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Abstract 
 

Carbon fiber-reinforced polymer (CFRP) composites are widely used in many industries 

because of their excellent properties, e.g., high specific strength, high specific stiffness, 

electromagnetic shielding, and good electrical and thermal conductivity. However, the carbon 

fibers in the original filament have defects, affecting their mechanical properties, and their 

surface is smooth and chemically inert, making it difficult to form a strong interfacial bond with 

resin; thus, it is difficult for carbon-fiber composite materials to meet the needs of higher fields 

with regard to comprehensive performance. Therefore, researchers have improved the defects 

of carbon fibers by improving the spinning process and increasing the fineness of the raw 

filaments. Surface treatment of carbon fibers has been performed to increase the interfacial 

bonding strength of carbon fibers and resins using physical and chemical methods, e.g., 

increasing the fiber surface roughness, surface energy, and chemical bonding strength. Although 

the current modification methods for carbon fibers can improve the defects of carbon fibers, 

which can enhance their tensile properties, they increase the production cost, reduce the 

production efficiency, and limit the applicability of carbon fibers. The modification methods 

for improving the performance of the interface between the carbon fibers and the resin matrix 

have problems such as sacrificing the strength of the carbon fibers, polluting the environment, 

and cumbersome steps. In this study, I aimed to improve the interfacial bonding strength of a  

CFRP composite by modifying its characteristics and the interfacial microstructure without 

reducing the strength of the carbon fibers or polluting the environment. Using magnetron-

sputtering technology, a carbon film was deposited on the surface of the carbon fibers to repair 

defects by exploiting the homogeneity of the sputtering target and carbon fibers. Additionally, 

the interfacial properties of the carbon fibers and resin matrix were improved using the 

nanoscale property of magnetron-sputtering deposition. 

To investigate the effects of the magnetron-sputtering process on the morphology and 

structure of deposited carbon films, carbon-film deposition was performed on two substrates: 

silicon wafer and carbon fibers. The effects of the magnetron-sputtering process on the surface 

morphology, microstructure, and phase composition of the carbon fibers were analyzed with 

the magnetron-sputtering time and power as variables. To evaluate the structural properties of 



the magnetron-sputtered carbon films, the carbon films deposited on silicon wafers were heat-

treated at 800–1200 °C. The structural properties of the magnetron-sputtered carbon films were 

analyzed, with a focus on the effects of magnetron sputtering on the properties of the carbon-

fiber body and the mechanism underlying the effects on the mechanical properties of the CFRP 

composites. The most significant results of this study are presented below. 

(1) The carbon film deposited via magnetron sputtering was made of carbon nanoparticles. 

There were microcracks on the surface of the film and a columnar structure in the cross-section 

of the film. The thicknesses of the carbon films deposited on the silicon wafers and carbon 

fibers deposited via the same magnetron-sputtering process were comparable. The surface 

roughness of the carbon fibers was increased after modification by magnetron sputtering, and 

the degree of increase depended on the scanning conditions. The magnetron-sputtering 

modification treatment had no effect on the microstructures or material compositions of the 

carbon fibers and did not affect the intrinsic properties of the carbon fibers and CFRP 

composites. The surface morphology and microstructure of the magnetron sputtering-deposited 

carbon film were changed after heat treatment. The heat treatment transformed the particle 

stacking structure of the original magnetron-sputtered carbon film into a continuous layer 

structure, and the surface changed from a surface morphology with microcracks to a carbon 

stacking structure with a lamellar crystal morphology. As the heat-treatment temperature 

increased, the lamellar crystal structure on the surface of the carbon fibers transformed into a 

rheological yarn-like stacking structure. The heat treatment enhanced the ordered structure of 

the carbon film and increased the surface roughness. Additionally, it improved the mechanical 

properties of the carbon film: the hardness, Young’s modulus, and friction resistance increased, 

and the wear rate of the carbon film after heat treatment at 1000 ℃ was reduced by 28% 

compared with that before heat treatment. 

(2) The mechanical properties of the carbon fibers were improved by magnetron-sputtering 

modification. The tensile breaking strengths of single and multifilament carbon fibers were 

increased by 9.93% and 6.9%, respectively, after the magnetron sputtering. Additionally, the 

magnetron sputtering significantly improved the dispersion of the tensile breaking strength of 

the carbon fibers; the CV value of the tensile breaking strength of single carbon fibers decreased 

by 57.5% at maximum, and that of multifilament carbon fibers decreased by 31% at maximum. 



The tensile fracture toughness of the modified carbon fibers was significantly improved through 

the crack effect mechanism in the tensile process. The tensile fracture work of the single and 

multifilament carbon fibers was increased by 19.73% and 23%, respectively, after 250 W, 50 

min magnetron-sputtering modification treatment.  

(3) The mechanical properties of the CFRP composites modified by magnetron sputtering 

were significantly improved, including the in-plane shear strength, tensile strength, bending 

strength, and toughness. Owing to the deposition of the carbon film on the surface of the carbon 

fibers, a composite interface layer was created between the interface layers of the CFRP 

composite, and the load-transfer effect of the composite interface layer was used to meet the 

delayed failure of carbon-fiber composite damage.  
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Chapter 1: General introduction 

1.1 Introduction 

With the progress of science and technology and continuous human exploration of 

new fields, new materials for aerospace, marine exploration, and other high-end fields 

have been emerging. Material compounding has gradually become the main trend in 

material science research to maintain pace with the development of science and 

production technology and the increasing demand for new materials. Compared with 

single-component materials, composite materials combine the excellent properties and 

functions of multiple materials, providing better flexibility to meet the needs arising 

from many aspects of production and life [1-4]. Resin-matrix composites are the most 

representative in the field of composite materials because of their high specific strength, 

light weight, and high modulus, among other characteristics. Moreover, because of their 

good fatigue resistance, high temperature resistance, corrosion resistance, and 

adaptability to extreme environments, resin-matrix composites are widely used in many 

fields, such as automotive, energy, sports supplies, and electronic devices [5-9]. 

Carbon fiber reinforced polymer (CFRP) composites have been the leading 

composites due to their high specific strength, high specific modulus, good fatigue 

resistance, and strong designability. Carbon fiber (CF) has a series of excellent 

properties, such as high strength, high modulus, low coefficient of thermal expansion, 

high temperature resistance, chemical resistance, and good electrical conductivity, and 

also exhibits flexibility and processability as a textile material; thus, it has become an 

important part of the high-end materials field since its introduction in the 1960s [10-

12]. However, some issues in the production process of CFs have led to gaps between 

their actual and theoretical performance. Moreover, due to the influence of the 

carbonization process, the surface of CFs is smooth and inert and the surface energy is 

low, which is not conducive to resin infiltration into fiber or chemical bonding, resulting 

in more defects at the interface of CF composites, whereby the stress cannot be 

effectively transferred in the interface phase, thus affecting the comprehensive 

performance of the overall CF composite [13]. Therefore, it has become an important 
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research direction in the field of CFs and CF composites to modify the CF and its 

surface by various means to improve the properties of CFs, enhance the physical and 

chemical effects at the interface between the CF and matrix, and conduct research on 

the relationship between the interfacial microstructure and macroscopic mechanical 

properties [14-19]. 

In recent years, surface modification of CFs using nanotechnology has been an 

important means to reduce CF defects and enhance the interfacial bonding performance 

of CF composites, achieved by using the characteristics of small particle size and large 

specific surface area of nanomaterials to improve the interfacial bonding performance 

between the CF and resin matrix and the multi-scale structure of nanomaterials to 

change the load transfer to ultimately improve the mechanical properties of CF 

composites [20-27]. However, in practice, these modification methods are complicated, 

difficult to operate, and environmentally unfriendly, restricting the development and 

use of nanostructured interfaces in CF composites. 

Presently, magnetron sputtering, a form of physical vapor deposition (PVD), is an 

important method to prepare nanofilm materials. Compared with other deposition 

technologies, it has the characteristics of fast sputtering speed, dense film layer, and 

good adhesion, among other characteristics. In addition, it has the advantages of 

suitability for a variety of target materials, availability of different variants, easy control 

of the preparation process, and high film quality [28-31]. Therefore, this study uses 

magnetron sputtering to construct a nanocarbon film on the surface of CFs. 

Homogeneity between the film and CF allows for repairing defects on the surface of 

the CF without changing its physical composition CF; simultaneously, the nano 

property of the film, deposited by magnetron sputtering, enables improving the 

interfacial bonding between the CF and resin and the mechanical properties of CFRP 

composites. 

1.2 Composite interface theory and bonding types 

1.2.1 Interface theory of composite  

The composite interface is a discontinuous region between the reinforcement and 
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matrix phases, which plays the role of a bridge connecting the reinforcing material and 

matrix, thus making it an important part of the composite material. The composite 

interface controls the overall mechanical properties of the composite, and its presence 

effectively and uniformly transmits stress and prevents crack propagation, while 

significantly affecting the overall properties of the composite, such as the interfacial 

shear strength, interlaminar shear strength, and fracture toughness. As research on 

interfacial layers continues to advance, various interface theories have been proposed. 

Currently, the widely recognized interface theories include mainly chemical bonding, 

infiltration, meshing, diffusion, and transition layer theories [35-37]. 

1.2.1.1 Chemical bonding theory 

The chemical bonding theory is the most widely recognized interface theory for 

composite materials and the most thoroughly researched. The main core of this theory 

is the use of chemical bonding to achieve a good combination between fibers and resins 

wherein the high binding energy of chemical bonds prevents the free movement of the 

matrix molecules in the interface area more effectively than physical effects such as the 

Van Der Waals force [38]. According to this theory, the interfacial bond between the 

fiber and resin can be effectively increased by constructing several active functional 

groups on the fiber surface or the resin matrix. For example, coating a coupling agent 

on the reinforcement material is one of the methods for the interfacial modification of 

composite materials based on chemical bonding theory. Choi et al [39]. used nitric acid 

and nitric acid combined with a glutaric dialdehyde coupling agent to modify CFs to 

form chemical bonds between the fibers and phenolic resin, resulting in CF composites 

with higher electrical conductivity and mechanical properties. In addition, chemical 

grafting is also an important method to modify the interface of composite materials 

using the chemical bonding theory [40,41]. The chemical bonding theory is used to 

modify the interface to ensure that as many chemical reactions as possible occur 

between the fiber and resin to form chemical bonds to realize the interface efficiency 

of composite materials. Although the chemical bonding theory is widely applicable, 

some disputes remain. Some scholars believe that although chemical bonds are stronger 
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than physical interactions, such as Van Der Waals forces and mechanical engagement, 

these physical interactions play an important role in the bond strength of composite 

interfaces. Simultaneously, only a limited number of chemical bonds can be generated 

in the interfacial region. Therefore, when studying the structure and interfacial 

interactions of the reinforcement, several factors should be considered: in addition to 

covalent bonds, hydrogen bonds, acid-base interactions, and other broad chemical 

bonds should also be considered. 

1.2.1.2 Interface infiltration theory 

Infiltration theory, proposed by Zisman in 1963, emphasizes that the interfacial 

bond strength is affected by infiltration [42]. This theory suggests that the solid–liquid 

interface is necessary for establishing excellent interfacial phases; the bonding between 

the matrix resin and the reinforcement depends on the wettability between the two 

phases. Due to factors such as unsmooth surface and air, some holes are formed when 

the fiber or reinforcement is soaked with the resin, creating defects at the material 

interface, resulting in stress concentration, and thereby easy cracking during loading, 

thus leading to poor interface performance. If good wettability exists between the two 

phases, the liquid phase matrix can be immersed in the defects and cavities on the 

surface of the CF, increasing the contact area between the two phases, excluding the gas 

adsorbed on the fiber surface, and slowing the generation of voids, thus improving the 

interfacial bond strength between the two phases. Sun et al [43]. treated the surface of 

CFs using oxygen plasma and observed higher reactivity between the fiber surface and 

matrix and a decrease from 75 to 61° in the contact angle between water and CFs. 

Similarly, Jang and Yang [44] modified the CF surface by plasma and found more 

interpenetration between the CF and PBZ matrix, which improved the interfacial 

properties between the CF and matrix. However, interfacial bonding is a relatively 

complex process, and the infiltration theory cannot explain all interfacial phenomena, 

e.g., the fiber wettability may deteriorate after modification; however, the interfacial 

bonding strength is significantly improved. Therefore, the infiltration theory needs to 

be improved. 
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1.2.1.3 Meshing theory 

The mechanical meshing theory suggests that the existence of fine pores and 

surface grooves on the surface of the fiber reinforcement can significantly increase the 

fiber’s specific surface area and roughness to produce stronger friction and mechanical 

engagement between the fiber and resin during the composite molding process, thereby 

increasing the interfacial bond strength between the matrix and reinforcement [45]. For 

example, Han Rui et al [46]. used nano-silica to roughen the surface of basalt fibers and 

increase the molecular wettability between basalt fibers and PP melt. They also used a 

mechanical meshing mechanism to enhance the mechanical friction between the basalt 

fibers and PP matrix, thereby improving the interfacial bonding performance between 

the basalt fibers and PP matrix. 

