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Abstract

We present the results of an extensive study of the influence of average fibre diameter and
the width of the diameter distribution on the performance of injection moulded glass-fibre
reinforced polyamide 66. In the average fibre diameter range from 9-18um dry-as-moulded
(DaM) composite unnotched impact and tensile strength decreased significantly. The
composite notched impact performance and tensile modulus showed little dependence on
fibre diameter. The influence of broadening the fibre diameter distribution by blending glass
fibre samples of different average diameter was found to be particularly negative on the
level of composite unnotched impact when compared at equal number average diameter.
After hydrolysis treatment the composite tensile strength and modulus exhibited a large
drop compared to the DaM results. In contrast, the unnotched impact results became
insensitive to fibre diameter after hydrolysis. The average level of unnotched impact after
hydrolysis was sufficiently high to show an increase over DaM when the fibre diameter was
above 14um. Residual fibre length correlated significantly with fibre diameter with a lower
average length for thinner fibres. The interfacial shear strength was found to be in the range
of 26-34 MPa for DaM composites. There was a highly significant inverse correlation
between the DaM interfacial strength and the average fibre diameter. It is shown that results
from both tensile and unnotched impact measurements can be brought back to single trend
lines by using a Z average value for the average fibre diameter which is more heavily
weighted to the thicker fibres in the distribution.
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Introduction

Glass reinforced thermoplastics continues to be one of the most exciting growth areas in the
composites market. In recent years there has been an increasing growth in the use of glass-
fibre-thermoplastic composite systems in semi-structural and engineering applications.
These thermoplastic matrix composite systems combine ease of processing with property
advantages such as enhanced toughness and an unlimited shelf life. Furthermore, their
intrinsic recyclability is rapidly being recognised as a strong driving force for their further
application. Their potential for high-volume processing combined with high levels of end
use property levels and associated lower manufacturing costs has spurred the current
expansion of research and development activities on thermoplastic matrix composites.
Parallel to this growth has been the increasing recognition of the need to better understand
and measure the micro-mechanical material parameters and processing parameters which
control the performance of such composite parts. Glass fibre reinforced polyamides, such as
nylon 6 and nylon 66, are excellent composite materials in terms of their high levels of
mechanical performance and temperature resistance. However, the mechanical properties of
polyamide based composites decrease markedly upon the absorption of water and other
polar fluids. The mechanical performance of these composites results from a combination
of the fibre and matrix properties and the ability to transfer stresses across the fibre-matrix
interface. Variables such as the fibre content, diameter, orientation and the interfacial
strength are of prime importance to the final balance of properties exhibited by injection
moulded thermoplastic composites (1-11). The optimization of composite processibility and
performance through control of the base materials and the various steps of fibre-matrix
combination and parts production is already a major technical challenge. The challenge to a
fibre reinforcement supplier is how to offer outstanding reinforcement products which can
meet the demands of all the intermediaries in the composite chain and match the internal
manufacturing and financial targets. For some time we have been engaged in a programme
to further elucidate the structure-processing-property relationships in glass fibre reinforced
thermoplastics. In this report we focus on the influence of average fibre diameter and the
width of the fibre diameter distribution.

The fact that increasing the average fibre diameter can have a strong influence on the
performance of injection moulded glass reinforced thermoplastics is not new. Sato et al
published results (9) on the mechanical properties of injection moulded 30% glass fibre
polyamide 6,6 using four different glass fibre diameters. Their results showed a high level of
sensitivity of composite unnotched and notched impact to fibre diameter with a maximum
level obtained somewhere between 7-13 um. The tensile and flex strength data showed a
lower dependence on fibre diameter in the 7-13 pwm range but also drop off severely when
the diameter is reduced below 7 um. Ramsteiner (10) studied the influence of fibre diameter
(10-24 pm) on the properties of injection moulded glass reinforced polyamide. They found
significant dependence of unnotched Charpy impact and tensile strength on fibre diameter
but little effect on tensile modulus and notched impact. There was no diameter dependent
maximum in mechanical properties observed in their results. Thomason reported (7) similar
diameter dependent effects in injection moulded glass reinforced polyamide 6,6 over the
diameter range 10-17 pm. A more detailed study (8) on these materials with blends of fibre
diameters indicated that there could be a dependence of the residual fibre length after
composite processing on the fibre diameter. However, the analysis was complicated by the



