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Abstract

Carbon fibre was recovered from a thermoset composite via a solwoaliocess and used as
reinforcement in low density polyethylene (LDPE). The oxidized recowa#dibn fibres have shown
better properties than original non-oxidized fibres. The best interactions behg&essmtinuous and
dispersed phases were found using 3-aminopropyl-trimetoxysitathexperimentally synthesized
polyalkenyl-polymaleic anhydride based polymers. The tensile strefjib prepared composites
nearly doubled when 3-aminopropyl-trimetoxysilane was used agatiifizer, in comparison to the
composites prepared without additives. Based on infrared analgsismical reaction has been proposed
between-COOH groups of compatibilizers and th®@H groups of the carbon fibre surface for the best

composites.
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1. Introduction
Plastics and polymer-based composites have become dominant structural materiateariaggi
practice, with worldwide annual thermoplastic production in excess of 300, ®It3]. Key sectors
utilizing polymers and composites include aviation, construction, phartigaesports, civil
engineering, automotive, packaging and medical devices. CarboiiGiByés one of the most widely
used reinforcements in order to improve the properties of plasticapptieation of CF reinforced
composites is increasing and the total demand of worldwide CF is at60r@DO0 tons per year [APne
of the most important benefits of CF reinforcement is the significargase in mechanical strength
However, the application of reinforcements can also cause disadvantages prgblem for recycling
(or re-use) of entbf-life composite plastic wastes. Hence, despite the numerous advantages afeeinfo
plastics, the sustainable recycling of fibre reinforced polymers is an edsaieblem.

Pickering [4] reviewed the recycling technologies for thermoset compoaitziats. They concluded
that in spite of the available processes, marketing and economic issthes mign difficulties affecting
the recycling of reinforced thermoset composite materials. Similar condusene reached in the
review published by Pimenta et al. [5], who gave a comprehensivgiew about the existing plants for
carbon fibre reinforced composite recycling, including the current sthidgsting and emerging
technologies and summarized the potential structural applications of reinforcpdsit@s. In addition,
Pimenta et al. [5] concluded that other non-technical and legislative issues rsobtduefor wider
application of recovered reinforcements.

The most investigated options for reinforced plastic recycling are mechastgaling, thermal
processing (thermolysis, pyrolysis, gasification, etc.) and BaigoDuring mechanical processing, the
wastematerials are ground and then reincorporated in thermoset or thermoplastic resmpmsites as
filler or partial reinforcement depending on the recovered fraction. It hasshggested that mechanical
recycling should be suitable only when the origin and compositicavofmaterials are known aifdthey
are uncontaminated [8]. Major issues with mechanical recycling include the formation of imméscib
phases and the chemical and/or mechanical degradation of both reinforcamaeptdéymer chains

Unfortunately, both issues are responsible for the significant deteriorétieshaped products obtained
from mechanical recycling. Generally, mechanical strengths decrease witbessent decrease in the

environmental/chemical resistance of mechanically recycled reinforced plastics [1-7



Thermal and thermo-chemical processes are another option for re@fal@igforced plastics [8-13].
Among these processes, pyrolysis, gasification and hydrothermal girgchave been investigated as
technologies for recycling of solid wastes, such as waste composite matenadsigriacarbon fibre
reinforced composites recycling using pyrolysis and hydrothlpnocessing can be potentially viable
because these processes are seen as cost effective at the.rRgrobysis involves heating the waste
material to elevated temperature (4 C) in the absence of air/oxygen, while gasificatiorz (@00

°C) can be used to convert the organic components of waste into G4} anthe presence alimited
amount of steam and air/oxyge#, 11-13]. Under hydrothermal processing, water is used as a solvent
[14-18]. The properties of water under hydrothermal conditions aredlifitim those of ambient water.
Some of these properties include much lower dielectric constant aret lnigtproducts compared to
ambient waterthereby giving water an apparent non-polar nature with the capability tdveissm-
polar organic compounds. Sometimes, the solvating ability of water the®r conditions can be
improved by the addition of organic co-solvents such as alcdliqlgd products of thermal processes
contain a variety of organic compounds depending on the polymer tgigheareaction conditions and
can be used as raw material for chemical synthesis and as feedstock iy fefipetrochemicals or
upgraded to fuels [15]

