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A B S T R A C T   

The aim of this study was to determine the effect of the metal surface roughness on the mechanical performance 
of titanium-unidirectional C/PEKK composite joints. Various surface morphologies were obtained by grit-blasting 
the titanium surface using different blasting pressures. Subsequently, test coupons were manufactured by co- 
consolidating titanium-unidirectional C/PEKK in an autoclave. Topographical characterization of the titanium 
surface and evaluation of interfacial fracture toughness were carried out, in order to correlate joint mechanical 
performance to titanium’s roughness parameters. Furthermore, crack surface analysis was conducted, by means 
of optical microscopy, to identify and quantify the failure mechanisms driving joint mechanical performance. 
Results show that rougher surfaces significantly improve the fracture toughness of the hybrid interface. For ti-
tanium surfaces with an average roughness exceeding 2.5 μm, the interfacial fracture toughness was found to be 
comparable to the interlaminar fracture toughness typically measured for thermoplastic composite laminates.   

1. Introduction 

Reduction of fuel consumption and carbon dioxide emissions is one 
of the challenges faced by the aerospace industry. Arguably, weight 
reduction is one of the most promising ways forward. In this scenario, 
thermoplastic composites (TPCs) offer a promising solution, being light- 
weight materials characterized by high specific properties, such as 
higher toughness, and impact resistance compared to thermoset com-
posites, as pointed out by Chang and Lees [1]. Additionally, Offringa 
showed that TPCs reduce manufacturing costs as they are suitable for 
process automation, thanks to their melt-processable matrix [2]. This 
allows composite consolidation without any chemical reactions 
involved as well as direct recycling without separating fibers and matrix, 
as investigated by Schinner et al. [3]. 

Many aerospace applications require metal inserts in composite 
structural components. For instance, fiber reinforced plastic plies can be 
combined with metal sheets, to make fiber metal laminates (FMLs). 
FMLs are attractive as they demonstrate excellent fatigue behavior and 
impact properties as shown by Vogelesang and Vlot [4]. FMLs, such as 
GLARE, are mainly utilized as fuselage skin materials for aircraft. 
Recently, FMLs based on titanium and TPCs have been gaining attention. 

Titanium alloys are superior materials with higher temperature and 
corrosion resistance compared to aluminium alloys. Therefore, their 
combination with high temperature resistant TPCs, could result in 
high-performance FMLs with higher toughness and service temperatures 
compared to FMLs currently in use. 

Metal inserts provide another way to combine composites and 
metals, facilitating structural interconnection for a typical aircraft 
structure, which is made out of multiple parts that are joined together at 
a later stage. 

The traditional joining techniques are mechanical fastening and 
adhesive bonding. When TPCs are used, a third joining technology 
generally referred to as co-consolidation or co-molding can be adopted. 
This method consists of joining metals and TPCs during a standard 
composite consolidation process such as autoclave consolidation or 
press forming. The former process is called co-consolidation and can be 
used to manufacture hybrid structures such as FMLs as investigated by 
Ramulu et al. [5]. The latter process is called co-molding and is used to 
integrate metal inserts in the composite structure as investigated by 
Seidlitz et al. [6]. The two different processes are schematically repre-
sented in Fig. 1. In both cases, when the two materials are heated up, the 
thermoplastic resin is in a molten state and acts as an adhesive while 
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composite consolidation occurs. 
As composite consolidation and bonding to the metal are achieved in 

