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Article 1 

POWDER EPOXY FOR ONE-SHOT-CURE, OUT-OF-AUTO- 2 

CLAVE APPLICATIONS: LAP SHEAR STRENGTH AND Z- 3 

PINNING STUDY 4 

Thomas Noble 1, James Davidson 1, Christophe Floreani 1, Ankur Bajpai 1, William Moses 2, Thomas Dooher 2, 5 

Alistair McIlhagger 2, Edward Archer 2, Conchúr M. Ó Brádaigh 1 and Colin Robert 1*  6 

1 Institute for Materials and Processes, School of Engineering, The University of Edinburgh, Edinburgh, UK 7 
2 Engineering Research Institute, Ulster University, Shore Road, Newtownabbey, BT37 0QB, *UK 8 
* Correspondence: colin.robert@ed.ac.uk 9 

Abstract: Large composite structures manufactured out-of-autoclave require the assembly and 10 

bonding of multiple parts. A one-shot cure manufacturing method is demonstrated using powder 11 

epoxy. Lap shear plates were manufactured from powder epoxy and glass fibre reinforced plastic 12 

with four different bonding cases assessed: secondary bonding using standard adhesive film, sec- 13 

ondary bonding using powder epoxy, co-curing and co-curing plus a novel Z-pinning method. This 14 

work investigates the lap shear strength of the four cases in accordance with ISO 4587:2003. Damage 15 

mechanisms and fracture behaviour were explored using Digital Image Correlation (DIC) and Scan- 16 

ning Electron Microscopy (SEM) respectively. VTFA400 adhesive had a load at break 24.8% lower 17 

than secondary bonding using powder epoxy. Co-curing increased the load at break by 7.8% com- 18 

pared to powder epoxy secondary bonding, with the co-cured and pinned joint resulting in a 45.4% 19 

increase. In the co-cured and co-cured plus pinned cases, DIC indicated premature failure due to 20 

resin spew. SEM indicated shear failure of resin areas and a large amount of fibre pullout in both 21 

these cases, with pinning delaying fracture phenomena resulting in increased lap joint strength. 22 

This highlights the potential of powder epoxy for the co-curing of large composite structures out- 23 

of-autoclave. 24 

Keywords: Co-curing; lap shear strength; powder epoxy; Z-pinning; out-of-autoclave manufactur- 25 

ing 26 

 27 

1. Introduction 28 

The autoclave process remains a benchmark for creating high quality composites 29 

parts, however it involves significant acquisition, operating and tooling costs especially 30 

for large parts [1]. Out-of-Autoclave (OOA) manufacturing methods for composites are 31 

therefore becoming an increasingly popular alternative to the use of autoclaves, allowing 32 

part quality to be maintained whilst reducing cost and manufacturing time. The ac- 33 

ceptance of OOA manufacturing is due to their ability to produce autoclave-quality parts 34 

without the use of an autoclave [2]. The use of OOA methods provides an opportunity for 35 

composites to be used more widely in larger structures such as wind turbine blades.  36 

OOA manufactured large composite structures currently require the assembly of a 37 

number of parts using an additional adhesion step due to oven size restrictions [3]. The 38 

joining of these parts generally uses one of three techniques: co-bonding, secondary bond- 39 

ing, and co-curing. A full review of adhesive bonding techniques has previously been 40 

completed by Budhe et al [4]. Co-bonding involves the adhesion of an uncured composite 41 

part to a cured composite part, where the uncured adherend plus adhesive are cured to- 42 
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gether. Secondary bonding involves the adhesion of two cured composites parts. This ad- 43 

hesion step for secondary bonding and co-bonding generates further issues, including the 44 

inability to easily have uniform adhesive contact on complex bonding lines, the inherent 45 

additional time, material and labour costs associated, and the additional complication of 46 

introducing assembly stresses which affect the overall life of the composite structure [5].  47 

