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A B S T R A C T

Delamination is the dominant failure type in FMLs, particularly when combining CFRP and steel. Practical
applications usually contain multi-directional interfaces. Therefore, delamination of multi-material and multi-
directional interfaces is investigated using the DCB and ENF setups. Analysis of such interfaces requires
asymmetric layups. Thus, thermal residual stresses (TRS) build up. Effects of TRS are corrected to compare
true fracture toughness values, since neglecting TRS can result in mispredictions of up to 200 %. The ply
orientation at the delamination interface affects the fracture toughness of monolithic and hybrid interfaces. In
general, hybrid interfaces exhibit slightly lower interface properties compared to monolithic interfaces. While
mode I behavior appears mostly unaffected by temperature, mode II fracture toughness slightly increases with
decreasing temperature.
1. Introduction

CFRP is broadly used in lightweight design due to its high stiff-
ness and strength at low density. However, CFRP also exhibits some
drawbacks such as low bearing strength and a comparably low impact
resistance in combination with a high risk of delamination. In contrast,
metals show high bearing strength and good impact properties, but at
the same time exhibit high density and poor fatigue resistance. By com-
bining composites and metals, the drawbacks of each material group
can be overcome. GLARE, combining aluminum and GFRP, is a well
known example of a fiber metal laminate (FML) exhibiting excellent
fatigue properties at a much lower weight than pure aluminum [1–3].
Other material combinations include for example the combination of
CFRP and titanium, where good compatibility of material stiffness and
coefficient of thermal expansion (CTE) lead to high strength and tem-
perature resistance even under extreme temperature conditions [4,5],
thus providing a high performance material e.g. for application as load-
carrying shielding-structures in supersonic applications [6]. The high
bearing strength makes CFRP-titanium FMLs also a good candidate for
highly loaded mechanically fastened joints [7,8]. By combining CFRP
and steel, a very high increase in stiffness and strength can be achieved
at much lower metal contents compared to CFRP-titanium FMLs. Su-
perior bearing capacity [8–10] as well as high impact resistance [11]
is demonstrated. However, a drawback is the difficulty in machining
because of high wear on toolings [12].

∗ Corresponding author.
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Nonetheless, as a result of the relatively large difference in many
material properties, e.g. stiffness or CTE, some challenges still need to
be overcome in order to fully exploit the advantages of steel hybridiza-
tion in CFRP laminates. In addition to manufacturing challenges [13]
and the determination of thermal residual stresses (TRS) [13,14], in
particular the delamination behavior needs to be investigated as layer
separation poses one of the dominating failure types in CFRP-steel
FMLs [15,16].

The delamination behavior in terms of fracture toughness is de-
scribed by the critical energy release rate (cERR). It is influenced by
the quality of surface preparation of the metal surface as well as the
magnitude of TRS at the interface under investigation [17]. Several test
methods are proposed for investigating the cERR in composites. The
double-cantilever-beam (DCB) test, standardized in ASTM D5528 [18],
is used for termining the cERR under mode I loading, i.e. peel loads. The
end-notched flexure (ENF) test, standardized in ASTM D7905 [19], can
be applied for determining the cERR under mode II loading, i.e. shear
loads. Further, tests to determine the cERR in mode III (transverse
shear) or combinations of the modes (mode-mixity) are possible, too.
From investigations on monolithic composites, it is known that crack
propagation between adjacent layers of different orientation leads to
different cERR values [16,20–23]. One reason is the different area of
the resulting micromechanical fracture surface [24]. Studies on the be-
havior of multi-material interfaces as well as the effect of temperature
are less prevailing.
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Table 1
Specimen layups for interface testing in DCB and ENF setup.

Interface Layup 𝐷𝑐 𝐵𝑡 𝑙𝐷𝐶𝐵 𝑙𝐸𝑁𝐹 𝑏 𝑡𝑛𝑜𝑚
[–] [–] [mm] [mm] [mm] [mm]

00//00 [017//017] 0.006 0.04 200 150 25 4.5
00//45 [(02/90)6 , 02//45,(02/90)6, 02] 0.002 0.05 200 150 25 5.4
00//90 [(02/90)6 , 02//90,(02/90)6, 02] 0.002 0.05 200 150 25 5.4
St//00 [016,St//017] 0.006 0.04 200 150 25 4.5
St//45 [(02/90)6,0,St//45,(02/90)6, 02] 0.002 0.05 200 150 25 5.4
St//90 [(02/90)6,0,St//90,(02/90)6, 02] 0.002 0.05 200 150 25 5.4
1.1. Multi-material interfaces

Within the scope of adhesive testing, the common configuration for
hybrid interface analysis is characterized by the case where the adher-
ents themselves are made of different materials [25–27]. However, it
should be noticed that in the present research, multi-material interfaces
are discussed with a focus on intrinsic FMLs (see Table 1) without
any additional adhesive layer between metal and composite. Rather,
the individual plies of the laminate are made from different materials.
Both [10], Monden [17] and Petersen [9] investigate multi-material
interfaces in CFRP-steel and CFRP-titanium FMLs. The manufacturing
processes for the FMLs are similar, combining an abrasive metal pre-
treatment process (e.g. vacuum grit-blasting) followed by a chemical
process (e.g. Sol–gel application) in order to ensure adhesion of the
metal to the CFRP matrix system within a standard prepreg manufac-
turing process. All three studies agree on the fact that hybrid interfaces
exhibit lower interlaminar fracture thoughness compared to monolithic
interfaces at room temperature (RT). According to Petersen [9], mi-
croscopy of the interfaces after testing shows a combination of adhesive
and cohesive failure at the interface since the metal surface is partially
covered with resin and debris of fibers. Investigations by Both [10]
on the evolution of the ERR in mode I with increasing crack length
indicates that an R-curve effect is present only for hybrid interfaces
(St//00, Ti//00) and not for the monolithic interface 00//00. An R-
curve (resistance curve) behavior is defined by increasing fracture
toughness with increasing crack length. Therein, fiber-bridging at the
cracked interface and crack-jumping to adjacent interfaces resulting in
multiple crack planes are determined as the source for the occurrence
of an R-curve behavior. It should be noted, however, that Petersen [9]
did not observe an R-curve effect in neither hybrid nor monolithic
interfaces.