1.2.1.4 Transition layer theory 

Transition layer theory assumes the existence of a transition layer between the 

fiber reinforcement and resin matrix in the composite material that can relieve the 

internal stress during the molding process. The theory introduces the “deformation layer” 

and “inhibition layer” theories to account for the role and shape of the filter layer. The 

“deformation layer” theory assumes that the composite material produces additional 

stress between the fibers and matrix resin during the preparation process due to the large 

difference in the expansion coefficients, the internal stress generated during molding 

leads to the degradation of the composite material performance, and the existence of 

the transition layer plays a role in relaxing or eliminating the stress. The “inhibition 

layer” theory assumes that, because of the large difference in modulus between the 

reinforcement and matrix, the transition layer balances the modulus between the 

reinforcement and matrix and ensures a uniform and effective stress transfer [47,48]. 

1.2.1.5 Diffusion theory 

Diffusion theory suggests that the interfacial layer between two-phase polymers is 

formed by the mutual diffusion, penetration, and entanglement of macromolecules. This 

diffusion is an intermolecular interaction caused by hydrogen bonding or Van Der Waals 

forces. However, this theory cannot appropriately explain the interfacial bonding 
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between polymers and inorganic materials, making this theory inapplicable to CF 

composites. 

 Although additional interface theories, such as friction, electrostatic, and acid-

base theories, have gained some theoretical support and experimental basis for different 

fibers and resins, simultaneously more than one interfacial mechanism of action may 

be present. Based on the above composite interface reinforcement theory, the types of 

interfacial bonding of CF composites can be classified into two categories, namely 

mechanical and chemical bonding 

1.2.2 Types of interfacial bonding of composite materials  

1.2.2.1 Mechanical connection 

Mechanical bonding is also called mechanical engagement or mechanical 

interlocking, implying that the reinforcement and matrix are meshed and interlocked 

through the rough structure of the surface; this mechanism is shown in Figure 1-1. Two 

main factors affect the degree of mechanical engagement: the first is related to the 

surface roughness of the reinforcing fiber; generally, the greater the roughness, the more 

conducive to the formation of mechanical engagement. Second, when the matrix resin 

undergoes a curing reaction, it shrinks, firmly binding the reinforcement to achieve a 

closer fit with the matrix resin. However, in practice, no separate mechanical bonding 

can exist between the reinforcement and matrix, with generally a weak Van Der Waals 

force present between the two; thus, mechanical bonding usually refers to the bonding 

where mechanical bonding plays a dominant role. 

 

Fig. 1-1 Schematic diagram of mechanical connection 

1.2.2.2 Chemical bonding 

Chemical bonding refers to the chemical reaction between the fiber and matrix 
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resin, which and the interface is bonded by chemical bonding, as shown in Figure 1-2. 

Two prerequisites must be guaranteed to achieve chemical bonding: first, the fiber and 

resin must contain reactive groups that can participate in the chemical reaction. Second, 

a good wetting state should exist between the fiber and matrix to provide the conditions 

for chemical reactions. 

 
Fig. 1-2 Schematic diagram of chemical bonding 

1.3 Carbon fiber surface modification technology  

1.3.1 Carbon fiber structure characteristics 

CF, an inorganic fiber material with a carbon content of more than 92%, has 

excellent properties such as high strength, low density, stable chemical properties, low 

expansion coefficient, good electrical and thermal conductivity [49,50], etc. As a result, 

it is known as the most vital high-performance fiber material of the 21st century. At 

present, the commercially produced CFs can be divided into viscose-based, pitch-based, 

and polyacrylonitrile (PAN)-based CFs according to the types of precursors. Among 

them, the production of viscose-based CFs, mainly used as ablative and heat-resistant 

composite materials, is less than 1% of the total world output of CF materials due to the 

high production cost, complex process, and low carbonization yield, among other 

reasons. Although asphalt fiber is rich in raw materials and cheap, due to the complex 

production technology of asphalt-based CFs and poor mechanical properties and 

repeatability of products, there is unbalanced development in technology development 

and market application. Polyacrylonitrile is the most promising precursor for preparing 

high-performance CFs. PAN-based CFs prepared from PAN have simple production 

processes, high carbon yields, and good overall performance, with their output 

exceeding 90% of the world's total output of CF materials, thus occupying a mainstream 
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position in the current industrial production of CFs [51-53]. 

CF, a kind of fibrous polymer carbon material with a disordered graphite structure, 

is made of organic fibers carbonized at high temperatures in an inert atmosphere. The 

CF has a typical “skin-core” structure (shown in Fig. 1-3), and presents a gradually 

ordered graphite layer structure from the core to the skin layer [54-56]. The innermost 

part of the CF is called the core. Due to the gas generated during the carbonization 

process, many gaps exist in the fiber, forming defects. Thus, the core layer has the 

structural characteristics of several small and scattered microcrystal-size, poorly 

oriented, loose, and porous folds. The transition zone from the core layer to the skin 

layer is the transition layer, and the graphite microcrystals show an orderly layered 

structure arranged axially along the fiber, and the structure tends to be uniform. The 

skin layer is a compact and orderly arrangement layer enriched with carbon elements 

formed on the surface of the CF after non-carbon elements escaped during high-

temperature carbonization and graphitization. It is characterized by an increased 

crystallite size, gradually dense structure, and fewer defects. Therefore, this "skin-core" 

structure of CFs leads to a smooth and dense surface, low surface energy, and few active 

carbon atoms, impeding good infiltration with the resin matrix during the composite 

process and producing chemical bonding and mechanical locking cooperation between 

the two phases, ultimately leading to deteriorated interface performance and 

comprehensive performance of the composite material [57,58]. 

 

Fig. 1-3 Diagram of carbon fiber structure 

1.3.2 Carbon fiber surface modification technology 

The poor bonding performance between the CF and resin matrix considerably 
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limits the application of CFs in the field of composite materials. To fully exploit the 

excellent performance of the CF as a composite reinforcement, surface modification of 

CFs is required. The surface modification of CFs includes physical property and 

chemical property modification. Physical property modification refers to changing the 

surface roughness, specific surface area, and other microstructure morphology of the 

CF, increasing the mechanical engagement center to enhance the mechanical bonding 

between the CFs and matrix resin. Chemical property modification refers to the 

introduction of active functional groups on the surface of CFs to increase the surface 

energy, improve the wettability of CFs in the matrix resin, cause a chemical reaction 

between the CFs and matrix resin, and enhance the chemical bonding between the two 

phases, thereby improving the interfacial and overall mechanical properties of the 

composite material. At present, the relatively mature CF surface modification 

technologies include mainly oxidation, high-energy radiation, plasma treatment, 

coating, and surface grafting technologies [60-68]. 

1.3.2.1 Oxidation method 

Oxidation, one of the most common methods of CF surface modification, includes 

mainly liquid-phase, gas-phase, and electrochemical oxidation. This method is mainly 

used to effectively increase the interfacial bond strength by etching the fiber surface 

under oxidizing conditions, thereby increasing the fiber surface roughness and 

simultaneously activating the fiber surface [69,70]. 

Liquid phase oxidation involves surface etching of CFs using liquid oxidants such 

as sulfuric acid, nitric acid, hydrochloric acid, and hydrogen peroxide. Simultaneously, 

several oxygen-containing functional groups are introduced into the fiber surface, 

which enhances the chemical interaction between the fibers and matrix resin, improves 

their wettability, and increases the bonding strength of the composite material interface. 

The method requires mild conditions and is easy to operate, and the oxidation degree 

of the CF surface can be controlled by adjusting the oxidation time and temperature to 

avoid the performance degradation of the CF caused by excessive etching. Yu et al. [71] 

oxidized CFs in an AgNO3/K2S2O8 oxidation system at 70 °C and in an inert atmosphere 
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for 1 h, and several polar oxygen-containing functional groups (carboxyl and hydroxyl 

groups) were introduced on the surface of the CFs. These polar functional groups 

significantly improved the wettability of CFs in the matrix and were able to react 

chemically with the matrix resin to form a chemical bonding interaction, thus improving 

the interfacial bonding properties of the composite.  

The vapor phase oxidation uses oxygen-containing gases such as air, ozone, and 

carbon dioxide, to oxidize CFs under high temperature and pressure or under catalyst 

conditions to introduce oxygen-containing functional groups such as hydroxyl and 

carboxyl groups on the surface of CFs, increasing the polarity and improving the 

interfacial bonding between the fibers and the resin. For example, Hao et al [72]. used 

hot air to oxidize CFs. After treatment, several active groups were generated on the 

surface of the treated fibers. The interfacial properties of the composite were enhanced, 

with the tensile strength increased by 34.5%, tensile modulus increased by 43.4%, 

flexural strength increased by 23%, flexural modulus increased by 30%, impact strength 

increased by 54.7%, and creep decreased by 10%. 

Electrochemical oxidation, also known as anodic oxidation, mainly uses CF 

conductivity as the reaction anode plate, and graphite, stainless steel, or nickel as the 

cathode plate. The oxidation etching of CF is performed in an acid, alkali, or salt 

electrolyte medium. The surface roughness of the CF increases after the electrochemical 

oxidation, the number of active carbon atoms increases, and the surface hydroxyl 

content increases, resulting in a substantial improvement in the interfacial properties of 

the CF composites. Liu et al [73]. used ammonium bicarbonate/ammonium oxalate 

mixture as an electrolyte for the continuous oxidation of PAN-based CFs, which 

considerably improved the roughness and specific surface area of the fiber surface, 

enhanced the bond strength between the two phases of CFs and matrix resin, and 

increased the interlaminar shear strength of the composite by more than 20%. 

CF surface oxidation is simple and can directly increase the hydroxyl, carboxyl, 

and other oxygen-containing active functional groups on CF surfaces to ensure that the 

wettability between the fiber and the resin can be improved; however, it is also 
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accompanied by stringent conditions for oxidation treatment, high energy consumption, 

difficult operation control, and degradation of the mechanical properties of the CF itself 

due to excessive oxidation. 

1.3.2.2 Surface grafting technology 

The surface grafting technology involves using the surface reactive functional 

groups of the CF and grafted macromolecules to react, introduce a variety of reactive 

functional groups, and improve the wettability properties of CFs on the resin matrix, 

thus improving the interfacial bond strength of carbon-fiber-reinforced composites. At 

present, the main methods for surface grafting modification of CFs include chemical, 

radiation, and plasma grafting. Among them, chemical grafting is widely used because 

of its simple operation, mild reaction conditions, and absence of disadvantages such as 

low grafting rate, uneven grafting, and monomer deactivation after grafting is 

completed. 

The chemical grafting method is mainly used to introduce reactive functional 

groups on the surface of CFs by chemical modification, and then use these reactive 

functional groups to graft macromolecules on the surface of CFs. For example, F.S. 

Verini et al [74]. oxidized the CFs in ammonia and triggered a chemical polymerization 

grafting of tetracyanoethylene with maleic anhydride on the CF surface to introduce 

amine groups to the CF surface. 

In recent years, with the rapid development of nanoscience and nanotechnology, 

researchers chemically grafted excellent nano components (CNTs, GO, TiO2, and SiO2) 

as reinforcement onto the surface of CFs to prepare multi-scale reinforcement of nano 

components/CFs. The introduction of interfacial phases with excellent performance 

into the composite considerably improved the interface performance of the composite. 

He et al [75]. prepared carbon nanotubes/CF (CNTs/CF) multiscale reinforcement using 

chemical grafting; the multi-walled carbon nanotubes (MWCNT) were first 

functionalized with hexamethylene diamine (HMD) end caps and then grafted onto the 

surface of chloroformed CFs by chemical reaction. The test results confirmed that the 

carbon nanotubes were grafted onto the CF surface by chemical bonding and uniformly 
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distributed along the outer edge of the grooves on the fiber surface. 