Depending on the fibre content of raw materials, thermochemical recgeingeld substantial solid
residues containing mostly the reinforcement matetalgther cost effective and high-value applicasi
of this solid fraction requires further investigation as someasiafments are known to be costlier than
the matrix (plastic) materials. Therefore, the recovery and re-applicatiemfifrcements obtained from
waste reinforced polymers appeansractical and attractive solution to this problem.

On the one hande-using recovered CF is also of practical interest, because the demand for CF is
currently higher than its production rate. On the other hand, theptieaton of recovered carbon fibres
depends on their mechanical strength and the improvement of interfac@abietween the matrix
material and the reinforcement surface. In practice, several methods are atgié\te better interfacial
forces and decrease the interfacial tension. Furthermore, weak orgarie.gcatetic acid) solution or
even alkali chemicals (e.g. NaOH, KOH) are also widely used for chemical modificafibrecgurfaces
[18-27]. Most often, organosilane compounds, MA-grafted orgariig &cid derivative, MA-grafted

petroleum based polymers (e.g. MA-g-HDPE, MA-g-PP, etc.) are used @mgagents or



compatibilizers 21,22,27]. The surface of polymer composites and compatibilizer efficiency could be
also modified by oxidative effect [28].

In this work, recovered carbon fibre obtained from solvothernwadgssing of waste carbon fibre
reinforced plastic6CFRP) was used as a reinforcement material from the production of reidflonee
density polyethylene (LDPE). The recovered CF was applied directlyidized in air prior to its
application. The recovered CF was blended into the polymer matrix usingereral and

experimentally-synthesized additive or compatibilizers.

2. Materialsand M ethods

2.1. Recovery of carbon fibre obtained from composite plastic waste

The waste CFRP sample was made of woven carbon fibre on a reisinisvhsed for making vehicle
interiors. The CFRP sample used in this study was obtained from I@i#idzbn Ltd, UK who recovers
carbon fibres from endf-life vehicles including automobiles and aircrafts. Thermogravimetric analysis
of the CFRP sample revealed that it consisted of 61.5 wt% carbon fib88 &n% resin. The resin was
found to be of a polybenzoxazine backbone (a phenolic-type therrfildgef)y he elemental (CHNSO)
composition of the CFRP was; 80.3% carbon, 2.05% hydroge¥, &x9gen, 4.15% nitrogen and 1.65%
sulphur. The procedure for the recovery of the CF from the waste CFRP hapriee@usly described
[15]. Briefly, 10 g of the CFRP sample was loaded into a 500 ml itsydseirothermal reactor, along

with 50 ml ethylene glycol and 10 ml distilled water. This combinatiomaiér and ethylene glycol gave
up to 96 wt% resin removal [15]. Figure 1 shows the SEM imagteotcovered carbon fibres
However, the SEM images show that the surfaces of the recovered CEowered by char residue,
which agreed with the work of Wong et al. [29]. Therefore, &igroof the recovered CF was further
cleaned by oxidizing in air at 250 °C for 1.5 h. Both the oxidizednamdoxidized recovered CF samples

werere-used to make reinforced plastics in this work.

