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Fiber metal laminates (FMLs) provide a reliable approach for achieving lightweight in high-speed aerospace
vehicles. However, the weak interfacial properties between metals and composites could significantly affect the
deformation and failure modes of FMLs. In this paper, the low-velocity impact responses and damage mecha-
nisms of CF/PEEK-Ti hybrid laminates with nano-interfacial enhancement by multi-walled carbon nanotubes
(CNTs) were characterized and analyzed. The post-impact residual tensile strengths (RTS) were investigated
experimentally using quasi-static uniaxial tests combined with digital image correlation, and were evaluated
theoretically by developing an analytical prediction model that considers the internal thermal stress and dent
geometry. Results show that the initial delamination thresholds of force and displacement during impact can be
effectively increased via interfacial enhancement of CNT network. By using a 5% decrease in RTS retention rate
as a criterion for damage tolerance, a significant strength decrease starts to appear at 3 J for the sandblasted-only
laminates, which is improved to 10 J for the laminates with nano-interfacial enhancement. The proposed unified
constitutive model can yield an acceptable prediction for RTS and failure strain of the hybrid laminate after

impact, providing a guidance for the structural design and engineering applications of FMLs.

1. Introduction

Fiber metal laminates (FMLs) integrating the merit of metal and
fiber-reinforced plastic exhibit significant weight reduction compared to
traditional metallic materials, that become one of the most potential
structural candidates for aerospace and other transportation applica-
tions due to their high specific strength, excellent resistance to fatigue
and impact [1-3]. In particular, the second generation of FMLs known as
glass fiber reinforced aluminum alloy laminate (GLARE) is incorporated
in the largest commercial aircraft A380 with an area of nearly 380 m?,
which achieves a reduction of 794 kg in weight (10% lower density than
aluminum alloy) [4,5]. Nevertheless, it has limited temperature resis-
tance and cannot be employed for a long duration in supersonic vehicles
with a surface temperature exceeding 177° [6]. Therefore,
titanium-based FMLs using carbon fiber reinforced thermoplastics,
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typically Polyimide (PI) and Polyether-ether-ketone (PEEK) [7,8], have
been designed to meet such extreme operating environments for weight
saving, while the application of titanium alloys eliminates the electro-
chemical corrosion issue between carbon fibers and aluminum alloys
[9]. However, there is still a lack of systematic theoretical research work
on interface strengthening and mechanical damage, which seriously
restricts the application of titanium-based FMLs.

As a connection between the metallic and fiber-reinforced plastic
layers, the microstructure and adhesive strength of the interface directly
affect the internal stress transfer and damage accumulation mechanism
in FMLs [10-12]. Besides, as a kind of laminated composites, FMLs are
subject to significant residual stresses at the interface due to the differ-
ence in thermal expansion coefficients of components, which are prone
to yield interfacial delamination under external damage, leading to a
deterioration of structural properties [13-15]. Li et al. [16] examined

E-mail addresses: R.C.Alderliesten@tudelft.nl (R. Alderliesten), wangbing86@hit.edu.cn (B. Wang).

https://doi.org/10.1016/j.compscitech.2022.109871
Received 20 October 2022; Accepted 8 December 2022

Available online 11 December 2022
0266-3538/© 2022 Elsevier Ltd. All rights reserved.


mailto:R.C.Alderliesten@tudelft.nl
mailto:wangbing86@hit.edu.cn
www.sciencedirect.com/science/journal/02663538
https://www.elsevier.com/locate/compscitech
https://doi.org/10.1016/j.compscitech.2022.109871
https://doi.org/10.1016/j.compscitech.2022.109871
https://doi.org/10.1016/j.compscitech.2022.109871
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compscitech.2022.109871&domain=pdf

C. Jietal

the effect of residual stress introduced by shot peening on the mechan-
ical properties of FMLs and found that the compressive stress induced by
shot peening increased the overall tensile strength. Hausmann et al. [17]
adopted the finite element analysis and analytical models to predict the
thermal residual stresses in FMLs, and several methods were summa-
rized that are beneficial for reducing the thermal residual stresses,
including (a) by post-stretching of metal layers [18], (b) by thermal
post-treatments of FMLs, (c) by adjusting the composite lay-up. Addi-
tionally, to ensure the reliability during service, it is necessary to un-
derstand the influence of external damage as impact on the performance
of titanium-based FMLs with different interfacial adhesion. To address
this issue, Shanmugam et al. [19] investigated the low-velocity impact
(LVI) performance of FMLs hybrid with ultra-high molecular weight
polyethylene fibers under different Ti-6Al-4V surface treatments, the
results showed that the crack of titanium layer on the non-impacted side
plays an important role in absorbing the impact energy and that the
enhancement of the interfacial properties can inhibit the crack growth.
Lin et al. [20] studied the LVI response of GLARE laminates with two
different surface treatments (anodization and plasma treatment) of
aluminum and found that a larger bending deformation appeared due to
the poor interfacial adhesion of the anodizing cases. Li et al. [21]
characterized the impact behavior of titanium-based FMLs with
different surface treatments of titanium, it was found that the improved
interfacial strength yielded a low energy absorption capacity. Jakubczak
et al. [22,23] compared experimentally the LVI behavior of conven-
tional CFRP, aluminum-based, and titanium-based FMLs under different
energies, they observed that the impact resistance of titanium-based
FMLs is at least two times greater than that of aluminum-based and
six times higher that of conventional CFRP. However, there are limited
studies that have investigated on the strengthening of interfacial adhe-
sion and its related intrinsic mechanisms on the impact resistance of
titanium-based hybrid laminates.

