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Abstract 

This paper addresses the characterisation of the mode I interlaminar fracture toughness 

of a carbon fibre/epoxy composite material, toughened with thermoplastic particles in 

the ply interlayers.  The characterisation is undertaken at -55°C, 19°C, and 90°C, on 

both dry and fully moisture saturated coupons. Fractographic observations of the 

delamination surfaces allows identification of the failure mechanisms.  The mode I 

propagation fracture toughness tested at wet/90°C exhibits a 176% increase compared to 

the dry/19°C specimens, due to enhanced plastic deformation of the interlayers and 

more prominent fibre bridging.  Moisture-saturated coupons tested at -55°C suffered a 

57% reduction of mode I fracture toughness compared to those under dry/19°C 

conditions.  This is due to the dis-bond and consequent plucking of the thermoplastic 

particles from the surrounding matrix. This observation points to the fact that wet/cold 
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conditions may represent the worst-case scenario for the interlaminar fracture 

performance of composite systems toughened with thermoplastic interleaves. 
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1. Introduction 

Delamination, often as a consequence of impact damage, has been the principal 

hinderance to the adoption of composites in primary aerostructures.  Delamination 

resistance, quantified by interlaminar fracture toughness, represents one of the key 

performance metrics for fibre-reinforced composite materials.  Early generation 

thermoset systems exhibited very low interlaminar toughness values (e.g. GIC=190J/m² 

for AS4/3501 [1]), and over the last few decades considerable efforts have been made to 

enhance the delamination resistance of composites. These have recently culminated in 

systems with homogenously toughened matrices, which yield modest improvements in 

mode I fracture toughness in excess of 200J/m² [2].   However, fibre-reinforced 

thermosets comprising discrete toughening particles at ply interfaces (e.g. thermoplastic 

interleaves) have also been introduced, such as T800/F3900 [3] and T700/M21 [4].  

These achieve mode I fracture toughness values of approximately 600J/m² [5]  and 

1200J/m² [6], respectively.  The inclusion of discrete thermoplastic or elastomeric 

particulates in fibre reinforced epoxy resin composite systems has been documented to 

improve the mode I fracture toughness by increasing the surface area of interlaminar 
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cracks by: (i) either localised cavitation in the particle or a the particle/matrix interface, 

and (ii) plastic shear yielding in the epoxy matrix [7].  Nonetheless, although such 

systems present very high toughness at room temperature, the effect of the "in-service" 

environment on delamination, particularly at low and high temperatures combined with 

moisture, is still poorly understood. 

 

Aerospace components are subjected to a wide spectrum of operating conditions, both 

in terms of temperature and relative humidity (RH).  When an aircraft is held stationary 

on a runway in a hot/humid climate, temperatures can reach 60°C with 100% RH [8]. 

During flight at 37000ft cruising altitude, the temperature is usually about -55°C with 

RH below 30%  [9].  Plasticisation due to the presence of moisture can permanently 

damage composites [10].  This permanent degradation due to moisture has also been 

noticed to primarily promote damage at the fibre/matrix interface [9-10].  At elevated 

temperatures the mode I fracture toughness of nominally dry thermoset composite 

systems increases [12–14], due to a combination of enhanced matrix ductility and fibre 

bridging.  Below 0°C, dry thermoset composites tend to present a reduction in 

toughness [15][16], attributed to the embrittlement of the matrix.  The presence of 

moisture combined with high temperature further enhances the mode I fracture 

toughness, since it makes fibre bridging more prominent [17,18].  Under similar 

environmental conditions, mode II testing produces competing mechanisms whereby the 

toughness tends to be reduced due to the degradation of fibre/matrix interface, but 

increased by the plasticisation of the matrix; leading to an overall net gain in toughness 

[19]. 
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It is therefore important to assess what the effects of these widely variable "in-service" 

conditions on structural composites are, particularly in terms of interlaminar fracture 

toughness.  In this paper, the investigation is focussed on assessing the effect of 

temperature and moisture on a state-of-the-art carbon-fibre/epoxy material comprising 

of ply interleaving with thermoplastic particles.  The influence of the environment on 

the material was experimentally characterised by mode I fracture toughness testing at 

different temperatures (-55°C, 19°C and 90°C) and moisture content levels (nominally 

dry and fully saturated).  Extensive SEM fractography was carried out to understand 

how the environment influences the mode I fracture process and how the underlying 

mechanisms dictate the resulting interlaminar toughness properties.  

