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A B S T R A C T   

In automated layup manufacturing processes of fiber-reinforced polymer composites, the quality of the manu
factured part is strongly dependent on frictional behavior. Improper control of frictional forces can lead to defect 
formation. Frictional sliding rheometry tests provide an innovative methodology to accurately characterize the 
tool-ply friction of unidirectional (UD) prepreg employing unique annular plate geometries. The effect of pro
cessing parameters (temperature, velocity, and normal force) on the frictional response of a carbon fiber prepreg 
was studied. Moreover, utilizing custom designed plate geometries coupled with optically transparent fixtures 
allowed for in-situ quantification of the prepreg-rigid surface contact area along with simultaneous character
ization of the process parameter-dependent frictional mechanisms. Our findings highlight the reduction in 
frictional forces with increasing temperature, attributed to the increased resin flowability, while increases in 
sliding rates resulted in a pronounced increase in the frictional forces. The effect of applied load on the frictional 
characteristics was more complicated due to contributions from both the adhesive and normal forces. Finally, the 
results were interpreted in light of the contact area measurements performed at different temperatures, normal 
force, and sliding rate.   

1. Introduction 

Carbon fiber reinforced plastics (CFRPs) have gained significant 
attention in the aviation industry due to their high stiffness-to-weight 
ratio, fatigue performance, corrosion resistance, thermal stability, and 
low thermal expansion [1]. Thermosets are the most common polymer 
matrix for CFRPs, which are often manufactured using labor-intensive, 
traditional hand-laminating techniques that are followed by vacuum 
bagging or autoclave curing. Some disadvantages of traditional methods 
are the high labor costs and the susceptibility of fabrication to human 
error that can lead to formation of defects that reduce the part’s final 
properties [2,3]. In recent years, automated material placement (AMP) 
has been developed and employed by the aviation industry to reduce the 
lay-up process times, improve the overall manufacturing reliability, and 
achieve cost efficiencies for large components [4]. Industrial manufac
ture of functional parts of epoxy-based thermosets pre-impregnated with 

carbon fibers (prepregs) with optimized mechanical properties generally 
involve automated lay-up followed by curing in an autoclave [4,5]. 
Automated fiber placement (AFP), automated tape lay-up (ATL), and 
filament winding are common AMP techniques that apply prepregs on a 
tool in a layer-by-layer manner at defined orientations to form a lami
nate [6]. The benefits of AMP processes include high production volume, 
quality assurance, and reduction in labor costs, albeit with high instal
lation costs due to infrastructure requirements [7]. 

In a typical ATL process (schematically represented in Fig. 1), a spool 
lays up the prepreg material, which is subsequently held on the mold 
surface by applying a designated compaction force using a compaction 
tool [8]. The material property that controls the adhesion of the prepreg 
laminate feed to the compaction tool and to subsequent plies is the 
prepreg tack [9]. Tack is a rather complex metric involving the ability to 
conform and wet an underlying layer coupled with the ability to resist 
detachment, either by adhesion or by cohesion. A number of methods 
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have been used to characterize tack [10–13], and it is well established 
that prepreg tack is dependent on the viscoelastic properties of the resin 
at the conditions imposed by the ATL processing parameters [8,14,15]. 
The adhesion between the prepreg laminates and the compaction tool is 
dependent on the effective contact area between the mating surfaces 
[16]. The compaction force or pressure exerted by the tool head is an 
important parameter that controls both the tack [17] and the contact 
area [9]. In order to overcome problems encountered due to insufficient 
tack during layup, the temperature and feed rate [8,18] have been 
varied but the optimization of the processing parameters in industries is 
still largely done on a trial and error basis resulting in a significant 
amount of time and material wastage [8,19]. 

Improper selection of forming parameters can lead to defect gener
ation during the manufacturing process, resulting in parts with reduced 
mechanical properties. During the forming processes, the friction be
tween the layup tool and prepreg surface leads to the generation of 
stresses. The built-up stresses, if large enough to overcome tack, can 
result in wrinkling and undesired distortion in the finished part. More
over, the prediction of wrinkle formation in a composite is a non-trivial 
task and generally requires computationally intensive finite element 
analysis and a sound understanding of the underlying physics [20–22]. 
Therefore, a thorough understanding of the effect of the processing 
parameters on the prepreg material properties and frictional mecha
nisms during a given lay-up process is of significant interest. 

Relative sliding of a ply over a tool surface during forming can occur 
either through a frictional mechanism or through a shearing mechanism 
of a sufficiently tacky resin. Within the scope of our current work, we 
refer to the cause of such tool-ply slippage as an “apparent frictional 
force”, that can originate due to friction or shear. Generally, ply-ply 
friction is higher than tool-ply friction and hence slippage is more 
likely to occur at the tool-ply interface. Such “frictional” behavior has 
been found to be strongly dependent on the forming temperature, 
sliding velocity, and normal pressure [23,24]. The tool-ply frictional 
behavior encountered during forming of glass fiber reinforced poly
propylene (PP) was modeled based on the Reynolds’ equation for 
lubrication in thin films [23]. Although the predictive model can be used 
to minimize friction during forming as well as to study the effects of 
processing parameters on the frictional response, experimental valida
tion of the model was fairly limited [23]. The frictional behavior of 
PP-glass fabric was found to be dependent on both the resin viscosity 
and the extent of contact between the tool and the material [24]. A 
reduction in frictional forces was observed when transitioning from low 
to intermediate temperatures due to a reduction in resin viscosity, but at 
higher temperatures, direct contact between the tool and fiber was 
established, resulting in increased frictional forces [24]. Similar results 
were observed for thermosetting systems (carbon fiber-reinforced pre
pregs) where the frictional forces increase with temperature due to 
enhanced fiber-tool contact [25,26]. However, both of these studies only 

investigated the effects of temperature and cure on the frictional prop
erties of the prepregs. Böckl et al. [27] developed an online monitoring 
system for prepreg slit tapes and found that increasing velocity reduced 
the frictional force between the tool and the sample. Although such 
experiments and process monitoring techniques are useful character
ization tools, they do not provide insights into the associated frictional 
mechanisms. 

