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Abstract

A proper description of ply-ply friction is essential for the simulation of thermo-
plastic composite forming processes. The friction response from characterization
experiments typically shows a peak followed by a steady-state shear stress. The
rate-dependency of the peak and steady-state shear stress can be predicted by
considering shear flow and wall slip effects. In this study, we investigated the
temperature- and pressure-dependency of the peak and steady-state friction.
The friction decreased slightly with increasing temperature, which was pre-
dicted by the shear flow model when including the temperature-dependency of
the matrix viscosity. Further, the normal pressure was found to govern the on-
set of wall slip. A high pressure suppresses wall slip, increasing the steady-state
friction. This effect was successfully modeled by including a pressure-sensitive
critical shear stress for the onset of wall slip.
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1. Introduction

First-time-right defect-free manufacturing of continuous fiber-reinforced ther-
moplastics requires accurate process simulations, in particular on defect gen-
eration. In turn, accurate predictions require an accurate description of the
formability of a material in constitutive relations. The formability of a material
is commonly described by different deformation mechanisms that occur during
forming [1, 2], which can be separately characterized and modeled. Three of
the most important deformation mechanisms are ply bending, intra-ply shear,
and inter-ply slippage. Ply bending is required for forming single curvatures,
while doubly-curved parts also require intra-ply shear [3-6]. In general, ply-ply
slippage is in both cases essential to avoid defects from occurring, as shown by
forming experiments of for example Brands et al. [7] and Sachs et al. [8]. Hence,
this study focuses on ply-ply friction of thermoplastic matrix composites (TPC),
while recent work on bending and intra-ply shear can be found in e.g. [9-11].

Although studies on ply-ply friction of TPC stretches over more than 30
years [12-19], building a proper understanding of the underlying mechanisms
is still part of ongoing research. Experimental work often involves pulling a
central ply from a stack of plies in the melt state, resulting in a typical friction
response as schematically illustrated in Fig. 1. At sufficiently high sliding rates,
a peak shear stress 7, emerges, followed by a steady-state or long-time shear
stress Teoo-

Recently, we evaluated several hypotheses for the underlying mechanism of
the transient friction response of UD tapes [20]. One of the discussed hypothesis,
a slip relaxation effect gradually giving rise to wall slip, was deemed as the
most probable explanation for the peak behavior as illustrated in Fig. 1. In
a follow-up study [21], we successfully applied these insights to predict the
measured friction characteristics, i.e. the peak 7, and long-time shear stress
Too, of UD C/PEEK and C/LM-PAEK as function of the applied sliding rate,
substantiating the concept of wall slip as the underlying mechanism for the

transient ply-ply friction response.
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Figure 1: Schematic friction response showing start-up behavior with time [21].

In the current study, we expand the experimental window with respect to
our previous work to explore the effect of temperature and normal pressure
on the transient friction response. Besides obtaining insights into the effect
of these variables on the friction response, the main interest is to validate the
shear flow model that we proposed earlier [21]. Specifically, we characterized the
ply-ply friction response for UD C/PEEK and C/LM-PAEK at three different
temperatures and four normal pressures for a broad range of sliding rates. We
found that the shear stress response decreases with increasing temperature. The
proposed shear flow model correlates well with the measured data when taking
the temperature-dependency of the matrix viscosity into account. An increase
in the normal pressure results in higher long-time shear stresses, indicating a
suppressing effect of the normal pressure on wall slip, which can be accurately
captured through increasing the critical shear stress for the onset of wall slip. A
detailed report of the experimental work together with the modeling efforts and
discussion will follow, but a brief description of the mentioned shear flow model
will be presented first. The reader is kindly referred to [21] for more detail on

the modeling aspects.



2. Shear flow through a ply-ply interface

The ply-ply friction response is often said to be viscous in nature due to
the assumed interlayer of matrix material between the fibers of adjacent plies
[4, 14, 22]. The starting point of our modeling work is, therefore, the assumption
of a 1D shear flow of the matrix material through the ply-ply interface, without
any flow interference in the width direction [21].

A schematic illustration of a ply-ply cross-section of two adjacent unidirec-
tional plies, both oriented with their fibers in the sliding direction and sepa-
rated by the z-axis, is shown in the upper-left corner of Fig. 2. The fibers
are assumed to be surrounded by the molten matrix material. By introducing
a relative movement between both plies through a sliding rate V', a shear rate
4 will be generated in the matrix material depending on the matrix interlayer
thickness through V/h(z), as illustrated in the upper-right corner. The local
matrix interlayer thickness is not constant due to the fibers at the plies’ sur-
faces, leading to a matrix interlayer thickness distribution h(z) over the width
direction (upper graph in Fig. 2). Consequently, a distribution of shear rates
will be present in the ply-ply interface upon shearing, as shown in the middle
graph. In turn, the shear rate distribution combined with the viscosity of the

matrix material 7(%) results in a viscous shear stress distribution,

rose(3) = n(3)7  with v(:o:%, (1)

schematically shown in the lower graph of Fig. 2.

