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Abstract 

 Damage tolerance of a unique resin-infused thermoplastic (Elium) 3D fibre-reinforced composite (3D-FRC) is 

compared with the conventional resin-infused thermoset (Epoxy) 3D-FRC using compression after impact (CAI) tests 

and finite element simulations.  Higher damage tolerance is demonstrated for the thermoplastic 3D-FRC as its CAI 

failure strength and CAI stiffness is nearly insensitive to the impact energy levels and subsequent damage, while in 

contrast, both these properties for the thermoset 3D-FRC get compromised significantly. The buckling performance 

shows a gradual, almost linear, reduction in critical buckling (44.5% reduction in 0 – 100J) for the thermoplastic 3D-

FRC. In comparison, the thermoset 3D-FRC shows a much steeper drop in critical buckling, which becomes more 

pronounced for the higher impact energy cases (84.5% reduction in 0 to 100J). It is postulated that the local plastic 

deformation of the thermoplastic matrix at the impact site as well as better interfacial adhesion is responsible for its 

better damage tolerance.    

Keywords: Compression After Impact (CAI), thermoplastic, thermoset, damage tolerance, buckling, 3D Composite. 

1. Introduction 

All engineering components are prone to low-velocity impact events during installation, service, and 

maintenance. While the causes of such events can vary, the end effect in the case of components made from laminated 

composite materials is usually delamination and transverse matrix cracking. Both these forms of damage significantly 

degrade the post-impact response, in particular, the compression after impact strength [1-3]. 3D-FRC’s were developed 

in direct response to this requirement of having more impact damage-tolerant composites. Several authors evaluated the 

damage tolerance properties of 3D FRC and compared them with 2D FRC [4-7]. They concluded that 3D FRCs exhibit 

significantly higher damage tolerance due to through-thickness (out-of-plane) reinforcement, which resists inter-laminar 
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shear forces, provides crack bridging, and thus reduces delamination damage that results from in-service loads. During 

subsequent compression, it also reduces other impact-induced damage modes such as micro-buckling under 

compressive loads. Although 3D FRCs demonstrate significantly reduced delamination damaged area [5-7], the 

reduction of transverse matrix cracking is usually limited by the extent of matrix fracture toughness and ductility [8]. 

This means that impact-induced matrix cracks can grow under compression loading and may also subsequently cause 

premature sub-laminate buckling, resulting in a lower than expected CAI strength. Thus, in order to have more damage 

tolerant composites, there is a need to not only have 3D-fabric reinforcement but also to have tougher and more damage 

tolerant matrices  [9-11].  

Thermoplastic matrices usually have higher fracture toughness and compressive ductility than the thermoset 

matrices, and this can be instrumental in increasing damage tolerance of FRC. Not all thermoplastic matrix-based 2D-

FRCs, however, show a similar level of improvement in compression after impact properties [8-13]. The most 

extensively used thermoplastic matrices in the composites industry are PPS and PEEK, and it is interesting to note that 

the PPS based FRC possesses lower damage tolerance due to their poor fibre/matrix interface properties [14-16].  

Damage tolerance is not the only concern for a manufacturer, and a challenge with using the thermoplastic 

matrices in high-performance, low volume composite applications is that these are not readily available as liquid resins 

and require manufacturing processes that are not very suitable for low volume production and large-sized parts such as 

wind-turbines blades, ship-hulls, and aerospace interiors. Although liquid thermoset matrices such as epoxy offer 

moderate damage and fracture resistance, these are particularly easy to infuse and have thus dominated the industry for 

such applications. Arguably, a liquid thermoplastic matrix that can be used with existing infusion processes can replace 

epoxy in such applications due to their environmental (recyclability) benefits as long as these can provide better or at 

least equivalent damage tolerance. One such liquid thermoplastic resin called Elium® [17-21] has been introduced in the 

market in recent years; however, a comprehensive account of its damage tolerance in the context of compression after 

impact is not yet available. In fact, a review of state of the art on damage tolerance of 3D FRC shows very few studies 

in the literature discuss the impact behaviour of thermoplastic-based 3D-FRC [22-24]. Even in these limited number of 

studies, the focus was on characterizing the impact damage rather than the evaluation of damage tolerance in terms of 

CAI properties. Secondly, the thermoplastics used in these studies (PP and LDPE) were manufactured using hot-press 

and are not suitable for resin infusion. Thirdly these studies only compare 2D composites and none of these evaluates 

and compare the behaviour of 3D woven glass fabric composites.  

Thus in this study, we compare and evaluate compression after impact response of 3D woven E-glass fabric 

composites, which are infused with the recently developed liquid thermoplastic resin Elium® [17-21] as well as those 
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infused using epoxy. The objectives of this study are to (a) compare and quantify the compression after impact strength 

and buckling loads for various impact energies using multi-instrumented CAI tests (b) evaluate the usefulness of macro-

scale FEA models in terms of providing a quick estimate of the CAI strength and buckling loads in this case and (c) 

explain the damage modes and mechanisms in each case to allow for further research and development. 

2. Materials and methods 

2.1. Sample details and impact testing 

The test samples used for the compression testing in this paper are a subset of the samples whose impact 

response has been detailed in our earlier publication [21]. Therefore for details of the composite material, sample 

manufacturing process, and impact tests, the reader is referred to that paper [21]. Here we will present a summary of 

details relevant for understanding the work described in this paper.  

Test samples were manufactured through resin infusion of orthogonal 3D E-glass woven fabric 3D-9871, a 

5250 gsm fabric obtained from Tex Tech Industries, USA. The overall thickness of a dry fabric is ~ 4.3 mm. The fabric 

consists of 49% fibres along the fill and warp direction and 2% fibres along the thickness direction. The warp and fill 

count of the 3D fabric is 2.8 EPCM and 1.9 PPCM, respectively. Two different resin systems were used, i.e., a novel 

acrylic thermoplastic resin Elium® 188x0 (from Arkema) and thermoset epoxy resin Epolam 5015/5015 (from Axson). 