Another factor that can affect the tool-ply friction is the fiber weave 
and/or orientation, with tighter weaves resulting in higher frictional 
forces compared to unidirectional (UD) fabric [28,29]. Other factors 
affecting the frictional force between tool and ply include prepreg 
temperature prior to and during forming [24,30], tool material and 
surface finish, and type of release agent [31]. Tool speed, sliding ve
locity, tool temperature, and normal pressure were found to be the most 
influential factors when manufacturing composite materials [28]. 

Frictional measurements of woven fabrics can also vary widely 
depending on processing parameters, measurement technique, and in
struments used [32]. Current frictional characterization techniques 
require complex custom instrumentation and often produce inconsistent 
results. For example, traditional pull-out and pull-through [33] mea
surements performed on PP/glass fabric sheets did not match with the 
results obtained using a commercial rheometer due to the limitations 
associated with the normal force and velocity achievable in the 
rheometer [34]. Using a modified rheometer setup to achieve a wider 
range of normal stresses, Kavenhpour and McKinley [35] studied the 
effects of applied load and sample gap on the frictional properties of a 
fluid-solid pair and obtained characterized tribological properties over a 
wide range of sliding velocities. Sun et al. [36] characterized the 
inter-ply friction of two types of carbon fiber prepregs employing a 
pull-through method. The frictional forces were found to be directly 
proportional to the surface roughness of the samples [36]. However, 
most of the existing techniques are directed towards thermoplastics and 
research related to monitoring the frictional properties of 
fiber-reinforced thermoset composites are fairly limited in the literature, 
most likely due to the poor understanding of the implications of a wide 
window of processing conditions including temperature and degree of 
cure on the viscosity of an uncured (or a B-staged) resin during a typical 
forming process. 

In this work, we propose a test method to characterize the apparent 
frictional properties of unidirectional (UD) carbon fiber prepregs using 
torsional rheometry and monitor the effects of processing conditions on 
the frictional response to reflect the tool-ply interactions encountered 
during a typical lay-up process. The frictional sliding tests are conducted 
in a rheometer using a custom-designed, annular parallel plate geometry 
(the modified top plate of the rheometer mimicking the compaction tool 
of a typical ATL setup). The annular geometry produces a measurement 
that is averaged over all directions, and hence cannot distinguish be
tween frictional sliding parallel to or perpendicular to the fiber 

Fig. 1. A simplified schematic representation of the automated tape laying process (ATL) (Figure reproduced with permission from Ref. [9] and distributed under the 
terms of the Creative Commons CC BY license). 

A. Das et al.                                                                                                                                                                                                                                      



Composites Part B 236 (2022) 109777

3

directions. Although this is a limitation of the technique, it circumvents 
a common problem with linear sliding experiments. Linear sliding ex
periments must, by virtue of their geometry, have a start and an end to 
the contact, and it is known that this can affect the measurements [36]. 
There has been contrasting reports in literature about the effect of fiber 
orientation affecting the frictional measurements of fabrics performed 
using linear techniques, some exhibit an effect of fiber orientation [31, 
37] while others do not [30]. In the current manuscript, the effects of 
varying temperature, sliding velocity, and contact pressure on the fric
tional behavior of the prepreg fabric are evaluated. 

Next, optically transparent annular acrylic plate fixtures were 
attached to the rheometer top plate to observe and quantify the contact 
area between the prepreg and rigid surface. Optical micrographs of the 
prepreg-acrylic interface were processed and analyzed to quantify the 
contact area for each sliding test. The frictional sliding results are 
interpreted in conjunction with the in-situ imaging results (quantifica
tion of the contact area) to provide key insights into interplay between 
surface contact and associated friction forces. In the ATL process, the 
friction between the tool and ply in different parts of the mold should be 
controlled and understood; too high a friction can result in increased 
interfacial stress transfer resulting in warpage and defects, whereas too 
low a friction force can result in the tool slipping over the surface of the 
ply and can lead to interlayer wrinkling in the finished composite parts 
[38,39]. The results from this study can aid to inform process parameter 
selection for a process such that frictional forces can be regulated to 
facilitate the manufacture of parts with minimal defects. 

2. Materials and methods 

2.1. Materials 

Automotive grade UD carbon fiber prepregs (B-staged) were supplied 
by Hexcel, Duxford, UK. The prepreg was made from M77 epoxy resin at 
resin content of 38% by volume and 50K carbon fiber tow at an areal 
fiber density of 300 g/m2. Prepreg specimens with dimensions of 30 mm 
× 30 mm were adhered to the rheometer bottom plate with an ethyl 
cyanoacrylate-based adhesive (Loctite®  Super Glue Gel, Henkel) to 
ensure no slippage occurs between the bottom plate and prepreg surface. 
Fig. 2 represents the schematic of the experimental setup with the pre
pregs in between the rheometer plates. 

2.2. Frictional sliding tests 

A rheometer (Anton Parr MCR 302) fitted with a convection tem
perature chamber (CTD 450) was used with different annular plate ge
ometries, as listed in Table S1 of the Supplementary section, to measure 
the frictional sliding properties of the UD prepreg material. 

2.3. Effect of ring geometry 

The sliding tests with the different geometries were performed 
maintaining controlled linear velocity (V) and constant contact pressure 
(P), as dictated by Eqs. (1) and (2), respectively. 

V =

∫∫
vdA

∫∫
dA

=

∫ 2π
0

∫ R2
R1

ωr2drdθ
∫ 2π
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∫ R2
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=
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where, ω is the angular sliding velocity, v is the linear velocity, FN is the 
normal force (exerted by the rheometer plate on the surface of the 
prepreg samples) responsible for contact pressure generation, R1 and R2 
are the inner and outer radii, respectively, of the annular plate geome
tries used. The required values of ω and FN for the experiments are also 
listed in Table S1. The sliding tests for assessing the effect of annular 
plate geometry on the frictional behavior of prepregs were performed at 
a fixed temperature of 40 ◦C. 