As mentioned, we proposed a slip relaxation effect, resulting in a gradual
increase of wall slip between the matrix and the fiber surface with the ongoing
deformation, as the most probable explanation for the typical (start-up) friction
response [20]. Hence, we implemented a second critical shear stress 7. o in our
shear flow model to locally represent the effect of fully-developed strong wall
slip, limiting the local viscous shear stress, in line with findings on pure polymer
melts [23-32]. Including 7.2 as a slip threshold on the viscous shear stress

distribution yields:

Tvisc,slip (’7) = min [77 (7) % TC,Q} ) (2)



as schematically illustrated by the grey dashed line in the bottom graph of Fig.
2. The value for 7.2, a material parameter, can be experimentally determined.
The average shear stress in the ply-ply interface can then be obtained through

integration of the shear stress distribution over the width w:

e =t [ o) a g

yielding Tayvg for the no-slip shear stress distribution Tyisc(¥) as given in Equa-
tion (1) and Tavgsiip When integrating the shear stress distribution with slip
Tyise,slip (¥) according to Equation (2).

The average shear stresses Tayg and Tayg slip Were successfully used to predict
the measured peak and long-time shear stress of UD C/PEEK and C/LM-PAEK
in our earlier work [21], in which model and measurement were compared in flow
curves of shear stress versus the applied rate. We obtained the matrix inter-
layer thickness distribution in the ply-ply interface by analyzing cross-sectional
micrographs of tested specimens. Additionally, the ply-ply interface was mim-
icked by generated random fiber distributions based on the work of Melro et al.
[33], which yielded a good correlation between model and measurement as well.
The fiber distribution at the ply-ply interface is especially of influence on the
prediction of 7, as it dictates, depending on the applied rate, the partition
between slip and viscous flow in the ply-ply interface. In this study, the same
matrix interlayer thickness distributions were used as in our earlier work [21],

as obtained from analyzing generated random fiber distributions.

3. Materials and methods

A description of the materials and equipment used to measure the ply-ply
friction response will be given in this section. The procedure for performing the
tests is included as well as the experimental conditions. Lastly, we will discuss

the inputs for the shear flow model.
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Figure 2: Schematic illustration of a ply-ply cross-section, visualizing the interface between
two plies. The fibers of each ply are separated by the xz-axis, where the fiber edges above
and below this line provide the matrix interlayer thickness distribution h(z), as shown in the
upper graph. A shear rate 4 will be generated when the top ply moves with the applied
sliding rate V with respect to the lower one (visualized in the upper-right corner), resulting
in a distribution of shear rates (middle graph). A shear stress distribution can be computed
by considering the matrix viscosity, as shown in the lower graph. The dashed line reflects the
effect (strong) wall slip by opposing a critical shear stress 7,2, which bounds the local viscous

shear stress [21].



3.1. Materials

The materials under investigation are manufactured by Toray Advanced
Composites [34] and are known as Cetex TC1200 (C/PEEK) and TC1225
(C/LM-PAEK). Both material systems are reinforced with aligned (UD) con-
tinuous carbon fibers with a fiber volume fraction of approximately 59%. The
melting temperature equals 343 °C for C/PEEK and 305 °C for C/LM-PAEK.
The processing temperature range is 370-400 °C and 340-385 °C for C/PEEK
and C/LM-PAEK, respectively.

3.2. Rheometry

The neat matrix thermoplastic polymers, Victrex PEEK 150P and Victrex
LM-PAEK AE250P, were available in powder form. A plate-plate setup in an
Anton Paar MCR501 rheometer was used to measure the shear viscosity. First,
an amplitude sweep was applied to identify the linear viscoelastic range, after
which a frequency sweep was applied to obtain the complex viscosity as function
of the applied frequency. Lastly, the validity of the Cox-Merz rule was checked
by means of a strain rate sweep. Viscosity curves were measured at 370, 380,
and 390 °C for PEEK and 345, 365, and 385 °C for LM-PAEK, and fitted using

the Cross model [35],
10(T)

) (@

n(y) =

with 7 (7T") the zero shear viscosity, 7* the critical shear stress, and n the power
law index. The temperature dependency of the zero shear viscosity 1 (7) was

modeled by means of the Arrhenius equation [35],

M0(T') = 1o vet €XP {i <; - Tjﬁf)}, (5)

with 7o et the zero shear viscosity at the reference temperature Ti.r, R the

universal gas constant, and F the activation energy, which was treated as a

fitting parameter.