Co-curing is an alternative bonding method which removes the need for an adhesive 48 

layer. Co-curing uses resin from the pre-assembled parts and produces no discernable 49 

interface due to the simultaneous cure of the assembly (parts + joint) [6]. In comparison, 50 

secondary and co-bonded joints have at least one adhesive interface, which allows the 51 

introduction of unwanted contaminants such as silicones or moisture [6]. Co-curing has a 52 

number of advantages such as: chemical bonding and increased cross-linking; improved 53 

mechanical properties; and an inherent lower cost due to reduced labour and material 54 

requirement [6][7]. Co-curing is seen as an attractive option due to the reduction in the 55 

number of parts, fixings and curing cycles required [8][4]. This technique is used to make 56 

aircraft components, however, information on co-curing techniques is not commonly dis- 57 

closed by companies [9]. Applications of co-curing in the late 1970s include the McDonnell 58 

Douglas AV-8B Strike Fighter Aircraft, where co-curing on the forward fuselage reduced 59 

part count by 63%, fixings count by 62%, and the weight by 25%. Similarly, the use of co- 60 

curing on the landing gear fairing reduced labour hours by 20%, along with a 65% reduc- 61 

tion in part count, a 45% reduction in fastener count, and a 9% weight reduction [10]. 62 

Further examples include the effective use of co-curing in the speed brake on the F-15 63 

fighter aircraft, and a co-cured wing created using research from the Technical Research 64 

and Development Institute of the Japan Defense Agency in the 1990’s for the XF-2 fighter 65 

aircraft [11][12]. 66 

While co-curing provides the benefits mentioned previously, there are some limita- 67 

tions which are preventing the method from becoming more widely used in composites. 68 

Namely, as the size of the co-cured composite structure increases, it is likely that the com- 69 

plexity of the part may increase. This results in increased complexity of the tooling ap- 70 

proach which has an inherent additional cost [8][11]. Therefore, the benefits from reduced 71 

assembly costs must be balanced against this additional cost. 72 

In this context, one-shot (or single) cure manufacturing processing methods (RTM, 73 

Prepreg) have recently been gaining popularity in industry due to their lower cost and 74 

higher processing speed [13]. In this exploratory study, a powder epoxy system with sep- 75 

arate melting and curing temperatures has been used to highlight the co-curing benefits. 76 

The powder epoxy has several advantages which are covered in the next section, with this 77 

study intending to be an initial investigation into the effectiveness of this resin for bonding 78 

purposes, with the idea of future scalability. The lap shear cohesive strength of co-cured 79 

samples is investigated in comparison with traditional 2-step cures for bonding purposes. 80 

A novel pinning technique, developed at Ulster University, has additionally been com- 81 

bined with the co-curing bonding method. 82 

2. Materials and Methods 83 

2.1. Materials 84 

2.1.1. Powder epoxy 85 

The powder epoxy (PE6405) used in this study was developed by Swiss CMT AG 86 

(Switzerland) and produced by Freilacke (Germany). The powder system has multiple 87 

advantages such as: a low curing exotherm [14,15] which reduces the risk of thermal run- 88 

away during manufacturing of thick sections; and a low minimal viscosity [14,15] for op- 89 

timal wetting and minimal porosity, leading to superior mechanical properties [16–19].  90 

Another main asset of the powder is the ability to separate the powder melting from 91 

the cure (Figure 1), enabling composite parts to be melted, pre-shaped and consolidated 92 

without curing. This ability to melt, pre-shape and consolidate, combined with co-curing 93 

is envisaged to help reduce the complexity of tooling required. 94 
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 95 

Figure 1. Differential Scanning Calorimetry showing a temperature sweep of (20°C/min) of 96 
PE6405. The temperature gap between the end of the melt and beginning of the cure is represented 97 
by purple lines [16]. 98 

