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A B S T R A C T

Fiber-metal laminates are a well-known and established material concept featuring an enhanced crack propa
gation resistance when compared to their metal and fiber reinforced plastic (FRP) constituents. In this paper, this 
approach is transferred to purely carbon fiber reinforced plastic (CFRP) based laminates made from layers having 
polyetherimide (PEI) and epoxy matrices in an alternating laminate architecture. The laminates are manufac
tured via hot pressing. Double-cantilever beam (DCB) tests are performed on standard samples for both the 
hybrid laminates in different configurations as well for the both constituent materials, i.e. carbon fiber reinforced 
PEI (CFR-PEI) and carbon fiber reinforced epoxy. As the formation of an interphase is already reported in 
literature for this matrix combination, microstructural investigations have also been carried out in addition to 
fractography on crack surfaces. It is shown that the hybrid materials outperform both constituents regarding the 
crack resistance when crack initiation starts in the tougher CFR-PEI layer and the laminate layup is 0/90◦. In the 
other configurations investigated, there is no significant effect. The energy dissipating mechanisms are crack 
jumping and the formation of several parallel cracks. Consequently, crack resistance in such hybrids might be 
controlled in future by adjusting the crack resistance of the constituents as well as the laminate architecture.

1. Introduction

Fiber-metal laminates based on aluminum and glass fiber reinforced 
plastics (GFRP) have been invented in the 1980s and reveal outstanding 
fatigue crack resistance and impact resistance [1], which is why this 
material class has been introduced in aircraft structures [2]. In the last 
decades, CFRP materials also made their way into aircraft structures as 
well as hybrid laminates based on aluminum (Al) and CFRP [3], named 
CARALL (carbon fiber reinforced aluminum laminates). One major 
shortcoming of CARALL laminates is the reduced corrosion resistance. 
Wu et al [4] report a reduction of the interlaminar shear strength in the 
range of 70 % for such a material system due to galvanic corrosion when 
immersed in electrolytic solution. Consequently, alternative hybrid 
laminates are sought for that combine the advantages proven for 
Al-GFRP laminates but overcoming the shortcomings that are evident 
when materials with a high difference in corrosion potential are used. 
One approach is the introduction of isolating interlayers [5] or a surface 
treatment of the aluminum reducing the difference in corrosion 

potential. Common approaches are chemical conversion or sol-gel pro
cesses leading to thin interlayers. An overview on these approaches is 
given by [6]. Furthermore, replacing aluminum by titanium (Ti) 
resulting in Ti-CFRP laminates also improves the corrosion behavior [7]. 
Nevertheless, titanium is a relatively expensive material with a lower 
lightweight potential than aluminum under bending load, which is a 
crucial load case for laminates.

Consequently, an alternative approach would be to replace the metal 
component in fiber-metal laminates (FML) by a different FRP material to 
enhance the crack propagation behavior. In this regard, Rzeczkowski 
et al. have shown that GFRP-CFRP laminates outperform their constit
uents regarding the GIC values measured in double cantilever beam 
(DCB) test. The increase was explained by the synergy between GFRP 
and CFRP having different stiffness as well as mixed-modes and fiber 
bridging phenomena [8].

In the last years, several reports had a closer look at bringing ther
mosets and thermoplastics together. Bauer et al. used continuously fiber 
reinforced epoxy to locally reinforce short fiber reinforced 
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thermoplastics [9]. However, the constituents were not co-cured, but the 
epoxy-based components already had been cured prior to injection 
co-molding. The same is true for the investigations carried out by Yud
hanto et al. [10] for adhesively bonded CFRP. Nevertheless, there are 
several reports on thermoplastic-epoxy interactions – recently reviewed 
by Deng et al. [11]. It is evident that the main motivation of co-curing of 
thermoplastics and thermosets has been the creation of a surface layer 
on the epoxy-based component that would allow for a subsequent 
welding process [12–14]. While most thermoplastics are not compatible 
to thermosets and do not interact, some promising candidates are pol
ysulfone (PSU), polyethersulfone (PES), both used e.g. by [12], and 
polyetherimide (PEI). PEI forms an interphase with epoxy showing a 
particle-like microstructure gradually morphing from epoxy to PEI [15]. 
Beside the three mentioned, many others have been reported to be 
compatible with epoxy, but regarding the potential application in 
demanding structural applications, PSU, PES and PEI are the most 
promising candidates.