The mechanical of the thermoplastic matrix  (Elium® 188x0) and thermoset matrix (Epolam 5015/5015) are summarized 

in Table.1. A total of thirty samples were prepared for the CAI tests, i.e., fifteen samples for each of the two material 

types. The panels were cut into 100 mm x 150 mm x 4 mm plates, using a diamond tip circular saw, following the 

specification of drop weight impact test standard ASTM D7136 [25]. From each of these fifteen samples, twelve 

samples were impacted using drop-weight impact test, and three samples in each case were left undamaged. A summary 

of the impact test cases used for studying the CAI response is shown in Table.2.  

2.2. Compression after impact test 

 The residual strength of both 3D-FRC’s was determined using CAI tests. Figure 1(a) and 1(b) show the 

experimental setup used for the measurement of residual strength. The tests were carried out on a Zewick Roell 

hydraulic load frame, which is equipped with a 100 kN load cell. The tests were conducted at a load rate of 0.5 mm/min, 

according to ASTM D7137 [26]. Figure 1(c) depicts a schematic diagram of a CAI fixture along with the specimen. 

Two linear variable displacement transducers (LVDT) were used to measure the out-of-plane deflection “𝛿𝑧” (LVDT-1) 

and longitudinal displacement “𝛿𝑥” (LVDT-2) in each specimen. The position of LVDT sensors is shown in Figure 1(a). 

Digital image correlation (DIC) was employed to capture the in-plane strain field under compressive load, as shown in 

the schematic diagram in Figure 1(d). The video was recorded with a single Cannon Legria® 8-megapixel digital video 
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recording camera. The images were post-processed with GOM® correlate software to evaluate strains. To verify strains 

measured through DIC, two strain gauges were attached on the opposite face, as shown in Figure 1(e). The video 

recording also enabled the authors to evaluate the onset of transverse crack propagation during the CAI test. The multi 

instrumented CAI test (DIC and LVDT sensors) enabled us to analyze the onset of buckling, out of plane deflection of 

the specimen, propagation of transverse crack and strain field during the CAI test. In addition, the macroscopic damage 

morphologies after the CAI test were analyzed through high-resolution digital images of damaged specimens.  

2.3. Buckling after impact 

The ASTM D7137 [26],  fixture is equipped with side supports to avoid buckling of the specimen under an in-

plane compressive load; however, these side supports do not completely eliminate the bucking. Therefore, to evaluate 

whether the measured strength from the CAI test is due to material failure under compression or due to buckling, the 

critical buckling loads were determined for both types of 3D-FRCs through experiments and finite element analysis. 

The onset of critical buckling (the bifurcation point) was determined by referring to ASTM D7137 [26], which 

considers the test results to be buckling dominated if the absolute percentage difference of axial strain measured using 

two strain gauges on the opposing faces of the specimen is more than 10%. In this study, we use the same criteria, albeit 

measured slightly differently (as we did not have strain gauges on both faces of the specimen in each case).  Thus, in 

this study, the critical buckling strain (and the corresponding critical buckling load “𝑃𝑐𝑟”) was determined using the 

criteria.  

If 𝛽𝑐𝑟 = (
 𝜀𝑥,𝑐𝑢𝑟− 𝜀𝑥

𝜀𝑥,𝑐𝑢𝑟
) ≥ 10%,  then 휀𝑐𝑟 =  휀𝑥,𝑐𝑢𝑟                                                        (1) 

where, “휀𝑥,𝑐𝑢𝑟” is the axial compressive strain on the outer face of the specimen (where LVDT-1 was mounted 

(Figure 1(a)), and 휀𝑥 represents the average axial compressive strain measure through LVDT-2. In the absence of any 

out of plane bending (no buckling), δz = 0, and the axial strain “휀𝑥” can be obtained through, 휀𝑥 = 𝛿𝑥/𝐿𝑜 (see Figure 

2(a)), where, “𝐿𝑜” is the original length of a plate and “𝛿𝑥” is the change in the length obtained from LVDT-2. In the 

presence of out of plane bending (δz > 0), the axial strain “휀𝑥,𝑐𝑢𝑟” can be determined using strain curvature relationship, 

휀𝑥,𝑐𝑢𝑟 = 휀𝑥 + 𝑡/2𝜌, where “t” is the thickness of a plate (assuming neutral axis in the middle of the plate thickness) and 

“𝜌” is the radius of curvature, which is evaluated experimentally using out-of-plane deflection “δz” obtained from 

LVDT-1, positioned at the centre of the specimen (Figure 1(e)). Thus, the percentage of buckling was determined 

through Equation 1 and the critical buckling load “𝑃𝑐𝑟”  was evaluated, when the percentage buckling becomes equal to 

10% (see Figure 2(b)). If the specimen fractures (fails) before this limit, then the critical buckling load is higher than the 

measured CAI strength and the failure is due to material failure rather than buckling. 
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2.4. Finite Element Analysis (FEA) of buckling after impact 

The critical buckling loads determined experimentally were also compared with the finite element analysis in 

Abaqus (eigenvalue buckling analysis). The buckling loads were predicted for both damaged and undamaged 

specimens. The CAI specimen was modelled with a rectangular geometry 90 mm x 125 mm. Since the CAI test is 

sensitive to the boundary conditions; therefore, FEA buckling analysis was also performed for both pinned and clamped 

boundary conditions (Figure 3(a)), and results of both cases were compared with experiments to evaluate variation in 

the buckling load due to boundary effects.  

The anisotropic elastic material properties used to define the undamaged specimen are provided in Table.3. 

These material properties were obtained through in-house mechanical testing of both 3D composites. The pre-existing 

impact-induced damage on the CAI specimens was approximated using a macro level continuum damage approach. 

