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In automated fiber placement (AFP), knowledge about the interaction between material
properties and process parameters is essential to achieve cost-efficient manufacturing.
Both, lay-up rate and defects are dependent on the properties of the uncured prepreg
tapes which are out-time dependent. However, information thereof is not given in data
sheets and there are no standardized test methods. To quantify the changes of the
material properties, we conducted experiments on mechanical properties and tack with
IM7/8552 up to 15 days out-time using previously evaluated test methods. Furthermore,
we carried out AFP lay-up trials to quantify the effects on steering defects. The results for
the mechanical properties reveal a non-linear increase of the shear modulus and the
transverse tensile modulus and a strong correlation to the test temperature. Results from
the probe tack tests show a strong dependence on out-time at 20°C and a weak
dependence at 40°C. Results from a novel peel tack test method and the lay-up trials
revealed a monotonous change as a function of out-time. In both cases, we identified the
lay-up rate and the infrared (IR) emitter power as the process parameters with the largest
influence. The obtained results present an overall view of the material behavior depending
on different test and process parameters as a function of out-time. By this, they help
optimize the AFP process parameters and serve as input for material models and AFP
defect models.
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1 INTRODUCTION

Composite materials contribute to a sustainable aviation by means of their high weight-specific
mechanical properties which enable a lighter, more fuel-efficient aircraft design (Timmis et al., 2015).
The emissions during flight are the largest source of environmental impact (Timmis et al., 2015),
however, all stages of an aircraft’s life cycle—from production to end of life—have to be considered to
minimize its negative effects. Structural composite aerospace parts are commonly manufactured
using pre-impregnated carbon fibers (prepreg) as precursors which comprise carbon fibers
impregnated with an uncured epoxy resin (Lengsfeld et al., 2016). Even though resource
efficiency has been the goal for aerospace manufacturing for several decades (Argüelles et al.,
2001), the two biggest aircraft manufacturers, Airbus and Boeing, and their supply chain generate
about 1000 t of cured and uncured carbon fiber prepreg waste each year (Biron and Kidlington,
2020). To maximize the resource efficiency, manufacturing processes with a low scrap rate like
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automated fiber placement (AFP) should be used preferably
(Hagnell and Åkermo 2015). Yet, larger amounts of uncured
prepreg might be scrapped as the material properties change
during processing due to storage at elevated temperatures (out-
time). Because of the ongoing cross-linking process in the resin
above its glass transition temperature (Tg), the prepreg properties
change (Ellis 1993) which might increase lay-up defects or even
lead to inapplicability of the material (Heller et al., 2018).
Essential prepreg properties with regard to AFP processing are
the tack and the mechanical properties in the uncured state as
they are input parameters for numerous lay-up defect prediction
models (Beakou et al., 2011; Matveev et al., 2016; Bakhshi and
Hojjati 2018, 2019; Belhaj and Hojjati 2018; Rajan et al., 2020;
Wehbe et al., 2020). The tack—a measure of mechanical
resistance which needs to be overcome to separate the prepreg
from a substrate (Budelmann et al., 2020)—is influenced by the
out-time which affects the flowability and the molecular mobility
of the resin (Ahn et al., 1992a; Endruweit et al., 2018). Several
authors have investigated out-time effects on tack with various
prepregs, test methods, and out-time conditions (Cole et al., 1991;
Ahn et al., 1992a; Banks et al., 2004; Dubois et al., 2010; Miller
et al., 2010; Grunenfelder and Nutt 2011; Nguyen and Krombholz
2016; Blass et al., 2017; Böckl et al., 2018; Endruweit et al., 2018;
Budelmann et al., 2019; Andrade Raponi et al., 2020; Smith et al.,
2020). All of these studies observed a change in tack due to out-
time with some reporting a monotonic decrease (Cole et al., 1991;
Dubois et al., 2010; Miller et al., 2010; Blass et al., 2017) while the
others reported non-monotonic changes. In none of the cases did
the tack increase monotonically.

The mechanical properties used in AFP defect prediction
models include the tensile modulus E1, the in-plane transverse
tensile modulus E2, the Poisson’s ratio ]12, and the in-plane shear
stiffness G12 of the uncured prepreg (Beakou et al., 2011; Matveev
et al., 2016; Bakhshi and Hojjati 2018, 2019; Belhaj and Hojjati
2018; Rajan et al., 2020; Wehbe et al., 2020). The tensile modulus
E1 is almost entirely dependent on the tensile modulus of the fiber
and the fiber volume fraction due to the low stiffness of the
uncured resin. Therefore, it is not expected to be significantly
affected by out-time. The transverse tensile modulus E2 , in turn,
is expected to be affected by out-time. Margossian et al. (2016)
and Rajan et al. (2020) measured the transverse tensile modulus
of a prepreg. However, they did not consider out-time effects nor
could we find any other publication on out-time effects on E2.
The Poisson’s ratio ]12 is, in principle, affected by out-time.
O’Brien et al. (2007) and Saseendran et al. (2017) investigated the
Poisson’s ratio of neat epoxy resins as a function of degree of cure
(DoC). However, their respective range of DoC was
higher—above 79% and above 50%—than the DoC due to
out-time during AFP processing which is expected to be below
50%. Even though ]12 may be affected by out-time, the changes
are not likely to influence the lay-up behavior as Rajan et al.
(2020) state that the out-of-plane buckling formation mechanism
due to steering is unaffected for the relevant Poisson’s ratio range
(0.1–1). The in-plane shear modulus G12 of uncured prepreg was
assessed in several publications (Potter 2002a, 2002b; Harrison
et al., 2004; Larberg et al., 2012; Margossian et al., 2015; Wang
et al., 2020), however, none of them considered out-time effects.

Other mechanical properties like the out-of-plane transverse
compression modulus E3 are not considered since the defects
mainly evolve after lay-up when the tape is not subjected to a
compression load by the compaction roller anymore (Bakhshi
and Hojjati 2019).

