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Influence of reprocessing on properties of short
fibre-reinforced polycarbonate

A. CHRYSOSTOMOU, S. HASHEMI
School of Polymer Technology, University of North London, Holloway Road, London N7 8DB
UK ‘

The influence of reprocessing by injection moulding on properties of polycarbonate has
been studied. It was found that reprocessing reduces the mean fibre length and increases the
melt flow index. There was no variation in tensile or flexural properties with the number of
reprocessing cycles. Fracture toughness, K¢, measured via notched tensile and flexural bars
indicated that the material toughness is affected by the number of reprocessing cycles. The
effect was more pronounced in bending than in tension. Strain energy release rate, G;, was
found not to be affected significantly by the number of reprocessing cycles. Although, as the
material was reprocessed, fracture parameters were always lower than that of the virgin
unprocessed material. '

The influence of reprocessing on weld-line properties was also investigated using notched
tensile specimens. It was found that whereas tensile strength is not affected by the presence
of the weld-line, fracture toughness deteriorated significantly, giving a weld-line integrity
factor, F, of 0.75. The value of F was not affected significantly by the number of reprocessing

cycles.

1. Introduction

In recent years the practice of recycling has been
encouraged and promoted with the increased aware-
ness in environmental matters and the subsequent
desire to save resources. This together with the rela-
tively high cost of the polymer and some times high
levels of scrap material generated during manufacture,
make this procedure both a viable and attractive op-
tion. However, with the high temperature and pres-
sure utilised during processing, the material is sub-
jected to conditions which would cause detrimental
effects to the polymer in terms of properties.

Several papers [1-3] have been published concern-
g the effect of recycling on molecular weight and
some important mechanical properties such as tensile
strength, flexural modulus and impact strength of
polycarbonate material. However, because of the ever
increasing use of polycarbonate as matrix for com-
posite materials, it is important to establish how these
properties are affected when fibre-reinforced polycar-
bonate material is reprocessed. In view of this, a grade
of polycarbonate containing 20% by weight short
fibres was initially injection moulded in the present
work in order to establish the characteristics of the
virgin material. This was then used to gauge the effects
arising from reprocessing and regrinding of the virgin
material during five recycling processes. Quantities
measured include, the melt flow index, the tensile and
flexural strengths, the elastic modulus and the fracture
toughness. Moreover, since most injection mould-
ing components contain a weld-line of one type or
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another, it was of interest also to examine the effects
that reprocessing may have on mechanical properties
of welded components.

2. Experimental procedures

2.1. Material

Materials used in this study were received courtesy of
BAYER UK. The product is known commercially as
Makrolon 8025 which is a grade of polycarbonate
(PC) reinforced with 20% by weight (w/w) short glass
fibres. The material was dried prior to all processing
cycles according to the manufacturer’s recommenda-
tions, ie. for a minimum of four hours at 120°C.
Moreover, it was found that in order to overcome
problems of drool the material had to be exposed to
elevated temperatures overnight.

2.2. Mouldings
Three types of specimens were injection moulded as
shown in Fig. 1;

(i) Tensile bars: dumbbell shaped tensile specimens
of dimensions 1.7 x 12.5 x 125 mm were produced on
a Negri Bossi NB60 with the melt temperature set at
320°C and a mould temperature set at 80 °C. Injection
speeds reached 208 rpm while the pressures were held
at 70 bar. The mould used consisted of two cavities,
a single feed and a double-feed cavity as shown in
Fig. 1. In the latter, a weld-line is formed as two
opposing melt fronts meet at the centre.
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Figure I Injection mouldings used; tensile bars, flexural bars and plaque mouldings.

(i) Flexural bars: flexural specimens were produced
on a Szekely Hydrojet injection moulding machine
using an edge gated rectangular cavity of dimensions
4x10x 120 mm as shown in Fig. 1. The processing
temperature was set at 290 °C and the mould temper-
ature was set at 40 °C with a pressure of 54 bar.

(iti) Plaques: Square plaques of dimensions
88 x 88 x 1.5mm were produced on a Peco 15MR
injection moulding machine fitted with a single mould
cavity. The cavity was filled by the molten material
either through an edge-gate or a double-edge-gate as
shown in Fig. 1. In the latter, a weld line is formed as
two adjacent flow fronts meet. Plaques were processed
at a melt temperature of 330 °C and a mould temper-
ature of 80 °C with pressures attaining 114 bar.