2.2. Materialsfor reinforced L DPE composites
The aimof the current work is to investigate the possibility@fising recovered CF reinforcement in
making new composite materials, such as reinforced LDPE (low densjfyrppylene). For this

purpose, the recovered carbon fibres have been used as reinforcevirgim itommercial LDPE



(Bralen RB 2-62, Tisza Chemical Group Public Limited Company, Eiy)gPrior to the composite
manufacturing, the matrix polymer was characterized as follows; the LDPELHaMPa, 7.5 MPa and
18.2 kJ rif tensile strength, and flexural strength and Charpy impact strength, threslye@he melt-flow
index was 2.2 g per 10 min (at 190°C, 2160 N), while the teasdelexural modulus were 348 MPa and
495 MPa, respectively. The tensile extension at break of matrix materidb&8s without

reinforcement.

For reinforcing, three different kinds of carbon fibres have beed: wuscovered non-oxidized C&sfvas
obtained from solvo-thermal processing of waste CFRP), recovrididenl CF and commercial un-sized
CF (PANEX®33). The commercial CF has 3800 MPa tensile strength, 228 GPa tensile macBigs

cm? density and approximately 7\&n diameter. In addition, the mechanical properties of the recovered
CF were measured. The recovered CF has tensile strength, tensile moduessity 03904 MPa, 211
GPa and 1.75 gm®, respectively.

A loading of 15 wt% carbon fibre have been added into the virgin LID&fEX in each case. Different
surface modifying/coupling agents were tested to achieve stronger interdacéd-fand advanced
mechanical propertiesbetween the reinforcements and LDPE matrix. The main properties of th
coupling agents/additives are summarized in Table 1.

In this study, two commercial and two experimental coupling adreevs been used. The two commercial
additives were, the mostly used silane type and MA-grafted-polymdg thiei CFA-1 and CFA-
experimental additives were polyalkenyl-polymaleic-anhydride derivatives,esipgld at the University
of Pannonia. The applied concentrations were 1% for the commercial additi@pdodthe

experimental additives based on cost considerations, as the 2% concentrationiofegtpkeadditives

had been found to be more cost-effective than 1% of the commercial ad@idj In addition, additive
concentrations were set according to preliminary experiments anidyusueadditive concentrations are
required. Based on earlier results, improved properties were obsergenposites made of 2%
experimental additives, while application of 1% commercial additive had showmoteadvanced

econo-mechanical properties [23].

2.3. Preparation of recovered carbon fibre reinforced L DPE composites



For composite manufacturing, a laboratory two-roll mill (Lab Tech LENI10/T3E, Labtech Ltd,
Thailand) was used. 15% carbon fibre was added into the virgin LDPE ica&sehThe temperatures of
the rolls were 180 °C (first roll, n=20 rpm) ah80 °C (second roll, n=8 rpm). Firstly, the LDPE was
placed on the heated rolls and then the reinforcement was added tog#tletditives to the molten
polymer. Following the composite preparation, they were ground into partitledimensions up to
5mm using a laboratory grinder. Then 100mm x 10mm sheetswress-moulded at 180 °C using 5,000
psi pressure and then specimens with dimension of 1mm x 10b@@mm were cut from the carbon

fibre reinforced LDPE composite sheets for further testing.

2.4. Testing the properties of reinforced L DPE composites

Composite samples have been characterized in retatibeir mechanical properties (tensile, flexural
and impact properties). The mean value of each property has bedatedlbased on fivparallel
independent measurements. Tensile properties were determined usingoen3845 universal tensile
machine using 90 mm mifrcrosshead displacement rate. The fast cross head speed chosen fokthis wor
had been used previously in preliminary experiments and theraffowed comparison of the results
obtained from this present study and the preliminary experiments. Dherigdts, the ambient
temperature was 23 °C, and the relative humidity was 35 % in all cases. Preloaslingt\&pplied. The
three point flexural tests were performed by also the before mentionexhl88%5 universal tensile
tester. The crosshead displacement rate was 20 mthimail cases.

A CEAST Resil IMPACTOR was used for Charpy impact strength memsurte The machine was
equipped with a 4J hammer, while the specimens were not notched.