 

2. Material, Manufacture, and Conditioning 

A thermoplastic interleaved aerospace CFRP, in the form of unidirectional prepreg, was 

autoclaved according to the manufacturer's recommended curing cycle into laminated 

plates, each containing 16 plies with 0° orientation.  The material system is 

commercially sensitive.  A 60mm long PTFE film was inserted at the mid-plane at one 

end of the laminated plates, resulting in a nominal laminate thickness of 2.9mm.  

Double cantilever beam coupons were waterjet cut to 125mm x 20mm in-plane 

dimensions, with the PTFE insert extending 50mm from one end of each specimen.  The 

specimens were C-scanned to check for eventual manufacturing defects.  The specimens 

were kept in an oven at 40°C for 1 week prior to testing to ensure complete release of 

moisture.  Half of the specimens were then transferred to a Binder KMF 115 102 litre 

environmental conditioning oven and kept at 70°C/85%RH until they reached 
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saturation.  Travellers accompanying these coupons were periodically weighed 

according to the ASTM D5229 standard [20], until the specimens moisture uptake had 

plateaued, which took approximately 272 days.  The coupons that underwent the 

moisture saturation will henceforth be denoted as 'wet', and the others will be indicated 

as 'dry'.  The moisture content of the wet specimens was 0.92 %wt. 

 

Having reached saturation, the wet specimens were wrapped in flash tape except for a 

region 18mm from the end of the PTFE insert.  They were then placed in a drying oven 

at 40°C for 3 hours, so that the exposed (i.e. un-taped) surface could dry.  End-blocks 

with dimensions 18mm x 20mm x 12mm were bonded to the specimens using Araldite 

2011 2-part epoxy adhesive and allowed to cure overnight at room temperature.  The 

flash tape from the wet specimens was removed and further flash tape was applied to 

the regions between the end-block and the specimen, to prevent moisture-induced 

degradation of the adhesive bond.  The specimens were then placed back into the 

conditioning oven for a further fourteen days prior to testing, to allow for absorption of 

any moisture lost from the surface plies during the application of the end-blocks. 

 

3. Mechanical Testing 

The ASTM D5528 standard [21], describing the interlaminar fracture toughness 

characterisation protocol based on DCB coupons, was followed for testing all of the 

specimens in mode I, performing three repetitions at each condition, i.e. -55°C, 19°C 

and 90°C  temperature (hereafter referred to as cold, room temperature (RT), and hot), 

dry and wet.  It should be noted that an end-block debonded prematurely during the 
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testing of one specimen (at wet/90°C) and thus two data sets were captured for this 

condition.  Each specimen was painted along one side using a non-xylene based white 

tip pen.  A 0.1mm tip black permanent marker was then used to draw a millimetre scale 

from the centre of the end block to the end of the specimen on top of the white paint.  A 

50kN Instron 5969 test machine and Instron environmental chamber were used for all 

the tests, employing liquid nitrogen to control the temperature in the cold tests. 

 

An Imetrum optical measurement system [22] was used to track the locations of the 

loading pins and negate the effect of any compliance in the fixture fittings on the 

displacement reading.  This optical measurement was calibrated against the scale on the 

specimen for monitoring the crack growth.  The change in perspective between the 

tracked ends of the loading pins and the scale drawn on the specimens was considered 

negligible (at approx. 10mm) given the distance of the camera from the set-up (at 

approx. 80cm).  The specimens were loaded at a stroke rate of 5mm/min and the load 

signal was captured directly from the 50kN Instron 5969 test machine into the Imetrum 

optical measurement system using an analog-to-digital converter.  The load traces were 

stored directly into the same data file as the optical measurement data, thus correlating 

the Instron crosshead load, the optically calibrated displacement, and time.  The 

corresponding video was captured at 10Hz and overlaid with the load, displacement, 

and time, allowing for efficient post-processing of the crack length.  All the specimens 

were pre-cracked under mode I at a displacement rate of 5mm/min to approximately 

54mm delamination length.  
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4. Data Reduction 

