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Abstract The effect of metal-composite debonding on low-velocity impact response, i.e. on
contact force–central deflection response, deformation profiles and strains on the free surfaces
was studied. We focused on type 2/1 fibre metal laminate specimens made of stainless steel
and carbon fibre epoxy layers, and tested them with drop-weight impact and quasi-static
indentation loadings. Local strains were measured with strain gauges and full-field strains with
a 3-D digital image correlation method. In addition, finite element simulations were performed
and the effects of debonding were studied by exploiting cohesive elements. Our results showed
that debonding, either the initial debonding or that formed during the loading, lowers the slope
of the contact force–central deflection curve during the force increase. The debonding
formation during the rebound phase was shown to amplify the rebound of the impact side,
i.e. to lower the ultimate post-impact deflection. The free surface strains were studied on the
laminate’s lower surface at the area outside the debond damage. In terms of in-plane strains,
debonding formation during impact and indentation, as well as the initial debonding, lowered
the peripheral strain and resulted in a positive change in the radial strain.

Keywords Fibremetal laminates . Hybrids . Impact behaviour . Debonding

1 Introduction

The influence of impacts on the load-carrying capability of a structure is one of the prime
concerns when the whole lifespan of the structure is considered. Fibre metal laminates (FMLs)
are a certain adhesively bonded hybrid laminate concept consisting of fibre-reinforced plastics
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and metal sheets [1]. FMLs were originally developed to perform against fatigue loading.
However, they were also found to possess high impact resistance compared to pure metals and
composites. Recently, owing to their high bearing strength, steel based FMLs with carbon fibre
reinforced plastic (CFRP) layers have been applied to structures with mechanical fastening
[2–4]. Also, CFRP laminates with steel and rubber layers have been considered for the impact
prone leading edges of airliners’ wings [5].

An intrinsic objective of impact engineering is to gain knowledge for designing impact
resistant and tolerant laminate structures. A way to gain knowledge is to understand the
interaction of the damage modes involved in the full impact damage process (matrix cracking,
fibre failure, delamination, debonding and metal cracking). The proper examination for the
damage interaction however requires a fundamental understanding of the mechanics and
outgrowth of each damage mode, i.e., of the effects of damage modes on the load-deflection
response and straining over the laminate.

The relevant literature offers little information on the effects of impact induced debonding
on the impact response of FMLs. The cross-sectional images after impact have indicated that
debond damage forms under the impact point at the interface of the back wall metal
and remaining laminate [6–11]. This particular debonding damage has been shown to
form during the impactor withdrawal phase of the impact event [12, 13]. The cross-
sectional images have also indicated that debond damage may additionally appear at
the upper metal-composite interfaces. The most evident separation is typically found
in the surroundings of the impact point rather than under the impact point [6, 7, 14].
Depending on the fibre alignments in the laminate and on the location of the
debonded interface, the shapes of the debond damage are something between oval,
rectangular and circular [6, 9, 15].

Debonding does not significantly participate in the energy absorption process with practical
interface fracture toughness values [16, 17]. However, debonding affects the load transfer
between the metal and composite layers, as well as the interaction between different damage
modes during an impact, which makes it important in the damage process [12]. Owing to this,
debonding has been implemented in the recent theoretical and finite element models in order to
study low-velocity impact behaviour [6, 16, 18–20]. However, the models have been utilized
to simulate the high-energy impact response of FMLs, which includes all the different damage
modes. The interpretation of the sole effects of debonding from the results is, therefore,
challenging.

In this research, we investigate the effects of debonding on the low-velocity impact
response of steel-CFRP FMLs, i.e. we focus on the contact force–central deflection response,
deformation profiles and surface strains. The load response is examined by drop-weight impact
and quasi-static indentation tests (see Table 1). In addition, finite element simulations are
applied to dissect the sole effects of debonding.