Maximum material usage and optimized processing during
AFP can only be achieved with an extensive knowledge of the out-
time effects on the material properties and their implications for
lay-up quality. To quantify these effects and to correlate them to
the occurrence of lay-up defects, we conducted a series of
experiments with varying test and process parameters
respectively using previously evaluated test methods. The
material we used was HexPly IM7/8552 in several different
conditions—1, 5, 10, and 15 days out-time. The experiments
include tack measurements with two different principles, E2

measurements, G12 measurements, and AFP steering
experiments evaluating out-of-plane defects during lay-up
which serve as an assessment criterion for the out-time effects
on the lay-up quality.

This paper describes the experimental methods we used in the
section Materials and Methods. The results for each property
and for the steering evaluation are presented in the section
Results while the implications for material usage, AFP
processing, and defect prediction are covered in the section
Discussion.

2 MATERIALS AND METHODS

2.1 Material
We used aerospace grade unidirectional (UD) HexPly IM7/8552
prepreg in all experiments. According to the data sheet, the tack
life—time at room temperature during which prepreg retains
enough tack for easy component lay-up—of 8552 is 10 days
(Hexcel Corporation 2020). The fiber areal weight was 134 g/
m2 and the nominal cured ply thickness was 0.131 mm. For the
lay-up trials and the peel tests, we used slit-tapes with a width of
1/8” (3.175 mm) as it was predetermined by the AFP machine
configuration. For the other experiments, specimens were cut
from a wider roll. Wherever we needed multi-layer specimens (E2

and G12 measurements), we used a preparation method from
previous investigations (Heller et al., 2020a): we compacted large
layers applying vacuum at room temperature for 35 min followed
by cutting the layers into the specimen size using an NC cutting
machine. To measure the influence of controlled out-time
conditions on the properties, the material was kept in
controlled temperature and humidity conditions at 21°C and
40% RH and tests were conducted at the aforementioned out-
times tout—1, 5, 10, and 15 days. We chose these times to study
the changes within the material’s tack life and to see the effects
when it is exceeded.

2.2 Degree of Cure
To correlate the out-time to a measurable material condition, we
determined the glass transition temperature Tg according to
ASTM E1356-08 [ASTM E1356-08(2014)] on several out-
times using a TA Instruments Q200 DSC. We used the
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midpoint method—midpoint between the heat flow level before
the inflection and after the inflection (Ellis 1993)—to determine
Tg and calculated the relation between Tg and the DoC α using
the modified DiBenedetto equation from (Pascault and Williams
1990):

α � Tg − Tg0

Tg(1 − λ) + λTg∞ − Tg0
(1)

where Tg0 is the glass transition temperature of the uncured
material, Tg∞ is the glass transition temperature of the fully cured
material, and λ is an adjustable parameter between 0 and 1.

2.3 Probe Tack
The probe tack test has been used by several authors for the
determination of prepreg tack either using a universal testing
machine (UTM) (Ahn et al., 1992b; Ahn et al., 1992a; Dubois
et al., 2010; Grunenfelder and Nutt 2011; Gillanders et al., 1981;
Putnam et al., 1995; Hayes et al., 1996; Buehler and Seferis 2000)
or a rheometer (Budelmann et al., 2019; Andrade Raponi et al.,
2020; Wohl et al., 2017; Forghani et al., 2018; Smith et al., 2019)
for force application and measurement and it serves as an input
for defect prediction models (Belhaj and Hojjati 2018; Forghani
et al., 2018; Bakhshi and Hojjati 2018, 2019). We chose rheometer
measurements as it allows for an accurate force and temperature
control and expected measured forces are comparably low. All
measurements were done using an Anton Parr MCR 302
rheometer. The general experimental procedure was adopted
from Budelmann et al.’s publication (Budelmann et al., 2019).
The test procedure comprises the compaction phase, where the
probe is pressed onto the specimen, the relaxation phase, and the
measurement phase, where the probe is pulled away from the
specimen and the counteracting force is measured. The test
preparation—see Figure 1A — includes placing the specimen
(size: 30 mm × 30 mm) inside the lower plate and covering it with
a downholder. We placed all specimens with the tackier side
down to avoid a pull up of the whole specimen and took great care
to avoid entrapped air between specimen and lower plate surface.
We fixed the downholder with adhesive tape serving as another
way to avoid a pull up of the whole specimen. The used probe was
a flat aluminium probe with a 10 mm diameter replicating the

first-ply tack on an aluminium tool—see Figure 1B. The
temperature was controlled by a peltier temperature device
(PTD) in combination with a hood covering the experimental
chamber. We derived test parameters from Budelmann et al.‘s
publication (Budelmann et al., 2019) for a full factorial
experimental design—see Table 1. The test temperatures 20°C
and 40°C cover the relevant range for TS-AFP processing: the
lower limit 20 °C represents processing at ambient temperature
with no additional heat input while the upper limit 40°C is just
above the highest temperature of the AFP investigations and it is
the nominal processing temperature for IM7/8552 (Rajan et al.,
2021). Figure 2 illustrates the three readings we evaluated from
the measurement phase: the maximum force (per probe area A)

FIGURE 1 | Probe tack test—experimental setup. (A): Specimen in lower plate. (B): Setup in rheometer.

TABLE 1 | Probe tack test—test parameters.

Parameter Symbol Unit Values

Compaction force F N 10
Compaction time tcomp s 10
Relaxation time trelax s 5
Temperature T °C 20; 40
Displacement rate vprobe mm/s 0.02; 0.2; 2

FIGURE 2 | Probe tack test—readings.
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σprobe (� Fmax/A), the work of adhesion (per probe area)Wadh/A
which is the integral under the force-displacement curve from the
start of the separation to full separation, and the tack stiffness
σprobe/d which corresponds to the force per displacement from
the start of separation to the maximum force (per probe area).
The maximum force represents the shear resistance during
debonding and the work of adhesion accounts for the stress
relieve by relaxation. Budelmann et al. proved that both
parameters have to be considered for tack characterization.
The third, the tack stiffness, is assessed as it is used as input
for defect prediction models, e. g. in (Belhaj and Hojjati 2018;
Bakhshi and Hojjati 2019).

