!
K~ !'m™*, and softening temperature 7, = 150 °C.

The loading time, t, in these tests is approximately
0.4 ms. At — 20°C, where w, is about 3.60 kIm ™2, AT
calculated from Equation 14 is approximately 188 °C
and T, is 168°C which is just above the softening
temperature, 150 °C. Therefore, thermal blunting be-
comes effective at about — 20°C. Recall that the peak
of B transition occurs at — 70°C, we may conclude
that (a) when the blend is tested at temperatures below
— 100 °C, because there is no extra energy absorption
process to occur, w, equals Gic: (b) in the temperature
range — 100 to — 30 °C the slight increase in impact
strength is a result of tan 6 loss; (c) at temperatures
higher than — 30°C, the enhancement in impact
toughness is solely caused by the crack-tip thermal
blunting effect due to the adiabatic heating. The extent
of the thermal crack blunting is amplified with in-
creasing test temperature, leading to a steady increase
in toughness. However, when the temperature at
which the blend starts to lose its strength is reached,
a reduction in toughness occurs and this happens at
about 100°C, as shown in Fig. 13.

0 T T T T . T ; :
-240 -200 -160 -120 -80 -40 O 40 80
Temperature {°C)

120 160

Figure 14 Comparison of the variations of fracture toughness, w,,
with temperature for both () static and (W) impact fracture tests.

Strain rate has a significant effect on the fracture
toughness of many polymers and it has been investig-
ated extensively by Yamini and Young [42], Kinloch
et al. [43, 44], Williams and co-workers [45, 46] and
Low and Mai [47] at different testing conditions. In
general, the fracture toughness of polymers depends
upon strain rate and temperature and there is a gen-
eral equivalence between these two factors. The frac-
ture behaviour observed at low temperatures and high
strain rates can be reproduced at high temperatures
with low strain rates. This behaviour is known as the
time—temperature superposition [49]. Comparisons
of the two sets of w, values obtained in the same
temperature range but with two different strain rates
(Smmmin~! and 2.96 ms ™ *) are given in Fig. 14. The
time—temperature superposition behaviour is obvious.
If the curve representing the impact tests is shifted to
the left along the temperature axis it is found that the
results in the temperature range - 60-70 °C have the
same trend as the static w, results in the temperature
range — 100 to — 60°C. This suggests that the frac-
ture behaviour observed in impact tests at a relatively
high-temperature range is similar to that obtained in
the static fracture tests but carried out in a low-
temperature domain.

4. Conclusions

1. The specific fracture work concept can be ap-
plied to characterize the fracture behaviour of
toughened polymer blends. The specific essential frac-
ture work, we, is equivalent to the Jjc value obtained
via ASTM E813-81, representing the crack initiation
resistance of the material tested. The discrepancy be-
tween w, and Jic determined by ASTM ES813-89 is
caused by the extra energy dissipation in Jyc_,, by
a 0.2 mm crack growth.

2. The concept of specific fracture work developed
with static tests has been successfully extended to
impact tests. The upward curvature found on the wg
versus (W — a) curves is caused by the kinetic energy
dissipation when the fracture is completely elastic.
When the fracture is entirely ductile the curvature on
the curve is due to a drastic increase in the plastic zone
size at a critical a/W ratio. However, in both cases, the
specific essential fracture work, w,, can always be
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obtained by extrapolating the w¢ versus (W — a) curve
to zero ligament length.

3. Testing temperature affects markedly the frac-
ture toughness of the polymer blend tested. The static
fracture toughness increases with temperature be-
tween — 196 and — 60°C as a result of the plastic
blunting of the crack tip caused by the relaxation of
rubbery particles at T, and § transition loss process
of the parent polymers. The decrease of toughness at
temperatures higher than — 60°C is solely a conse-
quence of the reduction of yield stress with temper-
ature.

The impact fracture toughness increases monotoni-
cally with temperature until about 100 °C. Because of
the high strain rate, the relaxation processes of rubber
and matrix can only contribute very slightly towards
the toughness of the blend. However, when the effec-
tive temperature at the crack tip reaches the the sof-
tening temperature of the blend due to adiabatic heat-
ing there is a dramatic increase in fracture toughness
caused by thermal blunting.

4. Strain rate has a strong influence on the fracture
toughness of the polymer blend. The relationship be-
tween fracture toughness and temperature observed in
the impact tests at high temperatures is equivalent to
that in the static tests at low temperatures indicating
the existence of a time—temperature equivalence.
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