2 Materials and Methods

2.1 The Purpose of the Specimens and FE Simulations

The results of our previous studies revealed that the plastic deformation of the metal layers and
debonding are the primary damage modes present in the low-energy impacts of the CFRP-steel
FMLs [12]. To study the sole effect of debonding, we now use two different finite element
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models, as illustrated in Table 1. The first model only takes into account the plastic deforma-
tion of the metal layers. The second model involves the debonding formation as a part of the
damage process. To exclude the effect of composite damage and inherent interaction with the
debonding formation, we did not model the composite damage. Therefore, the comparison of
the results of these two models offers information about the effect of debonding formation on
the FML panel’s mechanical response.

The exact controlling of debonding formation as well as composite damage in real
FMLs is impossible. Therefore, we compare the loading response of traditional FML
specimens and initially debonded specimens by experiments (see Table 1). In the
initial debonding studies, we use unbonded specimens in which there is no bonding
between the metal sheets and the composite part. The comparison of the experimental
results provides information on the emphasized effects of debonding on the impact
response.

2.2 Specimen Preparation

Test specimens were fabricated of M21/T700GC carbon fibre UD (Hexcel, thickness
0.125 mm) and AISI 304 L stainless steel sheets (Outokumpu Oyj, thickness 0.6 mm). The
metal sheets were machined to meet the final specimen dimensions of 110 × 110 mm2 prior to
the lamination process. The metal rolling direction was set to correspond to the fibre 0°
direction. Additionally, epoxy-based adhesive film FM 300NK (Cytec Engineered Materials,
thickness 0.15 mm) was applied between the metal sheets and the composite part. The
specimens had a [0°/90°/90°/0°] cross-plied composite lay-up and type 2/1 FML stacking
(Fig. 1).

Table 1 The experiments and simulations of the research presented in this work

Type of specimen Impact testing Indentation testing FE Simulation

Fully bonded FML,
debonding prevented

- - No composite damage modes,
no strain rate hardening,
no debonding

Fully bonded FML All damage modes in
effect

All damage modes in effect,
no dynamic effects

No composite damage modes,
no strain rate hardening

Initially unbonded FML All damage modes in
effect, debonding
emphasized

All damage modes in effect,
no dynamic effects,
debonding emphasized

-

2.0 mm

AISI 304L 

AISI 304L 

FM 300NK   

M21/T700GC [0 /90 /90 /0 ]

FM 300NK

Impact/indentation face

Upper interface
(steel-adhesive)

Lower interface
(steel-adhesive)

Fig. 1 The lay-up for the bonded and unbonded FML specimens
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Two completely different specimens, unbonded and bonded, were prepared. During the
lamination of the unbonded specimens, an ethylene tetrafluoroethylene (ETFE) release film
was placed between the steel sheets and the adhesive film to prevent any bond from forming.
The release film pieces were removed after autoclave curing. As a result, the unbonded
specimens consisted of three separate parts, loosely stacked together. The bonded specimens
were laminated in a traditional way, without any release film. In order to ensure and control the
bonding between stainless steel and the adhesive film, surface treatments were applied
according to our previous studies [12, 21]. The surface treatments affect the surface roughness
and the level of bonding strength but have a negligible effect on impact behaviour as long as
debonding is not the dominating damage mode [12, 22].

The FML specimens were cured in an autoclave (at 177 °C and 2 bar) between two thick
aluminium plates to ensure constant temperature distribution through the specimens. The
nominal thickness of the cured specimens was 2.0 mm. At this stage of the study, four
unbonded and 36 bonded specimens have been manufactured and tested.

2.3 Impact Testing

The impact response was studied by carrying out drop-weight impact testing with a test
apparatus described in ASTM D5628–10. The impacts were performed by lifting the impactor
(mass 6261 g) to a predefined height and dropping it in a controlled manner. The impact
energies were adjusted to range from 10 J to 56 J. A hemispherical steel head (diameter
15.9 mm) was fixed to the impactor. The contact force was measured using a load washer (20
kN) located between the steel head and the impactor mass. The data was recorded at a 180 kHz
frequency. The displacement of the impactor was numerically integrated from the measured
contact force–time curve (see e.g. [14]).