Plasma grafting is a CF modification method that introduces specific functional 

groups on the surface of CFs under the action of plasma-activated particles; cross-linked 

structural layers and surface radicals are formed, thus causing the CF surface to be 

activated by plasma and triggering the grafting polymerization of monomer molecules 

on the CF surface. For example, Jia et al [76]. used plasma to treat the surface of CFs, 

and then grafted aryl acetylene on the surface of CFs; the results showed that the 

microcrystal size of the grafted CF surface was reduced, and the interlaminar shear 

strength of CF-reinforced composites increased by 51.27%, thus effectively improving 

the mechanical properties of the CF composites. 

Radiation grafting technology involves using high-energy rays, such as electron 

beams, γ-rays, and β-rays emitted particles, to bombard the surface of CFs, thereby 

producing free radicals, triggering the polymerization of monomer molecules on the 

surface of CFs to increase the wettability and chemical reactions between the two 

phases of CF and the matrix resin and promote the chemical bonding of the CF and 

matrix. Moderate etching changes the surface microstructure of CFs and increases the 

roughness, thus enhancing the mechanical engagement between the fibers and matrix 

and ultimately improving the interfacial properties of the composite. Li et al [77]. used 

60Co γ-radiation to irradiate CFs and studied the morphological and structural changes 

of the CF surface after irradiation with absorbed doses ranging from 0～1000 kGy. The 

results showed that the interlaminar shear strength of the CF-reinforced epoxy resin 

composites increased by more than 27% at an absorbed dose of 30 kGy. 

Surface grafting technology has an obvious modification effect on CFs, which 

improves the toughness of CF and interfacial shear strength of the CF composites; 

however, this method has a complicated process and long reaction time, which cannot 

achieve continuous preparation. Moreover, damage to the mechanical properties of CFs 

is still difficult to avoid. Therefore, surface grafting modification is only applicable in 

theoretical research of composite materials, and it is difficult to achieve industrial 

continuous processing. 
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1.3.2.3 Surface coating technology 

Surface coating technology involves coating an interface layer of a certain 

thickness on the CF surface to wet the fiber and matrix and protect the CF. This interface 

layer releases the stress and absorbs the energy produced by fiber pull-out to the 

maximum extent; thereby, it plays a role in passivating the crack growth and increasing 

the material surface energy. Different coating structures can be designed for different 

reinforcing fibers and resin substrates. Common surface coating technologies mainly 

include sizing, polymer, and coupling agent coating technologies. 

Sizing is the most commonly used method to modify CFs; it involves using sizing 

agents to modify the surface of the CF. Sizing improves the interfacial bonding of the 

composite material and the clustering and processability of the CFs, which is important 

for the transportation and storage of the product; usually, the sizing agent content is 0.5 

to 1.5 wt.%. Using sizing agents improves the chemical activity of the CF surface, 

introduces more active functional groups, produces physicochemical bonding with the 

matrix resin, and improves the interfacial properties of the fiber composite. In contrast, 

as the CF develops cracks or defects on its surface during processing, stress 

concentration is easily formed, inducing fiber fracture; introducing the sizing agent 

protects the fiber and avoids brittle fracture. Fig.1-4 shows the preparation process of 

CNT/ CF multiscale reinforcement synthesized by sizing method [78]. 

 
Fig. 1-4 CNT/CF multiscale reinforcement synthesized by sizing 

Polymer coating is a modification method that improves the wettability and 

reactivity of CFs and substrates by coating the surface of the CFs with a polymer, 

thereby introducing active functional groups and increasing the surface energy of the 
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fibers. Polymer coating technologies mainly include interfacial polycondensation 

reactions, plasma polymerization, and electrochemical polymerization. Among them, 

electropolymerization is the most used. Hung et al [79]. subjected a monomer solution 

composed of phenol, acrylic acid, and m-phenylenediamine to an electrochemical 

reaction via electropolymerization, introduced active groups such as hydroxyl, carboxyl, 

and amino groups on the surface of CFs, and achieved good infiltration of matrix resin 

on the surface of the CFs. The interlaminar shear and tensile strengths of the composite 

were increased by 135% and 64%, respectively. However, this method has some 

disadvantages. A portion of the electrolyte monomer is unstable and prone to 

polymerization reaction. Thus, the process of electropolymerization requires 

continuous replenishment of monomer. If the conditions are not properly controlled, it 

causes uneven coating of polymer molecules on the surface of the CFs, which is not 

conducive to the improvement of the interfacial properties of the composite materials. 

Coupling agent coating is a modification method that improves the interfacial 

properties of composite materials using two functional groups with different properties 

in the coupling agent to chemically react simultaneously with the CFs and matrix resin, 

firmly joining them through chemical bonding. Wen et al [80]. modified the surface of 

CFs by a two-step process (shown in Fig.1-5): first, the CF was sliced by 

electrochemical oxidation, and then a silane coupling agent KH550 was applied to the 

surface of the CF. The interface performance of the modified CF epoxy resin composite 

considerably improved, and the IFSS and ILSS of the composite increased by 73.1% 

and 61.2%, respectively. 

 

Fig. 1-5 The schematic illustration of two-step surface treatment 
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1.3.2.4 Multi-scale modification 

In recent years, with the rise of nanomaterials, multi-scale modification of CF 

surface using nanoparticles combined with other small molecules or polymers has 

become a hot spot in the research of CF composite interface modification. Multi-scale 

interface modification of CFs increases the contact area between the CF and resin and 

improves the mechanical locking cooperation between interfaces. However, 

nanomaterials on CFs effectively disperse the stress load, produce crack deflection 

effect, avoid stress concentration, and effectively improve the toughness of composite 

materials. 

Carbon nanotubes and graphene oxide are the first choices for multi-scale surface 

modification of CFs due to their excellent physical, mechanical, thermal, and 

optoelectronic properties. The introduction of carbon nanotubes and graphene oxide 

increases the interfacial bond strength and surface roughness of CFs, thus enhancing 

the mechanical locking cooperation between CFs and resin matrix. Moreover, the 

chemically modified carbon nanotubes contain reactive groups on their surface, which 

forms connections with the resin matrix through covalent bonds, thus improving the 

stress transfer capability. In addition, the excellent mechanical properties of carbon 

nanotubes and graphene oxide improve the toughness of CF composites (Fig. 1-6 shows 

the mechanism of carbon nanotube modified carbon fiber reinforced polymer matrix 

composite). At present, the main methods used to prepare carbon nanotubes/CFs and 

graphene oxide/CFs are vapor phase deposition, chemical grafting, sizing, surface 

adsorption, and electrophoretic deposition [81-84]. 

 

Fig1-6 Schematic diagram of CNTs modified carbon fiber reinforced polymer matrix composites 



17 

 

Chemical vapor deposition (CVD) is one of the most commonly used methods for 

preparing carbon nanotube/CF multi-scale reinforcement. CVD is usually the process 

technology used to deposit CNT on the fiber surface after one or several carbon-

containing gas molecules are introduced into the reaction chamber at high temperature, 

with chemical reactions taking place in the gas phase under the action of a catalyst 

[85,86]. Thostenson et al [87]. first used vapor deposition to realize carbon nanotube 

growth on the surface of CFs. At present, several literature reports exist on the vapor 

deposition of carbon nanotubes/CFs. Sager et al [88]. first treated CFs with ethanol, 

magnesium sulfate, and xylene for 30 min, and passed a mixture of hydrogen and argon 

gas at 800 °C. Carbon nanotubes were grown directly on the surface of the CFs by a 

vapor deposition technique and were used as reinforcement to prepare CF epoxy resin-

based composites; the interfacial strength of the modified carbon fiber composites 

increased by 71% compared with that of conventional carbon fiber composites. 

Although the CVD method clearly improves the interfacial strength, toughness, and 

even the performance of composite materials, there are also many unavoidable 

drawbacks. The ultra-high temperature growth environment required by the CVD 

method not only requires high technical equipment but also etches the surface of the 

CF, which degrades the bulk strength of the fiber. Simultaneously, the residual catalyst 

particles on the surface negatively impact the improvement of the interface performance 

of the composite; the deposited CNT with high hydrophobicity reduces the 

compatibility and wettability of the fiber to the matrix. 

The chemical grafting method is usually used to chemically treat the surface of 

CFs and carbon nanotubes to produce several active functional groups such as carboxyl 

(-COOH), hydroxyl (-OH), amine (-NH2), etc. These new functional groups are used 

to perform chemical reactions, such as esterification, amidation, and anhydride, to 

prepare CNT/CF multiscale complexes through the mutual bonding between chemical 

bonds. Peng et al [89]. first acidified CFs to generate functional groups, such as 

carboxyl groups, on the fiber surface, and then used PAMAM, a dendritic 

macromolecule, to graft carbon nanotubes onto the CF surface (as shown in Fig. 1-7). 
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Fig. 1-7 Schematic diagram of grafting procedures 

Based on the diazo reaction, Wu et al [90]. grafted carbon nanotubes with 

phenylamino groups and then modified the functionalized carbon nanotubes onto the 

surface of CFs to increase the surface roughness and wettability of the CFs and enhance 

the interface performance of the CFEP composites. Compared with the unmodified CF 

composites, the ILSS and IFSS of the modified CF-g-CNT0.5R MPSR composites 

increased by 73.36% and 66.91%, respectively. The connection diagram of functional 

carbon nanotubes on the surface of carbon fiber is shown in Fig. 1- 8. 

 

Fig. 1-8 Schematic diagram of connection technology of functional CNT on carbon fiber surface 

Since its discovery in the early nineteenth century, electrophoretic deposition 

(EPD) has been used mainly as a colloid treatment method. The electrophoretic 

deposition method is based on the principle of electrophoresis to make carbon 

nanotubes move and deposit on the surface of the CF under the action of an electric 

field. After acidification modification, the surface of the acidified carbon nanotubes 

contains several carboxyl groups, which are electronegative in aqueous solutions. 

Under the electrophoretic effect, with the CFs as anodes, carbon nanotubes move 

directionally to the CFs and deposit on their surface. Wu et al [91]. deposited CNT 

uniformly on the surface of CF fabric by electrophoretic deposition process to produce 
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CNT/CF multi-scale reinforcement and then used solution pre-impregnation treatment 

to further improve the interfacial impregnation properties of CNT/CF fiber bundles and 

PC matrix, resulting in significant improvement in the mechanical properties of fiber 

composites. The tensile strength (344.8 MPa) and modulus (37.8 GPa) of the modified 

CF composites increased by 46.5% and 57.5%, respectively, and the impact strength 

(36.5 kJ/m2) and storage modulus (49.0 GPa) increased by 268.7% and 78.4%, 

respectively (as shown in the Fig.1-9). Moaseri et al [92]. uniformly deposited aminated 

carbon nanotubes on the surface of CFs in the aqueous phase by electrophoretic 

deposition and rapidly converted them into covalent grafting through a diazo reaction. 

The main principle is that, after multi-step treatment of carbon nanotubes, a relatively 

rich amine group is formed on the surface, allowing carbon nanotubes to be uniformly 

dispersed in water, and simultaneously, due to its negative electrokinetic potential in 

water, migrate to the cathode under the effect of an electric field. Finally, the diazo 

electrografting reaction is further performed using the amine group deposited on the 

fiber surface. Bekyarova et al [93]. used the EPD method to deposit CNT on the surface 

of CF fabrics to produce CNT/CF multiscale reinforcements, and the modification of 

CF by CNT allowed for improving the interlaminar shear strength of the composites 

and considerably enhancing the out-of-plane conductivity of the composites.  

 

Fig. 1-9 Schematic diagram of the preparation routes of CFRP nanocomposites   

As a mature industrial method, electrophoretic deposition, used to prepare 

CNT/CF multi-size materials, is characterized by its simple operation, short time, and 

strong controllability; however, it has certain disadvantages. First the process of 
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electrophoretic deposition is accompanied by water electrolysis, and the bubbles 

generated from hydropower are easily attached to the surface of the CFs; a large number 

of bubbles affect the deposition of carbon nanotubes. In addition, the adhesion between 

the carbon nanotubes and CFs is weak, and carbon nanotubes easily peel off.  

1.4 Magnetron sputtering technology 

1.4.1 Magnetron sputtering principle 

Magnetron sputtering is a high-speed and low-temperature sputtering technology 

that uses an orthogonal electromagnetic field, which increases the dissociation rate by 

5–6% and increases the sputtering rate by about 10 times compared to tertiary sputtering, 

with deposition rates of several hundred to 2000 nm per minute [94,95]. 

In magnetron sputtering, a DC voltage is added between the anode and cathode to 

form an electrostatic field, and a circular closed magnetic field (generated by the magnet 

inside the target) is established with a transverse magnetic field component parallel to 

the target surface placed on the surface of the cathode; the transverse magnetic field 

and the electric field perpendicular to the target surface form a confining orthogonal 

electromagnetic field for the trapping of secondary electrons (Fig. 1-10). 