2.3. Reprocessing

The material was received in the form of granules and
was at first, injection moulded to produce the above
mouldings. These mouldings are referred to in the
following text as virgin or zero cycle. After testing the
virgin test pieces, they were then granulated on
a Blackfriars 2000 granulator and remoulded (re-
processed) again to produce the first recycled test
pieces. The regrinding and remoulding procedures
were carried out five times, maintaining the processing
conditions as closely as possible to those which were
used for the original material (i.e. that of the virgin
material as described above). Each subsequent cycle
after the zero cycle, was referred to as; first cycle,
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second cycle, and so forth, up to and including the fifth
cycle.

3. Results and discussion

3.1. Fibre length distribution

The measurement of the length of the reinforcing fibre
was carried out by burning off the organic polymer
matrix in a muffle furnace. At 650 °C glass undergoes
devitrification and although there is no weight loss,
the fibre will become brittle and readily breaks, thus
exaggerating the degree of degradation. For this rea-
son the furnace temperature was maintained at
600°C. The chard remaining in the muffle was then
viewed under an optical microscope. A series of pho-
tographs were then taken as shown in Fig. 2 from
which some 500 fibre lengths were counted. When the
counting was completed a frequency distribution of
fibre lengths was plotted for each material as shown in
Fig. 3(a—d). The mean and median fibre lengths as
derived from these plots are delineated in Table 1. It
can be seen that during reprocessing—regrinding pro-
cedures, the glass fibre is severely degraded. Even in
the absence of any regrinding as for the virgin mater-
ial, the glass fibre is degraded during injection process
alone. The mean fibre lengths for the reprocessed
materials relative to that of the unprocessed granules
are plotted in Fig.4 as a function of reprocessing
cycles. As can be seen the ratio is fairly constant up to
second: recycle after which it drops sharply before
reaching a constant ratio of 0.64.



Figure 2 Micrographs showing fibre lengths for; (a) granules, (b) virgin and (c) after fifth cycle.

3.2. Melt flow index (MFI)

The melt flow index of Makrolon 8025 was measured
after each reprocessing cycle using a Davenport
Rheometer. Measurements were carried out as specified
by ASTM D1238, i.c. at 300 °C and with a 1.2 kg load.

After repeated moulding cycles, the translucent and
colourless PC composite showed progressive darken-
ing but the translucency was maintained. This result
is a first indication that some form of degradation—
decomposition occurs during the moulding operation
due to the high temperatures used.

Fig. 5 shows the plot of the MFI as a function of
reprocessing cycles, where each data point represents
an average value taken from at least four measure-
ments. As can be seen, the MFI increases continuously
with the number of reprocessing cycles. An even faster
increase is observed from the second cycle onwards.
The MFT is approximately three times higher than
that of the original value after five cycles. It is interest-
ing to note that this increase in MFI is consistent with
the results of Eguiazabal and Nazabal [1]; these
workers observed an increase in the MFI during re-
processing of the unreinforced polycarbonate mater-
1al. This increase in the fluidity of the reprocessed
material is partly due to the shortening of fibres as
a result of reprocessing and regrinding cycles and
partly due to the decrease in molecular weight of the
polymer arising from the reduction in polymeric chain
lengths by degradation mechanisms [1] during re-
peated processing. '

3.3. Infrared (IR) Analyses

The infrared (IR} analyses were performed in a Perkin
Elmer 1600 FTIR spectrophotometer. Samples taken
from each reprocessing cycle were dispersed on a dia-
mond coated disc. The disc was then placed in an
infrared spectrophotometer and the resulting spectro-
graph was printed.

Fig. 6 shows an example of the FTIR traces ob-
tained for the virgin and the fifth recycled material.
Evidently, there are no changes in the spectra; thus
indicating that under the present processing condi-
tions, degradation reactions caused a decrease in the
molecular weight but did not affect the intrinsic chem-
ical structure of the polymer.