2.4 Peel Tack
We considered peel tests as a complementary test method to the
probe tack test method since peel tests allow for a better relation
to the peel mechanisms in automated lay-up processes (Crossley
et al., 2012). In a previous publication (Heller et al., 2020b), we
presented a novel peel tack test for prepreg tapes which is
incorporated in a standalone test bench—see Figure 3. Since
specimen preparation and peel test are decoupled, the influence of
the lay-up rate on tack can be measured independently of the peel
rate. Furthermore, the specimens can be prepared directly with
the AFP machine—see Figure 3B—so that AFP process
parameters can be adjusted directly. By this, we were able to
use the exact same process parameters for the peel test specimens
as for the lay-up trials. The AFP machine we used is a CORIOLIS
GROUP SAS (Queven, France) machine which processes up to
eight slit-tapes with a width of 1/8” (3.175 mm). Its maximum
compaction force is 500 N which is applied onto the compaction
roller via the pneumatic system of the lay-up head. The
compaction roller is a silicone roller with Perfluoroalkoxy
(PFA) coating with a diameter of 40 mm and a width of

30 mm. The deviation in pressure distribution along the width
of the roller is ±5%. The heat source is an infrared (IR) emitter
with a maximum power of 430W and a nominal heated area of
40 mm width and 23 mm length ensuring a homogeneous
distribution of heat along the width of the tapes. The IR
emitter is mounted 60 mm above the substrate and is tilted 20°

with respect to the substrate. Based on experiences from
preliminary lay-up trials, we defined the parameters listed in
Table 2. As the lay-up rate is expected to have a significant
influence on the peel tack and the steering defects, we defined
three levels. Preliminary experiments showed that defects occur at
0.1 m/s depending on the material properties and the lay-up
trajectory. To investigate to which extent a reduction of lay-up
rate would reduce defects, we defined 0.06 m/s and 0.03 m/s as the
other values. For the compaction force and the IR emitter power,
we defined two levels within the general operating range of the
used AFP machine. The experimental design was a one-factor-at-
a-time design with v � 0.06m/s, F � 400N, PIR � 350W as the
baseline. We used the maximum lay-up width for the specimens
consisting of eight tapes with a length of 360 mm. The specimens
were deposited on aluminium sample carriers by the AFP machine
replicating the first-ply tack on an aluminium tool—see Figure 4.
We conducted all peel measurements 1.5 min after material
deposition due to the time needed for the transfer of the

FIGURE 3 | TUM peel tack test. (A) Peel test principle (Heller et al. 2020b). (B) Test bench next to AFP machine.

TABLE 2 | AFP process parameters for lay-up trials and peel tests.

Parameter Symbol Unit Values

Lay-up rate v m/s 0.03; 0.06; 0.1
Compaction force F N 200; 400
IR emitter power PIR W 150; 350

FIGURE 4 | Peel tack test—clamped specimen.
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sample carrier from the lay-up area to the test bench and the
clamping of the specimen. We set a constant peel rate of 5 mm/s
which is equal to the peel rate in the standard that the peel test is
adopted fromDINEN ISO 29862:2019-09 (DINDeutsches Institut
für Normung e. V. 2019).

2.5 Transverse Tensile Modulus
Being an input parameter for AFP defect prediction models, we
evaluated the influence of transverse tensile modulus changes due
to out-time on AFP processing. We conducted transverse tensile
measurements in the same manner as Margossian et al.
(Margossian et al., 2016) using a TA Instruments Q800 DMA
with a constant loading rate. To obtain the desired specimen
thickness of 1 mm (length: 23 mm, width: 6.5 mm), we
compacted seven layers of the material. The test parameters
for the full factorial experimental design are stated in Table 3.
We set the test temperatures to 20°C and 40°C covering the
relevant range for TS-AFP and applied two different loading rates
to investigate their influence on the transverse tensile modulus
E2. As proposed by Margossian et al., we determined E2 from the
linear part of the stress-strain curves.

2.6 In-Plane Shear Modulus
The second mechanical property which is an input parameter
for AFP defect prediction models and is affected by out-time is
the in-plane shear modulus G12. Based on a previous
comparison of test methods (Heller et al., 2020a), we
selected the torsion bar test for the characterization of G12.
The test principle which is based on the correlation between
the torque and the rotation angle for a prismatic bar with the
fiber direction parallel to the rotation axis is explained
extensively in (Haanappel and Akkerman 2014) and (Heller
et al., 2020a). For the experiments, we used the Anton Parr
MCR 302 rheometer and prepared 60-layer specimens to
obtain the required specimen thickness of 12 mm (length:
60 mm, width: 12 mm). The specimen thickness did not
change significantly due to the tests—the thickness
difference before and after testing was less than 2.6% at all
out-times. Therefore, we used the thickness before testing for
the evaluation. The test parameters for the full factorial
experimental design are listed in Table 4. We set the test
temperatures to 20°C and 40°C covering the relevant range for
TS-AFP and used the maximum possible range of the angular
frequency to account for different lay-up rates during AFP. In
accordance with the test method theory presented by
Haanappel and Akkerman (Haanappel and Akkerman
2014), we assessed the shear behavior at different shear
rates. We determined the in-plane shear modulus by
linearization of the stress-strain curves.

