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Abstract 8 

The impact resistance of aluminum alloy 2024-T3 and carbon-fiber-reinforced polyphenylene sulfide joints 9 

was investigated using drop weight test. The joints were aluminum-side and composite-side impacted to 10 

provide a preliminary design guideline for hybrid joints. Four energy levels were investigated for each side: 11 

2 J, 4 J, 6 J and 8 J. The joints presented rebounding behavior for all the energy levels. It implies that in all 12 

the cases, the impact energy was not totally absorbed by the joints, although the joints failed at 8 J of impact 13 

energy. The interface of the joint presented its threshold for absorption of impact energy around 6.5 J, which 14 

was reached when the joint was impacted with 8 J of potential energy, independently of the surface under 15 

impact. Thus, this study showed that a single friction spot joint could absorb up to 103 kJ.m-2 of joined 16 

area. The joints impacted from the aluminum side presented residual strengths of 84% (2 J), 30% (4 J), and 17 

25% (6 J). For composite-side impacted joints, the residual strengths were 80% (2 J), 54% (4 J), and 45% 18 

(6 J). Generally, the aluminum-side impacted joints showed lower residual strength than the composite-19 

side impacted joints. The impact energy introduced from the aluminum side was mostly absorbed in the 20 

plastic deformation of the aluminum part, bending the aluminum and promoting the detachment of the 21 

interface. Otherwise, the impact energy introduced from the composite side was mostly absorbed by the 22 

creation/extension of internal damage through the plies of the composite. Thus, it is expected that the impact 23 

energy was only partially transferred to the interface of the joint in the case of composite-side impact. 24 

Consequently, these joints presented higher residual strength after impact than the aluminum-side impacted 25 

joints. 26 

Keywords: Friction Spot Joining, aluminum alloys, fiber reinforced composites, drop weight impact, 27 

damage tolerance  28 

1. Introduction  29 
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Accidental impacts on aircraft and automobile structures are often reported during manufacturing, 30 

shipping, maintenance and daily operations. In cooperation with airlines, a study by Airbus has stated that 31 

the main aircraft areas subjected to impact are the surrounding of the doors (53%), the doors (15%) and the 32 

wings (13%) [1]. The impact threat levels for each aircraft zone were investigated and the results indicated 33 

that impact energies below 35 J were the most common extent of damage [1]. 34 

Preexisting and in-service accidental damages can strongly affect the performance and hence the 35 

safety of structural components [2]. Therefore, predicting the load or time for a sub-critical damage to 36 

sufficiently accumulate  to cause a premature failure is significantly important to ensure a robust and safe 37 

structure [2,3]. 38 

Promoted by the new economic and environmental policies, the combination of lightweight metal 39 

alloys and fiber-reinforced polymers have become an alternative solution for saving weight and fuel in the 40 

transport industry [4,5]. The concept of metal-composite hybrid structures is a promising solution mainly 41 

due to the optimal specific strength and stiffness associated to these materials [4,5]. A recent example of 42 

hybrid structures use is the A350 XWB. This aircraft launch has set a new standard at Airbus with the use 43 

of 53 wt% composites in its structure contributing to a reduction of 25% in fuel consumption [1]. However, 44 

due to the high dissimilarity of their properties, composites and metals respond differently to in-service 45 

loading and accidental damage [2,6,7]. For instance, impact damage in metallic materials can be usually 46 

detected visually during maintenance, while in composites, the impact energy is absorbed as internal defects 47 

that cannot be detected visually [1]. The strength degradation is also very diverse. For metals, the damage 48 

usually starts with plastic deformation [8]. Thus, there is no immediate loss in performance and the 49 

deformation of the component is usually spotted easily [2]. For composites, however, the damage develops 50 

through complex mechanisms of delamination and bridging, which may lead to an immediate reduction in 51 

performance depending on the type of composite and the extent of damage [2,9]. Therefore, the assessment 52 

of the impact resistance of such hybrid structures is of great importance, not only to predict premature 53 

failure and damage tolerance, but also to guide the design of such hybrid structures [2,10]. 54 

