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A B S T R A C T

Ply-ply slippage is one of the key deformation mechanisms occurring during hot press-forming of thermoplastic
composite laminates. Advanced forming simulations, required for defect-free manufacturing, rely on accurate
constitutive models for these deformation mechanisms. In this work, we propose a relative simple, yet accurate,
transient model to describe the start-up friction response of UD C/PAEK tapes. The model combines a White–
Metzner viscoelastic fluid with a state-rate model for the evolution of wall slip near the fiber–matrix interface,
describing the disentanglement of surface polymer chains followed by the settlement of these chains in a
new equilibrium state. This allows prediction of the stress growth at start-up and the transition from peak to
steady-state friction, from smooth to sharp with increasing sliding rate, as well as the magnitude of the peak
and steady-state friction. We obtained a good correlation between the modeled and measured friction response
for different sliding rates.
1. Introduction

Continuous fiber reinforced thermoplastics allow for rapid, cost-
efficient manufacturing of small to medium-sized parts by means of hot
press forming. Over the years, simulation software for press forming
proved its value for industry by reducing trial-and-error costs involved
with the development of new thermoplastic matrix composite (TPC)
parts. However, more accurate predictions, particularly for defect gen-
eration, are needed to further facilitate the design stage. In turn, this
requires accurate material characterization and constitutive modeling.

The deformation behavior of a composite laminate during forming
is classified in several mechanisms, of which intra-ply shear, inter-
ply slippage and ply bending are recognized as the most important
ones [1,2]. These deformation mechanisms are separately quantified
in characterization experiments, modeled, and, subsequently, combined
in a numerical solver to describe the deformation of the material. The
numerical code allows the simulation of the hot press forming of TPCs
and enables virtual design iterations. This work focuses on one of the
important deformation mechanisms, namely ply-ply slippage, to follow-
up on our earlier work [3–5]. Ply-ply slippage is required to form
defect-free parts, as it allows for intra-ply shear and bending of the
laminate [6–8]. Recent work on intra-ply shear and bending can be
found in e.g. Refs. [9–11].

The typical friction response of a molten TPC, as measured in a char-
acterization experiment where a central ply is forced to slide against
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plies at each side [2,12–16], is shown in Fig. 1. A peak shear stress
𝜏p emerges at higher rates, followed by a stationary regime marked
by a steady-state or long-time shear stress 𝜏∞. For low sliding rates,
no peak appears as the shear stress increases monotonically towards a
steady-state. The long-time shear stress is often considered in modeling,
following the hydrodynamic lubrication regime of the Stribeck curve
for woven reinforcements [6,17,18] or by means of a description that
includes a yield stress or Coulomb friction superimposed with a viscous
term [2,12,16,19]. Earlier research has shown that the hydrodynamic
lubrication approach fails to describe the friction of unidirectional (UD)
C/PEEK tapes [2,20].

Recently, we proposed a slip relaxation effect, resulting in a gradual
increase in slip between fiber and matrix, as the most probable ex-
planation for the transient ply-ply friction response [3], in line with
earlier work [2]. These insights were used to develop a model based
on shear flow of the matrix material at the ply-ply interface to predict
the peak shear stress 𝜏p [4]. Additionally, we included a critical shear
stress to represent the effect of wall slip, following the findings on pure
polymers [21–24], to successfully predict the long-time shear stress 𝜏∞
as well. This framework was extended in later work to include the effect
of temperature and normal pressure [5].

Although the proposed shear flow model accurately describes the
peak and long-time shear stress and adds to our understanding of
vailable online 29 January 2024
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Fig. 1. Schematic friction response showing start-up behavior with time as typically
bserved in characterization experiments on molten TPCs [4].

he underlying mechanism for ply-ply friction, the model still lacks
description of the full transient response, including stress growth

t start-up and the transition from 𝜏p to 𝜏∞. Some studies addressed
he modeling of the full friction response, without consideration of
he underlying physics, and employed a linear [7] or exponential
ecay [25] to describe the 𝜏p-to-𝜏∞-transition or used a cohesive zone
odel originating from crack simulations in fracture mechanics [26].
he latter approach was also used by Kapshammer et al. [27] more
ecently.

In this paper, we extend our earlier shear flow model [4] to describe
he full transient friction response for different constant sliding rates. A
roper description of the transient response will improve the predictive
uality of the forming simulations, especially if we consider that the rel-
tive small ply-ply slippage encountered in practice often corresponds
o the transient region of the characterization experiment [2,16]. The
ransient model proposed here is based on a gradual increase of wall
lip near the fiber–matrix interface, which is caused by the disentangle-
ent of polymer chains adsorbed to the fiber from the bulk polymer

hains upon shearing. This process of disentanglement is described
sing a state-rate model, which is related to the local slip velocity.
he resulting evolution of the slip velocity is then combined with a
hite–Metzner viscoelastic fluid [28]. The transient shear flow model

ccurately describes the measured friction curves of UD C/PEEK and
/LM-PAEK for different sliding rates.

. Background

Our combined experimental and modeling work presented ear-
ier [3–5] revealed a slip relaxation effect as the underlying mechanism
or the ply-ply friction. These insights were based on a strong resem-
lance of our experimental observations with findings on shear flow
f pure polymers, which form the basis for the modeling work in this
esearch. A brief background on the observations with pure polymers
ill be presented first, followed by relevant models.