The bonded and unbonded FML specimens were fixed to the test apparatus by two steel
fixtures with a circular, 80 mm diameter test area, as described in Fig. 2. Prior to testing, a
release film (ETFE, t = 0.025 mm) was placed on the specimen, at the impact point, to stabilize
the frictional sliding between the impactor and the steel surface.

Displacement rate 
(2 mm/min)

Impactor, hemi-
spherical head, 

d = 15.9 mm

150 x 150 mm2, 
Ø 80 mm opening

Mass 
(6261 g)

Clamped to the 
material tester

Specimen,
110 x 110 mm2

150 x 150 mm2, 
Ø 80 mm opening

LVDT

Fig. 2 The drop-weight impact and indentation test set-up schematics
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2.4 Indentation Testing

Indentation testing was performed using a servo-hydraulic material tester and followed the
guidelines given in ASTM 6264–98. The impactor (indentator) head and the specimen fixtures
were similar to the ones used in the drop-weight testing. The indentations were performed at a
displacement rate of 2 mm/min. The peak force was set to meet the maximum force of the
corresponding impact event. After reaching the peak force (4.9–13.1 kN), the tester was
automatically returned to the initial position. The force data was measured with the help of
the internal load cell of the material tester (100 kN) and the displacement of the impactor head
with an auxiliary displacement transducer (LVDT) fixed to the impactor clamping, as illus-
trated in Fig. 2. Prior to testing, a release film (ETFE, t = 0.025 mm) was placed on the
specimen, at the indentation point, to stabilize the frictional sliding between the impactor and
the steel surface.

2.5 Damage Detection

The post-test damage inside the FML specimens was studied using ultrasonic inspection
(Omniscan MX, Olympus, Japan). The specimens were scanned underwater using the
through-transmission mode and spatial scan resolution of 1 mm/point. C-scan images were
produced applying 2.25 MHz transducers of 13 mm diameter. In addition, the deflection
profiles of the tested specimens were measured along a line crossing the impact/indentation
point in the specimen’s lateral (90°) direction. A laser displacement transducer (LK-081,
Keyence, Japan) at a 0.25 mm/point spatial resolution was used for this task.

2.6 Full-Field Strain Measurements

The digital image correlation method was used to determine full-field strains on the surface of
the impacted FML specimens. A 3-D digital machinery (Aramis, GOM, USA) was applied. A
proper speckle pattern was produced on the specimen’s lower surface with the help of grey and
black spray primers. To measure post-impact strains, a specimen was imaged by using two
cameras to take images both prior to and after the impact event while the specimen was
attached to the test fixtures, as illustrated in Fig. 3. The strain field images were produced with

Camera 1 Camera 2Imaging direction

Specimen’s lower 
surface

Speckle
pattern

20 mm

20
 m

m Peripheral
gauge (A)

Radial
gauge (B)

Metal rolling direction,
Strain gauge measuring direction

Test area boundary r = 40 mm
a) b)

Fig. 3 The Aramis test setup and strain gauge arrangement for strain measurements: a specimen’s lower surface
imaging for the full-field strain determination and; b strain gauge locations on the specimen’s lower surface for
the local strain measurements

Appl Compos Mater (2016) 23:1151–1166 1155



the manufacturer’s software. The functionality and reliability of the setup was confirmed by
several preliminary measurements at different impact energies.

2.7 Local Strain Measurements

Local strains during impact and indentation tests were measured using strain gauges. Two
strain gauges (Kyowa, Japan) with a gauge length of 1.0 mm were attached, with the
manufacturer’s adhesive, on a specimen’s lower surface. The gauges were located at a radial
distance of 20 mm from the impact/indentation point. The measuring direction for the two
strain gauges was set so that peripheral and radial strains were separately measured, as shown
in Fig. 3. The data was recorded at 1 kHz frequency during impact testing and at 1 Hz
frequency during indentation testing.

