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Highlight

e  Study on the tack decay law of prepreg at different temperatures
e Proposed a relationship between tack and remaining shelf life

Abstract: Tack is one of the most important factors affecting the operability of prepregs, but it is still
very difficult to obtain the change of prepreg tack with time at different temperatures. In this paper,
a newly designed T-peel device is used to test the tack decay rate of prepregs at different
temperatures. The obtained decay rate deviates less than 8.9% from the manufacturer's data. The
maximum deviation of the ratio of tack decay speeds calculated by the Arrhenius equation from the
experiments is not higher than -9.7%. It is proved that the present method can obtain the decay rate
of tack of prepregs at different temperatures. This method is also applicable to the other two types
of prepregs. The article proposes the handling life unit, an operational life measurement unit for
prepregs, and establishes that the relationship between tack and remaining shelf life reduces
prepreg management costs.

Keywords: handling life; tack; prepreg; composite

1. Introduction

Composite materials are widely adopted in the aerospace industry for their superior specific
strength and specific modulus when compared to conventional structural materials. Among the
various composite manufacturing processes, automated material placement (AMP) technology has
received a lot of attention due to its high efficiency in producing consistent quality composite
products for large structures such as aircraft wings and rockets. With the aid of multi-degree-of-
freedom machines and end effectors, AMP technology is capable of handling products with various
complex structures. However, despite its numerous benefits, the quality of the product is susceptible
to various factors, especially the tack of the prepreg.

Prepreg is the main precursor for the manufacture of high-performance composites because it is
easy to handle and easy to control the resin content of the final part [1]. It is also the main material
that can be used for AMP. Compared to other composite precursors, the precise combination of
prepreg reinforcements and resin systems is critical to achieving the most efficient properties, layer
thickness, and fiber-to-resin content ratio. The fiber content of prepreg is generally 60%-70%. When
the fiber exceeds 70%, the contact between fibers may have a negative impact on the mechanical
properties, while 60-65% is a more compromised value [2,3]. In the automated material placement of
thermosetting resin prepregs, pressure is applied to the prepreg to bond it to the mould surface.
Therefore, the ability of the prepreg to be firmly bonded to the surface of the mould without peeling
or slipping depends on whether the tack is sufficient. The tack of prepregs is not simply the viscosity
or viscoelasticity but also involves the diffusion behavior of the resin molecules. To prevent tack
decay, thermosetting resin prepregs must be stored at -18°C after leaving the production line.
However, when manufacturing large-sized parts, the prepreg is ultimately exposed to room
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temperature conditions for an extended period of time, resulting in the steady loss of tack as the
exposure time increases during the handling life [4,5]. Andreas Endruweit's research found that as
downtime increases, the maximum tack force of prepregs decreases, and a lower processing speed is
required to obtain the maximum tack force [6,7]. It has also been found that as the ageing time
increases, the prepreg must be processed at higher temperatures to achieve maximum tack values
[8]. Although the tack of the prepreg can be adjusted by modifying the process parameters to meet
production requirements [9,10], exposing the prepreg to ambient temperature for an extended period
can cause its tack to become so low that it is unusable [11]. In this state, the prepreg can no longer
satisfy the requirements of AMP and must be scrapped [12-14], despite its unchanged mechanical
properties. This creates a huge waste, although the end-of-life prepreg can be reused as SMC [15,16].
Some prepregs with missing thermal history records are also discarded, even if they still meet the
process criteria, due to the lack of a reliable method to determine when the prepreg has reached the
end of its handling life.

Currently, researchers have developed resins that can be stored at room temperature for an
extended period of time [17,18]. However, for most prepreg products, it is still challenging to
maintain their processability for the automated material process at room temperature for an extended
time. Consequently, researchers have investigated the changes in prepreg during storage to
determine whether their processability remains sufficient for production. Presently, the primary test
methods include dielectric analysis [19,20], differential scanning calorimetry (DSC) [21,22], dynamic
mechanical analysis (DMA) [23], spectroscopic analysis [24], and rheometry [8,25]. However, the
physical and chemical studies' findings may not be perfectly predictable due to the prepreg's mixture
nature and imperfect resin dispersion at the microscopic scale.

Determining whether a prepreg is still within its service life depends primarily on whether its
tack meets the requirements of the process. In contrast to the physical and chemical test
measurements carried out in laboratories, composite manufacturers use a simple tack test for
prepregs. For example, the prepregs are placed upside down and are considered to have passed the
tack test when the prepregs can be held together without peeling off. Alternatively, the adhesion of
prepregs can be tested by the rolling ball method using ASTM D3121, the test standard for pressure-
sensitive adhesives.