Consequently, there are some reports on PEI used for welding pur
poses to epoxy-based FRP [14,16,17]. All the reports describe the for
mation of the gradual interface, as mentioned above, between the 
constituents. Consequently, functionalizing epoxy-based composites 
with PEI has been used by Chen et al. [18] to optimize the fiber-matrix 
interaction. Regarding the resulting properties, PEI has proven to be a 
toughening agent for epoxy [19]. Building on this, various authors 
report on the use of carbon nanotube-modified PEI in particular as a 
thermoplastic interlayer to improve the mechanical properties of the 
primarily adhesive interlayer. These interlayers are used both in rela
tively brittle thermoplastics (e.g., PEEK) and in epoxy-based CFRP [20,
21].

Interestingly, there are no reports to the knowledge of the authors, 
that tried to bring the concept of toughening CFRP with PEI interlayers 
to a both continuously fiber reinforced multilayer lay-up, i.e. to a ma
terial system that combines CFR-PEI with CFR-epoxy in a hybrid lami
nate to enhance fracture toughness. This would bring together the 
toughening effect of PEI for epoxy laminates and the toughening effect 
that has been reported for hybrid laminates in general with both con
stituents featuring a continuous fiber reinforcement offering load- 
carrying abilities.

This novel approach was chosen by the authors in the article at hand. 
Consequently, the aim of this contribution is to investigate the crack 
propagation in hybrid CFRP laminates with both continuously carbon 
fiber reinforced PEI- and epoxy-based layers in comparison to the 
behavior of the constituents. Alternating layers from CFR-PEI and CFR- 
epoxy allow for a formation of the interphases reported between each 

layer and establish the structural integrity of the overall laminate, 
although the consolidation is done following the consolidation cycle of 
the epoxy-based component without reaching the melting temperature 
of the CFR-PEI. In doing so, the material concept is quite similar to 
CARALL with the PEI replacing the aluminum layers and consequently 
overcome not only the corrosion issue but also providing a chemically 
bonded interface by forming an interphase.

2. Material and methods

2.1. Material

The materials used to manufacture the samples were unidirectional 
(UD) tape and prepreg materials, respectively. The tape used was a PEI- 
CF (Vf = 69 vol. %) tape provided by Cytec. The epoxy-based prepreg 
was HexPly 8552-IM7–33 %−134 (Vf = 67 vol. %). For the last- 
mentioned the miscibility with PEI has already been proven [22]. The 
nominal thickness after consolidation of the PEI-CF tape was approx. 
200–250 µm, for the HexPly prepreg approx. 125 µm. Consequently, a 
pair of two HexPly layers should correspond to one layer of PEI-CF tape 
regarding the thickness, which is taken into account when defining the 
layup and is mirrored in the notation used in Table 1. This is why 
“double layers” occur in the notation for the thermoset (TS) layers which 
correspond to a single HexPly layer with a thickness of then approx. 
200–250 µm. Furthermore, the notation should be read from the inlays 
to the outermost layers to get the symmetry of the laminate.

To investigate both the effects of fiber orientation and the matrix 
material, different layup configurations (cf. Table 1) have been manu
factured by hot pressing. The laminates were laid up manually from 
manually cut sheets with the dimension of 300 × 300 mm². As the width 
of the tape and the prepreg were both 300 mm, each layer was formed by 
a complete tape or prepreg and contained no inner seams. For the layups 
solely manufactured from thermoplastics, consolidation took place at 17 
bar and 320 ◦C for 30 mins. The heating/cooling ramp was 6 ◦C/min. 
During heating, the initial pressure was 2 bar. After 320 ◦C were 
reached, another dwell time of 10 mins was introduced before the 
consolidation process (17 bar, 320 ◦C for 30 mins) started.