Thus, it was assumed that the impact damage at different energies could be represented approximately by stiffness 

reduction in the damaged zone (Figure 3(b)). The size of these damage zones for each impact energy was based on 

fractographic analysis reported in our earlier work [21]. Assuming isotropic degradation due to impact damage, the 

stiffness reduction was carried out in the same ratio for all stiffness components within a damage zone. Thus, the 

material properties for ‘zone-i’ (Figure 3(b)) were reduced by 90% (from the ones reported in Table.3) as it represented 

a zone with significant matrix and fibre damage. In contrast, the material properties were reduced by 50% in ‘zone-ii’ 

(Figure 3(b)) to reflect a lower severity of damage (mainly matrix damage and yarn debonding). ‘Zone-iii’ was 

considered as undamaged, and material properties were not reduced in this zone. It is acknowledged that although the 

sizes of damage zones were guided by the fractography (see Figure 3(d)), the level of reduction in material properties 

(50% for matrix damage and 90% for fibre damage) should be treated as a penalty parameter based on experimentally 

observed stiffness reduction in general. A more rigorous evaluation of stiffness reduction based on micro-mechanics is 

possible for increased accuracy of simulations however that approach was not pursued in this work as the main purpose 

of these simulations was to generate quick estimates of the range of expected buckling loads and were designed to help 

in understanding the experimental data scatter. The specimen geometry is meshed with conventional shell elements 

S4R, which is a general-purpose 4-node reduced integration element. Figure 3(c) shows finite element mesh in different 

zones of the damaged specimens.  

The macroscopic damage morphologies at different impact energies after the impact test are shown in Figure 

3(d). The damaged specimens highlight that thermoplastic 3D-FRC exhibits significantly reduced damage area as 

compared to thermoset composites, represented by zone-i (fibre failure region) and zone-ii (matrix failure region) in this 

figure. The severity of damage caused by the impact is categorized into fibre and matrix failure, as summarized in 
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Table.4. At low impact energies, the thermoplastic composite undergoes matrix plasticization with slight fibre failure; in 

comparison, the thermoset composite shows significant matrix cracking and fibre failure (Case-2). As the impact energy 

increases, the damage severity increases due to an increase in energy absorption. In the thermoset composites, the 

damage severity is much more pronounced due to significant fibre failure, yarn debonding and the propagation of cracks 

along the warp and weft direction, which accrue localized out-of-plane shearing of yarn (Case-3) and complete 

perforation of indentor at 88J (Case-4). In contrast, the thermoplastic composite undergoes matrix plasticization with 

reduced fibre failure (Case-3), and significant yarn straining (see Figure 9, reference [21]) and z-crown failure, which 

dissipates all the impact energy and stops the indentor (Case-4). In the finite element analysis, the stiffness components 

were reduced based on damage mechanisms, i.e., fibre and matrix failure, as summarized in Table.4. The stiffness 

components were reduced by 50% when moderate to significant matrix failure occurred and reduced by 90% when 

significant fibre failure occurred. 

3. Results 

3.1. Compression after impact response of thermoplastic and thermoset composite 

The compressive load versus displacement curves of thermoplastic and thermoset 3D-FRC obtained from CAI 

tests are presented in Figure 4(a) and 4(b). Each curve is an average of 3 repeats for both materials. Both 3D-FRCs 

show an initial linear response, which is followed by a nonlinear region. The final failure in both 3D composites 

occurred due to a sudden load drop after peak load. Prior to this peak load, however, the thermoplastic composite shows 

higher nonlinearity, and the final failure is at relatively higher displacement as compared to the thermoset counterpart 

(Figure 4). The loss of compressive stiffness with increasing impact energy is much more pronounced for thermoset 

(Epoxy) 3D composite as compared to thermoplastic (Elium) 3D composite. It is interesting to note from these curves 

that for thermoplastic composite, there is no significant drop in the compressive peak load (irrespective of impact 

energy, see Figure 4(a)). In comparison, for thermoset composite, the compressive failure load, as well as stiffness, 

decreases significantly as the impact energy increases (Figure 4(b)). These findings are experimentally confirmed in 

Figure 5, in which the compressive strength, modulus, and failure strain is plotted as a function of the impact energy and 

compared for both materials. For each case, the linear trend lines (dashed lines) are also added. The compressive 

strength and modulus of the undamaged thermoplastic composite is lower than that of thermoset composite. However, 

the post-impact behaviour changes significantly; while the CAI strength of thermoset composite reduces, the strength of 

the thermoplastic composite is now greater than that of thermoset composites. At 50J and 75J, the thermoset composite 

shows 23% and 38% reduction in the compressive strength (see Figure 5(a) and Table.5), respectively. In comparison, 

the thermoplastic composite shows nearly no change in the residual strength. The compressive modulus of undamaged 
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thermoset composite is 19.1 GPa, which is 19% higher as compared to thermoplastic composite (16.0 GPa). In contrast, 

as the impact energy increases, the compressive modulus of the thermoset composite decreases more rapidly (see Figure 

5(b) and Table.5). At 75J, the thermoplastic and thermoset based 3D-FRC shows 8.5% and 19.5% reduction in the 

compressive modulus, respectively. In terms of failure strain, the undamaged thermoplastic composite possesses 32% 

higher strains to failure. However, after being impacted at 75J, the thermoplastic composite depicts an 8% reduction in 

the failure strains (see Figure 5(c) and Table.5). In contrast, the thermoset composite shows a 34% reduction. 

One of the main factors degrading the post-impact properties of FRC is their impact resistance in terms of the 

initial damage area. In this study, initial damage (damage area) of the specimen was measured using a two-step 

procedure. In the first step, the damaged specimen was placed on a hollow cylinder containing a light source (3” 

illumination ring from TMS® LITE). The images were captured using the digital camera (Cannon Legria® 8-megapixel 

digital camera) from horizontally above the damaged specimen. A physical scale (ruler) was also placed next to the 

specimen to allow for correctly scaling the zoom factor of each image during the post-processing. In the next step, the 

damaged area is evaluated by post-processing the backlight images using ImageJ software. Figure 6 depicts the change 

in the damaged area and CAI strength of 3D-FRC as a function of impact energy (each value represents an average of 

three samples). The trend lines have been added, which highlights that there is a linear relationship between impact 

energy and CAI strength/ damaged area. The CAI strength of the thermoplastic composite was nearly insensitive to the 

impact-induced damage (see Figure 6(a)); in contrast, the post-impact strength of thermoset composite decreases rapidly 

as the initial damage area increases (see Figure 6(b)).  