The resin can be stored at room-temperature and is suitable for out-of-autoclave in- 99 

dustrial processes [16][17], as well as one-shot-cure processing, which will be demon- 100 

strated in this paper. 101 

The powder epoxy has also been shown in previous work to have improved inter- 102 

laminar fracture toughness [19] compared to untoughened liquid epoxy resins, which is 103 

very interesting as there is a linear correlation between fracture toughness and lap shear 104 

strength [20].  105 

Finally, the manufacture of large OOA composite structures was performed previ- 106 

ously, proving the viability of the system for this specific purpose. Indeed, in the case of 107 

the POWDERBLADE project, a 6-metre-long carbon/glass fibre hybrid wind turbine blade 108 

was manufactured with this specific powder epoxy system [21]. 109 

2.1.2. Glass fibres 110 

As part of this study, a 591 g/m2 UD stitched glass fabric from SAERTEX was used 111 

for sample manufacturing. The fabric contains 520 gsm of 0° E-glass fibres as well as 17 112 

gsm polyester stitching and 54 gsm of 90° E-glass fibres [22]. UD stitched glass fabric was 113 

chosen for this initial study with a view of potential applications in standard OOA pro- 114 

cesses such as wind turbine blade manufacturing [23]. 115 

2.1.3. Adhesive prepreg 116 

The adhesive prepreg used in this study is VTFA400 from SHD Composites (UK). 117 

This is a toughened epoxy adhesive film within a very thin glass fibre mesh to ensure 118 

uniform thickness and minimal porosity. Adhesive prepreg is commonly used as a large 119 

area structural adhesive, for example in the aerospace industry [24]. 120 

  121 
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2.2. Lap shear samples manufacturing and testing 122 

2.2.1. Manufacturing and testing overview 123 

A summary of the manufacturing process is provided in Figure 2. 124 

 125 

Figure 2. Initial plate and co-curing manufacture process. 126 

Firstly, Glass-Fibre Reinforced Plastic and powder epoxy plates were produced using 127 

a previously developed manufacturing process [19].  128 

Due to the low minimum viscosity of powder epoxy prior to gelation, the resin tends 129 

to bleed out of the composite during the sintering/ curing stage. This can cause some var- 130 

iability in the fibre volume fraction (FVF) of the manufactured plates [19]. To solve this, a 131 

previously manufactured steel frame was used (8mm thick, inner dimensions 300 mm x 132 

280 mm) along with two steel caul plates. The frame rests on the larger lower caul plate, 133 

while the upper caul plate inserts tightly into the frame to ensure uniform pressure is 134 

exerted by the applied vacuum, and to limit resin bleed-out. For ease of removal of the 135 

cured/ sintered plates, the steel caul plates were coated in TFG 250 PTFE coated glass fibre, 136 

with the frame being coated in thin TF 050AH PTFE tape. 137 
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The GFRP plies were cut to fit a steel mold (lower caul plate and frame) covered in 138 

PTFE. The powder was weighed and homogeneously sprinkled on interlayers to reach 139 

50% FVF, ensuring good fibre wetting and an even resin distribution (step 1). The PTFE 140 

covered steel upper caul plate was then placed on top (step 2) and the whole system was 141 

vacuum bagged and cured or only melted/sintered depending on the sample set investi- 142 

gated (step 3). The sintering and curing cycles for the powder epoxy GFRP plates are pro- 143 

vided in Figure 3. 144 

 145 

Figure 3. Curing and sintering cycles for powder epoxy and VTFA400 adhesive. 146 

The plates were then cut in half at 90° to the longitudinal direction and the edges 147 

were trimmed (step 4). At this stage, Z-pinning of two sintered half plates was completed, 148 

outlined in detail in section 2.2.3. Plates were then placed in a PTFE covered steel mold 149 

fitting the ISO 4587 dimensions (step 5a + 5b). Figure 4 shows the sintered half plate inside 150 

the PTFE covered steel mold. 151 
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 152 

Figure 4. Sintered GFRP + powder epoxy half-plate inside steel frame. 153 

The half plates were placed under vacuum again and bonding lines were then cured 154 

accordingly. The purpose of the side steel plates (also shown in step 5a, Figure 2) was to 155 

maintain uniform pressure on the plates and bonding line while under vacuum. 156 

The co-cured plate is shown in Figure 5 below. 157 

 158 

Figure 5. Photo of co-cured plate (case 3). 159 

Finally, the lap shear plates were cut to dimension according to ISO 4587 (step 6). 160 