Considering the impact behavior of fiber metal laminates (FML), Liu and Liaw [11] investigated the 55 

influence of the metal constituent in the impact behavior of GLARE.  In case AA7475-T6 was used, small 56 

deflections were identified after impact due to the high stiffness of this material. Nevertheless, earlier crack 57 

initiation was observed for AA7475-T6 in comparison to a more ductile aluminum alloy, such as AA2024-58 
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T3. The authors reported that by using AA2024-T3 instead of AA7475-T6, smaller damage zones were 59 

created due to impact. In the case of AA2024-T3, more energy was attenuated through plastic deformation 60 

than for AA7075-T6. 61 

Silva et al. [12] assessed the impact behavior of adhesively bonded high strength steel joints. The 62 

authors produced the joints using a flexible adhesive at the ends of the overlap, while a rigid adhesive was 63 

applied in the middle of the joint. This mixed-adhesive strategy improved the impact resistance of the joints, 64 

as a result of mixed ductile-brittle failure mechanisms. They showed that in this case, 100 % of the impact 65 

energy was absorbed, in contrast with only 50 % of absorption when only one type of adhesive was 66 

employed. In another study,  Machado et al. [13] performed a similar study for CFRP bonded joints. The 67 

effects of combining flexible and rigid adhesives were found to be similar as what was observed for steel 68 

joints. Nevertheless, higher impact failure loads were observed for the CFRP joints in comparison to the 69 

steel joints. It is believed that the internal damages created in the CFRP substrates reduced the stresses in 70 

the adhesive layer of these joints in comparison to the steel joints, thus preserving their strength. 71 

Friction Spot Joining (FSpJ) is an alternative joining technology for metal-polymer/composite 72 

structures. Patented in 2011 [14], this technology uses a non-consumable tool to create frictional heat and 73 

plastically deform the metallic component of the overlap joint [15]. The main bonding mechanisms of 74 

friction spot joints are mechanical interlocking and adhesion forces [16]. The mechanical interlocking is 75 

created in macro- and micro-scales through the deformation of the metal into the composite part (“metallic 76 

nub”) and the attachment of fibers and matrix to the metal surface, respectively [16]. Additionally, a layer 77 

of polymer close to the joint interface is melted during the joining process. After the cooling of the joint, 78 

the layer of molten polymer reconsolidates, establishing the adhesion forces between metal and 79 

polymer/composite [16]. 80 

Goushegir et al. [17] successfully demonstrated the feasibility of FSpJ for aluminum alloy 2024-T3 81 

and carbon-fiber-reinforced polyphenylene sulfide (CF-PPS) joints. Shear strengths from 38 up to 123 MPa 82 

were achieved using different surface pre-treatments. Other combinations of materials have also been 83 

investigated. Among studies published recently, André et al. [18] used AA2024-T3/PPS/CF-PPS, Esteves 84 

et al. [19] used AA6181-T4/CF-PPS and Amancio et al. [15] studied AZ31-O/GF- and CF-PPS. Despite 85 

the high levels of quasi-static mechanical performance reported for friction spot joints in previous 86 

investigations, the impact resistance of the joints has not been addressed yet.  87 
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The present study investigated the impact resistance of AA2024/CF-PPS friction spot joints using 88 

the drop weight test. Four levels of impact energy were tested: 2 J, 4 J, 6 J and 8 J. The joints were 89 

aluminum-side and composite-side impacted to provide a preliminary design guideline regarding the impact 90 

damage tolerance of such hybrid joints. The absorbed energy and the development of damage on the 91 

aluminum and composite surfaces were analyzed for the different impact energies under study. Laser 92 

scanning microscopy was used to monitor the damage evolution on the surfaces. Ultrasonic echo scanning 93 

was applied to evaluate internal damage in the interface and in the composite part of the joints. Finally, the 94 

transfer of the impact energy to the interface of the joint was assessed and correlated to the residual strength 95 

of the joints, according to the side of the joint under impact. 96 

2. Materials and Methods 97 

2.1. Aluminum alloy 2024-T3 98 

Aluminum alloy 2024-T3 2 mm thick rolled sheets were used as the metal part in this study. It is 99 

a precipitation hardenable alloy supplied by Costellium (France). The main alloying elements are Cu and 100 

Mg. This alloy is widely used in the aircraft industry due to its good specific strength and fatigue 101 

performance [20]. Table 1 presents the chemical composition of the alloy used in this work. Table 2 lists 102 

the selected physical and mechanical properties of this alloy [21]. 103 

Table 1: Nominal chemical composition of AA2024-T3 104 

Element Cu Mg Mn Fe Zn Si Ti Cr Al 

Wt% 4.55 1.49 0.45 0.17 0.16 0.10 0.02 <0.01 Bal. 