3.4. Tensile tests
Tensile tests were carried out on the dumbbell shaped
specimens with and without weld-lines in an Instron
testing machine at room temperature and at a cross-
head displacement rate of 5 mm min~!. The quantities
measured from the recorded load—displacement dia-
grams (sec Fig. 7) for all the materials were: (i) the
nominal tensile yield stress calculated on the basis of
the maximum load and (if) the nominal stress at
a break. The average value of these quantities and
their standard deviations are given in Table 1I. A min-
imum of eight specimens were tested for each material.
The broken unwelded test pieces are shown in Fig. 8
and as can be seen they have been broken after some

1185



30 T
[ . ]
i A -
25 N 7
[ [~
B N =
- A -1
- N i
N
20 NN ]
- N
RRRRRINE Y ]
b [ NN \\t :E :
5 15 LAY -
S AN N i
- N \:: \\ :
\t\ \‘\y‘4 Y K
= \‘\\‘\“ N ™ ]
10 RS-
N t \:‘ At J
T NONNTRN k M
REENNNNNY N N 1
B § N N \j_‘ N -
\N\\\‘“ R
= X N NIRRT R Al
5 VAN \E\Q:\ RN e ;
ENEINNNNENRNAINRA NN NN ENEY H
iy NN NN N
o N MNIONY \< -
NN PRI NN
R i
0 FRRN Q\ AN N N ﬁ
0 50 100 150 200 250 300
(a) Fibre length (um)
60
:
50 My
iy |
40 H AN
N N a
Nl :
% N \E N u
€ ) \-\ t: 3
3 NN
3 SO 1
o I RHINREN Ri
NN RSN 1
AT \\\\: *\i |
AN N A
20 (R RERERRN
-\L\’ NN A
i\\ :d \:\ \S\Q\ Ny :
N ANSANRE
\\R N \Q\:\ NANIAS a
10 PR
LN NN N ]
NI \\\4"\‘1 \\\\ N Ly &
INNY NN MR -1
NN KN \ ™ N S
RN NONNY INYRNNEN 1
NN AN
0 DNNE M q ANMIANENY iy sl g

0 50 100 150 200 250 300
(c) Fibre length (um)

50 T

2
ZLTA
.
1

40

]
|

i
£EL
Z
1

30

T
77
T TIS

774
Z Y
2227 T I TR
Fd z,

Z,

ZZ
z
|

1 1 1 1

Count
1 T
A
7
an

P EL LA
LLLFLELE

 — ——
iz
o
T2 TZE LT
i
i
L
a
.
2777
2}
I

L LEL
v
Vi
i
1

s

20 -

"z
g
yu il
|

i
oy

VI TITIIE

10

2L

Z
z
4

ANANSY NSNS -
X NYY 1 -
| N e
SRR e
0 50 100 150 200 250 300
(b) Fibre length {um)

o
2L

T
= 7L
Z
Vs

70

60

1
A
L

50 \S“ \

i
sl

Z
.
2

L1y

40

Count
2227,
vl
7
>
[

7 i
TZLTTTA

30

Z
v
2L
~ 7
.
1
1111

P
i
yd

20

v
Z 2L L L,

ATyl
ZL]
)

L7,

10

| N O N N N S O OO N N N N A N N M N N N
ra
ré
2L
.

TITTTE
]

v
FLEL L
111 4

L
Z

N

0 50 100 150 200 250 300
(d) Fibre length {um)

Figure 3 Fibre length histograms; (a) granules, (b) virgin, (c) after 2nd cycle and (d) after fifth cycle.

TABLE I Fibre length studies (pum)

N, Mean Median Number
Granules 92 84 312
Virgin 79 70 704
2nd 78 70 650
3rd 62 50 607
4th 59 49 506
5th 59 52 736

degree of plastic deformation. The values given in
Table II indicate that the tensile yield and breaking
strengths show no systematic variation with the num-
ber of reprocessing cycles.
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The dumbbell test pieces that contained a weld-line
all broke at this line. The comparison between the
weld and unwelded tensile data is shown in Table IT
through a “weld-line integrity” parameter, F, defined
as the strength of the weld-line specimen divided by
the strength of the weld-free specimen. Using this
parameter, a ratio of unity represents weld-line insen-
sitivity and the lower values represent degrees of vul-
nerability. As can be seen the weld-line integrity para-
meter for the tensile yield stress or the breaking stress
is very close to unity and in some cases marginally
higher, therefore, indicating that the quantities meas-
ured did not deteriorate significantly in the presence of
the weld-lines, regardless of the number of reprocess-
ing cycles.
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3.5. Flexural tests

The three point bend flexural modulus and strength as
a function of reprocessing cycle were determined by
testing the flexure bars (thickness of 10 mm and depth
of 4mm) at a crosshead displacement rate of
5mmmin~! with span to depth ratio of 20:1. The
flexural load-displacement diagrams obtained for
these materials were similar to those obtained from
tensile tests. Linear elastic behaviour was observed at
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Figure7 A typical tensile load—displacement diagram taken on
a virgin specimen.

first, which became exceedingly non-linear as the max-
imum load was reached. Because of this, flexural
strength values were computed using the plastic col-
lapse equation which gives strength values which are
1.5 times lower than that predicted by the linear elastic
equation. Flexural modulus values were calculated
from the initial linear part of the load—displacement
diagrams. Results obtained are presented in Table III,
where each value represents an average of eight
measurements. The quantities measured show very
little change, if any, with the number of reprocessing
cycles. The flexural modulus of the recycled materials

63.06
=
] 7
[77]
2
£
0
a J
oy
B
@
o
3 -
c
@
<
[
a .

