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ABSTRACT  

In order to improve the fibre-matrix interaction in carbon fibre reinforced composites 

the polycarbonate (PC) matrix polymer was modified by the introduction of ethyl-3,5-

dihydroxybenzoate as reactive sequences in the polycarbonate backbone. This 

promising strategy can be considered as an alternative approach to the modification 

of the carbon fibre surface to control and tailor the adhesion between carbon fibres 

and polymer matrix. The modification of the polycarbonate demonstrated improved 

adhesion to carbon fibre in pressed films, which was observed with microscopy-ATR-

FTIR and SEM when compared to unmodified polycarbonate. Single fibre pull-out 

testing subsequently confirmed the improved adhesion, demonstrating higher 

interfacial shear strenght for the functionalized polycarbonate.  

1. Introduction 

Polycarbonate resins based on bisphenol acetone (BPA, 4,4'-(propane-2,2-

diyl)diphenol) have an extraordinary property profile, combining ductility, strength 

and durability with high transparency and acceptable temperature stability. Materials 

based on this resin are used in compact discs, appliances, helmets, packaging 



 

 

materials, sunglasses, automotive headlamp lenses, etc. Over the past 50 years, the 

production and processing of polycarbonate has become a multibillion dollar 

industry, serving a 3 million tons market in 2009 [1]. Further improvements on 

mechanical properties like stiffness and strength directed research towards 

polycarbonate/carbon fibre composites [2-3]; an area of interest shared with many 

other thermoplastic polymers [4-8]  

The role of the interface between the fibre and resin is of great importance from both 

a processing point of view as well as performance. To exploit the mechanical 

properties of fibre reinforced thermoplastic composites, the fibre-matrix adhesion 

must be on an optimized level [9-13]. Different approaches have been followed to 

increase the adhesion between carbon fibres and polymer matrix that were 

summarized in detail in [14]. In general, carbon fibre surface modification is done by 

wet-chemical (sizing/polymer finish, acidic modification, electrochemical 

modification), dry-chemical (plasma/high energy irradiation modification, nickel 

surface coating, thermal modification) and also multiscale methods by applying 

nano-particles on the surface. For polycarbonate specifically, studies have been 

done mainly with respect to oxygen plasma-treated carbon fibres [15-17] or 

electrochemical oxidation [18-21] generally showing significant increase in adhesion 

to polycarbonate after treatment. 

Modification of polymers for improved adhesion has been studied for numerous 

thermoset systems, utilizing comonomers as one of the approaches [13],[22],[23]. 

For thermoplastic materials, matrix modification is described in literature [15],[24-27] 



 

 

as well, but at a much lesser extent. For polycarbonates, the inherent reactivity of 

the polycarbonate backbone towards reactive sites on the carbon fibre by 

transesterification was studied [19], as well as the addition of coupling additives 

which react onto the carbon fibre and scramble with the polycarbonate backbone 

[27],[29],[30], compared to BPA polycarbonate homopolymer [31] (Table 1). Studies 

on polycarbonate copolymers is focussed on changing material properties like flow, 

heat and optical performance [32],[33], but for improved adhesion to carbon fibres 

only limited work is presented. Attention to alternative routes was given by studying 

cyclic oligomers [34].  

In this work, we are combining reactive, functional groups, incorporated in the 

polycarbonate backbone, using a monomer with limited impact on the material 

properties. The monomer can be reacted by thermal impulse. The selection of 

functional groups is hindered by the processes of making polycarbonates [32],[33], 

where the melt process requires thermal stability and the interfacial process requires 

solubility and inertness towards used solvents. Rosenquist [35] has described the 

use of this reactive group build into the polymer backbone for its use in flame 

retardant compositions, demonstrating reactivity at elevated temperatures, resulting 

in network formation. The same principle is studied here for improvement of 

adhesion to carbon fibre. Multiscale modelling of improvement of mechanical 

performance of composites is under development [36], currently however, actual 

testing of materials is the preferred method for evaluation of these concepts. In 

literature, different micromechanical testing methods [36-40] have been established 

to determine the interfacial shear strength. Table 1 summarizes these techniques. 



 

 

In this work, the single fibre pull-out (SFPO) test is applied to study the fibre-matrix 

interaction.  