During the cutting process, end tabs were applied temporarily over the bonding region 161 

with double-sided tape to reinforce and prevent premature damage to the plate and sam- 162 

ples during cutting (Figure 6), then removed prior to testing. The double end tab config- 163 

uration was used to obtain a perfect alignment during gripping, therefore preventing un- 164 

desired bending of the sample during testing. 165 



J. Compos. Sci. 2021, 5, x FOR PEER REVIEW 7 of 18 
 

 

 166 

Figure 6. End tab configuration during cutting of the lap shear plates. 167 

The co-curing cohesive strength was investigated according to ISO 4587: Adhesives 168 

— Determination of tensile lap-shear strength of rigid-to-rigid bonded assemblies.  169 

The lap shear strength test setup is provided in Figure 7. An INSTRON 3369, 10kN 170 

universal testing system was used, and samples were tested at 2 mm/min. The tempera- 171 

ture was maintained at a stable 22°C in the lab throughout the tests. 172 

 173 

 174 

Figure 7: Lap shear strength test setup on an INSTRON 10kN universal testing system  175 
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2.2.2. Sample set description 176 

Four different sets of samples were manufactured to compare their cohesive proper- 177 

ties (Figure 8). 178 

Case 1: The powder epoxy-based GFRP half-plates were initially cured and an adhe- 179 

sive prepreg (VTFA400, SHD composites), representative of industrial standard practice, 180 

was placed on the bonding line and cured. 181 

Case 2: The powder epoxy-based GFRP half-plates were cured, then powder epoxy 182 

was sprinkled on the bonding line and used as an adhesive. 183 

Case 3: The powder epoxy-based sintered GFRP plate was melted, then cooled with- 184 

out curing, producing a vitreous-like, sintered plate which was then cut. The structural 185 

integrity of the powder epoxy sintered plate is another advantage when compared to 186 

standard uncured prepreg, which would present issues if cutting was attempted. The half- 187 

plates were then co-cured in a one-shot-cure process (Figure 5). 188 

Case 4: The half plates were melted then pinned and finally co-cured to assess the 189 

adhesion reinforcement potential of pinned one-shot-cure samples as compared to case 3. 190 

The sintered plates have the ability and ease to be pinned without much damage, and then 191 

the plates are melted again during their co-curing phase, allowing for a very good consol- 192 

idation at the pinned locations. This consolidation is arguably better than the one a ther- 193 

moplastic would be able to achieve due to a very low viscosity. The pinning process is 194 

described in detail in section 2.2.3. 195 

 196 

Figure 8. Schematics of the four sets of lap shear samples manufactured. 197 

The lap shear sample cross sections were checked before testing to check for macro- 198 

scopic inhomogeneities, of which none were found. Resin overflows were observed in 199 

cases 3 and 4, a standard behavior associated with co-curing. 200 

2.2.3. Pinning 201 

A novel technique for providing through-thickness reinforcement was developed at 202 

Ulster University through the EPSRC Future Composites Manufacturing Research Hub. 203 
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The method involved using a nylon/carbon filament which was placed through-the-thick- 204 

ness of the preform using a veterinary needle and trimmed to length. Once the desired 205 

array of pins was placed, they were treated via compression with hot plates, causing the 206 

extended ends of the pins to lie flat against the surface of the fabric which once cool, binds 207 

it together [25].  208 

In this study the filament used was a commercial PA6 based 3D printing filament by 209 

Markforged®. There are several options available differing primarily in the material used 210 

for the fibre reinforcement. In this work the filament used was KB-AB-50 which comprises 211 

a Kevlar based reinforcement. 212 

The pinning process can be broadly described as follows, with the steps illustrated in 213 