2.3.1. Effect of processing parameters 
Prepreg samples were loaded onto the rheometer as highlighted in 

Fig. S1 of the supplementary information section. The samples were 
allowed to thaw to room temperature and then heated to the test tem
perature at a constant ramp rate of 5 ◦C/min to the desired temperature 
and then a constant normal force (FN) was applied. A hold time of 30 s 
was applied (in order to minimize transient fluctuations to the temper
ature profile while limiting the effects of additional curing due to pro
longed thermal exposure) before performing the frictional sliding tests 
at different angular velocities (ω). After each run, the top and bottom 
plates were cleaned with acetone to remove any residual resin from the 
preceding experiment before mounting a fresh sample. The input vari
ables for the sliding tests are tabulated in Table 1. The output results 
reported later in the manuscript are averages of three repeat 
measurements. 

Fig. 2. Schematic representation of the rheometry 
experimental setup used for performing the frictional 
sliding experiments using an in-house annular plate 
geometry. The prepreg is attached to the bottom plate 
using a thin layer of adhesive and the annular top- 
plate exerts a constant normal force (FN). During a 
typical frictional sliding experiment, the top-plate 
rotates over the prepreg surface at a constant 
angular velocity (ω). R1 and R2 are the inner and 
outer radii of the annulus, respectively. The dashed 
lines indicate a magnified view of the top-plates of the 
rheometer. In this study, annular plates having R2 - R1 
widths of 1 mm, 2 mm, and 4 mm were employed.   

Table 1 
List of values of temperature, angular velocity, and normal force employed 
during the frictional sliding experiments.  

Temperature (◦C) Angular velocity (mrad/s) Normal force (N) 

20, 30, 40, 50, 60, 70 1, 10, 100 5 
20, 30, 40, 50, 60, 70 1, 3, 10, 30, 100 5 
30, 40, 50 10 0.5, 2, 5  
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2.4. Prepreg-substrate interface imaging 

2.4.1. Preparation of acrylic substrates for imaging 
The experiments described in Section 2.2 were either performed on 

25 mm aluminum plates (either solid or with different annular widths). 
However, such experiments are unable to provide information on how 
the processing parameters affects the contact area evolution between the 
rheometer plate and the prepreg surface. The objective of this section is 
to employ an acrylic element to generate comparable annular contact as 
obtained using the aluminum plates. The transparent acrylic fixture will 
provide a view of the interface between the prepreg and the rigid surface 
that can be subsequently imaged to evaluate the prepreg-rigid surface 
contact area. All the experiments related to the contact area character
izations were carried out using a modified top plate design as discussed 
below. 

The frictional sliding tests for the contact area characterizations were 
performed using a detachable annular acrylic fixture (Figs. S2a and S2c 
of the Supplementary Information describes the design of this fixture) 
that was fixed to the rheometer plate. In order to accommodate the 
fixture within the rheometer, a top plate was also machined (the design 
of which is highlighted in Figs. S2b and S2d of the Supplementary In
formation). The acrylic fixture was prepared using a laser-cutter. Briefly 
(for the acrylic part), a square outline of 20 mm was laser cut (Trotec 
Speedy 100, Trotec Laser) on an acrylic sheet (POLYCASA® CAST), of 3 
mm thickness, with two circular outlines of diameters of 18 mm and 14 
mm respectively (40W, 2.5 mm/s, 5000 Hz). The protective film on the 
acrylic sheet was then removed from the parts except the portion that 
covered the annular region (~2 mm thickness). Next, the laser was used 
to engrave the exposed regions of the plate (1000W, 30 mm/s, 1000 PPI) 
and subsequently etch an outline (40W, 2.5 mm/s, 5000 Hz) on the 
annular region to ensure better surface finish. Finally, the laser was used 
to cut out the part from the acrylic sheet (100W, 0.90 mm/s, 5000 Hz) 
and the plate was washed in deionized water to remove any debris 
present on the surface. The plates were lightly polished using a dry and 
wet abrasive paper (MetPrep Ltd., Coventry, UK) (2500 grit and 4000 
grit) to remove burrs. The finished part was then attached to the 
modified top plate and the protective film on the annular region was 
only removed just prior to the frictional sliding experiments. 

The width of the laser-cut acrylic annulus was measured by capturing 
a high resolution image (2358 × 3701 pixels) of the fixture using a 
scanner and subsequently analyzed using ImageJ software [40]. Ten 
measurements of the width of the annulus were taken at different lo
cations on the circumference of the fixture, and it was found that the 
annular ring had an average width of 1.84 ± 0.07 mm. The average 
outer and inner diameters of the plate were also measured and found to 
be 17.56 ± 0.13 and 13.88 ± 0.09 mm, respectively. These values were 
then used to calculate the normal force and angular velocity (using Eqs. 
(1) and (2)) required to maintain a constant contact pressure and con
stant linear sliding velocity mimicking the experimental conditions for 
the 25 mm aluminum plates with 1 mm wide annulus. 

2.4.2. Optical microscopy and imaging procedure 
The contact area between the prepreg and the rigid acrylic surface 

post-sliding was imaged using brightfield microscopy in reflection 
mode. After a typical frictional sliding test, the annular acrylic fixture 
was detached from the top plate, remaining in contact with the prepreg. 
The assembly consisting of the acrylic fixture, prepreg and lower 
rheometer plate was removed from the rheometer. The assembly was 
mounted on a locating template on a rotating microscope stage (Fig. S3 
of the Supplementary Information section). An Olympus BX51 micro
scope equipped with an Infinity 2 digital camera was used to capture the 
contact area using a 4x objective lens. Individual micrographs were 
acquired along the circumference of the annular acrylic plate at 15◦

intervals resulting in a total of 25 micrographs for each specimen. An 
annular ring composite image was constructed by stitching the 25 mi
crographs using Microsoft Image Composite Editor software (Microsoft 

ICE, version 2.0.3). Representative examples of an individual micro
graph and a stitched composite image are illustrated in Fig. S4 of the 
Supplementary Information section. 

