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ABSTRACT

A 3D printed dual cure epoxy is evaluated as a lmgnohaterial for composite T-joint structures
and compared with other traditional bonding materiay mechanical testing. The epoxy is
processed in two steps. First, it is 3D printedngsbDigital Light Synthesis (DLS), a vat
photopolymerization process, resulting in semieijdiut only partially cured part. This part is
then integrated with pre-impregnated fiber reinéarcepoxy resin sheets and co-cured in a
second, thermally activated, stage.

The bonding strength of the 3D printed epoxy istfinvestigated by single lap-shear joints and
is then implemented in the manufacturing of comjgodi-joints. The T-joints utilizing 3D
printed epoxy as a bonding material show sufficjemit strength in tensile pull-out tests when
compared to other common bonding methods. In axidithe 3D printed joints provide a highly
reproducible, defect-free bond with improved geaioediccuracy. This technology enables the
ability to manufacture hybrid composite structurgth decreased manufacturing costs due to
fewer fixtures, shorter manufacturing times, andeduction in defects. Furthermore, these
adhesive parts can utilize the design freedom ofp8inting by including intricate internal
geometries, such as lattice structures, texturashannels.

Keywords: Hybrid Design, T-joint, Additive Manufactng, Digital Light Synthesis, Co-curing

1. INTRODUCTION

Fiber reinforced plastics (FRPs) have excellent lramical properties, however, their design
freedom is often limited due to tooling and processditions. Despite these challenges, the
demand for hybrid design with high complexity andflexible product spectrum for the
manufacturing industry is increasing [1]. The apglion of composite structures is expanding
from classical load-bearing structures to complexiltifunctional components with tailored
integrated functionality, such as flow channeldattice structures [2—4]. In order to create such
structures, it is necessary to join several smakenponents by either mechanical fasteners or
adhesive bonding [5]. Both bonding techniques ahematically depicted in Figure 1 for a FRP
single lap joint (SLJ).
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Figure 1: Schematic cross séction of singlelap'joint with mechanical fastening (top) and
adhesive bonding (bottom) in FRP.

In general, joining FRP structures with conventlommgechanical fasteners is avoided when
possible, as they increase the weight and severdiméorcing fibers, which evokes stress
concentrations and decreases the load transferbiiipa [6—8]. Furthermore, mechanical

fasteners add significant weight compared to atwgight adhesive polymer. An adhesive joint
in lightweight FRP structures is generally prefdrras it better transfers load in tension and
shear across the entire joint, resulting in impcowaress distribution and overall joint

performance [9].

Figure 2 depicts three common manufacturing pr@se&s joining composite components with
different combinations of cured and uncured adlasefhe secondary bonding procedure bonds
two fully cured adherends and is usually applied &zcessible structures with simple
geometries. In the co-bonding process, a curedradtdds combined with an initially uncured
adherend, which is further co-cured with the adhediuring processing. This method is
commonly applied for multi-material structures ¢ fiestance when a FRP is bonded with a metal
[10]. Finally, co-curing allows the two un-curedhadends to cure simultaneously in a single
cycle [11].

Secondary Bonding E‘
Co-Bonding E
Co-Curing E

| Cured Adherend |Uncured Adherend

Figure 2: Schematic drawing of common manufacturing processesto join composite
componentswith an adhesive bond

Adhesive bonds are particularly important for tleeogpace industry, which is constantly being

challenged to enhance airframe structures, asaheunt to a large fraction of the total weight

and cost of an airplane [12]. The structural adleesiost commonly used for airframe structures
is epoxy resin due to its durability, wide temperatranges and ability to adhere to most
surfaces, including aluminum and composites. Otyyges of adhesives used include silicones or
urethanes. [13]