Figure 9: 214 

1. The fiber lay-up to be pinned was placed into a clamping frame which provides 215 

a fixed back-stop distance which can be adjusted by the addition of plates under 216 

the parts. 217 

2. The filament was threaded through an 18 Birmingham Gauge veterinary needle 218 

that was mounted in a 3D printed handle for operator convenience. 219 

3. The needle was pressed through the fiber in the desired locations. 220 

4. The filament was then gently threaded through the needle until it hits the back- 221 

stop, this provides a consistent excess length on the underside of the part. 222 

5. The needle was then withdrawn whilst holding the filament in place. The closing 223 

of the fibers around the needle provides a light frictional force holding the fila- 224 

ment in place. 225 

6. The filament was then cut above the part to match the backstop distance. 226 

Figure 9. Representative image of the main steps of the pinning process. 227 

Once the desired array of pins had been placed, the fiber was then subjected to a hot- 228 

press process. The tool is first heated to 150°C in an oven. The fiber is then placed into the 229 

hot tool and the tool clamped up whilst at temperature. This has the dual effect of both 230 

2 3 4 5 6 1 
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bending and flattening the ends of the pins against the part, but also compressing the part 231 

to the correct thickness for infusion.  232 

In this study however, the technique was modified to satisfy the need to maintain 233 

alignment of the overlapping sections for the lap-shear samples. This was achieved by 234 

leaving the fiber in the clamping frame and using a 2-stage process. This modified process 235 

can be described as follows: 236 

1. A support plate is placed underneath the part. This prevents push-through of the 237 

pins. 238 

2. A press-plate is heated in an oven to 150°C and placed on the upper surface of the 239 

part and left to cool to ambient temperature overnight. The mass of this plate pro- 240 

vides the necessary pressure to deform and flatten the pin ends. The flattening of 241 

the pins is illustrated as steps a, b & c in Figure 10. 242 

3. Once the first side has cooled, the fixture is inverted with the support plate now 243 

placed against the flattened pins. 244 

4. The press described in step 2 is repeated for the underside of the part. 245 

 246 

 247 

Figure 10. Graphical representation of the 2-step press process. 248 

After this process has been completed the plate is removed from the clamping frame 249 

and subjected to the same curing cycle as described in the manufacturing overview. 250 

2.2.4. Pinning review 251 

The exploratory pinning process for these parts presented some challenges compared 252 

to the previous work on dry fibers that had been conducted at Ulster University. 253 

The first challenge was the toughness of the sintered epoxy preventing the penetra- 254 

tion of the fibers by the needle. This was solved by gently introducing cracks within the 255 

epoxy in the region to be pinned. Some of the epoxy was lost with this process however 256 

this was primarily in the form of dust on the outer surface with the fibers preventing 257 

egress of epoxy within the part. 258 

The second challenge was the overlap of the pinning area. Previous work had cen- 259 

tered primarily around pinning the full area of the plaque without the concerns of overlap 260 

presented by the geometry of the ISO 4587 specimens. 261 

Press 1 

Press 2 

a b c 
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To overcome this the fibers were placed into the clamping frame with spacer plates. 262 

These plates prevented pinning in the area outside of the overlap region whilst allowing 263 

proper pass-through in that region and supported the fibers as shown in Figure 11. 264 

 265 

Figure 11. Case-4 Samples prior to undergoing Hot-Press. 266 

Once the array of pins had been placed, the next challenge was conducting the hot 267 

press process. In prior works the larger pinned region allowed sufficient integrity for the 268 

pinned part to be removed from the clamping frame with only the light friction from the 269 

fibers holding the pins in position. However, with the small overlap area there was con- 270 

cern that this would be insufficient for these samples. It proved not to be. 271 

The solution was to perform the hot-press process without removing the material 272 

from the frame. To do this, the part was pressed twice using a plate heated to 150°C with 273 

pressure applied by means of a 5kg weight placed on top. The first press retained the 274 

backstop used in the pinning process to prevent the pins from merely being pushed 275 

through the part. The second press followed the same setup however the underside of the 276 

part was supported again to prevent the pins being pushed through the part. In both cases 277 

a layer of Richmond Aerovac ETFE release film was used to prevent the powder epoxy 278 

adhering to the plate. 279 

  280 
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3. Results/ discussion – Mechanical properties 281 