 105 

Table 2: Selected physical and mechanical properties of AA2024-T3 [21]. 106 

Tensile 
Strength 
(TL 
direction) 
[MPa] 

Yield 
Strength (TL 
direction) 
[MPa] 

Elongation 
[%] 

Incipient 
Melting 
Temperature 
[°C] 

Thermal 
Conductivity 
[W m-1 K-1] 

Coefficient of 
Thermal Expansion , 
20–300°C [µm m-1 

°C-1] 

437 299 21 502 121 24.7 
 107 

2.2. Carbon-fiber-reinforced polyphenylene sulfide (CF-PPS)  108 

This work used carbon-fiber-reinforced polyphenylene sulfide (CF-PPS) as the composite part. 109 

This is a quasi-isotropic laminate that is 2.17 mm thick with 43 wt% carbon fibers woven fabric (5H satin 110 
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configuration). The composite consists of seven plies of carbon fiber fabric reinforcement in the 111 

[(0.90)/(±45)]3/(0.90) sequence. CF-PPS is a high-performance thermoplastic composite and has several 112 

aerospace applications [22]. The “J-Nose” subframe wings of Airbus A380 and the pylon covers of Airbus 113 

A320 are examples of the application of such material [22,23]. Table 3 presents a selection of relevant 114 

physical and mechanical properties of the CF-PPS. 115 

Table 3: Selected physical and mechanical properties of the CF-PPS [22]. 116 

Tensile 
Strength 
(warp/weft) 
[MPa] 

In-Plane Shear 
Strength 
[MPa] 

Glass Transition 
Temperature 
[°C] 

Melting 
Temperature 
[°C] 

Thermal 
Conductivity 
[W m-1 K-1] 

Coefficient of 
Thermal 
Expansion, 
23–300°C [µm 
m-1 °C-1] 

790/750 119 120 280 0.19 52.2 
 117 

2.3. Experimental Procedure 118 

2.3.1. Joining procedure 119 

The aluminum part was sandblasted before the joining process to increase its surface roughness. 120 

Previous investigations [17,24] have shown that such mechanical surface pre-treatment enhances the 121 

adhesion between aluminum and composite. The medium blast used was corundum (Al2O3, average particle 122 

size: 100–150 µm). The aluminum parts were sandblasted for 10 s at a distance of 20 cm, and an incidence 123 

angle of 45° of the blasting pistol. An average surface roughness (Ra) of 6.7 ± 0.4 µm was obtained. 124 

The joints were produced in a single overlap configuration, as depicted in Figure 1. The FSp 125 

joining equipment RPS 200 (Harms & Wende, Germany) was used.  126 

 127 

Figure 1: Configuration and dimensions of the joints (in mm). 128 

The parts were joined using 2900 rpm of rotational speed, 0.8 mm of plunge depth, 8 s of joining 129 

time and 6 kN of joining force. This combination of joining parameters maximized the lap shear strength 130 

of the joints and it was obtained from a previous statistical optimization (design of experiments combined 131 
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with analysis of variance). A three-piece tool consisting of pin, sleeve and clamping ring was used (Figure 132 

2). The sleeve-plunge variant of FSpJ was employed to produce the joints in this study. Figure 2 describes 133 

the main steps of the FSpJ process: (1) positioning of the parts under the tool, plunging of the sleeve into 134 

the metal, plasticization and deformation of the metal part, (2) refilling of the keyhole formed by the sleeve 135 

plunging, and (3) consolidation of the joint under pressure. For details about the FSpJ process, please refer 136 

to [17]. 137 

 138 

Figure 2: Steps of the FSpJ process: (1) plunging of the sleeve and plasticization of the metal, (2) refilling 139 

of the keyhole, and  (3) joint consolidation (Adapted from [17]). 140 

2.3.2. Drop weight test 141 

An instrumented drop weight tower was used to perform the drop weight tests. The tower was 142 

equipped with an anti-rebound system to avoid secondary impacts. The overlap area of the joints was 143 

clamped between cylindrical pneumatic clamping fixtures, as shown in Figure 3. A semi-spherical impactor 144 

with a radius (r) of 6.25 mm was used. The specimens were impacted in the center of the overlap area where 145 

the spot joint was produced. Four levels of impact energy were investigated: 2 J, 4 J, 6 J and 8 J. These 146 

levels of impact energy were chosen after a first assessment of the impact resistance of the friction spot 147 

joints. In this way, damages starting from barely visible up to the complete failure of the joint were covered. 148 