.1. Wall slip

Hatzikiriakos and co-workers [21,29,30] and others [24,31] per-
ormed experiments on pure polymer melts using a rate-controlled
liding plate rheometer to investigate the effect of wall slip on the shear
tress response. They reported a dependency of the stationary shear
tress on the gap height due to a nonzero velocity near the polymer-
all interface [29,30]. Furthermore, at high rates, the stationary values
2

ere limited to a certain critical shear stress, resulting in a shear-stress
Fig. 2. Schematic flow curve of the stationary shear stress vs. shear rate as observed for
different polymer melts in literature (e.g. polyethylenes, polybutadienes, polystyrenes,
polyisoprenes, polydimethylsiloxanes, fluoropolymers), visualizing a first and second
stable branch with a marginal regime in between. This marginal regime results in a
shear rate jump (spurt) in case of stress-controlled experiments, while a shear-stress
plateau emerges in case of rate-controlled experiments.
Source: Illustration based on Refs. [21–24,31,34,35].

plateau in a flow curve of shear stress versus the applied rate [24,
31]. A schematic flow curve as observed for different polymer melts
is visualized in Fig. 2, where the dashed horizontal line (marginal
regime) represents the shear-stress plateau. Similarly, Boukany et al.
[23] found a jump in the shear rate at the critical shear stress in stress-
controlled sliding plate rheometry tests, visualized in Fig. 2 by the
discontinuity between the first and second stable branch, which relates
to the observations of a spurt flow in polymer extrusion or capillary
rheometry [21–23]. Techniques such as particle tracking velocimetry
were used to visualize the velocity profile upon shearing or extrusion,
proving the existence of a nonzero slip velocity near the wall [22,32,
33].

The slip velocity near the wall could originate from two mecha-
nisms, namely the desorption of polymer chains from the wall or the
disentanglement of adsorbed polymer chains from the bulk ones [21–
23,32,34,36]. The presence and severity of the two slip regimes de-
pends, among others, on the degree of polymer chain adsorption. In
general, the former is commonly labeled as weak slip, which emerges
from a first critical shear stress 𝜏c,1 and often results in only small
deviations from the no-slip condition as visualized by the dashed line
in Fig. 2. The latter mechanism is labeled as strong slip, leading to
large slip velocities and the mentioned discontinuity in the flow curve
occurring at a second critical shear stress 𝜏c,2. Dating back to the
70s, Bergem [37] was one of the first to propose this disentanglement
of surface polymer chains from the bulk as the underlying mechanism
for the discontinuity during extrusion of HDPE melts. In our earlier
work [4], we considered the effect of strong slip at the fiber–matrix
interface by limiting the viscous shear stress in the matrix interlayer
to 𝜏c,2. Using this approach, we obtained an accurate prediction of the

easured long-time shear stress as function of the applied sliding rate.
The term slip relaxation effect was used to denote the evolution of

he slip velocity from zero to the steady-state value in transient wall
lip experiments [21,30]. Hence, shear stress peaks, higher than 𝜏c,2,

were observed in start-up shear flow experiments at high rates before
a steady-state shear stress was attained [36,38]. This time-dependency
relates to the time required for the disentanglement of surface chains
from the bulk, meaning that the shear stress at start-up shear is not

yet or only slightly affected by wall slip. We used this (approximate)
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Fig. 3. Schematic illustration of the concept of disentanglement as considered in this
study based on the theory of Brochard and de Gennes [35].

no-slip condition in our earlier work [4] to predict the measured peak
friction. Now, the evolution of the slip velocity needs to be included
in the model, for which the disentanglement of surface chains will be
discussed next.

2.2. Polymer chain disentanglement

The scaling theory of Brochard and de Gennes [35], further refined
in later work [39], provides a basis for the disentanglement process
as discussed in flow of pure polymers [22,33,34,36]. These authors
considered a polymer melt with surface chains tethered to a wall. At
rest, the polymer chains are entangled and, therefore, form a temporal
network. Upon shearing, a tethered chain deforms due to frictional
and elastic forces. At a critical rate, the surface chain undergoes a
coil-to-stretch transition and disentangles from the bulk. Consequently,
the friction reduces and the disentangled chain relaxes. The recoiled
chain could, subsequently, re-entangle with the bulk chains, increasing
the friction again, leading to the coil-to-stretch transition and so on.
Hence, a so-called marginal regime for a range of applied rates emerges,
as visualized by the dashed horizontal line in Fig. 2 [35,39]. This
marginal regime, characterized by a constant shear stress, was experi-
mentally verified using rate-controlled experiments by e.g. [24,31] and
explains the jump in shear rate at 𝜏c,2 as observed with stress-controlled
experiments [21–23]. At even higher rates, re-entanglement becomes
unfavorable and the surface chains form a fully disentangled layer. A
comparable view on flow-induced disentanglement was given in other
works [22,33,40], mentioning the elastic build up to a point at which
mutual chain sliding occurs between surface and bulk chains due to a
‘‘molecular force imbalance’’, sometimes labeled as yielding [22,33]. A
schematic illustration of the process of disentanglement upon shearing
as considered in this work is shown in Fig. 3. All in all, the disentangle-
ment of surface chains from the bulk leads to an apparent slip velocity
through a reduced interfacial viscosity and, therefore, results in a lower
shear stress than expected from the bulk viscosity [22,41].

2.3. Transient wall slip modeling

The slip relaxation can be modeled directly through prescribing the
slip velocity based on measured data, a phenomenological approach,
or indirectly by considering the underlying polymer dynamics, a first
principles approach. Modeling efforts based on both approaches will be
discussed briefly in this section.
3

2.3.1. Phenomenological approaches
Hatzikiriakos and Dealy [29] proposed a phenomenological ap-

proach for the evolution of the slip velocity by means of a differential
equation, resembling the Maxwell equation for viscoelasticity (VE) with
a certain slip relaxation time. A power law was used to describe the
stationary slip velocity as a function of the shear stress. Ebrahimi
et al. [42] combined this differential equation with a VE model to
successfully describe the start-up shear stress for entangled polymer
melts. Multiple slip relaxation times were considered in other studies
to improve the correlation between model and measurement [30,43].
Similar equations were used to obtain analytical solutions for the shear
flow of Newtonian fluids with slip relaxation [44] or to describe the
slip extrapolation length [45].

