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Langer Kamp 8, this adhesion is often reduced in case of the mold-based part production and its
38106 Brunswick, Germany unavoidable application of release agents. Due to the resulting presence of release

agent residues on the surface of the cured CFRP-parts the adhesion is lowered. To
increase the bondability and correlating production efficiency, the amount of release
agent transfer should be as small as possible, to reduce the effort in terms of bonding
pre-treatment. To achieve this goal, a theoretical, qualitative model about the influence
of the relevant processing parameters for a thermoset CFRP-production was developed
focusing the (diffusion-based) transfer reduction based on an adapted processing.
Indicating the time in which the diffusion is possible, as the main criteria.
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Background
The application of carbon-fiber reinforced plastics offers a high potential to decrease the
weight of structural parts, without decreasing the performance of the product. Thus, the
general and specific efficiency (e.g. eco-efficiency) is enlarged [1, 2]. Unfortunately, there
are significant challenges within the assembly respectively joining process of CFRP-
parts, especially if the matrix is a thermoset system. Conventional joining techniques
cannot be applied due to its chemical composition (for example welding) or show sig-
nificant disadvantages (mechanical joining e.g. riveting). The performance is decreased
by the application of mechanical joints, since the elements cut the load bearing fibers
or the fibers are cut by the priory performed drilling process. In addition a notch effect
occurring around the rivet [3, 4]. Compared with classical joints, adhesive bonding is
therefore the more promising joining technique due to a more homogeneous load distri-
bution and its capability to join thermoset and even different materials [5].

To provide a structural and durable bond, the adhesion between the CFRP-part and
the adhesive has to be guaranteed [6], which is actually the most relevant challenge
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during the assembly process. The challenge is based on the fact, that independent from
the specific manufacturing process, most of the CFRP-parts are produced in molds [7].

To guarantee the demolding of the cured parts, release agents are used. Within the aero-
space industry (where thermoset matrix systems are widely used), external release agents
are applied to coat the mold prior to the curing process [7]. After the crosslinking reaction
of the resin-system and the demolding of the parts, release agent residues are found on
the parts surface as several times shown (e.g. [6—9]). This indicates a release agent transfer
during the production of the parts. These release agent residues lower the adhesion of the
parts and therefore their initial bondability [10]. Within industrial applications, the chal-
lenge of the relatively bad initial bondability is solved by an additional process step—the
bonding pre-treatment. Even if there are different approaches, like a laser [8] or plasma [9]
application, which allow a sufficient and potentially automated bonding pre-treatment, it
is still an additional process step which lowers the production efficiency.

To increase the production efficiency, an optimum of the “bonding quality” (as a parameter
for the bondability) consisting out of “effort in terms of bonding pre-treatment’, “contamina-
tion tolerant adhesive” and “surface cleanliness” respectively release agent transfer (see Fig. 1)
has to be found. Those parameters are chosen because with a high level of every specific
parameter a good bondability can be reached. For example, in the case that a very clean sur-
face should be bonded, no bonding pre-treatment has to be performed (therefore its effort
is small) and also the adhesive do not have to be contamination tolerant. Another example
could be, that if an intense bonding pre-treatment was performed also surface which were
not clean before can be bonded with a standard, non contamination tolerant adhesive.

To reduce the effort in terms of bonding pre-treatment the applied adhesives need to
be more contamination tolerant or the release agent transfer has to be as low as possible
to achieve a clean surface. Due to the fact, that there are no adhesives, which show the
relevant tolerance for the typical release agents, the release agent transfer has to be low-
ered to increase the production efficiency. Unfortunately, the correlation between the
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and contamination tolerant adhesive (A¢)
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release agent transfer and the CFRP-part production process has not yet been investi-
gated in literature.

