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The results are presented of studies on the effect of electrochemical oxidation of carbon fibers 
(CFs) in 1 mol-dm -3 HzSO 4 on their thermal decomposition in air. 

The resistance to oxidation of the as-received fibers increases with increasing ordering of their 
internal structure, characterized by the interlayer spacing doo 2 of the graphite crystallites. 

After anodic oxidation, the resistance to oxidation of CFs in air is markedly decreased. It is 
shown that in the course of anodic polarization of CFs with a current density of more than 
5 A. m-  2, the regions of the material with highest ordering convert to graphite oxide, which is 
hydrophilic and thermally unstable. 

The chemical and physical nature of carbon fiber surfaces plays an important role 
in their reactivity during their high-temperature use in corrosive environments. 
Various physical and chemical methods have been used to examine the structure 
and surface of the fibers [1]. 

The surface oxidation of carbon fibers has been proposed as a means of 
modifying or studying their surface properties and internal structure [2-9]. Anodic 
oxidation allows the most accurate maintenance of the required oxidation 
conditions and easy control of the process rate. Most examinations of the 
electrochemical oxidation of carbon fibers had the aim of producing a physical and 
chemical modification of their surface that would ensure the removal of some of the 
surface defects and at the same time generate surface functional groups [3, 5, 6, 8, 
10]. For this reason, the anodic oxidation of carbon fibers was conducted under 
mild conditions which did not lead to essential morphological changes o f  their 
surface. The intense chemical or electrochemical oxidation of carbon fibers brings 
about a mass loss and produces surface etching or splitting [1, 7, 9]. These processes, 
in acidic media, are often accompanied by conversion of the surface graphite 
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crystallites of the carbon material into graphite oxide [2, 5, 7, 9]. Graphite oxide is 
known to be a lamellar thermolabile and somewhat nonstoichiometric 
substance [11]. 

A knowledge of the resistance of carbon fibers to oxidation, in a broad range of 
temperatures, is essential for an assessment of the possibility of their application in 
different composite materials. 

The aim of the present work is to study the effects of the structure and 
electrochemical oxidation of carbon fibers on their thermal decomposition in air. 

Experimental 

Samples 

Six types of carbon fiber were investigated; these are tabulated in Table 1, 
together with the values of their physical properties. The carbon fibers K 1, 
B-l-1820, B-1-2200 and B-1-2800 were produced in Poland, on a semicommercial 
scale, from polyacrylonitrile. K-1 was manufactured in a periodic process with a 
weak tension of the fibers during carbonization. B-1-1820 was obtained in a 
continuous process with a strong tension of the fibers during carbonization. 
B-1-2200 and B-1-2800 were obtained by heat treatment of B-l-1820 at 2200 K 
and 2800 K, respectively. Grafil XAS (HP) and Celion carbon fibers are 
manufactured by Hysol Grafil Ltd. and Celanese Co., respectively. 

The sizing was removed from the commercially surface-treated carbon fibers by 
extraction with boiling acetone and next toluene, followed by distilled water 
extraction. 

Table 1 The mechanical and physical properties of carbon fibers 

Tensile Young's Interlayer Temp. of half 
Kind of Diameter strength, modulus, Elongation, spacing, decomposition, 

carbon fiber aT*, gm GPa GPa % a7oo2, nm T1/z, K 

K-1 8.3 1.13 195 0.68 0.360 830 
B-I-1820 7.8 3.10 215 1.63 0.351 905 

**B-1-2200 7.6 2.60 250 1.50 0.349 960 
**B-1-2800 7.6 1.15 350 0.70 0.344 990 
Grafil 
XAS (HP) 6.8 3.58 221 1.65 0.348 970 
Celion 6.7 3.10 224 1.77 0.348 940 

* Standard deviation 0.404).50 gm 
** Heat-treated in the laboratory. 
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The average interlayer spacing dooz in the studied carbon fibers was determined 
from the 002 X-ray diffraction line by using CuK~ radiation and an AI filter. The 

fiber axis was perpendicular to the X-ray beam. TheT602 values of  the studied 

carbon fibers are listed in Table 1. 