The data reduction followed the modified beam theory methodology, outlined in ASTM 

D5528 [21].  This methodology entails plotting the cubed root of the compliance at each 

data point versus the crack length.  The non-zero slope condition and other effects 

leading to deviations from elementary beam theory are accounted for using the modified 

beam theory methodology.  Due to the commercially sensitive nature of the material 

data, all fracture toughness values have been normalised to the dry/room temperature 

propagation toughness value.  This still enables the main purpose of this paper, i.e. to 

quantify the relative change in toughness.  The initiation fracture toughness was taken 

using the visual onset criteria (VIS), as specified in ASTM D5528 [21].  It should be 

noted that the initiation toughness is taken as the first data point for each specimen only 

if all subsequent values are larger, and the remaining data points are averaged to give 

the propagation value.  If any of the propagation toughness values were below the 

initiation toughness for a given specimen, an initiation toughness was not specified [21].  

All data points during the steady-state propagation region of the R-curve were averaged 

to produce a single propagation toughness value. 

 

SEM (scanning electron microscope) micrography was carried out on the fracture 

surfaces of the coupons using a Hitachi S-3700N and a LEO Gemini 1525 FEGSEM 

(field emission gun scanning electron microscope).  The FEGSEM was used to provide 

higher fidelity images of the detail in the fracture morphology and to clarify any 

observations made using the lower powered Hitachi SEM.  The specimens were 

mounted on to aluminium stubs using Araldite 2011 2-part epoxy, mixed with carbon 

black to mitigate for specimen charging and allowed to dry overnight.  The coupons 
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were then coated using gold sputtering under vacuum for a total of 20 seconds each.  

For the FEGSEM imaging, specimens of the fractured surfaces were cut to 10mm x 

10mm and mounted on to aluminium stubs using the same epoxy/carbon black mixture 

described above.  The specimens were coated using a 15nm thick Chromium sputtering 

device under vacuum and were dried fully for 48 hours in a 40°C oven to prevent the 

expulsion of volatiles under the high vacuum FEGSEM. 

 

5. Results 

Figure 1 presents the mode I averaged steady-state propagation toughness versus test 

temperatures and moisture content, and the graphs in Figure 2 and Figure 3 show the 

corresponding toughness values versus crack length for the three testing temperatures 

considered, in both the dry and wet conditions.  The wet/hot condition presented an R-

curve behaviour, whereas the other test conditions were insensitive to crack length.  

Table 1 presents the normalised initiation and propagation toughness data for each 

condition, with all the data having been normalised with respect to the dry/RT 

propagation toughness, hereafter referred to as GIC0.  The sparsity of data points for the 

cold tests was due to the slip-stick nature of the crack propagation at -55°C, leading to 

fewer stable crack lengths having been recorded during testing. 

 

The dry propagation toughness values presented a negligible variation between the 

dry/cold and dry/RT tests, and a 37% increase from dry/RT at dry/hot.  The wet 

toughness values exhibited a stronger dependence on temperature than the dry ones, 

with a 57% drop in toughness in wet/cold conditions, and a 176% increase in toughness 
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in wet/hot testing, compared to the reference dry/room temperature toughness.  The 

highest toughness was therefore associated with the wet/hot condition, and the lowest 

was attained in the wet/cold scenario. 