In the design and certification of damage tolerance, it is crucial to
evaluate the effect of impact damage on the residual ultimate strength of
the laminates [24]. Cortés and Cantwell [25] developed an analytical
model for predicting the tensile modulus and strength of
CF/PEEK-titanium hybrid laminates with different fiber orientations
based on classical laminate theory, which was able to predict the initial
failure under tensile loading well over a wide range of fiber orientations.
Dadej et al. [26] established an isostrain elastoplastic model considering
thermal stress to predict the static strength and fatigue life of
aluminum-based FMLs with a hybrid of carbon and glass fibers, the
prediction results showed a good agreement with the experiments.
Sharma and Velmurugan [27] investigated the stress-strain behavior of
titanium-based FMLs with different layup structures through experi-
ments and classical laminate theory, it was found that the initial
modulus of the laminate was not affected by the stacking structures, but
the response after ultimate load was influenced. Christian et al. [28]
employed the strain field that is obtained from digital image correlation
(DIC) to predict the post-impact residual strength of carbon fiber com-
posites and revealed that the strain-based assessment had a more reli-
able result compared to the ultrasonic technique. Nevertheless, the
residual mechanical behaviors of titanium-based hybrid laminate have
not been fully examined, and the theoretical studies in this field are still
essential to meet the needs of engineering applications.

In this study, to improve the damage tolerance of CF/PEEK-titanium
hybrid laminate, an easily-handled and effective surface treatment of
titanium by depositing multi-walled carbon nanotubes (CNTs) [29] was
adopted to enhance the interfacial adhesion. Subsequently, the LVI re-
sponses and damage mechanisms of the hybrid laminates with two
different interfacial behaviors were investigated, the role of the depos-
ited CNT network structure in energy absorption and improving the
damage tolerance was discussed. Furthermore, the post-impact residual
tensile strength (RTS) of the laminate was analyzed experimentally, the
effect of the enhanced interfacial adhesion on RTS at different impact
energy levels was discussed by axial strain distribution and failure
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morphology. Finally, a thermo-mechanical constitutive model of
CF/PEEK-titanium hybrid laminate after impact considering internal
thermal stress and dent geometry was proposed and verified by exper-
imental results.

2. Materials and methods
2.1. Materials

The CF/PEEK-titanium hybrid laminate examined in this research
was composed of the commercially pure titanium sheet of TA2 (0.3 mm
in thickness, purchased from Baoji titanium industry Co. Ltd.) and the
unidirectional prepreg of CETEX TC1200 (0.13-0.14 mm in thickness,
supplied by Ten Cate Co. Ltd.) based on carbon fibers AS-4 and ther-
moplastic polymer PEEK (59% in fiber volume fraction). A 0.1 mm-thick
PEEK film sourced from Victrex plc. was placed between the titanium
and CF/PEEK layers to provide a basic interfacial adhesion. Multi-walled
CNTs with carboxyl functional groups (2-5 nm in inner diameter, 5-15
nm in outer diameter, 10-30 pm in length) were purchased from
Chengdu Organic Chemicals Co. Ltd. The aluminum ions for carrying
CNTs in the electrophoretic deposition (EPD) were derived from
Aluminum nitrate nonahydrate (Al(NO3)3-9H20, 99.99%), which was
supplied by Aladdin Chemistry Co. Ltd. Table 1 lists the thermal and
mechanical properties of the principal components in the hybrid
laminate.

2.2. Preparation of CF/PEEK-titanium hybrid laminate

Prior to the preparation of the CF/PEEK hybrid laminate, surface pre-
treatment of the titanium layers is essential to achieve a basic adhesive
behavior with PEEK. Two types of surface treatment methods for tita-
nium were adopted in this study, including sandblasting and sand-
blasting followed by EPD of CNTs on the surface of titanium plates, of
which the latter has been verified in the literature [29] to have an
excellent strengthening effect on the short beam shear behavior of
CF/PEEK-Ti hybrid laminate. The two types of specimens were recorded
as sandblasted-only and CNT-enhanced laminates, respectively. With
regard to the specific parameters of treatment, firstly, the titanium
sheets were sandblasted with 80 pm brown corundum sand at a pressure
of 0.2 MPa to prevent distortion, the spraying distance, angle, and time
were set up as 100-150 mm, 90°, and 20 s, respectively. After sand-
blasting, the titanium sheets were separately washed with acetone in an
ultrasonic cleaner for 5 min to remove any remaining sand and
contamination. Subsequently, CNTs were electrophoretically deposited
on the surface of the sandblasted titanium sheets. The electrophoretic
solution was a well-dispersed CNTs suspension of acetone and ethanol at
a volume ratio of 1:1, which has the CNTs concentration of 0.75 mg/mL
and dispersed by an ultrasonic homogenizer (JY98-IIIDN, Ningbo Xinzhi
Biological Technology Co., Ltd.). Aluminum nitrate nonahydrate was
added to the solution in a mass ratio of 1:1 with CNTs, the spacing be-
tween the anode of the stainless steel plate and the cathode of the tita-
nium sheet was fixed at 50 mm, then the deposition was carried out
using a regulated DC power supply (APS3005S, ATTEN instrument) at a
voltage of 30 V for 90 s. Finally, the titanium sheets with the deposited
CNTs were dried at 100 °C for 10 min. The micromorphology of titanium
subjected to different surface treatment methods is shown in Fig. 1.

After the surface pretreatment of titanium sheets, the hot-pressing
method was employed to prepare the hybrid laminates with an
orthogonal stacking sequence of Ti/[90/90/0/0]1/Ti/[0/0/90/901/Ti in
a customized frame mold, where the rolling direction of titanium layers
within the different layers was consistent. The stacking sequence
referred to the commercially available GLARE 3 grade [18], but the plies
were doubled to maintain a high fiber volume content (a PEEK film was
added between titanium and CF/PEEK layers). The hot-pressing process
started from ambient temperature to 390 °C at a heating rate of
3 °C/min. During this stage, a pressure of 0.2 MPa is simultaneously
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Table 1

Thermal and mechanical properties of the principal components.
Materials E1; (MPa) Es2 (MPa) V1o Vo G12 (MPa) a; (107%/°C) a, (107%/°C) or (MPa)
TA2 114100 114100 0.33 0.33 46314 8.41 [30] 8.41 446.88
CF/PEEK 130000 10000 0.33 0.025 5200 -0.2 29 2280
PEEK 3660 3660 0.4 0.4 1300 47 47 97¢

# Tensile strength at yield.

Fig. 1. Micromorphology of titanium subjected to different surface treatment methods [29]: (a) as-received; (b) after sandblasting and (c) after sandblasting and

depositing CNTs.

applied to achieve effective heat transfer. Next, after the temperature
reached 390 °C, the pressure was increased to 1.6 MPa while holding for
30 min to ensure complete wetting of PEEK on the surface of the tita-
nium. Finally, the laminate was air-cooled to ambient temperature with
maintaining the pressure.