2. Materials and experiments 

2.1. Materials 

PAN (polyacrylonitrile)-based carbon fibre (24K), unsized, TOHO TENAX® Co.Ltd. 

LEXAN™ PC105, a BPA polycarbonate homopolymer, as produced on commercial 

scale by SABIC, and available as high molecular weight resin for injection moulding. 

This material was used for lab evaluation, selected for its good melt-strength and 

ductility.  

LEXAN™ HF1110, a BPA polycarbonate homopolymer, as produced on commercial 

scale by SABIC and available as high flow general purpose grade. This material was 

used for the SFPO testing, selected for its lower viscosity enabling efficient fibre 

embedding.  

2.2. Synthesis of functional (co)polycarbonate 

A 4.9 mol% polycarbonate copolymer of ethyl-3,5-dihydroxybenzoate (EDHB) and 

BPA (Figure 1) was prepared according the procedure described by Rosenquist [35]. 

The resin was isolated as a white powder by steam precipitation followed by drying 

in a cone shaped vessel using heated nitrogen. From size exclusion chromatography 

analysis (SEC) (polystyrene standard) of the powder Mw = 48,677 g/mol; Pd = 2.76 

was determined. Incorporation of EDHB was confirmed by 1H-NMR (figure 3) and 



 

 

verified by 13C-NMR, the incorporated monomer had a small impact on Tg (measured 

141 °C versus 145 °C for the BPA homopolycarbonate). 

For the 8.6 mol% polycarbonate copolymer of EDBH and BPA, the same procedure 

was used, charged amounts were altered as required. From SEC analysis 

(polystyrene standard) of the powder Mw = 49,585 g/mol; Pd = 2.80 was determined. 

Incorporation of EDHB was confirmed by 1H-NMR and verified by 13C-NMR, the 

incorporated monomer had a small impact on Tg (measured 138 °C versus 145 °C 

for the BPA homopolycarbonate). 

 2.3. Characterization 

2.3.1. NMR 

1H-NMR (proton nuclear magnetic resonance spectroscopy) spectra of both 

functionalized polycarbonate copolymers were recorded on an Agilent 600 at 600 

MHz in CDCl3 at a concentration of 20 mg/mL with CHCl3 calibrated at 7.26 ppm: δ 

7.90 (d, 2H), 7.50 (t, 1H), 7.25 (d, 4H), 7.17 (d, 4H), 4.40 (q, 2H), 1.68 (s, 6H), 1.39 

(t, 3H). The spectrum of the polycarbonate copolymer with 4.9 mol% ester is shown 

in Figure 3. The content of EDBH was confirmed for both functionalized 

polycarbonate copolymers using the integral of the peaks at 7.17 ppm (4H, BPA) 

and 7.90 ppm (2H, ethyl 3,5-dihydroxybenzoate). 

2.3.2. X-ray photoelectron spectroscopy (XPS) 

All XPS studies were carried out by means of an Axis Ultra photoelectron 

spectrometer (Kratos Analytical, Manchester, UK). The spectrometer was equipped 



 

 

with a monochromatic Al K (h = 1486.6 eV) X-ray source of 300 W at 15 kV. The 

kinetic energy of photoelectrons was determined with hemispheric analyser set to 

pass energy of 160 eV for wide-scan spectra and 20 eV for high-resolution spectra. 

The carbon fibre sample was mounted with adhesive tape on a sample holder so 

that the analysed area was over a hole in the sample holder. Although the carbon 

fibres were electrically conductive, a low-energy electron source in combination with 

a magnetic immersion lens was employed to avoid electrostatic charging of the 

sample that can occur by fixing the fibres on the sample holder with the insolating 

adhesive tape. Later, all recorded peaks were shifted by the same value that was 

necessary to set the C 1s component peak of saturated hydrocarbons to 285.00 eV. 

Quantitative elemental compositions were determined from peak areas using 

experimentally determined sensitivity factors and the spectrometer transmission 

function. Spectrum background was subtracted according to Shirley. The high-

resolution spectra were deconvoluted by means of the Kratos spectra deconvolution 

software. Free parameters of component peaks were their binding energy (BE), 

height, full width at half maximum and the Gaussian-Lorentzian ratio. 