a single process, the additional curing step of the adhesive is avoided, 
thereby saving time, costs and leaving out the additional material. 
Additionally, integrating metal inserts during composite forming rep-
resents an appealing solution to avoid drilling the composite laminate 
after consolidation, which is also expensive, time consuming and causes 
fiber damage at the location of load introduction. These aspects make 
co-consolidation a promising replacement for the above-mentioned 
traditional joining techniques. The key for a successful implementa-
tion of co-consolidation technology is understanding, optimizing and 
controlling the development of the mechanical performance of the 
metal-composite interface. Baldan [7] shows that the mechanical per-
formance depends on the interaction between the two different adher-
ends. This interaction occurs between the metal and the polymer matrix 
on different length scales, and it can be either mechanical, physical or 
chemical. The mechanical interlocking model proposes that, at the 
micro-scale level, the adhesion between two materials is a consequence 
of the mechanical keying of the polymer adhesive into the superficial 
irregularities of a substrate. Physical and chemical interactions, at the 
nano-scale level, are the result of secondary force interactions and pri-
mary bond respectively. These bonding mechanisms occur when inti-
mate contact is realized between two dissimilar substrates. To promote 
or enhance one or more bonding mechanisms, metal surface preparation 
prior to the joining step is essential. Several surface treatments can be 
considered to improve metal-composite adhesion. Treatments like 
anodizing, etching or the use of primers (as reported by Molitor et al. [8] 
and Baldan [9]) modify the metal surface energy or chemistry, thereby 
promoting physical and chemical interaction. Treatments like hand 
abrasion, grit-blasting or laser treatment mechanically modify the sur-
face morphology by increasing the surface irregularities and thereby 
enhancing mechanical interlocking between the two adherends. For a 
co-consolidated metal-TPC joint, mechanical interlocking is promoted 
by high temperatures, as the molten polymer can flow into the pores and 
irregularities of the metal surface. Experimental research from Kim et al. 
[10] as well as several numerical studies have shown that mechanical 
interlocking is a key factor for improving the mechanical performance of 
the metal-polymer interfaces by promoting different toughening mech-
anisms. Shahid et al. [11] studied the effect of mechanical interlocking 
on joint strength and pointed out that the increase of the mechanical 
performance may be caused by the deflection of potential straight crack 
paths from the interface into the bulk of the polymer, resulting in a 
higher work required to further propagate a crack. Li et al. [12] as well 
as Razavi et al. [13] showed that the toughening effect of the interface is 
due to the alteration of the stress field near the crack tip. A further study 
from Lee et al. [14] showed that a micro-patterned surface causes a 
higher toughness due to a larger fracture process zone. 

The efficacy of the mechanical interlocking mechanism has been 
demonstrated by Su et al. [15] for metal-TPC interfaces. However, the 
correlation between morphology and adhesion properties has not been 
systematically investigated yet. According to Pan et al. [16] this is a 
challenging aspect since the optimum surface morphology depends on 
the adherends considered as well as on the type of load applied at the 
interface. The objective of the current study is to investigate the corre-
lation between metal surface morphology and fracture toughness of 
co-consolidated titanium-unidirectional (UD) C/PEKK composite joints, 
focusing on the analysis of the failure mechanisms that cause variation 
in mechanical performance. In this study, the titanium surface was 
treated by means of grit-blasting. This is one of the most widely used 
treatments, as it is fast and easy to perform compared to anodization or 
etching, and has low operational costs compared to laser treatment 
(Molitor et al. [8]). Various titanium morphologies were created by 
grit-blasting with different parameters. Subsequently, the topography of 
grit-blasted surfaces was characterized by confocal microscopy to reveal 
the morphological changes of the surface with the change of blasting 
parameters. Test coupons were manufactured by co-consolidating tita-
nium strips and UD- C/PEKK tapes in an autoclave. Afterwards, the 
fracture toughness of the hybrid interface was assessed via the mandrel 
peel test. Finally, crack surface analysis via SEM and optical microscopy 
was carried out in order to identify and quantify the failure mechanisms 
driving the joint mechanical performance. 

2. Experimental methods 

2.1. Materials 

Grade 5 titanium (Ti–6Al–4V), commonly used in aerospace, was 
employed in this study. It was supplied by Singeling B.V. in strips. The 
TPC material selected was the UD C/PEKK (poly ether ketone ketone) 
tape Cetex TC1320® provided by Toray Advanced Composites. This TPC 
tape has a fiber volume fraction of 59% and a nominal thickness of 0.15 
mm. It is manufactured using AS4 fiber and Kepstan® PEKK resin. 

Fig. 1. Schematic representation of the co-consolidation process.  

Fig. 2. Cross sectional micrograph of the as-received C/PEKK tape embedded 
in epoxy resin. The fibers are uniformly distributed in the tape, thus the tape is 
characterized by a limited amount of resin at the surface. 
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Fig. 2 shows a typical cross section of the as-received C/PEKK tape. It 
is characterized by a smooth surface and a uniform distribution of the 
fibers. As a consequence, the tape has a limited amount of resin at the 
surface, typically insufficient for wetting the metal substrate. Therefore, 
an additional layer of pure Kepstan® PEKK with a thickness of 50 μm 
was placed between titanium and composite adherends. The PEKK film 
ensured a proper wetting of the titanium surface leading to a reasonable 
bonding. 