However, there are some publications about a contamination tolerant bonding process
of thermoset adhesives [11, 12]. During these investigations, the aim was to absorb as
much contamination as possible in the adhesive to achieve an adequate bonding per-
formance. This is mainly the inverse goal of the process presented in this study. As an
approach, the models used for a contamination tolerant bonding process were inversely
used and adapted with focus to the CFRP production and its process parameters to
achieve the general goal, namely to subsequently reduce the release agent transfer by an
adapted processing of the CFRP-system.

Therefore, the main objectives of this study were to identify the most relevant produc-
tion parameter, which theoretically influence the release agent transfer and furthermore,
to judge about their influence on this transfer. Based on the literature, this investigation
shell be summarized to a qualitative model, which is the base for further investigations
to finally increase the initial bondability of CFRP-parts.

Fundamentals for the bonding performance of untreated CFRP

Normally, the process parameters of a specific CFRP-production method (e.g. autoclave
process) are chosen to achieve a high interlaminar quality [13] or to reach a fast part pro-
duction [14]. Unfortunately, the correlation of specific process parameters on the release
agent transfer has not been investigated so far and is therefore subsequently discussed.

During the presented approach, the release agents respectively its residues (e.g. sili-
cone oils or silicone resins) on the mold can be seen as contaminations [15]. Within
the autoclave process, the liquid matrix is interacting with these contamination layers,
which represent a nonpolar surface.

Resulting, two aspects become relevant for the subsequent demoldability and conse-
quently bonding performance of the demolded parts, namely the interaction of func-
tional groups during the crosslinking reaction and the diffusion of contaminations inside
the resin during its crosslinking process.

Interaction of functional groups

Besides the highly relevant diffusion of contaminations, one reason of the bad bonda-
bility of untreated demolded CFRP-parts is their nonpolar surface state. This nonpolar
state can be explained by the orientation of the functional groups during the crosslink-
ing reaction of the thermoset resins.

During this reaction, the functional groups of the uncured resin try to achieve the
favorable energetic state [16]. In general, interactions with internal (within the resin) or
external groups can be formed and are mainly influenced by the polar or nonpolar state
of the functional groups. In epoxy resins, the molecules (especially ethers) can mainly be
classified as negatively polar [16]. In the case of a positive polar environment (e.g. clean
metal surface) and due to the energetic state, the functional groups of the resin interact
with the metal surface in form of intermolecular bindings [16] resulting in a sufficient
adhesion between metal and resin.

In the case of a nonpolar environment, (for example release agent coated molds), the
interaction of these groups with the surface molecules would not lead to a favorable
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energetic state. Thus, the polar molecules are orientated towards the internal polymer
network and the nonpolar molecules of this network are located towards the surface of
the polymer [11]. This finally leads to the fact, that the surface of the cured resin respec-
tively CFRP becomes nonpolar.

Finally, the same process becomes relevant during the subsequent bonding pro-
cess. The nonpolar surface of the CFRP demolded out of release agent coated molds,
only shows a few possible interaction points for the functional groups of the adhesive
to create intermolecular bindings. Based on the state, that those bindings are the most
relevant interactions for a sufficient adhesion, this results in a relatively low adhesion
between CFRP and adhesive and therefore a poor bondability.

Diffusion of contaminations

Due to the fact, that release agents are often stoved on the molds prior to the first pro-
duction cycle, a displacement (on a macro-or microscopic scale) of the contamination by
the resin has a minor relevance. Therefore, the presence of release agent residues inside
the top layer of CFRP-samples [17] has to be explained by diffusion processes, which is
the most relevant process to justify the bad initial bondability.

