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الخلاصة

يهدف البحث الحالي إلى دراسة تأثير عملية التحفير لأسطح ألياف الكاربون لكي تستخدم  في  تقوية راتنج البولي استر غير المشبع. تم تحديد تأثير خمسة درجات حرارية في عملية التحفير لألياف الكاربون( (500,525,550,575,and 600 ºC. استخدمت تقنية القالب المفتوح في تحضير نماذج الاختبار لتحديد مدى تأثير الأكسدة لألياف الكاربون على مقاومة الانثناء والصدم للمادة المركبة. 
لقد لوحظ ارتفاع قيم مقاومة الانثناء نتيجة تحفير ألياف الكاربون عند درجة حرارة ºC 550 لمدة ساعة واحدة في الهواء الساكن بنسبة 13% وتغير أسلوب ميكانيك الكسر في المادة المركبة ليكون بدلا من نمو الكسر مابين الطبقات إلى نمو الكسر عموديا على محور الليف. وتحسنت مقاومة الصدم للمادة المركبة بنسبة 6% عند معالجة أليافها الكاربونية بدرجة حرارة ºC 550 في الهواء ولمدة ساعة واحدة. 
الكلمات الرئيسية: ألياف الكاربون, الراتنجات المصلدة بالحرارة,المعالجة السطحية للألياف,الخواص الميكانيكية, تحسين أسطح الألياف
Abstract

The purpose of this research is to determine the effects of etching treatments on carbon fibers bundles surface that are to be used as reinforcement material in unsaturated polyester matrix to make thermosetting composites. Five different oxidation temperatures effect were evaluated for carbon fibers. The five oxidation temperatures included: 500, 525, 550, 575, and 600 ºC. Open molding technique was used to prepare test samples. These samples were then tested to determine the flexural and impact strengths relevant to material performance. 
The use of oxidation treatment (etching) for carbon fiber at 550 ºC for one hr improved flexural strength by 13% in comparison with un treated carbon fiber and yields the highest flexural strength ; this changes the mode of composite fracture from growth of an interfacial crack to growth of a crack perpendicular to the fiber axis. Further impact strength improved by 6% using oxidation treatment at 500 ºC in still air for one hr. 
Key words: Carbon fibers, Thermosetting plastic, Fibers surface treatment, Mechanical properties, Fiber surface modification.
1.0 Introduction
Surface treatments of carbon fibers are essential for improving the bonding between the fibers and the polymer matrix. They involve oxidation treatments and the use of coupling agents, wetting agents, and/or sizings (coatings). Carbon fibers need treatment for both thermosets and thermoplastics. As the processing temperature is usually higher for thermoplastics than thermosets, the treatment must be stable to a higher temperature (300–400°C) when a thermoplastic is used. Oxidation treatments can be applied by gaseous, solution, electrochemical, and plasma methods. Oxidizing plasmas include those involving oxygen, (Jang, and Yang, 2000), CO2, (Allred, and Schimpf, 1994), and air (Farrow et al. 1995). The resulting oxygen-containing functional groups (hydroxyl, ketone, and carboxyl groups) on the fiber surface cause improvement in the wettability of the fiber, and in fiber-matrix adhesion. The consequence is enhancement of the interlaminar shear strength (ILSS) and flexural strength. Other plasmas (not necessarily oxidizing) that are effective involve nitrogen, (Bogoeva et al., 1997) acrylonitrile, (Farrow et al., 1995) and trimethyl silane (Friis et al., 1996).
Akin to plasma, treatment is ion beam treatment, which involves oxygen or nitrogen ions. Plasma treatments are useful for epoxy as well as thermoplastic matrices (Lin and Yip, 1994). Oxidation by gaseous methods includes the use of oxygen gas containing ozone (Yoshikawa and Kojima, 1991). Oxidation by solution methods involves wet oxidation (Albertsen et al., 1995), such as acid treatments (Ibarra and Palma, 1996). Oxidation by electrochemical methods includes the use of ammonium sulfate solutions (King et al., 1993), a diammonium hydrogen phosphate solution containing ammonium rhodanide (Fitzer et al., 1991), ammonium bicarbonate solutions (Fukunaga and Ueda, 2000), a phosphoric acid solution (Park and Kim, 2000), and other aqueous electrolytes (Hrivnak and McCullough, 1996). In general, the various treatments provide chemical modification of the fiber surface in addition to removal of a loosely adherent surface layer (De Kok et al., 1999), more severe oxidation treatments serve to roughen the fiber surface, enhancing the mechanical interlocking between the fibers and the matrix. (Yip and Lin, 1994).