The thermoset samples as well as the hybrid samples followed the 
consolidation cycle recommended by the manufacturer of the prepreg: 
after closing the mold, a pressure of 7 bar was continuously applied to 
the layup during the following steps. The layup was heated to 110 ◦C at a 
heating rate of 3 ◦C/min. After a dwell time of 60 mins, the layup was 
further heated to 180 ◦C at the same heating rate. At this consolidation 
temperature, the stack was kept for another 120 mins before cooling 

Table 1 
Tested laminate configurations. The lower case numbers indicate the number of repeating layers in the configuration given. “Inlay” names the position of the polyimide 
inlay in the layup, i.e. the symmetry layer of the whole stack. The notation should be read from the inlays to the outermost layers to get the symmetry of the laminate. 
The last line gives the approximate thickness of the consolidated plates. Color code in line 1: blue = thermoplastic laminates, green = thermoset laminates, orange =
hybrid laminates.
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down (still under constant pressure of 7 bar) to 40 ◦C at a cooling rate of 
5 ◦C/min.

As the layups were designed for DCB tests, they all contained a local 
inlay made from polyimide foil in the plane of symmetry of the layup. 
The foil was pretreated with release agent (Marbocote 227) on both 
sides prior to the consolidation of the layup. The designation of the 
samples (see Table 1) is as follows: H (= hybrid) lay-up, TP (= ther
moplastic) or TS (=thermoset) shows which material is at the interface 
of the crack initiation plane, 0/0 or 0/90 refers to the different fiber 
orientations: fully UD for 0/0, 0/90 with the UD layer at the interface 
and 90◦ layers following the stacking sequence shown in the table.

As layup configuration H(TP) 0/90◦ and H(TP) 0/0◦ contained two 
PEI-CF layers in direct contact at the center of the layup, a consolidation 
following the thermoset route would not lead to a consolidation at the 
center layer. Therefore, the two neighboring layers at the center 
including the inlay were pre-consolidated at 15 bars and 350 ◦C at 30 
mins. The higher temperature accounted for the lower pressure which 
was used to prevent squeezing the layers what would have increased the 
width and fiber ondulations. Afterwards, the layup was completed and 
consolidated following the consolidation process described for the hy
brids above.

The consolidation via hot pressing was performed on a 1000 kN 
hydraulic press (Joos LAP 100) under load control. As the consolidation 
had an influence on the final thickness of the consolidated plates, the 
number of layers was partially adopted. In doing so, all plates had a 
thickness in the range of 3.5 to 4.9 mm which is within the range of the 
standard used for testing (ISO 15024).

3. Methods

3.1. Sample preparation

After consolidation, the plates were cut using a semi-automated 
diamond blade cutter (CompoCut ACS300) using preset cutting pa
rameters for CFRP at a laminate thickness of max. 5 mm. The specimen 
geometry followed the standard ISO 15024 for DCB tests. The overall 
length of the specimens was 200 mm, with the inlay occupying 60 mm. 
The width of the samples was 25 mm. The approximate thicknesses of 
the consolidated plates are given in Table 1. The exact values for each 
sample have been measured prior to the DCB test using a calliper.

For the DCB tests, loading blocks made from aluminium were glued 
on the samples with epoxy glue (Loctite 3425), which hardened at least 
12 h at ambient temperature using a purpose-designed mold that was 
clamped mechanically. In doing so, a0 was in the range of 44–46 mm and 
determined for each sample set.