2.4.3. Image processing procedure for determining contact area 
Images were processed using MATLAB (Matlab 2019b) to determine 

the degree of intimate contact defined as the fraction of the annular area 
in contact between the prepreg and acrylic surface. The initial step 
consists of converting the composite image to a greyscale (8-bit) image. 
Regions of interest (ROI) were identified for each set of annular ring 
images to avoid arbitrary cropping of the images. The inner circumfer
ence of the annular ring image was approximated using a minimum of 
three user-defined points to identify the center coordinates of the ring. 
The outer circumference of the annular ring was calculated based on the 
measured width of the annulus. The annular ring ROI was determined by 
increasing and decreasing the inner and outer radii respectively by 0.3 
mm to remove edge artifacts due to the acrylic cutting process (as 
illustrated in Fig. S5). The procedure to obtain the ROI provided a 
composite image with 722 pixels. Each test condition was represented 
by a single annular ring composite image. 

The brightness histogram of the ROI is then computed and utilized to 
determine the threshold value to create a binary image (with only black 
and white pixels). When identifying the threshold value, the histograms 
for the greyscale images were modified to exclude the frequency count 
from the two extreme grey values: 0 and 255, corresponding to black 
and white pixels respectively [16]. Both of these grey values do not 
relate to features of interest in this work. Different histogram shapes 
were produced from the contact area pattern generated during the 
friction sliding test, and simple automatic methods were employed for 
threshold selection [16]. For unimodal histograms, the threshold value 
for binarization were obtained using the Triangle method, whereby a 
line is constructed between the minimum and peak value on the histo
gram and the furthest normal distance between this line and the histo
gram identifies the threshold value [41]. In the case of bimodal 
histograms, the Isodata method was used to determine the threshold 
value through iteratively identifying an average intensity value obtained 
from the two peak values until converging to the threshold value [42]. 
The contact area for each binarised image was determined by dividing 
the count of black pixels in the ROI by the total pixel count in the 
identical ROI. 

3. Theory 

3.1. Friction background: Contact area implications 

The frictional force Ff between two surfaces sliding past each other 
under low normal forces is described by the classical equation developed 
by Bowden and Tabor [43]: 

Ff = τAc (3)  

where, τ is the critical shear stress and Ac is the true intimate contact 
area. It is well known that for adhesive and non-adhesive contacts the 
dependence of Ac on FN is described by the Johnson-Kendall-Roberts 
(JKR) [44] and Hertz models [45], respectively, even during sliding. 
At increased FN, there are additional contributions from forces origi
nating due to friction as described by Amontons’ law [46]. But for all 
practical applications, Ac between two solids is determined by the 
interaction of the surface roughness peaks, often referred to as 
single-asperity contacts [47,48]. Typically, Ac is orders of magnitude 
lower than the apparent area of contact [49,50] and is governed by the 
localized stresses at the contacts [51]. In the case of advanced 
manufacturing processes, Ac is the area that is wetted by the prepreg 
resin when the tool and sample are in contact [52–54]. The aforemen
tioned theories agree on the importance of Ac in dictating how frictional 
mechanisms evolve between surfaces sliding past one another. 
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Experimental characterization to quantify Ac has proven to be quite 
challenging and limited studies have performed direct measurement of 
Ac [16,47,51,55–57]. 

3.2. Friction model development 

In order to derive the relationships between the torque M measured 
by the rheometer during the sliding tests, the frictional force Ff, and the 
coefficient of friction μ associated with the system under investigation, 
the following were assumed:  

• Amontons’ laws of friction are valid for the system. Therefore, the 
frictional force is directly proportional to the applied load and in
dependent of the apparent area of contact between the concerned 
surfaces [46].  

• When a constant normal force is applied, changes in frictional stress 
are due to changes in intimate contact area.  

• The nominal frictional stress and resulting coefficient of friction are 
constant. 

According to the classical Amontons-Coulomb’s law that relates Ff 
with the applied FN during the onset of relative motion between two 
solids, 

Ff = μFN (4) 

The normal force acting on a differential area dA of a surface due to a 
constant pressure P is given by 

dFN = PdA (5) 

The above equation is consistent with the classical friction theory 
described by Bowden and Tabor [49] which describes the nominal 
pressure generated as P = FN/A. Under constant pressure as assumed for 
this analysis, an increase in FN results in viscoelastic-plastic deformation 
and flow of the matrix and leads to an increase in A [51]. As highlighted 
in Fig. S6, the differential area can be expressed by the differential radial 
distance and differential circumferential length as follows 

dA = rdrdθ (6) 

Combining Eqs. (4)–(6), the expression for the differential frictional 
force (dFf) associated with the differential area (dA) is given as 

dFf = μPrdrdθ (7) 

For the frictional sliding tests, M required to rotate the rheometer top 
plate over a certain distance of the prepreg is recorded as a function of 
time. The differential torque dM for the required movement can be 
described by 

dM = rdFf = μPr2drdθ (8) 

The total torque M required to move the top plate over a specified 
distance on the prepreg (or over a specified time-interval) can be ob
tained by integrating over the entire annular area as [58]. 

M = μP
∫2π

0

∫R2

R1

r2drdθ =
2π
3

μP(R3
2 − R3

1) (9) 

Eq. (5) can therefore be expressed as 

P =
FN

A
=

Ff

πμ(R2
2 − R2

1)
(10) 

Substituting P from Eq. (10) into Eq. (9), the following equation is 
obtained for M as a function of Ff 

M =
2Ff (R3

2 − R3
1)

3(R2
2 − R2

1)
(11)  

3.4. Re-arranging the above equation and solving for Ff 

Ff =
3M(R2

2 − R2
1)

2(R3
2 − R3

1)
(12) 

Finally, substituting the value of Ff from Eq. (4) in the above equation 
leads to an expression that relates μ to M and FN as 

μ =
3M(R2

2 − R2
1)

2FN(R3
2 − R3

1)
(13) 

It is worth mentioning that to calculate μ, the maximum value of Ff is 
considered since it is inherently associated with the interactions due to 
the surface asperities that prevent relative motion between the two 
mating surfaces. A typical plot of torque and of frictional force versus 
time is illustrated in Fig. S7 of the Supplementary Information section. 