One structural aerospace application, the T-joagngxtensively used for spar-wingskin joints in
aircraft wings, which transfers out-of-plane lodds applications with integrated stiffeners
[7,14,15]. An example of this is shown in Figuré/@ithin the T-joint structure there are several
components. The first component, the primary haialostructure, is referred to as the platform.
The vertical internal structure, or web, considt$wm bent components to provide an interface
which is over-laminated onto the platform. Last #do-called “deltoid” is the area between the
platform and the bent part of the web-componenteeMithe deltoid is filled with a suitable
material, it primarily supports the overlaminatasering continuity in the load transfer between
the perpendicular components. As the deltoid stasilthe primary load-bearing plies, the
overall strength of the joint is increased [14,1Bjevious literature has shown the strength of
specimens with structural deltoid filling was 20%gter compared to the specimens without
deltoid filling [17].

deltoid web

platform

FRP Deltoid Material

Figure 3: Schematic cross-section of a T-joint (left) and schematic 3D drawing of a spar-
wingskin joint (right)

In standard T-joint manufacturing processes, comiakadhesives or rolled-up pre-impregnated
reinforcement material are applied in the deltordaa[12,14,18,19]. However, due to the
geometry of the deltoid, combined with the manygili@ation and the time sensitivity of the
adhesive, it is difficult to ensure uniform surfagetting and geometrical accuracy [12,17]. The
insert may need to be formed using custom moldsfiahdes before application, which results
in a multi-step process. As there are varying dtlwizes and geometries (e.g. triangular,
circular, elliptical), that are commonly applietlist impacts the reproducibility and precision of
the bond line, and process times and manufactwasts are increased [12,14]. In order to solve
this problem, there is a need for geometricalljotad bonding materials that improve
manufacturing speed, joint reproducibility, anchjastrength.

Additive manufacturing (AM), often referred to abB rinting (3DP), is well suited to produce

parts with complex shapes and geometries [20]. Wineating hybrid composite structures with
3DP parts, a structure with geometric complexitd @pecific properties can be achieved. In
order to fully utilize a 3DP part as a bonding edermin load-bearing structures, it needs to fulfill
two requirements: isotropic mechanical propertied ehemical potential after the 3DP process.



The chemical potential is particularly importanttasure a uniform adhesive bond with the FRP.
However, 3DP parts are usually fully cured aft&itimanufacturing [21].

Digital Light Synthesis (DLS) is an AM technologyiven by the Continuous Liquid Interface
Production (CLIP) process developed by Carbon, (Redwood, CA). DLS uses an ultraviolet
light source directed through an oxygen-permeabiedow to continuously and additively
generate layers, leading to a part with excellamtffase properties and nearly isotropic
mechanical behavior [22,23]. The UV curing of DLi®ates a rigid part with stable dimensions.
However, when a Carbon dual cure resin such aEf€epoxy-based resin is used, the printed
parts are only partially cured. This first stagetloé dual cure epoxy system has chemical
potential to form an adhesive bond. In the secondaermally activated stage, the parts are
fully cured [23,24]. The two-stage curing process s i shown in

Figure 4.
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Figure 4: Schematic diagram showing the UV and heat activated curing stagesof DL S

Utilizing the DLS process and a dual cure epoxyigles the opportunity to adhesively bond
AM parts with FRP structures. The printed partstheir first curing stage can easily be
integrated with pre-impregnated fiber reinforcemantl the hybrid structure can be co-cured
together during the thermal cycle.

The work presented here investigates the suitglmfidual cure epoxy manufactured by DLS as
bonding material for composite structures. The tpioo-cured with the dual cure epoxy are
compared to joints manufactured with conventiomrahding materials. Single lap-shear joints
and T-joints are assessed in terms of manufactilyaand joint strength, which is determined
by visual bond line inspection and tensile testirggpectively. Figure 5 depicts the design of
experiments with the three bonding materials inetuéh this investigation: Dual cure epoxy,
epoxy adhesive, and pre-impregnated fiber reinfossd (prepreg).
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Figure5: Joint geometries and design of experimentsto assess the mechanical properties of
different structures and bonding materials