 

Fig. 1-10 Principle of magnetron sputtering 

Compared with other sputtering technologies, magnetron sputtering has the 

outstanding advantages of high efficiency, low temperature, and little damage to the 

film layer. 

Presently, magnetron sputtering has been used to prepare carbon-particle films. 

Diamond-like carbon (DLC) films treated by magnetron sputtering have excellent wear 
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resistance, high-temperature oxidation resistance, and improved optical and electrical 

properties of the material surface [96,97]. The early unbalanced magnetron sputtering 

technology is required to explore and understand the wear resistance of DLC film 

materials as well as the influence of magnetron sputtering technology on the 

morphology and structure of carbon films [98-101]. However, few researchers have 

applied magnetron sputtering to modify the interface of CFRP composites.  

1.4.2 Film growth process by magnetron sputtering 

Analyzing the growth law of magnetron-sputter deposited films from an atomic 

point of view, it can be seen that films generally consist of molecules, foreign atoms, 

and atomic clusters arriving at the surface of the substrate, accumulating thereon 

according to certain rules, and then forming through the process of coalescence. The 

growth is a non-equilibrium process. The formation of magnetron-sputter deposited thin 

films can generally be described as follows: The particles sputtered from the target 

surface move towards the substrate where they collide with the substrate surface or 

target particles that have already formed a thin film; some of these impinging atoms are 

directly bounced and re-enter the plasma or adsorb to the inner wall of the vacuum 

cavity, and most of them are deposited on the substrate or the surface of the growing 

thin film. As the particles deposited on the surface have their energy and substrate 

temperature, they diffuse, migrate, and do not move after occupying a proper location. 

Clearly, in this process, target atoms keep depositing on the substrate or the surface of 

the formed film. If the particles and surface are not firmly bonded, then, under the 

bombardment of other target particles, a back-sputtering phenomenon will occur, 

wherein film-forming particles are sputtered out; this process is called particle 

disassociation. The particles deposited on the surface migrate, expand, and condense 

into atomic clusters; the condensation process continues, leading to continued growth 

of atomic clusters to form stable nuclei. The deposited particles grow continuously in 

three-dimensional directions and spread in two-dimensional directions to form island-

like structures, which are connected in a network to form a continuous film. In summary, 

the film growth process consists of deposition, diffusion, desorption, and condensation. 
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The films deposited by magnetron sputtering can be amorphous, polycrystalline 

(microcrystalline structure), or monocrystalline. The movement of the deposited atoms 

on the substrate surface, resulting in a regular state of atomic arrangement inside the 

film, is influenced by the interactions between the deposited and substrate surface atoms, 

resulting in different growth morphologies of the film. At present, it is generally 

accepted that film growth mode can be classified into three types: layer island, layered, 

and island growth modes, as shown in Fig. 1-11. 

 

Fig. 1-11The growth models of film 

 (a) Island growth mode (b) Layered growth mode (c) Layer island growth mode 

(1) Island growth mode: When the deposited atoms have poor wettability with the 

substrate atoms, they do not easily spread on the substrate surface but tend to combine 

with their own type. After the deposited atoms form the smallest stable nuclei on the 

surface of the substrate material, the nuclei grow into islands on a three-dimensional 

scale and form a continuous film when the islands are connected, while forming new 

nuclei that continue to grow into islands; the surface of this film is relatively high and 

low, and the film has many voids and relatively high roughness. Island growth mode is 

widely present when depositing metal films on insulators, graphite, mica, and halide 

crystal substrates. 

(2) Layered growth mode: During the deposition of the film, if the bonding ability 

of the deposited atoms with the substrate atoms is greater than that of the deposited 

atoms with their own type, the deposited atoms are first nucleated on the surface of the 

substrate. The expansion of the smallest stable nucleus leads to the spreading of the 

deposited atoms in the two-dimensional plane; thereby, the plane layers are formed. The 

crystal nuclei grow and connect into a film of monatomic layers. When the first layer 
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is deposited, the second layer is deposited, and then the second layer is deposited. The 

second single-atom layer completely covers the first layer, and the layer growth 

continues as long as the binding energy of the substrate atoms to the atoms deposited 

onto the surface is greater than the binding energy of the deposited atoms themselves. 

The surface of the film grown in layers is smooth and flat with high quality, and the 

single crystal epitaxial growth of a semiconductor film follows this growth model. 

(3) Layer island growth mode: The layer island model is an intermediate model 

between layered and island growth. After the first layer of the laminar growth mode 

covers the surface of the substrate, the remaining growth layers continue to grow in 

layers during the deposition process; simultaneously, the film-forming particles are 

gradually increased in three-dimensional directions, forming an island structure of the 

deposited material. This growth mode is generally used for depositing a metal film on 

a metal or semiconductor substrate. 

1.5 Purpose and significances of research 

This study aimed to provide a new method for improving the mechanical 

properties of CFs and CFRP composites. The surface modification of CFs using the 

nanostructure property of magnetron-sputter deposited films is expected to realize the 

purpose of repairing surface defects and improving the mechanical properties of CFs 

without changing their structure and composition using a characteristic target material 

that is homogeneous with the CF. The mechanism of the effect of magnetron sputtering 

on the mechanical properties of CFs is also discussed. 

The research objective is to improve the mechanical properties of CFEP 

composites without sacrificing the mechanical properties of the CF. An easy-to-operate, 

non-polluting, and non-contaminating method of interface modification of the CFRP 

composites was developed by employing the surface modification of the CF using 

magnetron sputtering. The mechanical engagement between the CFs and resin matrix 

was improved by utilizing the surface characteristics of magnetron-sputter deposited 

films on the surface of the CF, thus improving the wettability of the resin matrix to the 

CFs owing to the nano-size characteristics of magnetron-sputter deposited films. Finally, 
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a composite interfacial layer is constructed by the magnetron-sputter deposited film, 

with the multi-size interfacial layer feature playing a role in transferring loads and 

cracks to the CF composites, ultimately improving the mechanical properties of the 

CFEP composites. The interface modification mechanism and damage mode of CF 

composites with carbon films deposited by magnetron sputtering were studied 

theoretically and experimentally to provide a new method for improving the mechanical 

properties of damage-free CFRP composites. 

An in-depth analysis of magnetron-sputter deposited carbon films was conducted 

to accurately analyze the action of magnetron sputtering on CF modification. The 

effects of the magnetron sputtering process parameters and deposition substrate on the 

surface morphology and microstructure of the magnetron-sputter deposited carbon 

films, as well as the morphology, structure, and property changes of magnetron-sputter 

deposited carbon films modified by heat treatment, were discussed to provide a 

theoretical basis for constructing multilayer interfacial layer structures of CFRP 

composites at a later stage. 

1.6 Outline of dissertation 

The purpose of this paper is to analyze the effect of magnetron sputtering, as a 

means for the surface modification of CFs, on the mechanical properties of the CF and 

the interfacial and mechanical properties of CF resin-matrix composites. 

In Chapter 1, the existing problems of CF composites, interfacial modification 

methods of CF composites, interfacial bonding mechanism, surface modification 

methods, and magnetron sputtering mechanism are outlined. 

In Chapter 2, the macroscopic and microscopic structures of magnetron-sputter-

deposited carbon films are characterized. Further, the effects of magnetron sputtering 

process parameters and different substrates on the morphology and structure of carbon 

films are analyzed, in addition to the changes in the structural properties of magnetron-

sputtered carbon films under 800–1200 ℃ heat treatment conditions. 

In Chapter 3, the influence of magnetron sputtering modification on the properties 

of CFs is described, and the influence of magnetron sputtering technology on the 
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mechanical and surface properties of CFs, as well as the adhesion strength between the 

carbon films and CFs under different magnetron sputtering conditions are analyzed. 

In Chapter 4, the mechanical properties of CFRP composites are analyzed and the 

damage mechanisms are described based on understanding carbon film properties under 

different magnetron sputtering process conditions. The effects of magnetron sputtering 

modification means and process parameters on the interfacial and mechanical 

properties of CF composites are also discussed. 

In Chapter 5, a summary of the research and conclusions are presented. 
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Chapter 2: Effect of magnetron sputtering process on the structural properties of 

deposited carbon films 

2.1 Introduction 

Nanomaterials refer to materials with a scale between 1～100 nm and have nano 

properties. Nanomaterials have obvious surface effect, macroscopic quantum tunneling 

effect, quantum size effect and small size effect, and exhibit special chemical and 

physical properties, which can be widely used in construction, ceramics, textile, 

biomedical and other industries [1-3]. Nanofilms are a kind of two-dimensional 

nanomaterials, which are a kind of membrane material composed of grains or particles 

with sizes between 1～100 nm. Nanofilms can be prepared by chemical and physical 

methods, the common physical preparation methods include ion beam sputtering, direct 

current (DC) or radio frequency (RF) sputtering, etc., the common chemical preparation 

methods include sol-gel method, chemical vapor deposition and electrochemical 

method [4], etc. Sputtering is one of the most widely used processes for depositing 

nanofilms, while magnetron sputtering is one of the main methods for preparing 

nanofilms by physical vapor deposition. Magnetron sputtering is a method in which a 

gas discharge generates positive ions to bombard a target at high speed under the action 

of an electric field, causing atoms in the target to escape and deposit a thin film on the 

surface of the substrate, and is currently the main way to prepare carbon films. 

The preparation methods of carbon films mainly include vacuum deposition and 

liquid deposition, such as cathodic arc deposition, pulsed laser deposition, ion beam 

deposition, plasma-enhanced chemical vapor deposition and other methods. Among 

them, magnetron sputtering technology is one of the main methods of carbon film 

preparation with the advantages of uniform film formation, fast deposition speed and 

no damage to the substrate material [5-7]. It is well known that carbon is a kind of 

complex carbon disorder structure, which combines three hybrid structures of SP1, SP2 

and SP3, and is a metastable amorphous carbon material. Because of the small content 

of SP1 hybridized carbon atoms in them, carbon materials are usually considered to be 

composed of two hybridized forms, SP2 and SP3. Different magnetron sputtering 
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techniques and processing processes have great influence on the content of SP2 and SP3 

and cluster morphology in the carbon film structure, forming carbon nanofilms with 

different morphological structures [8-12]. In order to better study the effects of 

magnetron sputtering process on the structure and properties of carbon films, this 

chapter analyzes the effects of magnetron sputtering process on the surface morphology 

and structure of carbon nanofilms by adjusting the magnetron sputtering time and 

sputtering power to prepare carbon films with silicon wafers and carbon fibers as 

substrates, respectively. 

Carbon materials are produced via high temperature carbonization performed 

under an inert gas atmosphere. Different carbonization temperatures will affect the 

structure and final properties of the carbon material. It has also been shown that 

different magnetron sputtering substrate temperatures also have an important impact on 

the properties of the resulting carbon films. Therefore, researchers can change the 

structure and properties of carbon films by adjusting the substrate temperature or 

annealing process [13-16]. For example, the hardness and elastic modulus of a carbon 

film decreases upon increasing the substrate temperature during the condensation 

reaction [17]. This increase in condensation temperature is beneficial to the orderly 

formation of aromatic rings and graphite-like clusters in carbon films. At condensation 

temperatures T > 450 °C, the growth mechanism of the carbon films changes, and nuclei 

of the graphite phase form directly on the substrate. Annealing the carbon films in the 

50–300 °C temperature range also facilitates the regularization of the aromatic ring 

structure. The majority of previous studies on heat treatment and annealing of carbon 

films are concerned with temperatures below 800 °C [18,19]; while there are also short-

timescale annealing processes with an Fe catalyst in the temperature range 400–1000 °C 

[20], and carbon films deposited by chemical vapor deposition that are heat treated at 

temperatures between 800 and 1200 °C [21]. However, research on the structure of 

carbon films deposited by magnetron sputtering at temperatures between 800-1200 °C 

is rare [22]. In this study, in order to further analyze carbon films deposited by 

magnetron sputtering, carbon films deposited on silicon wafers were heat treated at 
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800–1200 °C, and the effects of the heat treatment temperature on the structure and 

performance of the resulting carbon films were analyzed, providing a theoretical basis 

for the structural modification and application of magnetron sputtered nanofilms. 

2.2 Experimental part 

2.2.1 Experimental materials 

Commercially available 12K carbon fiber unidirectional cloth (Toray, Japan) with 

a single-fiber diameter of 7 μm was employed in this study and the specific performance 

indicators shown in Table 2-1. The carbon target (99.9% purity, Φ 60 mm, and thickness 

of 2 mm) was purchased from Beijing Ruifa Zhiyuan Technology Co., Ltd, China. 