To identify the physico-chemical structure of samples, analysis was carried ootratemperature with
Fourier Transform Infra-Red (FTIR) spectroscopy fitted with an Atéed Total Reflectance (ATR)
accessory (Ge crystal). The experiments were conducted on a TENSOpe HFtR-ATR. The uniform
number of 32 scans with resolution 3'tmas maintained in all cases. In addition, a scanning electron
microscope (SEM) (LEO 1530) and a transmission electron microscope) (FEWITecnai TF20) were

used to study the surface morphology of the carbon fibres.

3. Results and discussion



3.1. Fibre/ash content analysis of manufactured composites

Regarding the effect of the additives and carbon fibres, the real fibre/asht @mtérs distribution
inside the composite is a crucial question. Therefore the fibre/ash contemeasisred by MSZ EN ISO
3451-1:1999 method. In this method, the fibre/ash content of compoattrials can be obtained by
taking measurements at nine independent points over the composite &abgiter understand the
average fibre content of specimens. Crucially, results demonstrated thatithgeafibre/ash content of
the reinforced composites was between 14.3% and 15.2%, while the dewiaidetween +0.2% and
+0.6%. Thus, results confirmal that the uniform loading of 15% carbon fibres unto the LDPE was

accurate and successful.

3.2. Mechanical properties of composites

3.2.1. Tensileand flexural strengths

Table 2 summarizes the tensile and flexural strength of commercial norcaibed fibre, non-oxidized
recovered and oxidized recovered carbon fibre containing LDPE compdsitemean values of the
properties were calculated based on five parallel measurements and thedsemidion (SD) is also
included in Table 2. It is clear that the RSD% values ((SD/Mean)*100) valueslvbetow 10% and
less than 5% in most casés general, it can be seen that the commercial carbon fibre and recovered
carbon fibre composites did not differ significantly without the presehtiee additives (without any
surface modifications): the tensile strength was between 12.7 MPa (coaljreend 17.4 MPa
(oxidized), while the flexural strength were 7.5 MPa (non-oxidized)MPA& (oxidized) and 8.0 MPa
(commercial). It is important to note, that the virgin LDPE matrix had 11.4aB&.5 MPa tensile and
flexural strengths, respectively. The results suggest that the tensigtgropuld be improved by the
application of non-surface modified carbon fibre and the best resultsauere by the application of
commercial 3-aminopropyl-trimetoxysilane. For instance, the tensile anddlesttength increased to
23.5 MPa and 16.9 MPa, respectively, using 15% non-sized commercialitbFegpect to the two
experimentally-synthesized additives, CFA-2 resulted in higher compositgtesehan CFA-1. By
reinforcing the LDPE with commercial CF, the tensile strength of the reeddtDPE composite was

20.1MPa with the CFA-2 coupling additive, while it was only 15.2 MiRa the CFA-1 additive



In general, LDPE composites containing commercial CF gave higher stréragttihe other two kinds of
recovered CF when the silane-type commercial additive was used. In othetlwmsagdized recovered
CF appeared to give better performance that the commercial CF and the naaebaite. Therefore,
lower tensile and flexural strengths were obtained from the use adxidized recovered CF compared
to the commercial CF. It @nimportant observation that neither tensile strength, nor flexural strength
could be improved by chemical modification of the surface of theomatized recovered CF. Indeed, the
use of the additives (coupling agents) led to a lowering of both tendiliéeanral strengths for the non-
oxidized recovered CF compared to the properties of the oxidized recovergéteConly exception was
seen where the non-oxidized recovered CF gave higher tensile and fl¢rargils compared to
commercial CF in the presence of grafted-MA. This result could be attribufebtarable surface
properties of recovered CF for anhydride or carboxyl groups presenatfiadciMA.

