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Abstract

An evaluation of the influence of curing cycles lwitarying heating rates on interphases between
thermoplastic surfaces and thermoset carbon filmnfarced plastics (CFRP) is presented.
Polyetherimide (PEI) films were co-cured with abmar fiber (CF) reinforced resin system based on
tetraglycidyl methylene dianiline (TGMDA) and aromeahardeners in a vacuum-assisted resin
transfer molding (VARTM) process. Dissolution expents of PEI within a hot stage set-up revealed
a strong dependency of the curing cycle and amoftidissolved material. Furthermore, single-lap-
shear tests gave evidence that the curing cyclethaddimension of the interphase affects the
composite’s performance with an average differesfcapproximately 82 % in the apparent shear
strength of the specimens. The development of hieentoplastic rich interphase, especially the
interaction with the fiber architecture, is belidv® be the dominant effect in relation to the fuae
behavior and overall performance of the composite.

1. Introduction

The application of thermoplastic surfaces on thaesh&FRP offers new possibilities of joining CFRP
parts with flexible and efficient processes suclfua®n welding or film diffusion welding. Therelity

is possible to overcome the drawbacks (weight, iguahanagement...) of state-of-the-art joining
technologies for thermoset CFRP currently usedimspace industry such as adhesive bonding or the
use of mechanical fasteners. However, the intepbasween thermoplastic and thermoset is a key
element where polymer compatibility and effectprfcessing have to be considered in more detail.

Some thermoplastics, such as polyethersulfone (PEdysulfone (PSU) and polyetherimide (PEI)
are known to be soluble in the uncured resins ane Ibeen used to toughen epoxy resins without
decreasing other desirable mechanical propertieq.[If such a suitable combination of thermoset
and thermoplastic surfacing medium is used, arr-itiffusion of macromolecular chains of both
materials takes place. As the epoxy resin curegpag interfacial bonding between the thermoptasti
and the epoxy is formed by a reaction induced plsagaration mechanism [9h the case of a
thermoplastic surfacing layer, a gradient threedatigional interphase between the thermoplastic and
the epoxy resin develops during curing of the re$he solubility of the thermoplastic in the epoxy
resin system is strongly dependent on temperafudlettae crosslinking progress of the resin system.
Differences in curing conditions can cause divenag¢erial morphologies [6, 7].
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Usually the manufacturer or user of a resin systiefines a curing cycle to guarantee the desired
properties of the cured resin system. A curing eydnsists of a defined heating and cooling rate, a
curing temperature and curing time. Sometimes eguaycle includes several dwells in dependence
of the resin system or the processing technologyveéver, the temperature profile can vary due to the
low thermal conductivity of the resin and the exsthic heat of reaction during crosslinking [8].
Furthermore, the loading of an oven or an autocleas influences the curing conditions [9].
Therefore, certain tolerances must be acceptednvatburing cycle.

Up to date only a few activities focused on gratlieterfaces between thermoplastic films and epoxy
resins [10-13] and the influence of the curing dbads on gradual interphases have not been
addressed in detail.

This study provides information about the effect differences in the curing cycle on the
characteristics of interphases between epoxy residsthermoplastics. The dissolution, as the first
step of interphase formation, of PEI during curdygles with heating rates from 0.5 K/min up to

5 K/min is determined. The effect of interphaseesihas been evaluated by single-lap shear tests and
optical microscopy of composite cross sectionssibtes reasons for interphase properties and their
consequence on interfacial bond strength are peapos

2. Materials and Experimental Details

2.1 Materials

Polyehterimide (Ultem 1000, Ajedium Films, Solvag))y amorphous thermoplastic, was selected for
the study.

The resin system used for all experiments was esspace grade epoxy resin, based on tetraglycidyl
methylenedianiline (TGMDA) and aromatic hardenefst liquid composite molding (LCM)
processes. The fiber reinforcement of LCM-manufactulaminates was composed of layers of
commercial non-crimped fabrics (NCF), based or9@? biaxial layers of carbon fibers (HTS 12K).

2.2 Sample Preparation

Composites out of NCF and thermoplastic films fiogke-lap-shear testing were made in a vacuum-
assisted resin transfer molding (VARTM) processe Tiwold was in each case preconditioned with
release agent (Locite 770-NC Frekote), evacuatddhaated up to 100 °C. Afterwards the preforms
were infused with LCM-resin. Heating to the finalre temperature of 180 °C was realized with

different heating rates between 0.5 K/min and 2/GiK. The final curing temperature was kept

constant for two hours, followed by a slow coolirgpecimens for single-lap-shear tests had a
thermoplastic film in the middle layer of the fioinforced composite (0°/9Q2PEI-(90°/0°).

2.3 Characterization Technigues

An optical microscope Olympus BX41M equipped withaamera Olympus SC30 was used to analyze
cross sections of CFRP specimens. The specimen patished and etched with dichloromethane
(DCM) to remove the PEI fraction. Additionally the@croscope was used to observe the dissolution of
PEI in the epoxy resin system during different mgrcycles. For this purpose, a hot stage Mettler
Toledo HS82 with a controller unit HS1 was combimgth the microscope. Three strips of PEI film
were embedded in a drop of epoxy resin, covereld avglass slide, and placed onto a sample holder.
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The dissolution process was investigated for teatpe cycles with different heating ramps between
0.5 K/min and 5 K/min until 180 °C and a subsequeming at 180 °C for two hours.