This diffusion process is exemplarily shown in Fig. 2. At the beginning of the CFRP-
production process (Fig. 2a) the total amount of release agent (N,) is distributed only
on surface of the metallic mold (A), while no release agent is inside the resin. During the
curing process the release agent molecules start to diffuse inside the resin. This leads
to the fact, that at the end of the production process there is a gradient of release agent
residues inside the cured resin (Fig. 2b). In the case, that x describes their location per-
pendicular to the mold surface, it can be seen, that the contamination ratio (C) of the

a t=0, T = const.
resin
(diffusible volume)
X
release agent
Xo (contamination)

metallic mold

C(x = 0, t = 0) = Ny/A
C(x>0,t=0)=0

b t>0, T = const.
Xp - N ‘s
Xy

diffusion of contaminations

Xg —
metallic mold

C(xo) > C(x1) > C(x2)

Fig. 2 Contamination distribution: a initial, starting point; b at the end of the process
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resin with release agent molecules decreases with increasing x (C(x,) > C(x;) > C(x,) for
Xg < Xp < Xy).

So, the diffusion describes a diffusion flux (J) or an amount of particles resp. sub-
stances which flow through a unit area during a specific time unit. Based on the first
Fick’s law (Eq. 1) [18], this diffusion flux is proportional to the concentration gradient
(shown by change of the concentration ratio over the location) with regard to a propor-
tional factor D—the diffusion coefficient.

7—_pd¢ (1)
0x

With this equation it is possible to calculate a diffusion current, but due to the fact,
that the concentration and with it the diffusion flux changes this model has to be
enlarged to be able to calculate the global diffusion [18].
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Based on the assumptions that a mass preservation (Eq. 2) is given, meaning that the
change of the concentration over the time is negatively proportional to the change of the
diffusion flux over the location and the first Fick’s law (Eq. 1), the diffusion equation can
be defined to [18]:

aC 9 [ _oC 3*C
5= (250) =2 (5 ©

The second Fick’ law (Eq. 3) finally correlates the temporal and local change of the con-
centration. Based on the literature (cf. [19, 20]), the diffusion of contaminations (release
agent molecules) inside the resin can be justified by the second Fick’s law. In the specific
case of this paper, the equation includes the contamination ratio at a specific location
(x) perpendicular to the mold surface (cf. Fig. 2) and the diffusion coefficient (D) and
describes a diffusion based on the local concentration difference between contamination
(release agent) and resin (matrix) over the time (t).

To reduce the contamination diffusion (6) and therefore the release agent transfer,
the diffusion coefficient has to be as small as possible during the production cycle until
the gel point is reached (t,.) [21], because from this point on the established polymer
network does not allow further diffusions afterwards. This finally leads to the following
optimization problem (Eq. 4), namely the minimization of the integral.

tgel

= mind = /Ddt (4)
0

Finally, by reducing the contamination diffusion, the surface of the CFRP will be
more polar, because of the absence of nonpolar contaminations, which results in better
bondability.
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Theoretical considerations for CFRP-processing

Besides the characteristics of the raw materials (e.g. release agent formulation, resin for-
mulation or fillers), the release agent transfer is depending on the processing during the
crosslinking reaction of the resin. This dependency is subsequently discussed to identify
the different influences.

Characteristics of the CFRP-production

Due to the fact, that in the initial state the resin can be characterized as a fluid, the diffu-
sion coefficient can be described based on the Stokes—Einstein equation. Thus, the diffu-
sion coefficient for the contamination diffusion can be calculated (Eq. 5) by considering
the temperature (7), the Boltzmann constant (kg), the viscosity (1) of the resin and the
size of the diffusing particle, which can be described by a geometrical factor (f) (cf. [11]).

kg-T
Dsg = D(T.f,n) = Jf ; (5)

Unfortunately, during the production of thermoset CFRP-parts the diffusion is hin-
dered by the polymerization of the matrix resin. While for example higher tempera-
tures decrease the viscosity of the resin, which favor the diffusion of contaminations,
the polymerization is also accelerated by higher temperatures. Correlating, the time in
which a diffusion is possible is decreased by higher temperatures, which results in the
fact, that also the curing time is a function of the temperature.

