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Abstract
This paper presents a comprehensive study on the single-bolt single-shear (SBSS) and double-bolt single-shear (DBSS) lap joint performance of resin-infused thermoplastic 3D fibre-reinforced composite (FRC) in on-axis ( and ) and off-axis () configurations. The bearing performance and failure mechanisms are compared with thermoset 3D-FRC. The resin-infused thermoplastic 3D-FRC bolted joint shows improved bearing performance in terms of higher ultimate bearing strength, stiffness loss strength, and reduced damage severity than its thermoset counterpart. Additionally, this paper presents a detailed study on the intermediate and final failure mechanisms, obtained from scanning electron microscopy of the interrupted and ultimate bearing tests, to understand damage progression in SBSS and BDSS lap joints at the submicron level. The major damage characteristics of a thermoplastic 3D-FRC bolted joint include plastic deformation and plastic kinking at the hole front tip, which improve the bearing capacity and reduce stress concentration, damage severity, and its deleterious effects.
Highlights
· Single-bolt and double-bolt joint performances of 3D woven composites
· Failure investigation of different joint configurations and fibre orientations
· Effect of matrix toughness on the bearing performance of 3D woven composites
· Progressive damage development and failure modes of 3D woven composite joints.
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1. Introduction
Three-dimensional (3D) woven composites provide benefits for developing composite structures using near-net shaped designs, allowing the rapid mass production of complex shaped parts, unlike metal structures where several parts are assembled using mechanical fasteners 1,2. However, 3D woven composites do not completely eliminate the requirement of joints in composite structures, due to the limitations on the size of the component that could be manufactured as a single structural element. The composite structures may consist of three types of joints, i.e., mechanically fastened, bonded (adhesive-bonded or fusion-bonded), and bolted-bonded hybrid joints 3. These joints have been extensively studied during the last two decades, however, the effect of polymer matrix toughness on bearing performance and corresponding damage mechanisms of 3D woven composite bolted joints is not yet fully understood and requires further research to fill the gap. 
Recently, there has been a growing interest and the applications of thermoplastic composites in the automotive, wind-power, and aerospace industries due to their low cost, rapid production, recyclability, and better environmental resistance 1,4. Joining thermoplastic composite parts is a critical step in the manufacturing of thermoplastic composite structures. Apart from conventional joining methods (mechanically fastened and adhesive), thermoplastic composites can be joined using fusion bonding. The fusion-bonding process provides the distinct advantage of joining similar thermoplastic composites or thermoplastic composites with thermoset composites or metals 5-7. Nevertheless, the fusion bonding of thermoplastic composites is still challenging, i.e., due to the limitation on the part thickness/size that can be joined 8, difficult to inspect the joint quality, prone to environmental degradation 9, and the non-uniform heat distribution during fusion 10-12. Therefore, the traditional mechanical fastening process remains a promising method for joining composite parts in many applications because it is reliable, low cost, easy to disassemble for removal, resistant to environmental degradation, and simple to manufacture and inspect 13,14.
The mechanical efficiency and load transfer mechanisms of bolted joints mainly depend on the reinforcement architecture (unidirectional, 2D-FRC, or 3D-FRC), polymer matrix (thermoplastic or thermoset), and joint configuration (single shear or double shear). All these factors govern the overall bearing performance of bolted joints. Understanding bearing performance and damage progression is vital for the development of reliable composite joints. Bearing is a progressive and preferable failure mode that is triggered by localized compression. While cleavage, net-tension, shear out are undesirable and catastrophic failure modes and should be prevented as far as possible in the composite structure design. The bearing responses of thermoplastic and thermoset 2D-FRC have been investigated in great detail 13,15-19, but limited literature is available for the bearing performance of 3D-FRC bolted joints 20-23. Warren et al. 20 studied the single-bolt single-shear and single-bolt double-shear bearing performance of different 3D woven fabric architectures (angle interlock and orthogonal), made of carbon fibre. The authors reported exceptional bearing strength retention of 3D-FRC in off-axis configurations. While their bearing stiffness was reduced by up to 33%, compared to on-axis configurations. Also, no catastrophic failure was observed in all configurations. Tang et al. 21 investigated the bearing performance and failure mechanisms of single-bolt single-shear and double-bolt single-shear 3D woven carbon FRCs. The authors reported net-tension failure in 3D-FRC configurations, indicating brittle failure in joints. More recently, Zhang et al. 22 studied the effect of edge distance-to-hole diameter ratio (E/D) and width-to-hole diameter ratio (W/D) in pin-loaded carbon fibre 3D orthogonal woven composites. The authors found that the specimen failed due to net tension or shear-out depending upon the E/D and W/D ratio. All these studies were focused on the bearing performance and failure mechanisms of carbon/thermoset-based 3D woven composites. While the bearing performance of E-glass/thermoplastic-based 3D woven composites is yet to be explored.
Recently, the acrylic thermoplastic resin Elium® has been introduced by Arkema. Which is a unique thermoplastic resin, liquid at room temperature, and exhibits similar mechanical properties compared to high-performance epoxy resins. As of now, several research articles have been published on the impact 24-28, damage tolerance 29, fatigue 30, and other mechanical properties 31-37 of resin-infused thermoplastic composites with different reinforcement architectures. However, limited literature is available on the joining of resin-infused thermoplastic FRC 38,39. Murry et al. 38 investigated the resistance welded and induction welded bond strengths of single-shear lap joints made of glass fibre resin-infused composite. The authors reported, a 30% improvement in the static and fatigue strength of the fusion-bonded joint, compared to the conventional adhesive-bonded joint. Bhudholia et al. 39 studied the ultrasonic welded-bond strength of a single-shear lap joint made of carbon fibre rein-infused composite, and found a 23% improvement in the bond strength, in comparison with adhesive-bonded joints. 
The previous studies have several deficiencies in the following areas. Firstly, the existing literature on bolted joints is mostly focused on 2D-FRC (unidirectional and woven); Secondly, the bolted joint performance of 3D-FRC has been discussed by few authors, however, these studies were concentrated on SBSS and carbon/epoxy-based 3D-FRC; Thirdly, the effect of matrix toughness on the bearing performance of 3D-FRC (ultimate bearing strength, stiffness loss strength, secondary bending) bolted joint is uncertain; and Finally, detailed damage characteristics of resin-infused thermoplastic 3D-FRC bolted joints are still vague. It is clear from the above-mentioned studies, that there is still a lack of comprehensive understanding of the effect of matrix toughness on bearing performance, damage progression, and associated failure mechanisms of resin-infused thermoplastic 3D-FRC bolted joints. Therefore, the objectives of this research are: a) to characterize the bearing performance of resin-infused thermoplastic 3D-FRC joints under different loadings (SBSS and DBSS) and fibre orientations (on-axis ( and ) and off-axis ()); b) to benchmark the performance of resin-infused thermoplastic 3D-FRC joints against conventional thermoset 3D-FRC joints; c) to evaluate the failure mechanisms and damage progression in SBSS and DBSS lap joints using interrupted testing and fractography; and d) to assess the effect of matrix toughness on the bearing performance of 3D-FRC bolted joints. 
2. Materials and methods
2.1. Materials
	The 3D reinforcement used in this study is 3D orthogonal E-glass woven fabric procured from TexTech® Industries, USA. The overall thickness of the fabric is 4.3 mm, and the areal density is 5200 gm-2.  The resin systems used for the fabrication of thermoplastic and thermoset 3D-FRC specimens are, thermoset epoxy resin system Epolam® 5015/5015 (purchased from Axson Technologies®) and acrylic thermoplastic liquid resin Elium® 188x0 (received from Arkema®). The properties of both resin systems are summarised in Table 1. 
Table 1. Properties of Elium 188x0 and Epolam5015/5015 
	Material Properties
	Elium® 
	Epolam® 5015