The thermoplastic 3D composite is less sensitive to the low-velocity impact due to a) higher fracture toughness 

of thermoplastic matrix (see Table.1), b) superior fibre/matrix interface and c) higher matrix ductility, which accrue 

plastic deformation. During impact, the thermoplastic composites undergo matrix plasticization and large global 

deformation, which reduces the propagation of cracks and fibre damages (see Figure 9 of Ref [21]). Whereas the 

thermoset composites undergo delamination/debonding of yarns and extensive fibre/yarn failure due to brittle thermoset 

matrix, which triggers matrix cracking and fibre failure. These damages make thermoset 3D composites unstable and 

they propagate rapidly in the form of large damage area (see Figure 9 of Ref [21]). 

3.2. Buckling of thermoplastic and thermoset 3D composites 

DIC allows us to observe the strain field on the complete surface of the specimen and thus enables us to 

investigate different failure mechanisms (buckling initiation and the propagation of transverse crack), which results in 

the ultimate failure of 3D-FRC. The axial strains obtained from DIC were validated by comparing them with the strain 

gauge data SG1 and SG2 obtained from the locations shown in Figure 1(e). The comparison of DIC and strain gauge 
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measurements is shown in Figure 7, where both strains matched well up to 25 kN (42% of ultimate failure load). After 

this point, all three measurements start to diverge, indicating the onset of out-of-plane (bending) deflection, and since 

we are using a single camera, the axial strain measurements for 2D-DIC are not expected to be accurate when 

significant out of plane bending is present. Thus, in this study, for the post-buckling response, we use the DIC results 

only for a qualitative explanation of the buckling mode shape and location of maximum strains. Meanwhile, the 

buckling initiation strains are determined using the values from LVDT-1 and LVDT-2 (explained earlier in section 2.3).   

In addition to the experimental calculation of the critical buckling loads, to better understand the buckling phenomenon, 

eigenvalue buckling analysis has been performed on the damaged and undamaged specimen. 

Figure 8(a) shows a comparison between the critical buckling load obtained from experiments and the ultimate 

failure loads of the specimen. In all cases, buckling proceeded the ultimate failure; thus, the ultimate strengths reported 

in this work is actually the post-buckling ultimate CAI strength. It is important to note that the experimental buckling 

modes are highly sensitive to the boundary conditions. Therefore, the FE analysis was performed for both pinned and 

clamped boundary conditions to generate theoretical error bounds for comparison with experiments. This effect of 

boundary condition on the mode shapes is shown in Figure 8(b), where it can be seen that for clamped boundary 

conditions, the first mode shape consists of a single-half wave shifted upward. This figure also shows the comparison 

between the experimental and FE prediction of the buckling loads. The error bars on the FE results are based on the 

difference between pinned and clamped boundary conditions in each case, with the column height showing the 

predicted buckling loads for the pinned boundary condition. 

In the case of undamaged specimens, the FE analysis (Figure 8(b)) revealed that the first buckling mode in 

thermoplastic composite appears at 42.5 kN and 41.5 kN; whereas, in the case of thermoset composite, the first buckling 

mode occurs at 51 kN and 49 kN for pinned and clamped boundary condition, respectively. In the case of damaged 

specimens, the predicted buckling loads show good agreement with experimental results up to 50J for both 

thermoplastic and thermoset composites (see Figure 8(b)); however, as the impact energy increased from 50J to 75J, the 

FE analysis shows over-prediction. This over-prediction at higher impact energies may be due to the simplified stiffness 

reduction scheme used in FE analysis as in actual, for the higher energy cases, the specimen undergoes much more 

complex damage mechanisms [21], which are not fully captured using the simplified stiffness reduction approach in the 

finite element analysis. Overall, however, the FE model successfully captures the trend of critical buckling load in both 

types of 3D-FRCs.  
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3.3. Influence of matrix on CAI damage mechanisms  

Figures 9 to 11 explain the effect of the matrix on the CAI damage modes and mechanisms for both materials. After the 

CAI test, the damage specimens were investigated through digital images to characterize macro damage mechanisms in 

3D-FRC. Figure 9 shows the damage patterns in the thermoplastic and thermoset composite at 25J and 50J. Figure 9(a) 

and (b) show the CAI damage pattern at the impact face, and Figure 9(c) shows damage on the side face of the 

specimens at 25J. Similarly, Figure 9(d) and (e) show damage pattern at the impact face, and Figure 9(f) shows damage 

on the side face at 50J. These figures highlight that both specimens failed with different failure mechanisms. The 

thermoset composites failed along a uniform (flat) shear plane inclined at around 45o to the longitudinal compression 

axis (Figure 9(c)); whereas, the thermoplastic composites failed due to plastic kinking and fibre buckling, which leads to 

a non-uniform crack trajectory and multiple failure surfaces. 

The damage growth process in thermoset and thermoplastic is explained and compared for the case of 25J 

specimens using the stress/strain curve and strain field distribution at four key stages of damage evolution in Figure 10. 

It was observed that the failure location for the thermoset specimens varied significantly from sample to sample even 

for the same impact energy case, whereas the same remains relatively constant for the thermoplastic specimens. Figure 

11(a) and (b) compares this change in failure location for the damaged and undamaged specimens for the 50J case. The 

difference in location stems from the different deformational and failure modes. Figure 11(c) and (d) present a 

comparison of the strain fields for these specimens just before failure, with a view to explain the reason for the different 

mechanisms which lead to these differences in damage locations shown in Figure 11(a) and (b) earlier.  