Tack is an interfacial behaviour of the resin and the decay is caused by changes in surface
properties rather than overall ageing [26]. For prepreg-prepreg bonding, the polymer chains diffuse
between the resin layers on the prepreg surface. Intermolecular forces such as dispersion forces and
hydrogen bonding develop as the molecular chains come closer together [27]. The quality of surface
interactions is determined by the mobility of the polymer chains in the resin [28]. Ageing increases
the degree of curing of the resin and decreases molecular activity [6]. Although tack is affected by a
variety of factors such as resin content, fibre distribution and surface pattern [29], the tack decay due
to ageing is caused by changes in resin properties.

Wool [30] believes that the bond strength between the resins consists of a division into interfacial
strength and the force between the resin chains, the latter being determined by the distance the resin
chains move at the vertical interfacial distance. The law of force between resin chains is as follows:

o4 = gnoy [30] (1-1)
Where o4 indicates the force between resin chains, g is a constant, 7o means the total number of
constraints per unit volume of the virgin bulk material, and y means chains self-diffusing across the
interface to an interpenetration depth.

The diffusion motion of the molecular chain can be equivalent to the model of a random walk
chain diffusing in a tube [31,32]. As shown in Figure 1.
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Figure 1. a Processes of resin movement. b The model of a random walk chain diffusing in a tube.

The relationship of random penetration depth can be obtained as:
172 1/4
(7’) =a(2D2) (1-2)
Where ¢ is the coefficient, DC is the diffusion coefficient, and ¢ is the diffusion time.
Since D, depends on the molar mass M of the resin, so :
D ~1/M (1-3)
Since the tack of prepregs is difficult to measure through simple chemical testing methods,
researchers have changed their minds and begun to measure tack values directly through mechanical
property testing. For example, some researchers have explored a compression-pull test method
where multiple layers of prepreg are bonded together by pressure and then the force required to
separate the layers is measured [33]. Other researchers have measured the force required to remove
a probe from the prepreg surface to define the tackiness of the prepreg [34,35]. Both of these methods
measure the maximum normal stress during the separation process, which is important for
preventing defects such as bubbles and wrinkles in the prepreg [36]. The peeling experiment,
however, characterizes the average peeling force, which is more representative of the lay-up process.
To simulate lay-up conditions, researchers have designed different experimental devices, such as
those by Crossley R] [37] and Brooks JR [38] shown in Figure 2. However, the device in Figure 2a
requires a metal plate as the substrate, limiting its test range, while the device in Figure 2b has
significant noise in test results due to sample vibration during peeling.

Figure 2. a Crossley R] 's experimental equipment , b Brooks JR 's experimental equipment.

There are fewer studies on the tack decay law of prepregs at different temperatures. And the
tack decay of prepregs increases the management cost of composite manufacturers. Therefore, in this
paper, we will investigate the decay law of prepreg tack at different temperatures and propose a unit
to establish the relationship between tack and remaining shelf life to reduce the manufacturer's
management cost.
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In this paper, the term "handling life" specifically refers to the handling life of automated
material placement. The paper is divided into four parts: the first part provides the research
background, the second part describes the experimental device design and experimental
methodology, the third part presents and discusses the results, and the fourth part is the conclusion.

2. Experimental Equipment and Method

2.1. Experimental Equipment

Crossley RJ's device controls the angle of peeling [37] and Brooks JR's device simulates the
automatic tape laying process [38]. This paper summarises the advantages of both solutions to design
a test device. The test device is shown in Figure 3, which contains two parts: the automatic laying
platform and the peeling fixture. The automatic laying platform was designed based on the basic
functional requirements of a tape lay-up machine and consists of a work platform and a laying head.
The work platform surface can fix the prepreg by negative pressure, and a weighing sensor is placed
at the bottom of the work platform to provide feedback on the laying pressure. The laying head
consists of a 60mm diameter rubber pressure roller, cylinder, and support frame. The hardness value
of the pressure roller is 30A-35A. The cylinder provides uniform and controllable pressure to the
prepreg tape being laid through the pressure roller. The laying head is installed on the guide rail of
the work platform and is driven by a motor, allowing the platform to lay prepreg up to a maximum
width of 150mm. The entire system is controlled by a PLC (Programmable Logic Controller). During
the sample preparation process, the prepreg to be bonded is placed on the platform and in the guide
groove, and the laying pressure and speed are set. The laying machine is started to complete the
bonding. In this study, the laying speed was set to 50mm/s and the laying pressure was set to 500N.

To solve the problem of high noise from the force sensor caused by sample oscillation during
peeling, this work designed a special peeling fixture, as shown in Figure 3b. The fixture consists of a
support frame, clamping head, traction end, guide columns, and peeling rollers. The clamping head
is connected to the traction end via a wire rope pulley system. After clamping the prepreg, the
universal testing machine pulls the traction end to peel it. During the peeling process, the guide
column on the frame can constrain the prepreg to only move vertically, the peeling roller constrains
the peeling angle of the prepreg, and the transparent limiting plate constrains the swinging direction
of the prepreg.

b

. Traction end
Laying head
Guide columns

Clamping hecad

Support frame Pecling rollers

Work platform

Figure 3. a Automatic lay-up platform, b Peeling test fixture.

