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Abstract

The aim of this research is to analyse the failure of a FibetaMeaminate (FML) skin adhe-
sively bonded to a Carbon Fiber Reinforced Polymer (CFREgBEr, under quasi-static loading
at different environmental temperaturess°C, Room Temperature RT anrdl00°C) and un-
der fatigue loading at RT. This bonded joint was tested ustiffgner pull-df tests, which is a
typical setup used to simulate full-scale components stilbjeout-of-plane loading. The fail-
ure sequence for all test conditions consist of: (1) damagiation at the noodle of the CFRP
stiffener; (2) damage propagation by delamination from the motudthe stitener foot; (3) de-
tachment of the diener from the skin. Increasing the temperature, decrebhegeint stifness
(40% when compared to RT) and decreasing the temperatureades the maximum load (50%
when compared to RT). The fatigue life initiation of the jopresents a very large scatter but
the fatigue life propagation presents more stable resuitse fatigue threshold (no damage)
is reached at approximately 30% of the maximum load levele ffacture surfaces indicate a
predominant inter and intra-laminar failure of the compmsinder mixed modgIl. The CFRP
stiffener is the weakest link of the bonded FML-skin-to-CFREester both for static and fatigue
loading.
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1. Introduction

Since Boeing 787 and Airbus A350X have entered in servicepasite materialsficially
claimed more than 50% of the structural weight of a commeediaraft. However, in order to
fully exploit the weight-savings potential of compositeteréal in full-scale structures, a suitable
joining technology must be implemented. Adhesive bondiffigre major advantages for joining
composites when compared to riveting or welding. Not onlteims of structural performance,
since it avoids high stress concentrations, but also intifigyeto join different materials. Though
composites have become the number one material in the $dtexstft, the next generation might
find the optimum #iciency by combining dferent types of materials, found to be the most
suitable for the dterent structural components of an aircraft. Joinindedent materials will
become then of major importance.

The research described in this paper focus on carbon fibeforeed polymer sfieners
(CFRP) adhesively bonded to fiber metal laminate skins (FI8kjn-to-stitener joints are com-
mon in the fuselage panels and in the wing panels of an ag@ancture. In order to simulate
the structural behavior of those full-scale structure-somponent tests are performed which
reproduce the load and boundary conditions. Th&eter Pull-Gf Test (SPOT) is a common
sub-component test method to simulate out-of-plane |l@pitirskin-to-stitener joints, such as
internal pressure on a fuselage panel or low pressure zané=ading edges [1-3]. Most of
the existing research on skin-toftiner joints studies co-cured CFRP joints or metal-to-metal
bonded joints [4—7]. No significant research has been peddrin composite-to-metal struc-
tures.

Most of the research in composite-to-metal bonded joinfisnised to coupon tests. Single-
and double-lap joints (SLJ and DLJ) have been used to eeathatshear strength of bonded
composite-to-aluminium joints [8—10]. Double cantilesmam (DCB) hybrid specimens are
used to characterize the crack propagation behavior anddang input data for fracture me-
chanics [11, 12]. Since adhesion is one of the key comporientgiaranteeing the integrity of
bonded joints, floating roller peel tests have been adaptedder to assess the adhesion quality
of composite-to-metal bonded joints [13, 14].

However in order to succeed, composite-to-metal bondedgailso need to prove their per-
formance in sub-component applications, such as skinHi@iser joints.

The research presented in this paper is part of an expemneampaign on adhesively
2



bonded FML-skins-to-CFRP-fiieners. In the work previously published by the authors [15],
the metal-to-composite bonded joint was compared to ntetaietal bonded joint. Static tests
at Room Temperature (RT) were performed for both configomati The study concluded that the
failure mechanisms are significantlyfidirent. For the metal-to-metal bonded joint, the failure
was mainly cohesive and very sudden, with limited damagerdoke. For the composite-to-
metal bonded joint, the failure mainly occurred in the cosifostitener as inter- and intra-
laminar failure. The composite-to-metal solution had Bigantly lower load carrying capacity
(less 40% to 60%) than the metal-to-metal solution but thlera sequence yield to a more
damage tolerant design than the former [15].