2.3.3. GC-TOF-MS 

Volatiles were analysed with GC-TOF-MS (gas chromatography - time-of-flight - 

mass spectrometry) after thermal desorption of approximately 5-10 mg sample (dried 

for 2 hours at 120C in a vacuum oven) at 300C for both 10 minutes and 30 minutes 

using an Agilent Technologies 7890B gas chromatograph system equipped with a 

GL Sciences Optic4 - Multi Mode Inlet (MMI). Volatiles were separated on a 



 

 

PoraPlot-Q: 25 m x 0.25 mm (CP7549, Agilent Technologies) column and finally 

detected by a JEOL AccuTOF™ GCv JMS-T100 time-of-flight high-resolution mass 

spectrometer. 

2.3.4. SEC 

Size exclusion chromatography (SEC) analysis was performed on dichloromethane 

(DCM) solutions of the polymer sample (1mg/mL) with 250 ppm toluene flow marker, 

using an Agilent 1200 series instrument. DCM was used as an eluent at a flow rate 

of 0.3 mL/min. The column was an Agilent PLgel MiniMIX-C, 4.6 x 250 mm, 5 µm, 

kept at a temperature of 35°C. The sample injection volume was 10 µL. UV detection 

was performed at 254 nm. Agilent Chemstation software with SEC add-on was used 

for calibration and molar mass calculations. Molecular weights are reported in 

polystyrene equivalents. 

2.3.5. SEM on pressed PC/CF films 

From approximately 300 mg granulate (dried for 1 hour at 100°C in a vacuum oven) 

and a length of unsized carbon fibre tow (24K) a 250 µm thick film were prepared by 

compression moulding (2 tons pressure) using different temperatures and times 

(specific settings per sample are listed in Table 3). These films were cut to size, 

submerged in liquid nitrogen for 5 minutes and fractured using pliers. Prior to SEM 

(scanning electron microscopy) imaging, the cryo-fractured samples were coated 

with 5 nm of Pt/Pd using a JEOL 208HR sputter coater. The fibre surface topography 

was studied using a JEOL JSM-7800F scanning electron microscope. SEM images 



 

 

were acquired with a secondary-electron detector, using an acceleration voltage of 

5.0 kV and a working distance of 10 mm. 

2.3.6. ATR-FTIR imaging 

Microscope ATR/FTIR (attenuated total reflection / Fourier-transform infrared 

spectroscopy)-imaging analysis of the fibre surface was performed using the Perkin 

Elmer Spotlight™ 400 FTIR imaging system in combination with a Germanium single 

bounce ATR-imaging accessory from Perkin Elmer. The Perkin Elmer Image 

software for microscope FTIR-imaging analysis was used for analysis. All imaging 

analysis were performed in a scan range between 4000 and 680 cm-1 with a spectral 

resolution of 8 cm-1 and 8 scans / pixel, using a narrow band MCT detector with liquid 

nitrogen cooling. The pixel size in the IR-image is 6.25 micron. This method provided 

helpful insights in the amount of residue remaining at the fibre surface, showing no 

response for homopolymer and uncured functional polymers and increasing 

response for the functional polymers after curing. 

2.3.7. Single Fibre Pull-Out Test (SFPO) 

The interfacial adhesion strength was evaluated by single fibre pull out test using an 

embedding equipment designed and constructed at Leibniz Institute of Polymer 

Research Dresden [41][42]. The model micro-composites were prepared by 

computer-controlled embedding one end of the single fibre in the matrix 

perpendicularly with a pre-selected embedding length le (le = 150 μm) and an 

embedding temperature of 300°C at controlled atmosphere and temperature. After 



 

 

embedding the fibre, the temperature was held at 300°C for about 30 s and 10 min 

for HF1110 polycarbonate homopolymer and PC modified by 4.9 mol% EDHB, 

respectively, before cooling down to ambient temperature. The pull-out test was 

carried out on a self-made pull-out apparatus with force accuracy of 1 mN, 

displacement accuracy of 0.07 μm and a loading rate of 0.01 μm/s at ambient 

conditions. The force- displacement curves were detected and the maximum force, 

Fmax, required for pulling the fibre out of the matrix was measured. After testing, the 

fibre diameter, df was measured by optical microscopy; le was determined by the 

force-displacement curve and cross checked by SEM. The adhesion bond strength 

between the fibre and the matrix was characterized by the values of the apparent 

interfacial shear strength (app = Fmax/π*df*le.), local interfacial shear strength d and 

interfacial frictional stress f [40],[43],[44]. Each fibre/matrix combination was 

evaluated in about 15-20 single tests. For the investigation of the filament surface 

before and after pull-out test, a scanning electron microscope (SEM) Ultra (Zeiss, 

Germany) was used. 