In order to provide a preliminary design guideline on the impact damage tolerance of such hybrid joints, 149 

the specimens were impacted from both facets, i.e., one set of the specimens from the aluminum side (AS) 150 

and another set from the composite side (CS). The load applied by the impactor on the specimens was 151 

measured during the impact events by a strain gauge full bridge placed on the head of the impactor. Three 152 

replicates were tested for each energy level. 153 
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 154 

Figure 3: Schematics of the clamping of the specimens during drop weight test. (A) Side view and (B) top 155 

view of the configuration used in this work. 156 

2.3.3. Non-destructive inspection 157 

Confocal laser scanning microscopy (VK-9700, Keyence, Japan) was employed to generate 3D 158 

profiles of the impacted region of the joints. The damage area and depth were also measured from the 3D 159 

profiles. 160 

Another non-destructive inspection of the joints was performed with an automated ultrasonic 161 

scanning system (USPC 3040, Dr. Hillger, Germany) based on a single pulse-echo sensor. The overlap area 162 

of the specimens was scanned from the composite side of the joint to investigate the damage evolution 163 

through the plies of the composite. Additionally, scanning from the aluminum side of the joints was also 164 

performed to evaluate the adhesion at the metal-composite interface after impact. A frequency of 1 MHz 165 

and speeds of 2700 ms-1 and 1600 ms-1 were employed to scan the composite and the aluminum parts, 166 

respectively. The measurements were performed with a resolution of 0.1 mm. Figure 4 exemplifies the 167 

ultrasonic scanning from the aluminum side of the joint. 168 
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 169 

Figure 4: Schematics of the ultrasonic scanning, here depicting the scanning on the aluminum surface of 170 

the friction spot joint. 171 

2.3.4. Shear after impact test (ShAI) 172 

 Lap shear testing under tensile loading was performed to assess the residual strength of the joints 173 

after impact. Such tests are known as shear after impact (ShAI), and are widely applied in the aircraft 174 

industry to assess the impact damage tolerance of composite structures [25]. The tests were performed using 175 

a universal testing machine Zwick/Roell 1478 Germany, 100 kN load cell, cross-head speed of 1.27 mm 176 

min-1 and at room temperature. Specimens with dimensions of 100 x 45 mm (2025 mm2 of overlap area) 177 

were tested, as depicted in Figure 1. No tabs were used in this case since the grips of the test machine were 178 

offset to accommodate the overlap configuration of the specimens. The average residual shear strength of 179 

the joints was evaluated on three replicates for each impact condition.  180 

3. Results and Discussion 181 

3.1. Impact loading and energy absorption 182 

 Figure 5 presents representative force-time curves obtained during the impact events for the 183 

different energy levels and the configurations investigated in this work. 184 
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 185 

Figure 5: Representative force-time histories of aluminum-side (AS) and composite-side (CS) impacted 186 

joints for (A) 2 J, (B) 4 J, (C) 6 J and (D) 8 J of potential energy. The failure of the joints occurred at 8 J 187 

for both AS and CS cases. 188 

 The force-time curves show the loading and unloading of the joint during the impact event. The 189 

curves present a few oscillations during loading and unloading. One notes that the density of oscillations 190 

increases significantly from 2 J to 6 J and then decreases at 8 J, when the failure under impact of the joints 191 

occurred. Such oscillations can be related either to vibrations of the structure due to acceleration and 192 

deceleration of the joint during the impact event and/or the occurrence of internal damage in the joint 193 

[26,27]. The internal damage created during impact on the joint interface, as well as on the composite part, 194 

is discussed in Section 3.2. 195 

Figure 6 shows the maximum forces achieved in each energy level for the aluminum-side and the 196 

composite-side impacted joints. The maximum force achieved during impact increases linearly from 2 J to 197 
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6 J of impact energy. At 8 J, the failure under impact of the joints occurred. At this energy level, it is 198 

observed that the maximum force achieved is statistically the same as the force achieved at 6 J (6 J: 5440 199 

± 186 N (AS)/5085 ± 162 N (CS); 8 J: 5305 ± 125 N (AS)/4987 ± 345 N (CS)). Thus, it suggests that the 200 

failure threshold for impact force is approximately 5204 ± 178 N for a single friction spot joint. 201 