 

Table 1: Normalised initiation and propagation mode I fracture toughness GIC 

(normalised) (CV%) 

 -55°C 19°C 90°C 

 Initiation Propagation Propagation Initiation Propagation 

D
ry

 

0.91 

(27%) 

1.00 

(11%) 

GIC0 = 1.00 

(3%) 

1.34 

(8%) 

1.37 

(6%) 

W
et

 

0.39 

(47%) 

0.43 

(27%) 

0.99 

(3%) 

- 

2.76 

(2%) 

 

 

 

Figure 1. Normalised mode I fracture toughness (GIC/GIC0) versus temperature 

(°C) 
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Figure 2. Normalised mode I fracture toughness (GIC/GIC0) versus change in crack 

length (mm) for the dry specimens 

 

 

Figure 3. Normalised mode I fracture toughness (GIC/GIC0) versus change in crack 

length (mm) for the wet specimens 
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6. Fractography 

The fractography provided an insight in the damage processes which ensued during 

progressive delamination.  The micrographs in the Figures that follow in this section 

were taken from the propagation region of the mode I fracture, at a crack length of 

approximately 30mm from the crack initiation site.  The crack growth direction in each 

image is from the top towards the bottom and is representative of the morphology 

present within the propagation region of each interlaminar fracture. 

 

Figure 4 presents the fracture surface morphology at 200x magnification.  Uniformly 

distributed toughened particles approximately 20µm in diameter and not to be confused 

with the darker voids within each particle, were visible in all coupons tested, 

independent from the temperature.  These particles are indeed characteristic of the 

interlaminar toughened phase, as confirmed by the observation of polished sections of 

the material before testing. 

 

Each particle contained one or two internal voids (small, dark circular features) which 

were present prior to the interlaminar fracture of the composite.  The majority of the 

fracture was cohesive, i.e. midplane within the resin-rich interlayer, but some interfacial 

fibre/matrix failure was noted, particularly in the wet/RT and wet/hot conditions.  The 

dry/RT surface presented a relatively brittle epoxy fracture, with cleavage of the particles 

on the same plane as the epoxy.  A similar morphology was noticed in the dry/cold regime, 

showing a smooth epoxy surface, consistent with a high degree of brittle fracture.  The 

dry/hot regime presented a more ductile failure, evident in the higher magnification 

micrographs in Figure 6 and Figure 7, where the epoxy was seen to have plastically 
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deformed across the fracture surface.  The wet/RT morphology showed a more ductile 

epoxy fracture compared to that of the dry/RT surface, with presence of fibre/matrix 

debonding, where fibre imprints were observed.  The wet/cold surface exhibited a similar 

morphology to that of the dry/cold, with brittle fracture of the epoxy and brittle cleavage 

of the toughening particles.  The wet/hot surface presented the largest amount of plastic 

deformation of the epoxy across all test regimes, with high levels of ductile flow as well 

as substantial fibre/matrix debonding. 

 

Figure 5, Figure 6, and Figure 7 present the surface morphologies at 500x, 1000x, and 

5000x magnification, respectively.  The dry/RT surface exhibited low levels of plastic 

deformation for both the epoxy matrix and the particles.  The dry/hot surfaces showed 

considerable plastic deformation within the toughening particles, with fibrillation 

extending from their outer surfaces towards the centre of each particle.  The wet/RT 

morphology exhibited high levels of ductility in the epoxy, as well as indications of 

fibre/matrix interfacial debonding.  The wet/cold morphology presented brittle epoxy 

fracture and cleavage of the toughening particles, with a small amount of plucking of the 

particles, as illustrated by the step change in fracture plane at 5000x magnification.  The 

wet/hot morphology exhibited extremely high levels of ductile flow across the epoxy and 

in the toughening particles, along with large areas of fibre/matrix debonding also visible 

at 200x magnification. 

 

Figure 8 presents the FEGSEM images of the dry/cold and wet/cold specimen fracture 

morphology.  Both test regimes were seen to promote brittle fracture throughout the 

epoxy resin phase.  The dry/cold surfaces presented cleavage across both the epoxy and 