This paper presents the follow up of the previous researdte aim was, firstly, to study
the dfect of diferent environmental temperatures in the static behavibuhe metal-skin-
to-composite-stfener bonded joint, and, secondly, to study the fatigue hebawf the same

bonded joint at RT.

2. Materialsand Specimens

Stiffener pull-df test specimens were manufactured by bonding a Carbon Fidrédrced
Polymer (CFRP) sfiener to a Fiber Metal Laminate (FML) skin.

2.1. Materials

The Fiber Metal Laminate (FML) skin was Glare B23).3, which consists of three 2024-T3
aluminium alloy layers 0.3 mm thick, bonded together witasgl prepregs S2-glabi-94 with
the layup [0/90°/90°/0°]. This layup is typical of Glare 5, which is generally usedamation
prone to impact loading [16]. The skin layup is therefokg/[0°/90° /90°/0°] /Al /[0° /90° /9C° /0°] /Al].
The outer faces of the skin are Aluminium layers (metal). $kie was cured in the autoclave
according to the standard procedure for Glare (4 bars, 6Catnl20°C). The aluminium sur-
faces were pre-treated with chromic acid anodizing and guimith BR 127 (Cytec Engineered
Materials, Tempe, Arizona, USA).

The CFRP sfieners were prepared from unidirectional pre-preg congjsif HexPly 8552
epoxy matrix in combination with AS4 carbon fiber (Hexcel @amation, Stamford, Connecticut,
USA). The CFRP sfiener was an inverted T-shapeffgher. The web and flange of the CFRP
foot have the same layup45°/0°/90°/ — 45°]s. The noodle region (junction of the T-arms) was
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filled with 0° fibers (stifener’s length direction). The layup was selected by the rigatwrer

of the T stiteners, Fokker Aerostructures. Thefster was cured at 18C for 120 min in the
autoclave. Prior to bonding, the CFRPH&ner-foot surfaces were abraded with sand paper and
then wiped clean with an acetone-soaked cloth. Figure 1 shiogconfiguration of the CFRP
stiffener. The average thickness of the T-web was 1.43 mm (sthddaiation of 2%) and of the

T-flange was 1.54 mm (standard deviation of 3%).

40

Figure 1: CFRP Sfieners’ configuration (dimension in mm).

Two structural adhesives were used — AF 163-2K.06 (3M, Msotee USA) and EA9696.060
PSF K (Henkel, Msseldorf, Germany). Both are epoxy film adhesives with aaguemperature
of 120°C for 90 min in the autoclave. These two adhesives had thepgmse&irmance from
screening tests performed on tefffeiient adhesives, in terms of good adhesion to metals and
to composites, and in terms of apparent average shear stigdj. AF 163-2 has been on the
market for many years and it is being used for metal bondirly anore recently, for composite
bonding. EA 9696 is especially tailored for high toughnggdiaations. This last feature can be
of major importance for the hybrid joint, since we are jomimaterials with dierent coéicient
of thermal expansion.

Tables 1 and 2 show the mechanical properties taken fromatlitee and from the Technical
Data Sheet (TDS) of the materials used. According to the faatwrers data, the Glass transition
temperatureTg) of the adhesives AF 163-2 and EA 9696 is approximatel§0°C and theT
of the epoxy resin FM94 of the glass prepeg is approximat&0°C.



Table 1: Mechanical properties of the isotropic materiaésus

E(MPa) oy (MPa) oy (MPa) v

Al 2024-T3 72400 347 420 0.33
AF 163-2 (TDS) 1110 - 48.3 0.34
EA 9696 (TDS) 2082 - 45.9 0.34

Table 2: Mechanical properties of the orthotropic matetiaksd.
E; (MPa) E; (MPa) vip V21
S2-glasg~M-94 48900 5500 0.33 0.0371
HexPly-8552AS4 (TDS) 131000 9240 0.302 0.029

2.2. Specimens

The base line of the Pullfbspecimens is a Glare skin adhesively bonded to a CFRErsdi
at mid length. Two series of specimens were manufactureel,using AF 163-2 and another

using EA9696. The specimens were 100 mm wide and 200 mm long.