It is important to note that for each energy level, the load applied by the impactor in the joint is 202 

very similar, independently of the surface under impact (Figures 5 and 6). One observes that when impacted 203 

from the aluminum side, the joint is subjected to a slightly higher force (Figure 6). However, considering 204 

the standard deviation of such values, the difference between the maximum force achieved from the 205 

aluminum and the composite impacted surfaces are statistically insignificant.  206 

 207 

Figure 6: Maximum force applied to the joints during impact for the different energy levels. The failure of 208 

the joints occurred at 8 J of impact energy. 209 

 The absorbed energies during impact were calculated from the force-time curves in Figure 5. Based 210 

on the Energy Profile Method (EPM) [27–30],  Figure 7 depicts the energy profile obtained for the single 211 

friction spot joints in this study. Figure 7 demonstrates that the joints presented rebounding behavior for all 212 

the investigated energy levels, independently of the surface under impact, i.e. all impacted joints are situated 213 

under the equal energy line in Figure 7. It implies that for all the cases under study, the impact energy was 214 

not totally absorbed by the joints. In contrast, the joint failed at 8 J of impact energy. It suggests that 215 

aluminum and composite could further absorb energy during an impact event. Nevertheless, the interface 216 
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of the joint reached its threshold at 8 J of impact energy, when 6.5 J was absorbed, independently of the 217 

surface under impact (Figure 7). Considering that a friction spot joint has a nominal joined area of about 218 

63.6 mm2, it indicates that a single friction spot joint could absorb up to 103 kJ.m-2 of joined area.  219 

Machado et al. [13] investigated several combinations of adhesives to maximize the impact 220 

resistance of CF-epoxy bonded joints for automotive applications. They demonstrated that the combination 221 

of a flexible adhesive (in the edges of the overlap) and a stiff adhesive (in the center of the overlap) led to 222 

optimized energy absorption during impact. In this case, energy absorption up to 48 kJ m-2 of bonded area 223 

was achieved, approximately half of the intake of a friction spot joint.  224 

 225 

Figure 7: Energy profile obtained for single friction spot joints in this study. The failure of the joints 226 

occurred at 8 J of impact energy. 227 

3.2. Impact damage and its transfer to the joint interface 228 

Figure 8 presents the area and the maximum depth of impact damage identified on the aluminum 229 

and the composite surfaces for the different levels of impact energy under investigation. One observes that 230 

both the area and the depth of damage increase with the rise of impact energy, independently of the side 231 

(AS or CS) under impact. The damage area increased from 4.6 ± 0.3 mm2 (2 J) to 12.7 ± 0.2 mm2 (8 J) for 232 

the aluminum-side impacted joints; an increase of 64%. For the composite-side impacted joints, the increase 233 

in damage area was 44%; 10.4 ± 1.4 mm2 (2 J) to 18.8 ± 0.7 mm2 (8 J). Simultaneously, the damage depth 234 

increased 90% when the impact energy was raised from 2 J to 8 J for the aluminum-side impacted joints 235 
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(5.1 ± 0.3 µm (2 J) to 47.3 ± 0.2 µm (8 J)). For the composite-side impacted joints the increase in damage 236 

depth was 69% (81.2 ± 8.7 µm (2 J) to 260.3 ± 7.4 µm (8 J)). 237 

The observations from Figure 8 demonstrate that the damage evolves differently depending on 238 

which side of the joint is subjected to impact. One can observe that at the same level of impact energy, the 239 

damage caused on the composite surface is deeper and roughly twice the size of the damage caused on the 240 

aluminum surface. Such differences in damage development were expected, considering the diverse 241 

structures and mechanical properties of the aluminum alloys and the fiber-reinforced thermoplastics [31]. 242 

The damage development and its consequence on the transfer of impact energy to the joint interface are 243 

discussed for both cases (aluminum-side and composite-side impact) in the following sections. 244 

 245 

Figure 8: (A) Area of impact damage and (B) depth of impact damage for joints impacted from the 246 

aluminum and the composite sides for different levels of energy. 247 

3.2.1. Damage development for aluminum-side impact 248 

Figure 9 shows the damage caused by aluminum-side impact for 2 J, 4 J, 6 J and 8 J. The 249 

indentations left on the aluminum surfaces can be hardly identified in Figure 9. Therefore, dashed lines 250 

were used to highlight the impression on the aluminum surfaces after impact. In accordance with aircraft 251 

regulations, barely visible indentation damage (BVID) should not be identifiable at a distance of 50 cm 252 

during inspection [25]. Accordingly, the damages in this study were classified as BVID for all the 253 

investigated energy levels.  254 
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 255 