13.26 T T : —t : T

4000 3500 3000 2500 2000 1500 1000

b Wavelength (cm ')

Figure 6 Infra-red spectra for (a) the virgin and (b) the fifth recycled materials.
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Figure 8 Broken tensile test bars for the virgin and the reprocessed materials.

TABLE II Tensile properties

TABLE III Flexural properties

N, 5, [MPa] F o, [MPa] F N, o, [MPa] E; [GPa]
0 unwelded 62.17 [2.47] 1.04 54.54 [3.90] 1.01 0 171.3 [1.47] 3.24 [0.07]
welded  64.53 [0.271] 54.98 [4.05] 1 166.9 [5.35] 3.03 [0.16]
1 59.59 [1.52] 1.04 5206 [0.50] 1.05 2 1647 [2.09] 300 [0.13]
61.70 [0.780] 54.59 [2.66] 3 166.1 [1.12] 3.06 [0.06]
: 4 169.8 [1.93] 3.07 [0.10]
2 64.25 [0.90] 098 53.25[1.84] 1.03 5 166.7 [3.88] 2.90 [0.04]
62.87 [0.58] 54.89 [5.10]
3 63.32 [0.17] 099 52.03 [0.46] 1.01
62.70 [0.23 52.27 [0.69 . .
[0.23] [0.69] notched to an a/D ratio of 0.3 using a V-shaped cutter
4 64.32 [1.26] 096 5436 [2.24] 0.99 with a tip radius of 0.25mm and fractured at the
62.00 [1.13] 53.98 [2.14] e
pendulum speed of 3 ms™" at room temperature. The
5 63.55[210] 099 5431[056] 100 influence of the number of reprocessing cycle on the
62.89 [1.18] 54.35 [1.71]

Note: o, = yield stress, o, = breaking stress

remains effectively constant at 3 GPa, which is
approximately 8% lower than that of the virgin
material, whereas the flexural strengths of the virgin
and the reprocessed materials showed insignificant
differences.

3.6. Notched impact strength

The notched impact strength of the virgin and the
reprocessed material was measured using three point
bend Charpy impact specimens of thickness, B, and
depth, D, of 4 and 10 mm respectively. Specimens were
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impact strength is shown in Fig. 9, where each datum
represents the average of ten measurements. All the
specimens fractured in a brittle manner, and as can be
seen, a clear decrease in impact strength is observed
with number of reprocessing cycles, with the fifth
recycled material exhibiting a drop in impact strength
of about 16% compared to that of the virgin material.

3.7. Tensile testing of notched bars

The fracture testing of the notched tensile bars was
performed on rectangular coupons (prepared from the
plaque mouldings) with a length of 90 mm and a width
of 20 mm. Single edge notched tension (SENT) speci-
mens were prepared from the weld and unwelded
plaques with their length either parallel or perpendicular
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Figure 9 Impact strength versus the number of reprocessing cycles.
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Figure 10 Specimen configurations for fracture toughness deter-
mination.

to the melt flow direction (MFD) as shown in Fig. 10.
These different specimen orientations relative to MFD
are referred to as flow direction (MD) and the trans-
verse direction (TD) respectively in the following text.
The initial notch thus ran either perpendicular or
parallel to the MFD. Single edge notches were then
inserted half way along the length of the specimens
(see Fig. 10) with the length of the edge notch varying
from 0.1D and 0.7D. In the case of specimens with
a weld-line (formed by two opposing flow fronts as in
dumbbell specimens or two parallel fronts as in plaque
mouldings), the initial notch was inserted inside the
weld-line. These single-edge notched bars were tested
in tension in an Instron testing machine using pneu-

matic grips with gauge length, z, of 60 mm. The
notches were inserted by first forming a saw cut which
was then sharpened using a razor blade with a tip of
radius of approximately 6 pm. Subsequent to fracture,
the notch depth, a, of each specimen was measured
using a travelling microscope.