3.8. Ply-ply friction tests

3.3.1. Friction setup and procedure

The ply-ply friction experiments were conducted at the University of Twente
on a benchmarked, purpose-built setup [19]. A schematic illustration of the fric-
tion tester is shown in Fig. 3, which was placed in a universal testing machine.
The pre-preg UD tapes were first cut in strips measuring 250 x 50 mm? and
120 x 50 mm? for the central and outer plies, respectively, with the fibers aligned
with the length direction. A single central ply was clamped at the upper clamp
of the universal testing machine, while the outer plies were clamped at the bot-
tom. The three plies were stacked between pressure platens with contact area
A (50 x 50 mm?), resulting in two ply-ply interfaces as visualized in Fig. 3.
Alignment of the specimen was checked using a laser leveler. A normal force F},
was applied on the pressure platens and the temperature of these platens was
actively controlled. Metal foils were used to protect the pressure platens from
the molten polymer, which were fixed together with the outer plies at the lower
clamp of the friction tester. The central ply was mounted with an additional
15 mm overlap to ensure sufficient material at the inlet for a pull-trough test
(see Fig. 3).

The resistance against slippage was characterized by imposing a certain con-
stant sliding rate V' and measuring the pulling force F,,i and displacement d

with time ¢. The average shear stress per interface can then be obtained via:

o Fpull
= -, (6)

where A is the contact area. Note that the coefficient of friction can be calculated
by dividing the shear stress by the applied normal pressure.

When the sliding movement was stopped after a displacement of around
10 mm, force logging continued to record the subsequent shear stress relaxation
as well. Earlier research has shown that a residual stress 7y is present after full
relaxation [14, 21], attributed to fiber-fiber interaction [22, 36, 37]. We used

this residual stress to compute the viscoelastic matrix contribution 7, from
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Figure 3: Schematic illustration of the friction tester used to characterize the ply-ply friction
response of pre-preg UD tape by forcing (Fpu11) a central ply, clamped at the upper clamp
of a universal testing machine, to slide at a constant rate V against stationary outer plies,
clamped at the bottom. A normal pressure was applied through a force Fy, on the pressure

platens (dark grey) with contact area A, which were heated [21].

the total measured shear stress:
T = Ty + Tmat- (7)

The ply-ply friction observations on 7, reported by Murtagh et al. [14] suggest
that we can safely assume that 7, remains constant throughout the whole test.
The observed values are typically in the range of 1 kPa for the materials consid-
ered in this research [13, 14, 21]. The viscoelastic matrix contribution 7t will
be the focus of the remainder of this work, as our earlier research [21] showed
the correlation between this contribution and the viscous matrix interlayer in
the ply-ply interface. To conclude the testing procedure, the bottom clamp was
loosened after around 1 minute of relaxation, and the final force reading was
used to zero the force. The reader is kindly referred to references 2, 38, 39 for

more detail on the friction tester.

3.3.2. Experimental conditions
Friction tests were performed at a certain constant temperature 7" and nor-
mal pressure p for a range of sliding rates V' (1 — 200 mm/min), such that a

flow curve of shear stress versus applied rate could be constructed. Different



Table 1: Overview of tested temperature and pressure conditions for C/PEEK and C/LM-
PAEK.

Temperature tests Pressure tests

T[C]  pkPa] | T[C]  p[kPa)
C/PEEK 370, 385, 400 15 385 5, 15,45, 135
C/LM-PAEK | 345, 365, 385 15 365 5, 15, 45, 135

temperature and normal pressure conditions were tested, which are provided in
Table 1. The test temperatures align with the processing conditions as advised
by the manufacturer [34] and the normal pressure conditions were selected based
on earlier studies [2, 5, 14, 17, 19, 40-42]. The actual normal pressures during
forming are expected to change from zero to possibly very high values, though
the ply-ply slippage is anticipated to take place in the early stage of the forming
process where the pressures are still relatively low.

For C/PEEK, measurements were conducted at temperatures of 370, 385,
and 400 °C at a reference normal pressure of 15 kPa. Subsequently, the normal
pressure was varied over 5, 45, and 135 kPa at a reference temperature of 385 °C.
A lower temperature range of 345, 365, and 385 °C was chosen for C/LM-PAEK
with equal reference normal pressure of 15 kPa. The same range of normal
pressures was measured as considered for C/PEEK at a reference temperature
of 365 °C. Thus, six conditions were tested per material, with a range of sliding
rates for each condition, summing up to a total of 136 experiments per material.
The measurements at the reference conditions were part of our previous work
[21], while the current work enlarges the scope to the effect of the temperature

and normal pressure on the friction response for both materials.