Electrochemical oxidation 

Electrochemical oxidation of carbon fibers was carried out in a standard three- 
electrode measuring vessel. A bundle of  ca. 3000 filaments, 10 cm long, was used as 
the working electrode. The filaments were tied together with platinum foil, which 
served as a current connection. A platinum plate of 4.20 cm 2 constituted the 
counter electrode. A saturated calomel electrode was used as the reference 
electrode. Oxidation was carried out in a sulfuric acid solution of 1 mole. dm-3  
concentration. The constant polarization current was ensured by the PG 30/1 
potentiostat. After electrochemical treatment, the fibers were carefully rinsed in 
double distilled water and dried at 320 K in vacuum. Next, they were kept in a 
desiccator at 293 K over concentrated (d2o = 1.84 g" cm -3) sulfuric acid. 

Thermal analysis 

Thermal analysis curves (TG, D T G  and DTA) were obtained for as-received 
carbon fibers and for the electrochemically oxidized ones. The Q-1500 D MOM 
derivatograph, was used. The measurements were made on 50-60 mg samples, 
heated over the temperature range 293-1200 K in a dynamic air atmosphere. The 
heating rate was 5 deg" min-x. ~_A1203 was used as the reference material. 

Results and discussion 

The mechanical properties and average interlayer spacings (~002) of  the tested 
carbon fibers are given i n Table 1. From these data it follows that the K-1 fibers 
have a strongly defective internal structure with poorly developed graphite 
crystallites. The B- l -1820 fibers have a better ordered internal structure, which is 
reflected by the much higher tensile strength. These results are in agreement with the 
results of earlier studies on the surface morphology of  these fibers [9]. After thermal 
treatment of the B-1-1820 fibers at 2200 K and 2800 K, the ordering of  their 
crystalline structure improved further and the increase of Young's modulus took 

place at the expense of a decrease in the tensile strength. The B-1-1820; B-1-2200, 
Graphil XAS (HP) and Celion fibers have high tensile strength, while B-1-2800 has 
a high modulus. 

J. Thermal Anal. 35, 1989 



2 2 2 8  N E F F E :  T H E R M A L  A N A L Y S I S  S T U D I E S  

Thermal analysis of as~received carbon fibers 

Thermogravimetric (TG) and differential thermal analysis (DTA) curves 
obtained in the course of heating of as-received fibers are shown in Fig. 1. From the 
shape of  the TG curves, we see that distinct oxidation of the tested fibers begins only 
above about 800 K. K-1 constitutes an exception here, since its slow oxidation 
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Fig. 1 The rma l  analysis  curves  of  different types of  ca rbon  fibers: 1 - K - I ,  

3 - B-1-2800,  4 - Celion,  5 - B 1-2200 and  6 - Grafi l  XAS (HP) 

2 B-1-1820,  

starts at 400 K and its rapid combustion begins at 690 K. From the shape of the TG  
curves, it can be concluded that the susceptibility to oxidation of the carbon fibers 
decreases with the degree of  ordering in the material, characterized by the 
parameter doo 2 . This becomes obvious if we consider the fact that highly ordered 
graphites are more resistant than amphoteric carbons to various oxidizing agents 
[2]. Among the tested carbon fibers, the high-modulus B-1-2800 was most resistant 
to oxidation, which is due to the high ordering of its internal structure generated in 
the course of thermal treatment. The half decomposition temperatures of  the 
studied carbon fibers are given in Table 1. 

The DTA curves (Fig. 1) of all the tested carbon fibers (with the exception of 
Celion reveal two exothermic maxima in the temperature range up to 700 K. This is 
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probably due to the heterogeneous skin/core type of the tested carbon fibers [9]. The 
skin of the fibers consists of well-developed graphite crystallites arranged parallel to 
the fiber axis, while the core is characterized by a much poorer random ordering of 
the crystaUites [1, 12]. 