3.4. Damage mechanisms in 3D composites after CAI test 

The damage mechanisms in 3D composites were investigated using SEM images, as shown in Figure 12 and 

Figure 13. Both 3D composites show different failure mechanisms due to the difference in the nature of the matrix 

system. The thermoplastic 3D composites undergo significant plastic deformation, which accrues plastic kinking, 

localized micro-buckling and slight yarn debonding, as shown in Figure 12. As a result of this plastic deformation, the 

yarns under compressive load micro-buckle and breaks at different locations (see Figure 12(a)-(d)). In contrast to the 

thermoplastic 3D composites, the thermoset 3D composite shows a brittle fracture in the form of kink band formation, 

fibre kinking, fibre fracture and micro-cracks formation due to the absence of plastic behaviour (see Figure 13). Hence, 

due to the brittle behaviour of epoxy matrix, the thermoset 3D composite failed at ~ 45° with the loading direction (see 

Figure 13(a) and Figure 13(e)).  
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4. Discussion of results 

4.1. Higher damage tolerance of thermoplastic (Elium) based 3D-FRC  

The compressive load/displacement curves of both 3D composites (Figure 4) and as well as the comparison of 

ultimate CAI strength, compressive Young’s modulus and failure strain (Figure 5) conclusively establish the higher 

damage tolerance of novel thermoplastic (Elium) based 3D-FRC. This study highlights that the compressive strength, 

modulus, and failure strains of thermoplastic (Elium) 3D composite is nearly insensitive to the level of impact-induced 

damage (see linear trend lines for Elium in Figure 5). We attribute the differences in behaviour and higher damage 

tolerance to the more compliant and ductile nature of the thermoplastic (Elium) matrix, a tougher fibre-matrix interface 

(see Figure 12(f)) and ability to form a plastic hinge (plastically buckle locally, see Figure 12) during compression (see 

for example Figure 9(c) and (f)). Another important reason for the higher damage tolerance of thermoplastic 3D 

composites is the higher fracture toughness of the thermoplastic matrix (4 times higher, see Table.1), which can reduce 

the propagation of transverse cracks under CAI load. It is worth noticing from the SEM images that the fibre/matrix 

interface in the thermoplastic composite is still intact even after final failure and shows a rough fracture surface (see 

Figure 12(f)). This may be due to superior interface or higher compressive ductility of the thermoplastic matrix, which 

contributes to their higher damage tolerance. 

All these factors decrease the severity of damage in three ways. Firstly, as indicated in Figure 3(d) and Figure 

6, the actual damage area caused by the pre-compression LVI event for the same energy is smaller for thermoplastic 

(Elium) as compared with the thermoset (Epoxy). Secondly, given the evidence of plastic deformation in the impact 

zone for thermoplastic (Elium) (see for example Figure 9 and Table 5 in [21]), we believe that this locally strengthens 

the indentation zone by strain hardening (especially for low to moderate energy impact event). This explains the slight 

increase in failure strength for the 50J impact case for the thermoplastic (Elium) based 3D-FRC. Thirdly, the higher 

ductility of the thermoplastic (Elium) allows for micro-buckling of yarns during compression (see Figure 12 and Figure 

14), which reduces stress intensity and delays the initiation and propagation of cracks, thus, making the thermoplastic 

(Elium) composite relatively insensitive to the impact-induced damage. In comparison, the brittle epoxy matrix in the 

thermoset composite has a larger pre-compression LVI damaged area (Figure 3(d) and Figure 6(b)) with more 

significant matrix cracking and fibre/yarn failure [21], which facilitates the formation of micro-cracks that grows 

rapidly under compressive load. This results in the failure of thermoset 3D composites in the form of kink band 

formation (see Figure 13), at ~ 45° with the loading direction. 
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4.2. Post-impact buckling performance 

In 2D-FRC, one of the key factors that limit the compressive damage tolerance for low velocity impacted 

specimens is the sub-laminate buckling, which is a consequence of delamination failure in such composites [27]. This 

sub-laminate buckling can cause damage growth at loads much lower than the critical loads for global laminate (overall 

plate) buckling. In 3D-FRC, due to the out-of-plane yarn, large delamination failure is practically avoided; however, 

many other matrix, as well as matrix/fibre interface failure mechanisms, gain significance under LVI. In this study, we 

have observed that the loss in buckling performance with increasing LVI damage is more significant for the thermoset 

(Epoxy) 3D-FRC as opposed to the thermoplastic (Elium) 3D-FRC.  

The out-of-plane deflection during compression depends on the compressive modulus and the elastic limit of 

the material. If global laminate buckles elastically, then by considering the Euler formula, one expects a higher elastic 

modulus of the thermoset (epoxy) 3D-FRC to lead to higher critical buckling loads, and this is what we have observed 

in the experimental buckling results noted for the undamaged laminate, as well as through the FEA prediction (Figure 

8(b)). These results show that for the case of undamaged specimens, the thermoplastic composite shows a 19% lower 

critical buckling load.  

As the impact energy increases, it increases the damage severity, and as expected, there is a drop in critical 

buckling load. This drop-in critical buckling load with increasing impact energy level is less severe for the 

thermoplastic (Elium) 3D-FRC as compared with thermoset (Epoxy) 3D-FRC because there is a smaller drop in the 

stiffness (compressive modulus) as well as strength of thermoplastic (Elium) based 3D-FRC. Thus, we note that as the 

impact energy increases from 25J to 75J, the critical bucking load in the thermoplastic and thermoset composite 

decreased by 32% and 71% respectively, (see Figure 8(a)). These results elucidate that in comparison with thermoset 

composites, the thermoplastic composite shows a 55% less reduction in the critical buckling load. This significant 

reduction of buckling load in the case of thermoset composites is due to an increase in the damage severity, as at 75J, 

the impactor had caused a visible perforation in the specimen and this leads to significant loss of strength and stiffness 

of the laminate and on the other hand, a higher buckling load of thermoplastic composites at higher impact energies 

attributes to the matrix plasticization, plastic kinking and superior fracture toughness (see Figure 12 and Table.1), which 

decreases crack propagation and the damage severity caused by the impact (no perforation was observed at 75J, see 

Figure 3(d)).  

The higher difference between the buckling initiation load and the final failure load in case of thermoplastic 3D 

FRC (Figure 8(a)) indicates that the thermoplastic (Elium) based 3D-FRC retains a lot of its stiffness and load-carrying 

capacity post-buckling. In contrast, the final failure for thermoset 3D-FRC happens with less difference between 
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buckling initiation and final failure loads. In fact for thermoset the buckling initiation and final failure both show a 

downward trajectory with increasing impact energy while for thermoplastic although the buckling initiation load 

reduces, the final failure loads increases slightly and then remains almost constant (within experimental data scatter), 

Thus, unlike thermoset, the ultimate failure of thermoplastic 3D FRC is insensitive to the buckling initiation load. The 

reasons for this have been explained in the next section where the influence of matrix on damage development is 

explained.   