Previous investigations [11] about the contamination diffusion relating to the contami-
nation tolerant adhesive bonding proved a strong influence of the viscosity on the diffu-
sion process and developed a model (Eq. 6) based on the time dependent temperature
and viscosity.

tgel

_ kg - T(¢t) ; )

s @ T(@)

Due to the fact, that the time dependent gel point is often hard to measure resp. iden-
tify it is useful to use other approaches. One approach is given by Macosko and Miller
[22]. They stated that due to probabilistic models of the average molecular weight (m,,)
the gel point for adhesives resp. resin with epoxy/amine basis is reached, when the
molecular weight becomes infinite wich describes a characteristic crosslinking degree
(X). Finally, the gel-point X, (Eq. 7) is depending on the ratio of the functional groups
of epoxy- to amine hardener component (r) and the functionality of the hardener com-
ponent (f,)

1
Xl = )

Considering those thoughts, von Hayek-Boelingen [11] defined the model about the

contamination diffusion as followed based on the crosslinking degree (Eq. 8):

Xgel

kg-T dt
FoaGT) dx ®)
0
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While the time dependencies were considered in previous investigations about con-
tamination tolerant bonding process, the influence of typical autoclave process param-
eters were neglected. Therefore, the model shown in Eq. (8) has to be extended by the
process parameters autoclave pressure (p) and the applied vacuum (v).

This finally leads to the relevant question, namely how the process parameters time,
temperature, autoclave vacuum (v) and pressure (p) (especially with their time depend-
encies) influence the polymer network with regard to a contamination diffusion until the
gel point is reached.

Influence of time
As stated before, the diffusion of the contaminations inside the resin is due to a differ-
ence in terms of the concentration. Due to this fact, the diffusion is on one hand theoret-
ically limited based on a leveled concentration, but on the other hand and for the given
fabrication system the limitation can be neglected. Focusing the CFRP-part production
the part thickness is significantly larger than the contamination layer thickness, which
results into an almost infinite volume in which the contamination can diffuse.

Therefore, it is significant to reduce the time, in which a diffusion occurs. Based on the
fact, that the diffusion is possible until the gel point is reached, the correlating gel time
should be minimized (Eq. 9) to reduce the amount of diffused contaminations, resulting

in a smaller contaminated resin volume.
= min (Xg) )

Influence of temperature and heating rate

Concerning the release agent transfer respectively contamination diffusion, the temper-
ature has two major aspects in its influence. On one hand the simple influence on the
diffusion coefficient and on the other hand the influence on the viscosity have an impact.

Focusing the general approach for the description of the diffusion by a diffusion coef-
ficient (see Eq. 2), it is obvious that an increased temperature leads to a higher diffusion
coefficient, thus resulting into a thicker contamination layer on the CFRP-parts. Due to
this fact, the temperature should be generally as small as possible until the gel point is
reached to reduce the diffusion, without considering the higher crosslinking speed with
higher temperatures.

Otherwise, the temperature has a significant influence on the viscosity, especially if
prepreg-systems are used. Concerning the chosen approach (see Eq. 8), the viscosity
should be as high as possible to reduce the contamination diffusion. Figure 3 shows the
correlation between viscosity and temperature for a representative prepreg-system. In
addition, three relevant phases are marked in the diagram, which are relevant for the
release agent transfer.

In contrast, to conventional two-component adhesives or liquid resins, the viscosity
of the matrix within prepreg semi-finished parts shows a significantly different behavior
and therefore also the release agent transfer is influenced. At room temperature, the vis-
cosity is relatively high and slowly decreasing while the temperature is increased. After a
material specific temperature, the viscosity is relatively low and remains in this state for
a relatively small temperature range. Further increases of the temperature lead to a sud-
den and significant increase of the viscosity.