3. Results and discussion 

3.1. Reactivity 

To demonstrate the inherent reactivity and ability to form cross-linked structures, the 

produced polymers were studied using GC-TOF-MS, where the release of ethene 

and CO2 is used as an indicator of reactivity as hypothesized in the reaction scheme 

in Figure 2 [35]. After the formation of a transient acid group by the release of ethene, 



 

 

a transesterification reaction resulting in chain scrambling follows (or reaction with 

functional surface groups on the carbon fibre) in combination with the release of CO2. 

The results of the GC-TOF-MS measurements are shown in Table 2, where clearly 

increased amounts of CO2 and ethene are observed with the polymers containing 

the functional group. Comparable to the backbone transesterification described by 

Yao [19], reaction of the polycarbonate backbone functionalized with ester side 

groups happens after forming the composite, where it is believed that the ester side 

group has a higher reactivity compared to backbone transesterification enabling 

covalent bonding to reactive sites at the carbon fibre surface (as found being present 

in XPS measurement). Molecular weight analysis of the functional copolymers after 

heating (in absence of fibres) confirmed the presence of cross-linked polymers / gels, 

showing increase in molecular weights and broadening of the polydispersity (Figure 

4).  

At very high temperatures (> 340 °C) and long heating times (>25 min) degradation 

of the polycarbonate results in an opposite effect, causing reduction of molecular 

weight, explaining the optimum seen in Figure 4.  

The XPS wide-scan spectrum of unsized carbon fibre sample (Figure 5, left) clearly 

showed the presence of considerable amounts of nitrogen ([N]:[C] = 0.06) and 

oxygen ([O]:[C] = 0.1), which were constituents of functional surface groups. The 

corresponding C 1s spectrum (Figure 5, middle) was characterized by strong 

asymmetry caused by numerous excited electronic states in the highly conjugated 

-electron system of the graphite-like structure of the carbon fibres. Wide shake-up 



 

 

peaks (drawn in grey) resulted from   * electron transitions between occupied 

and unoccupied -orbitals. After subtracting the areas of the shake-up peaks the 

remaining area of the C 1s spectrum was deconvoluted into six component peaks. 

The most intense component peak Gr (284.15 eV) resulted from photoelectrons 

escaped from the sp2-hybridized carbon atoms forming the graphite-like lattice of the 

carbon fibre. Carbon atoms in the sp3-hybrid state (saturated hydrocarbons) were 

analysed as component peak A (285.00 eV). The other component peaks B, C, D, 

and E showed the presence of functional groups on the fibre surface (13.17 % of the 

C 1s peak area). Carbon atoms bonded to nitrogen (C–N) were analysed as 

component peak B (285.71 eV). Alcoholic and phenolic C–OH groups were assigned 

as component peak C (286.65 eV) having a fraction area of 3.13 %. The two small 

component peaks D (287.68 eV) and E (288.7 eV) showed carbonyl carbon atoms 

of quinone-like structures (C=O) and carboxylic acid groups (HO–C=O) and their 

corresponding carboxylates (-O–C=O  O=C–O-). The high-resolution N 1s 

spectrum shows an unimodal distribution of the photoelectrons (Figure 4 left) tailing 

on the high-energy side. In our opinion, the shape of the N 1s spectrum seemed not 

to be suitable to be deconvoluted into different component peaks explaining 

differently bonded nitrogen species. Rather, the spectrum was fitted by one 

asymmetric component peak L having a maximum at 399.44 eV. The reason for the 

asymmetry was the participation of the nitrogen atoms in states excited by external 

energy. The binding energy value found is characteristic for amino groups but also 

for nitrile groups (CN) [45]. Since the intensity of component peak B (C 1s 



 

 

spectrum) equalled the [N]:[C] ratio, it was concluded that only one carbon atom can 

be bonded to one nitrogen atom. In addition to the nitrile groups (BCLN), this also 

applies to primary amines (BC–LNH2). Both of these functionalities could result from 

the PAN's carbonization process where HCN and its hydrolysis product, NH3, were 

present in the process atmosphere [46] and able to be reacted on unsaturated fibre 

surface sites.  