2.7 AFP Lay-Up Trials
We used AFP steering experiments as a quality criterion for the
material process interaction. During steering—lay-up along
non-geodesic paths, defects like in-plane waviness, out-of-
plane buckling, and tape pull-up occur. These defects are
affected by the material properties and the process
parameters (Lukaszewicz et al., 2012; Hörmann 2015). A
previous study (Heller et al., 2018) has demonstrated that
steering induced defects change due to out-time. The
dependence on out-time in combination with varying process
parameters, however, has not yet been investigated.
Furthermore, the occurrence of lay-up defects has not yet
been correlated to the material changes due to out-time. In
the experiments, we kept the steering radius constant (600 mm,
arc length: 400 mm) and varied the process parameters in the
same one-factor-at-a-time experimental design as the peel
tests—see Table 2. We processed single slit-tapes and used
an aluminium plate as substrate—see Figure 5A. The out-of-
plane buckling is the local separation of the steered tape from
the substrate at the inner edge due to excessive compressive
forces, the tape pull-up is the local separation of the steered tape
from the substrate at the outer edge due to excessive tensile
forces, and the in-plane waviness is the in-plane fiber
undulation due to compressive forces (Lukaszewicz et al.,
2012; Hörmann 2015). Since the latter is considered an
initial defect (Hörmann 2015), we only evaluated the former
two which are the eventual defects—see Figure 5B. We
measured the length of buckles and pull-up 40 min after lay-
up since preceding observations as well as studies by other
authors (Bakhshi and Hojjati 2019; Rajan et al., 2019) revealed
that buckle formation is time-dependent—in this case up to
40 min. The measurement method comprises marking the
buckle and pull-up length at the measuring time, taking
photographs from above, and digitally measuring the lengths
in relation to a reference length (graph paper). As several defects
occurred per tape, we cumulated the buckle length and the pull-
up length for each tape. For the result presentation, we defined
the results in positive expressions: relative buckle-free length
Lbfree and relative pull-up-free length Lpfree which equals the
total arc length minus the respective cumulative defect length
normalized to the arc length. The definition of Lbfree and Lpfree
is summarized in Eq. 2.

Lb/pfree �
arc length − cumulative buckle/pull−up length

arc length

(2)
During later stages of out-time, several tapes did not adhere at

all. To account for these defects, we considered them as both
buckle and pull-up.

TABLE 3 | Transverse tensile modulus—test parameters.

Parameter Symbol Unit Values

Loading rate _F N/min 0.05; 0.1

Temperature T °C 20; 40

TABLE 4 | In-plane shear modulus—test parameters.

Parameter Symbol Unit Values

Angular frequency ω rad/s 0.1 . . . 500
Temperature T °C 20; 40
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3 RESULTS

In the presentation of the results, we focus on the mean values
of each individual result to increase the readability of the
graphs. A considerable scatter was present during most
measurements with single-layer specimens—probe tack, peel
tack, AFP lay-up trials. Prepreg tapes exhibit a local variability
in properties like resin content (Lukaszewicz and Potter 2011)
which directly influences the scattering of the aforementioned
tack-related measurements. For specimens prepared via AFP,
there is a second source of variability: it cannot be controlled
which prepreg side is in contact with the substrate since the
narrow tapes can be twisted at several locations of the AFP
machine’s material feed. As the prepreg side plays a significant
role for resin distribution and tack (Endruweit et al., 2018), it
will affect the peel tack of AFP specimens as well as the steering
results. The additional data mean values, standard deviations,
minima, and maxima of the relevant test series are listed in the
Appendix.

3.1 Degree of Cure
The results for glass transition temperature Tg and degree of cure
α of five measurements each are depicted in Figure 6. For the Tg

measurements, we extended the out-time range from 0 to 20 days.
The Tg increased from −2.55°C at 0 days out-time to a maximum
of 12.63°C at 20 days out-time following a second order
polynomial curve progression. The corresponding fit is
described as

Tg � ATg · t2out + BTg · tout + CTg (3)
with ATg � 2.57 · 10−2 °C/d2, BTg � 2.4 · 10−1 °C/d, and
CTg � −2.55 °C. The fit has a coefficient of determination of
R2 � 0.9997. Similarly, the degree of cure α increases following
a second order polynomial curve progression up to 9% at 20 days
out-time. The corresponding fit is described as

α � Aα · t2out + Bα · tout (4)
withAα � 1.485 · 10−4 d−2, and Bα � 1.5029 · 10−3 d−1. The fit has
a coefficient of determination ofR2 � 0.9998. The input values for

FIGURE 5 | Steering experiments. (A) Steered tapes and digital camera. (B) Pull-up and buckles.

FIGURE 6 | Cure-related properties as a function of out-time from DSC runs at 10 K/min (Material: IM7/8552 prepreg; out-time: 1 day 20 days at T � 21 °C,
RH � 40%). (A) Glass transition temperature. (B) Degree of cure.
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the calculation of α are Tg0 � −2.55 °C (own measurement),
Tg∞ � 209.51 °C (own measurement), and λ � 0.78 (van Ee
and Poursartip 2009).

Using these results, any Tg measurement of 8552 material can
be linked to an equivalent out-time. Thus, in combination with
the results below, any Tg measurement of 8552 (within the
investigated range) can be used as an estimate for the tack, the
mechanical properties, and the lay-up behavior of the prepreg.

3.2 Probe Tack
3.2.1 Maximum Force
Figure 7A gives an overview of the mean values of the probe tack
results for the maximum force per area σprobe from six
measurements each. Additional data is listed in
Supplementary Table SA9. The mean standard deviation was
0.02 N/mm2. Several trends can be read off the results. Except for
the high temperature and slow rate (T � 40 °C, v � 0.02mm/s) at
1 and 5 days out-time, the maximum force σprobe is higher at the
high test temperature. The increase in temperature generally
improves the surface wetting of the substrate due to the
decrease in viscosity (Budelmann et al., 2020). However, the
decrease in viscosity also leads to a lower shear resistance
during debonding, which, after a certain point, outweighs the

increase in surface wetting leading to a decrease in tack
(Budelmann et al., 2020). This fact may explain the higher
maximum force at T � 20 °C at out-times 1 day and 5 days
where the viscosity is lower than at later out-times.