Itis also clear from the results in Table 2 that the surface properties of et@fecould be
significantly improved by oxidation. As mentioned earlier, the surfatieecorecovered reinforceme@F
was generally covered by char residue [28] which could be wnfable chemical groups for strong
interfacial interactionSuch chemical groups could act as a barrier, thereby giving weak intesatizd
could not be improved by the coupling agents investigated in this Results shoed that the
unfavourable chemical structure of the CF could be modified by oxida&gmause better chemical
and/or physical linkage was established between the oxidized recovered Cfceenefot and the LDPE
matrix. For instance, after oxidation, the tensile strength increasedy38%6, 62% and 135% by the
application of oxidized recovered CF compared to non-oxidized CF after theatipp of 3-
aminopropyl-trimetoxysilane, grafted-MA, CFA-1 and CFA-2, retipely.

Table 2 also summarizes the tensile and flexural modulus of the cibergpescimens. The modulus is a
widely used parameter for constructional material characterization, because itoréfierstiffness of
material. According the results, the LDPE composites with commercial CRlgatéghest modulus

values and better results were obtained from the recovered CF after oxidizing.

3.2.2. Elongation at break
The elongation at break was calculated by the change in specimenidmianglationto the same

dimension of the original specimen (TableRgsults demonstrated that the presence of carbon fibres



significantly decreased the elongatipfts example the matrix LDPE had 155% relative tensile
elongation at break, which decreased to 2.37%.f&2 the commercial carbon fibre reinforced
compositesTherefore the data shavat the reinforced composites were much more rigid, than the virgin
LDPE matrix. Commercial CF, non-oxidized CF and oxidized recovered CB.Raéb, 4.07% and

4.10% relative elongation at break. Similar results have also been obtained hylitatiap of 3-
aminopropyl-trimetoxysilane (2.37-4.01%) and grafted-MA (3.68R2%). Interestingly, the commercial

CF coupled with the two experimental additives had elongations of 4.04%884, while considerably
higher values have resulted in the case of both recovered CF sampldsevsifime additives (6.43-

6.72%). Furthermore, the non-oxidized CF containing LDPE compdeites little higher relative

elongation than that of oxidized CF.

3.2.3. Charpy impact strengths

Besides tensile and flexural properties discussed abmeesistance against dynamic stress is one of the
most important mechanical properties of polymers. Generally, impact steamgtive some predictions
regarding specimen resistance against dynamic load. Table 2 showstpyg {tnpact strength of carbon
fibre reinforced LDPE composites. According to the earlierlrgstine matrix LDPE rth18.2 kJ nf
Charpy impact strength without reinforcement, which increased to2®®and 26.7 kJ fhusing the
commercial CF, non-oxidized recovered CF and oxidized recoverga§jiectively without any surface
modification. Additives were favourable only in the case of thersernial CF, because the impact
strength LDPE composites containing commercikcBanged from 22.9 kJ Ai{CFA-1)to 32.6J m? (3-
aminopropyl-trimetoxysilane). The application of recovered CF resultiedtiar impact propees than
that of commercial CF without additives, whereas when coupling agents werthedddPE composites
with commercial CF gave the highest impact strength. The tested couplingesiddivd notably
increase the impact strength of commercial CF-containing compositesthannecovered CF (both
oxidized and non-oxidized) containing specimens. Although, the diffesein the results for both
commercial and oxidized CF were small, this could be attributed to the enhanmexfde surface
properties of commercial CF. The impact strength of composites without coaglilitiyes could be
increased only in two cases: applying commercial 3-aminopropygtvixgsilane in the case of oxidized

recovered CF and CFA-2 experimental additive in the case obxidized recovered CF.



3.3. FTIR analysis

In order to investigate the theoretical coupling reactions, the manufactubed ¢ilre reinforced LDPE
composites were also analysed by FTIR-ATR. The spectrum of eaghesshows many similarities
between samples (Figure 2). For example, typical infrared spectds teme found between 3000 and
2800cm’, where symmetric and asymmetric vibrations of both methyl and methylemesggave sharp
and intensive absorption bands. The next significant signals occurregbatmi4and 126G,
According to literature data, the peak at 146%3amas likely caused by C-O-H bending vibration of
carboxylic acids and its derivatives, while the infrared signal at &é@BQreferred to the presence of C-
O-C chemical linkage. Similar sharp, well isolated infrared bands were reardi&60 crit and 1015
cm™. It is also well known that both infrared absorption bands should be attrioutesl presence of ester
or even ether groups. In addition, the very sharp and strong &ibedsand at 72@m™* showed p(CH,)

vibration.