2.2. Metal surface preparation 

The titanium was pre-treated prior to the co-consolidation. As a first 
step, the titanium strips were ultrasonically cleaned in ethanol for 15 
min to remove dust and potential contaminants. The first set of speci-
mens consisted of a smooth titanium surface, obtained by manually 
polishing the titanium strips using abrasive SiC papers with gradually 
smaller grit sizes. A further fine polishing step was carried out using 
different diamond suspensions of decreasing particle size consecutively 
down to a size of 1 μm. The polishing treatment was followed by a 
second cleaning step in an ultrasonic bath with ethanol for 15 min. The 
sample manufactured with polished titanium strips was considered the 
baseline sample. A second type of sample investigated consisted of co- 
consolidated titanium- C/PEKK coupons manufactured with titanium 
strips having an as-received surface. 

Additionally, five different titanium surfaces, with different degrees 
of roughness, were generated using grit-blasting treatment. The blasting 
media employed was alumina oxide (Al2O3), with a sieve mesh number 
of 60 (particles dimension between 150 and 350 μm). The surface 
morphology was varied by using different blasting pressures (1, 2,3, 5 
and 7 bar). Furthermore, for all the surfaces, a blasting angle of 90◦ and 
a distance from the nozzle of 50 mm were adopted. After each blasting 
treatment, the titanium strips were ultrasonically cleaned in ethanol for 
15 min. Subsequently, compressed air was applied to further remove 
contaminations left by the blasting particles. 

2.3. Mandrel peel samples preparation 

The mandrel peel samples, schematically represented in Fig. 3, 
consist of titanium strips, with dimensions of 120 × 10 × 2 mm3, co- 
consolidated with a single film of pure PEKK polymer followed by a 
single layer of UD C/PEKK tape. The waiting time between titanium 
surface treatment and co-consolidation was 4 h for all samples (as sug-
gested by Su et al. [15]). Additionally, both the PEKK film and the 
C/PEKK tape were dried at 100 ◦C for 24 h prior to specimen fabrication 
in order to remove any moisture (as investigated by Slange et al. [17]). 

A schematic representation of the specimen fabrication process is 
shown in Fig. 4. A wide UD C/PEKK tape is placed on top of a flat mold 
followed by a layer of PEKK film and then by the titanium strips. The 
strips were positioned in a steel frame in order to keep them aligned to 
the fiber direction during the co-consolidation. Another purpose of the 
steel frame was to prevent fibers and polymer from bonding to the edges 
of the titanium strips. 

The initial crack, required by the mandrel peel test, was created by 

wiping the first 50 mm of each titanium strip with a release agent 
(Marbocote 227-CEE). The steel frame was wiped with the same release 
agent to prevent bonding to the composite tape and the polymer. For the 
baseline sample and for each type of titanium morphology created, six 
mandrel peel specimens were manufactured using an autoclave co- 
consolidation process. The autoclave cycle (temperature and pressure 
parameters) is represented in Fig. 5. 

2.4. Mechanical characterization 

A way to test the fracture toughness of hybrid interfaces is repre-
sented by the peel test, as shown by Karbhari et al. [18] and Hiede et al. 
[19]. Among the various types of peel tests available, the mandrel peel 
test was used in this work. The mandrel peel test was proposed for the 
first time by Kawashita [20] to assess the fracture toughness of 
epoxy-metal joints. Additionally, Su et al. [21] showed that this test can 
be used to quantify the mechanical performance of hybrid titanium-TPC 
interfaces. Although the toughness measured via mandrel peel test 
corresponds to a mixed mode fracture, it is reported to be predominantly 
mode I by Kawashita [20] and Sacchetti et al. [22]. Fig. 6 shows a 
schematic view of the setup. The titanium substrate is clamped to a 
sliding table and the UD composite tape is bent around the mandrel. 
Fracture of the peel arm is prevented by conforming it to the mandrel. 
The radius of the mandrel has to be chosen properly to prevent the tape 
strain to exceed the critical strain of the fibers. A mandrel radius of 10 
mm was used in this research. A constant alignment force of 60 N and a 
constant cross head speed of 15 mm/min were applied during the test. 
Two 200 N force cells were used to measure peel and alignment forces. 
Knowing peel and alignment forces, the energy release rate was calcu-
lated as: 