Additionally, the strength of the unnotched cou-
pons was also measured. Although, this type of
measurement was already performed on the virgin and
reprocessed materials (see Table IT), it has been re-
ported that such a measurement is dependent upon
the thickness of the moulding and the manner in
which the mould is filled. Indeed, the strength results
obtained from the unnotched coupons cut from the
square plaques averaged about 52 MPa which is ap-
proximately 20% lower than those obtained by way of
dumbbell shaped specimens. The unnotched strength
values were obtained on 10 mm wide rather than
20 mm wide specimens to avoid slippage from the
grips before fracturing.

3.8. Crack growth behaviour

In all cases the initial crack propagated perpendicular
to the direction of the applied load and the manner in
which the specimens fractured was not significantly
affected by the number of reprocessing cycles or by the
presence of the weld-line in the specimens. Typical
load—displacement records obtained from the notched
tensile specimens are shown in Fig. 11(a). The nature
of these curves and many others obtained in the pres-
ent study suggests some amount of slow crack growth
(or damage at the crack tip) occurs before the onset of
unstable fracture. The load—displacement traces were
all initially lincar but deviated from linearity as slow
crack growth or damage occurred in the vicinity of the
crack tip before the maximum load was reached. The
growth of the crack and the damage zone was collinear
with the original notch. Prior to complete fracture of
test pieces the following observations were made:

(i) Development of a damaged zone in the form of
stress whitened region at the tip of the crack, at a load
below that required for fracture (see Fig. 11(b)). Gener-
ally, the load at which the damage zone was first
observed corresponded closely to the point at which
non linearity had commenced in the load—displace-
ment diagram. This observation was consistent re-
gardless of the number of reprocessing cycles.

{il) The damage zone was seen to grow from the tip
of the crack normal to the direction of the applied
stress under rising load. At the maximum load, the
damage zone was extended over a large proportion of
the sample width hence weakening the ligament area
and suppressing further increase in the applied load.
At this point the initial notch propagated rapidly
through the damage zone, or as in some cases, slowly
tearing through it (see Fig. 11(a)). It must be noted that
there was always some amount of slow crack growth
prior to the attainment of maximum load suggesting
that the initial crack had propagated before the max-
imum load was reached. The amounts which the in-
itial crack extended prior to reaching the maximum
load was always less than 1 mm.
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3.9. Fracture of the specimens without

a weld-line
The fracture behaviour of the virgin and several of the
reprocessed materials is presented in Fig. 12(a, b). In
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this figure, the failure stresses, c;, were determined
from maximum loads and plotted against the relative
crack length a/D. Fig. 12(a, b) represents the behaviour
for the MD and TD directions respectively.
Fig. 12(a, b) shows that the fracture stress decreases
with increasing a/D. Evidently, specimens having in-
itial cracks which are normal to the melt flow direc-
tion (MD) fracture at lower stresses than TD speci-
mens in which the initial cracks run parallel to the
melt flow direction. In each case, the virgin material
fractured at relatively higher stresses than the re-
processed materials. For comparison, each figure is
superimposed by plots determined by applying the
notch-insensitive analysis; where the notch-insensitive
fracture stress (net-section stress), Oy, is related to the
length of the crack, a, by the relationship;

On = oy<1 — %)2 (1)

where o, is the tensile yield stress of the unnotched
specimen. Clearly, the fracture stress for the middle
range crack lengths is well below that required for the
net-section to yield; whereas for long and short crack
lengths it is at close proximity to the net-section yield-
ing line.

Fracture toughness (K.} was obtained through the
analysis of single-edge notched (SEN) tensile tests,
where the critical value of stress field intensity factor
(fracture toughness) is determined from the expression

[4]:
K, = o;Ya'/? @)

Figure 11 (a) Typical load—displacement diagrams for several a/D ratios. P5% is also indicated. (b) SENT fractured specimens showing the

damage zone at the tip of the crack.
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where o, is the far field fracture stress, a is crack length
and Y is the finite width correction factor. Since the
notched tensile specimens were simply clamped in the
Instron machine, the expression of the geometry fac-
tor, Y, given by Brown and Srawley [4] is inappropri-
ate. It assumes that the tensile force is uniformly
distributed across the width of the specimen which is
consistent with pin-loading. For our present loading
configuration, a more appropriate expression is [5]:

Sni/2

Y= (20 — 13x — 7x2)172

&)

where x = a/D. The variation of Y with x is shown in
Fig. 13 and compared with the commonly used
Brown—Srawley calibration function. It is apparent
that when the specimen is clamped the Y function
varies less with x as compared to the situation in
which the specimen is pin-loaded.