Monocrystalline silicon wafer (2 inch) was purchased from Zhejiang Lijing Company, 

China. A desizing pretreatment of the carbon fiber was carried out prior to use. 
Table 2-1 Carbon Fiber Performance Index 

Fiber number

（K） 

Diameter

（μm） 

Density

（g/cm3） 

Tensile strength 

（GPa） 

Tensile modulus

（GPa） 

Elongation

（%） 

12 7 1.8 4.9 2.35 2.1 

2.2.2 Magnetron sputtering deposition treatment 

(1) Substrate preparation 

The carbon fiber unidirectional cloth and silicon wafer were first cleaned in an 

ultrasonic cleaner using ionic water, acetone, and absolute ethanol for 20 min, 

respectively in order to remove the impurities and oil stains adsorbed on their surface. 

Distilled water was then used to wash the materials several times until there was no 

odor. Finally, the washed materials were removed and dried in a vacuum drying oven 

heated at 100 ℃. The monocrystalline silicon substrate was polished.  

(2) Carbon film deposition 

The equipment used for depositing the carbon film in this thesis was a JGP-450A 

multifunctional high vacuum magnetron sputtering instrument, which was equipped 

with three target positions in the vacuum chamber, and the target head can be installed 

using a 60 mm diameter target material. The instrument was equipped with two DC 

power supplies and one RF power supply, with the RF power supply frequency being 

13.56 MHz and the maximum output power being 500 W. The target head was installed 
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at the bottom of the vacuum chamber and the substrate was located on the cover of the 

vacuum chamber. It was convenient to install and replace the sample, and moreover, 

this bottom-up deposition mode can prevent impurities on the inner walls of the vacuum 

chamber from falling onto the surface of the substrate. A schematic diagram of the 

equipment is shown in Fig. 2-1. 

 
Fig. 2-1 Schematic diagram of magnetron sputtering equipment structure 

The deposition of the carbon films on the silicon wafer and carbon fiber substrates 

was carried out using a magnetron sputtering deposition procedure. The carbon target 

was installed on a cathode plate. A single carbon fiber, multifilament carbon fiber, and 

silicon wafer were used as the substrate, which was placed under the substrate support 

and subjected to the magnetron sputtering process. For the surface modification of a 

single carbon fiber, the multifilament carbon fiber was first expanded for dispersion. 

The dispersed carbon fiber was fixed on polyester fabric with glue and then used as the 

base material for modification. The process is shown in Fig. 2-2. 

 
Fig. 2-2 Schematic of the magnetron sputtering modification process 
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The main sputtering process parameters were as follows: Sputtering pressure, 1.0 

Pa; back vacuum, 2 × 10−3 Pa; target substrate distance, 4 cm; working gas, 80 mL/min 

high-purity argon (99.999%); substrate support rotating speed, 30 rpm. The sputtering 

time and power were used as the variable parameters. The specific sputtering process 

and sample numbers are shown in Table 2-2. 

Table 2-2 Magnetron sputtering process parameters and sample number 

Sample number 
Sputtering 

power/W 

Sputtering 

time/min 

Si-C1/ F-SC1/F-MC1 0 0 

Si-C2/ F-SC2/F-MC2 250 20 

Si-C3/ F-SC3/F-MC3 250 30 

Si-C4/ F-SC4/F-MC4 250 40 

Si-C5/ F-SC5/F-MC5 250 50 

Si-C6/ F-SC6/F-MC6 150 20 

Si-C7/ F-SC7/F-MC7 350 20 

Si-C8/ F-SC8/F-MC8 450 20 

Note: Si-CN represents the carbon film specimen deposited on silicon wafer, F-SCN represents the specimen 

modified by spreading fiber, and F-MCN represents the specimen modified by bundle fiber, where N represents the 

specimen number. 

2.2.3 Carbon film heat treatment 

Using the magnetron sputtering method described above, the carbon films were 

deposited on silicon wafers with a sputtering power of 350 W and sputtering pressure 

of 1 Pa for 30 min, and the target-to-substrate distance was set at 40 mm. The silicon 

wafer with carbon film was then placed in a vacuum tube furnace for heat treatment. 

The heat treatment temperature was carried out in the range of 800–1200 ℃. A vacuum 

treatment was conducted prior to heating to prevent oxidation of the a-C film. The time 

required for the vacuum pumping treatment was 3 min. When the barometer reached –

0.1 MPa, nitrogen was injected. This vacuum pumping process was repeated 3 times 

with a duration of 5 min for each cycle. A continuous flow of nitrogen was maintained 

during the heat treatment. The specific process is shown in Fig. 2-3 and the specific 

heat treatment conditions and sample numbers are shown in Table 2-3. 
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Fig.2-3 Diagrammatic of the Carbon film process 

Table 2-3 Magnetron Sputtering Technology and Sample Number 
Sample 

number 

Sputtering 

pressure /Pa 

Sputtering 

time/min 

Sputtering 

power/w 

Temperature of 

heat treatment/℃ 

1# 1 40 350 none 

2# 1 40 350 800 

3# 1 40 350 900 

4# 1 40 350 1000 

5# 1 40 350 1100 

6# 1 40 350 1200 

2.2.4 Performance testing and characterization 

2.2.4.1 Scanning electron microscopy (SEM) 

The surface and cross-sectional morphology of the carbon films on carbon fibers 

and silicon substrates were characterized using scanning electron microscopy (SEM) 

operated at an acceleration voltage of 5 kV in order to measure the thickness of the 

carbon films and diameter of the single carbon fiber. The back of the carbon fiber, 

silicon wafer, or composite fracture surface to be tested on the copper base material was 

fixed using conductive tape and a gold spraying treatment carried out. A cold field 

emission scanning electron microscope was then used to characterize the morphology 

of the sample. 

2.2.4.2 Atomic force microscopy (AFM) analysis 

The weak interactions formed between the atomic force microscope probe and 

sample were used to obtain information on the materials surface, which can effectively 

observe the surface morphology and reflect the state of the measured material surface. 



43 

 

In this paper, AFM was used to characterize the surface morphology and roughness of 

the carbon films formed on the silicon wafer and carbon fiber substrates before and 

after the modification process. The sample was fixed on the sample table using double-

sided tape and the surface morphology of the sample analyzed in tapping mode over 

the scanning range of 3 μm × 3 μm and 1 μm × 1 μm, respectively. The surface 

roughness of the samples was calculated using the analysis software provided with the 

AFM instrument. In order to obtain reliable results, the specimens were scanned at 5 

different points during the test. 

2.2.4.3 X-ray diffractometer analysis (XRD) 

XRD was used to investigate the phase composition of the materials and 

characterize the phase composition of carbon films deposited on the silicon wafer, 

carbon fiber, and heat-treated silicon wafer substrates using the different magnetron 

sputtering process parameters studied. The X-ray source was Cu-Kα, the scanning 

speed was 6°/min, and step-by-step value was 0.05°. 

2.2.4.4 Raman spectroscopy (Raman) 

Raman spectroscopy was used to analyze the vibrations of the C atoms in carbon 

films deposited on the silicon wafer and carbon fiber substrates before and after the 

magnetron sputtering modification process using an excitation wavelength of 532 nm 

and spectral range of 0-3200 cm–1. 

2.2.4.5 X-ray photoelectron spectroscopy (XPS) 

The bonding characteristics of the films were analyzed using X-ray photoelectron 

spectroscopy (XPS, Thermo Scientific k-alpha) with a mono Al-Kα radiation source 

(1486.6 eV) and power of 160 W under a basic pressure of 5 × 10–7 Pa. The size of the 

analyzed area was 400 μm × 400 µm. The Lorentzian Gaussian fitting method was used 

to fit the composite peaks. Prior to the XPS analyses, the central areas of the samples 

were sputter-etched with Ar+ (15 keV) to remove the influence of surface adsorption 

and improve the accuracy of the test. 

2.2.5 Carbon film mechanical property test 

The hardness and elastic modulus of the carbon films were measured using a 
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nanoindentation instrument (TI980, Bruker, Hysitron, USA). The indenter used for the 

test was a standard diamond indenter. A displacement-controlled loading mode was 

adopted. The load function included a 5 s load time, 2 s hold time, and 5 s unload time. 

Six loading-hold-unloading hysteresis curves were obtained from different locations for 

each sample, which nearly overlap with each other indicating the homogeneous 

characteristics of the obtained films. The Oliver–Pharr [23] method was used to 

calculate the elastic modulus and hardness of the samples. 

According to the ASTMD3359 [24] standard, the adhesion level of the carbon film 

and silicon wafer substrates was evaluated using a scratch test. Every 1 mm on the 

silicon wafer loaded with carbon film was scratched and then observed using an optical 

microscope. The bonding strength between the carbon film and silicon substrate was 

graded and evaluated according to the ASTMD3359 standard. 

The linear reciprocating mode of a ball on disk micro-tribometer (UMT-2, Bruker, 

USA) was used to carry out friction measurements [25]. The dry friction tests (60% RH 

and 20 °C) were carried out at room temperature. In all of the measurements, the normal 

loads and sliding speeds were kept constant at 10 N and 75 mm/s, respectively. The 

grinding ball was a carbon steel ball with a diameter of 10 mm. The friction test was 

carried out using an amplitude of 5 mm and the action time was 30 min. Each tribology 

experiment was repeated five times and the trends observed for the friction curves were 

found to be nearly identical. The wear morphology of the carbon film was observed 

using laser confocal microscopy. 

2.3 Experimental results and discussions 

2.3.1 Surface morphology of carbon film 

2.3.1.1 Surface morphology of carbon film on silicon wafer 

Fig. 2-4 shows the surface morphology of the carbon films deposited on a silicon 

wafer substrate. The carbon film formed via magnetron sputtering was composed of 

fine carbon particles with nanometer size and microcracks on the surface of the carbon 

film. When the magnetron sputtering process was varied, the surface morphology of the 

resulting carbon film was different. The surface particle size of the carbon film 
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deposited using different magnetron sputtering increased with an increase in the 

magnetron sputtering power, and when the magnetron sputtering power was 150 and 

250 W, the pores between the microcracks on the surface of the carbon film were 

obvious. With an increase in the magnetron sputtering power, the pores between the 

microcracks on the surface of the carbon film decrease, and the interparticles exhibit an 

obvious island structure. This is because when the sputtering power is 150 W, the energy 

of the incident ions is low, and the energy obtained by the carbon particles is also low, 

which cannot complete the diffusion and aggregation on the surface of the substrate. As 

the sputtering power increases, the degree of ionization of the discharge carrier 

increases, prompting the deposited atoms to move with higher energy, the island 

structure on the substrate surface is enhanced, and the particle size on the film surface 

increases. When the sputtering power continues to increase and reached 450 W, it makes 

the atoms originally deposited on the surface of the film sputter again and produce 

vacancy defects, which also makes the carbon particles overgrow, and the particle size 

on the surface of the carbon film further increases and exhibit a crack-like morphology. 

The particle aggregation state on the surface of the carbon film deposited using 

different magnetron sputtering times increases upon increasing the sputtering time. The 

surface of the carbon film formed at a sputtering time of 20 min has obvious cracked 

pores, the cracked pores on the film surface gradually decrease with an increase in the 

magnetron sputtering time, and the carbon film deposited under these conditions was 

composed of particles without aggregation. Upon extending the magnetron sputtering 

time, particle aggregation appears on the surface of the carbon film, and the particle 

size on the surface increases. This is because the amount of deposited carbon film 

begins to increase with an increase in the sputtering time and the atomic islands grow 

until a continuous dense film is formed. At the same time, as the sputtering time is 

prolonged, the substrate temperature increases, diffusion was enhanced, the carbon 

atoms form aggregates on the substrate surface, and the surface particle size increases. 
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Fig.2-4 SEM images of surface of carbon films on silicon wafer 

Fig. 2-5 shows the cross-sectional morphology and thickness of the carbon film 

deposited on a silicon wafer substrate under the different magnetron sputtering process 

conditions studied. The cross-section of the carbon films have a typical columnar 

structure. Due to the compacting effect of the magnetron sputtering power on the carbon 

film, the thickness of the carbon film increases upon increasing the sputtering power, 

and the columnar structure of the carbon film cross-section was enhanced. The increase 

in sputtering power was conducive to the enhancement of the diffusion and aggregation 

of the carbon particles, which improves the denseness of the carbon film produced. The 

cross-sectional thickness of the carbon film continuously increases with an increase in 

the magnetron sputtering time. This is because when the deposition time is short, the 

amount of carbon film deposited is small, and as the sputtering time increases, the 

amount of deposition increases, and the thickness of the resulting carbon film increases. 
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Fig. 2-5 The cross-sectional pattern and thickness of carbon film on silicon wafer 

2.3.1.2 Surface morphology of carbon film on carbon fiber 

Fig. 2-6 shows the surface morphology of the carbon fibers after modification 

using the magnetron sputtering process. After the magnetron sputtering treatment, the 

surface of the carbon fibers was covered by a carbon film. The carbon film deposited 

on the carbon fiber surface via magnetron sputtering also has microcracks and its 

morphology was similar to that of the carbon film deposited on the silicon wafer 

substrate. 