4. Results and discussion 

4.1. Frictional properties 

4.1.1. Effect of ring geometry 
Three different annular ring geometries and one solid plate were 

studied to understand the influence of the geometry on the frictional 
properties of the prepregs. The width of the annular ring ranged from 1 
mm to 4 mm. A flat, solid 25 mm diameter parallel plate serving as a 
control was also employed in the study. Isothermal experiments were 
performed at 40 ◦C with constant mean sliding velocities and contact 
pressures (Table S1). Fig. 3a shows the maximum frictional force (Ff,max) 
increasing with the increase in the width of the annular ring. However, 
when scaled with the corresponding values of FN, it is apparent that μ is 
independent of the geometry of the contact, as shown in Fig. 3b. The 
torque and frictional force measurements as a function of time for the 
different geometries are presented in Fig. S8 of the Supplementary In
formation section. It is worth mentioning that torque measurements for 
all the annular ring geometries (except the 1 mm width) and for the solid 
parallel plate approached the torque limit of the rheometer; however, 
they were still within the acceptable range. Therefore, for the frictional 
sliding experiments discussed in the following sections, the 25 mm 
parallel plate with 1 mm annular width was selected to allow probing a 
broader range of experimental conditions. 

4.1.2. Effect of temperature 
Temperature controls both the material properties and environ

mental conditions during a lay-up process. Typically, infrared heaters 
and/or heated tools are employed during lay-up of composites to 
improve adhesion to the tool or laminate [59]. The effect of temperature 
on the frictional properties of the prepregs as a function of different 
sliding velocities is highlighted in Fig. 4. The normal force was main
tained at 5 N for all the test conditions corresponding to an average 
pressure of 66.4 kPa. In order to limit cure initiation in the prepreg, the 
maximum temperature investigated was 70 ◦C, as recommended from 
the manufacturer’s data sheets. For the relatively low temperature (20 
and 30 ◦C) samples, the values of μ are significantly higher than at 
higher temperatures. A possible explanation is that the adhesive con
tributions of the prepreg resins dominate due to insufficient wetting of 
the prepregs. Therefore, a large frictional force is required to “break” the 
bonds formed between the rheometer top plate and the prepreg sample 
prior to relative movement between the surfaces in contact [36]. On the 
other hand, an increase in processing temperature generally leads to 
lower apparent frictional values due to a decrease in viscosity; however, 
the drop in viscosity also leads to an increase in resin flowability, and 
hence a significant increase in surface wetting, resulting in higher fric
tional forces [34,60]. Prepreg tack is an important material parameter 
that controls the frictional behavior by dictating the adhesion between 
the tool and the sample [9]. Reduction in tack has been reported with 

A. Das et al.                                                                                                                                                                                                                                      



Composites Part B 236 (2022) 109777

6

increasing temperature [15,61], that is likely to cause a reduction in the 
frictional force, a trend consistent with our findings. Similar reduction in 
frictional forces were reported on thermoset prepregs from Hexcel by 
Martin et al. [62] who found that both resin viscosity and its distribution 
on the prepreg surface influenced the frictional response. 

An alternative interpretation for the results can be postulated from 
the Stribeck friction theory [63] that relates resin viscosity, sliding ve
locity, and normal force with the coefficient of friction. The theory has 
three main regimes: boundary, mixed, and elasto-hydrodynamic lubri
cation, all controlled by the relative velocity and degree of contact, here 
between the surfaces of the rheometer plate and prepreg. The high 
values of frictional force and coefficient of friction at lower temperatures 
(20–30 ◦C) may be indicative of the hydrodynamic lubrication regime (i. 
e., higher viscosities) whereas the subsequent decrease in the frictional 
force may be characteristic of a mixed lubrication regime where the 
resin (due to thermally activated mobility) is transported between the 
surface asperities facilitating relative motion. 

An interesting deviation is observed for the samples tested at the 
lowest sliding velocity (1 mrad/s) where μ increases with temperature 
after 50 ◦C, as shown in Fig. 4. Previous research groups have postulated 
the reason behind this deviation to be the direct contact between the tool 

and fiber due to the resin flow [24,34]. Another important finding is that 
after 50 ◦C the values of μ decrease when the angular velocity is 
increased from 1 mrad/s to 10 mrad/s; likely due to a limited time 
window for achieving sufficient contact and wetting. This trend is 
consistent with the work by Böckl et al. [27] where an increase in sliding 
rate resulted in decrease of the transverse frictional force for prepreg slit 
tapes during lay-up using AFP. 

4.1.3. Effect of sliding velocity 
Fig. 5 illustrates the transition of the frictional response from mixed 

lubrication to the elasto-hydrodynamic lubrication regime as a function 
of the sliding velocity at different temperatures. The effect of sliding 
velocity on the frictional sliding properties of prepregs was studied at 
different temperatures under a constant normal force of 5 N (nominal 
pressure of 66.35 kPa). The corresponding plots for maximum frictional 
force as a function of sliding velocity are presented in Fig. S9 of the 
Supplementary information section. An overall increase in μ is observed 
with the increase in sliding velocity in the temperature range 20–50 ◦C, 
which is representative of a system undergoing a transition from the 
mixed lubrication regime to the elasto-hydrodynamic regime in a Stri
beck curve [34,36]. Values of μ are found to decrease with temperature 

Fig. 3. (a) Maximum frictional force (Ff,max) as a function of different annular ring geometries (b) Effect of the different annular ring geometries on the coefficient of 
friction (μ). All the tests were performed at 40 ◦C while maintaining constant contact pressure (66.4 kPa). The angular velocities for the 1 mm, 2 mm, and 4 mm 
annular plates were 10 mrad/s, 10.4 mrad/s, and 11.3 mrad/s, respectively while that for the solid plate was 14.4 mrad/s. 

Fig. 4. Effect of temperature on the coefficient of friction between the rheometer plate and prepreg samples under 5 N normal force as a function of different angular 
velocities. The figure to the right represents the same plot but zoomed in the shaded region of the figure to the left between 50 ◦C and 70 ◦C for angular velocities of 1 
mrad/s and 10 mrad/s. The results were obtained using a 25 mm parallel plate with a 1 mm wide annular ring geometry. 
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in the elasto-hydrodynamic regime at comparable angular velocities 
likely due to the reduction in resin viscosity at increased temperatures. 
At slightly higher temperatures 60 ◦C and 70 ◦C the apparent frictional 
properties appear to become less dependent of the sliding velocity. 