Blass et al. Appl Adhes Sci (2017) 5:16 Page 8 of 14

Rheology
Viscosity/poise
10000§ Phase | Phase Il Phase |
7 1 1
] 1 1
1 1
10004 I I
E 1 1
] 1 1
4 1 1
1
100 i == oo o N e o o Nerit
3] 1 1
- 1 1
7 1 1
0 1 1
T T T T T T
40 65 90 115 140 165 195
Temperature °C
Fig. 3 Correlation of viscosity and temperature for a representative prepreg-system [23] with the schemati-
cally representation of critical viscosity and the relevant phases

Focusing the release agent transfer, three phases are relevant. With regards to the fact,
that a diffusion is only technically relevant for a defined viscosity range below a critical
viscosity (1) it has to be mentioned, that at the beginning of the CFRP-processing, the
diffusion respectively the release agent transfer is not that crucial due to the high viscos-
ity which is higher than the critical viscosity (phase I). Further increases in terms of the
temperature lead to a further reduction of the viscosity until a plateau is reached (phase
II). After the gel point is reached, the viscosity increases rapidly and nearly no more dif-
fusion is possible (phase III). Even if the temperature range, in which the viscosity is
below the critical viscosity, is relatively small, the amount of diffused contaminations can
be reduced by the time horizon of this temperature range respectively the heating rate.
Concluding, a high heating rate would reduce the amount of diffused contaminations.

To judge about the relevance of the previously mentioned aspect of an increased diffu-
sion coefficient by an increased temperature and the reduced diffusion due to the viscos-
ity-profile, the crosslinking process of the epoxy resin has to be considered.

Due to the ongoing crosslinking reaction, an increase of the temperature leads to a
significant reduction of the gel time (see Fig. 4) in which the diffusion is possible. In con-
trast, an increase of the temperature do not favor the diffusion this strongly [11].

Based on these conclusions and desiring a minimum amount of release agent trans-
fer, the authors of the present study suggest, to increase the heating rate and the tem-
perature due to the reduced gel time, with regards to material specific temperatures (e.g.
decomposition temperature).

tgel

= max/T(t)dt (10)
0

Influence of autoclave vacuum
During autoclave processes, a vacuum is applied to the CFRP-parts (typically more
than — 0.8 bars compared to the atmosphere [25]). This is mainly done, to increase the
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Fig. 4 Generalized time-temperature-transformation (TTT) diagram [24]

interlaminar quality of the parts [13, 26] (e.g. to reduce the amount of voids inside of the
part [27]). Nevertheless, in theory the applied vacuum also has an impact on the release
agent transfer.

Therefore, it has to be considered, that within a vacuum the atmosphere varies signifi-
cantly compared to normal conditions. Especially two aspects become relevant—at first
the absence of oxygen and second the absence of moisture in comparison to the ambient
atmosphere.

In general, at ambient atmosphere the presence of oxygen lead to the possibility for
interactions between the molecules of the resin or the hardener, which could be very
specific reactions for a specific material selection.

Focusing the impact of moisture on the polymer network within epoxy systems, a
closer look on those systems has to be done. Within typical epoxy systems the epoxy
resin react within a polyaddition with an amine hardener [28]. Unfortunately, the amine
hardeners are hygroscopic and have the tendency to react within side reactions with
water [29], for example shown by Sanjana et al. [30] for the reactivity of an epoxy based
prepreg.

Resulting, both effects (the presence of oxygen and the presence of moisture) lead to
side reaction within the crosslinking process of the epoxy. Those side reactions bind
reaction partners for the original reactions. This lead to an unfavorable share of hard-
ener to resin components and therefore in a slower curing [31] due to a reduced number
of reaction starting points, which finally increases the gel time.

In addition, the vapor pressure of the release agent could also be relevant, if silicone
oils are parts of the applied release agent. At higher temperatures, those silicone oils
have a relatively low vapor pressure [32], which could be critical for the CFRP-processing
and would may be indicate a negative effect of an applied vacuum on the release agent
transfer. Nevertheless, even if the vapor pressure is reached during the production cycle,
the volatile components of the release agent are mainly sucked outside of the laminate
by the applied vacuum system within the experimental set-up (e.g. by the application of
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vacuum bags [27, 33]), proven by the reduction of voids after the application of an higher
vacuum [13].