use of different glass formulations (E-glass and S2 glass®) as well as fibre diameters. Chu
also reported (11) data on the mechanical performance of injection moulded glass reinforced
polypropylene where the fibre diameter was varied from 10-16 pm. He observed trend in
mechanical performance very similar to those reported in polyamide, with a 25% drop in
unnotched impact, 10% drop in tensile strength and no dependence of notched impact
moving from 10 um to 16 pm diameter fibres. Interestingly Moon (12) reported a 20-30%
reduction in the interfacial shear strength of single glass fibres embedded in polyethylene or
epoxy resin droplets when the fibre diameter increased from 10 pum to 20 pwm.

In this report we present an in-depth discussion of the results on of a number of trials of
short glass fibre reinforced polyamide 66. We present results on injection moulded
composites manufactured with chopped glass fibres with a range of average fibre diameters.
We have also investigated the effects of widening the fibre diameter distribution by blending
fibres of different average diameter into a single composite. Mechanical properties have been
measured on both dry-as-moulded samples and after hydrolysis conditioning. These samples
have also been characterised on the micro-mechanical level by measuring residual fibre
length distributions, fibre orientation parameter and interfacial shear strength.

Experimental

The fibres used in this study were all produced using the Owens Corning Cratec™ process
for chopped strands (13) using E-glass. These samples were chopped to a length of 4 mm.
All glass fibre samples were coated with the sizing formulation 123D which is design for
compatibility with polyamide resins. 123D is a typical sizing designed to maximise the “dry
as moulded” (DaM) performance of glass reinforced polyamides where the main ingredients
are aminosilane coupling agent and a commercial polyurethane dispersion (14,15). The
sample C10 was taken from the normal commercial production of 123D-10C. Five chopped
glass samples (series A) were produced on a smaller scale pilot fibre-forming facility. Target
fibre diameters were 9,10,14,16,18 microns (P9-P18). A number of broader fibre diameter
distribution composite samples were produced using these single diameter distribution
samples. Dry blends of the pilot plant samples were produced (series B), 50:50 weight
blends of P18:P9 (P18-9) and P16:P10 (P16-10) were made and blends of all five glasses at
20% weight fraction of each glass (P20W) and 20% number fraction of each glass (P20N). A
series of blends (series C) was also produced by replacing 20% by number of the fibres in
the commercial C10 sample using the pilot fibres of different diameters (CP9 to CP18). A
description of the various samples is given in Table 1 along with a calculated value of the
nominal average fibre diameter of each blend.

The polyamide 6,6 (PA6,6) used was DuPont Zytel 101. The glass bundles and pre-dried
PAG6,6 pellets were dry blended by weight to the appropriate glass content and compounded
on a single screw extruder (2.5 inch, 3.75:1, 24:1 L/D screw). The compounds were moulded
into test bars on a 200-ton Cincinnati Milacron moulding machine. Set point temperatures
were 288-293°C for compounding and 293-299°C for moulding, at a mould temperature of
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93°C. Hydrolysis conditioning took place in a temperature controlled pressurized vessel with
samples fully immersed in a 50:50 mixture of water and glycol. On removal from
conditioning container samples were cooled to room temperature in a bath of 50/50
water/glycol, then stored in plastic bags for immediate mechanical testing.

Tensile properties were measured in accordance with the procedures in ASTM D-638,
using ASTM Type I specimens at a crosshead rate of 5 mm/min (0.2 inches/min) and an
extensometer gauge length of 50 mm (2 inches). Flexural properties were measured in
accordance with the procedures in ASTM D-790, at a crosshead rate of 2.5 mm/min (0.1
inches/min) and a span width of 50 mm (2 inches). Izod and modified Charpy impact
properties were measured on ten specimens in accordance with the procedures in ASTM D-
256 and ASTM D-4812. Deflection temperature under load (DTUL) was measured on three
specimens of each sample according to ASTM D648. Unless otherwise stated, all
mechanical property testing was performed at 23°C and at a relative humidity of 50%. Fibre
length and diameters were determined by image analysis and optical microscopy on fibre
samples removed from the moulded bars after high temperature ashing. Measurement of
fibre orientation was carried out on cross sections of moulded tensile bars cut perpendicular
to the flow direction. The sections were polished and a series of optical micrographs was
taken systematically across the thickness of the bar. The orientation of any fibre can be
determined from its elliptical profile using the equation (16,17)