2. EXPERIMENTAL METHODS
2.1 Materials

The tested adherends were manufactured with woypexyeresin prepreg NB4030-D, by
Mitsubishi Chemical Carbon Fiber and Composites, (irvine, CA). The layer-wise material
properties are listed in Table 1 [24]. The specisnarere manufactured with three different
adhesive materials: the 3D printed dual-cure epaxgtandard epoxy adhesive, and prepreg.
These three materials are tested to enable a cmopaof the dual-cure epoxy with the
conventional deltoid materials.

Table 1: Material data of NB4030-D pre-impregnated reinforcement [24]

Material Properties Value Unit
NB4030-D

Nominal Ply Thickness 0.3 mm
Tensile Strength 2370 MPa
Glass Transition Temperature 130 °C
Gel Time (at 135 °C) 5-8 min

First, the epoxy-based photopolymer resin EPX ®mflCarbon was manufactured with DLS,
completing the first stage of curing reaction dgrthe UV printing process. The printed parts
were then removed from the build plate, washed @arbon’s recommended solvent wash
process, and stored in a dry container free frotareal heat or light before being fully co-cured
with the prepreg materials. Second, a two-comporemmercially available epoxy, 3M
Scotch-Weld DP190, was applied to a separate seesdf samples using the manufacturer
recommended dispenser and static mixing nozzle nTdterial properties of EPX 81 and DP190
are listed in Table 2 [25,26]. Third, the NB4030dnforcement material used for the adherends



was also used as a control in the same test gepridéte material properties of NB4030-D are
listed in Table 1.

Table 2: Material data of adhesive materials[25,26]

Material Properties Value Unit
EPX 81

Density 1.12 g/cm
Tensile Strength 88+3 MPa
Elongation at Break 52+0.7 %
Heat Deflection Temperature (at 1.82 MPa) 131 °C
DP190

Density 1.32 g/cm
Tensile Strength 24.13 N/mfm
Glass Transition Temperature 20 °C
Elongation at Break 30 %
Fixture Time 90 min
Full Cure Time 7 days

2.2 Manufacturing: Single Lap-Shear Joints

The single lap-shear joint (SLJ) specimens wereufgatured by co-curing the prepreg material
with the different bonding materials in three stage

The first stage of the manufacturing process wadair-up of the materials on the mold, which

can be subdivided into the four steps shown infeéigu One adherend structure, consisting of 12
pre-impregnated reinforcement layers, was laid dowan aluminum plate alongside the margin
of a mold (1). Another mold was placed on top & firepreg layers (2) to ensure accurate
application of the bonding material (3). The secadtierend structure consisting of another 12
layers was placed on top (4).

12 prepreg

plies mold 2
mold 1 ‘
1 2 !
| N | I |
aluminum plate 25.4 mm
bonding material 12 Slirssreg

lﬁ‘-L!ﬁ ——

3 S !

FRP Bonding Material

Figure 6: Schematic lay-up processfor single lap-shear joints




In a second step, the materials were cured unaeruvain an oven as depicted in Figure 7. With
this arrangement, the materials were co-cured doupto the temperature cycle for the EPX 81
which is depicted in Figure 8 [25]. For compardpjlihis temperature cycle is applied for all of
the varied bonding materials. Because the curimg tind temperature for the prepreg material

are lower, it is assumed that the prepreg is failled when applying the curing cycle for the
EPX 81. [24,26]
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Figure7: Arrangement of single lap-shear jointsfor co-curing under vacuum
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Figure8: Curing Cyclefor Co-Curing of Specimens According to the Curing Cyclefor the
EPX 81 Epoxy Resin [25]