	Modulus of Elasticity (GPa)c
	3.1
	3.3

	Modulus of Rigidity (GPa)c
	1.31
	1.15

	Poisson’s Ratioc 
	0.37
	0.3

	Viscosity (mPa.s)
	200 
	210

	Elongation at failure (%)a
	6
	3.5

	Fracture toughness (kJ/m2)b
	0.5
	0.12

	Rockwell Hardnessd
	99
	119


a Reported in literature (Elium® 188x0 40 and Epolam® 5015/5015 41)
b Reported in literature 42
C Reported in literature 25
d In-house testing.
Both thermoplastic and thermoset 3D-FRC specimens were fabricated using a vacuum-assisted resin infusion (VARTM) process. The fabricated specimens have an overall thickness of 4 mm ± 0.1 mm. More details on the fabrication process can be found in our previous publication 24.  The properties of fabricated thermoset and thermoplastic 3D-FRC panels are summarised in Table 2.
Table 2. Physical parameters of the cured panel (average of ten samples)
	Parameters
	3D thermoplastic FRC
	3D thermoset FRC

	Thickness (mm)
	4 ± 0.1
	4 ± 0.1

	Fibre volume fraction (%)
	52 ± 1.5
	52 ± 0.4

	Void content (%)
	2.7 ± 1
	<1 ± 0.3

	Density (g/cc)
	1.86 ± 0.02
	1.92 ± 0.01


2.2. Test method
In this study, the SBSS and DBSS lap joint performance of thermoplastic and thermoset 3D-FRC were evaluated according to ASTM D5961/D5961M-13, procedure B 43. Procedure B was selected as it is widely used to establish design allowable data for polymer matrix composite fastener joints. The fabricated panels from the VARTM process were carefully cut using a water-based, diamond tipped circular cutter, according to ASTM D5961/D5961M-13. The samples were drilled at a constant feed rate and spindle speed of 2 mm/min and 6000 rpm, respectively, using a silicon carbide drill bit. It is well known that the drilling process causes delamination in FRC laminate at the entrance and exit sides. To minimize the delamination damage in samples, a backup support technique was utilized during the drilling process, i.e., the sample was temporarily sandwiched between two top and bottom plates made from the same material. The sandwich is then mechanically clamped, followed by the drilling process. 
In all experiments, the specimen width W to hole diameter D ratio, i.e., W/D = 6, the edge distance E to hole diameter D ratio, i.e., E/D = 3, and the distance between two bolts, i.e., 6D (for DBSS lap joint configurations), were kept constant. Thus, the overall specimen dimension of SBSS and DBSS lap joints are 135 mm x 30 mm. A 5 mm diameter hole D was drilled in all samples. The geometry of the SBSS and DBSS lap joints along with their geometric parameters are shown in Figures 1(a) and (b). To evaluate the effect of fibre orientation on the bearing performance of 3D woven composites, the test samples for SBSS and DBSS lap joints were prepared along ,  and  fibre direction (see Fig. 1(c)). The samples were mechanically fastened using a 5 mm diameter hexagonal socket head steel bolt (M5 x 25 mm, Grade 12.9), steel nut (M5, Grade 12.9), and a 10 mm out diameter washer (M5, Grade 12.9).  A 6 Nm torque was applied to all the bolted joints, as recommended by the standard ASTM ASTM D5961/D5961M-13 43. [image: A close-up of a diagram  Description automatically generated]
Figure 1. Schematic diagram of SBSS and DBSS lap joint configuration. (a) SBSS lap joint, (b) DBSS lap joint, (c) fibre orientation in SBSS and DBSS lap joint configuration. (d) testing setup for bearing testing, (e) definition of bearing plane for SEM investigation, and (f) SEM of drilled hole cross-section.

Table 3.  summarizes the SBSS and DBSS lap joint configurations investigated in this study. A total of 44 test samples were prepared, 36 samples (3 repeats for each configuration) to determine ultimate bearing performance and final damaged state, and 8 samples (1 sample for and  configuration) to determine the intermediate damaged state. The bearing tests were performed using a ZwickRoell® hydraulic-driven load frame, at a displacement-controlled load rate of 2 mm/min. The resulting bearing force was recorded using a 100 kN load cell attached to the load frame. In bolted joints, out-of-plane deflection of the specimen affects the joint's performance, therefore, in this study, a linear variable differential transducer (LVDT) was used to evaluate the out-of-plane deflection of joints in all configurations. The LVDT is positioned near the top edge of the bottom ligament (as this region experiences the maximum out-of-plane deformation) to measure the out-of-plane displacement, as shown in Figure 1(d). The red line in Fig. 1(d) represents the LVDT measurement path. The position of the LVDT is selected in such a way that during loading it does not fall on the top ligament. To determine the ultimate bearing strength and final damaged state, the specimens were tested until final failure, i.e., 20% load dropped from the peak load value. Whereas, for the intermediate damaged state, the tests were stopped at 90% of the peak load value. The ultimate bearing strength  was determined using the equation, i.e., . Where, , D and t represent the ultimate bearing load, hole diameter and thickness of the specimen. k is a load per hole factor, which is 1.0 for single-bolt joints and 2.0 for the double-bolt joint, respectively. The shear lap strength was evaluated using the equation, i.e.,  . Where,  is the cross-sectional area of the bolt.
Table 3. Thermoplastic and thermoset bolted joint configurations. 
	Cases
	Fibre orientation
	No of samples
	Bolt diameter (D) mm
	Substrate length (L) mm
	Tab length
 () mm