3. Experimental Procedure

3.1. Adhesive material testing

Tensile tests were performed on the adhesives bulk matgrtatee environmental temper-
atures:—55°C, room temperature+2°C) and+100°C. Adhesive films without carrier were
used to manufacture dog-bone shaped specimens — AF1638WDand EA9696.060 NW.
The experimental procedure and specimens dimensions wexrecordance with the standard
ASTM D638 [17]. A temperature chamber was coupled to theéngsnhachine to test under
different temperatures (temperature accuesZ§C). The tests were carried out at displacement
control at a testing speed of 5 imin using a testing machine with a load cell of 10 kN. Five
specimens were tested in each test series. A mechanicakerteter was used to measure the

specimens’ elongation.

3.2. Siffener pull-off tests

The pull-df test setup is shown in Figure 2. The clamping of the skin wasanteed by two

steel plates on each support, connected to the skin by olesrtical tensile load was applied
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to the stifener web (P — see Fig. 2) using a clamp. The skin span was obfstall test series

and equal to 100 mm.

T P CFRP

Glare 5-3/2-0.3

Adhesive

Figure 2: Experimental setup (dimension in mm).

3.2.1. Quasi-static tests

The quasi-static tests were performed at three envirorahé&thperatures=-55°C, room
temperature£22°C) and+100°C. A temperature chamber was coupled to the testing machine
in order to test at high and low temperatures. The tests vareed out at displacement control
at a testing speed of 3mimin. The loads and piston displacement were recorded dtesiing.
The tests were performed until theffher was completely detached from the skin. Typically,

three specimens were tested at the same test conditions.

3.2.2. Fatiguetests

Fatigue tests were performed at room temperature. The nuaxitoad levels were in the
range from 60% to 30% of the maximum load of the correspondeasi-static tests. The tests
were carried out in load control with a constant applied Icgttb R= 0.1 (R= PmiryPmax). A

sinusoidal wave form at 5 Hz frequency was used.

4. Resultsand Discussion

4.1. Adhesive material testing

Figure 3 shows representative stress-strain curves ofdhesaves AF163-2 and EA9696.
Table 3 lists the tensile mechanical properties for botreailes at the three temperatures tested

— Young's modulug, tensile strengtlrn,x and tensile failure straigax.
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The increase of temperature results in a decrease of testsdiegth and material finess

while the maximum strain increases. Both at RT anéH0°C, the adhesive EA9696 is more

ductile than the adhesive AF 163-2 (the maximum strain ieénign the former than in the latter),

while the tensile strength remains similar between the tilfeeaives. At-55°C both adhesives
show brittle behaviour but AF163-3 tensile strength is 45&hér than EA9696.

At room temperature, the results of the tensile tests argrieesment with the values obtained

from literature (see Table 1) with the exception of the Yoamgodulus of AF163-2. The value

from the tensile tests is 80% higher than the one given at &ofarlical Data Sheet (Table 3
AF163-3 (tests) -Egr = 2043 MPa and Table 1 AF 163-2 (TDS)Err = 1110 MPa). Never-

theless, the tests results have a significant confidence siithin the 5 specimens tested only

6% of standard deviation was observed from the average 28i@ MPa.
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Figure 3: Tensile stress-strain curves of adhesive (a) 8f2L&nd (b) EA9696.
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Table 3: Tensile mechanical properties of AF163-3 and EA9&96rager relative standard deviation).