2.3. Experimental methods and characterization

The impact tests were conducted at room temperature using a drop-
weight testing machine (CEAST 9350, Instron) as shown in Fig. 2. A
pneumatic steel ring with an inner diameter of 40 mm was used to clamp
the specimens to avoid movement during the impact. A hemispherical
impactor with a diameter of 16 mm and a weight of 5.482 kg was
employed for all impact tests. Impact energy levels of 3, 5, 10, 15, 20, 25,
and 30 J (correspond to the impact velocities of 1.05, 1.35, 1.91, 2.34,
2.70, 3.02 and 3.31 m/s, respectively) were adopted to evaluate the
impact failure mechanism of hybrid laminate. The geometry of the
specimens prepared by water cutting was 75 mm x 200 mm, which was
designed to be sized for the impact and tensile tests as shown in Fig. 2.
The depth of dent was tactile measured by a mechanical digital depth
indicator with an accuracy of 0.001 mm.

For determining the RTS of all sandblasted-only and CNT-enhanced
specimens with initial impact damage, the tensile after impact tests
were carried out using the MTS hydraulic testing machine with a
maximum loading capacity of 500 kN, the loading was in displacement
control with a rate of 2 mm/min. Both ends of the laminate were bonded
with 2 mm-thick aluminum alloy tabs as shown in Fig. 2 to prevent
premature failure and gripping issues according to ASTM D3039.
Meanwhile, the global strains and displacements on the impacted sur-
face of the laminates were captured using a 3D DIC system (Correlated
Solutions, Inc.) with two cameras. Four samples for each impact and
tensile condition were tested. The failure morphology on the hybrid
laminate was examined by using a scanning electron microscope
(SU8010, Hitachi) operated at 10 kV, and the cross-sectional fracture
morphology was analyzed by using a stereomicroscope (SZ61,
Olympus).

3. Test results and discussion
3.1. Impact responses at different impact energy levels

For the two types of hybrid laminates with different interfacial

L

I Clamping plate
!

l

v |

Bonded tab| Bonded tab

200 !

Specimen geometry used for impact and tensile tests

Fig. 2. Experimental set-up of impact tests and the specimen geometry used for impact and tensile tests.
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enhancements, as presented in Fig. 3(a) and (b), a proportional scaling
effect is shown in the force history as the impact energy varies. By
comparing the force-displacement responses at different impact energy
levels, it is observed that in the sandblasted-only cases, the average force
at the first significant sudden drop point is about 3700 N, which cor-
responds to the first delamination failure of the laminate [31], while the
deflection of specimen is approximately 1.07 mm. Moreover, with the
increase of impact energy, the load undergoes several sharp drops, and
the second significant sudden drop in force that first appears in 10 J
corresponds to the cracking of titanium layer on the non-impacted side,
which can be corroborated in Section 3.2. Besides, it should be noted
that the remaining drops or fluctuations in force (after the two signifi-
cant sudden drops in force) correspond to matrix cracking, fiber frac-
ture, or other forms of delamination damage. For CNT-enhanced
specimens, it can be seen from Fig. 3(b) that the general trend of the
force-displacement curve is similar to that of the sandblasted-only
specimen, but its average delamination threshold of force and deflec-
tion under impact loading are about 4300 N and 1.25 mm, respectively,
which present a significant improvement greater than 15% compared to
the sandblasted-only cases, indicating that the improved interlaminar
adhesion behavior of the hybrid laminate is obtained due to the presence
of CNT networks. The difference can be verified by a two-sample t-test,
all of the p-values between the sandblasted-only and CNT-enhanced
specimens at the same impact energy level are below the significance
level of 0.05 as shown in Fig. 3(c). A noticeable fluctuation in force is
observed in the force-displacement curves of CNT-enhanced specimens,
which can be attributed to the occurrence of a massive pull-out of CNTs

(@)

(b)
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due to delamination propagation, a similar result was also found in
Ref. [32].

Furthermore, the force-displacement curves of the two types of
specimens at the impact energy levels of 3 J and 20 J are compared. As
shown in Fig. 4(a), there is no apparent sudden force drop in the loading
phase, indicating that 3 J does not exceed the maximum impact energy
which can induce delamination of the hybrid laminate, the kinetic en-
ergy is more absorbed by the elastic and plastic deformation of the ti-
tanium layers and friction between the sample surface and the impactor.
For impact energy of 20 J as shown in Fig. 4(c), the initial delamination
threshold of CNT-enhanced specimen in force is about 556 N higher than
that of the sandblasted-only case, which has an improvement of 15.1%,
demonstrating that the CNT networks could significantly increase the
energy required for delamination and the damage tolerance of the
hybrid laminate. The impact history for 20 J can be divided into three
stages as shown in Fig. 4(d). In the first stage, the laminate absorbs
energy mainly through elastic and plastic deformation of the titanium
layers, there is no obvious damage in the composite layers and the
specimen maintains a high stiffness. The second stage starts with the
preliminary delamination between the non-impacted side of titanium
layer and its adjacent CF/PEEK layer. As the impact energy increases,
damage such as delamination propagation, matrix cracking, and fiber
fracture are formed successively, then leading to a decrease in the
stiffness of the laminate. The last stage relates to the rebound phase,
where the impact energy reaches its maximum and the impactor starts to
rebound until it is separated from the specimen, partial impact energy is
converted into the rebound kinetic energy released by the impactor.

| —3J —20J | ——3J ——20J Fluctuation in force
10000 5) 25 10000 5 — 25) - J"-“ﬁ
—10J 30 —10J <L
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Fig. 3. Force-displacement curves of (a) sandblasted-only and (b) CNT-enhanced specimens at different impact energy levels; (c) comparison of delamination

initiation forces and p-values at different impact energy levels.
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Fig. 4. Force-displacement curves at impact energy level of (a) 3 J and (c) 20 J; force-time and energy-time curves at impact energy level of (b) 3 J and (d) 20 J.