Fig. 14(a, b) shows o; plotted against [Ya!/?] ™!
(unit of m~/2) for the virgin and three of reprocessed
materials for both MD and TD directions. From these
plots the following observations can be made: the
variation of o; with [ Ya'/?] ™" is fairly linear for crack
lengths bigger than 0.1D, thus indicating that the
fracture toughness, K., is independent of the crack
length; TD specimens exhibit higher slopes hence
higher fracture toughnesses than MD specimens.
Fracture toughnesses and 95% confidence limits are
delineated in Table IV. These values indicate that K,
is not significantly affected by the number of re-
processing cycles, although once the material is re-
processed, it exhibits relatively lower fracture toughness
than the virgin material. Furthermore, it is clear that
K, values in the TD direction are consistently higher
than corresponding values in the MD direction; the

Broyn &Srawley /

/1 Equation (3)

8
6 X

A pd N
, -

0

e
// e

I,

0 01 02 03 04 05 06 07 08 09 1

a/D

Figure 13 Variation of Y with relative crack length for pin-loaded
and clamped specimens.

ratio gives some indication about the degree of aniso-
tropy which apparently is not affected significantly by
the number of reprocessing cycles.

It should be appreciated from a technical point of
view, that the results obtained appear to be satisfac-
tory; in the sense that over a wide range of a/D, K,
values do not depend upon the initial length of the
crack and that the variation in the results is no greater
than that observed in fracture toughness tests. There-
fore it would appear that present K, values are useful,
as a first approximation, for comparing the material
response to crack propagation as a function of re-
processing cycles. The size of the damage zone and
that of the specimen could modify the result; in a sim-
ilar manner to that in which the size of plastic zone
can affect metals or unreinforced plastic materials.
However, the main difference between the damaged
zone at the notch tip and the:plastic zone is that
whereas the latter opposes the rapid propagation of
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processed material after 1, 3 and 5 cycles respectively.

TABLE IV Fracture toughness, K, [MPam?'/?]

N; K., MD K., TD (K., TD)/K., MD)
0 423 +0.05 490 +0.16 1.16
1 3.56 + 0.08 4.82 + 006 135
2 3,51 +0.07 469 +0.12 1.34
3 3.66 + 0.08 4.60 +0.15 1.26
4 3.52 4 0.05 450 +0.17 1.28
5 3.61 +0.07 4624025 1.28

the crack and delays breakage, the former constitutes
the normal process of crack propagation whereby the
material is weakened; this weakening is a contributing
factor in assessing breakage. In general, when attempt-

1192

ing to define a K. for a material which does not
conform to classical brittle fracture, the terms fracture
stress and the crack length in Equation (1) each poses
a question. Should fracture stress be calculated from
the maximum load or from the candidate fracture
load, P,, obtained by a 5% change in slope of the
linear portion of the load—displacement diagram [4];
and should crack length be taken as the initial notch
depth, or an effective crack length corresponding to
maximum load? Regarding the first question, al-
though in some composites one may argue that deter-
mining K, from P, is justified, for the materials studied
here, because considerable damage preceded fracture;
the 5% P, approach which allows only 1-2 mm of
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Figure 15 Fracture energy for SENT specimens versus crack length
measured in the flow direction (MD) for the virgin material (7} and
the reprocessed material after; @ 1st, A 2nd, O 3rd, B 4th and
B 5th cycles.

damage and stable crack growth would indeed be
arbitrary. In point of fact, several tests were performed
in which specimens were unloaded just before the
maximum load was reached and the length of the
damage zone and the stable crack growth, were then
measured. It was found that although the length of the
damage zone corresponding to maximum load did not
vary significantly with varying a/D ratio it was never-
theless as large as 6—8 mm with a crack growth of
about 1 mm. In view of this observation, the use of the
5% P, approach would indeed be arbitrary. Neverthe-
less, when this procedure was applied, it was noted
that for 90% of the data, P, values were in close
proximity to P, (the ratio being less than 1.15) and
as a result the calculated K, values for valid test
records did not differ significantly from the corres-
ponding K values (see Fig. 11(a)).