AF 163-2 EA9696

EMPa)  omex (MPa)  érax (%) EMPa)  0max (MPa) e (%)
_55°C 3085+ 14% 10290+ 6% 481+ 14%  2505:4% 7050+ 7% 449+ 14%
RT 2043+ 6%  4570+3%  538+27%  2019:4% 4783+2% 1151+ 14%
+100°C  683+17%  1297+8%  2945+30% 999:5% 1985+ 9% 5679+ 16%




4.2. Quasi-static stiffener pull-off tests

Typical load-displacement curves at the tested three teahpes for the two adhesive are
shown in Figure 4(a), and the correspondent failure seguignEigure 4(b). The damage typi-
cally initiated at the noodle region of the CFRRt&tner (point 1 in Figure 4), corresponding to
the maximum pull-& load registered. This damage initiation is accompanied sydalen drop
of the load, from which the damage propagates at much lowerlkvels, approximately 40% of
maximum load (point 2 in Figure 4). The initial crack propteghthrough the sfiener foot plies
and through the web plies. The damage sequence was vergiswmitihin the temperature range
tested and for the two adhesives.

The final failure occurs when the compositdtstier is completely detached from the skin. A
typical final fracture surface is shown in Fig. 5 and cleaHgws interlaminar and intralaminar
failure of the composite. Furthermore, from the fracturdame and from the damage propaga-
tion, one can also observe that the crack tends to propdyategh the symmetry plane of the
layup of the stifener {-45°/0°/90°/ — 45°]s and between the45° and 90 plies.

There was no failure observed in the adhesive bondline fgradirthe specimens tested.
Even when the thermal residual stresses are maximum at tidihe (at—-55°C), damage still
occurs in the composite figner and not in the adhesive. These results show that boésiagh
AF 163 and EA9696 are ductile enough to withstand the thergstlual stresses induced at
the bondline due to considerablyffidirent coéficients of thermal expansion between the CFRP
stiffener and the Glare skin. It can be considered that theseus¢sittesses are zero at the
curing temperature of the adhesive{d20°C) and have their maximum value-&55°C (largest

temperature variation).
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Figure 4: Typical load-displacement curves at the three teatpes tested for the two adhesives (a) and correspondent
failure sequence for EA9696 RT test series (b) (the greydiossing the sfiener noodle and the FML skin was drawn
with a pen marker to identify the middle of the specimen).
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Figure 5: Typical fracture surfaces and failure sequencsttdic loading under the complete temperature rar§é{C
up to+100°C).



Table 4 lists the test results including elastic flexurdtstissK (P/6), maximum loadP yax
and displacement at maximum lodgl, for the six test series (3 temperatures x 2 adhesives).
The results for flexural stinessK and maximum loadP,« are also shown in Figure 6 in the
format of a bar chart.

The maximum load and the corresponding displacement signifiy increase with tempera-
ture. At+100°C the maximum load increases approximately 15% to 30% whempaced to RT.

For the displacement theftiérence is even greater with more than twice the value-1@0°C
when compared to RT. At55°C the maximum load and correspondent displacement decrease
approximately 50% to 60% when compared to RT.

The flexural stithess shows a fferent behaviour. At55°C and RT, the flexural dthess
are practically the same. However,+t00°C, this value decreases almost 40% when compared
to RT, as shown in Fig.6(b). The flexuralfftiess of the tests corresponds to the flexurihetss
of the Glare skin. It has no influence of the adhesive matéahe results independent of the
adhesive used). The reason behind the significant drop afrfiestifness at+100°C, has to
do with the fact that the resin of the glass prepreg layer usédde GLARE skin has a glass
transition temperature close #100°C. At the glass transition temperature, théfséss of the
epoxy resin decreases significantly.