Single lap shear tests were performed accordirigIfoEN 2243-1. The composite specimens had a
thickness of approximately 2 mm, a width of 25 namd a length of 238 mm. The length of overlap
was 12.5 mm. The specimens were tested using aensaivtesting machine model UPM 250
(Hegewald & Peschke) with a rate of loading of 88 At room temperature. For each composite type
at least six specimens were tested.

3. Results and Discussion
3.1 Dissolution experiments

Dissolution experiments have been made within é&c#pange of heating rates allowed in curing
cycles for aerospace epoxy resin systems. Thetage £xperiments show a strong dependency of the
curing cycle and dissolution progress (Figure Bl $tarts to dissolve at approximately 120 °C and
the width of a PEI film decreases in dependendbetemperature and the state of crosslinking @f th
resin system. For a cycle with a heating rate & B/min the dissolution process stops at
approximately 160 °C whereas for a heating rate l§fmin the dissolution process lasts until a darta
period of time at 180 °C.
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Figure 1. Dissolution of thermoplastic film width during déffent curing cycles of epoxy resin.

The final amount of dissolved material or dissolVigd width is listed in Table 1. It varies betwean
heating rate of 0.5 K/min and 5 K/min by 76 %. Agected, high temperatures and low degrees of
crosslinking are favorable to dissolve a lot ofrtheplastic material in the epoxy resin system.

Table 1.Dissolved film width in different curing cycles.

Heating rate 0.5 K/min 0.7 K/min 1.1 K/min 2 K/min 5 K/min

Dissolved
filmwidth  S1Hm 38.6 um 495um  56.0um  60.0 um
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3.2 Single-lap-shear tests

Single-lap-shear (SLS) tests are a good meandongarative evaluation of bonds. The loading
conditions are a mixture of shear stress and pessss which is typical for bonded aircraft struetu

As shown in previous work [14] the joining by mearfishermoplastic-thermoset interphases showed
good results comparable or even higher than mdnolieference samples. In this study, the influence
of heating rates was investigated with samples maiie0.5 K/min, 1.1 K/min and 2.6 K/min, which

is the limit of the RTM press used. It has to bentivmed that heating rates higher than 2 K/min only
lead to minor differences for the amount of disedlyaterial (see Table 1).

The shear strength of the various composites medsising the single-lap-shear test method is
summarized in Figure 2. All values are normalizethe values of samples made with the lowest
heating rate of 0.5 K/min. The shear strength dRERoints with thermoplastic films correlates with
the amount of dissolved thermoplastic film. Theheigthe heating rate, the more material is dissblve
and the higher is the apparent shear strength.

250 4
200
150 4

100 -

relative shear strength [%]

50 A

SLS-PEI-0,5K SLS-PEI-1.1K SLS-PEI-2,6K

Figure 2. Single-lap shear strength

Fracture surfaces of SLS samples are shown in &iguiSpecimens manufactured with 0.5 K/min
have near the interphase cohesive fractures ondiaelk of the adherents. In contrast, specimerdcure
with 2.6 K/min show fracture of the adherent b) &itlre in the area of the first fiber plies adjat

to the PEI interlayer.

Figure 3. Fracture surfaces of SLS specimens produced withating rate of 0.5 K/min a) and 2.6
K/min b) and c).
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3.3 Microscopy

Etched and polished cross sections of compositeirapa (Figure 4) reveal an increasing penetration
depth of the interphase in the carbon fibers wihng heating rate. The etched PEI rich interphase
visible as white dots between the carbon fibersarh side of the remaining PEI film in the middie o
the specimen. The different fracture behavior ef $pecimen, shown in the previous section, can be
attributed to the interphase dimension. The thefastic domains pose as obstacles for cracks and the
crack requires additional energy to propagate. Aigh amount of inherently tough thermoplastic in
and adjacent to the joining zone is supposed thie resistance of the composite under shear and
peel loads.

Figure 4. Penetration depth of interphase between carborsfinespecimens produced with a heating
rate of 0.5 K/min a) and 2.6 K/min b).

3. Conclusion

The curing cycle influences the interphase dimeansimd mechanical performance of a CFRP
structure. It could be shown that the heating phisa range typical for technologies such as tqui
composite molding (LCM) or the autoclave routireepf major importance for the dissolution step of
interphase formation. AlImost the whole dissolutieaction takes place during heating. Low heating
rates lead to less dissolution of thermoplasticntiiigh heating rates. It is assumed that high
temperatures and simultaneously a low degree ddstnking are favorable to dissolve a lot of
thermoplastic material in the epoxy resin syst&hS tests gave evidence that curing cycle and
amount of dissolved thermoplastic affects the casitpoperformace with average differences of
approximately 82 % in the apparent shear strendtth® specimens. Furthermore, the fracture
behavior changes from near the interphase cohé&sisteire to fracture of the adherent. Cross sestion
showed growing thermoplastic rich interphase regifon increasing heating rates. The high amount of
inherently tough thermoplastic in and adjacent jbining zone is supposed to affect the resigtanc
of the composite under shear and peel loads pelsitiv

Altogether, the study provides basic informationtloé characteristics of CFRP components with
thermoplastic surfaces for new joining applicatioRecommendations for specifications and design
criterions can be derived.

Future attempts are directed towards the intenaatfothe fiber architecture and the development of
the interphase structure as well as on the infleasfcphysical and chemical environmental effects.
Another key aspect, currently under investigatisrihe effect of crosslinking on the final morphgjo

of the interphase and its dependence on the mexhqu@rformance of the composite.
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