Due to these effects, a diffusion of contamination molecules or particles is favored,
if the reaction is performed under normal atmosphere. Therefore, the applied vacuum
should be as high as possible (Eq. 11) to reduce the amount of side reactions until the gel
point is reached.

tgel

= max/v(t)dt (11)

0

Influence of autoclave pressure

Besides processing time, temperature and autoclave vacuum, the autoclave pressure is
the last relevant process parameter within CFRP-part production in aerospace produc-
tion lines. Generally, the autoclave pressure guarantees in combination with the applied
vacuum the interlaminar quality of the CFRP-parts and is varied up to 8 bars [33, 34].

Focusing the release agent transfer three aspects become relevant due to the applica-
tion of an additional pressure inside the autoclave. Those aspects are at first the increase
of the viscosity [35], the reduction of the free-volume within the resin and a better con-
tact between the resin and the contamination layer due to an increased pressure [36].

One model to describe the viscosity of a polymer during its crosslinking reaction is the
free volume theory by Williams, Landel and Ferry [37]. Within this theory, the viscos-
ity is determined by the volume of the resin, which is not occupied by the atoms of the
polymer chains [38]. During the crosslinking reaction, the polymer chain is more and
more enlarged, and therefore the free volume is reduced, which increases the viscosity
[39] due to a reduced mobility of the molecules [40]. Unfortunately, there are no investi-
gations which directly deal with the influence of an additional pressure on the viscosity
of an epoxy resin, but in theory, there is an increase of the viscosity, due to an applied
pressure [37]. This effect is also justified by the reduction of the free volume due to the
additional pressure and the following reduced mobility of the molecules.

In theory, the reduction of the free volume within the liquid resin has another impact
on the diffusion. The free volume within the resin also represents space, through which
the contaminations can diffuse easier [41]. Therefore, if the free volume is reduced, also
the infusibility of the resin by the contamination molecules is hindered.

The third aspect of the impact of an increased autoclave pressure is the closer interac-
tion respectively an enlarged contact surface between the contaminations and the resin.
An additionally applied pressure leads to the facts, that on the one hand, the resin mol-
ecules are forced towards to the contamination layer and on the other hand, the surface
wetted by the resin is increased, because the resin is pressed also in small pores [16].

Focusing, the shorter distance between the resin and the contaminations, the diffu-
sion paths to reach a specific penetration depth are also smaller. Concerning the signifi-
cance for the release agent transfer, this is relevant, since for a given gel time this leads
to a thicker contamination layer which subsequently leads to a higher effort in terms of
bonding pre-treatment to achieve the sufficient cleanliness of the surface.

Comparing the impact of the three aspects, the authors assume, that a noticea-
ble increase of the viscosity and the decrease of the free volume due to an increased
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pressure require a significant higher pressure (more than one magnitude) than realized
within an autoclave process, as for example shown by Radusch et al. [42] for thermoplas-
tics. Therefore, the third aspect is characterized as the relevant one, which lead to the
conclusion, that the applied pressure should be as small as possible (Eq. 12) to achieve
the cleanest surface state with the least amount of release agent residues, which limits
the adhesion.

tgel

= min/p(t)dt (12)
0

Discussion of the developed model

As mentioned before, the cleanliness of the CFRP surface after demolding should be as
high as possible to reduce the effort in terms of bonding pre-treatment respectively to
allow an initial durable bonding of those parts. Therefore, the release agent transfer (5,,,)
during the part production should be as small as possible.

With regard to the positive effects of a reduced gel time (“Influence of time” section),
an increased temperature (“Influence of temperature and heating rate” section), an
increased vacuum (“Influence of autoclave vacuum” section) and a decreased autoclave
pressure (“Influence of autoclave pressure” section), the process-parameter based con-
tamination diffusion release agent transfer (8,) (Eq. 13) can be defined to:

8p =t - Dp(T(8),v(8), p(t)) (13)

The diffusion coefficient for the process-parameter based release agent transfer (D,)
can be stated as shown in Eq. (14):

p)

Dp(T®,v®).p®) = 7700

(14)

Within this equation, all parameters which increase the release agent transfer with
an enlarged value (time and pressure) are inserted in the numerator, while the param-
eters which decrease the release agent transfer with higher value are inserted in the
denominator.