3.1.1. DCB tests
DCB tests according to ISO 15024 were performed on a Zwick 1455 

universal testing machine with a maximum load capacity of 20 kN and 
the corresponding load cell. The tests were monitored using a standard 
video camera automatically capturing an image every 2 s. The images 
were saved with a time stamp and correlated to the measured values. 
The crosshead velocity for the TP-samples was set to 5mm/min, for the 
TS- and the H-samples, the velocity was reduced to 2 mm/min. To follow 
the crack propagation, the samples were additionally continuously 
monitored using a magnifying glass. 23 markers at distances of 1, 2, 3, 4, 
5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 51, 52, 53, 54, 55 mm were 
put on the samples setting the trigger points for the crack propagation to 
be monitored. The test included an unloading-reloading cycle according 
to the standard to pre-crack the sample and define a proper initial state. 
If cracks were propagating too fast skipping markers, which rarely 
happened, the corresponding value was just left out. The tests ended 
after the crack reached the 55 mm mark. For every material configu
ration at least three valid tests were considered in the evaluation.

The tests were evaluated following the standard using an Excel sheet. 
Both CBT and MCC correction terms were applied for all the samples. As 

they did not show a significant difference, the MCC correction was 
chosen to be the basis for the results on display in this paper.

3.2. Microstructure analysis and fractography

To have a closer look at the microstructure as well as to investigate 
the damage evolution after the test, microscopy on both cross-sections as 
well as on the fractured surfaces have been performed. For the cross- 
sections, samples have been embedded in epoxy resins and grinded/ 
polished.

To prevent an interaction between the sample and the embedding 
resin, a fast and cold curing resin (Kulzer Technovit 4071) has been 
used. Samples were prepared the following route: Grinding with SiC 
paper 320 for 1 min, grinding with SiC paper 1000 for 1 min, grinding 
with SiC paper 2000 for 1 min, polishing with diamond suspension (3 
µm) for 4 min, polishing with diamond suspension (1 µm) for 2 min. For 
investigating the cross-sections of the hybrid laminates, these were 
etched by immersing the sample in pure N,N-DMF which serves as a 
solvent for the PEI matrix.

For samples that had been chosen to investigate the fractured sur
faces, the loading blocks were removed by cutting the samples again 
with a diamond saw approx. at the position −10 mm and 60 mm relative 
to the initial position of the inlay. In doing so, the samples could be 
recovered as one piece. Afterwards, the crack was opened manually until 
the samples were separated. Both the lower and the upper cracked 
surface of a representative sample of each configuration was investi
gated using a scanning laser microscope (Keyence VK-X1000) as well as 
a light microscope (Keyence VR-5000) to investigate the cracked sur
face. The laser scanning microscope also allowed to register the 
roughness in a semi-quantitative manner. The cross-sections mentioned 
above were also investigated using the laser microscope.

4. Results and discussion

4.1. DCB tests

Fig. 1 shows the results of the DCB test for the different material 
configurations investigated. The GIc values calculated for every crack 
propagation position based on the MCC correction are plotted vs. a. The 
results were clustered in different classes and are represented by 
representative curves. From the diagrams, it is evident that the pure 
thermoset materials feature the lowest GIc values in the range of 200 to 
300 J/m² remaining more or less constant along the travel of the crack. 
Furthermore, there is not a significant influence of the layup configu
ration, but it has to be mentioned, that the UD oriented layup (TS 0/0◦) 
shows slightly higher values than the biaxial layup (TS 0/90◦).

This effect is much more pronounced for the thermoplastic materials 
shown in the center of Fig. 1. Here we see a clear difference with the 0/ 
90◦ layup featuring the lower crack resistance in comparison to the UD 
samples. The influence of the fiber architecture in epoxy-based CFRP has 
already been assessed by Rehan et al. [23]. In their study, the UD ma
terial outperformed the 0/90◦ configuration by an increase of 33 %. The 
average values here are 20 % higher for the UD configuration, which is 
in the same range. Additionally, the overall crack resistance for CF-PEI is 
at a much higher level with GIc values between 1000 and 1500 J/m².