4.3. Phenomenological explanation of the influence of matrix on CAI damage mechanisms 

 The damaged specimens highlight that the thermoset composite failed in a straight line along a single fracture 

surface which is approximately at a 45º angle to the x-axis (see Figures 9(a) and 9(d)); whereas, the thermoplastic 

composite failed along multiple crack fronts (appears as the ‘V’ seen in the planar view in Figure 9(b) and 9(e)). The 

damage pattern in the thermoset is indicative of shear failure along a uniform fracture plane produced by fibre kinking, 

while the damage pattern in the thermoplastic composite is due to the high out of plane deflection (plastic buckling) of 

the specimen and formation of a local plastic hinge before the final failure. The ultimate failure of all the 3D-FRC 

specimens in this study happened due to the global buckling of the specimen, with thermosets showing little post-

buckling strength and stiffness and thermoplastic showing a higher post-buckling residual strength. The DIC images 

elucidate the initiation of global buckling in the specimens (as discussed in section 4.2).  

The difference in the damage tolerance of both 3D composites is due to their different damage mechanisms 

under CAI load, which are summarized in the schematic diagram of the cross-section, see Figure 14. The 3D composites 

failed due to fibre buckling, kink band formation, shearing (kinking), and inclined failure under compressive load (see 

Figure 9, and Figure 12 to 14). Unlike extensive delamination and local micro-buckling of sub-laminates in 2D-FRC 

under compressive load [28], the 3D-FRC shows reduced debonding and confined damage due to through the thickness 

reinforcement (see Figure 12 and Figure 13). The thermoset 3D composite failed in a brittle manner under a 

compressive load due to kink band formation, fibre kinking and matrix cracking (see Figure 13 and Figure 14) along the 

width of the specimen.  In contrast, failure in the thermoplastic composite was initiated by the plastic deformation 

followed by plastic-kinking and micro-buckling (see Figure 12 and Figure 14), which ensured that the fibre remained 

stable despite the kinking and finally failed due to tensile failure of load-bearing yarns after significant global buckling. 

This resulted in a more stable and progressive failure of the thermoplastic composite.  

Four main damage stages were identified in both 3D composites by correlating DIC strain fields and global 

stress/strain curve (see Figure 10(a) and 10(b)). The strain fields obtained from 2D-DIC along the loading direction 

indicates the out-of-plane bending of the specimen through the change in the colour (blue-to-red or red-to-blue). The red 
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colour represents positive (outward) bending of the plate; whereas, the blue colour represents a negative (inward) 

bending of a plate. The firsts stage shows a linear response until the initiation of the nonlinear region or out-of-plane 

deflection (see point “1a” in Figure 10(a) and point “1b” in Figure 10(b)), which triggers global buckling in the 

specimen. In the second stage, the global buckling increases due to an increase in the compressive load (near the impact 

zone) until the initiation of transverse crack (see point “2a” in Figure 10(a) and point “2b” in Figure 10(b)). In the third 

stage, the cracks initiated, which is represented by the decrease in the slope of the curve (see point “3a” in Figure 10(a) 

and point “3b” in Figure 10(b)), and in the final stage, the cracks propagate and lead to a complete failure of the 

specimen (see point “4a” in Figure 10(a) and point “4b” in Figure 10(b)). The propagation of transverse crack depends 

on the ductility and fracture toughness of a matrix [8, 18]. Figure 10(a) indicates that the out-of-plane bending 

(buckling) in the thermoplastic composite was initiated at ~85 MPa (see point “1a”). In this case, the maximum out-of-

plane bending (measured through LVDT-1) at ultimate failure was 4.1 mm. In comparison, out-of-plane bending in the 

thermoset composite starts at relatively higher stress, i.e., ~125 MPa (see Figure 10(b) in point “1b”) and the maximum 

out-of-plane bending (measured through LVDT-1) at ultimate failure was only 1.8 mm. It is worth noticing that the 

thermoplastic-based 3D-FRC exhibited 32% lower buckling initiation stress and 127% higher out-of-plane deflection. 

The finite element analysis also confirms that buckling in the thermoplastic composite starts earlier due to their lower 

stiffness. The final failure in the thermoplastic composite was, however, delayed due to its ability to plastically deform 

more than the thermoset composite. 

 Matrix ductility and fracture toughness play a significant role in the buckling behaviour of thermoplastic 

composite. The micro-buckling of fibre at crimps (intersection of warp, fill and z-yarn) under compressive load (as 

discussed before) and plasticization of a ductile thermoplastic matrix in 3D-FRC results in the formation of plastic kink-

band / during buckling (see Figure 12). This plastic buckling delays the propagation of transverse cracks (due to a 

decrease in the stress concentration at the crack front) under compressive loads, and thus the ultimate CAI strength of 

thermoplastic was insensitive to the impact-induced damage insensitive to impact-induced damage. In comparison, the 

micro-buckling at crimps in the thermoset composite leads to extensive matrix cracking that leads to unstable local yarn 

buckling, which triggers rapid transverse cracks propagation (due to an increase in the stress concentration at the crack 

front), leading to a catastrophic failure. The propagation of a rapid crack in the thermoset composite was attributed to 

the brittle nature and low fracture toughness of the epoxy matrix.  

The damage tolerant design of laminated composite plates depends highly on its Mode-I fracture toughness and 

compressive modulus [27], and we observe similar behaviour in our experiments for the 3D-FRC. The novel 

thermoplastic matrix-based composites possess 72% higher Mode-I fracture toughness [18], and 23% lower 



 

14 

 

Sensitivity: Internal 

compressive modulus as compared to epoxy-based composites, and they exhibited excellent damage tolerance 

properties. In contrast, low compressive ductility, fracture toughness, and the absence of plastic deformation make 

thermoset composites susceptible to damages, which results in poor damage tolerance. 