Fig. 5. Damage assessment of CNT-enhanced specimens subjected to various impact energy levels: (a) failure modes of impacted and non-impacted area; (b) cross-
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Compared to the sandblasted-only specimens, the contact force in the
CNT-enhanced specimen also shows a phenomenon of fluctuation dur-
ing the rebound stage, which could be attributed to the mismatch be-
tween the deformation of the titanium and CF/PEEK layers. The
permanent deformation of the titanium layer due to plasticity leads to
the delamination and propagation between the titanium and CF/PEEK
layers during the rebound stage, which in turn causes the CNTs to be
pulled out, resulting in a force fluctuation. Since there is no delamina-
tion of the hybrid laminate after 3 J impact, the impact history has only
two stages as presented in Fig. 4(b).

3.2. Damage assessment after impact

The sandblasted-only and CNT-enhanced specimens have similar
characteristics in macroscopic failure modes without significant differ-
ences. Fig. 5(a) exhibits the macroscopic failure modes of the impacted
area on CNT-enhanced specimens subjected to various impact energy
levels. The size of the front dent including diameter and depth gradually
enlarges as the impact energy increases, and no obvious damage such as
metal cracking appears in the front view. Meanwhile, no visible crack
appears on the backside at impact energy levels of 3 J and 5 J. Starting
from 10 J, the crack could be observed in the same direction as the
outermost carbon fibers on the non-impacted side and its length grad-
ually increases with increasing impact energy. Besides, a crack
perpendicular to the direction of the adjacent composite layer is found
on the back of the specimen at 30 J, indicating the fracture of carbon
fibers within the CF/PEEK layers.

Furthermore, it can be seen from Fig. 5(b) that the delamination
damage between the outer titanium and CF/PEEK layers on the non-
impacted side comes first, which is induced by the deformation
mismatch between the two during the rebound stage as mentioned
above. At the impact energy levels of 10 J and 15 J, the cracks within the
bottom CF/PEEK layers and the delamination between the middle tita-
nium and CF/PEEK layers appear sequentially. As the impact energy
increases (>20 J), the crack on the non-impacted side of the specimen is
transited from the titanium layer to the CF/PEEK layer until complete
fracture of the CF/PEEK layer appears (30 J). In addition, the delami-
nation can also be found on both sides of the dent at 25 J and 30 J, as
well as the delamination within the CF/PEEK layers. Therefore, it can be
concluded that during impact loading, the damage sequence of the
specimen is firstly delamination between the titanium and CF/PEEK
layers on the non-impacted side, then cracking from the backside, finally
delamination between the titanium and CF/PEEK layers on the impacted
side.

The difference between the sandblasted-only and CNT-enhanced
specimens is obvious in terms of the intra-layer microstructure, for the
sandblasted-only cases, there is almost no residue of PEEK on the bonded
surface of the titanium layer. In contrast, it can be observed from Fig. 5
(c) that there are fractured fibers and a large amount of resin remaining
at the delamination for the impact energy level of 15 J, which proves
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that the CNT network structure enhances the interlayer bonding per-
formance of the hybrid laminate. Meanwhile, the deposited network
structure could lock PEEK firmly on the bonded surface of the titanium
layers, preventing cracks from expanding along the metal-composite
interface, as strongly evidenced in Fig. 5(d). In addition, the pull-out
of CNTs on the delaminated surface of titanium layer can be observed
in Fig. 5(e), indicating that the CNTs exhibit a bridging effect between
the titanium and CF/PEEK layers, which reduces the delamination area
and then plays a role in maintaining the residual mechanical properties
of the hybrid laminate.

3.3. Mechanism of energy conversion

The global dent depth is the most intuitive way to quantify impact
damage. As shown in Fig. 6(a), an approximately linear relationship
between global dent depth and impact energy can be observed for the
CF/PEEK-Ti hybrid laminate, which is different from the phenomenon of
‘knee point’ that could be commonly found in carbon fiber-reinforced
polymer composites [33]. Besides, the sandblasted-only specimens
have larger dent depth than that of CNT-enhanced cases at the same
impact energy, implying that CNT network structure has further
improved the impact resistance of the laminate and reduced the
maximum deformation while inhibiting the delamination between the
titanium and CF/PEEK layers. In other words, a higher impact energy is
required for the CNT-enhanced specimens to induce the same maximum
permanent deformation. Furthermore, the energy absorption ratio,
defined as the ratio of absorbed energy to impact energy, is also
considered to be a reliable indicator in evaluating impact damage [34].
From Fig. 6(b), it can be seen that the energy absorption ratio of the
sandblasted-only specimen is higher than that of the CNT-enhanced case
at the same impact energy level, which is attributed to the beneficial
effect of the CNTs network structure in suppressing the deformation and
delamination of the hybrid laminate while reducing the internal dam-
age. Combined with Fig. 5(b), the energy absorption mechanism of the
hybrid laminates corresponding to different impact energy levels can be
mainly divided into four regions, which are elastic and plastic region,
delamination region, matrix and metal cracking region, and fiber failure
region. For all impact energy levels, elasto-plastic deformation dissipa-
tion is the dominant energy conversion mode, which has a value of
energy absorption ratio exceeding 50% and no more than 70% from
Fig. 6(b) (the specimen undergoes only elasto-plastic deformation at the
impact energy level of 3 J, and does not enter the delamination region).
The growth of energy absorption ratio slows down beyond 20 J. At the
impact energy levels of 25 J and 30 J, the differences in average energy
absorption ratio are significant, with 5.9% and 4.3% higher for
sandblasted-only cases than CNT-enhanced cases, respectively.