	Thermoplastic (TP) SBSS
	
	4
	5
	135
	50

	
	
	4
	5
	135
	50

	
	
	3
	5
	135
	50

	Thermoplastic (TP) DBSS
	
	4
	5
	135
	50

	
	
	4
	5
	135
	50

	
	
	3
	5
	135
	50

	Thermoset (TS) SBSS
	
	4
	5
	135
	50

	
	
	4
	5
	135
	50

	
	
	3
	5
	135
	50

	Thermoset (TS) DBSS
	
	4
	5
	135
	50

	
	
	4
	5
	135
	50

	
	
	3
	5
	135
	50



2.3. Failure analysis
The intermediate and final damaged states were investigated by performing scanning electron microscope (SEM) analysis on 3D-FRC cross-sections obtained from damaged specimens. ZEISS-SUPRA 40 VP SEM machine was used for the failure analysis. The cross-sections of bearing plane regions B, C, and D, i.e., the middle plane of the joint, were cut from damaged samples (see Fig. 1(e)) using a water-based diamond wheel precision saw. To get clear SEM images, the cross-sections were first polished using a Phoenix 4000 polisher/grinder and then coated with a 40 nm gold coating to make them conduct. A total of 30 cross-sections were investigated under SEM, i.e., 18 to examine the final damage state and 12 to examine the intermediate damage state. In addition to this, one cross-section of the drilled hole was examined under SEM to detect any delamination that occurred during the drilling process. No delamination was observed in the sample due to the drilling process, as shown in Fig. 1(f).
3. Results and discussion:
3.1. Bearing performance of SBSS and DBSS lap joints.
In this section, the bearing performance of thermoplastic and thermoset 3D woven composites under SBSS and DBSS loading will be discussed in terms of, a) load/displacement response, b) ultimate bearing strength and stiffness loss strength, c) out-of-plane deflection, d) damage patterns obtained from experiments, and e) comparison of ultimate load and shear lap strength with joining techniques reported for resin-infused thermoplastic FRC.
3.1.1. Comparison of bearing loads vs. displacement response.
Figure 2 shows the comparison of bearing load vs. displacement response for SBSS and DBSS lap joints.  The load/deflection curves obtained from three sets of samples for each configuration showed good agreement. All of the load/deflection curves began with a nearly linear-elastic response up to the stiffness loss point , followed by nonlinear behaviour at higher bearing loads. The deviation from the linear response indicates the onset of damage initiation and accumulation. 
The load/displacement curves are further divided into primary and secondary segments for on-axis configurations (P and S in Fig. 2), and primary, secondary, and tertiary segments for off-axis configurations (P, S and T in Fig. 2). The slope of the primary, secondary, and tertiary segments obtained from SBSS and DBSS lap joint tests, is summarized in Table 4. The primary stiffness (slope of the primary segment) of the joint, indicates the pre-stress and friction between the contact surfaces of the specimen. At end of the primary segment (also called ), the primary stiffness drops to the secondary stiffness (slope of the second segment). This drop in stiffness is attributed to matrix damage (matrix cracking or plastic deformation depending upon the matrix), progressive kinking, crushing, bending or buckling of load-bearing yarns (in on-axis configurations), and nonlinear shear deformation (in off-axis configurations). Secondary stiffness dropped further into tertiary stiffness (slope of the tertiary segment) in off-axis configurations due to progressive rotation of yarns and shear deformation. The drop from primary to secondary stiffness is approximately 150% and 100%, for thermoplastic and thermoset 3D-FRC, respectively. In contrast, there is a significant drop from secondary-to-tertiary stiffness in off-axis configurations, which is approximately up to 5 times and 2.5 times for thermoplastic and thermoset 3D-FRC, respectively.
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Figure 2. Load vs. displacement curves of single and double bolts joint configuration. (a) and (b) On-axis thermoplastic SBSS and DBSS lap joint configuration, i.e., (0°) and (90°), (c) Off-axis thermoplastic SBSS and DBSS lap joint configuration (45°), (d) and (e) On-axis thermoset SBSS and DBSS lap joint configuration, i.e., (0°) and (90°), and (f) Off-axis thermoset SBSS and DBSS lap joint configuration (45°).
In the case of thermoplastic and thermoset 3D woven composites, thermoplastic 3D-FRC bolted joints show a higher ultimate bearing load  and displacement  at peak load. Despite the higher ductility of the thermoplastic matrix (see Table.4), the thermoplastic 3D-FRC joints show higher bearing loads at stiffness loss compared to their thermoset counterparts. This improved performance of thermoplastic 3D-FRC joints can be attributed to a stronger interface and higher toughness of the thermoplastic matrix 29. In SBSS and DBSS lap joints, the on-axis DBSS lap joints ( and )  shows nearly two times higher peak bearing load and bending stiffness k compared to SBSS lap joints. In contrast, the off-axis DBSS lap joint depict up to 33% higher bearing load capacity, compared to single bolt joints. The better joint integrity provided by two bolts accounts for the improved performance of the DBSS lap joint. 
On the effect of fibre orientation on the bolted joint's performance, the on-axis configurations showed nearly a similar response (ultimate bearing strength, stiffness loss, and displacement at peak load), due to the same percentage of fibre content (i.e., 49%) along both directions. The on-axis configurations show up to 65% (double bolt) and 15% higher (SBSS lap joint) bearing loads compared to their off-axis counterparts. In the case of off-axis configurations, the load/displacement curves showed the lowest bearing load at stiffness loss, followed by an increasingly non-linear response until the peak bearing load. Also, load/displacement curves showed up to 67% higher displacement at peak load and two times lower bending stiffness (see Fig. 2(c)-(f)) compared to on-axis configurations. The lower bearing performance of off-axis configurations is due to the shearing out of  ± yarns instead of bearing failure (discussed in Section 3.1.4). In terms of the energy absorption capacity of the bolted joints, the off-axis SBSS configurations showed higher energy absorption, whereas, the off-axis DBSS configurations exhibit lower energy absorption compared to the on-axis configurations (see Table 4). This reflects that the off-axis DBSS configurations are not suitable for superior bearing performance. Among, SBSS and DBSS lap joints, the on-axis DBSS configurations showed up to 120%, while off-axis thermoplastic and thermoset DBSS lap joints showed up to 63% and 17%, respectively, higher energy absorption compared to SBSS configurations.
Table 4. Summary of SBSS and DBSS lap joint test results. (Values in the parenthesis represent the standard deviation of three tested samples for each configuration).  = Fibre orientation.
	Cases
	