 13 

T. J. Katafiasz, E. S. Greenhalgh, G. Allegri, S. T. Pinho, P. Robinson 

 

the toughening particles, with the internal voids clearly visible where the particles had 

been cleaved.  This observation demonstrates that these were pre-existing voids, and not 

artefacts of ductile flow of the toughened phase.  A faint boundary between the toughened 

particle and epoxy can be observed in the dry/cold 5000x magnification image.  For the 

wet/cold surface morphology, plucking of the toughening particles was evident, since 

both smooth particle surfaces and particle imprints in the epoxy were visible.  A clear 

debond between the toughening particle and the surrounding epoxy is apparent in the 

wet/cold 5000x magnification FEGSEM image in Figure 8, where a step change in the 

fracture plane was noted. 
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Figure 4. Representative SEM micrographs of the mode I fracture morphology, 200x 
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Figure 5. Representative SEM micrographs of the mode I fracture morphology, 500x 
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Figure 6. Representative SEM micrographs of the mode I fracture morphology,1000x 
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Figure 7. Representative SEM micrographs of the mode I fracture morphology, 5000x 
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Figure 8. Representative FEGSEM micrographs of the mode I dry/cold and wet/cold 

fracture morphology, 1000x and 5000x
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7. Discussion 

The micrographs presented previously clearly demonstrate the role played in the 

fracture process by the toughening particles dispersed throughout the epoxy matrix.  It is 

worth pointing out again that the dark circular features clearly visible across all 

specimens are voids within the particles. 

 

The dry/RT surface morphology presented brittle fracture across the epoxy interlayer, 

with evidence of some ductility within the toughening particles.  These features were 

also observed in the dry/RT SEM image morphologies at 1000x and 5000x 

magnifications.  A similar morphology was recognised in the dry/cold tests, but with a 

smoother surface within the cleaved toughening particles, indicating a highly brittle 

fracture.  The fracture toughness values for these two conditions (i.e. dry/RT and 

dry/cold) were almost identical, as it should be expected given the stark similarity of the 

surface morphologies.  The dry/hot surface exhibited void coalescence and a more 

ductile fracture of both the epoxy and toughening particles, compared to those observed 

in the dry/RT coupons.  There was no evidence of fibre/matrix debonding in the dry/hot 

condition, but the high levels of ductile flow led to the observed 37% increase in 

fracture toughness, relative to the dry/RT tests. 

 

The wet/RT morphology presented high levels of ductility across both the epoxy and 

toughening phases.  There was some evidence of toughening particle/epoxy debonding 

in both the wet/RT and wet/cold surfaces, where steps were visible at the particle/epoxy 

boundary.  The wet/cold morphology presented a highly brittle fracture, and large levels 
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of plucking of toughening particles.  The FEGSEM micrographs further confirmed this 

observation, since smooth particle surfaces and imprints were visible across the fracture 

surface.  These two mechanisms, i.e. particle/epoxy debonding and subsequent particle 

plucking, led to a 57% drop in fracture toughness compared to both the dry/RT and 

dry/cold tests. 

 

The wet/hot morphologies presented the highest levels of ductile flow across both the 

epoxy and toughening particles.  High levels of fibre/matrix debonding were noted in 

this regime, leading to a highly ductile and tortuous crack path, and hence a substantial 

176% increase in fracture toughness, compared to the dry/RT tests.  It is evident that the 

toughening particle/epoxy interface was weakened by the moisture conditioning prior to 

testing.  However, the eventual dis-bond between the particles and the surrounding 

matrix was not visible following testing in wet/hot conditions, due to the substantial 

plastic deformation affecting of the phases in the ply interlayer.  The degradation of the 

fibre/matrix interface in the wet/hot tests explains the observed rise in the toughness 

with crack length (Figure 3). 

 

It should be noted that there were competing failure mechanisms evident in the wet 

coupons.  Although the wet/RT fracture toughness was almost identical to that of the 

dry/RT tests, the corresponding failure morphologies were very different.  The wet/RT 

specimens exhibited some plucking of toughening particles, inherently a low-energy 

process and likely leading to a net reduction in toughness.  However, the degradation of 

the fibre/matrix interface in the wet/RT condition likely counteracted this apparent 

reduction in toughness due to particle plucking, by promoting a more tortuous crack 
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path and therefore plastic deformation of the epoxy, resulting in an overall fracture 

toughness similar to that of the dry/RT condition.  The 57% decrease in the wet/cold 

fracture toughness was due to the toughening particle/epoxy debonding and particle 

cleavage.  The 176% increase in fracture toughness in the wet/hot condition was due to 

the high ductility displayed both by the particles and the surrounding epoxy.  Moreover, 

the degradation of the fibre/matrix interface led to a torturous crack path and a rising R-

curve due to fibre bridging.  It should be noted however that the increase in fibre 

bridging under the wet/hot condition is an implication of the relative weakening of the 

fibre/matrix interface.  This increase in fracture toughness was noticed regardless of the 

degradation of the particle/epoxy interface due to the moisture, although not explicitly 

visible in the fractography due to the large amount of plastic flow that had occurred.  