1.2. Multi-directional interfaces

Currently prevaling standards for mode I and mode II interlaminar
testing, e.g. the DCB and ENF setups, are explicitly only valid for UD-0◦

aminates, and thus for 00//00 interfaces. However, in practical appli-
ations multi-directional laminate layups are present and delamination
s usually observed between layers of different orientations [28]. Thus,
t is important to study multi-directional interfaces.

By nature, testing of multi-directional – and for that matter multi-
aterial interfaces – requires asymmetric layups with respect to the

racture plane. Thus, the bending-twisting coupling terms in the stiff-
ess matrix of the laminate become non-zero. As a result, parasitic
ffects leading to non-perfect mode isolation are present and should
e taken into account. Different authors investigate multi-directional
nterfaces in monolithic composites, coming to conflicting findings:
ereira et al. [20] and Chai [29] observe that both mode I and mode II
nterlaminar fracture toughness are independant of the orientation
f the plies at the interface under investigation. However, Tao and
un [30] as well as Bienas [31] report that the interlaminar fracture
oughness decreases as the difference in ply-angle between adjacent
ayers increases.

When considering multi-directional interfaces in FMLs, result are
are. Petersen [9] investigates CFRP-St FMLs at RT with interfaces
2

ncluding St//00, St//45 and St//90 in the DCB as well as ENF test
setup. The fracture toughness of the St//00 interface in mode I is lower
compared to St//45 and St//90 interfaces. However, the mode II frac-
ture toughness of the St//00 interface is larger compared to St//45 and
St//90 interfaces. Similar results are reported by Bienias et al. [31] for
GFRP-aluminum and CFRP-aluminum FMLs for the ENF case. For both
material combinations the interfaces composed of metal and 0◦ layers
exhibit the highest mode II fracture toughness followed by metal//45
and metal//90 interfaces. Except for Petersen [9], who improves the
layup of the specimens to reduce parasitic effects resulting from asym-
metry, neither of the remaining studies quantify the effect of parasitic
modes affecting the characterization of delamination behavior.

1.3. Effect of low temperature

The common assumption regarding delamination at low tempera-
ture conditions is that the matrix strength increases with decreasing
temperature, and thus the delamination resistance is considered to
increase, too. However, results from literature report conflicting ob-
servations regarding the effect of low temperature on delamination
in composites: Asp [32] investigates the low temperature behavior of
monolithic CFRP specimens in the DCB and ENF configuration at RT
and −50 ◦C. Despite testing asymmetric specimen layups, effects of
parasitic mode interaction and TRS on the cERR are not taken into
account. Within the study, the apparent fracture toughness in mode I is
not affected, whereas the fracture toughness in mode II increases signif-
icantly with decreasing temperature. A study by Kim et al. [33] on DCB
specimens at temperatures as low as −100 ◦C shows that the fracture
toughness in mode I increases with decreasing temperature. According
to Coronado et al. [34–36], the mode I cERR for temperatures down to
−60 ◦C decreases with decreasing temperature.

Only very limited literature can be found on the effect of low tem-
perature on delamination in CFRP-steel interfaces in terms of fracture
toughness analysis. Rather, most research on FMLs regarding this topic
focuses on GLARE by investigating the fatigue crack growth behavior.
In that regard, studies suggest that lower temperatures reduce the crack
growth rates in GLARE [37–39]. An investigation by Burianek [40]
on delamination in CFRP-titanium face sheets at −18 ◦C indicates in-
creasing delamination resistance with decreasing temperature. Similar
observations are made by Rans et al. [41] on the delamination growth
rates for GLARE as well as CFRP-titanium FMLs at −40 ◦C.

The investigation of multi-material and multi-directional interfaces
results in testing of asymmetric specimens, which is why inclusion
of parasitic effects due to layup and TRS on the derivation of the
fracture toughness value from the experiment is important [17,42,43].
The necessity for accounting for parasitic effects during data reduction
is demonstrated in Koord et al. [44]. Especially in case of CFRP-
steel FMLs, large errors in delamination prediction can occur if data
reduction is not done appropriately. Within the study, a comprehen-
sive correction methodology is described and validated extensively.
This methodology for retrieving true fracture toughness values from
experimental testing is also applied in the present study.

In the present research, the effect of temperature on the delam-
ination behavior of multi-material and multi-directional interfaces is
investigated. For this purpose, mode I and mode II delamination anal-
ysis based on DCB and ENF testing is conducted at RT (23 ◦C) and
LT (−55 ◦C). Thereby, the goal is to contribute to closing the gap
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in literature regarding the delamination behavior of CFRP-steel FMLs,
explicitly regarding the effects of temperature and multi-directional
interfaces. Monolithic interfaces are investigated as well in order to
provide a reference for the discussion on the effects of temperature and
multi-directional interfaces.

2. Experimental work

In the present section, an overview on the methodology for deter-
mining true ERR values as well as a description of the manufacturing,
testing, and data reduction process is given.

2.1. Determination of true fracture toughness

Investigation of the interlaminar behavior is based on the DCB
and ENF test setups for mode I and mode II characterization, respec-
tively. These methods have been proven to be applicable to monolithic
as well as hybrid interfaces [9,10,17]. The determination of inter-
face properties is sensitive to non-uniform behavior. Therefore, the
apparent energy release rate (aERR) resulting directly from the ex-
periment needs to be corrected in order to yield the true energy
release rate (tERR) [45]. Monolithic specimens are affected by non-
uniformities just as hybrid specimens are. However, in case of hybrid
specimens parasitic effects are usually more pronounced.

Since the sources of these parasitic effects are manifold, different
correction types are distinguished in Fig. 1. While measures like the
sublaminate technique to minimize effects due to asymmetric layups
are introduced during specimen manufacturing, correction for large
deformations, load introduction and beam compliance are conducted
during evaluation of the test results. In turn, correcting effects arising
from thermal residual stresses is usually done by applying correc-
tion terms on the energy release rate after evaluation of the test
results. Application of the individual steps for determining the tERR
are introduced and discussed individually in the subsequent sections.
Validation of the methodology for CFRP-steel FMLs is provided in
Koord et al. [44].