The use of a power law to describe the stationary slip velocity as
a function of the shear stress precludes modeling within the marginal
regime. This limitation is not important in view of polymer extrusion, as
the shear rate simply jumps between the first and the second branch in
the flow curve (see Fig. 2). The corresponding jump in the slip velocity
was modeled by Hatzikiriakos and Dealy [46] using a discrete transition
between two power law relations. In contrast, a description of the slip
velocity within the marginal regime is of interest for the current study,
in which the rate-controlled friction tests avoid a shear rate jump and,
therefore, allows for a shear stress response within the marginal regime.

2.3.2. First principles approaches
The disentanglement of surface and bulk chains, as illustrated in

Fig. 3, could be used to model the effect of wall slip instead of directly
describing the slip velocity as outlined above. For example, transient
network models were employed [47,48], in which entanglements break
and form continuously to reflect the polymer interactions near the
wall, resulting in a qualitative description of the start-up response.
Subsequently, more sophisticated models were proposed [49–51], con-
sidering arm retraction and (convective) constraint release as possible
relaxation mechanisms for the surface chains. These models described
the marginal regime of the stationary slip velocity, though they were
not used to describe the start-up response. Kirk et al. [52] showed in a
molecular dynamics simulation the coil-to-stretch transition of surface
polymer chains as described by Brochard and de Gennes [35], but the
computational effort is large.

A more straightforward approach was proposed by Black and Gra-
ham [53], who used a structure parameter in a differential equation to
describe the entanglement density of surface and bulk chains, relating
to the earlier mentioned transient network models and the slip evolu-
tion equation of Hatzikiriakos and Dealy [29]. Creation and destruction
of the entanglements were based on the number of free and bonded
segments. Lan et al. [54] adjusted this model to describe the weak slip
regime in start-up exponential shear, as the adsorption and desorption
of surface chains resemble a creation and destruction process. Although
the current research deals with strong slip and a constant sliding rate,
the modeling approach is of interest here due to its relative simplicity
and physical considerations. Joshi et al. [55] illustrated the process
of disentanglement further by considering kinetic reactions between
entangled and disentangled surface chains with empirical rate functions
that describe the entanglement–disentanglement dynamics, based on
the work of Ahn and Osaki [56]. A similar approach was pursued
by Lau and Schowalter [57], who considered activated rate processes
for conversions between free and bonded chains.

Application of the mentioned models to the current problem is not
straightforward and we found that the given descriptions for the slip
evolution, both the phenomenological and the first principles approach,
were insufficient to describe the measured ply-ply friction response.
Hence, our modeling effort to obtain an accurate description for the
friction response will be presented next.
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Fig. 4. Schematic illustration of a ply-ply cross section with fibers (gray circles) from a top and bottom ply with a matrix interlayer in between (dashed lines along the relevant
fiber edges). Relative motion between the plies generates a nominal shear rate distribution �̇�n(𝑥) in the matrix interlayer, as illustrated in the A-A side view for a matrix interlayer
thickness ℎ(𝑥). A slip velocity 𝑉s near the fiber–matrix interface reduces the bulk deformation to a true shear rate �̇�t . The time-dependency of 𝑉s is considered in this work through
the steady state 𝑍s(𝑡) of the polymer chains near the fiber–matrix interface as explained in Section 3.3.
Source: Illustration adapted from [4].
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3. Modeling work

Our goal is to accurately describe the macroscopic ply-ply friction
response as visualized in Fig. 1, without having to deal with computa-
tionally expensive models as we have to keep in mind the intended
implementation in forming simulation software. Hence, we propose
a state-rate model as a simple yet accurate approach, based on the
underlying mechanisms as outlined (see Fig. 3), to model the evolution
of the slip velocity. This evolution will be used to change the boundary
condition in a White–Metzner viscoelastic fluid [28]. Our earlier shear
flow model [4] will form the starting point.

3.1. Shear flow model

In our earlier model, we considered the matrix material at the ply-
ply interface to be subjected to shear flow with a no-slip and slip
condition to predict the measured peak 𝜏p and long-time shear stress
𝜏∞, respectively. A schematic illustration of a ply-ply cross-section is
shown in Fig. 4, with fibers of adjacent plies separated by the 𝑥-axis
and surrounded by the molten matrix. The thickness of the matrix
interlayer changes over the width of the ply-ply interface, as indicated
in the illustration by the dashed black line along the relevant fiber
edges, resulting in a matrix interlayer thickness distribution ℎ(𝑥). We
obtained ℎ(𝑥) from cross-sectional micrographs of tested specimens as
well as from generated fiber distributions [4]. Applying a sliding rate
𝑉 on the top ply in the fiber direction generates a shear rate in the
matrix interlayer, which is visualized in the side views on the right
part of Fig. 4. A nominal shear rate distribution �̇�n(𝑥) appears equal
to 𝑉 divided by ℎ(𝑥), which combined with the viscosity of the matrix
material leads to a viscous shear stress distribution 𝜏visc(𝑥) at the ply-ply
interface. Strong wall slip was implemented through a second critical
shear stress 𝜏c,2, locally representing the effect of fully-developed wall
slip in the marginal regime. Consequently, a slip velocity 𝑉s emerges,
which reduces the deformation experienced by the bulk material to a
true shear rate �̇�t :

�̇�t (𝑥) =
𝑉 − 2𝑉s
ℎ(𝑥)

. (1)

he lower shear rate due to the slip condition reduces the shear stress
istribution to 𝜏slip(𝑥). Subsequently, the shear stress distributions can
e integrated over the width 𝑤 of the ply-ply interface:

avg =
1
𝑤 ∫

𝑤

0
𝜏(𝑥) d𝑥, (2)

o yield an average shear stress for the no-slip and slip condition, which
ere used in our earlier work to predict 𝜏p and 𝜏∞, respectively, as

unction of the applied sliding rate [4]. Note that this approach is
imited to sliding rates up to the end of the marginal regime, as the
redicted 𝜏∞ is bounded by 𝜏c,2. It is expected that 𝜏∞ exceeds 𝜏c,2 for
ates beyond the marginal regime, following a second stable branch as
4

isualized in Fig. 2. The end of the marginal regime, however, was not
bserved in our earlier experimental work [4,5].