Overall, the stark difference in mode I fracture toughness between dry and wet coupons 

at -55°C suggests that the dis-bond of the thermoplastic particles from the surrounding 

epoxy matrix is triggered by the mismatch in coefficients of moisture expansion of the 

two phases within the ply interlayers. 

 

8. Conclusions 

The objective of this research was to characterise the relative changes in mode I 

interlaminar toughness for interleaved toughened epoxy systems in aerospace composite 

structures under realistic environmental conditions.  Since aerospace structures are 

exposed to a wide range of humidity and temperature conditions during service, it is 

imperative that the material properties are assessed in these conditions.  This study has 

focussed on the mode I interlaminar fracture toughness, complementing ASTM-
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standard testing with detailed fractographic observations.  The key conclusions drawn 

from the work undertaken are the following: 

• In dry/room temperature conditions, the epoxy matrix fractured in a brittle 

fashion, with the toughening particles exhibiting some level of ductility.  The 

dry/cold tests showed a more brittle surface morphology, but with an almost 

identical fracture toughness.  In the dry/hot tests high levels of ductility were 

observed in all the phases within the ply interlayers, leading to a 37% fracture 

toughness increase compared to dry/room temperature tests. 

• Debonding between the thermoplastic particles and the surrounding matrix 

occurred prior to testing both in the wet/room temperature and wet/cold tests.  A 

57% reduction in toughness for the wet/cold tests was attributed to the highly 

brittle fracture of the epoxy phase and plucking of the toughening particles.  The 

latter essentially prevents any beneficial influence of the particles on the fracture 

toughness.   

• The substantial 176% increase of fracture toughness observed in the wet/hot 

tests compared to dry/room temperature conditions was due to the high levels of 

ductility in both the epoxy and toughening particles.  The weakening of the 

fibre/matrix interface due to the moisture led to enhanced fibre bridging during 

crack propagation resulting in a non-linear R-curve for the hot/wet condition.  

Regardless of this fibre bridging, the fractography conducted provides 

morphological evidence of a reduction in toughness at lower temperatures, with 

brittle fracture of the toughened phase at -55°C. 

• It is evident that the interleaved toughened system characterised in this study 

presents excellent properties in wet/hot conditions, which are traditionally 
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considered the most critical for aerostructures.  However, under wet/cold 

conditions, these highly toughened systems present a considerable drop in 

toughness compared to the dry/room temperature reference state.  The cause of 

this drop is the degradation of the interface between the toughened particles and 

epoxy phases, which is likely to occur because of the mismatch in coefficients of 

moisture expansion. 

• Due to the relatively thick interleave, fibre nesting at the 0°/0° interface in the 

material tested was not as prominent as in conventional composites.  It is 

therefore anticipated that additional mechanisms at non-zero ply interface 

failures [23], often noticed in-service failures, will not be as prominent.  

Therefore, the critical observation that the toughened phase is more brittle and 

undergoes plucking at lower temperatures will be common across non-zero 

interfaces as well.  Moreover, mode I (DCB) testing is widely used to assess the 

toughness of a matrix system, whereas mode II tests are dominated more by the 

fibre/matrix interfacial strength.  Therefore, the experimental evidence and the 

observation of the failure surface morphologies suggest that fibre-reinforced 

epoxy systems toughened with thermoplastic particles may be more susceptible 

to fracture in wet/cold conditions than in wet/hot scenarios under mode I 

dominated conditions.  This behaviour should be properly accounted for in the 

design process of aerospace components. 
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