The increase of failure load with temperature has probablgid with the change of the
mechanical behaviour of the compositdistier with temperature, since that is where the failure
occurs. As the behaviour of carbon fibers are not signifigafiitcted by temperature within the
range tested, the change in the mechanical behaviour obtheasite stfener must be caused
by the temperaturefict on the composite resin. The composite resins are epdkiefore
the tensile tests performed on the adhesives, which aresglsdes, can give an indication of
the temperatureffect on those materials. As observed in Fig.3, epoxies shayttie behaviour
at low temperatures and ductile behaviour at high temperaturhe increase of ductiliy of the
epoxy resin in the composite results in a decrease of stmgsentration at the stener. The
decrease of stress severity postpones the damage imitétibe central noodle and increases the
maximum load and the corresponding displacement.

The significant decrease of flexuralfBtess of the skin at 10@ also contributes to a better
load distribution in the joint, contributing for less stsesoncentration and higher load capacitites

than at lower temperatures.
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No influence of the adhesive (AF163 vs. EA 9696) is observétierin the maximum load

values nor in the flexural $feness.

Table 4: Stifener pull-df test results: sfinessK, maximum loadPmax and displacement at maximum loégl,, (average
+ relative standard deviation).

AF 163-2 EA9696

K (N/mm)  Prax (N) Op (MM) K (N/mm)  Ppax (N) Op,, (Mm)
-55°C  1827+6% 2769+8% 17+9%  1730+3% 2867+9% 18+5%
RT 1727+2% 5249+20% 33+22% 1745:+2% 4386+ 16% 27+ 16%
+100°C 689+5% 6963+ 12% 82+9%  709+9%  5058+6% 7.3+6%

4.3. Fatigue tiffener pull-off tests

Under cyclic loading, the typical damage evolution is sanilo the one observed under
guasi-static loading. The damage occurs entirely in the EB&fener. Figure 7 shows the
typical fatigue damage events observed. The fatigue cratétes at the sfiener noodle at the
same location as presented in the quasi-static tests —geeFi(b). The number of cycles from
the starting of the tests up to crack initiation is here meféto adatigue lifeinitiation and by the
symboln;. After initiation, the fatigue damage propagates throdgh@FRP sftener foot plies
and web plies — see Figure 7(c). Finally, there is a completaathment of the dfener from the
skin — see Figure 7(d). The number of cycles from the cradlation up to the final detachment
is referred to aatigue life propagation and by the symbah;. These fatigue damage events can
also be identified in the displacement values measuredgltirafatigue tests. Three examples of
the displacement versus number of cycles are shown in Fgjuree mean values are determine
by 0.5 (Smax + dmin) @and the range values Bfax — dminl- 1N specimen 1, with the highest load
level (60% — see Figure 8(a)), there is a steep increase dithtacement when the final failure
occurs at the very end of the test. No damage has been obdmfard that. The slight increase
in the displacement values measured from the beginningedgtt is related with the progressive
fitting of the specimen to the clamping of the test set up. is é&xample, the damage event is
very sudden and the crack initiation and final failure ocdorast simultaneously. Thiatigue
life propagation is hence zeror; = 0). In specimen 2 and 3, both with 40% load level — see

Figures 8(b) and 8(c), the crack initiation and the finaluialcan be distinctively identified. In
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Figure 6: Maximum load (a) and flexuralftiess (b) at the three temperatures tested for the two adbesive

both cases, the crack initiation is followed by an increasié displacement, especially visible
at the mean value. The number of cycles up to this point idatigue life initiation, pointn.
From this point the crack propagates up to the final failuenidied by the steep increase in
the displacement values (poimt+ n¢). The number of cycles from the initiation up to the final
failure is thefatigue life propagation, n¢. Finally, no disbond was detected in the bondline nor
delamination in the FML skin in none of the fatigue tests.

Table 5 presents the results of the fatigue life initiatio propagationr{ andny) for the

complete test series. The same results are presented ireFgwheren; andns are plotted
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(&) n=0cycles (b) crack initiation,n = n;

(c) crack propagatiom; < n < nj+ (d) final detachment = nj + n¢

Nt

Figure 7: Typical fatigue damage events-fumber of fatigue cycles)— number of cycles to crack initiationfatigue

lifeinitiation; n— number of cycles from crack initiation to complete detachmefatigue life propagation).

against the maximum fatigue lod@.x, Figure 9(a) and 9(b), respectively.