3.1. Lap shear tensile testing 282 

 283 

Figure 12. Lap shear Strength at break for the four sets of samples 284 

The lap shear results are presented in Figure 12. A large lap shear strength reduction 285 

for VTFA400 commercial adhesive bonding was measured (-24.8%) compared to the cured 286 

samples that are bonded with the powder epoxy. This behaviour highlights the superior 287 

adhesive properties of the powder epoxy system for out-of-autoclave (OOA) manufactur- 288 

ing purposes. Indeed, the powder epoxy system was previously shown to have high frac- 289 

ture toughness [19] compared to standard epoxy prepregs. Additionally, the very low 290 

melt viscosity allowed for a homogeneous adhesion consolidation.  291 

Co-curing the plates has introduced both the abilities of covalent bonding and a bet- 292 

ter consolidation at the inter-plate region (adhesion surface), leading to +7.8% lap shear 293 

strength increase for co-cured compared to cured and bonded samples. This shear 294 

strength increase is attributed to both a better consolidation and crosslinking.   295 

The through thickness reinforcement pinning of uncured powder epoxy laminates, 296 

followed by co-curing, showed further substantial improvements, with a +45.4% lap shear 297 

strength increase for pinned and co-cured compared to cured and bonded samples. The 298 

result highlights the ability to pin through the sintered/vitreous plates, to then remelt and 299 

co-cure the powder epoxy around the pins, resulting in a superior consolidation. The me- 300 

chanical viability of the pinning method was therefore demonstrated in this study. 301 

3.2. Digital Image Correlation (DIC) 302 

A comparison of typical damage mechanisms for each joint configuration can be in- 303 

ferred from digital image correlation (DIC). Specimen cross-sections were speckled with 304 

white spray paint spanning the full gauge length, to provide evenly distributed and high 305 

contrast tracking objects. A 12-megapixel Sony IMX477 sensor and Sill Optics Correctal 306 

T/0.2D telecentric lens assembly was used to capture high resolution, orthographic images 307 

of the specimens during testing. For each sample type, three tests were recorded (H.264 308 

video) at 1080x1920 resolution and with a frame rate of 25 frames per second (fps). Video 309 
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files were subsequently exported into image (.png) stacks with a 1:5 conversion ratio, re- 310 

sulting in an effective frame rate of 5fps. Displacement and strain fields were calculated 311 

by importing image stacks into DICe open-source software by Sandia National Laborato- 312 

ries (SNL) [26]. For each analysis, the selected shape functions were translation, rotation, 313 

normal stretch and shear stretch. An SSSIG threshold of 150, 31-pixel subset size and 15- 314 

pixel step size were used for all analyses. The numerical error for this (2D-DICe) analysis 315 

is approximately ±5% of the recorded value for elastic deformations [27]. 316 

Visualisations of the DIC results were produced using Paraview-5.9.1 open-source 317 

software. For each specimen, the DIC generated exodus (.e) file was imported and a De- 318 

launey 2D-triangulation filter was applied. An alpha value of 22 was selected to populate 319 

the produced mesh. Cauchy xy-shear strain and xx-longitudinal strain distributions of a 320 

representative sample for each manufacturing case are plotted in Figure 13 and Figure 14, 321 

respectively. 322 

(a)  (b)  (c)  (d)  323 

Figure 13. Pre-Failure Cauchy Strain_xy Fields of Representative (a) VTFA400 Specimens (b) 324 
Cured and Bonded (c) Co-cured; and (d) Z-pinned. 325 

 326 

(a)  (b)  (c)  (d)  327 

Figure 14. Pre-Failure Cauchy Strain_yy Fields of Representative (a) VTFA400 Specimens (b) 328 
Cured and Bonded (c) Co-cured; and (d) Z-pinned. 329 