At the high test temperature, σprobe is clearly rate dependent
with the highest value at the highest test rate (v � 2mm/s) and
vice versa corresponding to the viscoelastic behavior of the
tack. Budelmann et al. (Budelmann et al., 2019) assumed that
at higher rates, the short debonding time does not allow the
interface to relieve stresses by relaxation. At the low test
temperature (T � 20 °C), the effect of the rate is much
smaller and there is no clear trend whether σprobe increases
or decreases with the rate. A clear trend, on the other hand, is
evident for the out-time dependence of σprobe at T � 20 °C: it
decreases by 18% to 44% from 1 to 5 days out-
time—depending on the rate—and drops to almost zero at
10 and 15 days out-time which corresponds to the tack life
specified by the manufacturer. Due to the increase in viscosity/
decrease in molecular mobility at higher out-times, the surface
wetting worsens leading to a decrease in tack. At T � 40 °C,
there is no strong dependence on the out-time as the higher
temperature decreases the viscosity (Ellis 1993), counteracting
the increase due to out-time effects.

FIGURE 7 | Probe tack results as a function of out-time from rheometer probe tack tests (Material: IM7/8552 prepreg; out-time: 1 day–15 days at T � 21 °C,
RH � 40%). (A) Maximum force. (B) Work of adhesion. (C) Tack stiffness.

Frontiers in Materials | www.frontiersin.org May 2022 | Volume 9 | Article 8258097

Heller et al. Out-Time Effects on Prepreg

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


3.2.2 Work of Adhesion
Figure 7B shows the probe tack results for the work of adhesion
per areaWadh/A from six measurements each. Additional data is
listed in Supplementary Table SA9. The mean standard
deviation was 0.59 μJ/mm2. The work of adhesion is higher at
the high test temperature at all out-times and rates. At the high
temperature, a large amount of separation energy is dissipated
during debonding due to the prevailing viscous behavior of the
material (Budelmann et al., 2019) leading to a higher work of
adhesion. Similar to the maximum force, at T � 40 °C the work of
adhesion is rate dependent with the highest value at the highest
test rate (v � 2mm/s) and vice versa while there is no clear trend
towards rate dependence atT � 20 °C. At both temperatures, the
out-time dependence is apparent with the same assumed root
causes as for the maximum force. Besides some deviations
(T � 20 °C, v � 0.2mm/s, tout � 15 d; T � 40 °C, v � 0.2mm/s,
tout � 5 d; T � 40 °C, v � 0.02mm/s, tout � 15 d), the work of
adhesion generally decreases as a function of out-time as the
poorer surface wetting leads to a smaller effective
debonding area.

3.2.3 Tack Stiffness
The probe tack results for the tack stiffness σprobe/d from six
measurements each are depicted in Figure 7C. Additional data is
listed in Supplementary Table SA10. The mean standard
deviation was 2.64 N/mm³. Similar to the maximum force, for
the tack stiffness there is no strong out-time dependence at
T � 40 °C. At T � 20 °C, however, the tack stiffness is
generally even higher than at T � 40 °C for out-times 1 and
5 days before dropping off sharply from 5 to 10 days. The tack
stiffness is assumed to be dependent on the elastic component of

the material behavior which may be lower at T � 40 °C and low
out-times due to the low viscosity. The sharp decrease is
attributed to the poor surface wetting at high out-times.
Again, there is no clear trend concerning the influence of rate
at the low temperature. At the high temperature, a higher rate
generally leads to a higher tack stiffness with the exception of
v � 0.2mm/s and v � 2mm/s at 5 days out-time with the same
assumed reasons as explained for the maximum force.

3.3 Peel Tack
Figure 8 presents the peel tack results from five measurements
each. Additional data is listed in Supplementary Table SA11.
The mean standard deviation was 1.95 mN/mm. In all process
parameter settings, the peel tack decreased monotonously as a
function of out-time which, again, is explained by the increase in
viscosity leading to a poor surface wetting. The process
parameter lay-up rate evidently influences the peel tack: at
1day and 15 days out-time, a lower lay-up rate leads to a
higher peel tack. At 5 days and 10 days out-time, the middle
rate (v � 0.06m/s) leads to a higher peel tack than the low rate
(v � 0.03m/s). Yet, at all out-times, the high rate (v � 0.1m/s)
leads to lower peel tack than the other rates. Besides the roller
compliance, the lay-up rate is the main input for the compaction
time. As a higher compaction time generally leads to a higher
tack (Ahn et al., 1992b; Endruweit et al., 2018), the lay-up rate
directly affects tack. Except for 1 day out-time, the higher
compaction force (F � 400N) leads to a higher peel tack as
it enhances surface wetting. The higher IR emitter power
(PIR � 350W) leads to a higher peel tack at 1 and 5 days
out-time whereas there is no significant influence of IR

FIGURE 8 | Peel tack results as a function of out-time from TUM peel
tack tests (Material: IM7/8552 prepreg; out-time: 1 day–15 days at
T � 21 °C, RH � 40%; vlo � 0.03m/s, vmid � 0.06m/s, vhi � 0.1m/s,
Flo � 200N, Fhi � 400N, Plo � 150W, Phi � 350W ).

FIGURE 9 | Transverse tensile modulus results as a function of out-time
from DMA transverse tensile tests (Material: IM7/8552 prepreg; out-time:
1 day–15 days at T � 21 °C, RH � 40%).
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emitter power on peel tack at 10 and 15 days out-time. In
combination with the lay-up rate, the IR emitter power
influences the material temperature. Tack generally increases
up to a certain temperature because of the improved surface
wetting before dropping off at higher temperatures because of
the onset of cohesive failure (Ahn et al., 1992a; Crossley et al.,
2012; Budelmann et al., 2019; Budelmann et al., 2020).
Therefore, at 1 and 5 days out-time, the increase in IR
emitter power leads to an increase in tack while at 10 and
15 days out-time, the temperature influence in the investigated
range is not high enough to compensate the out-time effects. All
specimens exhibited adhesive failure indicating that the
temperature for maximum tack was not exceeded.