Carbon fibers require the use of coupling agents, wetting agents, and/or sizings in order to improve the wetting of the fibers by the polymer, the adhesion between the fibers and the matrix, and the handle ability of the fibers. As one agent often serves more than one function, the distinction among coupling agents, wetting agents, and sizings is often vague. Coupling agents (King et al., 1993) (Yosomiya et al., 1990) are mostly short-chain hydrocarbon molecules. One end of a molecule is compatible with or interacts with the polymer, while the other end interacts with the fiber.
The oxidation treatments approximately double the surface concentration of oxygen. The main functional groups produced are carbonyl, carboxyl, and hydroxyl (Wright, 1990). The oxygen concentration does not simply determine the increase in flexural strength or transverse tensile strength of the composites (Fitzer et al., 1991) (Park and Kim, 2000). Indeed, the addition of the surface chemical oxygen groups is believed to be responsible for only 10% of the increase in adhesion resulting from the treatment; only about 4% of the surface sites of the carbon fibers are involved in chemical bonding with the unsaturated polyester and amine groups of the polymer. Although the magnitude of the bond strength for chemical bonds is very high, the quantity of bonds is low (Dean et al., 2006). On the other hand, elimination of the functional groups on the treated fibers by diazomethane causes the flexural strength to decrease toward the level of the untreated fibers (Yosomiya et al., 1990) so the contribution of the functional groups to fiber-matrix adhesion cannot be neglected. 
This work focuses on the surface modification of carbon fibers by oxidation treatments (etching) in still air for use as reinforcement in unsaturated polyester. 
2.0 Mechanical Tests

2.1 Flexural Test

The dynamic mechanical behavior of a composite material may be responsible for changes in the molecular mobility and the interfacial behavior between the fiber and the matrix. During measurement, a composite sample is deformed exhibiting dynamic mechanical responses by a sinusoidally oscillating stress. Flexural tests are often used to directly measure fiber-matrix adhesion in a fiber-reinforced polymer matrix composite. Flexural test is useful for examining the interfacial properties between the fiber and the matrix in a unidirectional reinforced polymer composite system, resulting in the flexural strength. This test is a three-point test method. While deforming, the maximum flexural stress, which can be generated by combination of the compression on the top of the sample and the tensile on the bottom of it, occurs at the mid-plane of the sample. As a result, cracks are normally initiated and propagated by interlaminar shear failure (Donghwan and Suk, 2004). 
2.2 Impact Test

Impact strength is an indication of tolerability for a sudden impact. When a composite is subjected to an impact, rapid crack propagation is initiated through the material. When such crack propagation encounters a reinforced fiber in the composite material, the fiber can absorb the energy and stop the crack propagation if the fiber matrix interaction is strong. On the other hand, if the interfacial adhesion is poor, the reinforced fibers cannot resist crack propagation and consequently a catastrophic crack propagates, lowering the impact strength of the composite (Donghwan and Suk, 2004). 
3.0 Experimental Work

3.1 Raw Materials
The fibers reinforcements are used in the preparation of composites are: Carbon plain fabric, Hyfil Ltd. U. K.). Unsaturated polyester is by far the most widely used polymer matrix for carbon fibers and the type of unsaturated polyester resin used is Viapal H 265 based on tetrahydrophthalic acid and appropriate blends of ethylene glycol, propylene glycol, and di (propylene glycol) dissolved in styrene. The resin, promoter and catalyst were supplied by (Lonza S.P.A Company). Unsaturated polyester has an excellent combination of mechanical properties and corrosion resistance, is dimensionally stable, exhibits good adhesion, and is relatively inexpensive. Moreover, the low molecular weight of uncured polyester resins in the liquid state results in exceptionally high molecular mobility during processing. This mobility enables the resin to quickly wet the surface of carbon fiber.
3.2 Carbon Fiber Pre- treatment