From all of the functional groups detected on the carbon fibre surface, in particular 

the alcoholic / phenolic C–OH groups and – if they were actually present – the 

primary amino groups were highly suitable for reactions with the EDHB sequences 

in the functional polycarbonate polymer. 

3.2 Lab scale evaluation of adhesion 

From approximately 300 mg granulate (dried for 1 hour at 100°C in a vacuum oven) 

and a length of unsized carbon fibre tow (24K) 250 µm thick films were prepared by 

compression moulding (2 tons pressure) using different temperatures and times 

(specific settings per sample are listed in Table 3). The cross sections of these films 

were studied with SEM after cryo-fracture. Long fibres and large gaps between the 

matrix and fibres (both are typical for poor adhesion between fibre and matrix) were 

observed for samples that were only shortly (1 min) exposed to heat (Figure 6a and 

b). Slightly improved wetting was observed for higher temperatures and longer times 

(Figure 6c). Obvious gaps between fibre and surrounding PC indicate that the 

interfacial adhesion still appears to be low. 



 

 

Similar observations were made when using the same approach for the 8.6 mol% 

EDHB polycarbonate copolymer at low temperatures of 200°C (see Figure 7a). 

However, when heating the polymer at temperatures of 300°C or above, indication 

of adhesion is observed with the fractured fibres completely covered by 

polycarbonate at long heating times, as seen in Figure 7b and d. Equal flow 

behaviour of the respective polymers during the pressing of the films is observed, 

where in all cases single fibre could be selected to evaluate wetting and length of 

fibre after breakage could be evaluated.  

Microscope-ATR-FTIR imaging of the fibre surface (C=O peak area between 1800 

and 1710 cm-1) was used to study polymer adhesion to carbon fibers. After treating 

the compression moulded film with 20 mL DCM overnight, followed by washing (2 x 

20 mL) and vacuum drying (80°C overnight) of the remaining fibres, no residual PC 

on the fibre surface for sample 1 through 5 (Table 4; Figure 8) was found, indicating 

no residual polycarbonate remained on the fibre surfaces. Sample 6, 7 and 8 (Table 

4) showed increasing amounts of polycarbonate like response (polycarbonate C=O 

vibration around 1770 cm-1), indicating polycarbonate residuals which are not 

washed off; an indication of covalent bonding to the hydroxyl or acid groups detected 

by XPS on the carbon fibre surface. Gelling of the polycarbonate is only observed 

for sample 8, where sample 6 and 7 only showed minor changes in molecular weight 

and solubility was not impacted. Model reactions using designed monomers with 

detectable groups as described by Servinis et.al. [47] show the ability to react onto 

these functional groups. Although the systems used in our study did not include this 



 

 

chemical marker, and therefore not have detectable proof, the FTIR-Imaging results 

are pointing in the same direction. 

The observed improvement on adhesion were also made with the 4.9 mol% EDHB 

copolymer, although with less dramatic effects on the matrix after reacting. Since 

high levels of cross-linking also come with Mn degradation, large amount of bubbles 

due to CO2 and ethene off-gassing and possible embrittling of the matrix material, 

samples for single fibre pull out testing were selected from the 4.9 mol% EDHB 

copolymer, since it appears to be a more viable approach. 

3.3. Single fibre pull-out 

Comparing the force-displacement curves and results received by SFPO test (Figure 

9 and 9, Table 4), it can be observed that HF1110 polycarbonate homopolymer 

shows a lower interfacial shear strength, but also a yielding of the meniscus region 

is revealed leading to a shift of the maximum force occurring at higher displacements 

accompanied by stepwise debonding  or a “sudden drop” in the last part of the pull-

out sequence that should actually be determined by pure friction (see insert Figure 

9, red curve). 

The modification of PC by 4.9 mol% EDHB leads to an increase of the interfacial 

parameters when cured for 30s after fibre embedding (same procedure as with 

HF1110). After a curing time of 10 min, the fibres could not be pulled out of the 

modified PC matrix leading to fibre failure in the most cases (Figure 10).  