3.4. Residual tensile strength after impact

For the non-impacted cases of both types of specimens as shown in

o Sandblasted
o CNT-enhanced

N R 8- -
Fiber failure region 5'9%& 4-3%T§
80—t Ea ‘g """" % " Matrix and metal
77777777 §”””7§W””””mm””gracking region
L Delamination region

(V) SO

% Elastic and plastic region
60 -

Energy absorption ratio (%)

0 L L L L L L
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Impact energy (J)

Fig. 6. For different impact energy levels: (a) global dent depth; (b) energy absorption ratio.
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Fig. 7. RTS and RTS retention rate at different impact energy levels.

Fig. 7, the difference in ultimate tensile strength is limited, which means
that the contribution of the randomly distributed CNT network structure
to the tensile properties is weak, thus there is only a slight increase in the
average tensile strength of CNT-enhanced specimens with the reference
to sandblasted cases. For impacted specimens, the RTS of both types
decreases gradually with the increase of impact energy. At the impact
energy levels of 3 J and 5 J, there is a large difference in the RTS between
the two types of specimens. In particular, the relatively low impact en-
ergy of 3 J causes a significant reduction in RTS of sandblasted-only
specimens. The difference in RTS between the two types increases and
reaches 14.8% at 5 J, where the CNT-enhanced specimens could still
maintain more than 95% of the ultimate strength in the non-impacted
case, while only 86% remains for the sandblasted-only specimens,
indicating that the damage tolerance, as well as the impact resistance of
the hybrid laminate, are improved after interfacial reinforcement by
CNTs. In combination with the results of the global dent depth in Fig. 6
(a), the CNT-enhanced specimens exhibit a shallower dent depth
compared with the sandblasted-only cases, which is one of the reasons
for their higher RTS. However, the influence of dent geometry on RTS is
significant when the dent depth is smaller than the half thickness of the
laminate (about 1.2 mm), while for deeper dent depths (>1.2 mm), the
effect of dent depth is not obvious and the RTS is mainly determined by
the internal cracking state of the specimen.

A parameter, the RTS retention rate (the ratio of the RTS of impacted
specimen to the tensile strength of non-impacted specimen), can be
considered as a criterion for damage tolerance [35]. Taking the RTS
retention rate of 95% as the threshold, it can be observed from Fig. 7 that
for the sandblasted-only cases, a significant strength reduction starts at
3 J, which is 10 J for CNT-enhanced specimens, indicating that the
CNT-enhanced specimens have a higher damage tolerance. Besides, at
impact energy levels above 25 J, the RTS hardly changes with impact

Fracture path

1/1=50%

/T=70% #/1=90% t/1=99%
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energy for both types of specimens, since the damage (such as fiber
breakage and metal cracking) to the laminate caused by the impact as
shown in Fig. 5 is so severe that the dented area almost loses its
load-bearing capacity. For impact energy of 30 J, the RTS retention rates
are 50.9% and 52.1% for sandblasted-only and CNT-enhanced speci-
mens, respectively.

3.5. Full-field strain analysis

The full-field axial strain evolution (in y direction) of the CNT-
enhanced specimen at impact energy of 20 J is presented in Fig. 8(a)
sorted by different loading time ratios t/T at a stationary legend. It can
be seen that due to the deformation of impact dent, the axial strain in the
titanium layer at the impacted side is redistributed under the tensile
loading, and a significant stress concentration phenomenon appears on
both sides of the dent. Fig. 8(b) presents the axial strain history along the
final fracture path related to Fig. 8(a). The distance between the two
peaks of its axial strain from the beginning of loading to fracture tends to
decrease gradually, which is caused by the shallowing of dent depth
under tensile loading. Relative to the intact specimen, the increment of
axial strain along the fracture path with loading time is non-uniform for
impacted specimens, which have the fastest strain growth rate on both
sides of the dent compared to the edges of the laminate.

The axial strain nephogram of CNT-enhanced specimens at different
impact energy levels for a loading time of 35 s is illustrated in Fig. 9(a). It
can be observed that, with the same overall axial strain in the laminate,
the local axial strain at both sides of the dent becomes more concen-
trated as the impact energy increases. As presented in Fig. 9(b) and (c),
the axial strain of intact specimens is uniformly distributed along the
fracture path, while for the impacted laminates, with increasing the
impact energy, the axial strain increases and the peaks gradually move
from the center to both sides of the dent. Additionally, in combination
with the global dent depth, it can be determined that when the dent
depth is greater than the half of laminate thickness, the strain peaks
gradually move away from the center of the dent as the depth increases.
For the cases with dent depth that less than the half of laminate thickness
(3, 5 J for sandblasted-only specimens and 3, 5, 10 J for CNT-enhanced
specimens), the strain peaks on both sides of the dent is not evident
compared with the axial strain inside the dent. Besides, the strain peaks
of sandblasted-only specimens along the fracture path are greater than
that of CNT-enhanced cases with the same impact energy, which in-
dicates a stronger susceptibility to failure for sandblasted-only
laminates.

3.6. Analysis of fracture morphology

The tensile fracture morphology of the CNT-enhanced specimen after
being subjected to impact energy of 20 J is shown in Fig. 10(a), which
can be observed that the specimen still maintains a strong interfacial
bonding ability after fracture, with delamination only at the initial
impacted position. A large amount of fractured carbon fibers remains on

Distance from center of dent (mm)

Fig. 8. For CNT-enhanced specimen subjected to impact energy of 20 J: (a) axial strain nephogram; (b) axial strain history along the fracture path.
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Fig. 10. Tensile fracture morphology of CNT-enhanced laminate at impact energy of 20 J.

the surface of the titanium layer as presented in Fig. 10(b-d), indicating
an excellent interfacial adhesion between the metal and composites after
the introduction of the CNT network structure. Besides, the impact
causes mixed-mode delamination including interfacial and cohesive
failures at the metal-composite interface, and forms a ductile fracture of
PEEK, as shown in Fig. 10(f), where the PEEK is locked to the surface of

the titanium layer by CNT network structure and extensive pull-outs of
CNTs occur locally. Moreover, compared with the fractures in the pub-
lished literature [27], the good interfacial behavior within the laminates
ensures that the fracture position is consistent across the layers as
exhibited in Fig. 10(e), rather than being completely delaminated or
fractured at different positions for different layers. It also demonstrates
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that the components within the laminate do not experience
layer-to-layer sliding under uniaxial tensile loading, whereby the
displacement and strain are continuous at the metal-composite inter-
face. In addition, Fig. 10(g) shows the adjacent composite layers of the
titanium layer in Fig. 10(b), which has a similar fracture path to the
shear deformation failure zone of the titanium at the edge of the
laminate.