The specimens were cut to fit the requirementhefténsile testing procedure using a diamond
blade wet saw. The specimen geometry, specifigd)ShM D5868 [27], is depicted in Figure 9.
NEMA Grade G-10 Glass Epoxy Laminate alignment tadese glued onto the specimens to

ensure the centering of the specimens betweeretisdd testing grips. A finished SLJ specimen
is depicted in Figure 10.
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Figure9: Dimensionsfor single lap-shear test specimen
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Figure 10: Final manufactured single lap-shear test specimen

2.3 Tensle Testing: Single L ap-Shear Joints

The tensile tests of the lap-shear specimen wertorpeed with a 30 kN load cell on a
Instron 5967 universal testing machine from lli;diool Works Inc. (Glenview, IL). Following
ASTM D5868, the test settings are listed in Tablg23]. The maximum force Jfx was
documented during the testing procedure. Taking phi@t surface into account, an
approximation of the maximum shear stregs can be derived. The experimental set-up for the
tensile testing of the SLJs is depicted in Figute Hor each bonding material, five specimens
were evaluated.

Table 3: Settings of Instron 5967 for tensiletesting of lap-shear specimens

Settings Value Unit
Load Cell 30 kN
Preload 10 N

Loading Rate 13 mm/min




Fy|f|4F

single lap-shear joint———

—>

h_

alignment tab

tensile testing grip ——

L

7 7
Figure 11: Experimental set-up for tensiletesting of single lap-shear joints

2.4 Manufacturing: T-joint Specimens

Currently there are no well-documented standards tfie@ mechanical testing of T-joint
specimens. In the following, the manufacturing pihae as well as the tensile testing set-up are
adapted from Trask et al. [14] and Hélénon etld].[The T-joint specimens were manufactured
by co-curing the prepreg material with the variedding materials in three steps.

The first step of the manufacturing process idalgeup, which can be subdivided into four steps
as shown in Figure 12. For each half of the welb@®csix plies of prepreg material were
aligned on two molds, which provide a basis for geemetry of the web-sections (1). Next, the
two molds with the laid-up prepregs were alignediiagt each other (2) and clamped.
Subsequently, the specified deltoid insert wasqada the deltoid area (3). When applying the
deltoid material, the application varies for theeth different materials. First, when applying
dual-cure epoxy as deltoid material, the part rmpty placed in the deltoid area, as it is
manufactured to fit the exact deltoid specificasiowhen applying the prepreg, the material is
cut into long strips, manually rolled into a cylit@hl shape, and pressed into a mold to form the
deltoid. If the epoxy adhesive is used as deltoatemial, it is applied to the deltoid area by
means of a static mixing nozzle. Finally, six pl#gprepreg were placed for the platform section

(4).
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Figure 12: Schematic lay-up processfor T-joints

In order to cure the parts, the lay-up was turneetr,oplaced on an aluminum plate and sealed
with a vacuum bag, as depicted in Figure 13. Smitathe curing procedure of the SLJ
specimens, the materials were co-cured accordinigetdemperature cycle for the EPX 81 [25].
The specimens were cut to fit the requirementshef tensile testing procedure. To ensure
accurate geometry and an even surface, the speciwee finished by light sanding. The final
dimensions of the T-joint specimens are depicte@figure 14. A finished T-joint specimen is
shown in Figure 15.
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Figure 13: Arrangement of T-jointsfor co-curing under vacuum
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Figure 15: Final manufactured T-joint test specimen

2.5 Tenslle Testing: T-Joint Specimens

As previously mentioned, there are no official sims for the mechanical testing of T-joint

specimens. The tensile testing set-up and proceddepted from Trask et al. [14] and Hélénon
et al. [18] were adjusted to fit the requirememd &oundary conditions for the experiments of
this investigation. Analyzing the out-of-plane beioa, a tensile pull-out load was applied to the
web-section while the platform-section was bracggins at both ends. For this experimental
set-up, the perpendicular section was clamped thélstandard tensile testing fixture. In order to
support the horizontal web-section, a customizedt fi®ture was fabricated. The fixture was

designed with the purpose to symmetrically supfiwethorizontal section of the T-joint at the

designated points. The base of the T-joint is nad to the bottom plate to generate a more
realistic load case, allowing the horizontal comgrus to bend down [2]. The experimental

set-up is shown in Figure 16. For each bonding nadtéve specimens were evaluated.
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Figure 16: Schematic drawing of experimental set-up with relevant dimensions