cos (¢) = W/L =4A/nL? €))

where ¢ is the angle the fibre axis makes with the flow direction, W is the minor axis of the
ellipse which should also represent the fibre diameter, L is the ellipse major axis, and A is
the area of the ellipse. Either of possibilities in equation 1 may be used, however it has been
shown (17) that the greatest experimental error comes from the measurement of W and that
the area method produces values with a lower degree of uncertainty. The Hermans
orientation parameter (f,) can be calculated from this data using

f, = 2< cos’(¢) > -1 )

where the average value of <cos® ¢ > is approximated by

< cos’(9) > = Zi [ N(¢u) cos’(dy) 1/ 2 [ N(¢y) ] 3)

The values of N(¢;) must first be adjusted (18) by dividing by cos (¢;) due to the lower
probability of the section crossing fibres with higher values of ¢. The average fibre
orientation factor (1,) used in the Cox-Krenchel theory for composite modulus can be
calculated using (19,20)

Mo = < cos*(¢) > 4)



Results

The fibre diameter distributions of the six individual chopped glass fibre samples in this
study are shown in Figure 1. The average filament diameter and percentage standard
deviation are given in Table 2. An important observation from Figure 1 is that the
distributions for the low micronage samples (C10, P9,P10) have no significant overlap with
that of sample P18 and very little overlap with the distribution of sample P16. This means
that in any composite containing a mix of these low and high average diameter products we
can distinguish the origin of any fibre from its measured diameter.

The fibre diameter distribution of the two series of fibre blends are show in Figures 2 and 3.
For the A series of blends the distributions are characterised by a large peak at
approximately 10 um. The mixtures containing higher micronage fibres are characterised
by a small shoulder at higher diameters. All the distributions show a large 10 pm peak
despite the fact that some mixtures contain significantly high weight fractions of thicker
fibres. This emphasizes the fact that the measurement technique depends on counting the
number of fibres present, which is disproportionably weighted to the inverse of the square
of the diameter of the fibres. This trend is confirmed in the data in Figure 3. The
comparison of the weight (P20W) and number blends (P20N) show the difference clearly.
The weight blend of five individual samples also shows the large peak at 10 pum. However,
the number blends shows a much more uniform distribution, the peak around 10 pum is still
present due to the fact that the distributions of the individual samples P9 and P10 are close
together. Using the distributions in Figure 1 together with the average fibre diameters of
these samples and the weight ratios used in the blends it is possible to calculate an expected
distribution for each of the blended samples. Examples of the comparison between expected
and measured distributions are shown for samples P20N and P20W in Figure 4 and 5. It can
be seen that the measured distributions agree well with the expected values from the above
calculation. The calculated and measured number average diameters for all blended
samples are compared in Figure 6. A least squares regression analysis shows a highly
significant correlation between these values with a slope very close to unity which also
indicates measured and calculated values are well in agreement.

The results for the dry as moulded (DaM) mechanical properties of all samples containing
only a single fibre diameter glass are shown in Figure 7 and 8. The various properties have
been normalised to values obtained with the P10 glass and the error bars represent the 95%
confidence interval for the mean values. What can be observed in these Figures is a pattern
of dependence of mechanical properties of GF-PA66 on average fibre diameter which has
been observed by others (7-11). Tensile modulus shows little significant change with fibre
diameter in this range. Tensile strength shows a small, but significant, reduction with
increasing average fibre diameter. Unnotched impact shows a strong reduction with
increasing average fibre diameter. The unnotched Charpy and unnotched Izod data follow
an identical pattern. The notched Izod data show no strong dependence on fibre diameter in
this range and are actually best fitted with a quadratic function which indicated a weak
maximum at approximately 14 um average fibre diameter. Tensile elongation also shows a
small but significant negative dependence on average fibre diameter.