The CAI tests revealed that in thermoset composites, due to its brittle nature, the final failure was not stable 

and thus, even for the same impact energy case, the thermoset composite specimens show significant variability of 

deformation modes, which manifests itself in terms of different locations of final failure as indicated in Figure 11. These 

findings corroborate with the observation by Chen et al. [4] and Dubary et al.[11], in 2D woven composites. In order to 

better understand the variability in damage location in the thermoset, Figure 11 shows the strain field along the loading 

direction (x-direction) obtained from DIC during the CAI tests for the two thermoset specimens; both of which were 

impacted with 50J energy; these are termed Case-A and Case-B. The strain field along the x-direction indicates that the 

specimen in the Case-A failed after buckling with two half-waves in the opposite direction (or, in other words, a full 

sine wave); see Figure 11(c). In contrast, the specimen in the Case-B failed after buckling with a single half-wave with a 

sharp strain peak near the mid-plane (impact damage zone), as shown in Figure 11(d). In both cases, although the final 

failure average stress at failure is quite different, the peak local strains after buckling are nearly similar just before 

failure and are sufficient to cause brittle fracture of the epoxy matrix. This leads to unstable fibre kinking and 

subsequent fibre fracture followed by the formation of a fracture plane, as indicated in Figure 13 and Figure 14. The 

different mode shapes of post-buckling response in both these cases (A and B) appear to be as a result of interaction 

between the failure zone and the boundary condition actually achieved in the test. On the contrary, the behaviour of 

thermoplastic 3D-FRC was more predictable, and in most cases, the final failure of the specimen was from the middle 

after significant post-buckling, as quantified earlier by the higher failure strains and out-of-plane deflections. 

5. Conclusion 

This study focused on the damage tolerance (compressive residual strength) of resin-infused 3D thermoplastic 

(Elium®) 3D-FRC and their comparison with thermoset (Epoxy) 3D-FRC and thus provides useful insight into the effect 

of resin properties on the damage tolerance of 3D-FRC. This study establishes the thermoplastic Elium® matrix as an 

effective replacement for the thermoset (Epoxy) matrix for damage tolerant applications. The CAI test highlights that 

the post-impact properties of the thermoplastic (Elium®) 3D-FRC are less-sensitive to the impact-induced damage, 

regardless of the damage size and impact energy. In-particular, the ultimate CAI strength is completely insensitive to the 

impact energy range investigated in this study. In comparison, the post-impact properties of thermoset composites are 

sensitive to the impact-induced damages and exhibit reduced residual strength. Under compressive loads, thermoplastic 

3D composite failed after significant post-buckling strains regardless of impact energy level. This is in sharp contrast to 
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the behaviour of the thermoset 3D composite, where failure was highly dependent on the severity of the damage, and 

the post-buckling deformations were much lower than the thermoplastic 3D-FRC. Overall, the thermoplastic composites 

showed less reduction in the buckling loads, higher compressive ductility, and less reduction in the compressive 

modulus. This study revealed that the thermoplastic composite exhibited superior damage tolerance in comparison with 

thermoset composite due to their higher compressive ductility, fracture toughness, and reduced level of impact-induced 

damage. 
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List of tables 

Table.1. Summary of mechanical properties of the thermoplastic matrix (Elium®188x0) and thermoset matrix 

(Epolam®5015) 

Property Elium® 188x0  Epolam® 5015/5015 

Elongation at failure (%)a 6 3.5 

Fracture toughness (kJ/m2)b 0.5 0.12 

Rockwell Hardnessc 99 119 

Density (g/cc)c 1.17 1.15 
    a Reported in literature (Elium® 188x0 [29] and Epolam® 5015/5015 [30]), b Reported in literature [31], c In-house testing. 

 

Table.2. Impact test conditions 
Specimen type Impact energy 

(J) 

Velocity 

(m/s) 

Drop height 

(m) 

Drop mass 

(kg) 

No of 

samples 

3D-TP-FRC 

& 

3D-TS-FRC 

25 3 0.5 5.101 3 

50 4.4 1 5.101 3 

75 5.4 1.5 5.101 3 

100 6.2 2 5.101 3 
 

Table.3. Mechanical properties of 3D-FRC (value in the parenthesis represent standard deviation of five samples) 

Property 3D-TP-FRC 3D-TS-FRC 

𝑬𝟏𝟏 (GPa) 27.1 (2.1) 33.4 (2.4) 

𝑬𝟐𝟐 (GPa) 26.4 (2.5) 31.0 (3.3) 

𝒗𝟏𝟐  0.13 (0.008) 0.12 (0.010) 

𝑮𝟏𝟐 (GPa) 4.30 (0.030) 4.50 (0.025) 

 

Table.4. The relative severity of damage mechanisms for changing velocity in 3D composite 
Material Damage 

scale 

Damage 

mechanisms 

Case-1 

(25 J/3.0 ms-1) 

Case-2 

(50 J/4.4 ms-1) 

Case-3 

(75 J/5.4 ms-1) 

Case-4 

(100 J/6.2 ms-1) 

3D-TP-

FRC 

Fibre 

failure 

Fibre breakage None None Moderate Moderate 

Z-binder failure None Moderate Significant Significant 

Matrix 

failure 

Debonding None None Moderate Moderate 

Plasticization Moderate Significant Significant Significant 

3D-TS-

FRC 

Fibre 

failure 

Fibre breakage Moderate Significant Significant Significant 

Z-binder failure Moderate Significant Significant Significant 

Matrix 

failure 

Debonding Moderate Significant Significant Significant 

Matrix cracking Moderate Significant Significant Significant 

 

Table.5. Summary of CAI test results (average of 3 tested specimen for each case) 

Material 
Impact energy 

(J) 

Strength 

(MPa) 

Modulus 

(GPa) 

Failure strain 

(%) 

Critical buckling 

load (kN) 

3D-TP-FRC 

0 148 (±10) 16.0 (±1.0) 1.32 (±0.025) 42.5 (±2.2) 

25 147 (±15) 15.9 (±0.9) 1.15 (±0.05) 37.5 (±3.0) 

50 156 (±11) 14.0 (±1.35) 1.30 (±0.05) 33.0(±6.5) 