This shear flow model lacks a description for the transition between
p and 𝜏∞, as the considered 𝑉s is time-independent and either zero
r equal to the fully-developed slip velocity. In the current work, we
ropose to include the evolution of 𝑉s.

.2. Constitutive behavior

A viscoelastic constitutive model is required to describe the behav-
or of the matrix material. The viscous part of this model should align
ith our shear flow model, in which we included shear thinning of the
atrix material. The White–Metzner model can be used to describe the
on-Newtonian behavior [28,58]:

+ 𝜆(�̇�t ) = 2𝜂(�̇�t )𝑫 with 𝜆(�̇�t ) =
𝜂(�̇�t )
𝐺

, (3)

with 𝜆 the relaxation time, 𝜂 the matrix viscosity, 𝐺 the stiffness, 𝝉
the stress tensor, and 𝑫 the rate of deformation tensor. In case of a 1D
homogeneous shear flow, the White–Metzner model reduces to [19,59]:

𝜏12 + 𝜆(�̇�t )
d𝜏12
d𝑡

= 𝜂(�̇�t )�̇�t , (4)

with �̇�t the true shear rate (Eq. (1)) and 𝜏12 the local viscoelastic shear
stress for a certain matrix interlayer thickness in ℎ(𝑥), of which the
verage can be computed using Eq. (2). A Runge–Kutta time integration
cheme was used to solve the differential equation with a sufficiently
mall time step of 0.01 s.

Apart from a viscoelastic contribution to the ply-ply friction, a
ontribution from a yield stress 𝜏y needs to be considered. This yield
tress was obtained from the residual stress measured after cessation
f the sliding movement in ply-ply friction tests [4]. The findings
f Murtagh et al. [12] on ply-ply friction of C/PEEK suggest that this
ield stress remains constant throughout the test, and is attributed to
iber–fiber contact [19,60,61]. Hence, the average measured 𝜏y from
ur earlier work [4], around 1.8 and 0.5 kPa for C/PEEK at 385 ◦C and

C/LM-PAEK at 365 ◦C, respectively, needs to be added to the averaged
viscoelastic response from Eqs. (4) and (2) to obtain the total shear
stress:

𝜏 = 𝜏12,avg + 𝜏y , (5)

which can then be compared with the measured ply-ply friction re-
sponse.

3.3. Changing boundary condition: evolution of the slip velocity

The evolution of the local slip velocity at the fiber–matrix interface
is needed to describe the slip relaxation effect. In this section, we will
propose a state-rate model for the disentanglement process to describe
the evolution of the slip velocity 𝑉s, resembling the approaches of
Refs. [47,55].
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Fig. 5. The proposed state-rate model to describe the average dynamics of the surface
olymer chains, starting from an initially entangled network (active state 𝑍a equals
nity). Upon sufficient shearing, surface chains start to disentangle (𝑍d with rate
d) and either re-entangle (rate 𝑘e) or conform themselves to the applied shear flow
y settling in the steady state (𝑍s, with conformation rate 𝑘c) leading to less bulk
nteraction.

Following the schematic illustration of Fig. 3, we consider a state-
ate model with three states for the surface polymer chains adsorbed
o the fiber surface (shown in red): an active 𝑍a, disentangled 𝑍d,
nd steady 𝑍s state. The states 𝑍 𝑖 are an average representation of
he surface chains with rates 𝑘𝑖 between them, reflecting the polymer
ynamics. A schematic illustration of the proposed state-rate model is
hown in Fig. 5. In rest, the surface chains heavily interact with the bulk
hains through entanglements and, therefore, the active state 𝑍a equals
nity before the shear deformation starts. If the local shear stress due
o the applied shear deformation reaches 𝜏c,2, wall slip starts to occur
hrough disentanglement. The entangled surface chains become ten-
ioned and consequently deformed, leading to retraction from the bulk.
he average disentanglement of surface chains is modeled through a
low from 𝑍a to the disentangled state 𝑍d with disentanglement rate 𝑘d.
nce retracted, disentangled surface chains relax and could re-entangle,

esulting in a backflow from 𝑍d to 𝑍a with entanglement rate 𝑘e, or
urface chains could settle into a new equilibrium, conforming to the
pplied shear deformation, described by a flow to the steady state 𝑍s

ith conformation rate 𝑘c. Note that 𝑍s does not necessarily reflect
fully-disentangled state, as interaction with the bulk chains is still

ikely to occur albeit on a lower scale. The underlying set of differential
quations read:
d𝑍a

d𝑡
= −𝑘d𝑍a + 𝑘e𝑍

d,

d𝑍d

d𝑡
= 𝑘d𝑍

a − 𝑘e𝑍
d − 𝑘c𝑍

d,

d𝑍s

d𝑡
= 𝑘c𝑍

d with 0 ≤ 𝑍 𝑖 ≤ 1.