A total of 14 specimens were tested under cyclic loadingwsth adhesive AF163-2 and
eight with adhesive EA9696.

In the AF163-2 series, the test carried out at 60% of the mamirtoad level had a fatigue
life initiation at 1.35e-05 cycles. This is the same specimen as shown previoushguréB(a)
where the final failure occurred almost simultaneously it crack initiation it = 0). Three
tests were carried out at the 40% load level. The fatiguadifation presents significant scatter
at this load level, from 1€05 up to 2.35e¢06 cycles — see Figure 9(a). However, the fatigue life
propagation values of the same specimens present lessrsedtih values between 2.885 and
4.0e+05 cycles — see Figure 9(b). On the two fatigue tests carti¢@io30% of the load level,
no damage was detected until 24896 cycles (run out initiation).

In the EA9696 series, on the two tests carried out at 60% dbtwklevel, the crack initiation
occurred between 2.564 and 2.0e05 cycles — see Figure 9(a). The values of fatigue life prop-
agation present less scatter than the ones for fatiguanlifation, with values between 1.664

and 4.6e-04 — see Figure 9(b). Four tests were carried out at 40% laadl |&he fatigue life
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Table 5: Stitener pull-dt fatigue test resultsgn out initiation - no crack initiationyun out propagation - crack initiation

but no final failure).

Prax/Prax-satic  Pmax (N) Prin (N) ] (CyCIeS) Nt (cycles)

AF 163  0.60 3150 315 13585 O spec.1 Fig.8(a)
0.40 2100 210 9.30D4  4.21e05 spec.2 Fig8(b)
0.41 2170 232 1.80ED5 >1.40E+05 run out propagation
0.40 2100 209 23506  3.26E05  spec.3 Fig.8(c)
0.31 1625 179 >2.50E+06 - run out initiation
0.30 1575 158 >2.58E+06 - run out initiation

EA 9696 0.60 2630 263 25604  4.55e04
0.60 2630 263 207805 1.62E04
0.40 1754 175 5.32004  >8.47E+05 run out propagation
0.41 1811 190 9.00D4  >3.48E+05 run out propagation
0.40 1754 175 1.20806 >3.50E+06 run out propagation
0.40 1754 175 >2.54E+06 - run out initiation
0.31 1351 142 >2.43E+06 - run out initiation
0.30 1316 132 >2.50E+06 - run out initiation

initiation values have again a significant scatter, two spens before 1.e05 cycles, one speci-
men at 1.2€06 cycles and finally a run out initiation until 2.56@6 cycles. The three specimens
where the crack did initiate, the tests were stopped befaed failure (run out propagation).
Finally, at 30% load level, the two specimens did not presegtdamage until 2.5©6 cycles
(run out initiation).

For the complete test series, the fatigue life initiatioluea present a very large scatter — see
Figure 9(a). This might be related with the fact that, the dgeninitiates at the CFRP S&ner
noodle, where the level of stress concentration may preseignificant scatter due to small
initial manufacturing defects at that location. Thefstier noodle is prone to manufacturing
defects due to the complexity of layup at that area and alpledsick of pressure in the region of
the curvature between the web and the foot. Moreover, rakgttesses are also present in this
area since the noodle is filled with long fibers which induce residual thermal stresses in the
matrix when cooling down the CFRP féiner and, therefore, can yield to early matrix failure.

The fatigue life propagation presents more stable reswlth, less scatter in the same load
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level, than the fatigue life initiation. This indicates thalthough the crack initiation is unstable,
the crack propagation is stable which allows for a good ptemti of the fatigue life propagation
and a steady damage tolerant design. It is known that darmbagarice uses fracture mechanics
concepts, through the determination of crack growth eqnatbased on crack modes (I to Il). It
is then important to analyze the characteristics of thekagaowth through fractographic analysis
which will be explained in the next section.