2.2. Specimen manufacturing

Specimen manufacturing is done using CFRP prepreg material by
Hexcel (HexPly M21/35%/134 gsm/T700GC) with a cured ply thick-
ness of 0.13 mm. For the FML specimens, austenitic steel 1.4310 with
a nominal foil thickness of 0.13 mm is used. Prior to layup, the metal
sheets undergo a pre-treatment process in order to assure accurate
bonding to the CFRP layers. The process developed at DLR combines
mechanical and chemical treatment by vacuum grit-blasting and Sol–
gel application [50]. Grit-blasting is conducted with an abrasive media
(KB105) at a feed rate of 0.5 mm/s. The steel foil is then immersed
in Sol–gel (AC-130-2) for 150 s and dried for 60 min before being
covered with prepreg material. A total of six plates are manufactured
by hand layup, vacuum sealed, and cured in an autoclave following
the manufacturer’s recommended curing cycle. The initial pre-crack in
the midplane of the laminates is introduced by insertion of a double-
layered PTFE foil of 25 μm in thickness. After curing, the specimens
re cut out of the plates by waterjet and measured using a micrometer.
he DCB specimens are further processed by applying piano hinges at
he ends of the free specimen sublaminates for the load introduction
onforming to ASTM D5528. After manufacturing, the specimens are
tored at 23 ± 3 ◦C and 50 ± 10% relative humidity until testing.

Testing of multi-directional and/or multi-material interfaces re-
uires the laminate layup to be asymmetric by nature. However, in
n attempt to minimize parasitic effects resulting from an asymmet-
ic layup, recommendations for multi-directional interfaces [51] are
dopted to the layups presented in Table 1. These layups have been
3

reviously validated for analysis of multi-directional and multi-material
nterfaces at RT by Petersen [9]. Adjusting the stacking sequence consti-
utes a correction for effects arising from deviation from the beam theory
n Fig. 1. By adjusting the layup, a relatively even and symmetrical
RR profile across the specimen width is achieved through minimizing
he curvature due to longitudinal/transverse-bending coupling as well
s the skewness of the crack profile due to bending-twisting coupling
f the specimen arms. Following conditions are defined by Prombut
t al. [51] based on the laminate ABD-matrix 𝐷𝑐 ≤ 0.25 and 𝐵𝑡 ≪ 1,

respectively:

𝐷𝑐 =
𝐷2

12
𝐷11𝐷22

≤ 0.25; 𝐵𝑡 =
|

|

|

𝐷16
𝐷11

|

|

|

≪ 1 (1)

The layups shown in Table 1 have been previously validated for
analysis of multi-directional and multi-material interfaces at RT by
Petersen [9].

2.3. Test setup and procedure

Testing is conducted on two temperature levels, 23 ◦C and −55 ◦C,
inside a temperature chamber in a servo-mechanic testing machine by
Zwick (Zwick 1484) equipped with a 20 kN load cell. The temperature
in the chamber is continuously monitored using two resistance temper-
ature detectors (Pt100). In case of low temperature tests, the specimens
are cooled inside the temperature chamber for 10 min prior to testing.

The DCB test setup in Fig. 2(a) is extended by a fullframe camera
with a resolution of 42 mega pixel and a spotlight to assure consistent
lighting conditions. Images are taken at a frequency of 1 Hz and syn-
chronized with force, displacement, and temperature data. The setup
was previously applied successfully at DLR [52,53]. Prior to testing,
a natural pre-crack is introduced into the DCB specimen in order to
prevent measurement of wrongfully high fracture toughness values.
Pereira et al. [20] identified resin nests at the tip of the PTFE foil
to lead to a significant error in determination of the cERR at crack
initiation. Therefore, after placing the DCB specimen inside the testing
rig, the crossbeam is slowly moved until the initial pre-crack length of
40 mm introduced by the PTFE foil is extended to 𝑎𝑜 = 43 mm. Thereby,
natural crack front develops, as is recommend for multi-directional
interfaces. The actual test is conducted at a constant crosshead speed
of 1 mm/min.

The ENF test is conducted in a three-point bend setup in Fig. 2(b).
Monitoring of the crack front is not conducted because mode II testing
in the present case is generally associated with instable crack propaga-
tion [54]. Inside the fixture, the ENF specimens are supported by two
bottom legs at a distance of 100 mm while load introduction occurs by
a center stamp at a constant crosshead speed of 0.5 mm/min. Different
to the DCB setup, ENF specimens require manual alignment in order
to assure that the initial crack length, defined by the distance between
the support leg and the crack tip, is set accurately.

2.4. Experimental data reduction procedure

Determination of the interlaminar properties is based on the ap-
proaches offered in the standards for the DCB and ENF test, respec-
tively. For DCB analysis, the compliance calibration (CC) method for
data reduction is selected based on the recommendation by Yokozeki
et al. [45] for inclusion of TRS in the analysis process. The CC method
uses a least squares plot of log(𝛿∕𝑃 ) over log(𝑎). Therein, the slope of
the linear least squares fit represents the correction factor 𝑛. The aERR
based on the CC approach reads:

𝐺𝑒𝑥𝑝
𝐼𝑐 = 𝑛𝑃𝛿

2𝑏𝑎
(2)

Comparison of force–displacement data with the visual inspection
of the crack propagation behavior indicates that the cERR at crack
initiation 𝐺𝐼𝑐 can be obtained from the maximum force during the
experiment 𝑃 .
𝑚𝑎𝑥
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Fig. 1. Overview on methodology for determination of the true energy release rate by correction of apparent energy release rates influenced by the test setup, deviations from
the beam theory, and TRS [44] (see [46–49]).
Fig. 2. Test setup inside a thermal chamber for (a) DCB testing including camera setup and (b) ENF testing.
The CC method is adopted from ASTM D7905 for determining the
cERR from the experimental ENF test data. One specimen out of each
series is used to determine the compliance coefficient and loaded up
to 50% of the maximum force from the fracture test whilst varying the
crack length 𝑎𝑜 from 15 mm to 25 mm to 35 mm. These compliances
(𝛿∕𝑃 )𝑎𝑜 are then plotted over the crack length cubed 𝑎3. The CC
coefficients are obtained from a linear least squares regression analysis
(𝛿∕𝑃 = 𝐴 + 𝑚𝑎3), with 𝐴 representing the intersect and 𝑚 the slope of
the regression function. The cERR in mode II results to:

𝐺𝑒𝑥𝑝 =
3𝑚𝑃 2

𝑚𝑎𝑥𝑎
2
𝑜 (3)
4

𝐼𝐼𝑐 2𝑏
As the data reduction methods in ASTM D5528 and ASTM D7905
are developed for monolithic specimens, it is assumed that the de-
lamination modes are perfectly isolated during the DCB test (mode I)
and the ENF test (mode II). However, in hybrid specimens mode-
isolation is flawed. A detailed analysis on the degree of mode-isolation,
i.e. the contribution of parasitic modes, is provided in Koord et al. [44].
The study on CFRP-steel interfaces shows that mode isolation is quite
acceptable. Therein, the contribution of parasitic modes is less than
5% over the vast majority of the crack-tip length. Only at the edges of
the specimens, parasitic modes become more prevailing and contribute
to up to approximately 20% (DCB) and 35% (ENF) to the overall
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Table 2
Apparent ERR of monolithic and hybrid interfaces in mode I (𝐺𝑒𝑥𝑝

𝐼𝑐 ) and mode II (𝐺𝑒𝑥𝑝
𝐼𝐼𝑐 ).

𝐺𝑒𝑥𝑝
𝐼𝑐 𝐺𝑒𝑥𝑝

𝐼𝐼𝑐

00//00 00//45 00//90 St//00 St//45 St//90 00//00 00//45 00//90 St//00 St//45 St//90

23 ◦C (RT)

Mean N/mm 0.311 0.384 0.598 0.374 0.551 0.371 2.402 2.916 2.226 1.707 1.897 2.114
Std. Dev. N/mm 0.017 0.029 0.067 0.044 0.039 0.013 0.094 0.090 0.115 0.197 0.136 0.075
C.o.V. % 5.50 7.48 11.2 11.7 6.99 3.63 6.93 3.08 5.18 11.5 7.16 3.56
n – 4 4 4 6 5 5 3 3 3 4 5 5

−55 ◦C (LT)

Mean N/mm 0.322 0.387 0.585 0.400 0.524 0.436 2.506 3.022 2.182 1.808 2.049 1.806
Std. Dev. N/mm 0.034 0.038 0.060 0.029 0.024 0.039 0.133 0.291 0.118 0.264 0.088 0.126
C.o.V. % 10.2 9.83 10.2 7.27 4.54 9.01 5.30 9.62 5.39 14.6 7.97 6.96
n – 6 6 6 4 5 5 6 6 6 4 5 5
Fig. 3. Schematic representation of specimen tip loads as a result of a mismatch in
CTE in asymmetric DCB specimen [55].

fracture energy 𝐺𝑡𝑜𝑡. Regarding the effects on the global behavior of
the force–displacement curve, these effects are negligible, which is why
the methods from the standards are considered to be applicable to the
present case. In Table 2, the aERR for the DCB and ENF tests determined
by the CC method are summarized.

2.5. Correction of fracture toughness values

As previously discussed, the specimens in the present research
contain multi-directional and multi-material interfaces, resulting in
asymmetric layups (see Table 1). Hence, the thermal expansion behav-
ior of the sublaminates differs. When subjected to a large temperature
difference, TRS build up due to the differences in thermal shrinkage of
the sublaminates. As a result, thermal loads are acting on the crack tip
eventhough no external load is applied [42]. When considering the DCB
specimen, the presence of TRS can lead to either a closing or an opening
moment acting on the crack tip depending on the material properties
and laminate layup at hand. Further, depending on the degree of
asymmetry and the temperature difference 𝛥T, the magnitude of TRS
differs, too. Inclusion of thermal effects is particularly important when
dealing with CFRP-steel laminates, since the large difference in CTE
combined with high stiffnesses of the constituents lead to a high level
of TRS [44]. Testing at low temperatures further increases the residual
stress state. These effects are currently not considered in the standards
but should be incorporated when evaluating interlaminar properties of
specimens with disimilar sublaminates. The present correction method
represents the correction for effects arising from thermal residual stresses
in Fig. 1.

In Yokozeki et al. [45], an analytical correction method for ther-
mal effects in DCB and ENF specimens based on the formulations of
Nairn [42] is presented. Therein, by dividing the specimen into three
sublaminates, namely two cracked arms and the intact portion of the
laminate, the aERR obtained from the experiment 𝐺𝑒𝑥𝑝

𝐼𝑐∕𝐼𝐼𝑐 is corrected
by superimposing the fraction of ERR due to thermal effects 𝐺𝑡ℎ

𝐼∕𝐼𝐼 , thus,
yielding the tERR.
5

It is important to note that the correction method by Yokozeki
et al. [45] assumes no contact between the cracked arms of the spec-
imen. This simplification is viable for most specimens. However, es-
pecially when considering asymmetric CFRP-steel FMLs contact forces
need to be considered as demonstrated in detail in Koord et al. [44]. As
shown at the example of a DCB specimen for characterization of an ad-
hesive in Fig. 3, the mismatch in CTE between adhesive and adherend
results in tensile TRS in the adhesive after cooling the specimen from
the stress-free temperature during curing down to room temperature
or low temperature levels. The two debonded arms touch each other at
the tips, which in turn leads to contact forces. (The idea of a stress-free
temperature was first introduced by Pagano and Hahn [56]. It assumes
that during manufacturing the matrix in a composite is sufficiently
viscoelastic above a certain temperature so that any stresses can relax.
When cooling a composite down from the stress-free temperature an
increase in TRS can be expected. The magnitude of TRS depends on the
difference in CTE and stiffness of the constituents of a laminate. In case
of a UD-0◦ specimen, there are no TRS present on meso-scale. In case
of a hybrid laminate, the difference in CTE between metal and CFRP
in combination with an asymmetric layup leads to the build-up of TRS,
resulting in a curved specimen as can be seen in Fig. 3.) Guo et al. [55]
have introduced a correction method to account for the additional
deformation within the debonded region due to the existence of contact
forces. In Koord et al. [44], it has further been demonstrated that by
replacing the properties of the adhesive layer with properties of steel,
the correction method can be transferred to hybrid laminates, since the
difference in CTE between CFRP and adhesive (CTEUD-0◦ < CTEadhesive)
is qualitatively similar to the difference in CTE between CFRP and
steel (CTEUD-0◦ < CTEsteel). The deformation shape is similar but more
pronounced in case of the steel ply due to the larger stiffness of steel.
Thus, the total ERR is obtained by superposition of the strain energies,
which is why the portion of ERR at the crack tip 𝐺𝐼,𝑡𝑖𝑝 determined based
on Guo et al. [55] is added onto the ERR correction terms by Yokozeki
et al. [45]:

𝐺𝐼𝑐 = 𝐺𝑒𝑥𝑝
𝐼𝑐 +

𝑃𝑚𝑎𝑥𝛥𝑇
𝑏

(𝛼(1)𝜅 − 𝛼(2)𝜅 )𝑎 + 𝛥𝑇 2

2𝑏
(𝐼 (1) + 𝐼 (2) − 𝐼 (3)) + 𝐺𝑡ℎ

𝐼,𝑡𝑖𝑝
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝐺𝑡ℎ
𝐼

(4)

𝐺𝐼𝐼𝑐 = 𝐺𝑒𝑥𝑝
𝐼𝐼𝑐 +

𝑃𝑚𝑎𝑥𝛥𝑇
𝑏

(𝛼(2)𝜅 − 𝛼(3)𝜅 )𝑎 + 𝛥𝑇 2

2𝑏
(𝐼 (1) + 𝐼 (2) − 𝐼 (3))

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐺𝑡ℎ
𝐼𝐼

(5)

In Table 3, the correction thermals for mode I and mode II ERR
are summarized. A brief derivation of the equations is presented in
Appendices C.1 and C.2. For details on the correction methods for the
cases with and without tip contact, the reader is referred to [45,55],
respectively. While the correction method excluding tip forces has been
applied repeatedly on adhesive joints with dissimilar adherents [57,58]
as well as CFRP-steel FMLs [9,10,17], the consideration of tip forces is
new for asymmetric CFRP-steel laminates.
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Fig. 4. Force–displacement curves of DCB tests at 23 ◦C (RT) and −55 ◦C (LT).
Table 3
Correction terms for ERR in mode I and mode II due to thermal residual stresses 𝐺𝑡ℎ

𝐼∕𝐼𝐼
in N/mm.

Temp. 00//00 00//45 00//90 St//00 St//45 St//90

𝐺𝑡ℎ
𝐼

LT 0 −0.029 −0.023 −0.092 −0.141 −0.115
RT 0 −0.019 −0.013 −0.048 −0.086 −0.060

𝐺𝑡ℎ
𝐼𝐼

LT 0 0.208 0.108 0.545 0.586 0.575
RT 0 0.104 0.063 0.275 0.304 0.319

3. Results and discussion

3.1. Interlaminar behavior in mode I

The discussion of the DCB results is divided into four parts. First,
the behavior of monolithic and hybrid specimens based on force–
displacement data is studied. Then, the cERR defining delamination
initiation and the importance of considering thermal effects are dis-
cussed, followed by an investigation on the evolution of ERR with
increasing crack length. Finally, the fracture surfaces are compared.

3.1.1. Force–displacement curves
In Fig. 4, the force–displacement curves of the DCB tests are pre-

sented. In case of the monolithic specimens, analytically determined
force–displacement curves based on Eq. (6) are calculated with
temperature-dependent material properties and true ERR for verifica-
tion. In case of the hybrid specimens, the kink in the curve behavior
associated with the contact force at the tip of the cracked sublaminates
does not allow for analytical verification.

In the monolithic laminates, the effects of TRS due asymmetry in the
specimen layup are very small (see Fig. 5(a)). Therefore, verification
by comparison to the analytically predicted curve behavior can be
done with acceptable accuracy. However, in the hybrid laminates the
assumption of the sublaminates having identical mechanical properties
in Eq. (6) is violated. The sublaminate which contains the metal ply
exhibits a curvature due to the bending moments that are introduced
by the asymmetry (see Fig. 3). As a result, at the very beginning of the
DCB test first the curvature is eliminated by the load increase at almost
no displacement. Then, at the position of the kink, the sublaminates
start to separate from one another. As this behavior is rooted in the
presence of TRS, the kink in the load–displacement curves of specimens
6

tested at LT are on a higher load level than for those tested at RT
because the difference to the stress-free temperature is greater. For
specimens that are tested at the stress-free temperature, theoretically,
the kink would vanish. The present characteristic demonstrates the ne-
cessity of including thermal effects, in particular when studying hybrid
specimens. A detailed investigation of this phenomenon is presented in
Koord et al. [44].

In case of the 00//00, St//00 and St//90 interfaces, self-similar
crack propagation after crack onset is observed. For the remaining
interfaces, however, an R-curve effect is expected for the interfaces
00//45, 00//90 and to a smaller extent even in case of St//45.

3.1.2. Critical energy release rates
Fig. 5 shows the cERR in mode I for monolithic and hybrid interfaces

at RT and LT. Based on the correction methodology in Fig. 1, the
comparison in Fig. 5 differentiates between the aERR based on the
experimental test 𝐺𝑒𝑥𝑝

𝐼𝑐 , the thermal portion due to the asymmetric
layup 𝐺𝑡ℎ

𝐼 as well as the tERR 𝐺𝐼𝑐 .
Considering the monolithic interfaces in Fig. 5(a), correction of

thermal effects is considered negligible because the correction terms
are either smaller or on the same order of magnitude as the stan-
dard deviation during testing. However, when looking at the hybrid
interfaces in Fig. 5(b), neglecting thermal effects leads to a significant
overestimation of the cERR. Therefore, TRS need to be taken into
account. Otherwise, comparison of hybrid interfaces is not accurate.
Furthermore, delamination onset might be overestimated when us-
ing the aERR as input in numerical simulations in conjunction with
cohesive element modeling.

Comparing the tERR at crack initiation 𝐺𝐼𝑐 , the hybrid interfaces
St//00 and St//45 exhibit comparable interfacial toughness when con-
sidering their monolithic counterparts at both RT and LT. The interface
St//90 exhibits a lower fracture toughness than the interface 00//90.
Similar behavior between monolithic and hybrid interfaces has been
reported by Petersen [9] at RT. As can be seen in Fig. 7, crack onset in
both the St//90 and 00//90 interfaces is affected by crack jumping,
which highly influences the fracture toughness value. The 00//90
interface additionally shows fiber bridging, which could explain the
difference in fracture toughness compared to the St//90 specimen.