3.4. Proposed L DPE-Additive-Carbon fibre ester linkage mechanism

By comparing the infrared results, it can be seen that especiallptéhsities of hydroxyl group-related
bands have changed significgntrigure 3 shows the values of intensities of the infrared pegKl(lo))

at 1260cmi’. Higher values of log (I§) at 1260cm™* refer to more ester groups in the molecule,
indicating bonding in the composites. Results of calculations referrificignt differences among the
reinforced LDPE composites. Namely, the highest log) Wlues were found in the case of samples
made using the commercial carbon fibre, while the lowest were found nmirgxidized recovered CF.
However, better results were shown by oxidized recovered carbon fibnethéhariginal recovered CF.
It is important to note that a very similar tendency was found in tleeatabe infrared peaks both at
1100 cm' and 101%m*. According to this mechanism, the formation of more ester groupsythe
coupling was probably the cause of the higher values of Iy (I/1

Comparing Figure 3 with the results of mechanical testing (e.g. téesf)eit is also clear that better
mechanical tests corresponded to higher log(lues. Generally, it could be also concluded that the
lowest values of log (I§) was obtained when non-oxidized recove@¢iwas used. However, those lower

values could be significantly improved by the post-recovery oxidatiocedure. Presumably, favourable



surface properties were obtadifor the formation of chemical linkage between the additives and
oxidized carbon fibreespecially via ester group formation.

The coupling effects of the silane-based and MA-grafted polymer typpatibilizers are well known. It
has been described, that 3-aminopropyl-trimetoxysilane can link to thgrddids on the carbon fibre
surface via th&i-O-fibre chain [22, 27]. It suggest that the two other Strand Si-(CH)s-NH,

chains are free, and can participate in strong chemical linkage with the mBi&. In essence, the
carboxyl groups of MA-g-polymer type compatibilizers are able to chemicakydithe -OH groups on
the carbon fibre surface, while the long polymer side cbamphysically interact with the nopelar

LDPE matrix. Based on this theory, the two experimental additives cdveew similar coupling
mechanism. The applied experimental additives were low molecular weightgrslywith average
molecular weightsf 30005000g mof'. Based on the infrared results, the proposed reaction scheme of
coupling is summarized in Figure 4. In the structure of the compatibileach, monomer unit contains
an anhydride ring withCO-O-CO- chemical linkage. Another anhydride ring can react to produce an
ester or half ester-type structure. H&O-O-CO- chemical bonds were able to function as carboxylic
acids. The possible chemical reactions between the experimental additive amdfiteiebshould be
through the reactions of the aforementior€DOH groups of compatibilizers and th®H groups of the
carbon fibre surface. However, the most likely interaction betweemvthexperimental coupling
additives and the LDPE matrix was physical. As Table 1 demonstrates, owleghalf ester structure of
CFA-2 experimental coupling ageittcould contain more carboxylic groups than the CFA-ladditives.
This could be the reason that the CFA-2 additive could establish more chemidsiviith the carbon

fibre than the CFA-1 additive, as demonstrated by the mechanical testssitudlyis

6. Conclusion

Carbon fibre reinforcement has been recovered by solvo-therntagsing of waste carbon fibre
reinforced plastic material. The recovered carbon fibres have been rasussadforcements in LDPE
polymer matrix in their oxidized and non-oxidized forms. It can beloded that the oxidized carbon
fibres showed better properties than the original non-oxidized samplsuiffaees of the recovered
carbon fibre were modified by different chemicals, and the most addaroperties were found when

commercial silane-based and CFA-2 experimental additive were used. Essehgaiinsile properties



could be improved by the two aforementioned additives. Based orethi@aalysis, chemical reactions
between the experimental additives and carbon fibre are proposedhimugh the reactiomnd the—