For a safe-life design (no crack initiation), the fatiguesthold of this bonded structures is
in the vicinity of 1200 N to 1500 N pull4 load, corresponding to 30% of maximum load level.

The results show that the noodle of CFRBstier is the weakest spot of the bonded structure.
The fatigue damage did not occur at the adhesive bondlinéhanefore the influence of the type
of adhesive used in this study in the damage progressiontisigificant. A re-design of the
CFRP stitener, and especially of the noodle region, might bring $icamt improvements on the

performance of the bonded structure and decrease therscafiiéigue behaviour.

5. Fractographic analysis

In this section the féect of temperature and cyclic loading on the fracture maiqaoof
the composite-to-metal bonded joint will be discussed. sTdnalysis will help to identify if
the environmental temperatures and cyclic loading infleghe failure mechanism of the joint.
The analysis consisted in, firstly, visually observe theoseual fracture surfaces, secondly, select
areas of interest using optical microscopy and finally,yfaharacterize the fracture surfaces
using Scanning Electron Microscope (SEM).

The analysis was performed at two crack locations: Locdtiahthe area of crack initiation
at the CFRP sfiener noodle; Location 2 at the area of crack propagationeaC#RP stiener
foot plies — see Figure 10.

Table 6 show typical pictures taken at the location of crafation (Location 1) for the 4
test series: static at55°C, RT,+100°C and fatigue at RT.

Morphology features typical of mixed modélldelamination can be identified. In the resin
rich areas, shallow cusps can be identified for all the testlitions. These shear cusps are less
steep than commonly identified in pure mode Il due to the presef mode | loading. Previous
research shows that the lower the mode mixjty; the steeper are the shears cusps [18, 19].

This may justified why along the fracture surfaces some cugys more shallow than others
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Figure 10: Locations of the fractographic analysis alorgydtack path.

depending on the mode mixity on that particular locationoking to the particular morphology
of these shallow cusps, ab5°C the cusps present “serrated feet”. This is a particuldufeaf
mixed mode delamination. It consists of microcracks dgwedbat the edges of the cusps which
converge as the center of the cusp approaches [18]. As tlpeetatare increases, the serrated feet
vanishes. A#100°C no serrated feet at the edges of the cusps can be identifiedn@rease of
ductility of the matrix of the CFRP with temperature has ackfect on the cusps morphology:
edges become smoother and the cusps become more flakeefikes@rrated feet).

The fracture surface at the crack initiation due to fatigaeeding looks very much alike the
fracture surface of the static loading at the same locaftwallow cusps can be as well identified
indicating that mixed mod¢/Il delamination is the main failure mechanism for crackiation
under fatigue. The similarity in the fractures surfacesveein static and fatigue loading indicate
that very similar failure mechanics are involved in the &rimdtiation under both loads.

Table 7 compares the typical fracture morphologies at thRFCgtitener foot plies at dier-
ent temperatures under static loading (Location 2). Th&sarps represent the typical fracture
surfaces found along the complete path of the crack projmagatthe complete length of the
CFRP stifener foot plies. Again features of mixed mog# telamination can be identified,
such as shallow cusps. As the temperature increases thar&aurface gets less rough and
more smooth. The pictures shown with amplification 5.0k shiarly the changes in morphol-
ogy of the cusps with temperature: serrated feet®°C and flakes-like cusps with smooth
edges at100°C.
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Table 6: Typical static and fatigue fracture surfaces aflion 1: crack initiation — sfiener noodle (x1k).

Load -55°C RT +100°C

Fl'bwre' 'mpriﬁt

Quasi-
static
Fatigue - -
Table 7: Typical static fracture surfaces at Location 2cknaropagation — sfiiener foot plies.
Scale -55°C RT +100°C
x2.5k

6 4

Y

Fibreimprint
AT R /

smooth :
feet




Figure 11 compares two fractures surfaces of quasi-stadiézigue loading at the location 2
- crack propagation, on the fibre imprint side. The fatigaeture surface presents less roughness
and more debris in comparison with the static fracture serfdioreover, cups are not so easily
distinguishable nor as frequent in the fatigue as in thécstatface.