4. Theoretical prediction model of RTS considering internal
thermal stress based on DIC data

4.1. Determination of internal thermal stress

Internal thermal stress is one of the important factors affecting the
mechanical behaviors of FMLs [18]. In this study, the high-temperature
cured thermoplastic resin PEEK was chosen as the matrix of the com-
posite layers, which has an ideal curing temperature of 380-390 °C. As
the significant difference in coefficients of thermal expansion (CTE)
between titanium and CF/PEEK layers, the residual interlaminar ther-
mal stress within the hybrid laminate manufactured by the hot-pressing
method is bound to exist. Therefore, the residual thermal stresses within
each layer of the hybrid laminate need to be considered when devel-
oping the ultimate strength prediction. For determining the thermal
stress distribution within the CF/PEEK-titanium hybrid laminate, the
classical laminated theory (CLT) was used to estimate the CTE of the
laminate. According to the CLT, for a general asymmetric laminate
without external mechanical loading, the thermal force resultant {N"}
and thermal moment resultant {M"} generated by the temperature
variation are related to the mid-plane strain {¢°} and curvature {k} as

Nlh -~ A B 8()
{nt=15 o l{v] ®
where, [A], [B], and [D] are the extensional stiffness matrix, the

bending-extension coupling stiffness matrix, and the bending stiffness
matrix of the hybrid laminate, respectively, which are defined by

= 10— 5) @
B=3 > 0@ ~4) ®
pI=3 > l0h(e-3) @

where, [Q]x is the transformed reduced stiffness matrix for the kth
lamina, n is the total number of layers and z is the distance measured
from the middle plane.

En v By 0
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Since the stacking sequence investigated in this study is an orthog-
onal anisotropic symmetric structure, the coupling stiffness matrix [B]
and thermal moment equal to O for the non-impacted case. Then, the
thermal force resultant within the laminate as the temperature rises
from ambient temperature to curing temperature can be expressed as

(N} =a7- 3" (0], (5 — )k, ©

AT = Tewe — Troom (7)
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It is assumed that no delamination appears within the laminate in the
process of curing and cooling, and the layers shrink with equal strain
during the cooling. The relation between CTEs of each component and
the laminate can be obtained as Eq. (8) from the equilibrium of the
thermal force resultant across the laminate.

n

>0~z ({a — {@},,) =0 ®

k=1

where, {a}, and {a},,, are the CTEs of the kth lamina and the laminate,
respectively. Furthermore, the CTE of the laminate at laminate coordi-
nate (x, y) can be determined by the CTEs of each component as Eq. (9)
by transforming the above equations.

Ay n [e2%
{@} =1 @ =" Z Oz —z-1)q & )
% ) tam k=l Ay ) 4

Then the internal thermal stress of the kth layer {6}, can be derived
with

{Glh}k =0l ({a}k - {a}lum) AT = [Q]k'{glh}k (10)

Alternatively, the strain induced by the internal thermal stress in
each component can be defined as the residual thermal strain {¢"}, to be
convenient for subsequent calculations. Furthermore, for the post-
impact specimens, out-of-plane deformation was generated at the
dent, causing a deflection of the actual centerline relative to that of the
intact laminate as illustrated in Fig. 11(a). In this case, the impacted
specimen is not symmetric along the initial z-axis with respect to the
intact state, hence the coupling stiffness matrix is no longer equal to O,
although the stacking sequence is orthogonally symmetric. Besides, it
can be observed from Fig. 11(b) that there is an initial curvature around
the dent, thus the effect of the initial curvature on the axial strain should
be considered. As illustrated in Fig. 11(c), the dent created by the impact
can be regarded as a hyperbolic structure, with R; and R as the radius of
curvature in the x and y directions, respectively. From the test results in
Section 3.5, the maximum strain on the surface of laminate appears on
both sides of the dent. By comparing with the transverse curvature at the
same positions, it can be observed that these two points correspond to
the minimum transverse curvature as shown in Fig. 11(d). Therefore, the
RTS of the impacted laminate can be predicted analytically by estab-
lishing the constitutive model at the point with maximum initial axial
strain.

In addition, impact damage such as fiber breakage, fracture in resin
and metal can lead to a localized relaxation of internal thermal stress
within the hybrid laminate. Accordingly, the initial internal thermal
stress state needs to be determined for different damage conditions.
With the results of damage assessment in Fig. 5(b), for impact energy in
the range of 3-15 J, the damage is mainly dominated by local delami-
nation of the metal-composite interface, without obvious fiber fracture,
which implies that the plies are still subjected to the same initial internal
thermal stresses as the intact laminate. With increasing impact energy,
the fractures of the titanium layer, adhesive layer, CF/PEEK layers in 90°
orientation, and in 0° orientation gradually appear on the non-impacted
side of the laminate. For impact energy of 20-30 J, only the internal
thermal stresses carried by the non-fracture layers need to be taken into
account. Besides, when a layer is fractured during tensile loading, the
internal thermal stresses will be redistributed simultaneously for
achieving a new equilibrium of force resultants, which requires rede-
termination of the residual thermal stress within each layer (considering
the transformed reduced stiffness matrix of the fractured layers is 0).