(6)

Next, the three rates 𝑘𝑖 connecting the states need to be addressed.
s indicated by the dashed arrow in Fig. 5, we propose that the dis-
ntanglement rate 𝑘d depends on the active state 𝑍a. Namely, surface
hains will be less likely to disentangle when a lot of neighboring chains
till heavily interact with the bulk chains, while with more chains
ettled in the steady state, the more likely it becomes that active surface
hains retract as well as they will experience larger stresses. Hence, as a
irst step, we used a linear interpolation between a minimum rate 𝑘min
nd a maximum rate 𝑘max, depending on 𝑍a. We expect the opposite
ffect to happen with the re-entanglement of surface chains, as this re-
ntanglement will be hindered with an increasing slip velocity through
ess interactions between surface and bulk chains, while enhancing the
ettlement into the steady state 𝑍s. Therefore, the entanglement rate
e decreases from 𝑘max to 𝑘min with decreasing 𝑍a. As a first step, we
et the conformation rate 𝑘c equal to 𝑘d following the same reasoning.
n the end, we have the following formulations for the rates:

d = 𝑘min𝑍
a + 𝑘max(1 −𝑍a),

𝑘e = 𝑘max𝑍
a + 𝑘min(1 −𝑍a),

𝑘c = 𝑘d.

(7)

A Forward Euler time integration was used to solve the differential
quations (Eq. (6)) with the same, sufficiently small, time step of 0.01
as used for Eq. (4). A typical evolution of the states is visualized

n Fig. 6, illustrating the decrease in the active state 𝑍a while the
urface chains settle in the steady state 𝑍s smoothly from zero to unity.
5

Fig. 6. Evolution of the average state of the surface chains using model parameters
for C/PEEK as obtained later in this study (see Table 1) with a sliding rate 𝑉 of
60 mm/min and a certain matrix interlayer thickness ℎ of 1.5 μm.

This evolution depends on the sliding rate and the local matrix inter-
layer thickness, which varies along the width of the ply-ply interface.
Consequently, the local evolution varies along the width as well.

The proposed evolution of the average state of the surface chains
was subsequently used to describe the slip relaxation effect, character-
ized by a gradual increase of the (apparent) slip velocity 𝑉s. That is,
the settlement of surface chains in the steady state (𝑍s → 1) reduces
the interaction between surface and bulk chains and, therefore, reflects
the gradual increase of wall slip. Hence, we propose a direct relation
between 𝑍s and the slip velocity:

𝑉s(𝑡) = 𝑉s,∞𝑍s(𝑡), (8)

which is used to reduce the nominal shear rate �̇�n to the true shear
rate �̇�t , according to Eq. (1), consequently reducing the shear stress in
the White–Metzner model (Eq. (4)). The fully-developed slip velocity
𝑉s,∞ can be obtained by equating the local slip-corrected viscous shear
stress with the stress state near the fiber–matrix interface in steady-
state, i.e. 𝜏c,2. Thus, the White–Metzner differential equation (Eq. (4))
in steady-state:

𝜏c,2 = 𝜂(�̇�t )�̇�t , (9)

needs to be solved for �̇�t , from which 𝑉s,∞ can be obtained by using
Eq. (1).

Lastly, we considered an effect of the applied sliding rate 𝑉 on the
ates 𝑘𝑖, such that the process of disentanglement occurs at a faster pace
ith increasing 𝑉 . We propose a power law relation for the maximum

ate 𝑘max:

max = 𝑘min + 𝑎𝑉 𝑚, (10)

leading to three fit parameters to describe the slip evolution: 𝑘min, 𝑎,
and 𝑚.

3.4. Parameter determination

A part of the parameters required for the proposed transient model
were adopted from our earlier work [4]. The second critical shear stress
𝜏c,2, a material parameter, was set equal to the earlier experimentally
determined values, namely 35 and 55 kPa for C/PEEK and C/LM-
PAEK, respectively. The model requires a matrix interlayer thickness
distribution ℎ(𝑥), which can be obtained from cross-sectional micro-
graphs of tested specimens. In our earlier work [4], we showed that
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Table 1
Overview of the used variables and parameters for C/PEEK and C/LM-PAEK friction modeling. Fit parameters were manually determined as explained in Section 3.4.

C/PEEK C/LM-PAEK Comment

ℎ(𝑥) – – Single matrix interlayer thickness distribution determined from generated fiber distribution [4], see Fig. 12(a).
𝜂(�̇�) – – Cross model fit for each material, see Fig. 7.
𝜏c,2 35 kPa 55 kPa Critical shear stress derived from measurement [4].
𝜏y 1.8 kPa 0.5 kPa Yield stress derived from measurement [4].

𝐺 500 Pa 400 Pa Stiffness parameter fit to measured slope during start-up.
𝑘min 0.75 1.8 Slip parameter fit to response at low sliding rates by imposing 𝑘max = 𝑘min.
𝑎 4.6 0.25 Slip parameter for sliding rate dependency based on fit of 𝑘max at higher rates according to Eq. (10).
𝑚 1.95 4.2 Slip parameter for sliding rate dependency based on fit of 𝑘max at higher rates according to Eq. (10).
mimicking the ply-ply interface through generated fiber distributions
yields a similar response. We generated ten matrix interlayer thickness
distributions to account for the variation in the matrix interlayer at the
ply-ply interface. In this study, we used a single ℎ(𝑥) from the same ten
interlayer thickness distributions that yielded a shear stress response
closest to the average. Further, the viscosity of the matrix material
is required, which we obtained from plate-plate rheometry as will be
presented in the next section.

Hence, four parameters are left to be determined for the transient
shear flow model: 𝐺 (Eq. (4)), 𝑘min, 𝑎, and 𝑚 (Eq. (10)). These four pa-
rameters were estimated by visual inspection of the correlation between
model and measurement. A schematic illustration of the effect of the
different parameters on the modeled response is shown in Fig. 9. First,
the stiffness parameter 𝐺 was estimated based on the (start-up) slope of
the measured friction curves. Secondly, 𝑘min was determined based on
low sliding rate friction data, at which 𝑘max approaches 𝑘min and thus
both rates were set equal in this step. Next, higher rate friction data
were used to determine several 𝑘max values at different sliding rates,
which were subsequently used to fit 𝑎 and 𝑚 according to Eq. (10).