Another reason behind the results could be the faster interaction 
between the rheometer top plate and the prepreg sample at higher 
sliding velocities, which can lead to interlocking of the fibers which 
would, in turn, require more force to overcome friction to initiate 
relative motion. Similar results (increased sliding rates resulting in 
higher frictional forces) were reported by Ramkumar et al. [64] while 
investigating the frictional behavior of nonwoven fabrics using a sliding 
friction apparatus. Kim et al. reported a similar increase in frictional 
resistance and μ with the increase in sliding velocity for UD carbon/
epoxy prepregs [65]. In order to further rationalize the results obtained 
in this work, the dependence of μ on the sliding velocity is modeled using 
the rate and state friction laws [66,67] as 

μ = A + Blog v + Clog t (14)  

where A, B, and C are all material constants specific to the system under 
investigation, v is the sliding velocity, and t is a characteristic dynamic 
timescale. Under steady state assumption, Eq. (14) simplifies to the 
following 

μss = A + Blogv (15) 

If B > 0, the coefficient of friction increases with velocity, a phe
nomenon referred to as velocity strengthening [67]. From the data 
presented in Fig. 5 it is apparent that there is a transition in the frictional 
behavior as the sliding velocity increases from intermediate to high 
values for the temperature range of 20–40 ◦C. Table 2 presents the 
values of the material dependent constants A and B for two different 
regimes: low to intermediate (1–10 mrad/s) and intermediate to high 
(10–100 mrad/s) sliding rates for test temperatures 20–40 ◦C (the cor
responding linear fits are presented in Fig. S10 of the Supplementary 
Information section). As evident from the non-negative values of B, the 
prepreg is in a velocity strengthening regime over the velocities inves
tigated in this study within the temperature window of 20–50 ◦C. The 
origin of the transition (disappearance of the two-slope nature of μ as a 
function of log v) occurring between 40 ◦C and 60 ◦C is likely linked to 
the variations in surface and volume activation energies (both strongly 
dependent on the thermal energy input to the system) [68,69]. In 
addition, the increase in μ at high sliding velocities can be attributed to 
the localized inertia effects occurring within the contact asperities. 
Therefore, the frictional mechanism of CFRPs during the manufacturing 
can be controlled by tuning the sliding velocity. 

Finally, from the perspective of prepreg tack, previous works have 
shown tack to increase as the interface between the prepreg and the tool 
is subjected to faster rates [70,71] in processes similar to ATL. Increased 

Fig. 5. Effect of sliding velocity on the coefficient of friction between the 
rheometer plate and prepreg samples under 5 N normal force as a function of 
temperature. The transition between the different regimes of the Stribeck curve 
is highlighted as well. The values of μ at higher temperatures (60–70 ◦C) are 
invariant of the sliding velocity. 

Fig. 6. (a) Variation in the maximum frictional forces as a function of applied normal force at different temperatures obtained from frictional sliding experiments 
performed at 10 mrad/s. The dashed lines represent the non-linear fits to the data using Eq. (16); (b) Corresponding effect of temperature on the coefficient of friction 
values as a function of normal force. 

Table 2 
Values of material constants A & B obtained by linear fitting of Eq. (15) to the 
data obtained from the frictional sliding experiments performed at different 
angular velocities in the temperature range of 20–40 ◦C.  

Temperature 
(◦C) 

20 30 40 20 30 40 

Angular 
velocity 
(mrad/s) 

1–10 10–100 

A 0.51 
± 0.01 

0.44 
± 0.01 

0.23 
± 0.01 

−0.06 
± 0.48 

−0.40 
± 0.29 

−0.61 
± 0.10 

B 0.50 
± 0.02 

0.35 
± 0.02 

0.26 
± 0.01 

1.11 ±
0.37 

1.20 ±
0.23 

1.10 ±
0.08 

R2 0.997 0.993 0.998 0.803 0.931 0.99  
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tack can likely indicate more adhesion between the contact surfaces, 
requiring more force to initiate relative motion. Therefore, the 
increasing trend in μ with sliding velocity is further justified. 

4.1.4. Effect of normal force 
In a typical lay-up process, the adhesion between the tool and pre

preg is of paramount importance in order to ensure process optimiza
tion. Contact pressure or applied load during the lay-up process directly 
controls the extent of the aforementioned area of contact. The effect of 
normal force (and hence average contact pressure) was investigated at a 
constant sliding rate of 10 mrad/s in the temperature range of 30–50 ◦C. 
Fig. 6 highlights the variation in maximum frictional force and the 
corresponding μ between the rheometer top plate and the prepreg 
sample. With the increase in applied load, an overall increase in the 
maximum frictional force is observed. In this region, the surface 
roughness of the prepregs are negligible compared to the resin thickness 
and hence the values of μ are dictated by the shearing of the resin [72]. 
The values of μ decrease with increasing normal force and approach a 
minimum plateau value. At low normal forces, fibers can interlock with 
each other forming a rough contact surface. But with the increase in 
normal force, both the fibers and any existing interfacial asperities are 
compacted resulting in a smoother surface and hence lower values of 
friction coefficients. The behavior is indicative of the 
elasto-hydrodynamic lubrication regime of the Stribeck curve where an 
increase in normal force (and hence contact pressure) results in lower 
values of μ. The findings are in agreement with reported work on UD 
carbon/epoxy prepregs [73] and polyester fabrics [74]. Previous 
research on UD fiber reinforced thermoplastic composites report similar 
decreases in μ as the applied load increases [30,31]. Tribological mea
surements performed on CFRP composites [75] and metals [76] further 
substantiate our findings (decreasing trend of μ against FN). The values 
of μ decreases as the test temperature increases from 30 to50 ◦C for the 
reasons discussed in Section 4.1.2. 