The ageing experiment was conducted using the CH225R-type environmental test chamber from
Tuode Environmental Testing Equipment Co., Ltd. This chamber has a temperature control accuracy
of +1°C within the range of -10°C to 100°C, and a humidity control accuracy of +5%RH.
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2.2. Experimental Materials

This paper tests three types of carbon fiber epoxy uni-directional prepregs that are widely used
in the aerospace industry, namely T, C, and H. The T-type prepreg has a resin content of 35% by
weight, while the C-type and H-type prepregs have a resin content of 34% by weight. The
manufacturer of T-type prepregs has provided a handling life table, which shows the decay rate of
the handling life of the AMP process at different ageing temperatures, as presented in Table 1. This
paper aims to study the tack decay rate of the sample. If the theory proposed in this paper is correct,
then the decay rate should be consistent with the handling life decay rate provided by the
manufacturer.

Table 1. Manufacturer's recommended handling life table for T-type prepregs.

Temperature Handling life decay rate ratio
<26°C 1
26~32°C 2
32~37°C 3
37~43°C 4.5

2.3. Experiment Procedure

To evaluate the tack decay rate of T-type prepreg at different ageing temperatures, an
experimental matrix was established as presented in Table 2. Since the humidity in the production
workshop was constant and the manufacturer's data did not include changes in humidity, it was not
considered a variable in this study. To ensure significant differences among the test values, the most
severe value in Table 1 was chosen as the experimental condition, and the humidity was set at
65%RH. To guarantee uniform changes in the life value between adjacent test points, ageing times at
various temperatures were calculated based on the life decay rate ratio.

Table 2. Ageing test table.

Ageing temperature /°C 43 37 32 26
5.3 8 12 24

21.3 32 48 96

Ageing time /Hour 37.3 56 84 168
53.3 80 120 240

69.3 104 156 312

The prepregs were cut to the size shown in Figure 4a and then placed into the CH225R-type
environmental test chamber. After ageing, the prepregs were transferred to a constant temperature
room at 23°C for testing following sample preparation on the automatic lay-up platform. The samples
were clamped on the designed peeling fixture and tested. The load-displacement curve obtained from
the experiment includes a low plateau region and a high plateau region, as shown in Figure 4b. The
former is due to the frictional force generated by the entire system, and the latter is the result of the
former plus the tack of the prepreg. Figure 4c shows that the resin distribution is inhomogeneous and
therefore the loads do not present a straight line. Contamination of the bonding surface was
prevented during the ageing process and sample preparation. To minimize sample ageing during the
waiting period, the 9 samples were divided into 3 groups for testing, and each point on the graph
was obtained from the average of 9 experiments.
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Figure 4. a Dimensions of the specimen. b Load-displacement curve for T stripping. c Inhomogeneous
distribution of the resin.

3. Results Analysis and Discussion

Analysis of Ageing Results

The tack decay curve of T-type prepreg after ageing is shown in Figure 5. Due to the long
experimental period, it was not possible to ensure that the same batch of prepreg was used for each
experiment. As a result, the curves have different intercepts. The focus of this study was on the tack
decay rate, so using different batches of prepreg would not affect the results. The slope of the tack
decay rate after ageing at different temperatures was fitted, and it was found that the decay rate
increased with increasing temperature. Calculate the ratio of decay rates at different temperatures
relative to 26 °C. The ratio of decay speed at different temperatures is 1.0 (26°C) : 1.9 (32°C) : 3.1 (37°C)
: 4.9 (43°C). The results of R? are shown in Table 3, which shows a good fit for the decay results. The
deviations between the ratio of the fitted results and the manufacturer's results were -5% (32°C), 3.3%
(37°C) and 8.9% (43°C), respectively. While it is not possible to know the manner in which the
manufacturer evaluates the prepreg decay rate, the methodology used herein yields similar results.

045 L —u—26°C
—e—32°C

040 —a—37°C

' 035 |- —v—43°C

N~

0 20 40 60 80 100 120 140 160 180
Time/h

Figure 5. Decay of tack of T- type prepreg at different ageing temperatures.
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Table 3. R? test for T-type prepreg.