The individual T-joint specimens were also testdthva 30 kN load cell on an Instron 5967
universal testing machine from lllinois Tool Worksc. (Norwood, MA). A tension load was
applied to the vertical section at a loading rdt@ oom/min until joint failure. An initial preload
of 5 N was applied to ensure initial contact. Tablests the experimental settings for the tensile
tests of the T-joint specimens.

Table4: Settings of Instron 5967 for tensile testing of T-joint specimens

Settings Value Unit

Pin Span 80 mm

Preload 5 N

Loading Rate 2 mm/min
3. RESULTS

3.1 SingleL ap-Shear Joints

The maximum shear stresses and standard devidtiotise varied bonding materials EPX 81,
3M DP190, and NB4030-D are shown in Figure 17. fid=ilts indicate that a suitable bonding
strength can be achieved by bonding single laprsjmats (SLJS) with the EPX 81 when
compared to the other traditional bonding methdde average shear strength of the EPX 81
(7.80 MPa) is slightly higher than the SLJs bond&t prepreg (7.68 MPa). The SLJs utilizing
the commercial epoxy adhesive show the highestibgrsirength (9.09 MPa).
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Figure 17: Results of single lap-shear testswith different bonding materials

The differences between the failure modes of thdsSwith varied bonding materials are
depicted in Figure 18. The majority of the EPX 81d &P190 specimens broke with mixed-
mode failure with both adhesive and cohesive failmones observed. The specimens bonded
with NB4030-D broke with primarily adhesive failudue to the delamination of the fiber
reinforcement. The results indicate that EPX 8k isuitable bonding material for SLJs and
shows adequate bonding qualities for FRP structures

. cohesive failure . cohesive failure
adhesive e . adhesive o .
. within bonding . within bonding
failure . failure .
material material
— i
10 mm

EPX81

adhesive adhesive
failure failure

NB4030-D

Figure 18: Representative failure modes of single lap-shear jointswith varied bonding
materials



3.2 T-Joints

Before the T-joint tensile testing was performelde specimens were visually inspected to
evaluate the bond line quality. Figure 19 showsdékoid areas filled with the three materials.
The specimens manufactured with #ieX 81 showed an exact geometry and a good material
distribution along the bond line without voids dsabntinuities. The specimens manufactured
with the commercial epoxy adhesive, however, shatlhatithe material can easily be distributed
unevenly within the deltoid area due to insuffi¢ciéiing during the manual application and/or
shrinkage during curing. The T-joint specimens wité prepreg insert generally showed a filled
deltoid area and a void-free bond line. Howevemeaapecimens show a small defect in the
middle of the deltoid, which is possibly inducedridg manufacturing of the insert where the
prepreg is rolled, formed, and placed in the ddleriea manually. None of the defective parts
were considered for the subsequent mechanical tests

e b

EPX 81 DP190 NB4030-D

>
10 mm

Figure 19: Close-up of deltoid areasfilled with the different deltoid materials

Figure 20 shows the average load at break and at@rakviations for the T-joints with the
various deltoid materials. The highest average-quiljoint strength of 418 N was reached by
the T-joints with the NB4030-D prepreg as the ddltoserts. The T-joints that were co-cured
with the printed EPX 81 inserts performed nearky shhme, with only a 3% reduction in average
joint strength of 381 N. The higher standard deésrabf the T-joints with the prepreg deltoid
inserts may indicate that the quality is susceetibl manufacturing variability. The specimens
with the standard DP190 epoxy adhesive showedrafisantly lower pull-out joint strength at