For each of the four representative specimens, observations are plotted at the frame 330 

prior to brittle failure, where the specimen strains are at peak magnitude. To facilitate 331 

straightforward comparisons between fields in Figure 13 and Figure 14, distribution limits 332 
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were defined as -0.1 to 0.0 and 0.0 to 0.1 mm/mm, respectively. For comparison, post- 333 

failure photographs of the same specimens are provided in Figure 15. In each of these 334 

images, the background was enhanced to improve contrast and annotations were added 335 

where appropriate. 336 

(a) (b)  (c)  (d)  337 

Figure 15. Post-Failure Images of Representative (a) VTFA400 Specimens (b) Cured and Bonded 338 
(c) Co-cured; and (d) Z-pinned. 339 

In observing the strain fields provided in Figure 13 and Figure 14, local peaks can be 340 

associated with damage locations via the fractured specimen photographs in Figure 15. 341 

For all specimens, a shear strain peak occurs along the central bond line region with values 342 

generally largest at the upper and lower extremities. For both the cured and VTFA400 343 

specimen types, these large shear and longitudinal strains correspond directly to points 344 

of damage initiation. As seen in Figure 15 (a) and (b), fracture in these bonded specimens 345 

has occurred entirely along the bond line via cohesive failure. The larger shear strain in 346 

the cured & bonded specimen is also anticipated, since the VTFA400 failure load is 24.8% 347 

lower. The co-cured specimen shows an oval shaped shear and longitudinal strain peak 348 

at the upper left corner of the lower adherend. This strain peak corresponds to a macro- 349 

void within the resin spew region and is present in certain co-cured samples. In consider- 350 

ing Figure 15 (c), it can be discerned that a crack is initiated at the stress concentration 351 

around this void, extending horizontally until reaching the bond line and subsequently 352 

propagating downwards. Given the relatively low strains present across the remaining 353 

specimen cross section, it is possible that this mechanism may have caused minor prema- 354 

ture failure in some co-cured samples. Similarly, the longitudinal strain distribution in 355 

Figure 14 (d) indicates a high strain location at the upper left of the lower adherend in the 356 

Z-pinned representative specimen. Comparing the specimen strain distribution with the 357 

post-failure image in Figure 15 (d), it is apparent that damage has initiated at the location 358 

of a Z-pin and propagated along a similar path to the co-cured specimen. Although local- 359 

ised stress concentrations from Z-pinning are inevitable, larger load bearing capacities can 360 

still be achieved after further manufacturing process refinement [28].  361 

  362 

  363 
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3.3. Fracture behaviour 364 

 365 

 366 

Figure 16. SEM Pictures of Fracture Surfaces with x80 Zoom for (a) VTFA400 Specimens (b) Cured 367 
and Bonded with Powder Epoxy (c) Co-cured and (d) Co-cured and Z-pinned. 368 

Following testing, the lap shear samples were observed under a TM4000Plus Scan- 369 

ning Electron Microscope (SEM) manufactured by Hitachi. Figure 16 shows the fracture 370 

surfaces under a magnification of 80 for all four sets of samples. The reinforcing mesh of 371 

the VTFA400 adhesive is clearly visible in Figure 16 a) as well as the glass fibre polyester 372 

stitching. In some areas, the raw fibres from the adherend are visible suggesting an adhe- 373 

sive failure. However, in the bottom left of the figure, resin damage is clearly visible as 374 

well as the holes contained within the VTFA400 reinforcing mesh. This suggests a mixture 375 

of cohesive and adhesive failure for these specimens. Similar features are visible in Figure 376 

16 b) for the cured and powder epoxy bonded samples with a mixture of adhesive and 377 

cohesive failure clearly visible in the fracture surface. However, there is a higher degree 378 

of resin damage on the surface of these samples which suggests a slightly better compati- 379 

bility between the adhesive and adherend than for the VTFA400 samples and could ex- 380 

plain the higher measured lap shear strength. 381 

The fracture surface of the co-cured and Z-Pinned samples are different from that of 382 

the first two specimens. Indeed, hardly any resin is visible on the fracture surfaces. The 383 