G=
1
w
(
Fp(1 − μ) − Fa

)
(1)  

where Fp and Fa represent peel and alignment force respectively, w is the 
specimen width and μ is the friction coefficient of the setup. The latter is 
determined by performing the peel test again with the composite tape 
de-bonded from the titanium substrate, resulting in a G = 0. Conse-
quently, from Equation (1), the friction coefficient follows from the 
measured forces as: 

μ=
Fp − Fa

Fp
(2)  

2.5. Surface characterization 

In this research, several microscopy methods were used to investi-
gate titanium morphology as well as co-consolidation quality and failure 
mechanisms. 

Characterization of titanium surface morphology was carried out by 
means of a 3D optical profilometer (Sensofar S neox) before the co- 
consolidation process. Three topographical measurements were car-
ried out, for each type of morphology created, using a measuring win-
dow of 800 × 800 μm2. 

Each measurement was analyzed by applying the two-dimensional 
Fast Fourier Transform (2D-FFT) method, typically used to identify 
surface type or to assess pattern and directionality of surface textures, 
according to Dong and Stout [23]: 

F
(
fx, fy

)
=

1
MN

∑N− 1

y=0

∑M− 1

x=0
z(x, y)e− i2πfxx

M +
fy y
N (3)  

where fx and fy are the spatial frequencies in the length (x) and width (y) 
direction. M and N are the dimensions of the micrograph in x and y 
direction and z(x,y) is the three-dimensional surface. The result is a two- 
dimensional array of Fourier coefficients F(fx, fx). Each coefficient is a 
complex number representing amplitude and phase of a certain spatial 

Fig. 3. Schematic and dimensions of a titanium-C/PEKK mandrel peel 
test coupon. 
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sinusoid. 
Characterization of co-consolidation quality as well as crack surfaces 

was carried out by means of a digital microscope (Keyence VHX-5000) 
and a Scanning Electron Microscope (Jeol JSM-7200f). Additionally, 
crack surface micrographs were thresholded to quantify the different 
failure mechanisms. The image thresholding was carried out using the 
software package ImageJ. For more accurate results, the thresholding 
was refined with a denoising algorithm also implemented with the 
imageJ software. 

3. Results 

3.1. Titanium morphology properties 

Fig. 7(a) and Fig. 7(b) display a typical topographical measurement 

of an as-received and a grit-blasted titanium surface. The 2D-FFT anal-
ysis applied to these topographical measurements led to the angular 
spectra of the frequency averaged amplitude, as shown in Fig. 8(a) and 
Fig. 8(b), for an as-received and a grit-blasted surface respectively. 

This analysis shows that an as-received surface is characterized by a 
certain level of anisotropy as a consequence of the manufacturing pro-
cess (hot-rolling). Conversely, a grit-blasted surface is characterized by a 
high level of isotropy, as the normalized amplitude has a similar value in 
all directions. As a consequence, the roughness characteristics are also 
similar in all directions, indicating that the surfaces obtained could be 
characterized using 2D profile parameters. The 2D surface analysis was 
performed by extracting three profiles from each 3D topography mea-
surement in the length direction (x-direction) of the titanium strip, as 
represented in Fig. 7. Therefore, a total of nine profiles was considered 
for each morphology. 

Fig. 9 shows a typical profile extracted for each type of surface 
created. It shows that a polished surface is smooth, while an as-received 
surface is characterized by small irregularities. More irregularities were 
introduced by the grit-blasting treatment due to the impact of the par-
ticles on the titanium surface, generating random peaks and valleys. 
These surface features become more and more pronounced as the 
blasting pressure increases. Two different 2D roughness parameters 
were chosen to characterize each morphology, more specifically, a 
vertical parameter, the average roughness (Ra) (Sahoo [24]), and a 
horizontal parameter, the autocorrelation length (λ) (Sahoo [24]). 
Fig. 10 summarizes the results of the surface parameters calculated for 
each morphology. 