 

 

Finally, only nine single fibre model composites were appropriately tested (Figure 

10, insert) and contributed to the interfacial parameters. However, this leads to an 

obvious underestimation of the interfacial shear strength that was high enough to 

enable fracturing of all the other fibres (grey curves marked with x in Figure 9), which 

were therefore not taken into account for estimation of the actual interfacial 

parameters.  

Residual PC was observed on the fibre surface for the samples with functionalized 

polymer after 30 s and 10 min curing. Comparing results versus the pressed film 

fibres (part 3.2) the amounts seem less, which could be explained by the high 

pressure of impregnation (2 tons) during the formation of pressed films, where during 

SFPO preparation only embedding of the fibre in the melt leads to the formation of 

the interphase. Differences between these results and Tanaka et.al. [31], who 

reported higher interfacial shear strength numbers for the polycarbonate samples 

tested in their study, can be explained by the embedding length, type of fibres and 

measurement settings as described in their article.  

4. Conclusions 

Functionalization of the polymer backbone is a promising approach for improved 

adhesion between carbon fibre and matrix. In this work the use of the functional 

monomer ethyl-3,5-dihydroxybenzoate (EDHB), incorporated into the polycarbonate 

backbone for purpose of improved adhesion to carbon fibre, was studied. The 

thermally induced reactivity of this functional polycarbonate has been demonstrated 



 

 

using GC-TOF-MS (release of by-product) and molecular weight characterization 

(cross-linking) after exposure to a range of temperatures. The use of this reactivity 

for binding to carbon fibre has been indicated by microscope-ATR- FTIR imaging on 

pressed films, and is confirmed by single fibre pull out testing, showing an 

improvement in interfacial shear strenght and fibre breakage during testing for 11 of 

the tested samples, due to improved fibre-matrix interaction compared to non-

functionalized polycarbonate. 
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Table 1 - Overview of matrix modifications and micromechanical tests applied on CF / PC composites to increase and 
characterize the fibre-matrix adhesion by the interfacial shear strength (IFSS; the results represent the lowest and 

highest achieved value of investigated materials for each reference); *Mw=molecular weight, **SD=standard deviation 
 

matrix modification 
fibre matrix processing conditions testing method IFSS  
      
PAN-based CF with 
unknown sizing (12K, 
HTS40, Toho Inc. Corp., 
Japan) and self-prepared 
CF with epoxy sizing 

PC (Dongguang Plastic 
Film Corporation China), 
focusing on 
polycarbonate backbone 
transesterification 

 single fibre 
fragmentation test 

25.04 ± 1.08 MPa (not 
oxidized); 
47.53±1.23 MPa (15 min 
treatment time) 

[19] 

PAN-based unsized, but 
commercially surface-
treated CF Hercules 
Magnamite® AS4 

Bisphenol-A PC,  
pure grades: 
PC16 Mw 16,000 to 
PC65 Mw 65,000; 
 
Commercial grades: 
Lexan 141 PC 

 
 
250-300°C; 8-45 min;  
 
 
230-275°C; 15-30 min.; 137-
1378 kPa 

 
 
microindentation test 
 
 
single fibre 
fragmentation test 

 
 
20.2-48.3 MPa (9-15 % SD**) 
 
 
51.1-56.2 MPa (7-10 % SD) 

[27] 

Desized CF supplied by 
Tae-Kwang Co. (TZ-307) 

PC (Sam Yang Co. No. 
3022I) Mw 140,000; 
 
modified PC as coupling 
agents: 
water-dispersible 
(WDGP) copolymer with 
long polyacrylamide 
chains; 
tetrahydrofuran (THF) -
soluable graft copolymers 
(TSGP) with short 
polyacrylamide chains 

PC processing 240-300°C; 
treatment time and 
temperature with coupling 
agents: 5-120 min; 40-90°C 
 

single fibre 
fragmentation test 

Untreated: 25.3 MPa 
WDGP:      39.8 MPa 
TSGP:       42.8 MPa 

[29] 

PAN-based Panex 33,  
Zoltex Rt, 
electrochemical oxidized 

PC (Makrolon 2805, 
Bayer), MDI, TGIC, EPS 
and SAS coupling agent 

PC processing at 280°C, 
curing 24 hours at 120°C 

fibre fragmentation 
length 

Ranging from 21 to 28 MPa 
based on coupling agent and 
amount used 

[30] 