Figure 9: Damage evolution on the aluminum surface after (A) 2 J, (B) 4 J, (C) 6 J and (D) 8 J of impact 256 

energy. The dashed lines highlight the damage imprint on the aluminum surface.  257 

On one hand, it was observed that the indenter locally generated very shallow impressions on the 258 

aluminum surfaces after impact (Figure 9). The damage deepened from 5.1 ± 0.3 µm to 47.3 ± 0.2 µm as 259 

the impact energy increased from 2 J to 8 J; the depths were evaluated using an adapted roughness 260 

measurement performed by laser confocal microscopy (Figure 8-B). On the other hand, a global bending 261 

of the aluminum part is noted (Figure 10). One observes that the angle of bending increased with the rise 262 

in impact energy. At 2 J, the bending angle was nearly 0° and aluminum and composite presented full 263 

contact in the overlap area of the joint. At 8 J, the bending angle reached approximately 10°. In this case, it 264 

was even observed that there was partial perforation of the composite part by the plastically deformed 265 

aluminum (arrow in Figure 10-D), leading to the detachment of the interface and failure of the joint during 266 

impact.  267 

After impact, the joints were scanned with an ultrasound source to non-destructively evaluate the 268 

damage in the joints. No internal flaws could be observed in the aluminum part after impact. Nevertheless, 269 

the background echo from the ultrasound evaluation provided a qualitative comparison of the joint interface 270 

before and after impact. Since the output was very similar for all the investigated levels of impact energy, 271 

only a representative example is shown in Figure 11. The joint impacted with 4 J was selected for this 272 

purpose. 273 

Figure 11 shows c-scans of the overlap area of a joint before and after impact on the aluminum 274 

surface. Before the impact event, it is possible to identify the unbonded areas of the overlap area along with 275 

the circular joined area, including the metallic nub in its center (Figure 11-B). After the impact event, the 276 
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echo signal inside the joined area became equal to the echo signal of the unbonded area (dark grey areas 277 

indicated by white arrows in Figure 11-C). It indicates that the contact between aluminum and composite 278 

was no longer present, suggesting the occurrence of detachment in the outer joined area. Additionally, a 279 

decrease in the intensity of the echo in the nub region was noted, indicating the occurrence of damage in 280 

that area as well.  281 

These observations suggest that in the case of aluminum-side impact, the impact energy was 282 

absorbed by the joint as plastic deformation of the aluminum part, mostly. The bending of the aluminum 283 

introduced peeling stresses at the interface, which progressively promote the detachment of the interface 284 

and failure of the joint. Similar behavior was identified for bonded joints. Harris and Adams [32] 285 

investigated three types of aluminum alloys (soft, mild and hard) substrates to produce impact resistant 286 

adhesive bonded joints. Silva et al. [12] investigated steels (mild and high strength) and their impact 287 

behavior as substrates for adhesive bonded joints. In both studies, the global deformation of the metallic 288 

substrates due to impact were responsible to introduce stresses at the adhesive layer, decreasing the impact 289 

failure load of the joints. As a result, higher residual strengths were reported for the bonded joints produced 290 

with the stiffest substrates in  [32] and [12]. 291 

 292 

 293 

Figure 10: Representative side view of the joints after the impact on the aluminum surface for (A) 2 J, (B) 294 

4 J, (C) 6 J and (D) 8 J (failed during impact). 295 
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 296 

Figure 11: (A) Typical fracture surface of the aluminum part of a friction spot joint. Representative c-scans 297 

of the overlap area of a friction spot joint (B) before and (C) after impact on the aluminum surface. A joint 298 

impacted with 4 J was selected as a representative example in this qualitative analysis. 299 

3.2.2. Damage development for composite-side impact 300 

Figure 12 shows the damage caused by composite-side impact for 2 J, 4 J, 6 J and 8 J. As it was 301 

observed for the joints impacted from the aluminum side, the damages in this case were also classified as 302 

BVID for all the investigated energy levels [25]. 303 
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 304 

Figure 12: 3D images of the damage on the composite surface of the joints after (A) 2 J, (B) 4 J, (C) 6 J and 305 