From literature, it is well known that PEI is tougher than epoxy, that 
is the main motivation of this work, too. Frassine and Pavan [24] 
investigated a carbon fiber reinforced PEI composite with a fiber content 
of 58 ma %. They found GIc values in the range of 2100 J/m². This is 
significantly higher than the values derived in this study, but the fiber 
content of 58 ma. % reported by [24] corresponds to a fiber volume 
content of approx. 46 vol. % (calculated with a density of 2 g/cm³ for the 
carbon fiber and 1,27 g/cm³ for the PEI), while the material investigated 
in the study at hand has a fiber volume content of 69 vol. %. As the pure 
PEI has a much higher crack resistance (cf. also [24]), this difference 
might be due to the different fiber content. Akkerman et al. [25] also 
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investigated a CF-PEI laminate with a fiber content of 60 % and found 
values of GIc in the range of 1000 to 1200 J/m², which is in very good 
accordance to this study for both the fiber content and the values ob
tained. Indeed, they also discussed the difference to [24], but could not 
find an explanation themselves. Unfortunately, there is no reference 
published in open literature that assesses the influence of the fiber ar
chitecture on the crack resistance in CF-PEI laminates. When taking the 
findings of [23] into account, it is reasonable, that this effect is not 
depending on the matrix and should be found in CF-PEI, too – which is 
the case in the study at hand.

To sum up, it can be stated, that the results for both the pure mate
rials, the TS and the TP laminates, are in very good agreement with 
literature.

For the hybrid laminates (H), there is a strong influence of the hybrid 
configuration on GIc. For H(TS) 0/90◦ having the starting crack between 
thermoset layers, the authors find no significant difference in the level of 
the GIc values. Fig. 2 shows indeed no obvious difference in the crack 
propagation behavior between TS 0/90◦ and the corresponding hybrid.

On the contrary, for hybrids with 0/90◦ architecture and starting 
cracks between thermoplastic layers (H(TP) 0/90◦), there is a pro
nounced hybridization effect evident: The level of the GIc values are in 
average even higher than those of each constituent, outperforming the 
CF-PEI layups, especially when taking the fiber architecture into 
account.

This behaviour can be explained with the crack propagation that can 
be observed during the mechanical test. For both TS 0/0◦ and TS 0/90◦

the crack follows the interface where it had been initiated by the 
inserted inlay. This is also true for H(TS) 0/90◦ having the crack also 
initiated between two thermoset layers. For both TP 0/0◦ and TP 0/90◦

the crack also follows the interface where it had been initiated by the 
inserted inlay with only minor effects on the crack travel such as crack 
bridging. In contrast, H(TP) 0/90◦ shows various effects such like crack 

jumping between the interface where it was initiated and adjacent ones 
as well as the initiation of cracks on parallel interfaces – regularly 
starting at an early stage of the crack propagation. This difference is 
already evident when following the crack propagation during the DCB 
tests and are presented in Fig. 3.

Obviously, the conditions at the crack initiation interface play a 
decisive role: if the crack is initiated at an interface with a relative high 
propagation resistance, it is likely to swap to parallel interfaces featuring 
lower crack resistance which seems to be the case for interfaces part
nered with thermoset layers. If the crack starts between two thermoset 
layers, it is already initiated at the weakest link in the composite hence 
remaining in this weak interface. Consequently, no mechanisms are 
initiated that would increase energy dissipation and consequently 
increasing the crack resistance represented by the GIc values. Indeed, 
Voleppe et al. [26] determined GIc values for the interface forming be
tween unreinforced PEI foil and epoxy resin. Depending on the curing 
cycle, values were between approx. 420 and 880 J/m² for the epoxy-PEI 
interface in comparison to ca. 170 J/m² for the neat epoxy resin with the 
PEI/PEI interface being at 4000 J/m². From that it can be concluded that 
the CF-epoxy/CF-epoxy interface is the weakest also for the hybrid 
laminates at hand – as well as the CF-PEI/CF-PEI being the strongest – 
and the CF-PEI/CF-epoxy featuring intermediate values. Consequently, 
the crack prefers to switch to potentially weaker interfaces when initi
ated in the strongest one. Indeed, this effect is disappearing, when the 
fiber architecture in the hybrid is UD only: For H(TP) 0/0◦ the hybrid
ization effect visible for H(TP) 0/90◦ cannot be detected anymore.