PAN-based CF tape, 
unidirectional spread 
(elastic modulus 
240GPa) 

Bisphenol A PC, AD5503 
(Mw 15,000) and K1300 
(Mw 30,000) Teijin 
Chemicals Ltd., Japan 

300°, 2Mpa, 90sec for 
consolidation. 

single fibre pull out 68.4 MPa (K1300) 
53.9 MPa (AD5503) 

[31] 



 

 

 

Classification: General Business Use  

Table 2 – GC-TOF-MS results of BPA homopolymer and EDHB containing copolymer 

 
 
 
 
 

 

Table 3 - Sample overview as prepared by compression moulding 

Sample Temp 
(°C) 

Time 
(min) 

Material Mw  

(g.mol-1) 
Pd 

1 200 1 PC105 59200 2.5 
2 300 1 PC105 58800 2.5 
3 300 10 PC105 56800 2.5 
4 325 30 PC105 55600 2.5 
5 200 10 8.6% EDHB 52115 2.8 
6 300 10 8.6% EDHB 53552 2.6 
7 325 1 8.6% EDHB 52513 2.8 
8 325 30 8.6% EDHB 70967 4.8 

 

Table 4 - Interfacial parameters and standard deviations received by SFPO 

PC matrix 

apparent 
interfacial 

shear strenght 
app[MPa] 

local 
interfacial 

shear 
strength 
d [MPa] 

interfacial 
frictional 
stress 
f [MPa] 

observation 

HF1110, 
curing 30s 

33.9 ± 9.1 48.0 ± 10.4 6.8 ± 2.4 
 

4.9% EDHB, 
curing 30s 

42.2 ± 9.0 82.4 ± 11.5 8.2 ± 1.5 
 

4.9% EDHB, 
curing 10 min 

37.6 ± 9.7 96.3 ± 17.6 8.3 ± 2.0 
11 fibres 

broke during 
testing 
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Figure 1 - Idealized structure of EDHB - BPA polycarbonate copolymer 

Sample 
Time 
(min) 

CO2 
(area/mg) 

Ethene 
(area/mg) 

PC105 10 8758 - 
PC105 30 9154 - 
4.9% EDHB 10 41532 5379 
4.9% EDHB 30 66785 11219 



 

 

 

Classification: General Business Use  

 

Figure 2 – Proposed reaction scheme of cross-linking EDHB copolycarbonate on 
thermal impulse. 



 

 

 

Classification: General Business Use  

 

Figure 3 - 1H-NMR spectrum of polycarbonate copolymer with 4.9 mol% ester and the 
enlarged aromatic area 

 

 

Figure 4 - Molecular weight results for 4.9 mol % (a) and 8.6 mol % (b), indicating 
reactivity above 300 °C. 
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Figure 5 - Wide-scan (left), high-resolution C 1s (middle) and N 1s (left) XPS spectra 
recorded from the unsized carbon fibre sample. 

 

Figure 6 - SEM images of fractured fibre surfaces after composites cryo-fracture of 
unmodified PC105 exposed to a) 200°C for 1 min, b) 300°C for 1 min, and c) 300°C for 

10 min; showing low adhesion in all cases 

 

Figure 7 - SEM images of fractured fibre surfaces of 8.6 mol % EDHB polycarbonate 
copolymer exposed to a) 200°C for 10 min, b) 300°C for 10 min, c) 325°C for 1 min 

and d) 325°C for 30 min, indicating improved adhesion when cured at higher 
temperatures and longer times. 
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Figure 8 - ATR-FTIR images (C=O peak area between 1800 and 1710 cm-1)  of fibre 
surfaces after washing, showing no response for sample 4 (a) and sample 5 (b), and 
clearly showing presence of polycarbonate like materials for sample 6 (c) and 8 (d). 

  

Figure 9 - Force-displacement curves (left) and SEM-image of a fibre with yielded 
meniscus region after SFPO on HF1110 (right) 

  

Figure 10 - force displacement curve of 4.9% EDHB copolymer (left) and SEM 
observation of a fibre surface after testing showing residual polymer (right)  