It is noticeable that the average roughness increased in line with the 
increase of grit-blasting pressure. The autocorrelation length was 
significantly reduced by the grit-blasting treatment, however it was not 
much affected by the grit-blasting pressure. This result is in line with the 
definition of autocorrelation function given by Whitehouse [25], 
commonly used to describe a unit machining event. In this case, the unit 
event is the impact of an alumina particle on the titanium surface. 
Though, the blasting pressure affects the intensity, creating deeper 
craters, it did not alter the unit event itself. 

3.2. Interfacial mechanical performance 

Fig. 11 shows an example of the effective force (difference between 
peel force and alignment force), measured during the peel test, and the 
corresponding energy release rate as a function of displacement. The 
measured force, and thereby the energy release rate, increases until a 
plateau is reached. For each sample, the fracture toughness was calcu-
lated by averaging the values of the plateau region over six specimens 
between the displacement values of 15 mm and 40 mm. 

The relation between fracture toughness and average roughness (Ra) 
is represented in Fig. 12. It can be observed that the fracture toughness 
increases with Ra. The lowest fracture toughness value of 0.2 kJ/m2 was 

Fig. 4. Schematic of the mandrel peel test coupon and the relevant manufacturing process.  

Fig. 5. Autoclave cycle used to produce the mandrel peel samples. The solid 
line represents the temperature, while the dashed line represents the pressure. 

Fig. 6. Schematic of the mandrel peel test setup.  
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detected for the sample manufactured with a polished titanium surface. 
The fracture toughness increases up to 1.4 kJ/m2 until Ra reaches a value 
of 2.5 μm. A further growth of Ra, from 2.5 μm to 4 μm, did not cause a 
significant change in fracture toughness. A large scatter of fracture 
toughness values was detected for the sample characterized by a Ra of 
1.4 μm. 

3.3. Microscopy 

The peel test was followed by optical microscopy and SEM. The 

former was carried out on cross sections to check the co-consolidation 
quality after testing. The latter was carried out to identify the underly-
ing failure mechanisms. Fig. 13 schematically shows the top view of a 
peeled specimen. Three different regions can be distinguished. The 
precrack region was intentionally manufactured to initiate the crack at 
the interface. Then, a peeled region is followed by an unpeeled region, 
obtained by stopping the peel test before the complete detachment of the 
composite ply. For each sample, cross-sectional micrographs were taken 
from the unpeeled region to characterize the consolidation quality and 
the interphase morphology. 

Fig. 14 shows the cross sectional views of samples manufactured 

Fig. 7. (a) Height map of an as-received surface, (b) Height map pf a grit-blasted surface.  

Fig. 8. (a) Angular spectrum obtained for an as-received surface, (b) Angular spectrum obtained for a grit-blasted surface.  

Fig. 9. Example of surface profile extracted from each morphology 
measurement. 

Fig. 10. Effect of grit-blasting on surface parameters.  
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with as-received and grit-blasted titanium surfaces. It is evident that the 
amount of resin at the interface is higher for samples with a rougher 
surface. Surfaces with a larger roughness are characterized by deeper 
pores that can retain a larger amount of resin, preventing it from being 
squeezed out during the co-consolidation process. Overall, the amount 
of resin at the interface was sufficient to keep carbon fibers and titanium 
substrate well separated, meaning that titanium surface irregularities 
were fully filled by PEKK resin. This is an indication that a good co- 
consolidation quality was achieved for all samples. 

In the peeled region, two different subregions can be identified by 
visual inspection. In the first subregion the titanium surface is visible, 
which suggests that, in this area, the failure occurred at the titanium- 
composite interface (interfacial failure). This type of failure is mostly 
seen in samples with polished and as-received titanium surfaces. A 
second subregion can be identified for the samples manufactured with 
grit-blasted titanium. In this area, part of the composite tape remained 
attached to the titanium substrate, indicating that the crack path 
diverted from the interface into the composite tape (intraply failure). 
The two different failure mechanisms are schematically represented in 
Fig. 13. SEM microscopy showed that the interfacial failure consists of a 
combination of adhesive and cohesive failure, as part of the titanium 

surface is covered by polymer (Fig. 15(a)). The crack deflection in the 
composite ply caused local fiber breakage (Fig. 15(b)). Once the crack 
propagates in the composite ply, the fiber-matrix interface failure is the 
dominant failure mechanism (Fig. 15(c)). 