By considering the thermal strain generated by internal thermal
stress as a virtual strain {e},, the stress-strain relation for the kth layer,
and the relation between the global stress of the laminate and the stress
of each layer according to the CLT can be obtained as
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Fig. 11. (a) Cross-sectional schematic of the impacted specimen; (b) full-field axial and transverse curvature distributions of the CNT-enhanced specimen at the
impact energy of 20 J; (c) schematic of the dent; (d) comparison of axial strain (in y direction) and transverse curvature (in x direction) along the fracture path.
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The force and moment resultants for the intact specimen in terms of
laminate stiffnesses can be characterized as
N _ C[N"_[A B]|[€&)
M " |B D]\ «

N™
M™

Mh

Mo (13)
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For the cases with an impact dent, assuming that the thickness of
each ply remains constant before and after the impact. According to the
classical laminated shell theory (CLST) [36], the force and moment re-
sultants for a given mechanical loading can be expressed as
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On simplification of the above equations using Egs. (2)-(4), the ex-
pressions for the force and moment resultants with mid-plane strain and
curvature induced by external mechanical loadings are
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Then, with consideration of internal thermal stress, the relation be-
tween the force and moment resultants of the laminate after impact and
the mid-plane strain and curvature can be obtained as
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where, Ry, represents R; or R depending on the loading direction. In the
case of uniaxial tensile loading where only Ny, is not zero, substituting
the position of each layer in z-coordinate, the midplane strains, and
curvatures into Egs. (11) and (12) yields the stress-strain relationship for
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the laminate with an impact dent considering the effect of internal
thermal stress. In addition, the RTS of the laminate after impact can be
obtained by substituting the radius of curvature at the maximum axial
strain on the surface of the specimen. In particular, when R, tends to
infinity, the result corresponds to the case without impact dent.

The shape information on the impact dent without external loading
(one representative specimen for each impact energy level) can be ob-
tained from the DIC data as presented in Fig. 12(a—f). It can be seen that
as the impact energy increases, the axial curvature gradually increases,
while the transverse curvature and off-axis position corresponding to the
maximum point of axial strain gradually decrease. As analyzed previ-
ously in Section 3.3, the global dent depth of the CNT-enhanced speci-
mens is smaller than that of the sandblasted-only cases, for which similar
rules are also applicable to their axial and transverse curvatures. The
maximum off-axis position for both specimens is smaller than the
macroscopically measured global dent depth because the white painting
is prone to flow to the deepest part of the dent during the preparation of
the speckles. However, it does not affect the acquisition of the z value
corresponding to the maximum point of axial strain.

4.2. Constitutive modeling for the components in CF/PEEK hybrid
laminate

For the titanium layer, two models should be applied for describing

the constitutive behavior in its elastic and plastic regions, referring to
Hooke’s law and the power-hardening law based on Ramberg-Osgood
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Fig. 12. Shape information on the impact dent at different impact energy levels: (a) Axial curvature, (c) transverse curvature and (e) off-axis position of sandblasted-
only specimens along the fracture path; (b) axial curvature, (d) transverse curvature and (f) off-axis position of CNT-enhanced specimens along the fracture path.
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relation [37], respectively. Since the RTS under uniaxial tensile loading
is investigated, the elastic-plastic model for the titanium layer can be
established as

Ti
E1 1" Exx.lam
o1 = n
C- (Sxx,lum)

(Eu lam < Sp)

(20)
(Ecvian > &)
where, C and n are material constants determined experimentally, which
are 391.2 and 0.07, respectively. &, is the strain corresponding to the
yield strength. A comparison of the stress-strain curve from the experi-
ment and the proposed elastoplastic behavior is shown in Fig. 13.
Taking into account the effect of the internal thermal stress, the axial
internal thermal strain can be equivalent to the material subjected to an
axial virtual strain ¢® ., then the stress-strain relationship of titanium
can be modified to obtain its thermomechanical response, which be-
comes

Ti th
El] : (gx.x.lam + Sxx,Ti) (g)uc lam + S)X Ti S )

n (21
C- (e,xx,lnm + 8‘;};31) (exx,lam + gi;l;’r,Ti > 8]1)

oTi =

For CF/PEEK and PEEK layers, the linear elastic model is used to
describe the constitutive behavior according to Hooke’s law, which can
be expressed as

{6} cryperk = [Qler/prek {8 am (22)

{6} peex = [Qpeex {€} iam 23)

Since the plastic deformation of PEEK has a weak impact on the ul-
timate strength of the laminate [38], the effect attributed to its plastic
region is not considered in this study. The mass content of carbon
nanotubes in the CNT-enhanced layer is about 0.9% according to
Ref. [29], and the direction of carbon nanotubes is randomly distributed
during deposition. Therefore, it is considered that the CNT-enhanced
layer only enhances the bonding behavior and has a limited effect on
its tensile strength. From the analysis of Section 3, it is clear that the
CNT-enhanced layer mainly influences the initial threshold of the
laminate in delamination force, as well as the global dent depth after
impact and the radius of curvature at the point of maximum axial strain.
Similar to the titanium layer, the constitutive behaviors of CF/PEEK and
PEEK layers by considering the internal thermal stress become

{6} crpeex = [Q)or prex <{e}lam +{e" }CF/PEEK) (2
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Fig. 13. Experimental and proposed elastoplastic behavior of titanium.
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[Q] PEEK " ({s}lam + {slh }PEEK) (25)

{6} opex =

4.3. Criterion of tensile failure

As the predicted post-impact RTS is obtained by applying a unidi-
rectional loading to the specimen, regardless of the microscopic damage
mechanism, then the maximum stress failure criterion is used for
determining the failure of the laminate. The stress distribution in each
component under the laminate coordinate system (x, y) can be derived
from Eq. (17), which can be further converted into the stress distribution
under the principal axes of the material by employing a transformation
matrix as

o1 Oxx
02 = [T} Oyy (26)
Tis Tyy

k k

According to the maximum stress failure criterion, failure is deter-
mined when one of the stresses within a layer reaches its critical strength
in the principal directions of the material, which is defined by

(a(ljl)ult <o < (a-lrl)ull @7
(6%)u <02 < (02) 28
[T12] < (712) (29)

where, C and T represent the compressive and tensile loading,
respectively.