When the magnetron sputtering power was the same, the microcracks on the 

surface of carbon fiber modified over 20 min were numerous and dense, and the density 

of the microcracks on the surface of the carbon fiber modified using a 30 min sputtering 

time was the best. The pores of the microcracks on the surface of the carbon fiber after 

a sputtering time of 40 and 50 min were slightly increased, and the surface aggregation 

on the carbon film deposited on the surface of carbon fiber was enhanced upon 

increasing the sputtering time. This is because the carbon fiber is curved and extending 
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the sputtering time increases the thickness of the carbon film, resulting in an increase 

in the radius of this curvature, which affects the connections in the lamellar structure of 

the carbon particles and the surface pore density of the carbon film. At a magnetron 

sputtering time of 20 min and sputtering power of 150 W, the carbon film deposited on 

the surface of carbon fiber exhibits obvious traces of inhomogeneity, but no obvious 

aggregation states were observed. When the magnetron sputtering power was 350 W, 

the microcrack pores on the surface of the carbon film significantly increase, and there 

are traces of carbon particles gathering to form sheets. When the sputtering power 

reached 450 W, the surface of the carbon film has some obvious carbon particle 

aggregation, the uniformity of the carbon film on the surface of the carbon fiber was 

enhanced at this time, and the stacking structure of the lamellae enhanced. 
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Fig. 2-6 Surface morphology of carbon fiber modified by magnetron sputtering 

Fig. 2-7 shows the cross-sectional morphology of the carbon fiber treated using 

the 250 W and 30 min magnetron sputtering modification process. The carbon fiber 

surface was covered by a carbon film and the cross-section of carbon film deposited on 

the carbon fiber surface exhibits a typical columnar structure. The thickness of the 

carbon film observed in the carbon fiber cross-section was uniform and comparable to 

the thickness of the carbon film deposited on the silicon wafer under the same 

magnetron sputtering process conditions. 

 

Fig. 2-7 Cross-sectional morphology of carbon fiber by 250w,20min modification  

2.3.2 Surface roughness of carbon film 

The carbon films deposited via magnetron sputtering have nanometer dimensions. 

In order to further characterize the effect of the variation in the magnetron sputtering 



50 

 

process parameters on the carbon film surface morphology on the nanometer scale, the 

carbon film morphology on the different substrates studied was characterized using 

AFM, and the carbon film surface roughness calculated using the roughness calculation 

software provided with the AFM instrument. 

2.3.2.1 Surface roughness of carbon film on silicon wafer 

Fig. 2-8 shows the morphological characterization of the carbon film deposited on 

the silicon wafer using AFM in the scanning range of 3 μm × 3 μm. The AFM results 

further demonstrate that the carbon film was composed of particles with nanoscale 

dimensions. The different roughness of the carbon film surface was observed with the 

different magnetron sputtering process parameters used. Under the same magnetron 

sputtering power conditions, the particle size of the carbon film was basically the same, 

but the aggregation pattern and uniformity of the carbon film surface were different 

under the different deposition time conditions studied. When the sputtering time was 

20 min, there was a small amount of aggregated structures observed on the surface of 

the carbon film, but the size of these structures was small. Upon extending the 

sputtering time, the aggregated structure on the surface of the carbon film increases, 

and when the sputtering time reached 50 min, a larger-sized island structure was formed 

on the surface of the carbon film and the uniformity of the carbon film was reduced. 

Under the same magnetron sputtering time conditions, the particle sizes of the carbon 

films deposited using different magnetron sputtering power were significantly different, 

and the higher the sputtering power, the larger the particle size of the resulting carbon 

film. The carbon film deposited under 150 W conditions has obvious sputtering 

vacancies on its surface. The surface of the carbon film deposited under 350 W 

sputtering power conditions was dense with good uniformity and a small amount of the 

carbon particle aggregation state structures was observed. When the magnetron 

sputtering power reached 450 W, there was an obvious formation of the aggregation 

state on the surface of the deposited carbon film, the uniformity of the carbon film 

surface significantly decreased, and the roughness increased. 
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Fig. 2-8 AFM of carbon film on silicon wafer (3 μm × 3 μm） 

Under the same magnetron sputtering power conditions and relatively short 

sputtering time, the amount of carbon particles deposited was low and the surface 

roughness was reduced. Upon extending the magnetron sputtering time, the amount of 

carbon particles deposited increases and the carbon film forms a more complete island 

structure. Further prolonging the sputtering time, the sputtered carbon atoms form 

aggregates, which increase the particle size and the surface roughness of the resulting 

carbon film. This can be further compared using the 3D scanning diagram of carbon 

film obtained using AFM (Fig. 2-9). 
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Fig. 2-9 3D AFM of carbon film on silicon wafer (3μm×3μm) 

(a) 20min (b) 30min (c) 40min (d) 50min (e) 150w (f) 350w (g) 450w 

Table 2-4 shows the surface roughness of the carbon films deposited on a silicon 

wafer substrate using different magnetron sputtering process conditions, which are 

consistent with the observed results, in which the surface roughness of the carbon films 

increases upon increasing the sputtering time and power.  
Table 2-4 Surface roughness of carbon film on silicon wafer in different scanning ranges 

Sample 
3μｍ×3μｍ 1μｍ×1μｍ 

Ra/nm Rq/nm Ra/nm Rq/nm 

Si-C-2 1.15 1.76 0.792 1.05 

Si-C-3 1.35 1.73 1.28 1.62 

Si-C-4 1.48 2.14 1.32 1.67 

Si-C-5 1.94 2.61 1.85 2.45 

Si-C-6 0.837 1.19 0.923 1.2 

Si-C-7 1.22 1.57 1.26 1.57 

Si-C-8 1.87 2.44 2.22 2.83 

In addition, the surface roughness measured in the different scanning ranges of 3 

μm × 3 μm and 1 μm × 1 μm show little difference. 
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2.3.2.2 Surface roughness of carbon fiber 

Fig. 2-10 shows the changes in the carbon fibers on the nanoscale before and after 

modification via magnetron sputtering using AFM in the range of 3 μm × 3 μm. The 

surface of the unmodified carbon fibers was smooth and has a stripe structure, 

indicating that there are some defects on the surface of the unmodified carbon fibers. 

The surface of the carbon fibers modified using magnetron sputtering exhibits some 

obvious changes. There is an obvious granularity on the surface of the carbon fibers 

modified at 250 W and 20 min, but stripe structures still exist. Under the same 

magnetron sputtering power conditions, an increase in the magnetron sputtering time 

leads to the disappearance of the stripe structure on the surface of carbon fibers, the 

granular material on the surface of the carbon fiber increases, the particle size of the 

granular material increases, and the phenomenon of bumps and undulations appears. 

The surfaces of the carbon fibers modified using different sputtering power with the 

same magnetron sputtering time also have granular material, but no obvious undulation 

state larger granular material was observed. This is because the sputtering time of the 

carbon fibers modified using different magnetron sputtering powers was 20 min, and 

under this sputtering time condition, the carbon particles have not yet had enough time 

to aggregate and form island structures, so no larger granular material is formed. The 

existence of particulate matter on the surface of the modified carbon fibers can increase 

the specific surface area, increasing the contact area between resin matrix and carbon 

fibers, which is conducive to the mechanical meshing effect between the two phases of 

the composite interface. 
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Fig. 2-10 Carbon fiber AFM (3μm×3μm) 

(a) unmodified (b) 20min (c) 30min (d) 40min (e) 50min (f) 150w (g) 350w (h) 450w 

Table 2-5 shows the surface roughness of the carbon fibers before and after the 

magnetron sputtering modification process. The arithmetic mean roughness (Ra) and 

root mean square roughness (Rq) of the unmodified carbon fiber surface were 84.8 and 

98.9 nm, respectively under 3 μm × 3 μm scanning conditions. During the magnetron 

sputtering modification process used in this experiment, the surface roughness of the 

carbon fibers treated using the other modification conditions increases, but the increase 

was not significant with the exception of the surface roughness of the carbon fibers 

modified using 250 W and 20 min conditions, which decreased. The surface roughness 

of carbon fiber treated using the same magnetron sputtering power modification 

conditions increases with an increase in the magnetron sputtering time, but when the 

sputtering time was 50 min, the surface roughness of the carbon fibers slightly decreases. 
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The surface roughness of the carbon fibers modified over 40 min increased by 7.96%. 

Under the same sputtering time conditions, the surface roughness of carbon fiber also 

tends to increase with an increase in the sputtering power, and the surface roughness of 

the carbon fiber modified using 350 W and 20 min increased by 9.79%. 

After the carbon fiber was modified via magnetron sputtering, the surface was 

covered by a carbon film composed of nanoscale carbon particles, and therefore, the 

surface roughness of the carbon fiber increases. However, under the 250 W and 20 min 

modification conditions, the carbon film could not completely cover the striped grooves 

on the original carbon fiber due to the short magnetron sputtering time and the low 

number of deposited carbon particles, but can still play a role in filling the stripes on 

the original carbon fibers. Therefore, the surface roughness of the carbon fibers slightly 

decreases. 

Table 2-5 Surface roughness of carbon fiber in different scanning ranges 

Sample 
3μｍ×3μｍ 1μｍ×1μｍ 0.2μｍ×0.2μｍ 

Ra/nm Rq/nm Ra/nm Rq/nm Ra/nm Rq/nm 

F-SC-1 84.8 98.9 10.7 12.9 1.29 1.63 

F-SC-2 82.6 96.35 10.8 12.8 2.56 4.60 

F-SC-3 85.27 100.68 11.3 13.1 1.89 2.47 

F-SC-4 91.55 107 14.1 20.3 4.50 5.74 

F-SC-5 90.2 106 17 20.5 5.75 7.16 

F-SC-6 92.6 108 11.9 13.9 1.38 1.74 

F-SC-7 93.1 110 12.8 15.5 2.54 1.45 

F-SC-8 93.03 108.7 10.6 12.3 2.87 3.68 

By comparing the surface roughness of the carbon film on silicon wafer prepared 

under the same magnetron sputtering process conditions, it was found that the surface 

roughness of the carbon fibers was much higher than that formed on the silicon wafer 

substrate. This is because there is a difference in the roughness of the substrate itself. 

The silicon wafer substrate was polished, so its surface roughness was small, so the 

difference in the roughness of the characterized carbon film can be judged to be caused 

entirely by the difference in the parameters used during the magnetron sputtering 

process. In contrast, the surface of the carbon fibers is curved and there are defects on 
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the surface of the carbon fibers with cross-stripe grooves. At the same time, because the 

carbon fibers were also applied to the slurry agent during processing, although most of 

it is removed by washing, there is still a small amount of residue. Therefore, the surface 

of the carbon fiber substrate was not smooth. In addition, the diameter of the single 

carbon fiber has an effect on the AFM scanning results. The single carbon fiber diameter 

was only ~7 μm, and the scanning range of AFM is 3 μm × 3 μm, which is 

approximately within the radius size of the carbon fiber itself, and can be influenced by 

its surface morphology. Therefore, we believe that this is the main reason why the 

surface roughness of the carbon fibers modified using magnetron sputtering does not 

change much from the surface roughness of unmodified carbon fibers. Meanwhile, 

when comparing the surface roughness of the carbon fibers in the different scanning 

ranges of 3 μm × 3 μm and 1 μm × 1 μm, it was found that surface roughness of the 

carbon fibers was significantly different under the two scanning conditions used. 

Under 1 μm × 1 μm scanning conditions, the surface roughness of the unmodified 

carbon fiber was less than that observed for the carbon fibers after the magnetron 

sputtering modification process, but the surface roughness of carbon fiber measured 

under 1 μm × 1 μm scanning conditions was much smaller than that observed under 3 

μm × 3 μm scanning conditions after the same magnetron sputtering process. The 

changing trend observed for the carbon fiber surface roughness due to the magnetron 

sputtering process was the same under the two different scanning range conditions, but 

the magnitude of these changes was different. The surface roughness of the carbon fiber 

measured under 1 μm × 1 μm scanning conditions was more obviously affected by the 

magnetron sputtering process. Under the same magnetron sputtering power conditions, 

when the sputtering time was increased from 20 to 40 min, the increase in the rate of 

the carbon fiber surface roughness was 3.66% and 1.59% for the 3 μm × 3 μm scanning 

conditions, and 33.14% and 68.67% for the 1 μm × 1 μm scanning conditions, 

respectively. 