0°, 90° and polyester stitching from the glass fibre fabrics are visible from both Figure 16 384 

c) and d). Resin was present in only small areas of the fracture surface. Observation of the 385 

resin areas under higher magnification revealed hackle patterns characteristic of shear 386 

failure [29]. The fracture surfaces of the co-cured and Z-Pinned samples looked very sim- 387 

ilar apart from the presence of the Z-Pins as shown in Figure 16 d). Co-curing of the resin 388 
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has led to a very thin bond line and fibre migration within the bond. This explains why 389 

hardly any resin is present on the fracture surface while a large amount of fibre pull-out 390 

is visible. This explains the higher strength measured for these samples compared to the 391 

previous two sets. The presence of the Z-Pins provides further reinforcement of the lap 392 

joint, but this is not characterised by significant different in the fracture surface. Instead, 393 

the Z-Pins delay the fracture phenomena occurring in the co-cured samples by resisting 394 

crack propagation, leading to a higher lap joint strength. 395 

4. Conclusions/ next steps 396 

Glass fibre reinforced powder epoxy plates were manufactured using a process de- 397 

veloped in a previous study [19] and subsequently used to produce lap shear plates. The 398 

tensile lap-shear strength of the glass fibre reinforced powder epoxy lap shear plates was 399 

investigated, with results showing an increased load at break for co-curing methods com- 400 

pared to secondary bonding. Secondary bonding using VTFA400 had a load at break 401 

24.8% lower than secondary bonding using powder epoxy. Co-curing increased the load 402 

at break by 7.8% compared to powder epoxy secondary bonding, with the co-cured and 403 

pinned joint resulting in a 45.4% increase in the load at break. 404 

The typical damage mechanisms were investigated using Digital Image Correlation. 405 

For secondary bonding using VTFA400 and powder epoxy, fracture occurred entirely 406 

along the bonding line via cohesive failure. Bonding using co-curing displayed premature 407 

failure in some samples related to macro voids in the resin spew area of the joint. The Z- 408 

pinned and co-cured joint showed damage around the Z-pin locations, which was to be 409 

expected, however, it is anticipated that with further refinement of the manufacturing 410 

process, larger load bearing capacities could be achieved. 411 

SEM indicated a mixture of cohesive and adhesive failure for the VTFA400 and pow- 412 

der epoxy bonded lap shear samples, with higher resin damage on the powder epoxy 413 

bond suggesting better compatibility of the adhesive and adherend. The co-cured and Z- 414 

pinned samples showed very similar fracture surfaces with very little resin, and indicated 415 

shear failure in resin areas, and that a large amount of fibre pullout occurred. The Z-pin- 416 

ning provides further reinforcement to the lap joint, delaying the fracture phenomena and 417 

therefore resulting in the higher lap joint strength. Although a combination of DIC and 418 

SEM imaging have effectively indicated dominant fracture mechanisms from mechanical 419 

testing, a multiscale evaluation such as that undertaken by Stukhlyak et al. [30] could pro- 420 

vide more in-depth understanding of damage mechanism in future investigations. 421 

This initial study was a promising proof of concept to demonstrate the advantages of 422 

the powder epoxy resin when combined with co-curing and pinned joining methods. The 423 

very specific processing properties of the powder epoxy system allowed to show the best 424 

of both thermoset (low viscosity, better co-curing mechanical properties) and thermo- 425 

plastic (non-brittle pinning on complex structures, higher toughness), allowing co-curing 426 

and pinning all at once, leading to vastly superior mechanical properties when combined. 427 

Overall, the powder epoxy resin has a range of advantages making it a suitable can- 428 

didate for the co-curing of large composite structures. Future work will involve employ- 429 

ing the co-curing and pinning bonding methods on more complex structures, for example 430 

on thick section composites such as tidal turbine blades. Automated applications such as 431 

additive manufacturing will also be considered. There will be the ability to locally change 432 

the polymeric properties to meet specific requirements, e.g. erosion protection [31]. 433 
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