Regarding the effect of low temperature on the fracture toughness,
the monolithic interfaces appear to be not affected. This behavior
is somewhat unexpected as the common assumption is that the true
interface toughness, especially in monolithic CFRP, increases with de-

creasing temperature as the matrix properties improve. In comparison
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Fig. 5. Mode I energy release rate (ERR) results for (a) monolithic and (b) hybrid interfaces including apparent ERR 𝐺𝑒𝑥𝑝
𝐼𝑐 , thermal portion of ERR 𝐺𝑡ℎ

𝐼 and true ERR 𝐺𝐼𝑐 .
Fig. 6. Evolution of apparent mode I energy release rate (ERR) with increasing crack length for (a) monolithic and (b) hybrid interfaces at RT and LT.
o literature results, the present observation agrees well with results
y Asp [32] and contradict findings by Kim et al. [33] and Coronado
t al. [36], despite similar CFRP materials and comparable stacking
equences. However, in contrast to the other studies, the present one
ntroduces a natural pre-crack. In case of the hybrid interfaces, differ-
nces in the fracture toughness values due to temperature are rather
mall and mostly within the standard deviation of the experiments.
herein, the interface toughness of St//00 and St//90 appears more
r less constant. However, when looking at the tERR of the interface
t//45, a slight decreases with decreasing temperature is observed.

.1.3. R-curve behavior
In order to study the R-curve behavior, the evolution of the aERR

ith increasing crack length is presented for both monolithic and
ybrid interfaces for both RT and LT in Fig. 6.

Only the monolithic interfaces 00//45 and 00//90 exhibit a pro-
ounced R-curve behavior. The R-curve behavior is due to the presence
f fiber bridging and crack jumping during the test, see Fig. 7. This
bservation is in accordance with the observations made on the force–
isplacement curves of the DCB test. All remaining interfaces show
o significant increase in fracture toughness with increasing crack
ength. In case of the hybrid interfaces, an R-curve behavior can only
ccur in case of crack jumping from the CFRP//metal interface to
CFRP//CFRP interface, thereby enabling fiber-bridging and/or the

ctivation of multiple crack-planes at once. Both [10] reports an R-
urve behavior for the St//00 interface at RT, however the present
esults do not confirm that observation. Here, neither the behavior of
he force–displacement curve nor the evolution of ERR with increasing
rack length imply R-curve behavior for the St//00 interface. This is
7

qually the case for the St//90 interface.
Regarding the effect of temperature, it is concluded that there is
no influence on the R-curve behavior for mode I delamination, as the
qualitative curve shapes appear to be independant of the temperature
level.

When comparing the crack paths on the specimen sides in Fig. 7,
large differences between monolithic and hybrid interfaces can be seen.
Fiber-bridging and crack-jumping is severely present at the 00//45 and
00//90 interfaces. Thus, the test data post crack initiation in those
specimens is significantly affected by these phenomena, which also
explains the R-curve behavior. However, when considering the hybrid
interfaces, a crack jump right after crack initiation can be seen, but no
further jumps of the crack plane during crack propagation. Thereby,
indicating that the fracture toughness at crack initiation (cERR) is valid
for the interfaces but values after the occurrence of the crack jump do
not represent the correct delamination plane anymore.

No noticeable changes due to decreasing temperature can be seen in
the shape of the crack paths for the hybrid specimens. While this is also
the case for the monolithic interfaces 00//00 and 00//90, the interface
00//45 exhibits more crack-jumping with lower testing temperature. In
general, the shape of the crack paths of the hybrid specimens appears
smoother compared to the monolithic specimens. This is in alignment
with the observations from the analysis of the force–displacement
curves as well as the analysis of the R-curve behavior. Therein, the
presence of fiber-bridging and crack plane jumping correlates with the
presence of R-curve behavior in the monolithic specimens.

3.1.4. Fracture surfaces
Fig. 8 shows the fracture surfaces of the hybrid interfaces after

testing at RT and LT. The metal surfaces, which are representative for

the respective test series, are obtained manually by separation of the
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Fig. 7. Crack paths in DCB specimens at a crack length of approximately 70 mm.
sublaminates after the DCB test. Comparison of interfaces tested at LT
and RT shows no qualitative differences, as expected considering the
previous results regarding both ERR and force–displacement data.

Analysis of Fig. 8 reveals that the crack leaves the initial crack plane
as defined by the PTFE-foil at least to some extent. For the St//45
and St//90 interfaces, the crack plane jump is facilitated through
intralaminar failure. Similar behavior has been previously reported by
Petersen [9] and Both [10] for FMLs and is also frequently observed in
monolithic specimens [20]. The pre-crack, i.e. the initial delamination
plane, is defined by the PTFE-insert, thus only the cERR at initiation
of crack propagation is considered the valid fracture toughness for
the respective interfaces. Values past this point are highly affected by
crack-jumping. As a result, data during crack propagation is not solely
representative of the initial delamination plane, thereby also explain-
ing the large deviations in the force–displacement data especially for
interfaces containing 45◦ and 90◦ layers.
8

3.2. Interlaminar behavior in mode II

The results of the ENF test are discussed similarly to the DCB
case by first studying the force–displacement curves, then comparing
cERR at delamination initiation with a focus on TRS, and eventually
investigating the fracture surfaces of hybrid specimens.

3.2.1. Force–displacement curves
Fig. 9 shows the force–displacement curves of the monolithic and

hybrid interfaces in the ENF test at RT and LT. For verification, ana-
lytical curves based on the equations in Appendix B are plotted using
temperature-dependent material properties and tERR as input. In case
of the monolithic interfaces, agreement regarding initial stiffness is
excellent, while the analytically predicted crack onset slightly precedes
the experimental results.