The relationship between the frictional force and normal load is 
expressed using the following power-law equation [64]: 

Ff = CFn
N (16)  

where, C (Pa1−n) and n are the friction parameter and friction index 
respectively, while a normalized friction factor (R) has been defined to 
be a ratio between C and n [64]. Table S2 in the supplementary infor
mation section lists the values of C and n obtained by fitting the values of 
frictional force as a function of normal force data. The experimental data 
is in agreement consistent with the power law model. The non-linear 
increase in frictional force indicates that the frictional behavior cannot 

be described solely using Amontons’ law [77] that assumes constant 
surface contact at varying contact pressures. As will be discussed in the 
following sections, the contact area between the surfaces does not 
remain constant and is highly dependent on the processing parameters. 
A better depiction of the normal force dependence of the frictional 
behavior can be achieved by considering both adhesive forces and 
applied load [77]. 

The coefficient of friction vs. normal force are also fitted to a power 
law relation (μ ∼ Fm

N ) to check the extent of the dependence. At lower 
temperatures (30 ◦C) it is seen that μ scales with F−0.54

N ; however, with 
increase in temperature this dependence weakens to the extent that at 
50 ◦C μ scales as F−0.13

N . The lower values of the power law exponent with 
increasing temperature are indicative of the lower force requirements 
for the material to conform due to a reduction in viscosity. The fits to the 
power law model (μ = μ0Fm

N ) are illustrated in Fig. S11 of the supple
mentary information section with the relevant model parameters listed 
in Table S3. 

4.2. Contact area evolution 

The sliding experiments were repeated to evaluate the contact area 
using the transparent acrylic fixtures attached to the rheometer top- 
plate to allow for imaging after each sliding test. The obtained images 
were then processed to quantify the area of contact between the acrylic 
fixture and the prepreg surface. In order to keep the contact pressure and 
mean sliding velocity as close as possible to those experienced by the 
prepreg sample during a typical frictional sliding test (ω = 10 mrad/s & 
FN = 5 N), the normal force and angular sliding velocity for the acrylic 
annular fixtures were calculated using Eqs. (1) and (2). as 6 N and 15.2 
mrad/s respectively. 

The frictional measurements performed using the 25 mm parallel 
plate with 1 mm annular width was compared with that obtained using 
the acrylic plate fixture. The torque and frictional force profiles of the 
two geometries as a function of sliding time are presented in Fig. S12 of 
the Supplementary information section. Using Eq. (13), the values of the 
coefficient of friction (Ff ,max

FN
) at 20 ◦C (under constant contact pressure 

and mean linear velocity) from using these two geometries are 1.04 ±
0.14 and 1.07 ± 0.04, respectively. Since the results between the ge
ometries are comparable, a series of experiments were performed using 
the acrylic fixtures in an effort to decouple the individual effects of the 
process parameters on the contact area evolution during and after the 
frictional sliding experiments. Immediately after testing, the surface was 
imaged through the annulus of the acrylic fixture and the obtained im
ages were stitched to obtain a composite image for further image 

Fig. 7. (a) Effect of temperature on the contact area between the acrylic fixture and the prepreg samples (15.2 mrad/s and 6 N normal force). The dashed lines serve 
as a guide for highlighting the increasing trend; (b) Effect of normal force on the contact area between the acrylic fixture and the prepreg samples at 40 ◦C. The 
dashed lines indicate the sub-linear increase in contact area with normal force. 
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processing for contact area evaluation following the procedure outlined 
in Section 2.3.3 (Fig. S13 of the Supplementary Information section). 

4.2.1. Effect of temperature and normal force 
A series of sliding experiments were performed using the transparent 

acrylic fixture at different temperatures and different normal force while 
applying a constant angular velocity 15.2 mrad/s. Fig. 7a highlights the 
change in contact area as a function of temperature; it is apparent that 
the contact area increases with the increase in test temperature. The 
reduction in resin viscosity at elevated temperatures increases molecular 
mobility that leads to an increase in contact area between the surfaces. 

The dependence of contact area on normal force has also been 
characterized at 40 ◦C under a sliding velocity of 15.2 mrad/s. As 
highlighted in Fig. 7b, the contact area increases slowly in the region of 
low normal forces (0–2.5 N) and then a more significant increase is 
observed as the normal force increases to 5 N. The compaction pressure 
increases with loading, resulting in an increase in the true contact area 
between the prepreg layer and acrylic surface. Hence, increasing 
compaction pressure effectively increases the maximum frictional force 
(as shown in Fig. 6a). Moreover, the sub-linear increase in contact area 
with the applied load, contrary to Amontons’ law, is evidence of strain 
hardening as reported in a recent study by Weber et al. [55]. Deviations 
from the classical behavior may be due to the surface roughness present 
on the prepreg samples that allows only a fraction of the nominal area to 
come into contact, leading to high contact pressures. 

4.2.2. Effect of sliding 
In the absence of both sliding and applied normal force, although the 

weight of the upper 25 mm removable rheometer plate (4.21g) along 
with the acrylic fixture (2.14g) was still applied on the prepreg, the 
evolution of contact area is only temperature dependent, and exhibits an 
increasing trend as temperature increases due to more interfacial area 
being wetted by the resin given the lower viscosity. For the “no-load” 
case, the tests were performed without applying any external normal 
force (through the rheometer) and the acrylic fixture was kept on top of 
the prepreg surface for 10s (same duration as the tests described in the 
previous sections) at different temperatures. Fig. 8a displays the influ
ence of normal force and temperature in the absence of sliding on the 
contact area measurements. The application of normal force does not 
affect the contact area at ambient temperatures but at higher tempera
tures, the effect of FN is more pronounced and results in an increase in 
contact area by ~34–65% with respect to the experiments performed 
with no normal force. This is likely attributed to higher normal forces 
that squeezes out the resin (sandwiched between the rheometer plate 

and carbon fiber tows). Since the plate and tow are in direct contact with 
each other, the effect of normal force on both the contact area and the 
frictional force is more pronounced. 