3.4 Transverse Tensile Modulus
Figure 9 shows the results for the transverse tensile modulus E2

from five measurements each. Additional data is listed in
Supplementary Table SA12. The mean standard deviation
was 0.06 MPa. The scatter of the results was a lot less compared
to the tack measurements as variabilities in a single layer have
less severe effects in multi-layer specimens. Furthermore, E2 is
not dependent on the prepreg surface which otherwise might
be a source of variability. The transverse tensile modulus is
generally higher at the higher loading rate ( _F � 0.1N/min) due
to the viscoelasticity. Yet, the influence is comparably
small—factor 1.0 to 1.6. In comparison, there is a
pronounced temperature dependence as the higher
temperature (T � 40 °C) leads to a reduction of E2 of 72 to
90%. This is in agreement with the expected temperature
dependence of the viscosity which affects the transverse
tensile stiffness (Ellis 1993). E2 generally increases with
increasing out-time, as expected, as the viscosity increases
due to the increase in molecular size and decrease in
molecular mobility (Ellis 1993; Hubert et al., 2001;
Endruweit et al., 2018). From 1 day to 15 days out-time, the
increase is around factor 3.3 at T � 20 °C and around factor 1.2
to 1.7 at T � 40 °C. The dependence on out-time can be
expressed as second order polynomial curve fits as

E2(T, _F) � AE2(T, _F) · t2out + BE2(T, _F) · tout + CE2(T, _F) (5)
The parameters of the fits and the coefficients of

determination are listed in Table 5.
The coefficients of determination are rather high — 0.9971,

0.9962, and 0.9601 — except for E2(T = 40°C, _F � 0.05 N/min )
where the coefficient is 0.6083 indicating a lower conformability
of the results with second order polynomial curve.

3.5 In-Plane Shear Modulus
The in-plane shear modulus results from five measurements each
are depicted in Figure 10. The values were calculated at shear
rates of 0.001, 0.005, and 0.01 s−1. The in-plane shear modulus
G12 obtained from the torsion bar test is a result of several
conversion steps based on the mean values of the measured
storage and loss modulus. Therefore, the measured values
serve as an indicator for the variation of the converted results:
the mean coefficient of variation for the storage and loss modulus
was 5.3%. Figure 10 demonstrates that the obtained shear
modulus is rate dependent since it is affected by the viscous
behavior of the resin. At both test temperatures, G12 increases
with increasing shear rate. At T � 20 °C, the increase from _γ �
0.001 s−1 to _γ � 0.01 s−1 is around factor 1.7 to 2.1 — depending
on the out-time—and at T � 40 °C the increase is around factor
1.4. The temperature dependence of G12 is clearly evident, too.
The higher temperature (T � 40 °C) leads to a reduction of G12 of
58 to 86% depending on rate and out-time. Similar to E2, the in-

TABLE 5 | Transverse tensile modulus—parameters of fits.

Temperature (°C) Loading rate
(N/min)

AE2 (MPa/d2) BE2 (MPa/d) CE2 (MPa) R2 (-)

20 0.05 6.74 · 10−3 −2.264 · 10−2 5.013 · 10−1 0.9971
20 0.1 1.008 · 10−2 −6.815 · 10−2 6.699 · 10−1 0.9962
40 0.05 4.669 · 10−4 −5.14 · 10−3 1.357 · 10−1 0.6083
40 0.1 1.03 · 10−3 −9.47 · 10−3 1.6 · 10−1 0.9601

FIGURE 10 | In-plane shear modulus results as a function of out-time
from rheometer torsion bar tests (Material: IM7/8552 prepreg; out-time:
1 day–15 days at T � 21 °C, RH � 40%).
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plane shear modulus increases with increasing out-time as the
viscosity increases due to the increase in molecular size and
decrease in molecular mobility. The dependence on out-time can
be expressed as second order polynomial curve fits atT � 20 °C as

G12(T, _γ) � AG12(T, _γ) · t2out + BG12(T, _γ) · tout + CG12(T, _γ) (6)
while at T � 40 °C, the out-time dependence appeared rather
linear so that we set AG12(T � 40°C) to zero. The parameters of
the fits and the coefficients of determination are listed in
Table 6.

3.6 AFP Lay-Up Trials
3.6.1 Out-Of-Plane Buckles
Figure 11 gives an overview of the results of the occurrence of
buckles during steering from five measurements each. Additional
data is listed in Supplementary Table SA13. The mean standard
deviation was 0.11. On average, there were buckles in every out-
time and process parameter setting. The setting with the least

buckling was v � 0.03m/s, F � 400N, PIR � 350W at 1 day out-
time with a relative buckle-free length of 0.968. The buckle-free
length is rate-dependent as a lower lay-up rate leads to less
buckles at all out-times. While the difference at 1 day out-time
is comparably small—Lbfree(v � 0.03m/s) � 0.968 and
Lbfree(v � 0.1m/s) � 0.919—the influence increases with
increasing out-time—e. g. Lbfree(v � 0.03m/s) � 0.833 and
Lbfree(v � 0.1m/s) � 0 at 15 days out-time. On the lines of the
peel tack, the compaction time and temperature—both
dependent on the lay-up rate—significantly affect the bond
between tape and substrate. We observed a similar dependence
on the IR emitter power. The low IR emitter power
(PIR � 150W) led to a smaller buckle-free length at all out-
times. Again, the influence was more pronounced at higher out-
times. Except for a deviation at 5 days out-time, the higher
compaction force (F � 400N) led to a higher buckle-free
length while the influence was less pronounced than the lay-
up rate and IR emitter power influences. The out-time effects are

TABLE 6 | In-plane shear modulus—parameters of fits.