3.4. Shear flow model

The shear flow model as outlined in Section 2 was used to predict the mea-
sured peak Tya¢p and long-time shear stress Tiyat,co With a no-slip and slip

boundary condition, respectively. The no-slip shear-stress predictions were ob-
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tained through Equations (1) and (3), requiring two model inputs: the matrix
interlayer thickness distribution h(x) and the matrix viscosity. The shear-stress
prediction with slip, using Equations (2) and (3), requires in addition a critical
shear stress 7.2. The matrix interlayer thickness distributions used for both
predictions were based on ten generated fiber distributions using the algorithm
of Melro et al. [33] to mimic the ply-ply interface. The random fiber distri-
butions were generated with a fiber diameter d¢ of 7 pm and a fiber volume
fraction V; of 59% in a rectangle of 10d; high and 50d; wide. The ten fiber
distributions were subsequently evaluated following the analysis as presented in
our earlier work [21] to obtain ten different matrix interlayer thickness distribu-
tions h(x). As each of the computed matrix interlayer thickness distributions
results in a Taye and Tavgslip, the means were calculated to obtain T,y and
Tave,slip- Lhe combined Cross-Arrhenius model was used to represent the shear
thinning viscosity at the corresponding temperature, such that the temperature
effect on the matrix viscosity was taken into account. The critical shear stress
for onset of strong wall slip 7.2 was set equal to the experimentally measured

Tmat,oo-Plateau value.

4. Results

This section starts with the rheometry results, after which the ply-ply friction

findings will be presented together with the modeling outcomes.

4.1. Rheometry

The effects of shear rate and temperature on the viscosities of PEEK 150P
and LM-PAEK AE250P are shown in Fig. 4a and 4b, respectively. For each
material, the viscosity curves were fit with the Cross model (Equation (4)), of
which the zero-shear viscosities 19 were used to model the temperature depen-
dency with the Arrhenius Equation (5). The lowest temperature was used as
the reference temperature with corresponding reference viscosity, leaving only

the activation energy F as a fitting parameter for the temperature dependency.
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The viscosity representation of the combined Cross-Arrhenius model is plot-
ted in Fig. 4 by the solid lines, for which the Cross model parameters 7% and
n as fit at the intermediate temperature (i.e. 380 and 365 °C for PEEK and
LM-PAEK, respectively) were used. The fitting parameters per material are
mentioned in the caption of Fig. 4. A good correlation was found between the
extrapolated model viscosity and capillary rheometry data of LM-PAEK, kindly
provided by the manufacturer Victrex plc. [43], at high rates. Note that the
poor correlation at low rates is probably due to the capillary data becoming

unreliable at these lower rates, as suggested by the manufacturer.

4.2. Ply-ply friction tests

The typical friction response exhibits a peak 7, and long-time shear stress
Too, as indicated in Fig. 1. These two stresses were extracted from the viscoelas-
tic matrix contribution of the measured friction data, according to Equation
(7), and plotted as function of the applied rate to obtain flow curves. The flow
curves of C/PEEK for different temperatures at the reference normal pressure
of 15 kPa are shown in Fig. 5, in which the triangles represent the peak Tmat,p
and the circles the long-time shear stress Tmat,oo-

The applied rate V has a strong effect on the measured shear stress, with
both Tat,p and Tmat,oo gradually increasing with rate. While 7,4, keeps in-
creasing, Tmat,o i bounded by a limiting value at higher rates, resulting in a
rate-independent Tmat 00, and consequently a Timat,oo-plateau emerges. Hence,
large differences between Tyt and Tiat,0o can be observed at high rates, while
no difference is seen at low rates. The friction response at low rates increased
monotonically towards the stationary value without showing a peak. Hence,
Tmat,p @0d Tmat,co Were both evaluated at the first sign of a steady-state regime
at low rates.

The effect of temperature is small when comparing the flow curves shown in
Fig. 5. Overall, the peak and long-time shear stress flow curves all look similar
and the Tyt 00-plateau is barely affected, while a slight increase in peak shear

stress with decreasing temperature 7' can be observed. This slight increase is

12
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Figure 4: Measured viscosity versus shear rate for different temperatures of (a) PEEK 150P
with Cross-Arrhenius model output at corresponding temperatures (7* = 6.05e4 Pa, n = 0.38,
No,ref = 733.67 Pas, and E = 5.57e4 J/mol using a reference temperature of 370 °C) and (b)
LM-PAEK AE250P with Cross-Arrhenius model (7% = 2.53e5 Pa, n = 0.42, 7y rof = 681.90
Pas, and E = 5.13e4 J/mol using a reference temperature of 345 °C).
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Figure 5: Measured peak (triangles) and long-time (circles) shear stress of the matrix contri-
bution for C/PEEK at a normal pressure of 15 kPa and a temperature of (a) 370, (b) 385
(reproduced from [21]), and (c) 400 °C. The solid lines represent the mean peak shear-stress
predictions for ten matrix interlayer thickness distributions, while the dashed lines represent
the predictions including the effects of fully-developed strong wall slip. The error bars denote

the standard deviation.



due to the viscosity change of the matrix material in the ply-ply interface, which
we consider in the shear flow model.