Figure 12 shows fracture surfaces under fatigue loadingeasame location but now at the
fibre side. The cusps under fatigue loading tend to be roledess steep than in the quasi static
loading. This leads to less distinguished cups in the fibreriimb side presented in Figure 12.
According to literature [18], the rolling of the matrix benes more apparent with increasing the
mode Il in a mixed mode interlaminar failure. The presenceusips identifies mix-modgll

delamination as the typical failure mechanism under fatignack propagation.

(a) Quasi-static RT (x5.0k) (b) Fatigue RT (x5.0K)

Figure 11: Fracture surface at Location 2: crack propagattdhe fibre imprint side

6. Conclusions

Stiffener pull-df tests were performed on adhesively bonded FML-skin-to-2Ekfeners.
Quasi-static tests were performed at three environmesttgbératures55°C, RT and+100°C,
and fatigue tests were performed at RT. Two types of epoxydilimesives were used AF163-2
and EA9696. The aim was to analyze the fracture mechanisrfadace sequence of composite-
to-metal bonded structure under temperature and fatigue.

From the analysis of the tests, the following conclusionmslmadrawn:

e The quasi-static damage sequence is very similar withinehmperature range tested and
for the two adhesives. The damage initiates at the centi@dlecf the composite st

ener. The initial damage corresponds with the maximum loddstable delamination
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(c) x5.0k (d) x5.0k

Figure 12: Fatigue fracture surfaces at Location 2: craokagation, at the fibre side —f$éiner foot plies.

then propagates from the noodle to the tip of théestier foot at much lower load level

(approximately 40% of maximum load).

The quasi-static final failure occurs when the compositeesier is detached from the skin.
The failure mode is interlaminar and intralaminar failufétee composite, mainly in the

stiffener foot plies.

The stifness of the composite-to-metal bonded structure is datedryy the Glare skin
flexural stifness. A significant dfiness drop is observed when the testing temperature is

close to the glass transition temperature of the epoxy #sBlare’s glass-prepreg.

The maximum load capacity of the joint increases with terapse due to an increase
on the ductility of the composite #iéner and Glare skin. This allows for lower stress
concentrations at “hot-spots”, such as the central no@dlewing for higher maximum

loads.

The damage initiation and propagation is similar under igstasic loading and fatigue

loading. The crack initiates at the CFRRt&iner noodle and propagates through the CFRP
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stiffener foot plies and web plies.

¢ No disbond was detected at the bond line in any of the quas&stor fatigue test, even at
—55°C where high residual thermal stresses are expected atllesiad bondline. Hence,
for the type of adhesives tested, there was no significantanéfle on the fatigue behavior

of the bonded structures.

e The fatigue life initiation of the bonded structures présenvery large scatter. The stress
level at the stiener noodle may present a significant scatter due to initsadufacturing
defect yielding to a scatter in the crack initiation. Neketess, the fatigue life propagation
presents more stable results which may allow for a good gtiediand a damage tolerant

design.

e The fatigue threshold of the bonded structure (no growtli @ré million cycles) is ap-

proximately at 30% of the maximum static puldoad.

¢ the main failure mechanism undergoing at the CFRiPester is mixed mode/ll delami-
nation, both under static and fatigue loading. The fractnogphology indicates that the

mechanics of crack initiation are the same under static atigife loading.

e Flake-like shear cusps are a typical feature in the fracturéace of mix mode/ll de-
lamination at high temperatures (above RT), opposite tpsusth serrated feet at lower
temperatures. Under fatigue loading at the crack propawatiea, the typical fracture

morphology are rolled cusps.

e This research identifies that the composit&etier is the weakest link of the composite-
to-metal bonded structures in study, and not at the adhbsiveline. This holds for static
loading in a wide temperature range and fatigue loading.
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