Temperature (°C) Shear Rate
(s-1)

AG12 (GPa/d2) BG12 (GPa/d) CG12 (GPa) R2 (-)

20 0.001 1.66 · 10−4 6.92 · 10−3 8.319 · 10−1 0.9859
20 0.005 4.724 · 10−4 1.089 · 10−2 1.15 · 10−1 0.9847
20 0.01 6.957 · 10−4 1.298 · 10−2 1.323 · 10−1 0.9847
40 0.001 0 6.168 · 10−4 3.918 · 10−2 0.9151
40 0.005 0 7.958 · 10−4 4.896 · 10−2 0.9238
40 0.01 0 8.88 · 10−4 5.389 · 10−2 0.9268

FIGURE 11 | Steering results—out-of-plane buckles as a function of
out-time from AFP lay-up experiments at steering radius R � 600mm
(Material: IM7/8552 prepreg; out-time: 1 day–15 days at T � 21 °C,
RH � 40%; vlo � 0.03m/s, vmid � 0.06m/s, vhi � 0.1m/s,
Flo � 200N, Fhi � 400N, Plo � 150W, Phi � 350W ).

FIGURE 12 | Steering results—tape pull-up as a function of out-time
from AFP lay-up experiments at steering radius R � 600mm (Material: IM7/
8552 prepreg; out-time: 1 day–15 days at T � 21 °C, RH � 40%;
vlo � 0.03m/s, vmid � 0.06m/s, vhi � 0.1m/s, Flo � 200N,
Fhi � 400N, Plo � 150W, Phi � 350W ).
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clearly visible, too, in Figure 11. The buckle-free length generally
decreases monotonously as out-time increases caused by the
decrease in molecular mobility leading to poor surface wetting.
While the difference between 1 and 5 days out-time is
comparably small, the buckle-free length decreases
considerably after 10 days out-time and even more after
15 days out-time. At 15 days out-time, none of the tapes
adhered to the substrate at the high rate (v � 0.1m/s) and at
the low IR emitter power (PIR � 150W).

3.6.2 Tape Pull-Up
Figure 12 shows the results of the occurrence of tape pull-up
during steering from the same five measurements each as the out-
of-plane buckle measurements. Additional data is listed in
Supplementary Table SA13. The mean standard deviation
was 0.17. Tape pull-up occurred either once per tape—with
varying length—or not at all. The dependence of the relative
pull-up-free length on process parameters and out-time is quite
similar to the case of the buckle-free length. The pull-up-free
length remained almost the same from 1 to 5 days out-time in
most setting and even increased at v � 0.06m/s, F � 200N,
PIR � 350W and v � 0.06m/s, F � 400N, PIR � 150W. Apart
from that, the observations are comparable to the ones of the
buckle-free length.

4 DISCUSSION

To further understand the impacts of the test/process parameters
to account for out-time effects, we determined the Pearson
correlation coefficient as per (Rousseau et al., 2018) for the
presented experiments using the single values of each
experiment. The Pearson correlation coefficient −1≤ rxy ≤ 1
quantifies the linear correlation between two sets of data. A
correlation coefficient close to –1 indicates a strong negative
correlation while close to one indicates a strong positive
correlation and 0 indicates no correlation (Rousseau et al.,
2018). Even though the correlation coefficient only quantifies
linear correlation, we considered it valuable to assess the impacts
of the test/process parameters.

Figure 13 shows the correlation coefficients for the
mechanical properties E2 and G12. In both cases, the strongest
correlation is between the temperature and the respective
mechanical properties which is due to the temperature-
dependent viscoelastic behavior of the resin. As discussed in
Sections 3.4 and 3.5, an increase in temperature can be used to
compensate out-time effects which have the second strongest
correlation. The main difference between the correlation
coefficients of E2 and G12 is the correlation to rate which is
higher for G12 than for E2. The smaller investigated range of the
rate in the E2 measurements compared to the G12 measurements
and the difference in the type of boundary conditions—constant
loading rate vs constant strain rate, however, have to be
considered.

The correlation coefficients for the probe tack results are
depicted in Figure 14A. Here, the correlation coefficients
differ for each reading. While the maximum force and the
work of adhesion have a similar maximum correlation to the
temperature followed by the rate, the tack stiffness has a weaker
correlation to the test parameters and a stronger correlation to the
out-time. As the tack stiffness is assumed to be influenced by the
elastic component of the viscoelastic material behavior, apparent
stiffening effects due to out-time may be more significant than for
the other readings. The rate dependence of all three readings is a
result of the viscoelastic behavior. Implications for AFP
processing are, however, difficult to derive, as the debonding
rate during AFP lay-up is difficult to estimate and it is highly
dependent on the type of defect (Budelmann et al., 2019). In
contrast, implications for AFP processing from the temperature
dependence observed in probe tack tests are more
straightforward. As discussed in Section 3.2, at prolonged out-
times, the higher test temperature led to a higher tack implying
that a temperature increase—within the investigated range—can
be used to increase tack at these out-times.