2.8 Finite Element Modelling

Finite element (FE) simulations to represent 10 J drop-weight impact and 4.9 kN indentation
events were performed using Abaqus 6.14 (Standard). The different layers of the FML
structure were modelled using eight-node linear brick elements (C3D8I). A linear-elastic
material model was applied for composite and adhesive layers, whereas the Johnson-Cook
hardening model (A = 250 MPa, B = 1350 MPa and n = 0.7) was utilized for the steel sheets
(see Table 2). Curing residual stresses were taken into account by applying a thermal load prior
to mechanical loading (Tinitial = 177 °C and Tloading = 22 °C). The out-of-plane displacements
of the upper and lower surfaces of the specimen outside the test area (r = 80 mm) were
restrained in order to model the clamped edges during testing. The impactor was first forced to
translate a 3.7 mm distance, the maximum displacement found during the 10 J impact
experiment, in the out-of-plane direction and then to return to its initial position.

Two different models were created. In the first model (FE-model 1), all the layers were
rigidly connected and, therefore, the results represent the laminate response without any
debonding. The second model (FE-model 2) included cohesive elements (COH3D8) at the

Table 2 The mechanical properties of the constituent materials used in the FML modelling

Property Carbon-expoxy UD
M21/T700GC

Steel AISI 304 L Adhesive film
FM300NK

Thickness [mm] 0.127 0.6 0.15

Modulus [GPa] 124.9 (E1)
a, 7.2 (E2)

a, 7.2 (E3) 197.5c 2.8f

Poisson’s ratio [−] 0.31 (v12)
a, 0.31(v13), 0.38 (v23) 0.264d 0.4f

Shear modulus [GPa] 4.0 (G12)
a, 4.0 (G13), 2.6 (G23)

Thermal expansion coeff. [10−6/ ° C] 0.22 (a1)
b, 40.7 (a2)

b, 40.7 (a3)
b 16.9e 48.6g

a In-house testing (ASTM D3039–00)
b Ref [23]
c In-house testing (ASTM E111–97)
d In-house testing (ASTM E132–04)
e Ref [24]
f Ref [25] (FM 300 U)
g Ref [22] (FM 300 U)
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upper and lower steel-adhesive interfaces close to the impactor contact point (R = 10 mm). The
damage in the cohesive elements was modelled by a bilinear cohesive zone law with a
quadratic nominal stress criterion for damage initiation and a power law criterion for damage
evolution. The selection of representative material parameters for the cohesive elements
(tn

0 = 50 MPa; ts
0, tt

0 = 100 MPa; Knn, Kss, Ktt = 5 × 1014 N/m3; GIC = 1750 J/m2 [26]; and
GIIC, GIIIC = 3500 J/m2 [26]) is reported in our previous work [13]. The global cohesive
element size was 0.45 mm. No damage model was applied for the composite part. More details
of the modelling and simulation scheme can be found in [13].

3 Results

3.1 The Impact and Indentation Response of the Specimens

The contact force–central deflection curves for impact and indentation loaded specimens are
shown in Fig. 4. For all unbonded specimens, the initial stiffness is very low. This is because
the individual, detached parts in the specimens possess only minor bending rigidity. However,
the specimens become stiffer as the membrane stretching increases in the individual parts. In
terms of central deflection, the lack of bonding led to increased (2–24 %) post-test central
deflection during impact and indentation. The effect of initial debonding on the impact
response was similar for 10 J and 56 J specimens, i.e. the initially debonded specimens
experienced higher maximum and post-impact deflections. Thus, initial debonding has a clear
effect on impact response over a large impact energy regime.