Shear-stress predictions of the shear flow model, as described in Section 2,
are included as well in the flow curves of Fig. 5. The solid lines represent
the no-slip prediction, whereas the dashed lines represent the condition with
strong slip. The error bars indicate the standard deviation over the ten matrix
interlayer thickness distributions used. A good correlation was found between
the no-slip prediction 7,,, and the measured peak shear stress 7pa;,,. The
predictions slightly overestimate the measured peak shear stress at high rates,
especially for the flow curve at the lowest temperature (see Fig. 5a). Further,
the prediction including fully-developed strong wall slip Tavgsiip correlates well
with the measured long-time shear stress Tmat,0o- The critical shear stress 7o
was set equal to 32 kPa for all three temperature conditions according to the
average measured Tmatoo-plateau. Note that 7. o locally acts as a threshold
between no-slip and slip in the ply-ply interface, while the distribution of h(x)
dictates the global transition from no-slip to full-slip with increasing rate. This
slip transition with rate results in an accurate description of the measured rate-
dependency of Tmat,c0-

Fig. 6 shows the flow curves of C/LM-PAEK for 345, 365, and 385 °C. The
triangles denote again the peak shear stress Tmat,pp, While the circles denote the
long-time shear stress Typat, 00 Similar observations as made with C/PEEK apply
to the C/LM-PAEK flow curves, including the appearance of a Tyat,co-plateau
at higher rates. The predictions of the shear flow model are included by the
solid (no-slip) and dashed (slip) lines, based on the same ten matrix interlayer
thickness distributions. A good correlation with the measured data is again
obtained when using the viscosity of LM-PAEK AE250P at the corresponding
temperatures. Especially the prediction at low rates corresponds well with the
measured data, while the overprediction of the peak shear stress at high rates
is slightly larger compared with C/PEEK. The transition from no-slip to full-
slip with increasing rate (dashed line) agrees well with the measured Tmat,co-

For this material, the critical shear stress was set equal to 55 kPa for all three

15



temperature conditions based on the measured Tiat,-0-plateau.

The good correlation between model and measurement for each of the three
temperature conditions and both material systems demonstrates the applicabil-
ity of the shear flow model to describe the characteristics of the ply-ply friction
response. The slight increase in measured shear stress with decreasing temper-
ature, seen with both material systems, is accurately calculated when using the
temperature dependency of the matrix material.

Next, the flow curves of C/PEEK and C/LM-PAEK for different normal
pressures of 5, 45, and 135 kPa are shown in Fig. 7 and 8, respectively. Note
that the flow curves at the reference normal pressure of 15 kPa are already
shown in Fig. 5b and 6b for C/PEEK and C/LM-PAEK, respectively.

The long-time shear stress Tmat,oo Was significantly affected by the normal
pressure. The Ty at co-plateau shifts towards higher stresses and rates with in-
creasing normal pressure, as can be seen when comparing for example the flow
curves at 5 and 135 kPa of C/PEEK (Fig. 7a and 7c, respectively). Further,
when looking at the same flow curves, an overall increase in shear stress with
increasing normal pressure can be observed in especially the lower rate range.
The shear stress increase can also be observed in the C/LM-PAEK data when
comparing Fig. 8a and 8c measured at 5 and 135 kPa, respectively, though
the effect is a bit smaller compared with the C/PEEK data. A more striking
observation in the C/LM-PAEK data is the drop in long-time shear stress after
the Tmat,co-plateau at the highest rate and lowest normal pressure of 5 kPa (Fig.
8a), which is to a lesser extent also present in the C/PEEK data (Fig. 7a).

The shear flow model was applied once again to describe the measured char-
acteristics of the friction response, again using the same ten matrix interlayer
thickness distributions and the combined Cross-Arrhenius model for the ma-
trix viscosity at 385 and 365 °C for C/PEEK and C/LM-PAEK, respectively,
irrespective of the applied normal pressure. Hence, the predicted no-slip flow
curves, corresponding to Tmat,p and represented by the solid lines, remain the
same regardless of the normal pressure conditions. A fair correlation between

model and measurement was obtained. However, the response at the highest
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Figure 6: Measured peak (triangles) and long-time (circles) shear stress of the matrix contri-
bution for C/LM-PAEK at a normal pressure of 15 kPa and a temperature of (a) 345, (b) 365
(reproduced from [21]), and (c) 385 °C. The solid lines represent the mean peak shear-stress
predictions for ten matrix interlayer thickness distributions, while the dashed lines represent
the predictions including the effects of fully-developed strong wall slip. The error bars denote

the standard deviation.



normal pressure is underpredicted, especially for C/PEEK as shown in Fig. 7c.

Contrary to the Tmatpp predictions, the flow curve predictions for Tmat,cos
represented by the dashed lines, do change with the applied normal pressure.
Namely, 7 o increases with an increasing normal pressure to accurately describe
the change in slip behavior as seen by the increase in the Tiat,c0-plateau. The
distribution of thicknesses in the matrix interlayer h(x) is still able to accurately
account for the transition from no-slip at low rates towards the (almost) full-slip
condition at high rates. Only the prediction for C/PEEK at the highest normal
pressure of 135 kPa (Fig. 7c) fails, due to the overall increase in friction as

mentioned earlier.