With this definition and Eq. (5) for the general calculation of the diffusion coefficient
(Stokes—Einstein equation), the diffusion coefficient for the release agent transfer can
defined by the following equations (Eq. 15 resp. Eq. 16)

Dygt = Dgg - Dp (15)

ky - T(@®)  p)
fon T -v()

Dyt = (16)

Focusing Eq. (16) it can be seen, that the temperature is influencing as well the numer-
ator as the denominator. Due to the fact, that the influence within the second part of the
equation (representing) D, the temperature influence is representing the temperature-
influenced viscosity (see “Influence of temperature and heating rate” section), this factor
can be condensed with the factor of the viscosity, resulting in the final definition of the
diffusion coefficient for the release agent transfer (Eq. 17).
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Dy = 2 TO__ 2O

T fon@T@,p@) v (17)

Considering this thoughts and Eq. (2) this finally leads to the objective function
(Eq. 18).

tgel

min 8,4, = ke TO PO, (18)

J S @ T®,p@) ()

Even if all mentioned process parameters have an influence on the diffusion coefficient
respectively the release agent transfer, the crucial point is to reduce the time in which
the contamination diffusion is possible.

This can be realized by different approaches, even if the diffusion does not have a
high relevance for high viscosities (correlating with room temperature for the focused
prepreg systems), it should be considered that there is always a small diffusion of con-
tamination particles, once the prepreg is in contact with the mold surface respectively
the contamination layer. Resulting and if possible, the laminate lay-up should be per-
formed outside the coated mold, to initially reduce the contamination diffusion. Besides,
and once the laminate is within the mold, the most effective way to decrease the gel time
is to increase the temperature and the heating rate with regard to the material damaging
temperatures. As stated above, the slightly increased mobility of the contamination due
to an increased heating rate and temperature is more than leveled by the reduced con-
tact time and thus the reduced gel time.

Furthermore, a highly reactive prepreg system should be used to reach a fast crosslink-
ing of the resin. Besides the material formulation, the reactivity can also be influenced
by the processing prior and within the autoclave. Prior to the autoclave, the prepreg
should be stored at low temperatures, to reduce the amount of side reaction due to some
prepreg aging effects. Furthermore the laminate lay-up should be performed at condi-
tions, which do not favor side reactions (such as relatively low temperature and relatively
low moisture content) and the usage of in between vacuum applications of the layup will
decrease the content of trapped interlaminar side reactants (e.g. trapped air). Within the
autoclave, the amount of side reactions can be reduced by the application of a vacuum,
which should be as high as possible to reduce moisture and oxygen content within the
vacuum bag. In addition, the vacuum finally increases the interlaminar part quality.

Conclusions

The process parameters during CFRP-part production are mainly chosen to increase the
interlaminar quality or due to a fast production rate. Besides those aspects, the parame-
ters can also potentially influence the part quality in terms of the contamination of its sur-
face due to mold release agent residues. The presented correlations show, that there is a
significant potential to influence the release agent transfer during the production of fiber
reinforced parts by an adapted application of specific process parameters. Based on the the-
oretical interactions of the process parameters time, temperature, vacuum and autoclave
pressure with the contamination diffusion on the one hand and the polymer crosslinking on
the other, a theoretical, qualitative model about the influence could be established.
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Even if initial experimental results seem to underline the validity of the presented
approach and the established model, further work has to be done to finally prove the full
validity for different production processes and different materials to develop optimized
production cycles to reduce the release agent transfer. Furthermore, the need to estab-
lish correction factors to establish the quantitative model has to be proven. In addition,
the impact of these optimized production cycles on the CFRP performance has to be
investigated.
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