Temperature T- type prepreg of R2
26°C 0.996
32°C 0.995
37°C 0.905
43°C 0.989

Several studies have demonstrated that ageing causes an increase in the Tg (glass transition
temperature) of the resin [8,39,40], which proves that the resin reacts during the ageing process.
Prepreg tack depends on the properties of the resin. Therefore, the rate of decay of prepreg tack at
different temperatures should be positively correlated with the rate of reaction of the resin. The
reaction rate of the resin at different temperatures follows the Arrhenius equation.

k=Ae """ (3-1)
Where k is the reaction rate constant, A is the Arrhenius constant, Ex is the activation energy of the
reaction, R is the gas constant, and T is the thermodynamic temperature.

Jankovi¢ [41] used the invariant kinetic parameters method to obtain a reaction activation energy
of 71.4 k]J/mol for the T-type prepreg's resin. The ratios of the reaction rates calculated using the
Arrhenius equation (3-1) were 1.0 (26°C), 1.8 (32°C), 2.8 (37°C), 4.7 (43°C), respectively. This result
deviated from the data provided by the manufacturer of the T-prepreg by -10.0% (32°C), -6.7% (37°C),
and 4.4% (43°C), and from the experimental results by -5.3% (32°C), -9.7% (37°C), and -4.1% (43°C).
This result indicates that the results of tack decay are consistent with the rate of chemical reaction
and indirectly demonstrates that the curing reaction of the resin is a factor in the tack decay of the
prepreg. The ratios of decay rates are shown in Figure 6.

| l:l Result of the Manufacturer
- Results of the Experiment
i - Results of the Arrheniusz Equation

w £y
T

Ratio of decay rate
N
T

1
0 m
26 32 37 43

Temperature/°C

Figure 6. Ratios of tack decay rates obtained by different methods.

In order to establish a relationship between the change in tack value of the prepregs and time,
the magnitude of the decrease in tack for one hour of ageing at 26°C/65% RH was recorded as a unit
of handling life. 26°C/65%RH meets the environmental conditions of most composite material
workshops. Using the unit of handling life as the horizontal coordinate, the curve of tack change with
the unit of handling life is plotted. Figure 7 shows the change in tack of T-type prepregs with handling
life unit. The four curves in the figure show the same slope, which indicates that when the handling
life unit is the horizontal coordinate, the tack decay at different temperatures shows the same law.
The unit of handling life allows the composite manufacturer to translate the available tack range of
the prepreg into the maximum operating downtime at 26°C/65%RH. Even if the prepreg is subjected
to complex temperature ageing during downtime or transport, the remaining handling life can be
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determined by measuring the difference between the tack of the prepreg and the minimum tack
permitted for production. The handling life unit establishes a relationship between tack and
remaining shelf life and reduces the cost of managing prepregs for manufacturers.
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Figure 7. The tack of T-prepregs at different ageing temperatures decays with handling life unit.

To evaluate the method's applicability to other products, C-type and H-type epoxy prepregs
were also tested using the method, and the results are presented in Figure 8a and Figure 9a. The
decay rates of C-type prepreg at different ageing temperatures are 1 (26°C):2 (32°C):3 (37°C):12.3
(43°C), while those of H-type is 1 (26°C):2 (32°C):3.6 (37°C):4.6 (43°C). The decay curves for each
prepreg are parallel when using the handling life unit as the horizontal coordinate, as shown in
Figure 8b and Figure 9b. It is observed in Figure 8 that in the final stage of ageing, the slope of the
tack decay curve slows down, which is due to the slower reaction rate as the degree of cure increases.
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Figure 8. Decay of tack of C-type prepreg at different ageing temperatures. a Change in tack over
time. b Change in tack with handling life unit.
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Figure 9. Decay of tack of H-type prepreg at different ageing temperatures. a Change in tack over
time. b Change in tack with handling life unit.

The test method in this paper can also obtain the results of its tack decay rate at different
temperatures on H-type & C-type prepregs. It proves that this method has good adaptability between
different types of prepregs. The R>-test results of the above two prepregs are shown in Table 4.

Table 4. R? test for T-type prepreg.

Temperature H- type prepreg of R? C- type prepreg of R?
26°C 0.981 0.547
32°C 0.983 0.705
37°C 0.900 0.707
43°C 0.862 0.793

4. Conclusion

In this paper, a new prepreg tack test device is designed by combining the advantages of existing
studies, which is based on the T-peeling method to obtain the tack results. The results are well
migrated for the automatic tape laying process. We have investigated the law of decay of prepreg
tack with time at different temperatures, and the experimental measurements do not deviate more
than 8.9% from the reference values given by the manufacturer. The decay of prepreg tack is due to
the curing reaction of the resin, and the reaction rate at different temperatures was calculated by the
Arrhenius equation, which is similar to the decay law obtained from the tack experiments.

The article proposes the concept of a handling life unit, which is used as a life unit by measuring
the value of tack lost by ageing a prepreg for one hour at the operational ambient temperature. This
concept allows for the establishment of a relationship between prepreg tack and remaining shelf life,
reducing the administrative costs for manufacturers.
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