A comparison of the mechanical performance of the various blended sample is compared
with that of the individual diameter samples in Figures 9-15. In all cases the solid lines
shows the trends for the individual diameter samples. In Figure 9 we can see that the
Young's modulus of the blended samples appear to fall slightly below the trend line for the
individual diameter samples. This lower trend for the blended samples is more evident in
the tensile strength results shown in Figure 10, in this case all the blends containing a
fraction of the higher diameter fibres (i.e. ( 14 um) exhibit a significantly lower strength
than the individual diameter samples. In contrast to this trend, in Figure 11 we can see that
there is no significant difference in the tensile elongation behaviour of the blended diameter
samples as compared to the individual diameter samples. In Figure 12 it can be seen that the
notched Izod performance of the blended samples is significantly below the individual
diameter samples. In Figures 13 and 14 we can see that the unnotched performance of the
blended samples is well below that of the individual diameter samples. It can also be seen
in these two Figures that the slope of the trend line for the blended samples is even more
negative than that of the individual samples. It therefore appears that the negative effect of
increased fibre diameter on unnotched impact performance in polyamide 66 is magnified
when the breadth of the fibre diameter distribution is increased.

The results of the mechanical performance of these composites after 200 hours conditioning
in water/glycol mixture at 120°C are summarised in Figures 15-18. In Figures 15-17 it can
be seen that after conditioning there is no significant difference between the diameter
dependence trends for Young’s modulus, tensile elongation and unnotched Charpy impact.
In Figure 18 it is apparent that there is still a negative effect of diameter blending apparent
in composite tensile strength even after conditioning. In Figure 19 we have attempted to
give an overview of the global effects of hydrolysis conditioning on mechanical
performance. In this Figure we compare the hydrolyzed performance of all samples with
the DaM performance of the individual diameter samples. For any particular mechanical
property the DaM and hydrolyzed data have been normallised to the DaM performance of
the P10 sample. It can be seen that conditioning reduces the tensile performance (strength
and modulus) by 50-60%, most likely due to the plasticisation of the polyamide matrix by
the aqueous conditioning fluid. It is very interesting to note that the change in unnotched
impact performance due to conditioning is dependent on the average fibre diameter of the
sample. The trend lines for unnotched Charpy impact for DaM and hydrolyzed samples
intersect at approximately 14 um average fibre diameter. Below this value unnotched
impact is lowered by the conditioning. However, above 14 um average fibre diameter we
actually get an increase in unnotched Charpy performance after conditioning.

It is well known that the processing of glass fibres into injection moulded composites leads
to large reductions in the fibre length (21-24). Figure 20 shows both number average (L, )
and weight average (L, ) length versus average fibre diameter for the series of composites
with single fibre diameters. It can be seen that the 4 mm fibres used in this study were
reduced to less than 0.7 mm by the compounding and moulding process. It is also clear that
the average fibre diameter plays a role in determining the residual composite fibre length.
Across the range of fibre diameter of this study there is an approximately quadratic linear
decrease of both length averages with decreasing fibre diameter. This may well be due to
the fact that decreased average fibre diameter, at equal fibre loading, leads to a decreased
average fibre-fibre spacing and consequently an increased probability of fibre-fibre and
fibre-machine interaction (and resultant fibre damage). This decreased fibre-fibre spacing
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also leads to an increased apparent melt viscosity resulting in higher bending forces on the
fibres during compounding and moulding. It is interesting to note that, in this range, many
mechanical properties increase as fibre diameter decreases despite the decrease in residual
fibre length.

In Figure 21 we compare the average residual fibre length in the blended composites are
compared with the trend lines for the individual diameter samples. It can be seen that the
average fibre lengths in the blended samples clearly fall below the trend lines for the
individual diameter samples. As noted above some of the blends in this study were made
with non-overlapping diameter distributions. This enabled us to obtain values of residual
fibre length for the two individual diameter samples in four of the diameter blend samples
where the individual diameter distributions were far enough separated. This was achieved
by measuring both the diameter and length of individual fibres isolated from the moulded
samples and assigning the origin of the fibre by comparison with the individual fibre
diameter distributions in Figure 1. Results from this study are displayed in Figure 22 for the
weight average of the fibre length distribution. The results are displayed as three connected
data points for each blend. The central point on each line is the average length value shown
in the previous figure, the value for Lw for fibres from the two individual fibre diameter
samples are also shown. What is immediately obvious from this figure is that the average
residual fibre lengths of the thick diameter samples are significantly lower in the blends
than when these glass samples are processed alone. In the blend containing the thinnest
fibres (P18-9) it appears that the thin fibres are also longer than when those fibres are
processed individually.