3.2 Internal Damage in Impact and Indentation Loaded Specimens

Typical C-scan images of bonded FML specimens and the composite parts of unbonded specimens
after testing are shown in Fig. 5. The white colour in the images represents internal damage, i.e. a
combination of different failure modes such as composite damage, debonding and delamination. It
is important to note that the C-scans of the bonded specimens do not reliably distinguish debonding
and other damage modes in the composite part. The damage in the unbonded specimens gives an
estimate of the damage in the composite part per impact energy. For a 10 J impact, the damage in
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Fig. 4 The contact force–central deflection curves for impact and indentation loaded FML specimens and two
different loading levels
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the composite was minor and focused under the impact point (r < 5 mm). The internal damage
observed from C-scans of indentation loaded specimens was higher compared to impact loaded
specimens at a comparable energy. This finding suggests that the debonding damagemight be load-
rate dependent. In the existing literature, supporting information can be found for load-rate
dependent fracture toughness at metal-polymer interfaces [27, 28].

3.3 The Post-Load Deflection Profiles of Bonded and Unbonded Impact Specimens

The deflection profiles of bonded and unbonded FML specimens after a 10 J impact – when
the effect of composite damage is low – are shown in Fig. 6. The profiles were in agreement
with the maximum (central) deflections determined based on the data of impact testing (Fig.
4). The plastically deformed steel sheets of the unbonded FML specimens had a remarkably
higher maximum deflection when compared to the maximum deflection of bonded specimens.
The measured deflection profiles clearly point out the differences in the constituent material
response. Whereas the elastic-plastic steel sheets have strongly deformed beyond the yield
limit (in the plastic strain region), the linear-elastic composite part has experienced only a
minor permanent deflection. The deflection of the composite part is due to fibre breakage and
adhesive cracking at and around the impact point.

20 mm 20 mm

20 mm 20 mm

Impact 10 J (bonded), 
whole FML

Impact 56 J (bonded), 
whole FML

Indentation 4.9 kN (bonded), 
whole FML

20 mm

Impact 56 J (unbonded), 
composite part

Impact 10 J (unbonded), 
composite part

Indentation 13.1 kN (bonded), 
whole FML

Visual fibre failure

20 mm

Visual fibre failure

20 mm

Indentation 4.9 kN (unbonded), 
composite part

Visual fibre failure

Fig. 5 The C-scan images of impact-loaded and indentation-loaded FML specimens. For unbonded specimens,
only the composite parts were scanned
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Fig. 6 The cross-sectional images of 10 J impact loaded specimens and their measured post-impact deflection profiles
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3.4 Simulated Load Response of the Specimens

The contact force–central deflection curves provided by the two FE simulations are compared
with the experimental impact (10 J) and indentation (4.9 kN) results in Fig. 7. It can be seen
that, in the early phase of loading, the FE curves closely follow the (time-averaged) FML
response measured for impact loading. The lower stiffness measured in the indentation test
might be due to slipping of the specimen boundaries at the beginning of the test. When the load
increases, the stiffness of the FE models decreases faster than in the impact experiment. Based
on the simulations, debonding initiates and progresses along the upper steel-adhesive interface
due to interfacial shear forces (see Fig. 7). As a result, the curve slope of the FE-model 2 is
slightly decreased when compared to the slope of the FE-model 1. During the unloading, the
debonding at the upper interface ceases to propagate. However, debonding initiates at the
lower interface and the central deflection clearly decreases during the final part of the
unloading step. The lower interface debonding is caused by the peeling force, as the composite
part, together with the upper steel sheet, tends towards the initial shape. The size of the
debonded area is comparable with the damage sizes measured in the impact and indentation
tests (Fig. 5).

In Fig. 8, the deflection profiles after indentation loading (4.9 kN) and impact loading (10 J)
are compared with the FE simulation results. It should be noted that the simulations were
extended to the maximum impactor displacement measured in the impact test (3.7 mm). From
the simulated profiles, the one taking debonding into account (FE-model 2) is closer to the
shape of the measured curves.