Next, we performed interrupted sliding experiments at a specified 
sliding condition (40 ◦C, 15.2 mrad/s; & 6 N) but instead of running the 
test for the entire time period, the tests were interrupted at periodic time 
intervals to gauge the effect of sliding time on the evolution of contact 
area between the prepreg and the modified to-plate fixture. Fig. 8b 
represents the change in contact area as a function of sliding time. The 
contact area increases rapidly and reaches a plateau, suggesting that 
most of the changes take place at shorter timescales. The applied load is 
enough to elastically deform the asperities between the prepreg and the 
rheometer plate to varying extents. Due to the non-uniform nature of the 
surface roughness in most materials, the localized stresses (induced due 
to FN) can be very close to the yield stress of the materials under 
investigation [55,78,79]. Creep deformation is common in materials in 
contact under such elevated local stresses and leads to the increase in Ac 
with time (t) [50,80,81], governed by a classical logistic equation given 
by 

Ac =
a

1 + e−k(t−tc)
(17)  

where, a, k, and tc are model constants. The contact area evolution data 
with respect to time is in good agreement (R2 = 0.996) with a traditional 
logistic model as shown in Equation (17). The value of the mode pa
rameters a, k, and tc are calculated to be 49.3 ± 0.7 m2, 1.02 ± 0.07 s−1, 
and 0.96 ± 0.06 s, respectively. 

5. Conclusions 

A simple method to characterize tool-ply friction in fiber-reinforced 
composites using a rheometer setup with annular-plate geometry has 
been developed. The effects of processing variables on the frictional 
properties of carbon fiber prepregs have been studied. Increasing tem
perature reduces the viscosity of the prepreg resin, leading to a reduc
tion in frictional forces. It is likely that the reduction in prepreg tack at 
higher temperatures lowers adhesive contributions and results in lower 
values of coefficients of friction. However, an increase in sliding velocity 
increases frictional forces, consistent with the transition from the mixed 
lubrication to the elasto-hydrodynamic lubrication regime of a Stribeck 
curve. Furthermore, the non-linear increase in frictional force with 
normal force suggests that the material is exhibiting strain hardening 
behavior and indicates that Amontons’ law is unable to describe the 
frictional dynamics of prepreg composites. The coefficient of friction 

Fig. 8. (a) Contact area measurements without sliding in the presence and the absence of applied load carried out at different temperatures; (b) Effect of time of 
sliding on the contact area evolution during a typical frictional sliding experiment; the dashed lines indicate the non-linear fit to the data obtained using Eq. (17). 
Experiments were performed at 40 ◦C, 15.2 mrad/s sliding velocity, and 6 N normal force. 
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decreases with increasing normal force, suggesting hydrodynamic 
lubrication characteristics. From the point of view of ATL, a combination 
of higher temperatures (40–60 ◦C) under constant normal load and 
sliding velocity can help reduce warpage in the manufactured parts 
while slippage between the tool and prepreg material can be limited at 
higher sliding velocities at constant temperature and normal force. 
Although we probed a limited processing window within the scope of 
the current research, a broader understanding of the optimum process
ing conditions can be obtained by exploring both temperature and ve
locity ranges since it has been previously reported that time-temperature 
superposition applies to these processes [82,83]. Such an analysis will 
assist in establishing the link between prepreg tack and friction in order 
to limit defect formation in the manufactured parts. Moreover, it is 
possible weaves will exhibit similar frictional response and trends as 
highlighted in this work, provided the tack findings for the concerned 
weave are comparable to a unidirectional prepreg. 

In order to better comprehend the frictional response of the prepregs, 
contact area between the surfaces was quantified using a custom acrylic 
attachment to the top plate of the rheometer that facilitated the imaging 
of the prepreg surface after each test. Temperature, applied load, and 
sliding time all affects the contact area to varying extents and the 
observed behavior is attributed to the combined effect of all these pro
cessing conditions. High contact pressures can induce creep deformation 
in the samples leading to an increase in contact area with time. 

The approach outlined in the paper is applicable to a range of 
composite processing methodologies involving unidirectional plies and 
can be leveraged for ATL processing. It is worth mentioning that the 
frictional responses as a function of processing conditions discussed in 
this study can be utilized to control friction depending on the end goal of 
a selected processing technique. The results obtained from this study can 
lead to the development of physics-based process parameter optimiza
tion for the composite layup process thereby ensuring large scale defect 
free manufacturing of carbon fiber reinforced composites. The major 
beneficiaries from such research will be the industries employing ma
terial placement where process automation is still in its infancy, and 
where a sound understanding of the underlying physics to optimize 
processes is greatly desired. 

Credit authorship contribution statement 

Arit Das: Conceptualization, Data curation, Formal analysis, Inves
tigation, Methodology, Software, Validation, Visualization, Writing - 
original draft; Gabriel Y.H. Choong: Methodology, Software, Visuali
zation, Writing – review & editing; David A. Dillard: Conceptualiza
tion, Supervision, Writing – review & editing; Davide S.A. De Focatiis: 
Conceptualization, Funding acquisition, Project administration, Re
sources, Supervision, Writing – review & editing; Michael J. Bortner: 
Conceptualization, Funding acquisition, Project administration, Re
sources, Supervision, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The lead author would like to acknowledge funding from the Ad
hesive Manufacturers Association Adhesive and Sealant Science schol
arship from the Macromolecules Innovation Institute (MII) at Virginia 
Tech. The funding for the research conducted at University of Notting
ham was provided though the International Research Experience for 
Students (IRES) program at Virginia Tech. The IRES program is funded 
though NSF Award 1261162. The authors would also like to thank Ivan 
Q. Vu and Kathleen J. Chan for their contributions that laid the 

groundworks for this research. Finally, the collaborative infrastructure 
at Virginia Tech focused across the spectrum of polymer science and 
engineering provided by the MII at Virginia Tech is gratefully 
acknowledged. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.compositesb.2022.109777. 

References 

[1] Das TK, Ghosh P, Das NC. Preparation, development, outcomes, and application 
versatility of carbon fiber-based polymer composites: a review. Adv Compos 
Hybrid Mater 2019;2:214–33. https://doi.org/10.1007/s42114-018-0072-z. 

[2] Campbell Jr FC. Manufacturing technology for aerospace structural materials. 
Elsevier; 2011. 
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