These results are in agreement with the previous study of S2 glass® — E-glass blends where
the S2 glass® fibres were thin and the E-glass fibres were in the 10-17um range (8). In that
study we also found that the average residual fibre length of the E-glass fibres was shorter
as the average diameter decreased. We also observed that the thick E-glass fibres were
significantly reduced in length when the thin S2 glass® fibres were blended with them. In
that study there were differences in chop length and glass composition which complicated
our ability to assign these effects unambiguously to fibre diameter differences. In the
current study all the samples were of the same chop length and glass formulation.

Discussion

The data for the composite tensile modulus in Figure 1 can be modeled using a number of
approaches. One common approach is to use a simple “rule-of-mixtures” equation

E=n,nVE;+(=-V)E ®)

We can use the fibre length data reported in Figure 20 to calculate the 1 factor using the
Cox shear lag method (19). Combining these values with the experimental values of



composite and matrix modulus we can obtain a value for the orientation parameter (1,) for
each sample (20).

Another approach is to use the equation
Ec=770E1+(1_770)E2 (6)

where E; and E; are obtained from the Halpin-Tsai equations (25) for the modulus of a
unidirectionally reinforced laminate.
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In a recent report on the properties of glass reinforced polyamide (21) we reviewed how
some of the existing models for analyzing the results of composite modulus exhibit some
discrepancies when applied to this type of material. In particular we showed that the data
can be reduced to the analysis of fibre orientation parameters, which are the major unknown
for this type of analysis. The other required parameters for such modulus modeling, fibre
and matrix modulus, fibre volume fraction, fibre length and diameter can all be measured
with varying degree of accuracy. However, the measurement and application of fibre
orientation parameters in modulus modeling for injection moulded composites remains a
difficult area. It was shown that orientation parameters obtained from measured DaM
composite modulus and analysis using equations based on either Cox-Krenchel theory or
the Halpin-Tsai equations gave very comparable values. After hydrolysis the Cox-Krenchel
approach still gave reasonable values of orientation parameter, but only when the fibre
volume fraction was adjusted to account for the swelling of the sample. The Halpin-Tsai
approach gave physically unacceptable values for hydrolysis conditioned samples, even
after the volume fraction adjustment. In comparison with orientation parameter values
obtained from experimental observation of elliptical fibre cross section in polished
sectioned composites we found reasonable agreement with the above approaches only when
a <cos’()> approach was used, whereas theoretically a <cos(¢)> approach is required. We
have applied similar analyses with this series of samples to obtain further verification of the
above observations.

In Figure 23 we present results for the average fibre orientation parameter obtained using
the above referenced methods. We present only the results for the series A containing the
homologous series of single fibre diameter samples, since the theoretical approaches
referenced here become difficult to apply to these samples with such wide diameter
distributions and associated fibre length distributions. It can firstly be observed in Figure 23
that there is no strong dependence of the fibre orientation parameter on the average fibre
diameter. Examination of the data obtained using DaM composite modulus and the two
theories referenced above again give very similar values for orientation parameter.
Moreover there is good agreement between these values and the optical approach when
using a <cosz(¢)> analysis. Once again the <cos*(¢)> approach, which has a sound
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theoretical basis from Krenchel, gives much lower values for the orientation parameter.
Consequently using a 1o,=<cos’(¢)> value from optical analysis would significantly
underestimate the composite modulus. The data obtained from the composite modulus after
hydrolysis conditioning and the Cox-Krenchel approach are also in good agreement after
we adjusted the fibre volume fraction of the DaM samples to account for matrix swelling.
Once again the Halpin-Tsai analysis gave values of orientation parameter greater than unity
for the conditioned samples, indicating once again that this approach should not be used
with this type of material.

The optical approach to fibre orientation investigation offers one extra possibility in the
case of the samples produced with two well separated individual diameter distribution
samples. The method requires the measurement of the major and minor axis of the fibre
cross sections observed in a polished composite section. The minor axis of each ellipse is
simply a measure of the fibre diameter. In a similar exercise to that which we carried out on
fibre length it was possible to produce average orientation parameters for the two diameter
distributions in some of the blends. The results are presented in Figure 24, which shows the
orientation parameters for the thick and thin fibres in the blends plotted against the average
fibre diameter of the collection of fibres on which each orientation parameter was
measured. The thick and thin values are connected through the average values for each
blend. We also show the trend line values obtained for series A from Figure 23. The results
all appear to follow a similar trend showing a weak trend for thicker fibres having a
somewhat higher level of orientation. Although we stated above that there was no strong
dependence of orientation parameter on fibre diameter, Figure 24 contains five data sets
which all appear to show the same trend.