	Bearing load
(kN)
	Bearing strength
(MPa)
	Shear lap strength
(MPa)
	Energy absorbed
(MJ.m-3)
	Primary stiffness 
(kN/mm)
	Secondary stiffness 
(kN/mm)
	Tertiary stiffness 
(kN/mm)

	Thermoplastic
SBSS
	
	8.6
	430 (5.0)
	438 (5.0)
	65 (3.6)
	1.46
	0.76
	-----

	
	
	8.0
	402 (8.5)
	410 (8.5)
	55 (1.5)
	1.53
	0.75
	-----

	
	
	7.3
	369 (2.0)
	377 (2.0)
	72 (3.0)
	1.39
	0.59
	0.10

	Thermoplastic
DBSS
	
	15.6
	392 (3.5)
	400 (3.5)
	125 (3.7)
	2.62
	1.43
	-----

	
	
	16.5
	413 (3.1)
	422 (3.1)
	140 (1.5)
	2.65
	1.56
	-----

	
	
	10.3
	258 (1.5)
	264 (1.5)
	117 (3.0)
	2.05
	0.88
	0.17

	Thermoset
SBSS
	
	7.5
	376 (3.8)
	384 (3.8)
	51 (1.6) 
	1.75
	0.88
	-----

	
	
	7.1
	358 (4.0)
	365 (4.0)
	48 (2.8)
	1.72
	0.90
	-----

	
	
	7.5
	377 (4.6)
	385 (4.6)
	79 (3.5)
	1.29
	0.57
	0.19

	Thermoset
DBSS
	
	14.1
	353 (3.3)
	360 (3.3)
	107 (3.1)
	2.52
	1.55
	-----

	
	
	14.2
	354 (7.5)
	361 (7.5)
	118 (2.1)
	2.86
	1.50
	-----

	
	