It is worth mentioning that once the crack diverted into the com-
posite ply, it continued to propagate in there, as the fiber-matrix inter-
face is the weakest link. 

For all samples treated with grit-blasting, it was observed that the 
transition zone from interfacial to partial or full intraply failure occurs 
within the first 10 mm of crack length. This transition zone was further 
investigated by optical microscopy. For this analysis, micrographs of the 
peeled region of each specimen were taken, considering the same 
measurement length of 10 mm from the crack initiation point. Since the 
test coupons had a width of 10 mm, a total measurement window of 10 
× 10 mm2 was considered. Fig. 16 shows an example of the micrographs 
obtained for each sample (left image of each set of pictures) with a grit- 

Fig. 11. (a) Typical force-displacement curve, (b) Typical fracture toughness-displacement curve of a mandrel peel test.  

Fig. 12. Fracture toughness results with respect to the average roughness of the 
different titanium surfaces. 

Fig. 13. Top view of a mandrel peel specimen after peel test followed by a 
schematic representation of the fracture mechanisms. 
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blasted surface compared to the micrograph of a sample manufactured 
with an as-received surface (Ra = 0.8 μm). 

Subsequently, the micrographs were thresholded as explained in 
section 2.5 (right image of each set of pictures), to quantify the amount 
of interfacial and intraply failure. Overall, it can be observed that a 
roughness increase caused an increase of the area covered by intraply 
failure (the white area after thresholding). This aspect will be discussed 
further in the next section. 

4. Discussion 

The effect of grit-blasting on the interfacial fracture toughness of 
titanium- UD C/PEKK composite joints was experimentally investigated 

by means of mandrel peel test and microscopy of crack surfaces. It was 
found that changing the surface roughness alters the failure mechanism 
from interfacial to intraply, resulting in a higher fracture toughness. This 
section combines mandrel peel test and microscopy results to get a better 
understanding of the correlation between the fracture toughness and the 
underlying failure mechanisms. 

The lowest fracture toughness of 0.2 kJ/m2, associated with inter-
facial failure, was observed for the polished sample. A similar value was 
also found by Du et al. [26] for the mode-I fracture toughness of titanium 
C-PEEK joints. Fig. 12 shows that the fracture toughness improves by 
increasing the titanium roughness. The highest value of 1.4 kJ/m2 was 
measured for samples with a Ra higher than 2.5 μm. This value was 
found to be comparable to the interlaminar fracture toughness of TPCs 

Fig. 14. Cross sectional views of the mandrel peel samples consisting of C/PEKK composite tape and titanium with different surface morphologies: (a) as-received 
titanium, (b) grit-blasted at 1 bar, (c) grit-blasted at 2 bar, (d) grit-blasted at 3 bar, (e) grit-blasted at 4 bar, (f) grit-blasted at 7 bar, (g) detail of a cross section 
microstructure showing mechanical interlocking between C/PEKK tape and titanium due to the PEKK resin interlayer placed between the two adherends. 

Fig. 15. SEM microscopy of the crack surface after peeling testing: (a) microscopy in the region of interfacial failure, (b) microscopy in the region where the crack 
diverted away from the interface, (c) microscopy in the region of intraply failure. 
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laminates as reported by Sela and Ishai [27]. 
Besides morphology modification, it is worth noting that grit- 

blasting introduces contamination on the treated surface. Guo et al. 
[28] found out that, typically, blasting particles cover 20%–40% of the 
titanium surface, depending on particle size and grit-blasting parame-
ters. Thus, the observed increase in toughness may be also a conse-
quence of the contamination caused by the grit-blasting treatment, as 
these particles introduced on the surface may affect the adhesion 
properties. 

In this study, contamination caused by grit-blasting was first exam-
ined via EDX analysis to reveal the type of contamination caused by the 
surface treatment. Fig. 17 shows back scattered and EDX analysis of an 
alumina oxide fragment retained by the titanium surface after ultrasonic 

and compressed air cleaning. The alumina oxide contaminants appear 
darker than the titanium substrate in the back scattered image. The 
presence of this impurity suggested that these grit-blasting residuals 
were firmly embedded on the titanium surface. 