Despite the weak dependence on fibre diameter we have previously shown a strong inverse
dependence of orientation parameter on fibre aspect ratio in similar injection moulded glass
fibre polyamide samples. In Figure 25 we compare data with this investigation with the
previously reported data (8). It can be seen that there is a relatively good agreement
between the two data sets further supporting the hypothesis that fibre orientation in blended
samples appears to be inversely correlated with residual fibre aspect ratio.

The macro-method analysis used here to obtain values of the interfacial shear strength
(IFSS) was originally proposed by Bowyer and Bader (26,27) and an improved version has
been extensively reviewed by Thomason (28-31). The macro-method has a significant
attraction over some other methods in that it utilizes data which are readily available from
standard composite mechanical testing and requires only an extra determination of fibre
length distribution, which is a common characterisation tool of those working with
discontinuous fibre composites. The method is based on the Kelly-Tyson model for the
prediction of the strength (o) of a polymer composite reinforced with discrete aligned
fibres (32). This model can be simplified to 6, = 1o (X + Y) + Z, where Z is the matrix
contribution, X is the sub-critical fibre contribution, and Y is the super critical contribution,
in reference to a critical fibre length defined by L.=c,sD / 21 where oyris the fibre
strength, D is the average fibre diameter and 7 is the IFSS. The Kelly-Tyson model assumes
that all the fibres are aligned in the loading direction and the equation cannot be integrated
to give a simple numerical orientation factor to account for the average fibre orientation. If
the composite fibre length distribution and the matrix modulus are known then it is possible
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to obtain values for T and n, using this method. Thomason has recently shown how the
model can be improved by taking into account the non-linear stress-strain behaviour of
thermoplastic matrices (28-31). For the matrix used in this study the stress contribution (in
MPa) can be calculated for any strain level between 0-3% using

opa =-0.568> — 0.55¢° + 28.85¢ (10)

Furthermore the analysis method was extended to obtain a value for o, the maximum fibre
stress at composite failure. This can be obtained by inserting the composite breaking stress
into the original Kelly-Tyson equation along with the determined values of t and n.
Consequently, this method gives a complete characterisation of the micromechanical
parameters Mo, T, Gyf Of any system. The relative simplicity and cost effectiveness of this
approach makes it ideal as an industrial screening tool for product developers. When the
stress at the 1% and 2% strain levels obtained from tensile testing are combined with the
full fibre length distributions used to obtain the averages in Figure 20 and applied in the
procedure described above we obtain values for the parameters o, T, Gyus. The situation
becomes more complicated in the case of the samples containing blends of different fibre
diameter distributions and we are currently investigating if it is possible to apply this
analysis to such samples where the fibre length is dependent on the fibre diameter. The
following discussion is therefore limited to the single diameter samples in this study.

The results for 1, for the single diameter samples in the study all fell in the range of n, =
0.81 £ 0.1, moreover the two blended samples CP9 and CP10 whose diameter distribution
was virtually unchanged compared to a single diameter sample also fell in this range. Not
surprisingly the macro-analysis values, which also use input data from mechanical testing,
follow a similar trend to those obtained from the composite modulus shown in Figure 23.
Indeed the very small trends of m, variation within the value of 0.81 + 0.1 were identical
with those observed in Figure 23.

The results for the IFSS as a function of fibre diameter are shown in Figure 26. The data
appear to indicate a strongly significant inverse correlation between IFSS and average fibre
diameter. Statistical analysis shows that the correlation is significant at the 99% confidence
level. Previous results using this macro-model analysis has shown an excellent correlation
between the output value of the fibre stress at composite failure o, and the experimental
tensile elongation at failure (21, 28-31). In Figure 27 we show strain value calculated from
oy and fibre modulus Ef = 72 GPa plotted against the experimental values. Once again we
see an excellent correlation, which indicates that fibres which are longer than Lc (and
which are aligned with the loading direction) are strained to approximately the same level
as the composite itself.