This is supported by the observations made during the test: the crack 
follows again the interface where it had been initiated without crack 
jumping and/or crack initiation on parallel interfaces as well as the GIc 
values remain more or less constant along the travel of the crack. This 
shows that the interface properties are not the only decisive factor but 
also the fiber orientation in neighboring layers. In H(TP) 0/90◦ the 

Fig. 1. Results of the DCB tests for representative specimens for the different composite configurations: pure thermoset samples (a), pure thermoplastic samples (b) 
and hybrid configurations (c).

Fig. 2. Exemplary images of crack propagation during DCB tests for H(TS) 0/90◦ hybrid laminates (a) in comparison to TS 0/90◦ (b). There is no evidence for a 
change in crack propagation mechanism confirming the GIc values on a comparable level.
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thermoset-based layers are mechanically matrix-dominated, which is 
not true for H(TP) 0/0◦

Following the results observed for the non-hybrid composites, i.e. TP 
and TS laminates, the expectation would be that the 0/0◦ architecture 
outperforms the 0/90◦ configuration. This is definitely not the case with 
the average GIc level of H(TP) 0/0◦ being 20 % lower in comparison to H 
(TP) 0/90◦ It is also interesting to see that H(TS) 0/90◦ behaves like TS 
0/90◦ and has the same characteristics as well as H(TP) 0/0◦ behaving 
like TP 0/0◦ with the GIc values still lower but on a comparable level. In 
contrast, H(TP) 0/90◦ has a pronounced hybridization effect.

Table 2 lists the average values of at least three valid samples for 
each configuration pointing out the differences discussed.

Indeed, from Table 2 another aspect that underlines the existence for 
a hybridization effect for H(TP) 0/90◦ only, showing an increase of 42 % 
for GIc in comparison to the initiation value while the other hybrid 
configurations have no significant change. Consequently, no significant 
increase in crack energy dissipation is taking place during the crack 
travel. Furthermore, it is obvious that all the configurations featuring 
neighboring TP layers at the level of crack initiation have the same level 
of GIc,0. The same is true for the crack being introduced between two 
thermoset layers. This means that for the crack initiation, the hybridi
zation of the laminate plays no role.

The hybridization effect only occurs during the crack travel which is 
again in line with the observations made as it is necessary to initiate a 
crack before crack jumping, parallel cracks or fibre bridging may occur. 
Indeed, fiber bridging is partially also present in CF-PEI. This explains 
the relatively high increase for TP 0/0◦ and the slight increase in H(TP) 
0/0◦ both showing this effect. Nevertheless, this effect pairs with crack 
jumping and the formation of parallel cracks in H(TP) 0/90◦ only.

4.2. Microstructure analysis and fractography

The investigation on the pristine cross-sections focussed on the 
hybrid samples to answer the question whether the interface reported in 
literature also forms in hybrid laminates. Indeed, this is the case for all 
the hybrids investigated. Furthermore, fiber orientation plays no role. 
Representative examples are shown in Fig. 4.

The thickness of the interface is in the range of 5 µm for all config
urations which is less than the 9–10 µm reported by [27] using a com
parable curing cycle but not the same epoxy system. Furthermore, [27] 
used a pure PEI film and not a CF-PEI tape. The same is true for 
Bruckbauer et al., who subdivide the interphase into three layers (an 
epoxy-dominated, a PEI-dominated and a bi-continuous phase) with the 
bi-continuous phase being in the range of 5 µm [28]. In preliminary 
work of one of the authors, a thickness of 70–80 µm at 180 ◦C processing 
temperature is reported [29], but these experiments were based on the 
corresponding resins in the A-stage, not in the B-stage like in the study at 
hand and in line with [27] and [28]. Indeed, for a B-stage, diffusion 
activity during curing might be less due to higher molecular weights of 
the ingredients. Nevertheless, the formation of the interface is clearly 
taking place as in diffusion inside the TP layer what is again confirming 
the state of the art [27–29].