The carbon fibers bundles were cut to 300 mm of length and weighed using microbalance type (Sartorius Laboratory) model (L 220S-**D) , No.(39090002) manufactured in Germany, with an accuracy of 
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0.1 mg. The microbalance was calibrated frequently using standard weights. Prior to weighing, all samples were held overnight in glass desiccator after drying in order to eliminate any effect of humidity on the fibers bundles weight determination. Fibers bundles weight changes are calculated according to the following formula (Edwards, 1991): 

W% = (W1 – W2) / W1    ………………... (1)
Where: - W1: Carbon fibers bundles before treatment (g.).

               W2:  Carbon fibers bundles after treatment (g.).
              W%:  Carbon fibers bundles weight loss percentage.

Carbon fibers bundles weight were measured five times and averaged to get high accuracy calculations. Carbon fiber bundles are heated at 110°C for 90 min. in holding furnace type (300), model (15-D) manufactured by (Phoenix Products Company, Inc., USA to release the effect of humidity and to estimate moisture percentage. It was found = 2.4%. Further, carbon fibers bundles are heated at 230°C for 90 min. to release epoxy-coated layer from carbon fiber surface (desizing) and to estimate epoxy percentage. It was found = 1.97%. Then carbon fibers bundles are modified by heating at five different temperatures (500, 525, 550, 575, and 600 ºC) for one hr to enhance the effectiveness of carbon fibers as reinforcement in composite materials. It was found that weight reduced by 4.8%, 9.2%, 12.6%, 23.4% and 31.4% respectively due to the effect of oxidation.
3.3 Composite Samples Preparation
Open mold technique was used to prepare composite samples (Fig. 1). Wood mold is polished, waxed, and has a release agent applied before the fibers and resin is applied. Carbon fibers bundles are fixed at the terminal of the mold through opposite holes in a unidirectional arrangement, keeping parallel fibers in a tension mode.  

Unsaturated polyester resin as a matrix material were prepared by mixing resin with 0.5% (w/w) cobalt octoate in xylene containing 6% active cobalt as promoter, and 2% (w/w) methyl ethyl ketone peroxide as a catalyst. These materials were thoroughly mixed and stirred at low speed until it become uniform. The matrix material was poured into the mould slowly in order to avoid air trapping. The prepared composite samples were left at room temperature until they were dry. Then all samples are cured at 80 °C for 3 hrs.
The amounts of reinforcement fibers were calculated according to the following Equation (Lukkassen and Meidell, 2003):

Ө= 1/ 1+ [(1- ψ)/ ψ]. ρf / ρm ………… (2)
Where Ө: Volume fraction of fibers %.

           Ψ: Weight fraction of fibers %.

           ρf: Fiber density in kg / m3.

          ρm: Matrix density in kg / m3.

The composites with untreated and treated carbon fibres were prepared for investigation. In the present paper, Volume fraction for carbon reinforcement fiber was 20%. 
3.4 Test Methods
3.4.1 Flexural Test
After the unsaturated polyester resin reinforced with treated and untreated fibers, composite samples were cured. Three-point flexural tests were performed in hydraulic press type (Leybold Harris No. 36110) in accordance with ASTM D790 to measure the flexural strength of the composites. A span of 100 mm was employed maintaining a cross head speed of 2 mm/min. The flexural strength (F.S) was measured using the following equations (Abeele and Velde, 1999):
F.S= 3 P.S/ 2bt2   ……………… …. (3)