Regarding the second question, in order to take into
account the presence of the damage zone, the crack
length, a, in Equation (2) was replaced by a fictitious
crack length, ¢, defined as:

1 (K2
c=a+%(€> @

Equations (2), (3) and (4) were then iterated to deter-
mine ¢ and to recalculate K. This procedure gave K,
values which were exceptionally high and conse-
quently was not considered further.

Finally, implementing the ASTM specimen size cri-
terion for valid plane—strain fracture toughness deter-

mination [4]
2
B>=25 <&) (5)
Oy

and using the average K, value of 4 MPam'? and
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Figure 16 Fracture energy for SENT specimens versus crack length
measured in the transverse direction (TD) for the virgin material ((J)
and the reprocessed material after; @ 1st, A 2nd, O 3rd, | 4th and
W 5th cycles.

tensile yield stress value of 52 MPa, one observes that
the minimum thickness requirement is approximately
15 mm which is considerably higher than the thick-
ness used in this study. In view of this, the measured
values are considered as “apparent fracture tough-
nesses” and as such they may vary with dimensions of
the specimens. Nevertheless, they have been found to
be useful for studying the effect of recycling on fracture
toughness.

Figures 15 and 16 show the variation of energy
required for fracture, U;, (measured from the area
under the load—displacement traces up to the point of
maximum load) with crack length for the virgin and
some selected reprocessed materials for both MD and
TD directions respectively. Evidently, U;, decreases
with increasing crack length showing no systematic
variation with the number of reprocessing cycles.

3.10. Fracture of the specimens with
weld-lines

The fracture toughness of the specimens with weld-

line was determined using single-edge notched speci-

mens with the edge notch placed inside the weld-line

and then applying the load normal to this line (i.e. as

in TD specimens).

In order to examine the uniformity of the weld-line,
specimens were cut from the plaque mouldings at
three positions along the weld-line (i.e. P2, P4 and P6
as shown in Fig. 10). Fig. 17(a, b) shows typical plots of
o¢ versus [ Ya'/?]7! for the condition in which the
plaques were produced by two melt flow fronts ad-
vancing adjacently. From these plots the following
observations can be made. In the first place, the vari-
ation of o; with [Ya'/?]7! is linear indicating that
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Figure 17 Fracture stress for SENT specimens with a weld-line versus [Ya/*]~? for (a) the virgin and (b) the fourth reprocessed material;

@ =P2, @ =P4 and O = P6.

LEFM can be used to determine fracture toughness
from the welded specimens. In the second place, frac-
ture toughness is not affected by the specimen posi-
tion. Table V compares fracture toughness of the weld
and weld free specimens. It can be seen that although
fracture toughness is not affected significantly by the
number of reprocessing cycles, it shows a clear reduc-
tion in the presence of a weld-line. The weld-line
integrity factor defined as the ratio of the two tough-
ness values indicates that K is affected significantly by
the weld-line; giving a weld-line integrity factor of
about 0.74. This reduction in toughness in the pres-
ence of the weld-line is attributed to the alignment of
the fibres parallel to the weld-line and therefore trans-
verse to the direction of the applied stress.

The influence of weld-line formed by two opposing
flow fronts on fracture toughness is also evident from
the data given in Table V. The reduction in fracture
toughness may once again be attributed to the pres-
ence of the weld-line. However, values obtained from
these specimens show a greater variation with the
number of reprocessing cycles. It should be appreci-
ated that an assessment based upon a direct compari-
son between the two weld-lines, that is, one formed by
two opposing flow fronts and the other by two parallel
flow fronts, would be invalid in our case due to the
differences in specimen dimensions.

3.11. Flexural testing of notched bars

The fracture toughness of the virgin and the re-
processed materials was also measured in flexure us-
ing single-edge notched bend specimens (SENB) with
span to depth ratio of 8: 1 (see Fig. 10). The calibration
factor Y used for this geometry is given by [4]:

Y = 1.96 — 2.75x + 13.66x> — 23.98x° + 25.22x* (6)
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TABLE V Fracture toughness, K, for welded specimens
[MPam'/?]

N, K., weld? K, unwelded F K., weld®

0 3.51 +0.12 490 £ 0.16 0.72 3.854+0.24

1 3.59 +0.09 4.82 +0.06 0.74 346 +0.24

2 3.57 + 017 4.69 +0.12 0.76 328 +0.24

3 348 +0.18 4.60 + 0.15 0.76 2.84 +0.24

4 3.31 +£0.10 450 +0.17 0.74 2.54 +£0.25

S 343 4+ 0.11 4.62 +0.25 0.74 2254022

Note: (1) adjacing flow fronts, (2) opposing flow fronts.