3.5 Measured and Simulated Strain Distributions

Typical full-field post-impact strains (for a 10 J impact), measured on the non-impacted side, are
shown in Fig. 9a in the form of von Mises strains and strains in the direction of the y-axis. The
von Mises strains showed a significant peaking at the impact point (r < 6 mm). The strain
gradients for individual strain components reach values (≈0.012/mm) that are too high for strain
gauge measurements (with practical grid length) close to the impact point. Therefore, a distance
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debonded area. The maximum debond radii from the centre of the specimen are marked by white arrows
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of 20mm from the impact point was selected for the strain gauge measurements. The radial
strains were only positive close to the contact point, where the highest strain was far
beyond the yield limit of the steel. Outside the contact area, the radial strains were
negative, evidencing the bending behaviour of the laminate. The peripheral strain was
positive throughout the test area.

Additionally, Fig. 9 represents the results of radial and peripheral strain distributions at
the maximum impactor loading and after the impact loading based on the FE simulations,
as well as the measured radial and peripheral disributions after the impact. When com-
paring the simulated maximum strains at the maximum impactor loading, it can be noted
that the presence of debonding damage increased the maximum strains encountered by the
lower metal layer. The simulation results for the post-impact state suggest that the
debonding also increased the maximum post-impact strain at the impact point remarkably.

3.6 Local Post-Impact and Post-Indentation Strains

The post-impact strain (10 J) and post-indentation strain (4.9 kN) of the lower surface, as
measured using strain gauges from bonded and unbonded specimens, are shown in Fig. 10.
The permanent peripheral strain component was always positive, independent of the bonding and
load rates (with impact or indentation tests). However, the peripheral strains were 70–86% higher
after indentation loading when compared to the peripheral strains measured after impact loading.

Independent of the load rate, the measured permanent radial strains were negative in the
bonded specimens. In turn, the unbonded specimens showed positive radial strains after testing.
In the unbonded, indentation loaded specimen, the permanent radial strain was six times higher
when compared to the unbonded impact loaded specimen. These results indicate that a low rate
of loading tends to lead to a more pronounced effect of debonding on permanent strains.

3.7 Strain Build-up during Indentation Loading

The strain build-up during indentation, as measured with the strain gauges and computed with
the FE simulations at the same locations, is shown in Fig. 11. The measured peripheral strains
were positive through the entire indentation contact, both in bonded and unbonded specimens.
In the radial direction, the bonded specimens first encountered negative straining, which
indicates that laminate bending took place during the early part of the indentation at the
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location of the strain gauges. As the loading increased sufficiently, as it did in the indentation
test with the 13.1 kN peak force, the membrane stretching overcame the bending and the radial
strain became positive. In the event that the debonding initially existed and covered the entire
laminate (meaning the unbonded specimens), the radial strain component turned directly
positive, i.e. the specimens only experienced membrane stretching.

The initial bending, as well as the behaviour of the peripheral strain measured for the
bonded specimens, was in agreement with the FE simulation results. Based on the simulations,

Peripheral strains over 
rx after impact

Radial strains over ry
after impact

Impact 10 J (bonded),  
experiment 

FE-model 2

FE-model 1 (no debonding) 
dashed line 

Impact 10 J (bonded),  
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FE-model 1 (no debonding) 
dashed line 
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c) 

Fig. 9 Strains on the impact specimen’s lower surface: a the measured post-impact von Mises strain field and y-
directional strain field, b radial strain distributions at the maximum impactor translation and after the impact and c
peripheral strain distributions at the maximum impactor translation and after the impact
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natural debonding during the loading does not significantly affect the strain build-up outside
the impact point (at the 20 mm strain gauge location).

It is interesting to note that the unloading phase led to a negative radial and peripheral strain
change in all the studied cases – even when the radial strain during the indentation was solely
negative. This result indicates that the FML specimens were indeed carrying the indentation
load chiefly through membrane stretching. Clearly, the elastic part of the membrane strain led
to a negative in-plane strain (compression) in the metal sheet on the non-loaded side during the
unloading. This is also the reason why the permanent strains in the unbonded specimens were
low compared to bonded specimens (Fig. 10), even though the deflections of the unbonded
specimens were higher (Figs. 6 and 8). The observed membrane stretching is supported by
Morinière et al. [29] who reported that over 96 % of the impact energy is absorbed by the
membrane stretching (for Glare 5–2/1 FML) during impact.