Where: P: Maximum load

            S: Span length

            b: Width of sample

             t: Thickness of the sample  
Flexural tests were performed on all unsaturated polyester resin with treated and un treated carbon fibers.
3.4.2 Impact Test
This test is important to calculate the energy density absorption due to impact energy acting by kinetic energy of hammer. Hammer with 2 joules energy was used to test un reinforced polyethylene samples, 10 joules energy hammer was used for wood flour reinforced samples. Standard dimensions were used to prepare test samples according to (ISO.179).
4.0 Results and Discussion 
Many studies used wet etching for fibers by immersion in aqueous basic solutions (Bismarck and Mohanty, 2001) or acidic solution (Jang, and Yang, 2000). However, our work depends dry etching using air oxidation that caused obvious etching on fiber surface due to aggressive effect of oxidation. The effect of etching increased proportionality with oxidation time (Abeel and Velde, 1999).
Oxidation of carbon fibers which removing active carbon atoms from the surface tend to form voids and pitting on fiber surface and this lead to increase the fiber surface area which increases the adhesive bond between fibers and matrix. This increasing comes from the mechanical interfacial locking between etched fiber and matrix (Tavakkolizadeh and Saadatmanesh, 2003), and decreasing the surface tension of the matrix, i.e., increasing wettability.
Its worth noting, oxidation must be sufficient and not excessive. If pitting is excessive, the pitting becomes deeper and this reduces penetration ability of matrix to pass through etched fibers. Over etching can remove complete layer from carbon fiber surface (Tavakkolizadeh and Saadatmanesh, 2003). 
Fig. 2 illustrates flexural strength of unsaturated polyester reinforced with treated and untreated carbon fibers. Oxidized carbon fibers exhibits more effective than un oxidized fiber; it shows improvement in flexural strength about 13% after oxidation in still air at 550ºC for one hour in comparison with un oxidized carbon fibers. The reason behind this improvement belongs to the oxidation process which caused obvious pitting and roughness of the fiber surface. The existence of roughness tend to enlarge interlocking surface area between fiber and matrix which encourage stress transfer from matrix to carbon fiber and finally increase flexural strength. This result is in a good agreement with other investigators (Bismarck and Mohanty, 2001), (Panigrahi, and Powell, 2003) (Park and Jang, 1999). 
The average of etching increasing proportionality with oxidation time, and temperature therefore bond strength increase between fibers and matrix in case of sufficient penetration of polyester resin inside the fibers surface. But for excessive penetration the flexural strength will decrease due to over etching (removing complete layer from the fiber surface) which cause high surface roughness which tend to lower the penetration of polyester into pitting and cause decrease in bond strength between fibers and matrix and this in turn cause decrease the stress transfer from matrix to fibers (Dean et al., 2006).
The variation of the impact strength of the un etched and etched carbon fiber surface in polyester is shown in Fig. 3. Here it is observed that impact strength is higher by 6% in case that carbon fiber was etched at 500 °C for one hrs in comparison with un etched fibers. This increasing refers to fiber surface roughness, which cause small degree of mechanical interlocking (Saracco et al., 1981). Whereas in all other cases the impact strength was reduced when carbon fibers are etched at 525, 550, 575, and 600 °C. This reduction may be belongs to excessive fiber – matrix bonding which can cause a composite to become more brittle. The strong fiber- matrix bonding cause cracks to propagate straightly in the direction perpendicular to the fiber – matrix interface without being deflected to propagate along this interface (Dean et al., 2006).
5.0 Conclusions 
The modified interfacial flexural and impact strength of carbon fiber, which is subjected to etched treatment, is attributed to its surface morphology, which increases its surface area and enhances the mechanical interlocking between the fiber and the matrix. It may be more or reduce the stiffness of carbon / unsaturated polyester composites, although these treatments on the carbon fiber surface may also somewhat contribute to enhancing the interfacial bonding between the fibers and the matrix in the composite. However, the new treatment which involves oxidation of carbon fibers at 550 ºC in still air for one hr increased the flexural strength of the treated carbon fiber- unsaturated polyester matrix composite by 13% which may be due to increase the fiber-matrix interfacial adhesion which is enhanced with surface-treatment effectiveness on carbon fibers. 
Although the etching treatment of carbon fibers increases flexural strength, it modified only 6% the impact strength of the treated carbon fibers at 500 ºC in air for one hour so treatment temperature and time must be carefully controlled in order to achieve balance in flexural and impact properties.
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            Fig. 1: Flexural sample mold for composite materials
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Fig. 2: Flexural strength of unsaturated polyester resin reinforced with and without etched (oxidized) carbon fibers.
Where OCF: oxidizing carbon fiber
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Fig. 2: Impact strength of unsaturated polyester resin reinforced with and without etched (oxidized) carbon fibers.
Where OCF: oxidizing carbon fiber
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