The amount of contaminant left by grit-blasting was then quantified 
in terms of alumina oxide surface coverage. For this purpose, back 
scattered electron micrographs were taken at five different random lo-
cations of a surface grit-blasted with the minimum and the maximum 
pressures used in this research (1 bar and 7 bar respectively). 

Subsequently, the alumina surface coverage can be calculated by 
thresholding each micrograph as shown in Fig. 18. The analysis revealed 
that grit-blasting at 1 bar caused an average of 20% of alumina surface 
coverage, while grit-blasting at 7 bar caused 30% of alumina surface 

Fig. 16. Microscopy of crack surface of samples with different average roughness, followed by the corresponding thresholded images. The black areas correspond to 
interfacial failure (titanium surface visible), the white areas correspond to intraply failure (C/PEKK tape visible). 

Fig. 17. (a) Back scattered image of a contamination particle on the titanium surface, (b) and (c) EDX analysis of the particle revealed that the contaminant was an 
alumina oxide particle. 
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coverage on titanium substrate. Therefore, grit-blasting at different 
pressures raised the amount of contamination by 10% points. This value 
is considered to be not so critical to considerably contribute to the 
improvement in the mechanical performance observed with the mandrel 
peel test. Therefore, the increase of the fracture toughness can be merely 
attributed to the enhancement of the surface irregularities. 

The surface irregularities may introduce two effects that lead to a 
larger toughness. First, the presence of peaks and valleys caused an in-
crease of contact surface between the two adherends and, therefore, an 
increase of molecular interaction. Second, it promoted the mechanical 
interlocking between the two adherends. The synergistic effect of these 
two phenomena may result in a deflection of the crack path from the 
interface into the polymer placed between the titanium and the C/PEKK 
tape. However, from the crack surface analysis described in section 3.3, 
it is evident that the failure did not occur in the polymer, but at the fiber- 
matrix interface (intraply failure). This can be explained by recognizing 
that once the crack propagates in the polymer, the crack tip is charac-
terized by a plastic yield zone. 

The hypothesis is that the size of the plastic yield zone is strongly 
influenced by the presence of the fibers. A similar behavior can be found 
in the fracture performance of interleaved composite laminates. It was 
suggested by Hojo et al. [29] and Sacchetti et al. [30] that if the 
maximum plastic yield zone exceeds the thickness of the matrix rich 
region, the crack may migrate to the weakest region, which is the 
fiber-matrix interface. On the other hand, if the plastic yield zone is 
smaller than the resin rich region, the crack will continue to propagate in 
this region, resulting in a cohesive failure. Both phenomena are sche-
matically represented in Fig. 19. A theoretical estimation of the plastic 
zone height, for PEKK polymer, can be calculated using Irwin’s plastic 
zone model according to Ozdil and Carlsson [31]: 

hp =
1

2π

(
KIC

σy

)2[3
2
+ (1 − 2ν)2

]

(4)  

where KIC is the stress intensity factor, σy the tensile yield stress and v the 

Poisson’s ratio of the polymer. The stress intensity factor was assumed to 
be similar to PEEK polymer (4.5 MPa⋅m1/2) (Gensler et al. [32]). The 
material data sheet of Arkema reported a tensile yield stress (σy) of 110 
MPa and a Poisson’s ratio of 0.4. Using Equation (4), a plastic zone 
height of 0.41 mm was found for PEKK polymer. Therefore, a theoretical 
polymer thickness more than 0.41 mm would be an upper bound value 
where the plastic zone will not reach the fibers. Microscopy of cross 
sectional views depicted in Fig. 14 shows an interfacial resin region 
thinner than the estimated interfacial polymer thickness. Thus, the crack 
is expected to propagate at the fiber-matrix interface, causing intraply 
failure. 

The previous section also presented the quantitative results for the 
areal fraction covered by intraply failure for each type of titanium 
morphology. Combining these with the mandrel peel results (see 
Fig. 20), it can be observed that a fracture toughness increase corre-
sponds to an increase of the amount of intraply failure. When the 

Fig. 18. (a) Back scattered image of titanium surface grit-blasted at 1 bar, (b) Thresholded image of titanium surface grit-blasted at 1 bar, (c) Back scattered image of 
titanium surface grit-blasted at 7 bar, (d) Thresholded image of titanium surface grit-blasted at 7 bar. 