5. Discussion

We will discuss the ply-ply friction experimental and modeling results by
separately addressing the effects of the sliding rate, temperature and, in partic-

ular, the normal pressure.

5.1. The effect of rate

The flow curves of C/PEEK and C/LM-PAEK as visualized in Fig. 5 to
8 show an increase in friction with a stronger peak behavior, as the difference
between the peak and long-time values becomes larger, with increasing rate.
These observations align with earlier findings on friction of TPC in melt (e.g.
[2, 5, 14-17, 40, 41, 44, 45]). Furthermore, the long-time shear stress Tmat oo
flow curves show a Tinat,co-plateau, indicating that the stationary values in the
friction experiments became rate-independent at these high rates. Sachs [2]
reported this rate-independency of the long-time shear stress as well in a study
on tool-ply friction of UD C/PEEK.

The observed peak response and the rate-independency of the stationary
values strongly resemble experimental findings on shear flow of pure polymer
melts suffering from wall slip [25, 28, 29, 46-48]. For example, Boukany and
Wang [48] used a sliding plate with particle tracking velocimetry to show that
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Figure 7: Measured peak (triangles) and long-time (circles) shear stress of the matrix contri-
bution for C/PEEK at a temperature of 385 °C and a normal pressure of (a) 5, (b) 45, and
(c) 135 kPa. The solid lines represent the mean peak shear-stress predictions for ten matrix
interlayer thickness distributions, while the dashed lines represent the predictions including

the effects of fully-developed strong wall slip. The error bars denote the standard deviation.
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the measured peak shear stress of a well entangled polymer melt (polyisoprene)
was accompanied by a change in the velocity profile form linear towards one
with slip near the wall. They reported that besides a high rate, also sufficient
deformation is required to establish this new boundary condition. Thus, the
first response is primarily dominated by viscoelastic effects of the polymer melt,
which is substantiated in this study by the good correlation between predictions
of the shear flow model and the measured peak shear stress when assuming a
no-slip condition at the fiber-matrix interface. The prediction especially holds
for low rates, while the model starts to overpredict the measured peak shear
stress at the highest rates. This overprediction at high rates was also seen in
our earlier work [21], in which we suggested that a small degree of slip could
already be developed when measuring the peak friction, conflicting with the
no-slip assumption.

Mhetar and Archer [29] also observed a peak followed by a steady-state
response for polybutadiene melts. They reported that the steady-state response
was limited to a certain critical shear stress. Hence, the steady-state shear stress
remained constant with increasing rates, consequently resulting in increasing
slip velocities. Similar findings were reported by Léger et al. [49] on shear flow
of highly entangled poly(styrene-butadiene) melts, who also observed a limiting
stationary shear stress, in line with our finding of a Tiat,co-plateau. As described
in Section 2, the origin of this Timat,.o-plateau can be found in disentanglement
of polymer chains in the bulk from the ones that are adsorbed at the wall
[23-25]. This disentanglement process or strong slip occurs at a certain second
critical shear stress 7. 2. The correlation between model and measurement when
solely accounting for 7.2 as a measure for wall slip substantiates the idea of a

slip-relaxation effect in the fiber-matrix interface.

5.2. The effect of temperature

The effect of temperature on the friction response for C/PEEK and C/LM-
PAEK is shown in Fig. 5 and 6, respectively, with shear-stress predictions for

the peak (solid lines) and long-time shear stress (dashed lines). The inclusion of
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the temperature dependency of the zero-shear viscosity led to a good correlation
between model and measurement, indicating once again the viscous nature of
ply-ply friction as stated in earlier research [4, 5, 14, 22]. The critical shear
stress 72 for strong slip differed between the materials yet remained constant
between the temperature conditions. Based on research on pure polymers, one
might expect stronger slip behavior [31, 50] with a faster transition [25, 48, 51]
and thus possibly lower peaks at higher temperatures, but the experimental

data in the chosen temperature window is not conclusive enough on this aspect.

5.3. The effect of normal pressure

The effect of the applied normal pressure on the measured long-time shear
stress of the matrix contribution Timat, o is visualized in Fig. 7 and 8 for C/PEEK
and C/LM-PAEK, respectively. Both materials show an increase in Tyyat 0o With
increasing normal pressure, which was also observed by Sachs [2], Murtagh et al.
[14], and Morris and Sun [15] on friction of UD C/PEEK as well as for other
material systems [5, 17, 42].