4. Experimental work

The experimental work outlined in this section is part of our pre-
vious work [4,5]. For completeness, a brief description will follow in
this section, though the reader is kindly referred to Refs. [4,5] for more
details.

4.1. Materials

Two unidirectional (UD) carbon fiber-reinforced thermoplastics
were investigated, one with a Victrex PEEK 150P matrix and another
with a Victrex LM-PAEK AE250P matrix. Both tapes are manufactured
by Toray Advanced Composites [62] and are known as Cetex TC1200
(C/PEEK) and TC1225 (C/LM-PAEK), respectively. The fiber volume
fraction of both tapes equals approximately 59%. According to the
manufacturer, the melting temperature is 343 ◦C and 305 ◦C and the
advised processing temperature range is 370–400 ◦C and 340–385 ◦C
for C/PEEK and C/LM-PAEK, respectively.

4.2. Rheometry

The shear viscosity of the neat matrix materials was measured with
plate-plate rheometry. Small amplitude oscillatory shear measurements
were performed up to 200 rad/s at 380 ◦C and 390 ◦C on PEEK and
at 365 ◦C on LM-PAEK material. Using the Cox-Merz rule, the obtained
viscosity curves as function of the shear rate were subsequently fit with
the Cross model [63]:

𝜂(�̇�) =
𝜂0

1 +
(

𝜂0 �̇�
𝜏∗

)(1−𝑛)
, (11)

with 𝜂0 the zero shear viscosity, 𝜏∗ the critical shear stress, and 𝑛 the
power law index. The PEEK data was interpolated using an Arrhenius
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relation on the fitted zero shear viscosity, following the general ap-
proach as described by e.g. Osswald and Rudolph [63], to obtain the
viscosity curve at 385 ◦C.

4.3. Ply-ply friction tests

A purpose-built friction tester was used to measure the resistance
against slippage between adjacent plies. A detailed description of the
setup, which was part of a benchmark exercise [64], can be found
in e.g. Refs. [2,15,65]. Specimens were cut from 12-inch wide rolls
and each consisted of three 50-mm wide plies: a single central ply
measuring 250-mm long and two outer plies measuring 120-mm long
with the fibers oriented in the longitudinal direction. The three plies
overlapped over a length of 65 mm, resulting in two ply–ply interfaces,
and were pressurized between heated platens with contact area 𝐴 of
50 × 50 mm2. After a 5-min heating time, a constant sliding rate 𝑉
was applied, forcing the central ply to slide against the outer plies. The
required pulling force 𝐹pull was logged, together with the displacement
𝑑 and time 𝑡. The shear stress per slip interface can then be obtained
from:

𝜏 =
𝐹pull

2𝐴
. (12)

Different sliding rates of 5, 25, and 125 mm/min were tested in
at least threefold with a fresh specimen for each test. Additionally,
single tests were performed at 40 and 60 mm/min to further refine
the rate-dependency of the friction response at intermediate rates. The
temperature was set at 385 ◦C and 365 ◦C for C/PEEK and C/LM-PAEK,
respectively, based on the advised processing temperatures. A 15 kPa
normal pressure was applied for both materials.

5. Results

The rheometry results will be presented first, followed by the mea-
sured ply-ply friction responses of C/PEEK and C/LM-PAEK for different
sliding rates, which will be compared with the transient shear flow
model.

5.1. Rheometry

The measured viscosity curves of the matrix materials Victrex PEEK
150P and LM-PAEK AE250P are shown in Figs. 7(a) and 7(b), respec-
tively. The PEEK viscosity curves, measured at 380 and 390 ◦C, were
fit with the Cross model (see Eq. (11)). Subsequently, an Arrhenius
relation was used to interpolate the zero shear viscosity corresponding
to a temperature of 385 ◦C, as used in the friction experiments. The
other Cross model parameters were kept constant and taken equal to
the ones obtained from the fit at 380 ◦C. The result is plotted by the
thick black line in Fig. 7(a) and the fit parameters are mentioned in the
legend. The measured LM-PAEK viscosity curve, as shown in Fig. 7(b),
was also fit with the Cross model (thick black line, see legend for
fit parameters). The fit is extrapolated towards shear rates far higher
than measured in the plate-plate rheometry experiments to compare
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Fig. 7. PEEK 150P viscosity as function of the shear rate measured at 380 and 390 ◦C (a), which were used to obtain the viscosity curve at 385 ◦C (thick black line) represented
by the Cross model (Eq. (11)) and (b) measured LM-PAEK AE250P viscosity curve at 365 ◦C with Cross model fit together with viscosity data from the manufacturer Victrex [66]
measured with capillary rheometry, interpolated between 360 and 380 ◦C.
Source: Reproduced from [4].
the fitted viscosity with capillary rheometry data. The capillary data
was obtained from interpolation of data measured at 360 and 380 ◦C,
as kindly provided by the manufacturer Victrex plc [66]. Although
a discrepancy between model and measurement can be observed at
lower shear rates, attributed by the manufacturer to the unreliability
of capillary measurements at these low rates, a good correlation is
obtained at higher shear rates. Note that these high shear rates are
encountered in the friction experiments as well in case of a low matrix
interlayer thickness combined with a high sliding rate, e.g. the nominal
shear rate equals 2000 s−1 for a matrix interlayer thickness of 1 μm with
a sliding rate of 125 mm/min.

5.2. Ply-ply friction tests

The ply-ply friction response for different rates is shown in Figs. 8(a)
and 8(b) for C/PEEK and C/LM-PAEK, respectively. The average re-
sponse is plotted for the measurements at 5, 25, and 125 mm/min with
the shaded band denoting the standard deviation. The applied sliding
rate has a strong effect on the friction response for both materials.
The measured friction data at intermediate rates resembles the typical
friction response, as schematically illustrated in Fig. 1, exhibiting a
peak 𝜏p and long-time shear stress 𝜏∞. At higher sliding rates, the peak
becomes increasingly sharper with a larger ratio between peak and
long-time shear stress, while no peak emerged at the lowest sliding rate
measured.