Thermal analysis of electrochemically oxidized 
carbon fibers 

Depending on the density of the applied polarization current, the electrochemical 
oxidation of carbon fibers produces changes in the chemical condition of the surface 
and the generation of surface layers of graphite oxide. The latter process proceeds in 
acid solutions at high current densities, the thickness of the graphite oxide layer 
depending on the electric charge passed through the fiber [1, 2, 9]. Figure 2 presents 
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Fig. 2 Thermal analysis curves of B-1-1820 carbon fibers electrochemically oxidized with different 

electric charges: I-as-received, 2 - 1 0 0 C . g  -1, 3 - 2 3 0 C . g  -1, 4 - 1 0 0 0 C - g  -1 and 
5 - 5000 C.g  -1 
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the T G  and DTA curves obtained for B-1 1820 carbon fibers oxidized 
galvanostatically at a polarization current density of 5 A. m -  2. The charge passing 
through the fibers.was controlled by the duration of  polarization. The TG  curves in 
Fig. 2 show that the resistance of  the fibers to oxidation in air decreases strongly 
with increasing charge of  polarization. A qualitative change occurs in the character 
of  the T G  and DTA curves when the carbon fibers are oxidized with a charge of 
more than 500 C . g - 1  (curves 4 and 5 in Fig. 2). 

Figures 3 and 4 depict thermal analysis plots of K-1 and B-1-2800 carbon fibers, 
respectively, oxidized anodically with an electric charge of about 1000 C. g-  1 and 
5000 C. g - 1, respectively. The T G  curves of  the carbon fibers oxidized in this way 
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Fig. 3 TO, DTG, DTA and T curves of K- I  carbon fibers electrochemically oxidized with an electric 

charge of about 1000 C- g- 

exhibit three distinct inflection points, which correspond to three steps of thermal 
decomposition of the tested materials in air. The mass loss percentages in the 
successive steps for carbon fibers oxidized with an electric charge of  about 
1000 C . g  -1 or 5000 C ' g  -1 are given in Table 2. 

In the first step (293-473 K), the loss in mass is due chiefly to the evaporation of 
water strongly chemisorbed on the surface and intercalated inside the material, and 
also to the decomposition of  the unstable graphite oxide. The thermal effect of 
graphite oxide decomposition is visible in the DTA curves (curve 5 in Fig. 2 and the 
DTA curve in Fig. 4) for B-1 1820 and B 1-2800 carbon fibers, in the form of a 
weak maximum in the range 373-450 K. Similar effects of exothermic decom- 

J. Thermal Anal. 35, 1989 



NEFFE: THERMAL ANALYSIS STUDIES 2231 

60 

, 

< I0~~ 573 673 773 873 
Temperature, K 

Fig. 4 TG, DTG, DTA and T curves of B-1-2800 carbon fibers electrochemically oxidized with an 
electric charge of about 5000 C- g-  

Table 2 Thermal analysis data on electrochemically oxidized carbon fibers 

Weight loss, % 
Anodic charge, 

Kind of carbon fiber C.g_ 1 Step 1 Step 2 Step 3 

293-473 K 473-750 K 750 K 

K-1 1000 21 39 40 
B-l-1820 5000 40 50 10 
B-1-2200 5000 32 45 23 
B-1-2800 5000 30 41 29 

Grafil 
XAS (HP) 5000 28 50 22 
Celion 5000 26 47 27 

position of graphite oxide have been observed for various kinds of graphites 
oxidized chemically [13-16] and for glass-like carbon oxidized 
electrochemically [17]. 

The second step of thermal decomposition of oxidized carbon fibers proceeds in 
the temperature range 473-750 K; in this step, the graphite oxide produced in'the 
course of anodic polarization of the carbon fibers reacts with oxygen. The higher 
the electric charge passed through the oxidized fibers and the greater the degree of 
ordering of the inner structure of the material, the greater is the mass that converts 
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to graphite oxide. In the temperature range considered, we see a well-developed 
exothermic maximum in the DTA curves. 