	9.7
	244 (3.3)
	249 (3.3)
	100 (2.0)
	1.90
	0.78
	0.27



3.1.2. Comparison of ultimate bearing strength and stiffness loss strength
Figure 3(a)-(b) shows the comparison of ultimate bearing strength (UBS) and stiffness loss strength (SLS) in SBSS and DBSS lap joins. Overall, the on-axis thermoplastic 3D-FRC joints showed up to 15% and 37% higher UBS and SLS, respectively, compared to thermoset 3D-FRC joints, which is attributed to the higher fracture toughness and better interface properties (see Table 1) provided by thermoplastic matrix. Whereas, the UBS of off-axis SBSS and DBSS lap joints is 52% and 17% lower, respectively, compared to on-axis configurations. The lower UBS and SLS of the off-axis DBSS lap joint are attributed to their little resistance to deformation, which is primarily due to the rotation of ± 45° yarns (also called the scissoring effect) and kinematic incompatibility between yarns and matrix, which resulted in the development of in-plane shear stress along the yarn. As a result, progressive debonding occurs between impregnated yarn and the matrix interface, leading to a complete failure at the bolt-2 hole front tip.
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Figure 3. Comparison of ultimate bearing stress (UBS), stiffness loss stress (SLS) and out-of-plane displacement in SBSS and DBSS lap joint. (a) UBS and SLS in thermoplastic 3D-FRC, (b) UBS and SLS in thermoset 3D-FRC, out-of-plane displacement thermoplastic 3D-FRC, and out-of-plane displacement thermoplastic 3D-FRC.
The SBSS configurations illustrate similar UBS for on-axis and off-axis specimens, however, the SLS of off-axis specimens is lower than that of on-axis specimens, particularly for thermoplastic 3D-FRC. The reduction in the SLS of thermoplastic 3D-FRC is 16% compared to its thermoset 3D-FRC, due to the higher ductility and viscoplasticity of the thermoplastic matrix. In DBSS lap joints, the off-axis specimens showed the lowest USB and SLS, compared to the on-axis configurations. Also, among all configurations, the off-axis DBSS specimens failed catastrophically, without significant energy absorption. This study highlights that the SBSS lap joint is a suitable choice for higher energy absorption, a similar conclusion drawn by Warren et al. 20. However, the off-axis DBSS lap joint configuration is not suitable for better joint performance, due to the detrimental effects of secondary bending and yarn rotation.  
3.1.3. Out-of-plane deformation in SBSS and DBSS lap joints.
The single shear lap joint undergoes out-of-plane deformation (also referred to as secondary bending) due to an eccentric load path, which resulted in a non-uniform bolt-hole contact pressure along the specimen thickness 44. Out-of-plane deformation not only affects the joints performance and failure modes but also reduces the ultimate load-carrying capacity of the joint. The comparison of out-of-plane deformation of SBSS and DBSS lap joints at failure initiation and at final failure (20% load dropped from the peak load value) is shown in Figure 3(c)-(d). The graph clearly elucidates that the out-of-plane deflection at final failure is higher than at ultimate load. Also, the DBSS lap joint showed higher out-of-plane deflection, this may be due to excessive stress concentration at bolt-2. Among on-axis configurations, the fill-loaded specimens showed the lowest out-of-plane deflection, whereas, warp loaded specimens underwent the highest out-of-plane deflection at the ultimate load  and final failure. The out-of-plane deflection of a joint primarily depends on the reinforcement orientation in the joint. In warp-loaded specimens, the load-bearing warp yarns are close to the neutral axis (near the centre), which offers less resistance to bending deformation. Whereas, in fill-loaded specimens, the fill yarns are away from the neutral axis (on the surface), offering higher resistance to bending deformation 33. Thus, the thermoplastic fill-loaded 3D-FRC is the suitable joint configuration, due to its lower out-of-plane deformation and better joint stiffness.
The comparison of out-of-plane deflection and bearing load with respect to in-plane displacement for SBSS and DBSS lap joint is shown in Figure 4. In on-axis configurations, the out-of-plane deflection increases gradually with the bearing loads until the joint reaches the stiffness loss point (i.e., the end of the primary segment). After passing the stiffness loss point, the out-of-deflection decreases due to a decrease in the joint stiffness (discussed earlier in section 3.1.1). This decrease in the out-of-plane deflection continues until the joint reaches the ultimate bearing load. After reaching the ultimate bearing load, the out-of-plane deflection increases rapidly, due to significant bearing at the hole front tip in the form of plastic deformation (thermoplastic 3D-FRC) and shear-out cracking (thermoset 3D-FRC), highlighted in Figure 5. Meanwhile, in off-axis configurations, out-of-plane deformation demonstrated a nearly linear trend in the primary, secondary, and tertiary segments, owing to progressive damage caused by yarn re-orientation, yarn/matrix debonding, and matrix damage (matrix cracking or plastic deformation), as shown in Fig. 5.
[image: ]
Figure 4. Load vs. in-plane and out-of-plane displacement curves of single and double bolts joint configuration. (a)-(c) Thermoplastic DBSS lap joint configuration, (d)-(f) Thermoset DBSS lap joint configuration.