In a previous report on a similar series of samples (8) containing chopped S2 glass®
blended with E-glass of different fibre diameters we used a less sophisticated analysis also
based on the Kelly-Tyson model. In that report we showed that the observed trends of
composites strength with fibre diameter required either a decrease in IFSS (-17%) or the
fibre stress at composite failure (-14%) over the 10 to 17 um diameter range to fit well with
the experimental trends. The data from the current analysis show almost exactly that level
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of change over that diameter range. An interesting question at this stage is whether the
apparent IFSS and the fibre stress at composite failure are independent parameters. The
fibre stress levels discussed here are in the range of 1500-2000 MPa. Thomason and
Kalinka (33) have reported similar levels of fibre strength for chopped E-glass fibres,
measured at gauge lengths (0.3 mm) similar to the average fibre length in these composites,
in the same range. It is therefore conceivable that the composite failure is initiated by fibre
failure. On the other hand Sato (9,34) have published results of electron microscopy of
these type of materials during tensile testing which indicates that the failure initiates and
propagates from the fibre ends as the composite strain is increased. In this scenario it is
conceivable that an increased IFSS could lead to a slowing of the propagation of the failure
zone and delay macroscopic failure to a higher strain level, which would then result in a
higher fibre stress from the above analysis. It is clear that a better understanding of the
strain driven processes in these materials is required to fully understand the failure
processes.

With regard to understanding the notched impact results in Figure 12 we have recently
shown that the fibre contribution to the notched impact resistance of injection moulded
glass reinforced polypropylene is directly related to the residual fibre aspect ratio in the
composites (22). In Figure 28 we have compared the trend for notched impact and the
residual fibre aspect ratio of the series A samples. It is clear from this figure that these two
quantities do follow the same trends for these polyamide based composites. A more
detailed understanding requires that the fibre contribution to the energy absorbed in a
notched impact test scales with Vy.L/D. We have produced a plot based on this hypothesis
in Figure 29 where we have included all the samples in this study, using weight average
fibre length and a simple number average fibre diameter. Using a least squares calculation
of the best fit for a straight line relationship we obtain a line which passes through the
majority of the data points and passes close to the origin. Despite the fact that the data set in
this study does not cover a wide range of the factor V¢.L/D, it appears that the data available
here do support the above hypothesis.

The results for the unnotched impact dependence shown in Figures 13-14 are well in line
with the few results on this subject available in the literature (7-11). Despite the
technological importance of the unnotched impact resistance of this class of composite
there has been surprisingly little detailed work published on this subject. One reason for this
may well be due to the complexity of the phenomena involved in the energy dissipation in
this process. There can be little doubt that the largest fraction of the measured energy loss
in an Izod or Charpy unnotched test on this class of material is the strain energy taken up in
the sample during the generation of the first critical crack. Depending on the test conditions
and the sample configuration there may also be a contribution from the propagation of the
crack through the sample. However, it seems likely that in the case of DaM glass reinforced
polyamide that the crack propagates unstably once it reaches a critical size and therefore
there will be only a very small level of further energy absorption at that point in the fracture
process. It also seems likely that fibre-matrix debonding will play an important role in
inhibiting the formation of the critical flaw. The Griffith relationship (35,36) for brittle
solids containing a flaw of dimension (a) gives the fracture stress (F;) as

F, =K ,E/a”
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For an elastic solid the strain energy (U) at fracture is simply
U=K,F,"/E=Ks/a

where K; are constants and E is the modulus. Once some level of debonding has occurred
during the impact process the debonded regions of the fibre may act in some way as flaws
whose dimension will be related to fibre diameter. Although this is an extremely simplistic
analysis it does result in a simple expression for the fracture energy being inversely
proportional to the fibre diameter. It therefore becomes understandable that the unnotched
impact performance of these composites shows such a strong inverse dependence on fibre
diameter.

From the above discussion it seems reasonable to suggest that in a system containing a
distribution of fibre diameters that the larger diameter fibres would have a greater negative
influence on the unnotched impact performance of the composite. This effect would be
magnified if the IFSS for the thicker fibres were lower than that for the thin fibres, as we
have shown in Figure 26. The results for the blended fibre samples with wider fibre
diameter distributions in Figures 13 and 14 can certainly be used to support such a theory. It
would therefore appear expedient to find a way of expressing the greater significance of the
thicker fibres on the decrease in mechanical performance.