For the investigation on the fracture behaviour, cross-sections of H 
(TP) 0/90◦ and H(TP) 0/0◦ samples at the crack tip region of DCB tested 
samples were chosen and presented in Fig. 5. It is clearly visible, that the 
crack in H(TP) 0/90◦ has left the interface where it was initiated, which 
is a further indicator for the crack jumping observed during the test. 
Furthermore, secondary cracks are visible. For H(TP) 0/0◦ the main 
crack was constantly travelling along the interface where it started.

The fractured surfaces clearly indicate a difference in crack 

Fig. 3. Exemplary images of crack propagation during DCB tests for H(TP) 0◦/90◦ hybrid laminates (b and c) in comparison to the corresponding sample TP 0◦/90◦

(a). Forming of parallel cracks (b, red arrow) and crack jumping (c, yellow arrow) indicate a pronounced change in crack propagation mechanism at an early state of 
crack growth in comparison to the pure TP sample.

Table 2 
Average GIc values for the different configurations evaluated in comparison to GIc,0. The GIc values themselves are calculated as the average along the crack travel, 
while GIc,0 is the initial value when crack initiation has been detected (NL point).
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propagation behaviour (cf. Fig. 6). Only for the HS (TP) 0/90◦ config
uration the crack propagates in a way that the neighboring 90◦ layer 
becomes visible on the cracked surface. The other samples reveal a 
relatively smooth surface when compared to H(TP) 0/90◦. TS 0/90◦ and 
TP 0/90◦ seem to be smoother when compared to TS 0/0◦ and TP 0/0◦, 
respectively.

As the laser scanning microscope used allowed for a semi- 
quantitative measurement of the surface roughness of the samples, 
this was done to confirm the impression from visual inspection. For each 
spot marked in Fig. 6, measurements along 29 lines were assessed and 
averaged. As the Rz is more sensitive to single grooves (compared to Ra), 
which are resulting on the cracked surface from crack jumping and the 
formation of parallel cracks, this value is taken for comparison. The 
values are given in Table 3.

Again, these values can be clearly correlated to the fractured surfaces 
displayed in Fig. 6 and the GIc values derived from the DCB experiments: 
High values for the roughness – especially when combined with high 
fluctuations – correlate to high GIc values as for TP0/0◦ and H(TP) 0/90◦

All other samples show a relatively smooth cracked surface with Rz 
values being on a more or less constant level of 180 to 280 µm. Indeed, 
the difference between the 0/90◦ and 0/0◦ configuration for both TP and 
TS can also clearly be seen for the roughness values. This again confirms 
the fact that for composite laminates crack propagation behavior may 
differ depending on the laminate architecture as stated by [24].

When looking at the cracked surface of H(TS) 0/90◦ in comparison to 
H(TP) 0/90◦ both shown in Fig. 7, it is evident, that the formation of 
grooves on the fractured surfaces is also present in some small areas of H 
(TS) 0/90◦ Nevertheless, the crack here does not reach the adjacent 
thermoplastic layer or the interface inbetween, which is clearly indi
cated by the fiber orientation visible in the grooves. This in contrast to H 
(TP) 0/90◦, where groove formation is much more pronounced (cf. 
Fig. 6) and the crack does reach the adjacent thermoset layer featuring a 
90◦ fiber orientation. The pronounced crack formation is mirrored in the 
high values of Rz even increasing along the crack travel corresponding to 
the high GIc values and underlining the hybridization effect.

Indeed, this effect may also come from the fact, that the epoxy-based 

Fig. 4. Cross-sections of H(TS) 0/90◦ (a), H(TP) 0/90◦ (b) and H(TP) 0/0◦ (c). Red arrows mark the interphase formed between the PEI and the epoxy matrix.