(D) 8 J of impact energy. 306 

One observes that the indenter locally penetrated the composite part during impact, contrary to the 307 

imprint observations on the aluminum-side impacted joints. It is possible to identify a depression on the 308 

composite surface after impact (Figure 12). Naturally, the CF-PPS presents lower hardness than the 309 

aluminum in this study (AA2024-T3: 1.4 GPa; CF-PPS: 0.4 GPa [33]), facilitating the penetration of the 310 

indenter.  311 

Additionally, no global distortion was observed for the composite part after impact. Figure 13 312 

shows that the composite and aluminum were still entirely in contact after impact, except for 8 J of impact 313 

energy. At 8 J, a distortion was observed on the aluminum part due to the high impact energy applied to the 314 

composite part (Figure 13-D). This distortion of the aluminum resulted in the detachment of the interface 315 

and failure of the joint during impact. The absence of distortion in the composite, even at high levels of 316 

impact energy, is considered a result of its layered structure [27]. It favors the energy absorption through 317 

the creation of internal and localized damage rather than a global path of energy dissipation [12,32]. 318 

Figure 14 shows the c-scans of the composite part before and after the impact event. The c-scans 319 

provided a qualitative comparison of the internal flaws in the composite part before and after impact. Since 320 

the output was very similar for all the investigated levels of impact energy, only a representative example 321 

is shown in Figure 14. The joint impacted with 4 J was selected for this purpose. 322 

Before impact (Figure 14-B), it is possible to identify the presence of process-related defects 323 

through the thickness of the composite. One observes that such flaws are distributed in the center of the 324 

joint, inside a perimeter that corresponds to the area stirred by the sleeve during the joining process. In the 325 
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center of the joint, the highest temperatures are achieved during the joining process due to the proximity 326 

with the rotating tool [16]. As a result, more profound defects (middle thickness of the composite part, 327 

approximately 1 mm deep) were identified in the center of the joint, while superficial defects (close to the 328 

metal interface, approximately 2 mm deep) are found on its periphery. These process-related defects are 329 

basically microvoids originated from air entrapment during the outflow of molten/softened PPS matrix 330 

during the FSpJ process. The details on the formation of such flaws are found in [16,18,34]. After the impact 331 

event (Figure 14-C), one observes that the density of microvoids increased, especially in the center of the 332 

joint (at depths around 1 mm, green-colored defects). It indicates the occurrence of delamination and/or 333 

coalescence of previously damaged volumes due to the impact in that region. 334 

These observations suggest that the impact energy was absorbed in the creation/extension of 335 

internal damage through the plies of the composite in the case of composite-side impact. Therefore, the 336 

impact energy was only partially transferred to the interface of the joint. This mechanism of energy 337 

absorption has been extensively reported in the literature for composite materials and adhesive bonded 338 

joints [27–29,35,36]. 339 

 340 

 341 

Figure 13: Representative side view of the joints after the impact on the composite surface for (A) 2 J, (B) 342 

4 J, (C) 6 J and (D) 8 J (failed during impact). 343 
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 344 

Figure 14: (A) Typical impacted composite surface showing the impacted area and the sleeve diameter used 345 

to perform the joining process. Representative c-scans through the thickness of the composite part on the 346 

overlap area of a friction spot joint (B) before and (C) after impact on the composite surface (4 J). (0 mm: 347 

composite surface under impact, and 2 mm: composite surface in contact with aluminum). 348 

3.3. Residual shear strength after impact 349 

 Figure 15 presents the shear strength after impact (ShAI) of the joints for the different impact 350 

levels under investigation. One observes that the SSAI of the joints decreased progressively as the impact 351 

energy increased (Figure 15). The joints impacted from the aluminum side presented residual strengths of 352 

84% (1735 ± 151 N) for 2 J, 30 % (624 ± 82 N) for 4 J, and 25% (523 ± 29 N) for 6 J impacts. For composite-353 

side impacted joints, the residual strengths were 80% (1657 ± 86 N) for 2 J, 54% (1124 ± 45 N) for 4 J, and 354 