The in-plane and out-of-plane rotations in SBSS and DBSS lap joints significantly affect joint performance. Therefore, in this study, it is ensured that the top ligament, bottom ligament, and bolts are in line to avoid in-plane rotation of the joint during loading. Nevertheless, in lap joints, out-of-plane rotation is inevitable. The extent of out-of-plane rotation depends on the joint configuration, i.e., SBSS and DBSS lap joints. Compared to the SBSS lap joint, the DBSS lap joint configurations investigated in this study increase the overlapped region by twofold, as both bolts are present in series (i.e., 6D to 12D). This increase in the overlapped region increases the out-of-plane deformation ( and ), as shown in Figs. xx (a) and (b). However, the presence of the second bolt reduces the stress concentration at the bolt-hole contact region and improves the overall joint stiffness. Additionally, it increases the contact area between the bolt and the hole wall due to the presence of the second bolt. This extra bolt-hole contact area enables the joint to handle higher loads by reducing stress at the bolt-hole contact region. Consequently, failure initiates at higher loads compared to a single bolt joint. 
Fg. Xx (c) shows the condition of the bolt (thermoplastic DBSS 0° configuration) before and after testing. No plastic-deformation was observed in the bolts after testing. Therefore, in this study, it is assumed that the bolts are rigid due to: (i) the Young's Modulus of the steel (200 GPa) is 7 times higher than the 3D composites used in this study (26 GPa); (ii) the bolts used were 12.9 grads; their yield strength is around 1100 MPa, which is significantly higher than the polymeric composites used in this study; and (iii) the surface hardness of the steel bolts being an order of magnitude higher than the hardness of the polymeric composites with which they are in contact.
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Figure xx. Out-of-plane displacement in single bold and double bolt joints. (a) Out-of-plane displacement in double bolt joint, (b) Out-of-plane displacement in single bolt joint, and (c) photograph of bolt before and after testing.

3.1.4. Comparison of damage morphologies obtained from failed specimens
The final damage state of all configurations is shown in Figure 5. In on-axis configurations, none of the samples experienced a catastrophic failure. The thermoplastic 3D-FRC joints, showed reduced damage severity and hole elongation due to plastic deformation at the hole front tip, whereas, the thermoset 3D-FRC showed higher hole elongation and damage severity at the hole front tip. The plastic deformation at the hole front tip reduces the stress concentration and produces a progressive plastic kinking phenomenon (combined plastic deformation and kinking), which reduces damage severity and improves the overall bearing performance of the thermoplastic 3D-FRC bolted joint. On the contrary, matrix micro-cracking at the hole front tip, initiates fibre kinking, breakage, and progressive crushing of yarns, resulting in higher damages in thermoset 3D-FRC. The thermoset fill-loaded samples show evidence of shear-out cracking on the surface of the specimen, i.e., fill yarn debonding extends along the shear-out planes. In contrast, the thermoset warp-loaded samples show fill yarn distortion and transverse cracking patterns on the surface due to net tension. These observations were also reported by Warren et al. 20, for carbon/epoxy 3D-FRC under the SBSS lap joint. It is concluded that the thermoplastic 3D-FRC bolted joint shows progressive bearing failure, which is recommended for superior joint performance, in comparison, the thermoset 3D-FRC undergoes net tension and shear-out failure, which are highly undesirable, as they may cause sudden failure of the bolted joint.
The off-axis thermoset DBSS lap joint sample showed catastrophic failure at the bolt-2 hole, due to net-tension failure, whereas, in the thermoset SBSS lap joint sample, typical bearing failure was observed. The net tension failure in off-axis thermoset DBSS lap joint samples is due to the combined effects of yarn re-orientation and secondary bending, which resulted in progressive matrix cracking and yarn debonding along the orientation of yarns. Thus, the specimen failed catastrophically in the form of yarn pull-through. This highlights that the  yarns that pass through the net section play a vital role in the bearing performance of off-axis bolted joints. The discontinuity in the load transfer path, elucidates the reason behind the lower performance of off-axis single and double-bolted joints. It is important to note that no significant damage was observed at the bolt-1 hole, due to less localized bending and yarn re-orientation between the two bolts. 
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Figure 5. Ultimate failure patterns of SBSS and DBSS lap joint at 20% load drop.
ASTM D3878 defines damage tolerance as “a measure of the relationship between damage size and the type and level of performance parameters, such as stiffness or strength, at which the structure or structural material can operate for a specific condition” 45. The resin-infused thermoplastic 3D-FRC bolted joints provide unique resistance to damage growth due to the progressive plastic kinking, which limits the damage within the localized region around the bolt-hole, resulting in a higher bearing strength (see Fig. 3(a)-(b)). This damage containment indicates the higher damage tolerance of resin-infused thermoplastic 3D-FRC bolted-joints, i.e., they have the ability to operate safely at higher bearing loads. 
3.1.5. Interrupted testing of SBSS and DBSS lap joint.
To understand the damage initiation and propagation in on-axis SBSS and DBSS lap joints, interrupted tests were conducted. The tests were terminated when the load reached 90% of the ultimate bearing load, indicated by point , i.e., the nonlinear segment in the load/displacement curves (see Fig. 2(a)-(b) and (d)-(e)). The aim of the interrupted test is to identify the damage progression in bolted joints by investigating the bearing plane cross-sections before and after the ultimate bearing load. The final bearing load and elongation of SBSS and DBSS lap joints obtained from interrupted tests are summarized in Table 5. A detailed discussion of the damage state obtained from the interrupted tests is presented in the following section.
Table 5 Interrupted test configurations and nomenclature for on-axis SBSS and DBSS lap joints.
	Cases
	Fibre orientation
	No of samples
	Bearing load (kN)
	Elongation (mm)
	Interrupt location
	Event captured