Fig. 5. Cross-sectional view at the end of the tip (red arrows) of the main crack in a H(TP) 0/90◦ sample (a) in comparison to a H(TP) 0/0◦ sample (b). An exemplary 
secondary crack is marked by a yellow arrow. The interface of crack initiation is marked by a dashed line. The annex (c) to image (b) shows the position of the main 
crack in H(TP) 0/0◦ in relation to the edges of the sample.

Fig. 6. Fractography of tested laminate configurations: view on the upper half of the cracked sample. Width of every sample displayed is 25 mm. Black spots in H(TP) 
0/90◦ indicate the visibility of the 90◦ TS layer. The yellow squares mark the positions of the roughness measurements (see below).
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prepregs had to be doubled to get the same thickness as for the CF-PEI 
layers. Consequently, there is an “inner” interface existent for the TS 
layers only. Still, the grooves indicating the travel of the crack to adja
cent layers is very rare for H(TS) 0/90◦ which coincides with the low 
roughness and GIc values.

To sum up, it can be stated that the results from the fractographic 
investigations are well in line with the results from the DCB tests and 
confirm the findings discussed regarding the hybridization effect.

5. Summary and conclusions

The aim of this contribution was to investigate the crack propagation 
in hybrid CFRP laminates with PEI- and epoxy-based continuous fiber- 
reinforced layers in comparison to the behavior of both CFRP constitu
ents. It can be stated, that a hybridization effect, i.e. the hybrid sur
passing the properties of both the constituents, can clearly be seen for 
distinct laminate configurations when the starting crack is initiated 
between two CF-PEI layers and the stacking sequence is 0/90◦. For this 
case, the GIc values even exceed the level of the single constituents by 
approx. 60 % (when compared to the TP 0/90◦ configuration) and even 
by approx. 550 % (when compared to the TS 0/90◦ configuration). The 
effects are based on a change in crack propagation mechanisms, based 
on crack jumping between different interfaces as well as the initiation of 
parallel cracks, which could be proven by means of fractography as well 
as observing the crack travel during the DCB experiments. The following 
conclusions can be drawn: 

- Based on thermoplastics compatible to epoxy systems, hybrid lami
nates can be consolidated following the epoxy consolidation route as 
long as alternating layer architecture is chosen. Otherwise, a pre
consolidation of neighboring thermoplastic layers is necessary.

- The hybridization effect is depending on an alternating layup of the 
thermoset-/thermoplast-based laminates.

- The hybridization effect is based on a change in crack propagation, in 
detail by triggering crack jumping and crack initiation in parallel 
interfaces.

- The hybridization effect is not occurring, when the crack is initiated 
in the weakest interface present, but pronounced, when the crack is 
initiated in the strongest interface.

- The fiber orientation in the hybrids plays a role for the existence of a 
hybridization effect, too, as can be seen from the characteristics 
given in Table 2. Consequently, the hybridization effect in such 
hybrid laminates might be controlled by interface design and lami
nate architecture.

The investigations at hand show, that fiber reinforced hybrid lami
nates based on continuously fiber-reinforced thermoset and thermo
plastic matrices represent a promising material concept, that offer high 
lightweight potential and overcome disadvantages that are observed in 
fiber-metal laminates. Manufacturing follows a well-established route 
and might even be automated in fiber placement processes as the lam
inates are based on well-established prepregs or tapes. In doing so, the 
material has the perspective to become a purely CFRP-based successor of 
CARALL or other fiber-metal laminates.

Nevertheless, it has to be pointed out that not every hybrid laminate 
investigated in this study showed improved crack resistance. The effect 
is strongly based on the location of crack initiation, which is done in a 
controlled manner here. Consequently, to transfer this knowledge to 
laminates under near-service loads, other crack-initiating mechanisms 
such like fatigue and impact behavior are still to be investigated.
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