After the first component reaches its ultimate stress, the stiffness of
this layer is recorded as 0, then the thermal residual stress distribution
within the laminate should be redetermined by Egs. (1)-(10) and
substituted into Eq. (19) to repeat the above calculation procedures until
complete failure of the laminate. The stress-strain curves of titanium and
0°-direction carbon fiber layers within the CNT-enhanced laminate at
10 J impact energy is illustrated in Fig. 14. For titanium-based hybrid
laminates where titanium itself has excellent ductility, following the
fracture of the carbon fiber layers in 0° orientation, the residual titanium
layers are usually still in the plastic stage. Therefore, the ultimate
strength of intact and post-impact laminates is mainly determined by the
0°-direction carbon fiber layer on the impacted side.

4.4. Validation of theoretical results

For sandblasted-only cases, the theoretical (with the input

2400 |- Ultimate strength of 0° CF/PEEK
[ - ---Ti: impacted side 7
2000 (- - - - 0° CF/PEEK: impacted side 7
L - - --Ti: middle layer /’
1600 |-- - - - 0° CF/PEEK: non-impacted S|de .
= - - - -Ti: non-impacted side L7 o
o . -
S 1200 - - -
1)
@ 800
173
400 -
0
L : .
0.0 04 0 8 1. 2 1.6

Strain (%)

Fig. 14. Stress-strain curves of titanium and 0°-direction carbon fiber layers
within the CNT-enhanced laminate at 10 J impact energy.
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Fig. 15. Experimental and theoretical strain-stress curves: (a) for sandblasted-only specimens, (b) for CNT-enhanced specimens.

information from Fig. 12) and corresponding experimental strain-stress
curves of intact and impacted specimens are shown in Fig. 15(a), the
predictions at the RTS and failure strain are in good agreement with the
experiments, with a maximum prediction error of 4% while 4.71% for
the CNT-enhanced cases in Fig. 15(b), which may be attributed to the
strengthening effect of the CNT layers that not being taken into account
in the model. Moreover, it is noteworthy that, under low-energy impact
conditions (3-15 J) with no fracture in each component, there is no need
to consider the relaxation of the initial internal thermal stress, the
developed model has a conservative prediction result on the stress-strain
curve. After the fracture (20-25 J) occurs within the plies, the redistri-
bution of initial thermal stress within each layer should be taken into
account, which requires additional inspection for determination.
Although the accuracy of the developed model is acceptable for the
prediction of RTS and failure strain, the prediction of modulus degra-
dation during loading is not satisfactory, therefore a more refined model
is needed to divide the composite into more and thinner layers for
calculation. Besides, it can be observed by comparing Fig. 15(a) and (b)
that for the same initial internal thermal stress condition, the magnitude
of initial curvature perpendicular to the loading direction and the local
depth have a greater effect on the RTS at low-energy impacts (3-15 J)
relative to the high-energy impacts (20-30 J), and the dent depth after
high-energy impacts mainly affects the failure strain of the laminate and
has little effect on its RTS. It can be concluded that the proposed unified
analytical model could provide an acceptable prediction for the RTS and
failure strain of the hybrid laminate after LVI under the consideration of
internal thermal stress, for which the required parameters (including the
off-axis position z, the axial and transverse radius of curvature) can be
obtained simply by using the nondestructive testing technique such as
DIC or a dent depth indicator. The proposed model can also be employed
for FMLs with different layup structures and thicknesses of components
to predict the post-impact tensile stress-strain relations, which can
greatly reduce the experimental cost and provide a guidance for engi-
neering applications.

It should be mentioned that the proposed model is based on the
assumption that no delamination within the hybrid laminate appears.
However, delamination is inevitable after impact that may lead to an
increase in the local off-axis position z, which would further reduce the
theoretically calculated RTS compared to the case without delamina-
tion. It can be observed from Fig. 5 that the delamination within hybrid
laminate after impact mainly occurs at the interface between the tita-
nium and the CF/PEEK layers inside dented area, and the increased off-
axis position z acts primarily on the titanium layer at the non-impacted
side. Besides, since the principal load-bearing component of the hybrid
laminate is the carbon fiber layer in 0° orientation, when the carbon
fiber layer reaches the failure strain, all the titanium layers at the
maximum stress point have already entered into the plastic region as
shown in Fig. 14, and the increase of the full-field strain makes little
contribution to the stress increment within the titanium layer. There-
fore, the delamination of the titanium layer within the dented area at the

non-impacted side has a limited effect on the theoretical RTS after
impact. In this study, the cross-section of the impacted specimen is used
to evaluate the initial fracture of metals and carbon fibers within the
layers, which can be replaced by the detection methods such as C-scan or
Micro-CT to achieve an ideal non-destructive prediction. In addition, the
proposed model could be generalized to other series or stacking struc-
tures of FMLs (not limited in titanium-based) and the prediction of post-
impact compression strength.

5. Conclusions

In summary, the low-velocity impact responses, damage mecha-
nisms, and residual tensile behavior of sandblasted-only and CNT-
enhanced CF/PEEK-Ti hybrid laminates were investigated. The results
show that the initial delamination thresholds of force and displacement
during impact can be significantly increased by interfacial enhancement
of the CNT network. Besides, the inter-layered CNT network could
suppress the deformation of the hybrid laminate, while a higher impact
energy is required for the CNT-enhanced specimens to induce the same
maximum permanent deformation. The delamination at the interface
between the non-impacted side titanium and composite layers is the
main failure mode for low-energy (3-15 J) impacts, which is dominated
by fracture of fibers and metals for higher impact energy levels. In
addition, it can be concluded from the experimental results of RTS that
the CNT-enhanced laminate has a greater residual strength at the same
impact energy. By using a 5% decrease in residual strength retention
rate as a criterion for damage tolerance, a significant strength decrease
starts to appear at 3 J for the sandblasted-only laminates, while it is
improved to 10 J for the CNT-enhanced cases. Furthermore, the impact
dent changes the distribution of strain on the surface of laminate under
tensile loading, and the maximum axial strain is relocated at the position
with maximum curvature of the dent. Moreover, the proposed unified
constitutive model can provide an acceptable prediction for the residual
ultimate strength and failure strain of the hybrid laminate after low-
velocity impact under the consideration of internal thermal stress, for
which the required parameters (including the off-axis position z, the
axial and transverse radius of curvature) can be obtained simply by
using the nondestructive testing technique such as DIC.
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