Figure 14B combines the correlation coefficients for the lay-
up defects with the ones for the peel tack. Since we used the
same material, machine, and process parameters in both
experiments, we can compare the correlation coefficients
directly. The general trend of the correlation coefficients is
quite similar for all three results. There is almost no correlation

FIGURE 13 | Correlation coefficient of mechanical properties of uncured IM7/8552 prepreg. (A) Transverse tensile modulus. (B) In-plane shear modulus.
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of the compaction force with the lay-up defects and the peel
tack. The strongest process parameter correlation for all three
results is the lay-up rate followed by the IR emitter power. This
demonstrates that the lay-up rate can be used as the main
process parameter to reduce the occurrence of steering
induced lay-up defects. As implied by the steering defect
results—Figures 11, 12, reducing the lay-up rate leads to a
lay-up with very little defects even at 10 days out-time while
increasing the lay-up rate significantly worsens the lay-up
result. Since reducing the lay-up rate decreases the
productivity of the manufacturing process, an increase in IR
emitter power should be considered, too, as a countermeasure
for defect occurrence. The strongest correlation coefficient
evident in Figure 14B is between the out-time and the
three results—peel tack, buckle, pull-up. This underlines the
importance of the consideration of out-time effects on AFP
processing. Another aspect that our results unfold, is the direct
relation of steering defect results to the peel tack which is
possible as the material, the machine, and the process
parameters are the same in the AFP lay-up trials and the
peel tack test. The comparison is illustrated in Figure 15 where

the defect-free lengths are shown as a function of peel tack. The
data points demonstrate that there is a correlation between
relative buckle-free length and peel tack. In the peel tack range
from 12.7 to 3.5 mN/mm, the buckle-free length decreases only
slightly from 0.968 to 0.907. Below a peel tack of 3.5 mN/mm,
the buckle-free length begins to drop significantly, indicating
that this value marks a critical value for the magnitude of
buckle occurrence (without considering other material
properties) in the investigated case. The relation between
relative pull-up-free length and peel tack is less clear—see
Figure 15B. In the peel tack range from 12.7 to 1.6 mN/mm,
the pull-up-free length ranges from 1 to 0.669 and drops off at
lower peel tack values mainly due to the tapes not adhering at
all. Yet, the findings from Figure 15 underline that peel tack
measurements are a useful indicator to experimentally predict
the lay-up behavior during AFP processing with a particular
correlation to out-of-plane buckles during steering.

To estimate the impact of mechanical and probe tack
properties on the lay-up behavior, we put our material data
in an existing analytical model for the prediction of out-of-
plane buckles presented by Bakhshi and Hojjati (Bakhshi and

FIGURE 14 | Correlation coefficient of tack and lay-up related results of uncured IM7/8552 prepreg. (A) Probe tack. (B) Peel tack, buckles, and pull-up.

FIGURE 15 | Steering induced defects as a function of peel tack of uncured IM7/8552. (A) Out-of-plane buckles. (B) Tape pull-up.
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Hojjati 2019) which is the latest of a series of analytical model
for steering (Beakou et al., 2011; Hörmann 2015; Matveev
et al., 2016; Belhaj and Hojjati 2018). For this, we used the
minimum and maximum values of each measured
property—transverse tensile modulus E2, in-plane shear
modulus G12, tack stiffness σ/d — and calculated the long
term critical steering radius using Bakhshi and Hojjati’s model
[Eqs. 24, 26 in (Bakhshi and Hojjati 2019)] one by one. Where
we did not assess the minimum or maximum of a property we
used the mean value of all measurements. The unchanged
input parameters are listed in Table 7 and the varied
parameters are listed in Table 8. The critical steering radius
did not change depending on the transverse tensile modulus.
The relative change of critical steering radius from E2,min to
E2,max was –0.0001% which indicates that the change in
transverse tensile modulus plays a negligible role for the
occurrence of out-of-plane buckles. In contrast, the relative
change of critical steering radius from (σ/d)min to (σ/d)max was
–35% and from G12,min to G12,max it was –61%. Expectedly, the
tack stiffness significantly affects the occurrence of out-of-
plane buckles underlining the importance of tack
characterization to predict lay-up behavior. The comparison
of calculated critical steering radii indicates a surprisingly high
influence of the in-plane shear modulus. The buckling model is
formulated as a plate buckling problem. Therefore, a higher in-
plane shear modulus leads to a smaller critical steering radius
since the load for buckle development has to be higher to
overcome the shear modulus. Considering the observation that
buckling occurs more frequently at higher out-time, the
influence of G12 might be overestimated either due to the
model assumptions or due to the order of magnitude of our
results. In our findings, the in-plane shear modulus at T �
20 °C increased strongly due to out-time. Looking only at T �
40 °C results, the change of critical steering radius from
G12,40°C,min to G12,40°C,max was only –10% indicating that the
influence of the material properties is also temperature
dependent.

5 CONCLUSION

AFP-related material properties of uncured prepreg tapes are
strongly affected by the material’s out-time. These material
changes, in turn, significantly affect the occurrence of lay-up
defects during steering. The mechanical properties transverse

tensile modulus and in-plane shear modulus increase as a
function of out-time following a second order polynomial fit
and the most influential test parameter is the temperature.
According to calculations with a defect prediction model, the
in-plane shear modulus considerably affects the out-of-plane
buckling while the transverse tensile modulus’ influence is
negligible within the observed range. Furthermore, the model
underlines the influence of tack on buckling. Experimental
results from probe tack measurements revealed a sharp drop in
tack after 10 days out-time (which equals the tack life specified
by the manufacturer) at the lower test temperature. Yet, the
probe tack at higher out-times may be increased by applying a
higher temperature. By means of a novel peel tack test, we were
able to correlate the material’s tack directly to AFP process
parameters. The peel tack results displayed a strong correlation
to defects during AFP lay-up trials underlining that they can be
used to predict the lay-up behavior. The variation of AFP
process parameters demonstrated that the lay-up rate has the
largest influence on both the peel tack and the occurrence of
out-of-plane steering defects followed by the IR emitter power.
Decreasing the lay-up rate is therefore the first countermeasure
to reduce lay-up defects at high out-times and by that increase
the material usage. Since we evaluated an easily accessible
reference value—the glass transition temperature Tg, any Tg

measurements of the investigated material IM7/8552
combined with our findings can be used to estimate the
material properties and lay-up behavior. Furthermore, the
interdependences between material properties, test
parameters, and out-time can be transferred to other
prepreg materials and the findings can serve as guiding
input parameters for defect prediction models.
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