The surface of the unmodified carbon fibers has some undulations, but the 

fluctuation was small and the fluctuation range was uniform. The reason for the 
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roughness can be mainly attributed to the formation of carbon fiber surface grooves and 

residual slurry. The surface of carbon fiber modified via magnetron sputtering has 

obvious roughness with the exception for the carbon fiber surface modified under 150 

W and 20 min conditions, which shows no obvious fluctuation. The carbon fiber surface 

modified via magnetron sputtering has an obvious island structure morphology. In 

addition, the surface fluctuation of the modified carbon fibers was no longer uniform. 

When the magnetron sputtering modification conditions were different, there is a 

difference in the size of the carbon fiber surface island structures. For example, the 

surface morphology of carbon fiber modified under 250 W and 20 min conditions has 

an obvious particle stacking structure and poor uniformity. 
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Fig. 2-11 AFM of carbon fiber (1μm×1μm) 

(a1) (a2) unmodified, (b1) (b2) 20min, (c1) (c2) 30min, (d1) (d2) 150w, (e1) (e2) 350w  

By comparing the surface roughness of a single carbon fiber in the different 

scanning ranges of 3 μm × 3 μm and 1 μm × 1 μm, and comparing the results with the 

surface roughness of a carbon film formed on the silicon wafer substrate, we believe 

that the effect of the magnetron sputtering process on the surface roughness of the 

carbon fibers was better reflected by the roughness calculation in a small scanning range. 

Therefore, the carbon fiber surface roughness in the range of 0.2 μm × 0.2 μm was 

calculated and it was found that the scale range of the carbon fiber surface roughness 

in this state was closer to the surface roughness of the carbon film formed on the silicon 

wafer substrate. The surface roughness of the modified carbon fibers in the range of 0.2 

μm × 0.2 μm increased significantly when compared to that before the modification 

process with a maximum increase of 3.46 times.  

The smoothness of the carbon fiber surface is one of the factors affecting whether 

the carbon fiber and resin matrix can exhibit good bonding performance. The increase 

in the surface roughness of the carbon fibers after the magnetron sputtering 

modification process is beneficial to the interfacial meshing between the carbon fibers 

and resin matrix during the preparation of carbon fiber composites. 

2.3.3 Raman spectroscopy 
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Raman spectroscopy is one of the most important methods used to characterize the 

internal microstructure of carbon materials and is the most intuitive way to identify 

carbon species [28]. 

The Raman spectra of the carbon films are mainly composed of D peaks observed 

at ~1350 cm−1 and G peaks at ~1580 cm−1. The D peaks represent carbon defects, which 

originate from the breathing vibrations of the six-membered carbon ring clusters, and 

are a sign of the disorder in the carbon structure. The G peaks originate from the in-

plane stretching vibrations of all of the sp2 orbitals (ring or chain) in the carbon material. 

In addition, the intensity ratio of the D to G peak (ID/IG) is often used to express the 

relative content of sp2 and sp3 hybridized carbon atoms in carbon materials [29] 

2.3.3.1 Raman spectra of carbon films on silicon wafer 

Fig. 2-12 shows the Raman spectra obtained for the carbon films formed on a 

silicon wafer substrate under the different magnetron sputtering process conditions 

studied. The carbon films deposited on silicon wafers using different magnetron 

sputtering conditions were found to have characteristic Raman peaks at ~1350 and 1580 

cm–1. All of the carbon films deposited by magnetron sputtering have a relatively sharp 

G peak at 1580 cm–1, but the characteristic D peak near 1350 cm–1 varies with the 

magnetron sputtering process used. At a sputtering power of 250 W and magnetron 

sputtering time of up to 30 min, the carbon film on the wafer exhibits a small shoulder 

peak near 1350 cm–1, which gradually decreases as the magnetron sputtering time 

increases. Similarly, when the sputtering time was 20 min, the carbon film deposited on 

the silicon wafer at different magnetron sputtering power also decreases with an 

increase in the sputtering power, and the characteristic peak near 1350 cm–1 gradually 

decreases. When the sputtering power was <250 W, the carbon film has obvious Raman 

characteristic peaks at ~1350 and ~1580 cm–1, when the sputtering power was 350 W, 

the peak at ~1350 cm–1 was reduced to a small shoulder, and when the magnetron 

sputtering power reached 450 W, the peak at ~1350 cm–1 almost disappeared. However, 

upon fitting the Gaussian curve, the carbon film still has the corresponding D and G 

peaks at 1360 and 1580 cm–1, respectively, which still shows the typical Raman 
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spectrum observed for carbon. The carbon structure on the surface of the carbon film 

formed on the silicon wafer substrate is the structure of the carbon target, which exhibits 

a strong graphitic structure, therefore the characteristic Raman peak near 1580 cm–1 

was obvious. However, because the substrate is a silicon wafer, when the sputtering 

process was varied, it will cause the substrate temperature to change, which will affect 

the structural morphology of the carbon film formed on the silicon wafer. Ferrari has 

proposed a three-state model with increasing disorder in the carbon film structure: The 

first stage is the transformation process from intact graphite crystal to nano-graphite, 

the second stage is the transformation process from nano-graphite crystals to sp2 bonded 

carbon, and the third stage is the transformation process from sp2 carbon to sp3 carbon. 

When the magnetron sputtering power was low and the sputtering time short, the carbon 

film was still in the first stage, so the Raman peaks show graphite-like characteristics. 

As the magnetron sputter-deposited carbon film is an unstructured mixture of sp3 

hybridized carbon in diamond and sp2 hybridized carbon in graphite, when using visible 

light laser excitation, the π state resonates, whereas the σ state does not, resulting in a 

Raman spectrum being dominated by the sp2 signal even if 10%–15% of the sp3 

structure was present in the carbon film structure, making the Raman spectrum of a-CF 

exhibit graphite-like carbon sp2 peak positions. Therefore, when the sputtering time was 

prolonged and the sputtering power increased, it raises the temperature of the substrate 

and affects the microstructure of the carbon film deposited on the silicon wafer substrate. 

The G-peak position shifts to the high wavenumber region in the Raman spectrum. 

 

Fig. 2-12 Raman spectra of carbon films on silicon wafers 
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(a) Different sputtering time (b) Different sputtering power 

2.3.3.2 Raman spectra of carbon fibers 

Fig. 2-13 shows the Raman spectra obtained for the carbon fibers before and after 

the magnetron sputtering modification process. The carbon fibers before and after the 

modification process exhibit obvious Raman peaks at 1350 and 1580 cm–1, in addition 

to the graphite secondary Raman peak at 2730 cm–1. The magnetron sputtering 

modification treatment was found to have little effect on the hybridization structure of 

the carbon fibers. The effect of the different sputtering power conditions on the hybrid 

structure of the carbon fibers was greater than that of the sputtering time. 

The Raman spectra obtained for the carbon fibers modified using the same 

sputtering power show regular changes with a gradual increase in the sputtering time, 

and the wavenumbers of the D and G peaks only fluctuated by ~10 cm–1. When the 

sputtering power was the same and the sputtering time was <30 min, the D and G peaks 

show a tendency to move slightly to the high and low wavenumber region, respectively, 

upon extending the sputtering time. When the sputtering time was 20 min and the 

sputtering power was varied, the Raman spectra of the modified carbon fibers did not 

change regularly with the sputtering power. 

This can be attributed to the carbon film content on the surface of the carbon fiber 

being reduced in the modified carbon fibers. This does not have a large impact on the 

structural composition, which are still dominated by the carbon fiber, so the Raman 

spectrum does not change significantly. However, the differences in the magnetron 

sputtering process can lead to differences in the morphology and stable structure of the 

deposited film on the surface of the carbon fibers, resulting in small differences in the 

Raman spectra obtained for the carbon fibers modified using the different magnetron 

sputtering processes studied. Due to the different sputtering power, the size of the 

carbon particles and stable state of the final carbon film formed by the sputtered carbon 

film are different, resulting in no regular changes in the Raman spectra being observed 

for the modified carbon fibers. 
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Fig. 2-13 Raman spectrum of carbon fiber modified by magnetron sputtering  

(a) Treated at different sputtering time in the 500-4000cm-1 Raman shift range (b) Treated at 

different sputtering time in the 1000-2000cm-1 Raman shift range (c) Treated at different sputtering 

power in the 500-4000cm-1 Raman shift range (d) Treated at different sputtering power in the 1000-

2000cm-1 Raman shift range 

The ID/IG ratios observed at 1350 and 1580 cm–1 for the carbon fibers modified 

using magnetron sputtering are shown in Fig. 2-14. 

 

Fig. 2-14 ID/IG ratio of carbon fibers modified by magnetron sputtering 
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With the same sputtering power, the ID/IG ratios of the carbon fibers modified using 

different sputtering times were smaller than the unmodified carbon fibers, and the ID/IG 

ratio gradually decreases with an increase in the sputtering time, indicating that the 

degree of graphitization in the modified carbon fibers tends to increase. The ID/IG ratio 

of the carbon fibers modified using different magnetron sputtering power conditions 

was also smaller than that of the unmodified carbon fibers. Among them, the ID/IG ratios 

of the carbon fibers modified under 150 and 350 W conditions were relatively small, 

but the reasons for their smaller ID/IG ratios are different. For carbon fibers modified 

under 150 W sputtering conditions, the magnetron sputtering power was relatively low 

and the sputtering time relatively short, thus the particles deposited on the surface of 

the carbon fiber do not form a more complete layer structure, and the carbon particles 

do not gather into islands. Therefore, the performance of the carbon target structure on 

the carbon fiber was more obvious. The reason for the smaller ID/IG observed for the 

carbon fibers modified under a 350 W sputtering power can be attributed to the film 

structure formed by the carbon particles deposited on the surface of the carbon fibers 

having a more stable ordered structure, thus enhancing the ordered structure of the 

carbon fibers. When the sputtering power reached 450 W, the formation of the stable 

carbon film structure was affected by the large sputtering particles, which leads to the 

formation of an ordered graphite structure on the carbon fiber surface. 

Although there is a significant difference between the Raman spectra obtained for 

the carbon films formed on the silicon wafer and modified carbon fiber substrates under 

the same magnetron sputtering process conditions, the Raman spectra of the carbon 

fibers before and after modification via magnetron sputtering do not change 

significantly, indicating that the modification process does not have a significant effect 

on the microstructure of the carbon fibers. 

2.3.4 XRD analysis  

2.3.4.1 XRD of carbon films on silicon wafers 

Fig. 2-15 shows the XRD patterns obtained for the carbon film formed on the 

silicon wafer substrate and it was found that they show no obvious graphite crystal 
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diffraction peaks at 2θ = 25° with the exception for the carbon films prepared under 450 

W and 20 min conditions, which show carbon (002) graphite crystal diffraction peaks 

at 2θ = 25°, and the XRD patterns show more of the characteristic diffraction peaks 

corresponding to the silicon wafer substrate. When the modification process uses a 

magnetron sputtering power of 250 W and sputtering time of 20 min, the carbon film 

does not show any obvious carbon diffraction peaks, and only the characteristic 

diffraction peaks corresponding to silicon (111) and silicon (220) at 2θ = 30 and 46° 

were observed, respectively. This can be attributed to the carbon film deposited on the 

silicon wafer not forming a dense carbon film due to the short sputtering time, and the 

deposited amount was small, so the characteristic diffraction peaks of carbon were 

obscured by the diffraction peaks of the silicon wafer substrate. Upon increasing the 

sputtering time, the steady-state of the carbon film layer deposited on the silicon wafer 

was enhanced and the amount of deposition increases, so that a sharp characteristic 

diffraction peak corresponding to carbon (111) was observed at 2θ = 42°. Similarly, 

when the modification conditions were 20 min sputtering time and 150 W sputtering 

power, the carbon film deposited on the silicon wafer exhibits no obvious characteristic 

carbon diffraction peak, only a weak silicon (311) peak, which indicates the existence 

of the carbon film on the silicon wafer and the carbon film exhibits a masking effect on 

the characteristic silicon peak. With an increase in the sputtering power, the XRD 

patterns of the carbon films on the silicon wafer substrate present a characteristic carbon 

(111) peak at 2θ = 42°, and when the sputtering power reached 450 W, the carbon film 

presents a characteristic diffraction peak for carbon (002) graphite crystals at 2θ = 25°. 