4 Discussion

4.1 The Effect of Debonding on the Impact Response

In this work, we studied metal-composite debonding, which occurs during impact and
indentation loading of FMLs, to determine its effect on load response and laminate strains.

0.0021

0.0010

0.0039

0.0017

0.000

0.001

0.002

0.003

0.004

0.005

P
er

ip
h

er
al

 s
tr

ai
n

 [
m

/m
]

-0.0009

0.0001

-0.0014

0.0006

-0.002

-0.001

0.000

0.001

R
ad

ia
l s

tr
ai

n
 [

m
/m

]

Peripheral gauge (A), 
20 mm  

Radial gauge (B),  
20 mm  

Impact 10 J (bonded) Indentation 4.9 kN (bonded)Impact 10 J (unbonded) Indentation 4.9 kN (unbonded)

Fig. 10 The strain gauge post-test strains measured at 20 mm distance from the contact point for 10 J impact and
4.9 kN indentation specimens

-0.002

-0.001

0

0.001

0.002

0.003

R
ad

ia
l s

tr
ai

n
 [

m
/m

]

Normalized impactor displacement [-]

0

0.001

0.002

0.003

0.004

0.005

0 0.5 1 1.5 20 0.5 1 1.5 2

P
er

ip
h

er
al

 s
tr

ai
n

 [
m

/m
]

Normalized impactor displacement [-]

Peripheral gauge (A), 
20 mm  

Radial gauge (B),  
20 mm  

Indentation 4.9 kN
(unbonded)

Indentation 
4.9 kN (bonded)

Indentation 4.9 kN
(unbonded)

Indentation 
4.9 kN (bonded)

FE-model 2 

FE-model 1 
(no debonding) 
dashed line

FE-model 2

Indentation 
13.1 kN (bonded)

Indentation 
13.1 kN (bonded)

FE-model 1 
(no debonding) 
dashed line

Fig. 11 The peripheral and radial strain build-up during indentation testing and simulations. The strain build-ups
are measured and computed 20 mm away from the contact point and on the non-loaded surface of the FML
specimens. The cumulative impactor displacement is normalized to the maximum impactor displacement used in
FE simulations (3.7 mm). The red arrow shows the initiation of the unloading phase in the FE simulation results

1162 Appl Compos Mater (2016) 23:1151–1166



We experimentally compared the impact and indentation response of fully bonded and fully
debonded specimens. The unbonded specimens clearly had a lower stiffness, in terms of the
slope of the contact force–central deflection curve, in the early part of loading. Based on our
FE simulations, load-induced debonding also results in stiffness decrease as the debond forms
and expands with the increasing load. In addition, debonding during unloading affects the
balance between the cumulated plastic strains and recovering elastic strains, which is shown in
the return part of the contact force–central deflection curve. These effects are summarized in
Fig. 12.

The effects of debonding depend on whether the debonding occurs at the upper interface or
at the lower interface of the type 2/1 FML. The upper interface tends to debond during the
loading and, therefore, simulated results are affected by the applied peak force or deflection
(the ultimate translation of the impactor). The lower interface tends to debond during the
unloading and directly affects the permanent deflection.

We also studied the influence of debonding on the straining of the laminate’s lower surface
on the area outside the debond damage (20 mm from the impact/indentation point). These
results are summarized in Fig. 13. The measured peripheral strains were remarkably lower
throughout the contact period in the fully unbonded specimens. The simulation results indicate
that the peripheral strain also decreases due to load - induced debonding when compared to the
simulation without any debonding damage, though the decrease was small in the simulated
case. The radial straining experienced a radical change due to initial debonding. The unbonded
specimens experienced positive strains right from the beginning. In turn, bonding between the
layers increases the bending rigidity of the FML panel and, therefore, negative straining
occurred for the bonded specimens. The change in the radial straining behaviour due to natural
debonding, based on the simulations, had a similar tendency as in peripheral straining
behaviour, i.e. the strain-displacement curve shifted towards the curve representing strain
build-up in the fully unbonded specimen.