	Thermoplastic
SBSS
	
	1
	7.7
	5.8
	A
	Before final failure (nonlinear region)

	
	
	1
	7.2
	4.6
	
	

	Thermoplastic
DBSS
	
	1
	14.1
	6.3
	
	

	
	
	1
	14.8
	6.1
	
	

	Thermoset
SBSS
	
	1
	6.9
	4.7
	
	

	
	
	1
	6.5
	4.6
	
	

	Thermoset
DBSS
	
	1
	12.7
	6.0
	
	

	
	
	1
	12.8
	4.9
	
	


3.2. Failure mechanisms
The previous section highlighted that the thermoplastic SBSS and DBSS lap joints outperformed, in terms of bearing strength, stiffness loss strength, and damage severity. The following section will present detailed failure mechanisms of SBSS and DBSS lap joints in terms of intermediate and final damage states with the help of schematic diagrams and SEM images.
3.2.1. Damage characteristics of SBSS lap joint.
	Figure 6 illustrates the schematic diagram of failure mechanisms in the warp-loaded thermoplastic and thermoset SBSS lap joint. The schematic diagram is developed based on the SEM images, to understand the progressive damage development at the intermediate (90% of the ultimate bearing load) and final damage states (20% load drop from the ultimate bearing load). Figure 7 shows the corresponding SEM images of microscopic damage mechanisms obtained from regions A1-A6 and B1-B6 for thermoplastic and thermoset 3D-FRC (described in Fig. 6).
[image: ]
Figure 6. Schematic diagram of failure mechanisms in warp-loaded thermoplastic and thermoset SBSS lap joint.  and  represent specimen displacement and hole elongation, respectively. 
The intermediate damage state shows the initial damage development in the form of shear band formation, due to matrix plastic deformation (in thermoplastic 3D-FRC) and matrix cracking (in thermoset 3D-FRC) caused by the bearing load. In an SBSS lap joint, the bolt applies non-uniform bolt pressure (bolt load), along the thickness of the specimen, due to the combined effect of bolt rotation and sample bending. At the intermediate damage state, depending on the bolt pressure, the damage severity varies along the thickness of the specimen. In thermoplastic 3D-FRC, the matrix plastic deformation creates a shear band and initiates plastic kinking in the load-bearing warp yarns (see regions A1-A2 in Fig. 6, and Figs. 7(a)-(b)). The evidence of matrix plastic formation, at the hole front tip, is shown in Fig. 7(c). In thermoset 3D-FRC, matrix cracking promotes fibre kinking and fibre crushing in the upper warp yarns (see regions B1-B2 in Fig. 6, and Figs. 7(g)-(h)) and yarn breakage in the lower warp yarns (see region B3 in Fig. 6, and Fig. 7(i)). At this stage, slight hole elongation was observed in both types of composites. No delamination or significant transverse cracks were observed in 3D-FRC joints, due to their higher interlaminar strength provided by the through-the-thickness reinforcement. 
As the load increases further, after reaching the ultimate bearing load, the bolt pressure increases, due to the rapid increase in out-of-plane deformation (discussed in Section 3.1.3.) and bolt rotation. As a result, the width of the shear band increases in the final damage state, as shown in Fig. 6. In thermoset 3D-FRC, the final damage state shows fibre kinking, crushing, bending, and transverse matrix cracking in the warp yarn (see region B4-B6 in Fig. 6, and Fig. 7(j)-(i)). In the final damage state, the fibre bending in the bottom warp yarn is attributed to the buckling of warp yarn under compressive loads. In contrast, the thermoplastic 3D-FRC shows excessive fibre crushing due to plastic kinking and matrix deformation in the bottom warp yarns (see region A6 in Fig. 6, and Fig. 7(f)) and multiple kinking in the upper warp yarns (see regions A4-A5 in Fig. 6, and Fig. 7(d)-(e)). The damage severity in the final state is due to the combined effect of the compressive forces exerted by the bolt and bolt rotation. The hole elongation  in thermoset 3D-FRC is higher due to the higher damage severity at the hole front tip. 
Based on the schematic diagram and SEM of the interrupted and final damage states, a scenario of the damage progression leading to the failure of the SBSS lap joint can be proposed. In thermoplastic 3D-FRC, the primary failure mechanisms leading to a bearing failure are coupled plastic deformation and fibre kinking, which initiate shear-band formation under the compressive loads. Upon further loading, the width of the shear-band increases due to progressive multiple plastic kinking and fibre breakage. Bearing failure occurs at the hole front tip, when the upper, middle, and lower warp yarns fail by plastic kinking. In thermoset 3D-FRC, matrix micro-cracking triggers kinking, kinking triggers fibre breakage, and fibre breakage initiates crushing under compressive loads. As the load increases further, the fibre crushing increases, followed by the yarn bending or buckling. Finally, the specimens failed due to net tension or shear-out failure, depending on the fibre orientation. Under compressive loads, fibre kinking, fibre rotation, and fibre crushing are typical failure modes, mainly initiated by the initial fibre misalignment in the load-bearing fibres, as discussed by Pinho et al. 46,47.
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Figure 7. SEM images of microscopic damage mechanisms in thermoplastic and thermoset warp-loaded SBSS lap joints. (a)-(c) intermediate damages in thermoplastic 3D-FRC; (d)-(f) ) final damages in thermoplastic 3D-FRC; (g)-(i) intermediate damages in thermoset 3D-FRC; and (d)-(f) ) final damages in thermoplastic 3D-FRC. 
3.2.2. Damage characteristics of DBSS lap joint.
The schematic diagram of failure mechanisms in warp-loaded thermoplastic and thermoset DBSS lap joints is shown in Figure 8. Compared to the SBSS lap joints, the DBSS lap joints show higher damage severity, particularly at the bolt-2 hole front tip (see the final damage state in Fig. 8), due to the higher compressive load exerted by the secondary bending and bolt rotation. The microscopic damage mechanisms highlighted in regions A7-A15 and B7-B15, in thermoplastic and thermoset 3D-FRC are shown in Figures 9 and 10, respectively. 
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Figure 8. Schematic diagram of failure mechanisms in warp-loaded thermoplastic and thermoset DBSS lap joints.  and  represent specimen displacement and hole elongation, respectively.
In thermoplastic 3D-FRC, at intermediate damage states, the non-uniform bolt pressure initiates shear band formation upon fibre kinking. The severity of fibre kinking in the shear band at bolt-1 is nearly constant (see region A7 in Fig. 8, and Figure 9(a)), meanwhile, the fibre kinking at bolt-2 varies along the thickness due to the non-uniform bolt pressure, i.e., the bottom warp yarns experience more excessive plastic kinking than the top warp yarns (see region A8-A10 in Fig. 8, and Figure 9(b)-(f)). In addition, evidence of plastic deformation was found in the fill yarns along the shear bands, as shown in region A11 in Fig. 8, and Fig. 9(e)-(f).  At the final damage state, the width of the shear band increases due to an increase in the bolt pressure and multiple fibres kinking in the middle and top warp yarn (see regions A12 and A14 in Fig. 8, and Fig. 9(g) and (j)). Whereas, in the bottom warp, yarns excessive fibre kinking was found due to higher bolt pressure (see regions A13 and A15 in Fig. 8, and Fig. 9(h) and (k)). Some traces of warp yarn debonding (transverse cracks) were also found, as shown in Fig. 9(i) the mechanisms occurring away from the holes. However, these debonding are limited due to the presence of through-thickness reinforcement. 
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Figure 9. SEM images of microscopic damage mechanisms in thermoplastic warp-loaded DBSS lap joints. (a)-(f) intermediate damages in thermoplastic 3D-FRC; (g)-(l) ) final damages in thermoplastic 3D-FRC. 
The thermoset DBSS lap joint shows higher damage severity compared to the thermoplastic DBSS lap joint. Figure 10(a) and (b) show the cross-sections of the bearing plane at bolt-1 and bolt-2, respectively. At the intermediate state, fibre crushing initiation and bending were identified, as shown in regions B7-B9 in Fig.8, and Fig. 10(c)-(e). In comparison, the final damage state shows multiple kinking, fibre bending, and matrix cracking in the top warp yarns (see region B10-B12 in Fig. 8, and Fig. 10(f)-(h)), whereas, extensive fibre bending, breakage, and crushing are observed in the bottom warp, and transverse matrix cracking in fill yarns (see region B13-B15 in Fig. 8, and Fig. 10(i)-(k)). The higher damage severity is caused by the excessive compressive loads at the hole front tip, due to bolt rotation, which resulted in excessive fibre breakage across the whole bearing plane. [image: A picture containing text, map  Description automatically generated]
Figure 10. SEM images of microscopic damage mechanisms in thermoset warp-loaded DBSS lap joints. (a)-(e) intermediate damages in thermoset 3D-FRC; (f)-(k) ) final damages in thermoset 3D-FRC