COOH groups of compatibilizers and th®@H groupson carbon fibre surface.
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Figure 1. SEM images of [A] Virgin; [B] Un-oxidized recovered; [C] oxidized recoveret@arfibres
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Figure2: FTIR spectra of manufactured composites (A: without additive, B: C&-MA-g-HDPE, D:

CFA-1, E: CFA2)
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Table 1: The main properties of surface treating agents

SampleID  Appearance Chemical structure Supplier/Source M ,/M,
CH,
0< Idrich
Transparent o Aldric
CA-1 o g s T gy , 179
liquid 0/ Chemistry
\CHG
wag sow <k
HDP?E at ol \ o “h Viba Spa n.a.
granulates
o
[ oy Experimentally
Yellow, [ g ] _
_ T 5 ] [ § J synthesized at
CFA-1 honey-like loc co o o< co R ] . 7150/6520
- o T b N University of
dense liquid i ] _
R & Pannonia
( cH, ( Experimentally
\
CEALD Yellow, { L | ¢ }HL | ¢ }n,} synthesized at 6345/5190
solid N University of
R, Pannonia




Table2:

The average values of tensile, flexural properties and Charpy impact stnétigtitandard

deviations
Without  3-aminopropyl- MA-g- i i
additive  trimetoxysilane = HDPE CFRA-1 CFA-2
Tengle | Commercial CF 157 0.6) 235(0.2) 132(0.3) 152(0.4) 20.1 (0.6)
srength,  Non-oxidized CF 155 4y 9.9(0.5) 147(04) 7.7(02) 8.1(0.2)
MPa  Oxidized CF
17.4 (05) 102(0.3) 203(0.6) 125(0.7) 189 (0.4)
- Commercial CF 355 (0.12) 4.01(0.06) 3.64(0.25) 4.04(0.11) 488(0.14)
ongation _axidi
ot bronk oy NOMOXidiZed CF -y 67 0 25) 237(0.17) 4.52(0.09) 6.66 (0.17) 6.72 (0.11)
Oxidized CF 4.10 (0.09) 3.08(0.14) 4.44(0.10) 6.57 (0.09) 6.43 (0.08)
Tengle  Commercial CF 515 4 1150 (49  541(38  451(28) 971 (66)
modulus, Non-oxidizedCF 559 3 47935  549(26) 41009  484(39)
MPa  Oxidized CF
663 (48) 966(5)  899(35)  509(33) 912 (45)
Floura  Commercd CF g6 0.2) 167(0.7) 62(0.7) 6.5(0.9) 119(0.8)
strength,  Non-oxidized CF 7 5 4y 89(0.3) 7.0(05) 43(0.2) 4.6(03)
MPa  Oxidized CF
7.9(0.7) 154(0.8) 117(0.9) 6.1(0.3) 158(0.9)
Flora  Commercid CF o gg1 (36) 141559  724(42  648(25 1118(73)
modulus, ~Non-oxidized CF 2649 ) 543(31)  591(26)  499(17)  621(41)
MPa Oxidized CF
755 (51) 1511(62) 101568  647(30) 1442(37)
_Charpi/ Commercial CF 19 g (g 6) 32.6(0.3) 232(04) 22.9(0.4) 26.6(0.3)
Impac —oxidi
stref’]gth, Non-oxidized CF 53 1 (g 4 212(05) 208(0.7) 22.2(0.2) 24.2(0.4)
ka/m®  Oxidized CF 26.7 (0.2) 28.2(0.4) 21.7(0.3) 16.3(0.2) 25.7(0.5)