4.2 Strain-Rate Strengthening and Stiffening in FMLs

Indentation tests have been used in the current literature to validate indentation models, as well
as to support the analysis of low-velocity impact [30, 31]. However, the strain rate is higher for
an impact loading compared to quasi-static indentation. Since the (absolute) values of periph-
eral strains are in general higher than radial strains, the strain rate effects are expected to be
more pronounced on the peripheral strain build-up. Anyhow, the strains due to an impact
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Fig. 12 The effects of initial debonding (white arrows) and load-induced debonding (red arrows) on the load
response of an impact/indentation test specimen
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accumulate at the impact point, i.e. strain localization occurs, and subsequently the strain rates
are high enough to affect mechanical behaviour mostly at the impact point (see Fig. 9). Outside
the impact point, the strain build-up during an impact is expected to essentially follow the
curves found by quasi-static indentation (see Fig. 11).

A coarse estimate of the maximum strain rates during the impacts in our study was 0.6 s−1

based on the strain gauge data measured at 20 mm distance from the impact point. At the
impact point, a rough and conservative estimate for the average strain rate is about 21 s−1,
based on the y-directional strain field results in Fig. 9 (the peak post-strain being 0.069 m/m
and the loading period of the impact being 3.3 ms). Blandford et al. [32] have studied the effect
of strain rate on the mechanical properties of AISI 304 L stainless steel. They concluded that
the yield point increases ≈40–60 % at a strain rate range of 25–50 s−1 when compared to quasi-
static test results. Similar effects of strain rate on the mechanical properties have been observed
for carbon fibres too. However, the strain rate stiffening of carbon fibres mostly occurs at a
very high strain rate (>103 s−1) [33]. Even though the carbon fibres in our study did not
encounter strain rate stiffening, the strain rate stiffening of the steel sheets may cause an
increase in the contact force–central deflection curve slope during impact loading. This type of
change was also seen in the results between simulation and impact testing (Fig. 7).

Vlot [34, 35] has suggested that fibres with a strong tendency for strain rate strengthening
(an increase in ultimate strain due to the strain rate) should be preferred in FMLs to improve
impact resistance. Due to the strong localization of strains at the impact point, any fibre failure
tends to initiate right at the impact point. Therefore, in addition to strain rate strengthening, it
would be beneficial to prefer fibres and metals with a strong tendency for strain rate stiffening
(an increase in Young’s modulus and yield point). Because the strain rates are highest at the
impact point, local stiffening of fibres and metal could transfer load bearing further away and
postpone local damage and perforation.

5 Conclusions

We have analysed the effect of metal-composite debonding on the low-velocity impact
response of a type 2/1 FML made of stainless steel and carbon fibre epoxy layers. The results
of the experiments and FE simulations showed that the debonding decreases the curve slope of
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Fig. 13 The effects of initial debonding (white arrows) and load-induced debonding (red arrows) on the
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the contact force–central deflection curve during the loading phase of the impact. The
simulation results also indicated that debonding formation during the unloading phase influ-
ences the end part of the contact force–central deflection curve by amplifying the rebound, i.e.
decreasing the final deflection.

The straining of the FML panels outside the region of the debonding damage was our
primary interest. The results indicated that debonding formation during impact and indenta-
tion, as well as initial debonding, will decrease the peripheral strain and result in a positive
change in the radial strain on the panel’s lower surface. The effect can be observed during
contact, as well as from the permanent strains of the specimen. The change in the straining is
partly due to a decrease in bending stiffness and, consequently, an increase in membrane
stretching. This research indicates that debonding damage in FMLs loaded by low-velocity
impact has an apparent effect on a panel’s deflection response and strains, and consequently
also on the internal stress state. Therefore, debonding is an important factor in the damage
process of FMLs and the debonding should be taken into account in the modelling with its all
features.
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