The third step of thermal decomposition of electrochemically oxidized carbon 
fibers proceeds above 750 K and consists in the oxidation of carbon not converted 
to graphite oxide in the electrochemical process. This relates primarily to the fiber 
cores not converted to graphite oxide due to the poorly developed internal 
crystalline structure. The phenomenon of the selective conversion of carbon 
material with varying degrees of graphitization [18] and of various types of carbon 
fibers [7, 9] to graphite oxide has been noted in earlier works, on the basis of 
oxidation kinetics studies [18] and observation of the morphologic changes of the 
surface [7, 9]. 

Conclusions 

Thermal analysis of as-received and electrochemically oxidized carbon fibers 
provides considerable indirect information about the internal and surface 
structures, as well as about the degree of oxidation of the material. Electrochemical 
oxidation in a 1 mol. dm- 3 sulfuric acid solution with an electric current density of 
5 A. m-  2 and a charge of more than 500 C. g- 1 produces conversion of the best- 
ordered regions of carbon fibers to graphite oxide. The degree of this conversion 
depends on the internal structure of the material and on the electric charge passed 
through the carbon fibers. 

The thermal decomposition of anodically oxidized carbon fibers in air may be 
divided into three steps: (i) 293-473 K: evaporation of strongly chemisorbed and 
intercalated water, and exothermic decomposition of graphite oxide; 
(ii) 473-750 K: combustion and thermal decomposition of graphite oxide; 
(iii) >750 K; combustion of carbon not-converted to graphite oxide in the 
electrochemical process. 

The thermal decomposition of electrochemically oxidized carbon fibers proceeds 
in a similar manner to that of electrochemically oxidized glass-like carbon [17]. 

The author is indebted to Miss Lucyna Hrynczyszyn for experimental assistance during the 
derivatographic measurements. This study was carried out with support from Government Research 
Programme 0 I. 15. 
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Zusammenfassung-- Es werden die Ergebnisse einer Untersuchung tiber den Einflu1311~r elektrochemi- 
schen Oxydation yon Kohlefiber (CF) in 1 molarer H2SO, auf dessen thermische Zersetzung in Luft 
dargelegt. Ihre Oxydationsbestiindigkeit wiichst mit steigender innerer Strukturordnung, charakterisiert 
durch den Zwischenschichtabstand d0o 2 zwischen den Graphitkristalliten. Nach anodischer Oxydation 
ist die Oxydationsbestiindigkeit yon CF in Luft deutlich niedriger. Es wurde gezeigt, dab sich die 
Materialregionen mit der geordnetsten Struktur im Verlauf der anodischen Polarisation von CF mit 
einer Stromdichte von mehr als 5 A ' m  -2 in hydrophiles und thermisch instabiles Graphitoxid 
umwandeln. 

PesmMe - -  I[pe21cTag.rlenbi pe3yJIbTaTbI Itcc~e~IoBanH~I B.I/H~IHH~I aa~TpOX~IMHqecI~oro oKHcJlerma 
FpadpHTHbIX BOYlOKOn B pacTBope 1 M cepHofi KHCJIOTbI Ha HX TepMI4qecKoe paaaoxenae a aTMOCdpepe 
•oaayxa. Ycxofi,m~ocxL K OrHC.rlenHio HCXO~HbIX BO.qOKOH yBe.rlHtlHaaeTc~l C yBe.rnaqeHneM 
ynop~oqemla nx ~nyTpeanefi cxpy~xypla, xapa~xepR3yeMo~ Mexcaoem,rM pacerommeM doo 2 
rpadpaTOBblX KpacTa~artTax. [locale aHo~oro  or, acaenua yCTO~qHBOCTb K o~rmaeamo rpa~aTOBtaX 
BO~OKOH n aTMoc@epe Bo3Ayxa 3aMeT~IO yMeHbmaeTca. IIoKa3aHo, qTO B npoliecce aHoaHo~ 
noaapn3atmn BOJIOKOH C ILIIOTHOCTblO ToKa 6o~ee qeM 5 A 'M -2, yqaCTKI~ nOJlOKOn c nau6onee 
BblCOKOH ynopa~oqennocTmo npeapatttamTCa ~lo orncn rpa~bnTa, aB~mome~ca rrlapodpnJlbnofi n 
TepMHqeCKI, I HeycTOHqHBO~. 
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