3.2.2. Critical energy release rates
In Fig. 10, the fracture toughness results from ENF testing are

presented for multi-directional monolithic and hybrid interfaces at RT
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Fig. 8. Fracture surfaces of hybrid DCB specimens.
Fig. 9. Force–displacement curves of ENF tests at 23 ◦C (RT) and −55 ◦C (LT).
and LT. Based on the approach to determine tERR values in Fig. 1, the
aERR based on the experimental test 𝐺𝑒𝑥𝑝

𝐼𝐼𝑐 , the thermal portion due to
the asymmetric layup 𝐺𝑡ℎ

𝐼𝐼 as well as the tERR 𝐺𝐼𝐼𝑐 are quantified and
displayed.

As previously concluded during analysis of the DCB test results, the
correction of the fracture toughness for thermal effects can be neglected
for the monolithic interfaces under mode II loading, too. The correction
terms are generally smaller than the standard deviation during testing,
and therefore not significant. Nonetheless, in comparison with DCB case
the correction terms for the monolithic interfaces in the ENF setup are
considerably larger, accounting for up to 7% of the aERR in case of
the 00//45 interface. In case of hybrid interfaces, inclusion of thermal
effects into the data reduction process is crucial. Contrary to the DCB
case where the tERR is lower than the aERR, taking into account
thermal portions of the ERR results is significantly higher tERR for all
interfaces in the ENF test. It should be noted that the orientation of the
specimen has an influence in the ENF setup. Depending on whether the
steel ply is part of the top or bottom sublaminate, the curvature of the
specimen is either aligning with the loading direction or opposite to
it, thus thermal effects can lead to either an increasing or decreasing
contribution to the ERR. In the present case, specimens are inserted
into the test rig in a way that the metal layer is always on the lower
sublaminate, therefore leading to a positive contribution that is added
on top of the experimentally determined ERR. A more detailed analysis
9

of the orientation of the specimen in the ENF test and the resulting
implications for the tERR is presented in Koord et al. [44].

Decreasing the testing temperature translates to a slight increase
in fracture toughness in case of the interfaces 00//00 and 00//45,
while the cERR of the 00//90 interface remains unaffected. The present
observation is consistent with findings reported by Asp [32] for tem-
peratures between RT and −50 ◦C. When decreasing the testing tem-
perature, the interface toughness of the St//00 and St//45 interfaces
increase, while the properties of the St//90 interface slightly decreases.
This behavior is similar to the behavior of the monolithic interfaces
under mode II loading. However, compared to the monolithic inter-
faces, the tERR of the hybrid interfaces exhibit lower values. It should
be mentioned, however, that the differences in fracture toughness be-
tween different temperature levels are barely larger than the standard
deviation during testing, and therefore should be interpreted with care.
Given the fact that the fracture surfaces of the different interfaces in
Fig. 11 do not exhibit noticeable differences, it is assumed that no
phenomenologically different behavior occurs between RT and LT.

3.2.3. Fracture surfaces
The fracture surfaces of the hybrid ENF specimens are presented in

Fig. 11. The surfaces are representative for their respective test series
and are obtained by manually separating the sublaminates after testing.

The surfaces of the specimens in Fig. 11 can be divided in three
areas: the area of the PTFE insert on the left (metallic blank), the area
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Fig. 10. Mode II energy release rate (ERR) results for (a) monolithic and (b) hybrid interfaces including apparent ERR 𝐺𝑒𝑥𝑝
𝐼𝐼𝑐 , thermal portion of ERR 𝐺𝑡ℎ

𝐼𝐼 and true ERR 𝐺𝐼𝐼𝑐 .
Fig. 11. Fracture surfaces of hybrid ENF specimens.
of mode II separation during ENF testing in the center, and the area on
the right characterized by mode I separation during manual separation
of the specimen halves. The hybrid interfaces tested in the ENF setup at
RT and LT show no qualitative differences as already noted for the DCB
specimens. The metal surface of the St//00 interface in Figs. 11(a) and
11(b) indicates that the crack remains in the initial delamination plane
during crack propagation. This behavior differs from the behavior of
the remaining specimens as crack-jumping is present at least partially
for the St//00 interface under mode I loading and in both delamination
modes for the St//45 and St//90 interfaces. Since the initial pre-crack
is introduced by a PTFE-foil, determination of the mode II cERR only
at crack initiation is considered valid for the respective interfaces.

4. Conclusion

In the present research, interlaminar testing by means of the DCB
and ENF setups is conducted with a focus on the effects of multi-
material interfaces, multi-directional interfaces and temperature.

Considering multi-directional interfaces, the fracture toughness in
mode I is lowest for the 00//00 interface. Using this fracture tough-
ness for interfaces composed of layers of different orientations can be
considered conservative. However, in case of the 00//90 interface, this
approach would lead to an underestimation of almost 200%. An R-
curve behavior is observed for the 00//45 and 00//90 interfaces in
the DCB tests due to fiber-bridging and crack-jumping. In mode II,
the interlaminar fracture toughness is highest for the 00//45 interface,
while the 00//00 and 00//90 exhibit lower values. Multi-directional
interfaces in hybrid specimens behave very similar to monolithic inter-
faces. Except for the interface St//90, which exhibits significantly lower
fracture toughness than its monolithic counterpart 00//90.
10
For multi-material interfaces, thermal correction of the aERR is
considered necessary. Otherwise, no appropriate comparison between
the fracture toughness of monolithic and hybrid interfaces is possible.
For instance, comparing the aERR of monolithic and hybrid interfaces
in mode I falsely indicates that the interface strengths of the St//00
and St//45 interfaces are significantly larger than those of their re-
spective monolithic counterparts, 00//00 and 00//45. However, when
comparing the tERR, where thermal effects are accounted for, the
fracture toughness of the hybrid interfaces approach the values of the
monolithic interfaces. In general, the fracture toughness of the hybrid
interfaces is on the same level as is the case for monolithic interfaces,
except for the St//90 interface in mode I and the St//45 interface in
mode II, which exhibit noticeably lower fracture toughness compared
to the 00//90 and 00//45 interfaces. Considering the crack paths in the
DCB specimens, hybrid interfaces generally exhibit smooth crack path
shapes, whereas the monolithic interfaces are affected by fiber bridging
and crack jumping.