284 N.
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Figure 20: Averageload at break for T-joints by deltoid material



From the experimental data it can be concludedritbabnly the bonding quality has an impact
on the results of the mechanical testing, but #tgodifferent material properties of the varied
bonding/deltoid materials (Table 1 and Table 2)elms of material properties, the results of the
mechanical testing of the T-joints correlate witte tdata from the SLJs. For example, the
commercially available epoxy adhesive DP 190 shdves highest single lap-shear strength,
likely due to a high elongation at break. Howevke, prepreg material EP4030-D performs best
in T-joint pull-out testing, likely due to a highenodulus. Thus, it can be concluded that the
EPX 81 is well suited for out-of-plane loading caimhs due to bond line quality in addition to
its material properties.

The failure modes for the different deltoid matksriare depicted in Figure 21. The EPX 81
specimens primarily broke by interlaminar failurethe vertical section of the web component.
This interlaminar failure propagated to the delts&ttion, causing it to crack. In some cases, a
bond line failure occurred from the tip of the deltalong one side. Eventually the bond line
failure shifts to a cracking of the deltoid parhelspecimens bonded with the commercial DP190
epoxy adhesive experienced interlaminar and bond failure. The interlaminar failures
accumulated around the deltoid region. For the ifitgowith NB4030-D prepreg as deltoid
material, a bond line failure was observed. Thikavéor can possibly be traced back to the
manufacturing procedure, as the rolled-up deltoay mot accurately fit the deltoid area. As a
result, the bond line proves to be a weak poitihéjoint structure.

interlaminar interlaminar
) fail
deltoid fehurs deltoid aiiure
. ) bond line
cracking cracking

i failure

EPX 81 EPX 81

Interlaminar

failure

bond line bond line interlaminar
failure

failure failure

DP 190
NB4030-D  1¢»,

10 mm

Figure 21: Failure modes of T-joint specimenswith varied deltoid material



4. CONCLUSIONS

This paper systematically analyzed the applicatib®igital Light Synthesis and the dual-cure
EPX 81 epoxy for manufacturing hybrid compositeoiif structures. As a proof of concept, the
EPX 81 was evaluated in single lap-shear joints @mdpared to common bonding materials.
The highest bonding strength was observed for thgles lap-shear joints bonded with the
commercial epoxy adhesive. However, the singleslagar joints bonded with the EPX 81
exhibited shear strengths comparable to the stdidBA030-D prepreg joints while providing a
higher reproducibility.

In the investigation of different deltoid materidisr T-joints, the 3D printed EPX81 and

NB4030-D prepreg material showed the best ressltielioid materials. The DP190 commercial
epoxy adhesive had a significantly lower pull-otresgth, even though it showed the highest
mechanical properties in lap-shear testing. ThHusam be concluded, that the different bonding
materials are suited for different load-cases duwdlifferences in application and material
properties.

Furthermore, the specimen manufactured with the EBAX showed more exact deltoid
geometries as well as improved material distributedong the bond line. Due to precise
manufacturing, the reproducibility of the T-jointgas highest when using the EPX 81 for the
deltoid insert. The results of this paper demonstsanew technique for manufacturing T-joint
structures as well as the potential for manufastguand hybridization of FRP structures with
parts 3D printed by the DLS technology utilizing thdvantages of co-curing.

Future investigations should analyze whether DLSaas AM technology enabling high
resolution and design freedom can be better udilire bonding applications. For example,
intricate internal geometries could be added, sagHattice structures, textures, or channels.
Moreover, the influence of storage time and tentpeealevels of the dual-cure epoxy after
printing should be examined in a future investigratias the material cures incrementally over
time. Furthermore, the co-curing reaction coulceptially be improved by better optimization of
the thermal cure cycles of the 3D printed bondegjr and the resin used in the pre-impregnated
fiber reinforcement.
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