Many of the important structural parameters which determine the performance of glass-
reinforced-thermoplastics, such as fibre diameter and fibre length, may exhibit quite broad
distributions (as illustrated in Figure 1). One field where this is particularly well known is
in the determination of polymer molecular weight, where the distribution may be spread
over 4-5 orders of magnitude. Although reduction of a distribution to any single average
results in a loss of information it has been found that different types of average may be
related to specific properties of the materials. A number of the averages that are in use are

shown below.
N.X. — N.X?
L Weight Average X . = L
Zi N, Zi N X,

—  2.NX] > NX]

Z Average X, =& "L 2t
TS N X > N.X]

Number Average X, =

Z+1 Average X .=

Where N; is the fraction of the distribution with value X;. In terms of diameter distribution it
is common practice to take a simple number average as the representative value. This has
probably come about due to the fact that this is the simplest average and due to a lack of
any detailed investigation into the influence of diameter distribution on structure-property
relationships. One of the striking points about the data in Figures 13 and 14 is that the lower
average fibre diameter blend P18-9 (with a broader distribution) gave significantly lower
properties than the higher average fibre diameter blend P16-10 (with a narrower
distribution). This leads us to question whether the Number Average is the best average to
use on fibre diameter distributions if we wish to obtain a single average value which best
reflects the likely composite performance of that sample. To investigate this point we have
plotted the data in Figures 13 and 14 against the various fibre diameter distributions shown
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above. By applying a least squares straight line fit to the whole data set for the various
average diameter values obtained we could obtain the diameter average which gave the best
coefficient of correlation. We obtained the best correlation between blended and unblended
samples by using the Z average fibre diameter distribution. The data for normalised
unnotched Izod impact and tensile strength are shown plotted against the Z average fibre
diameter in Figure 30. The implication from this result is clear. If we wish to use a single
average of the diameter distribution where we hope to capture the likely performance level
in the final composite then we should use the Z average diameter.
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Conclusions

This study of the effect of average fibre diameter and fibre diameter distribution on the
performance of injection moulded glass-fibre reinforced polyamide 66 has revealed that
fibre diameter is a key variable for the mechanical properties of such composites. In the
average fibre diameter range from 9-18 pm dry- as-moulded (DaM) unnotched impact of
GF-PA6,6 decreased strongly, tensile strength also decreased significantly but to a lesser
extent. The composite notched impact performance showed a weak maximum at an average
fibre diameter of 14 um. The tensile modulus exhibited practically no dependence on fibre
diameter over this range. After hydrolysis treatment the composite tensile strength
exhibited a large drop compared to the DaM results, however the influence of fibre
diameter was still detectable. In contrast, the unnotched impact results became insensitive
to fibre diameter after hydrolysis. The average level of unnotched impact after hydrolysis
was sufficiently high to show an increase over DaM when the fibre diameter was above 14
pm.

The influence of broadening the fibre diameter distribution by blending glass fibre samples
of different average diameter was found to be particularly negative on the level of
composite unnotched impact when compared at equal number average diameter. The
broadest distributions investigated gave a 20% drop in unnotched impact performance at an
average fibre diameter of 11 um. Composite tensile strength and notched impact resistance
was also significantly reduced by broadening the fibre diameter distribution. The average
residual fibre length in these injection moulded composites was also found to be dependent
on average fibre diameter with a lower average length for thinner fibres. Analysis of
samples containing blends of different fibre diameters also showed that thinner fibres
experience a greater level of fibre length degradation during composite processing.

Analysis of fibre orientation in the injection moulded composites showed little significant
effect of average fibre diameter on fibre orientation. However, a strong correlation was
found between average fibre orientation parameter and the residual fibre aspect ratio. There
were some differences in the results between average fibre orientation parameters
calculated using composite modulus analysis and optical analysis of composite cross
sections. Deeper investigation of the modulus based method, particularly with hydrolysis
conditioned samples, indicated again that the Halpin-Tsai approach is not suited for this
type of analysis in injection moulded composites. The interfacial shear strength was found
to be in the range of 26-34 MPa for composites in the DaM state. There was a highly
significant inverse correlation between the DaM interfacial strength and the average fibre
diameter. The weak maximum in the notched impact data was found to correlate very
strongly with a similar maximum in the residual fibre aspect ratio in these composites,
further supporting the hypothesis that fibre aspect ratio is a primary driver for composite
notched impact performance. It is shown that results from both tensile and unnotched
impact measurements can be brought back to single trend lines by using a Z average value
for the average fibre diameter which is more heavily weighted to the thicker fibres in the
distribution
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