5.3.1. Shear-stress predictions

An increase in the normal pressure resulted in smaller differences between
Tmat,p a0 Tmat 0o @S the Tiat o-plateau shifted towards higher rates and stresses,
indicating a suppressing effect of the normal pressure on wall slip (see Fig. 7
and 8). We accounted for this suppressing effect in the shear flow model through
increasing 7. o according to the measured Tmat oo-plateau, resulting in accurate
predictions for Timat,co. At the highest normal pressure, no clear Tyat,00-plateau
emerged within the range of the applied sliding rate (see Fig. 8c), but we expect
this plateau to emerge at even higher rates. Therefore, the used 7.2 was set
higher than the measured Tmat 00 such that the shear flow model described the
measured data accurately. Note that the transition from no-slip to slip with
rate, i.e. the shape of the flow curve, is primarily dictated by the distribution
of thicknesses in the matrix interlayer h(z). The transition was accurately de-

scribed for the different normal pressure conditions, while we kept the matrix
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interlayer thickness distributions equal.

A plot of 7¢ 2 as function of the applied normal pressure is shown in Fig. 9
for both materials. No data entry exists for C/PEEK at a normal pressure of
135 kPa, as the shear flow model is not able to capture the overall friction in-
crease measured at this high normal pressure as mentioned earlier. The increase
in 7. o with increasing normal pressure was also reported by Hatzikiriakos and
Dealy [52] in a study on pure polymer melts in a capillary rheometer, though
the exact origin remained unclear.

The shear-stress prediction for the peak response correlates well with the
measured data, especially at the lower rates. The lower normal pressure resulted
in a larger overprediction at high rates (see Fig. 8a) than the one at a higher
normal pressure (see Fig. 8c). This increase in overprediction of the peak shear
stress with decreasing normal pressure could be due to the stronger slip behavior
at a lower normal pressure, as the critical shear stress reduced as well, possibly
resulting in already a small degree of slip when the peak friction was measured

at these high rates.

5.3.2. Drop after Timat,c0-plateau

The flow curves at the lowest normal pressure of 5 kPa, visualized in Fig.
7a and 8a for C/PEEK and C/LM-PAEK, respectively, showed a wide Tinat, oo~
plateau with a drop in Timat,co at high rates. Such a drop is also seen in the
study of Sachs [2] on tool-ply friction of UD C/PEEK as well as in the sliding
plate rheometry measurements of Park et al. [27] on a pure polymer melt.

We believe that the presence of a Tt co-plateau is due to strong slip based
on the resemblance with findings on pure polymer melts (e.g. [25, 27-30, 32, 53])
and the successful application of a critical shear stress in our shear flow model.
In that way, the Timas oo-drop at high rates implies that the equilibrium shear
stress at the interface reduces with increasing rate, suggesting a rate-dependent
critical shear stress.

The critical shear stress relates to the disentanglement of polymer chains

adsorbed at the surface from the bulk ones [25, 54|, following an early study
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Figure 9: The used second critical shear stress 7¢ 2 plotted with the applied normal pressure
for C/PEEK (squares) and C/LM-PAEK (diamonds). Note that 7c 2 was not determined for
C/PEEK at 135 kPa due to the overall friction increase measured at that high normal pressure
(see Fig. 7c).

of Brochard and de Gennes [55], in which a model was proposed to describe
the shear flow of a polymer melt near a wall with grafted polymer chains. In
case of low rates, these grafted chains are well entangled with the bulk chains
and provide momentum transfer. At higher rates, the coiled surface chains
become stretched and may disentangle. As the coil-stretch transition is related
to the applied force, a jump in the measured rate can be observed at a critical
shear stress in case of force-controlled experiments. This shear-rate jump was
observed in, for example, the experimental work of Boukany et al. [30] and
Hatzikiriakos and Dealy [52] using sliding plate and capillary rheometry on an
entangled polymer melt. The coil-stretch transition was recently visualized by
Kirk et al. [56] in a molecular dynamics simulation.

The forced disentangled of surface chains could also be induced in rate-
controlled experiments if sufficient shear rate is applied. Once a surface chain is
disentangled, it may relax due to the lower friction experienced [55]. This chain

relaxation enables re-entanglement with the bulk chains if the relative velocity
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between the surface and bulk chains is sufficiently small, resulting again in
a higher interfacial friction and consequently stretching of the surface chains.
Hence, there will be a range of rates at which chains dis- and re-entangle in case
of rate-controlled experiments, labeled as the marginal state [55]. This marginal
state is marked by a constant shear stress and, therefore, a shear stress plateau
emerges when constructing the corresponding flow curve. The accompanying
slip velocities will gradually increase with increasing rate. Experimental results
showed the existence of such a plateau [27-29, 32].

The marginal state ends at a certain rate when re-entanglement of the dis-
entangled surface chain becomes unfavorable due to a high slip velocity, leading
to a disentangled layer [55]. This fully disentangled state results in a lower
friction, as it is formed by monomer-monomer or Rouse friction rather than
entanglements. Capillary experiments on pure polymers have shown this state
of low friction [27, 52], but the marginal regime can be better investigated with
rate-controlled experiments. For instance, Park et al. [27] found that the dis-
continuity in the flow curve at the second critical shear stress was followed by a
decreasing shear stress with increasing rate and a similar observation was made
by Léger et al. [49]. A marginal regime followed by a fully disentangled state
at higher rates could explain the observed drop in Tmat,.o after the plateau as

observed in Fig. 7a and 8a.