45% (936 ± 242 N) for 6 J impact. The joints impacted with 8 J, for both AS and CS cases, failed during 355 

the impact event. 356 
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 357 

Figure 15: Shear strength after impact (SSAI) of the joints after impact. 358 

Generally, the joints impacted from the aluminum side presented lower residual strength after 359 

impact than the joints impacted from the composite side (Figure 15). As previously discussed, the impact 360 

energy introduced from the aluminum side is mostly absorbed in the plastic deformation of the aluminum 361 

part. The bending of the aluminum promotes the detachment between aluminum and composite, advancing 362 

the damage at the interface as the bending angle increases (Figure 10). Otherwise, the impact energy 363 

introduced from the composite side is absorbed in the creation/extension of internal damage through the 364 

plies of the composite (Figure 14). Thus, it is expected that the impact energy was only partially transferred 365 

to the interface of the joint in the case of composite-side impact. Consequently, these joints showed higher 366 

residual strength after impact. Similar behavior was observed by Machado et al. [13]. The authors 367 

demonstrated that CFRP bonded joints presented higher impact failure loads than steel joints. They reported 368 

that the internal damages created in the CFRP substrates reduces the stresses in the adhesive layer of these 369 

joints in comparison to the steel joints, preserving its integrity. 370 

Nevertheless, one also observes that for 2 J of impact energy the aluminum-side and composite-371 

side impacted joints had similar residual strengths; 80 ± 4% for the composite-side and 84 ± 7% for the 372 

aluminum-side impact. As shown in Figure 10, the impact energy of 2 J was not sufficient to significantly 373 

bend the aluminum part of the joint. Therefore, it is expected that no additional peeling stresses were 374 
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introduced into the interface when the aluminum side of the joints was impacted in comparison to the 375 

composite-side impact case. As a result, the residual strength of the joints in this case are comparable. 376 

These observations indicate that for low impact energy (2 J, in this study) the side of the joint 377 

under impact does not strongly affect the residual strength of the joint. Nevertheless, as the impact energy 378 

increases, the different impact behaviors of aluminum and composite play a more significant role in the 379 

strength degradation of the joint. The authors are aware that such observations are strongly influenced by 380 

the geometry of the coupons. Therefore, although this study for the first time assessed the damage behavior 381 

of the friction spot joints under impact, the upscaling of such results requires further investigations. 382 

Figure 16 shows a typical fracture surface of the joints after impact and lap shear test. The main 383 

bonding zones of friction spot joints can be identified in the fracture surface: adhesion zone (AZ), transition 384 

zone (TZ) and plastically deformed zone (PDZ), including the nub deformation inside PDZ [16]. 385 

Nevertheless, no nuances were found on the fracture surface due to the impact event. The usual mixture of 386 

adhesive–cohesive failure mode was identified for the post-impact tested specimens. For a full analysis of 387 

this failure behavior of friction joints under tensile shear please refer to [16]. 388 

 389 

Figure 16: Fracture surface showing the main bonding zones of friction spot joints: adhesion zone (AZ), 390 

transition zone (TZ) and plastically deformed zone (PDZ), including the nub deformation inside PDZ. 391 

4. Conclusions 392 

 The impact resistance of AA2024-T3/CF-PPS hybrid joints was investigated. The joints were 393 

aluminum-side and composite-side impacted. Four energy levels were investigated: 2 J, 4 J, 6 J and 8 J. It 394 

was observed that for each energy level the load applied by the impactor on the joint was very similar, 395 

independently of the surface under impact. The joints showed rebounding behavior for all the energy levels 396 

under investigation. It implies that, for all the cases, the impact energy was not entirely absorbed by the 397 
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joints, although the joints failed at 8 J of impact energy. It suggests that aluminum and composite could 398 

further absorb energy during an impact event. Nevertheless, the interface of the joint has its threshold for 399 

absorption of impact energy at around 6.5 J, which was reached when the joint was impacted with 8 J of 400 

potential energy (independently of the surface under impact). Thus, this study showed that a single friction 401 

spot joint could absorb up to 103 kJ.m-2 of joined area, circa 50% higher than adhesive joints. Generally, 402 

the aluminum-side impacted joints presented lower residual strength after impact than the composite-side 403 

impacted joints. The impact energy introduced from the aluminum side was mostly absorbed in the plastic 404 

deformation of the aluminum part, bending the aluminum and promoting the detachment of the interface. 405 

On the other hand, the impact energy introduced from the composite side was mostly absorbed in the 406 

creation/extension of internal damage through the plies of the composite. Thus, it is expected that the impact 407 

energy is only partially transferred to the interface of the joint in the case of composite-side impact. 408 

Consequently, these joints presented higher residual strength after impact. Therefore, the impact resistance 409 

of these hybrid structures can be maximized when the composite part is the one majorly exposed to the 410 

impacts threats. 411 
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