The load—displacement traces obtained from these
specimens had similar characteristics to those ob-
tained for SENT, i.e. they exhibited some non-lin-
earity before reaching the maximum load due to
a small amount of crack extension and damage at the
crack tip. The extent to which the damage zone
propagated in these specimens was less than that pro-
duced in tension due to the compressive nature of the
stress field in the specimens. The ratio of Py,,,/Ps, was
less than 1.15 for the majority of test specimens and
the plots of of versus [Ya'?]"! as shown in
Fig. 18(a—d) were essentially linear for a/D ratios
greater than 0.1. Table VI gives fracture toughness
(average + 95% confidence limit) for the virgin and
the reprocessed materials. In view of these results, it
can be said that: K, decreases with the number of re-

_processing cycles, with the virgin material giving 30%

higher fracture toughness than the fifth reprocessed
material. Comparison of SENT (MD specimens) and
SENB results also indicate that the measured K, value
in bending is consistently higher than that measured
in tension, for the same crack orientation. It is note-
worthy that the unnotched flexural strengths were
also consistently higher than tensile strengths. Thus
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Figure 18 Fracture stress for SENB specimens versus [Ya'/2] ™! for (a) the virgin material and (b—d) the reprocessed material after 1, 3 and

5 cycles respectively.

TABLE VI Notched flexural data

N, K.[MPam'?]  G.[kIm™?] E* [GPa]
0 438 +0.11 6.83 + 0.44 2.81
1 423 4 0.07 6.82 + 0.63 2.62
3 400 + 0.12 6.82 + 0.31 2.35
4 3.85 +0.13 6.10 + 0.65 243
5 3.75 + 0.12 6.23 + 048 226

suggesting that the differences in quantities for the two
loading configurations is mainly due to the skin—core
morphology which is expected to be different for the
two mouldings (i.e. plaque mouldings versus flexural
bars).

The strain energy release rate, G, was also cal-
culated from the energy absorbed by the specimen up
to the maximum load according to the following ex-
pressions [6]:

Us = BD$G. )
where ¢ is a geometrical factor defined as:

C

¢ = dCJ/d(a/D) @®

where C is the compliance of the cracked sample.
Tabulated values of ¢ as a function of a/D have
already been given in reference [6]. Fig. 19(a—d),
shows the variation of U; with BD ¢ for the virgin and
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Figure 19 Fracture energy for SENB specimens versus BD¢ for (a) the virgin material and (b—d) the reprocessed material after 1, 3, and

5 cycles respectively.

three reprocessed materials is linear. Evidently, U;
varies linearly with BD¢ over the range of a/D for
which K, is independent of crack length. Thus, en-
abling G, to be determined from the slopes drawn in
the Fig. 19(a—d). G, values are delineated in Table VI
and show very little variation with the number of
reprocessing cycles.

The strain energy release rate is related to fracture
toughness by the expression:

KZ

G =

©

where E* is the effective modulus. Using the G, and K,
values given in Table VI, the effective modulus for
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each material was calculated via Equation 9. Clearly,
the effective modulus is lower than that of flexural
modulus and shows some variation with the number
of reprocessing cycles. It must be noted, that the tip of
crack in notched flexural bars, lies within the core
region where fibre orientation is expected to be differ-
ent to that of the skin layer, where the alignment is
predominately in the flow direction of the polymer melt.

4. Conclusions
The influence of reprocessing by injection moulding
on properties of polycarbonate has been studied. It
was found that the number of reprocessing cycles:

(i) reduces the mean fibre length,



(i) does not affect the infrared spectra, hence has no
influence upon the chemical structure of the polymer,
(ii) increases the melt flow index due to the reduc-
tion in polymeric chain length as a result of degradation,
(iv) does not affect the tensile and flexural yield
strengths nor does it affect the modulus of the material,
(v) reduces the impact strength of the material,
(vi) reduces the fracture toughness of the material
particularly in the bending mode, where the damage
zone at the tip of the crack is suppressed by the
compressive stress field in the specimen,
(vii) does not affect strain energy release rate, G,
(viii) does not affect the tensile strength or fracture
toughness of the material in the presence of the weld-
line. This latter quantity does suffer considerably by
the weld-line giving a weld-line integrity factor, F, of
0.75. The value of F was not affected significantly by
the number of reprocessing cycles.
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