The damage progression leading to the failure of the DBSS lap joint is proposed based on the schematic diagram and SEM of damage states. In thermoplastic 3D-FRC, plastic deformation initiates fibre kinking, followed by shear band formation. The severity of plastic kinking in the shear band is higher at the bolt-2 hole front tip due to higher bolt pressure caused by the secondary bending. With increasing applied displacement, the bearing damage increases due to the progressive plastic-kinking and hole elongation. Nevertheless, the damage remains localized near the hole front tip, in the loading direction. In thermoset 3D-FRC, matrix microcracks initiate fibre breakage and bending due to buckling. Upon further displacement, damage progression in the form of fibre breakage, bending, and crushing increases, which escalates the damage severity and hole elongation at the hole front tip. The final failure occurs due to net tension or shear out depending on the fibre direction.
Figure 11(a). depicts the schematic diagram of the final damage state in fill-loaded DBSS lap joints. The corresponding microscopic failure mechanisms represented by regions A16-A21 and B15-B18 in Fig. 11(a) are shown in Figure 11(b)-(l). In thermoplastic 3D-FRC, bolt-1 hole front tip fibre breakage and plastic kinking (combined plastic deformation and kinking) were identified (see region A16-A17 in Fig. 11(a) and Fig. 11(b)-(c)). Whereas, at the bolt-2 hole front tip two shear bands were found.  The first shear band consists of multiple fibre kinking regions (see region A18 in Fig. 11(a), and Fig. 11(d)). The severity of fibre kinking in the shear band varies from top to bottom, due to the non-uniform bolt pressure. In the second shear band, fibre breakage was identified in the top two fill yarns, whereas, fibre bending and unique patterns of multiple plastic kinking were found in the bottom fill yarns (see region A21 in Fig. 11(a), and Fig. 11(g)). In thermoset 3D-FRC, at the bolt-1 bearing plane, two shear bands were identified. In the first shear band fibre bending, kinking and breakage occurs (see region B15 in Fig. 11(a), and Fig. 14(h)), while in the second shear band excessive fibre kinking was found (see region B16 in Fig. 11(a), and Fig. 11(i)). At the bolt-2 hole front tip, the top two fill yarn shows fibre breakage, while the bottom two yarns underwent excessive kinking and crushing (see region B17-B18 in Fig. 11(a), and Fig. 11(j)-(k)).  In addition to this, due to excessive crushing in thermoset 3D-FRC, longitudinal cracks or delamination occur between the warp and fill yarns. These delamination cracks were only localized, due to the presence of through-the-thickness reinforcement in 3D-FRC.
.
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Figure 11. Schematic diagram along with SEM images of microscopic damage mechanisms in thermoplastic and thermoset 3D-FRC fill-loaded DBSS lap joints. (a) schematic diagram of failure mechanisms, (b)-(g) final damages in thermoplastic 3D-FRC; (h)-(l) ) final damages in thermoset 3D-FRC.
In thermoset DBSS lap joints, higher hole elongation  occurs at the bolt-2 hole front tip, as shown in Figs. 8 and 10. The higher elongation is attributed to higher damages at the bolt-2 hole front tip, caused by matrix cracking, yarn breakage/crushing, and secondary bending. Another important factor contributing to this higher hole elongation is the shear-out cracking at the bolt-1 hole front tip (see Fig. 5), consequently, it offers less resistance to the applied bearing load and transfers the remaining load to the bolt-2, resulting in a higher hole elongation. Figures 11 shows that the final damage patterns in the fill-loaded specimen are different from those found in warp-loaded specimens. Firstly, unlike the yarn kinking in the warp-loaded specimens, the top two yarns in fill-loaded specimens show fibre breakage and bending, while the bottom two yarns show multiple kinking and crushing. Secondly, two shear bands were identified in fill load specimens, whereas, only one shear band was found in warp load specimens. Thirdly, unique multiple-kinking patterns were found in fill-loaded specimens, which were absent in warp-loaded specimens.
3.2.3. Phenomenological explanation of the effect of matrix toughness on bearing performance
The bearing test and failure mechanisms study elucidate, that the thermoplastic SBSS and DBSS lap joints, show superior bearing performance, reduced damage severity, better joint integrity, and damage tolerance. This highlights that the matrix ductility and fracture toughness play a significant role in improving the bearing performance of the bolted joint.  In thermoplastic 3D-FRC specimens, the plasticization/plastic deformation at the hole front tip (see Fig. 12(a)), reduces stress-concentration under the compressive bearing loads, as a result, the load-bearing yarns undergo progressive plastic kinking mechanisms, leading to better joint performance. Furthermore, in the post-peak behaviour of thermoplastic 3D-FRC with increasing applied displacement, the bearing damage remains localized at the hole front tip (see Fig. 5). The progressive bearing failure of a resin-infused thermoplastic 3D-FRC bolted joint is highly recommended for superior joint performance. The final damage state, shows less hole ovalization upon unloading, indicating a higher viscoelastic recovery in thermoplastic samples due to their higher ductility.
On the contrary, in thermoset 3D-FRC specimens, stress concentration at the hole front tip produces micro-cracks in the brittle thermoset matrix (see Fig. 12(b)). These microcracks transfer all the load to the load-bearing yarns under compressive loads, which undergo progressive fibre kinking, breakage, and crushing. With increasing displacement after reaching the peak load, the damage continues to extend leading to higher damage severity, and hole elongation (see Fig.5), consequently the specimen failed due to net tension and shear-out failure. These damage modes are highly undesirable as they may result in abrupt failure of the bolted joint. The higher hole ovalization in thermoset 3D-FRC, stipulates little viscoelastic recovery, due to the brittle thermoset matrix. This study proposes that the composite structures made from novel resin-infused thermoplastic 3D-FRC bolted joints are a suitable choice for joining different composite parts as it provide better joint integrity, less damage severity, and higher joint strength.
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Figure 12. SEM micrographs of failure in thermoplastic and thermoset matrix region at the hole front tip at high magnification (3000x).
4. Conclusion
An experimental investigation on the on-axis and off-axis SBSS and DBSS lap joint performance of resin-infused thermoplastic and thermoset 3D-FRC have been presented. The study involved 12 different configurations, and 44 test results have been discussed. The bearing performance was investigated in terms of ultimate bearing strength, stiffness loss strength, secondary bending and damage morphologies. Additionally, the progressive damage development in 3D-FRC bolted joints has been discussed in terms of intermediate damage states (acquired from interrupted tests) and final damage states, obtained from SEM images of bearing plane cross-sections. One of the focuses of this study is to elucidate the effect of matrix toughness on the bearing performance of 3D-FRC, which is done by comparing results and failure mechanisms with thermoset 3D-FRC. From the experimental study, the following conclusion can be drawn:
· The on-axis DBSS configurations illustrate nearly two times higher peak bearing loads and primary stiffness k compared to SBSS. In comparison, the off-axis DBSS showed approximately 38% higher peak bearing load and 48% lower primary stiffness compared to the SBSS. 
· Among thermoplastic and thermoset 3D-FRC joints, the thermoplastic on-axis 3D-FRC depicts 15% higher ultimate bearing strength, 37% higher stiffness loss strength, and reduced damaged severity, hole elongation and secondary bending compared to thermoset 3D-FRC joints. This improved performance of thermoplastic 3D-FRC is attributed to the stronger interface, ductility and fracture toughness of the thermoplastic matrix. 
· The off-axis SBSS joints are effective for better joint performance due to their higher energy absorption (up to 54%) and comparable bearing strength with on-axis configurations. However, in DBSS, the off-axis joints showed up to 36% lower bearing strength and catastrophic failure compared to on-axis configurations. Thus, the off-axis DBSS joint is not a suitable choice for structural design.
· The failure mechanisms study unravelled the damage progression in SBSS and DBSS lap joints. It highlights that matrix toughness plays a significant role in improving joint performance and reducing damage severity. The plastic deformation at the hole front tip in resin-infused thermoplastic 3D-FRC is attributed to the viscoelastic property of Elium®. The excessive plastic deformation initiates progressive plastic kinking failure in the load-bearing yarns under compressive loads, which plays a major role in damage containment in the localized region (near the hole front tip) and improving the bearing performance. In comparison, matrix micro-cracking, excessive fibre breakage, and crushing lead to undesirable damage modes in thermoset 3DFRC, i.e., net-tension and shear-out failure.  
These findings demonstrate the suitability of thermoplastic 3D-FRC bolted joints for enhancing the joint performance of composites in structural applications.
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