Although the general friction response of both UD tape materials
looks similar, small differences can be observed between C/PEEK and
C/LM-PAEK (see Fig. 8). The overall friction of C/PEEK is lower com-
pared with C/LM-PAEK when inspecting the peak and long-time shear
stresses. Moreover, the C/PEEK friction response exhibits a sharper
peak, as seen by the faster shear stress decay compared with the
measured response for C/LM-PAEK.

The friction response of the transient shear flow model is plotted
for the corresponding sliding rates by the dashed lines in Fig. 8. The
transient model correlates well with the measured friction response for
both C/PEEK and C/LM-PAEK. The used variables and slip parameters,
7

𝑘min, 𝑎, and 𝑚, as well as the stiffness parameter 𝐺 are listed in Table 1.
6. Discussion

The accuracy of the proposed White–Metzner state-rate model in
view of the measured friction response for C/PEEK and C/LM-PAEK
will be discussed. In particular, the state-rate model used to describe
the slip evolution will be addressed. We will relate our modeling efforts
with earlier work and propose simplifications to ease implementation
in simulation software.

The proposed transient model correlates well with the measured
friction response for C/PEEK and C/LM-PAEK, a shown in Fig. 8. The
measured and modeled peak and long-time shear stresses are compa-
rable in magnitude and the model accurately accounts for the increase
in friction with increasing rate. In general, the measured displacement
at the peak correlates well with the model results. Furthermore, the
transition in the measured peak response from smooth to sharp with
increasing sliding rate is also present in the computed response. At the
highest rate, however, the measured peak becomes too sharp for an
accurate description with the transient model, while the modeled peak
response evolves too rapidly at lower rates.

6.1. Effect of the model parameters

The stress growth at start-up is governed by the stiffness 𝐺 in the
White–Metzner model, dictating the initial slope of the modeled shear
stress response. The effect of an increase in 𝐺 on the modeled response
is schematically illustrated in Fig. 9. A steeper slope yields a more
rapid stress growth and, therefore, a slightly higher peak shear stress.
The determined values for 𝐺 result in a reasonable correlation between
the modeled and measured initial slope. Although we believe that the
friction response is dominated by the viscoelastic properties of the
matrix material, the measured slope might be affected by slack in the
setup as well as tensioning and rearrangements of the fibers in the UD
tapes during the measurement.

The rates for the disentanglement (𝑘d), entanglement (𝑘e), and
conformation (𝑘c) of surface chains were obtained through linear inter-
polation between a minimum 𝑘min and maximum 𝑘max rate (see Eq. (7)),
of which the latter depends on the applied sliding rate 𝑉 according
to Eq. (10). The dependency of the rates on 𝑉 resembles the use of a
spectrum of slip relaxation times, as was proposed in other studies [21,

30,43], and a faster relaxation through flow-induced disentanglement
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Fig. 8. Ply-ply friction response of (a) C/PEEK and (b) C/LM-PAEK tape for different sliding rates (solid lines) at a temperature of 385 ◦C and 365 ◦C, respectively, under a
ormal pressure of 15 kPa as measured in our earlier work [4]. The shaded bands around the 5, 25, and 125 mm/min friction curves denote the standard deviation. The dashed
ines represent the modeled response at the corresponding sliding rates.
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Fig. 9. Schematic illustration of the effect of an increase in 𝐺, 𝑘min, 𝑘max, and the linear
nterpolation (LI) between a lower 𝑘min and higher 𝑘max on the modeled response.

y means of mutual sliding of surrounding bulk chains [67,68]. Future
ork would be to relate the used parameters for the slip evolution to

he matrix, the fiber, or the fiber–matrix interfacial properties.
The effect of an increase in 𝑘min and 𝑘max is included in the

chematic model response shown in Fig. 9, indicating that for both rates
n increase results in a lower peak response. The linear interpolation
LI) between a lower 𝑘min and a higher 𝑘max leads to a faster conforma-
ion of surface chains to the steady state with evolving slip. Although
n overall increase in 𝑘𝑖 would result in faster slip evolution as well,
he use of a low and high rate leads to more load bearing capacity
uring start-up, resulting in a higher peak shear stress followed by a
ore rapid shear stress decay, i.e. a sharper peak. This mechanism

esembles the elastic deformation of a temporary network structure
ollowed by breakdown as mentioned in Refs. [22,33,38]. At even
igher rates, a more destructive mechanism of forced disentanglement
hrough chain pull-out or breakage might become dominant, which is
ot accounted for in the proposed model. The lack of such a mechanism
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b

ight explain why the model is not able to accurately describe the
harp peak measured at the highest rate. Another description for the
ates 𝑘𝑖, e.g. using nonlinear interpolation and distinct formulations for
d and 𝑘c, could also improve the accuracy of the model.

The slip evolution also depends on the local matrix interlayer thick-
ness ℎ at the ply-ply interface. The evolution of the normalized slip
velocity 𝑉s∕𝑉 with time for different ℎ is visualized in Fig. 10(a). The
slip velocity increases faster and reaches closer towards the theoretical
limit of 0.5 for lower matrix interlayer thicknesses. The slip evolution
exhibits an S-shaped curve for all considered thicknesses. This S-shape
resembles the response as obtained with Hatzikiriakos’ approach [29]
using a differential slip equation as shown by Grzelka et al. [45].