Decreasing testing temperatures has a limited effect on the inter-
laminar fracture toughness. In mode I, the tERR generally remains
either almost unchanged or at least within the standard deviation of the
experiment. Only in case of the St//45 interface, the fracture toughness
decreases with decreasing temperature. These findings agree well with
literature regarding monolithic interfaces at LT. For CFRP//steel inter-
faces at LT these findings are new. The crack paths at low temperature
appear slightly sharper and more brittle in monolithic interfaces, while
no noticeable difference is observed on the crack paths of hybrid
specimens. In mode II, the fracture toughness of monolithic interfaces
again appear unaffected by the change in temperature. In case of the
hybrid specimens, the interface toughness increases for St//00 and
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St//45, but decreases for St//90. However, it should be mentioned that
the differences are barely larger than the standard deviation during
testing.
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Appendix A. Analytical formulation DCB test

For verification of the experimental results, the analytical formula-
tion of the force–displacement behavior from Harper and Hallett [59]
are applied. As the formulation is derived for a symmetric DCB speci-
men with identical half-beams, the application to multi-directional and
multi-material interfaces is limited. For small asymmetry effects, how-
ever, the formulation is deemed sufficiently accurate. The tip opening
displacement 𝛿𝐼 and mode I ERR 𝐺𝐼 are described using the cantilever
longitudinal stiffness 𝐸𝑥, the second moment of inertia of a cantilever
arm 𝐼 and the thickness of a cantilever arm ℎ:

𝛿𝐼 =
2𝑃 (𝑎 + 𝜒ℎ)3

3𝐸𝑥𝐼
(6)

𝐺𝐼 =
𝑃 2(𝑎 + 𝜒ℎ)3

𝑏𝐸𝑥𝐼
(7)

With the correction parameter 𝜒 , the simple beam theory is ex-
tended to account for shear deformation and for local deformations at
the crack tip:

𝜒 =

√

𝐸𝑥
11𝐺𝑥𝑧

[

3 − 2
( 𝛤
1 + 𝛤

)2]

(8)

= 1.18

√

𝐸𝑥𝐸𝑦

𝐺𝑥𝑧
(9)

In the elastic regime, i.e. before crack propagation, the resulting
orce 𝑃 and ERR 𝐺𝐼 are the result of an incrementally increasing tip
isplacement 𝛿𝐼 . Once the condition 𝐺𝐼 = 𝐺𝐼𝑐 is met, the subsequent
egime of stable crack propagation can be calculated using the same
quations with 𝐺𝐼 set to 𝐺𝐼𝑐 (i.e. tERR).

ppendix B. Analytical formulation ENF test

Harper and Hallett [59] also provide an analytical formulation
or the force–displacement curves of the ENF test. The center stamp
isplacement 𝛿𝐼𝐼 and mode II ERR 𝐺𝐼𝐼 are calculated as follows:

𝛿𝐼𝐼 =
3𝑃 (𝑎 + 0.42𝜒ℎ)3 + 2𝑃 (𝐿∕2)3

96𝐸𝑥𝐼
(10)

𝐺𝐼𝐼 =
3𝑃 2(𝑎 + 0.42𝜒ℎ)2

64𝑏𝐸𝑥𝐼
(11)

In addition to the specimen geometry and correction factors that can
be adopted from the DCB setup, the distance between the supporting
leg and load stamp 𝐿∕2 is introduced. The force–displacement curve is
determined analogous to the DCB case.
11
Appendix C. Correction of thermal effects

In the following, the definitions of the variables in Eqs. (4) and
(5) are presented. Appendix C.1 shows the method for correcting the
fracture toughness for the effect of TRS excluding tip forces, while
Appendix C.2 provides the correction term for the fracture toughness
due to tip forces.

C.1. Thermal portion of ERR in bonded and unbonded area

Derivation of the variables of the correction method is based on CLT.
A detailed derivation of the method is presented in Yokozeki et al. [45].

[

𝑁 (𝑘)

𝑀 (𝑘)

]

=

[

𝐴(𝑘)
11 𝐵(𝑘)

11

𝐵(𝑘)
11 𝐷(𝑘)

11

][

𝜀(𝑘)0

𝜅(𝑘)

]

−

[

𝑁 (𝑘)
𝑇

𝑀 (𝑘)
𝑇

]

𝛥𝑇 (12)

𝐴(𝑘)
11 = 𝑏

∑

𝑖
𝐸(𝑘)
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11 = 1

2
𝑏
∑

𝑖
𝐸(𝑘)
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𝐷(𝑘)
11 = 1

3
𝑏
∑

𝑖
𝐸(𝑘)
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(13)

𝐶 (𝑘)
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𝐴(𝑘)
11

𝐴(𝑘)
11𝐷

(𝑘)
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11
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11𝐷
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11

(14)

(𝑘) = 𝑁 (𝑘)
𝑇 𝛼(𝑘)𝜀 +𝑀 (𝑘)

𝑇 𝛼(𝑘)2 − 𝑏
∑

𝑖
𝐸(𝑘)
𝑖 𝛼(𝑘)𝑖 𝑡(𝑘)𝑖 (15)

.2. Thermal portion of ERR due to contact force at specimen end

Equations for the correction for tip forces from [55].

𝑡ℎ
𝐼,𝑡𝑖𝑝 = −

𝐸𝐼 + 𝐸𝑎𝐼𝑎
2𝜌2𝐵

[

1 + 4
𝐸𝐼 + 𝐸𝑎𝐼𝑎
(ℎ + 𝑡)2𝐵

(

1
𝐸𝑡

+ 1
𝐸𝑎ℎ

)]

+
(𝛥𝛼𝛥𝑇 )2

1∕𝐸𝑎ℎ + 1∕𝐸𝑡
− 3𝐸

8𝜌2𝐵
𝐼𝐼𝑐

𝐼 + 𝐼𝑐

(16)

= 𝐵𝑡3

12
𝐼𝑎 =

𝐵ℎ3

12
𝐼𝑐 =

𝐵(𝑡 + ℎ)3

12
(17)

1
𝜌
=

6𝛥𝛼𝛥𝑇 (1 + 𝑚)2

(ℎ + 𝑡)(3(1 + 𝑚)2 + (1 + 𝑚𝑛)(𝑚2 + 1∕𝑚𝑛))
(18)

= ℎ∕𝑡 and 𝑛 = 𝐸𝑎∕𝐸
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