75 158 (±13) 14.6 (±0.5) 1.21 (±0.075) 25.0 (±7.0) 

100 145 (±5) 14.3 (±0.25) 1.08 (±0.1) 22.5 (±2.5) 

3D-TS-FRC 

0 162 (±8.5) 19.1 (±1.0) 1.00 (±0.01) 51.2 (±3.2) 

25 157 (±7.0) 17.5 (±0.9) 1.01 (±0.075) 45.0 (±5.0) 

50 125 (±12.0) 15.7 (±0.55) 0.84 (±0.035) 39.0 (±5.7) 

75 100 (±5.5) 16.0 (±0.6) 0.66 (±0.04) 12.3 (±2.7) 

100 81 (±8.0) 12.8 (±2.0) 0.70 (±0.045) 8.00 (±1.5) 

List of Figures 
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Figure 1. Compression after impact test setup, (a) and (b) actual CAI test setup, (c) schematic diagram of CAI fixture 

with the specimen, (d) schematic diagram of DIC speckle pattern arrangement on a damaged specimen to measure strain 

field at the impact face, the rectangular area labelled as (A) is used to evaluated axial strains in the specimen, and (e) 

schematic diagram of strains gauges and LVDT sensor arrangement on a damaged specimen at the back face.  
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Figure 2. The schematic diagram for the experimental buckling load estimation from CAI test, (a) buckling of a plate 

under CAI load and (b) critical buckling load.  

 
Figure 3. Boundary conditions and damage zones. (a) and (b) schematic diagram of boundary conditions used in finite 

element analysis of the undamaged and damaged specimen and (c) finite element mesh in the different zones of a 

damaged specimen, and (d) damage zones after drop weight impact tests at different impact energies, solid line region 

represents fibre and matrix failure region (zone-i) and dash line region represents matrix failure (zone-ii).  
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Figure 4. Comparison of CAI load-displacement curves of 3D-FRC, (a) thermoplastic-based 3D composite, and (b) 

thermoset-based 3D composite. 

 
Figure 5. Comparison CAI properties between thermoset and thermoplastic-based 3D composite (a) CAI strength as a 

function of impact energy, (b) CAI modulus as a function of impact energy and (c) CAI failure strains as a function of 

impact energy 
 

 
Figure 6. Influence of initial damage on the CAI strength of the 3D composite, (a) change in the CAI strength and 

damage area as a function of impact energy in thermoplastic 3D-FRC and (b) change in the CAI strength and damage 

area as a function of impact energy in thermoset based 3D composite. 
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Figure 7. Comparison of strains measured through DIC and strain gauges. The DIC results were obtained from location 

(labelled as “A” on the front face in Figure 1(d)), which is between the two strain gauges bonded at the back face. 
 

 

Figure 8. Comparison of buckling load from experiments and finite element analysis. (a) comparison of failure load and 

buckling load in 3D composite obtained from experiments and (b) comparison of buckling load obtained from 

experiments and FE simulation. TS and TP represent thermoset and thermoplastic-based 3D composite. In the case of 

FEM results, the column height shows the predicted buckling loads for the pinned boundary condition, and the top of 

the error bar indicates the predicted load for clamped boundary condition. 
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Figure 9. Macroscopic damage patterns in 3D composite after CAI test, (a) impact face of thermoset based 3D 

composite pre-impacted at 25J, (b) impact face of thermoplastic-based 3D composite pre-impacted at 25J, (c) side face 

of the 3D composite under CAI test, pre-impacted at 25 J, (d) impact face of thermoset based 3D composite pre-

impacted at 50J, (e) impact face of thermoplastic-based 3D composite pre-impacted at 50J, (f) side face of the 3D 

composite under CAI test, pre-impacted at 50 J. 
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Figure 10. Strain distribution in 3D-FRC during CAI test obtained from DIC, the specimen was pre-impacted at 25 J (a) 

thermoplastic 3D-FRC, and (b) thermoset 3D-FRC. 
 

 
Figure 11. Damage patterns in the thermoset composites during CAI test and comparison of axial compressive strain 

field in specimens pre-impacted at 50J, (a) damaged sample at 50 J (Case-A: Failed away from impact location) (b) 

damaged sample at 50 J (Case-B: Failed at impact location), (c) axial compressive strains (Case-A) and (d) axial 

compressive strains (Case-B). 
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Figure 12. SEM micrographs of thermoplastic 3D composite, showing damage morphologies of CAI specimen. (a) 

micro-buckling and plastic deformation, magnified micrographs of region “A” to “E” are shown in figure (b) to (f), (b) 

plastic kinking and plastic deformation at region “A”, (c) yarn fracture and debonding due to micro-buckling at region 

“B”, (d) plastic kinking in fill yarn and plastic deformation in resin pockets at region “C”, (e) yarn debonding, plastic 

kinking and deformation at region “D”, and (f) plastic deformation with fibre/matrix interface intact and rough fracture 

surface of fibres. 

 

 
 

Figure 13. SEM micrographs of thermoset 3D composite, showing damage morphologies of CAI specimen. (a) kink-

band formation at ~45°, magnified micrographs of region “A” to “C” is shown in figure (b) to (d), (b) shear matrix 

cracking in warp yarn and kinking in fill yarn at region “A”, (c) fibre fracture and debonding at region “B”, (d) kinking 

in fill yarn at region “C”, (e) kink band formation with fibre kinking and shear matrix cracking, magnified micrograph 

of region “D” is shown in figure (f), and (f) fibre fracture and debonding at region “D”. 



 

25 

 

Sensitivity: Internal 

 

 
 

Figure 14. Schematic diagram of failure mechanisms in thermoplastic and thermoset 3D composites after the CAI test. 

(a) shows failure mechanisms in thermoplastic 3D composite, region “A” shows fibre micro-bucking due to plastic 

deformation of thermoplastic matrix, orange colour represents plastic deformation region and (b) shows failure 

mechanisms in thermoset based 3D composites, region “B” represents yarn kinking due to brittle thermoplastic matrix, 

the blue colour represents matrix cracking region. 

 