A distribution of matrix interlayer thicknesses ℎ(𝑥), as present at
he ply-ply interface, is used in the transient model instead of a single,
onstant thickness. The modeled shear stress is, therefore, a combina-
ion of the responses for a wide range of thicknesses for each sliding
ate. As mentioned, we used one of the ten matrix interlayer thickness
istributions from our earlier work [4] that resulted in an average
esponse. The effect of ℎ(𝑥) on the modeled response is shown in
ig. 10(b), where the thick black line denotes the response for the
efault ℎ(𝑥) and the blue band represents the lower and upper bound
hen using the other nine distributions as generated in our earlier
ork [4].

.2. Towards implementation in simulation software

The state-rate model can be simplified by using constant and equal
ates (𝑘max = 𝑘min = 𝑐), for which the modeled shear stress response
s shown in Fig. 11 together with the measured C/PEEK friction data.
he correlation between model and measurement reduces, especially
t higher rates where the sharp peak is not accurately described.
owever, the state-rate model gains in simplicity and the system of
oupled differential equations of the state-rate model (Eq. (6)) becomes
nalytically solvable. The analytical solution of the slip velocity is
ormed by a summation of two exponential functions, resembling the
pproach of Refs. [55–57].

The use of constant rates is beneficial for implementation in sim-
lation software. Another point in view of numerical implementation
s the computation of the shear stress response for each segment in
(𝑥), which is relatively time-consuming. The computational time could

e reduced by approximating ℎ(𝑥) by larger segments, as visualized in
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t

Fig. 10. Effect of the matrix interlayer thickness on (a) the evolution of the normalized slip velocity 𝑉s∕𝑉 with time and (b) on the modeled response using different matrix
interlayer thickness distributions. The thick line represents the response for the default ℎ(𝑥), while the blue band denotes the lower and upper limit of the modeled response for
he other nine distributions from our earlier work [4].
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Fig. 11. Measured friction response of C/PEEK for different sliding rates (solid lines,
reproduced from [4]) together with modeled response (dashed lines) when using
constant rates 𝑘𝑖 = 0.75 in the state-rate model.

Fig. 12(a). The default ℎ(𝑥) as used in the model is sorted by height
and plotted as function of the normalized width. Sorting of the matrix
interlayer is possible as the proposed transient model considers a 1D
shear flow in the sliding direction, assuming that interference of flow
in the perpendicular direction is negligible. The sorted matrix interlayer
curve was approximated by ten equal-width segments, of which each
height was calculated by equating the enclosed areas of the segment
and the matrix interlayer curve at the width boundaries of the segment.
The obtained segments are illustrated by the gray lines in Fig. 12(a).
The resulting friction response based on this coarse approximation of
ℎ(𝑥) with the same parameters as determined earlier (see Table 1) is
visualized in Fig. 12(b) together with the measured C/PEEK friction
curves, showing a similar correlation as obtained before. The computed
response when using the ten segments is alike to the one obtained with
the full ℎ(𝑥) (see Fig. 8(a)), though the number of evaluation points
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reduced from nearly a thousand to only ten. A more sophisticated H
approach would be to approximate ℎ(𝑥) by e.g. an exponential fit
function and to optimize the points where the shear stress response is
computed. Anyhow, a proper approximation of ℎ(𝑥) avoids the calcu-
ation of numerous local responses and, with that, allows reduction of
he computational time without compromising accuracy.

Future work will be to implement the transient shear flow model in
imulation software, for which the simplifications as discussed above
ould be helpful. Additionally, the transient model needs further elab-
ration to handle the varying sliding rates that are present in a forming
imulation, as this work only considered constant sliding rates. In
he end, an improved constitutive friction model, including transient
ffects, will improve the forming predictions with the ultimate goal to
nable first-time-right defect-free manufacturing of TPC parts.

. Conclusion

The transient ply–ply friction response of aligned carbon-fiber rein-
orced thermoplastics in melt, as measured in a friction tester, exhibits
peak followed by a steady-state shear stress. This friction response,

n particular the peak, strongly depends on the applied sliding rate.
e proposed a model to describe this transient friction response by

onsidering the viscoelasticity of the matrix material at the ply–ply
nterface by means of the White–Metzner model combined with local
iber–matrix slip effects through a state-rate model. This state-rate
odel represents the average state of the polymer chains adsorbed

t the fiber surface, describing the disentanglement from the bulk
ollowed by the settlement of these surface chains in a new equilib-
ium interfacial state in the stationary regime. Hence, the state-rate
odel describes the transition near the fiber–matrix interface from an

nitially entangled polymer network towards an average state with less
nteractions between surface and bulk chains. We related this disen-
anglement process to the evolution of the slip velocity near the fiber
urface, which reduces the local shear rate experienced by the bulk
aterial. In the end, only three parameters are required to describe the

lip evolution. Overall, the combined White–Metzner state-rate model
ccurately captures the measured friction curves of UD C/PEEK and
/LM-PAEK for different constant sliding rates. The model correctly
escribes the location of the measured peak, as well as the shape of
he peak going from smooth at low rates towards sharp at high rates.

owever, at the highest sliding rate, the measured response exhibited
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Fig. 12. Sorted matrix interlayer thickness distribution versus the normalized width (black line, reused from [4]) with a coarse approximation by ten segments (gray lines) (a)
and (b) C/PEEK friction curves (solid lines, reproduced from [4]) for different sliding rates together with the modeled response (dashed lines) based on the ten segments.
a too sharp peak to describe with the transient shear flow model, while
the modeled peak evolves too fast at low sliding rates.

The proposed transient model is promising for the use in forming
simulation software considering the good correlation with measure-
ments and its relative simplicity compared to e.g. full molecular dy-
namics models, though the implementation of this friction model may
not be straightforward due to the numerical time integration and the
use of a wide matrix interlayer thickness distribution. Simplifications by
using constant rates and a coarse approximation of the matrix interlayer
thickness distribution reduce the model complexity, without losing too
much accuracy.
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