Fig. 19. (a) Schematic description of crack growth and plastic yield zone 
development for an interleaved polymer thickness smaller than the plastic zone 
radius, (b) Schematic description of crack growth and plastic yield zone 
development for an interleaved polymer thickness bigger than the plastic 
zone radius. 
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intraply failure becomes dominant (areal fraction of intraply failure 
higher than 0.6 for image size analyzed in this work) the fracture 
toughness seems to plateau at 1.4–1.45 kJ/m2. This behavior was found 
for the samples with a roughness higher than 2.5 μm as also shown in 
Fig. 12. It is worth repeating that the maximum fracture toughness found 
is comparable to the interlaminar fracture toughness of thermoplastic 
composite laminates. Therefore, combining mandrel peel test results 
with crack surface analysis suggests that, for this metal-composite 
hybrid material system, the type and the amount of failure mode 
(interfacial or intaply failure) can be controlled by the surface rough-
ness. Additionally, with the chosen polymer interlayer thickness and 
without modifying the tape material, the fracture toughness reaches a 
plateau value comparable to the interlaminar fracture toughness of C/ 
PEKK composite laminates, as the fiber-matrix failure becomes the 
dominant failure mechanism. 

Furthermore, Figs. 20 and 12 show that the sample with an average 
roughness of 1.4 μm is characterized by a highly scattered behavior. 
Each specimen had a different mechanical response as well as a different 
amount of interfacial and intraply failure. Therefore, an Ra value of 1.4 
μm may be defined as the transition morphology between a mechanical 
response mostly governed by interfacial failure to a mechanical response 
mostly governed by intraply failure. 

Our results indicate that the cause of the interface crack deflecting 
into the composite material is the surface topography. To this end, the 
height distribution of grit-blasted titanium surfaces was analyzed. The 
cumulative distribution function of the height shows that the number of 
higher asperities (and deeper cavities) increases with higher grit- 
blasting pressure. This is also observed for the spatial derivatives 
(slopes, curvatures, etc.) of the surface coordinates. It is plausible that 
these geometric features, are correlated to the phenomena of crack 
deflection. Enhancing these surface features by increasing the grit- 
blasting pressure, also rises the likelihood of the transition from inter-
facial to intraply failure. This phenomenon can be associated to the 
presence of a transition morphology (Ra = 1.4 μm) after which the 
mechanical response is mostly governed by intraply failure, although no 
quantitative causal relation can be established based on our current 
results. Testing surfaces with a precisely controlled topography, for 
instance using laser ablation, varying one geometric parameter at a time, 
in combination with detailed stress analyses by means of finite element 
simulations would help to find such a quantitative relation, providing 
the means to design a surface for optimum interfacial performance. 
Further research is required to progress in this matter. 

5. Conclusions 

The effect of surface morphology on the mechanical performance of 
co-consolidated titanium- UD C/PEKK joints was experimentally inves-
tigated. Different morphologies were obtained by grit-blasting the tita-
nium surface prior to the co-consolidation. An autoclave co- 

consolidation process was used to prepare test samples. The mandrel 
peel test was used to characterize the fracture toughness, followed by 
microscopic evaluation of the crack surfaces to investigate the governing 
failure mechanisms. 

Results showed that increasing the surface roughness had a signifi-
cant effect on the interfacial fracture toughness. The lowest fracture 
toughness of 0.2 kJ/m2 was found for the baseline sample manufactured 
with a polished titanium surface. This sample was characterized by 
interfacial failure. For a roughness higher than 2.5 μm the fracture 
toughness reached a plateau between 1.4 and 1.45 kJ/m2 similar to 
mode I values measured for interlaminar fracture in(side) the composite 
material. Microscopy on the fracture surfaces showed that the main 
failure mechanism was intraply failure. This explains why the fracture 
toughness value is comparable to the interlaminar fracture toughness of 
thermoplastic composite laminates. For an average roughness of 1.4 μm 
a transition zone can be identified in which the mechanical response is 
highly scattered which is a result of a combination of interfacial and 
intraply failure. 
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