5.3.8. Squeeze flow at high normal pressure

The overall shear stress response of C/PEEK increased with increasing nor-
mal pressure, as seen when comparing the measured flow curves at the different
normal pressure conditions (see Fig. 7). The same observation can be made
from the results on C/LM-PAEK, albeit less pronounced (Fig. 8). Furthermore,
the ply-ply friction measurements with C/PEEK at a high normal pressure of
135 kPa resulted in a higher shear stress than expected from the shear flow
model, as shown in Fig. 7c. We observed that the width of the C/PEEK speci-
mens increased (approximately 1 mm on an initial width of 50 mm) after testing

at 135 kPa, which was not or hardly seen with specimens measured at a lower
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normal pressure. This width increase indicates that the material was squeezed
out from between the pressure platens.

Possibly, the observed macroscopic squeeze flow is accompanied by a change
in the local matrix interlayer thickness in the ply-ply interface. The high normal
pressure could force a closer fiber packing and reduce the matrix interlayer
in the ply-ply interface, consequently lowering the matrix interlayer thickness
distribution A(x). In turn, an overall decrease in h(z) may explain the shear-
stress underprediction of the shear flow model, as a smaller than expected matrix
interlayer thickness will result in higher viscous shear stresses. Analysis of cross-
sectional micrographs of a tested specimen did indeed show a smaller matrix
interlayer thickness. Consequently, the shear-stress prediction increased (not
shown here). The discrepancy between model and measurement, however, did
not vanish as the predicted values were roughly between the measured data and
the shear-stress prediction based on the default h(z) as shown earlier (see Fig.
7c). Therefore, we used a scale factor of one half instead to reduce h(z). This
arbitrary manipulation of the default h(z) may not reflect the actual matrix
interlayer thickness distribution present during actual measurements. Other
mechanisms that are not included in the proposed shear flow model may become
relevant at a high normal pressure, though the resulting shear-stress predictions
for the measured peak shear stress Tmae p (triangle symbols) and the long-time
shear stress Tmat, 00 (circles) are quite accurate as shown by the solid and dashed
black line in Fig. 10, respectively. The peak shear-stress prediction using the

default h(z) is represented by the solid grey line.

6. Conclusion

We investigated the peak and steady-state or long-time shear stress of the
transient (start-up) ply-ply friction response of UD C/PAEK tapes using rate-
controlled sliding experiments. Both the peak and long-time friction increased
with increasing sliding rate, though the long-time shear stress was limited at

higher rates resulting in a shear stress plateau in a flow curve of shear stress
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Figure 10: Flow curves of measured peak (triangles) and long-time shear stress (circles) of
C/PEEK at 385 °C and 135 kPa with shear-stress predictions based on the ten default matrix
interlayer thickness distribution h(z) (grey line) and based on the same ten thickness distribu-
tions scaled by 0.5 to mimic a closer packing with no-slip (solid black line) and slip condition

(dashed black line). The error bars denote the standard deviation.

versus applied rate. An earlier proposed shear flow model was able to predict the
rate-dependency of the measured peak shear stress using the matrix viscosity
and a matrix interlayer thickness distribution in the ply-ply interface based on
generated fiber distributions. The long-time shear stress was accurately modeled
as well when considering local strong wall slip in the ply-ply interface through
a critical shear stress, acting as a threshold between no-slip or viscous flow and
the slip condition.

Several flow curves were generated to investigate the effect of temperature
and normal pressure. As the temperature increased, the shear stresses de-
creased, but the increase in temperature did not alter the overall slip behavior
significantly. Good correlations between model and measurement were obtained
by including the temperature-dependency of the matrix viscosity. The normal
pressure did affect the slip behavior, as the long-time shear stress plateau shifted

towards higher stresses and rates with increasing normal pressure. The shear
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flow model was able to accurately describe these flow curves by increasing the
critical shear stress for the onset of strong slip, indicating a suppressing effect
of the higher normal pressure on the slip behavior.

In conclusion, we showed that the concept of wall slip in the form of strong
slip explains the observed ply-ply friction behavior for different conditions of
temperature and normal pressure. These findings will help to develop a consti-
tutive model that describes the transient (start-up) ply-ply friction response for

the purpose of simulation software.
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Highlights of ‘Modeling the effect of temperature and pressure on the peak and steady-state ply-ply
friction response for UD C/PAEK tapes’:

- The ply-ply friction response can be explained with the concept of wall slip

- Ahigher temperature reduced the friction, without changing the slip behavior

- Ahigher normal pressure suppressed wall slip, increasing the steady-state friction

- The temperature- and pressure-dependency of the friction was successfully modeled
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