 

Fig. 2-15 XRD of carbon film on silicon wafer 
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(a) Different sputtering time (b) Different sputtering power 

2.3.4.2 XRD of carbon fiber 

Fig. 2-16 shows the XRD patterns of the carbon fibers before and after 

modification via magnetron sputtering. There are only two diffraction peaks exhibited 

in the XRD pattern of the carbon fibers both before and after the modification process: 

One is a sharp characteristic diffraction peak at 2θ = 25°, which corresponds to the 

carbon (103) plane of the typical graphite crystal structure of carbon fibers. The other 

peak is a weak diffraction peak corresponding to carbon (012) observed at 2θ = 43°; no 

other diffraction peaks were observed. This shows that the magnetron sputtering 

modification process has no effect on the physical phase structure of the carbon fibers. 

The d002 layer spacing of the carbon fibers modified via magnetron sputtering also 

exhibits a very small change with a tendency to decrease upon increasing the magnetron 

sputtering time and power. When the magnetron sputtering power was the same, the 

d002 layer spacing of the modified carbon fiber decreases gradually with an increase in 

the magnetron sputtering time. When the modified magnetron sputtering time was the 

same, the d002 layer spacing of the modified carbon fibers also decreases gradually with 

an increase in the magnetron sputtering power when the modified sputtering power 

was >250 W. The decrease in the modified carbon fiber d002 layer spacing indicates that 

the degree of graphitization in the modified carbon fibers after the magnetron sputtering 

process was slightly increased, which was consistent with the analysis of the Raman 

spectra obtained for the modified carbon fibers. The microstructure of the carbon targets 

used for the sputtering process differs from that of the carbon fibers due to the different 

processing methods used. The degree of graphitization in the carbon target was 

relatively high and well-ordered. Therefore, with an increase in the magnetron 

sputtering time, the thickness of the resulting carbon film formed on the surface of the 

carbon fibers increases, and carbon fiber exhibits an increase in the degree of 

graphitization. When the magnetron sputtering power was varied, the morphology of 

the layered structure of the carbon film deposited on the surface of the carbon fibers 

will be different, and the structure of the carbon film formed will have a weak effect on 

the microstructure of the carbon fibers. 
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Fig. 2-16 XRD of carbon fiber 

(a) Different sputtering time (b) Different sputtering power 

2.3.5 Morphology and structure of carbon film after heat treatment 

2.3.5.1 Raman spectroscopy 

The Raman spectra of the carbon films before and after heat treatment are shown 

in Fig. 2-17. There are characteristic Raman peaks near 1360 cm-1 and 1580 cm-1 in the 

magnetron-sputtered carbon films, indicating that the magnetron-sputtered carbon films 

observed before and after heat treatment are a-C films. The intensity of the D and G 

peaks increased after heat treatment, and when the treatment temperature does not 

exceed 1100°C, the intensity of D and G peaks increases with increasing treatment 

temperature. This is due to an initially low degree of carbon atom aggregation in the a-

C films. With increasing heat-treatment temperature, the carbon atoms in the a-C films 

move and diffuse, and the degree of carbon atom aggregation increases, which leads to 

the increased intensity of the D and G peaks. As shown in Fig. 2-17 (a), the D peak of 

the a-C films shifts to a lower wave number, while their G peak shifts to a higher wave 

number with increasing treatment temperature. However, at a treatment temperature of 

1200°C, the wave number of the G peak is lower. It can be seen from the full width at 

half maximum (FWHM) shown in Fig. 2-17 (c) that the D peak gradually narrows with 

increasing treatment temperature. While treatment temperature does not exceed 1100°C, 

the G peak FWHM shows a narrowing with increasing treatment temperature, although 

when the treatment temperature reaches 1200°C, the G peak widens. The intensity ratio 

of the D peak to the G peak, ID/IG, decreases with increasing treatment temperature, 
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when the temperature does not exceed 1100°C, and increases when the treatment 

temperature reaches 1200°C.  

 
Fig.2-17 Raman spectra of carbon films after heat treatment 

(a) Treated at different temperatures in the 1000-3000 cm-1 Raman shift range (b) Treated at 
different temperatures in the 1000-2000 cm-1 Raman shift range 

These results show a reduction in the disordered structure, and an increased 

ordering of the a-C films with increasing heat-treatment temperature. This implies an 

increase in both sp2-bonded carbon content and the degree of graphitization in the a-C 

films. However, crystals formed in a-C films belong to the carbon polycrystalline 

structure, which is composed of many small carbon single crystals with no specific 

orientation [16,19]. When the heat-treatment temperature reaches 1200°C, the crystals 

in the a-C films also aggregate, which restructures the carbon atoms and affects the 

formation of the ordered a-C film structure. The second-order Raman peaks of graphite 

are characterized by strong peaks near 2730 cm-1 and weak, sharp peaks near 3250 cm-

1. Compared with the first Raman peak, the second Raman peak is more sensitive to a 

small amount of disorder in the graphite lattice. The second-order Raman peak of 

graphite appears in the a-C film after heat treatment near 2730～3000 cm-1[20]. With 

increasing heat-treatment temperature, the intensity of the second-order Raman peaks 

gradually increases, and the double-peak phenomenon becomes more apparent: the 

peaks narrow, which further explains the enhanced degree of graphitization in the a-C 

films.  

2.3.5.2 XRD analysis 

The XRD data for the magnetron-sputtered carbon film is shown in Fig.2-18. 
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There is no typical sharp characteristic diffraction peak of carbon in the untreated 

magnetron-sputtered carbon film near 2θ = 25°, only a wider diffraction packet, 

indicating that these carbon films deposited by magnetron sputtering belong to the a-C 

material group. However, there is a sharp characteristic peak at 2θ = 69°, which is the 

overlapping diffraction characteristic peak of the Si (400) of the substrate and C (103); 

according to an analysis of the crystallinity of these elements, the characteristic peaks 

of Si (400) diffraction are dominant. Only the magnetron-sputtered carbon film which 

was subject to heat treatment at 800°C has a weak diffraction peak package at 2θ = 25°, 

while the diffraction peaks of the other films disappear at this point. Fig. 2-18 show the 

results for films with a heat-treatment temperature beyond 900°C, with diffraction 

peaks characteristic of C (103) and Si (400) that are clearly separated at 2θ=69º, which 

indicates an enhancement of the microcrystalline structure of the a-C films. The 

diffraction peaks of lonsdaleite (102) and C (109) appear near 2θ = 61.8° and 2θ = 66.7° 

after heat treatment. Lonsdaleite, a type of diamond crystal structure, is considered to 

play an important role in the transformation of graphite to diamond [28]. It is shown 

that after heat treatment, new carbon crystals are formed in addition to the original 

carbon microcrystals, but these are not graphite crystals. 

 

Fig. 2-18 XRD of the carbon films after heat treatment 

(a) Full spectrogram (b) 2θ = 60-74° 

2.3.5.3 XPS analysis 

In order to further prove the effect of heat treatment on the microstructure of a-C 
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films, the a-C films under different heat treatment conditions were characterized by 

XPS. Fig.2-19 presents the XPS profiles of a-C films at various temperatures.  

 

Fig. 2-19 XPS spectra of a-C films 

For a-C films without heat treatment, the full XPS profile shows no other spectral 

peaks except for the main spectral lines of C1s and O1s. In addition to the C1s and O1s 

main spectral lines, heat treated a-C films exhibit Si2p and N1s spectral lines in the full 

spectrum. N1s spectral lines are near 1107 eV in the a-C films after heat treatment at 

1100 °C and 1200 °C, which indicates the presence of residual air in the heating furnace 

chamber. The relative strengths of C1s and O1s after heat treatment were significantly 

greater than those of a-C films without heat treatment. The relative strength of C1s 

decreased and of O1s increased with an increase in the heat treatment temperature. 

Fig.2-20 presents the changes in the contents of C and O in the a-C film correlated 

with changes to the heat treatment temperature. At 800–1200 ℃, the carbon content of 

the a-C film after heat treatment gradually decreased with an increase in temperature. 

Only temperatures at or below 1000 °C yielded a heat-treated carbon content that 

exceeded that of the a-C film without heat treatment. The change in the oxygen content 

of the a-C film after heat treatment is the opposite: at temperatures at or below 1100 ℃, 

the oxygen content of the treated a-C film increases with the increase in treatment 

temperature; at temperatures at or below 1000 °C, the oxygen content in the a-C film 

was less than that in the unheated a-C film. 



70 

 

 
Fig. 2-20 The curve of carbon and oxygen content in a-C films  

This is attributed to the many cracks present on the surface of the a-C film without 

heat treatment and the manner that oxygen is attached to the surface of the carbon film. 

Fig.2-21 shows XPS of a-C films under different treatment conditions. The C 1s 

spectrum was composed of SP2 and SP3 peaks at around 284.6 eV and 285.5 eV, 

respectively, whereas the weaker peaks at 286.6 eV and 288.9 eV appeared from C-O 

and C=O/O-C=O bonds, respectively. The relative intensity of the C1s peak of the a-C 

film after heat treatment was significantly enhanced. By fitting the C1s peak, it was 

found that the SP2c content of the a-C film after heat treatment was significantly higher 

than that of the a-C film without heat treatment and that the SP2c content increased 

with an increase in the treatment temperature, which is consistent with the Raman 

analysis. Simultaneously, C-O and C=O bonds were present in the C1s peak spectrum 

of samples treated at temperatures between 800 and 1000 ℃, while no C=O bonds were 

present in a-C films without heat treatment and those treated at 1100 °C and 1200 °C.  

No notable C-Si bond was observed near 283.4 eV of the C1s peak spectrum. This 

is because the content of the c-Si bond was low due to carbon oxygen adsorption and 

surface oxidation on the film surface and because the strength of the corresponding 

peak was weak and obscured by other peaks.  
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Fig.2-21 XPS spectra of C1s in a-C films  

(a)none (b) 800℃ (c)900℃ (d) 1000℃ (e) 1100℃ (f ) 1200℃ 

Fig. 2-22 presents the O1s spectrum showed C=O and C–O peaks at ~531.1 eV 

and 532.3 eV, respectively. Through fitting, the C=O concentration in the a-C film 

decreased after heat treatment, while the C–O concentration increased, which was also 

consistent with the fitting analysis of C1s. 
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Fig. 2-22 XPS spectra of O1s in a-C films  

(a) none (b) 800℃ (c) 900℃ (d) 1000℃ (e) 1100℃ (f) 1200℃ 

2.3.5.4 Surface morphology 

The Fig. 2-23 and fig.2-24 shows the surface and cross-section morphologies of 

the carbon film before and after the heat treatment. The heat treatment significantly 

changed the apparent morphology of the carbon films. The surface of the untreated a-

C film consisted of numerous cracks. After the heat treatment, the surface cracks 

disappeared along with the typical columnar structure of the cross section, forming a 

dense layered structure. For a heat-treatment temperature of 800°C, granular carbon 
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aggregates of uniform size appear on the surface of the carbon film, and there are cracks 

on the surface of the film. With increasing heat-treatment temperature, carbon 

aggregation with a lamellar structure appears on the surface of the a-C film, the number 

of flakes first increases and then decreases, the aggregated particle size of granular 

carbon first increases and then decreases, and there are fewer cracks on the a-C film 

surface. When the heat-treatment temperature reaches 1000°C, carbon accumulation 

occurs on the film surfaces. Heating to 1100°C prompts an enhancement of the stacking 

morphology on the film surfaces, while the number of flake aggregates decreases. At a 

heat-treatment temperature of 1200°C, the flake aggregates on the surface of the carbon 

film almost disappear, and a quicksand-like accumulation shape is formed on the 

surface of the carbon film, and no obvious cracks exists. The XRD analyses indicate 

that the crystalline structure appeared on the carbon film surfaces after heat treatment, 

the granular carbon aggregates are microcrystalline carbon, and the flake aggregates are 

lonsdaleite and new carbon crystal.  

 

    Fig.2-23 SEM images of surface of carbon films after heat treatment 

(a)none (b) 800℃ (c)900℃ (d) 1000℃ (e) 1100℃ (f) 1200℃ 

After heat treatment, the columnar structure of the original magnetron-sputtered 

carbon film cross section disappears, and the surface layer of the film has a grain 

structure when treatment temperatures do not exceed 1000°C. With the further increase 
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in the heat-treatment temperature, the grain morphology of the surface layer cross 

section becomes less and less apparent, though the compactness of carbon film is 

enhanced. Carbon atoms in magnetron-sputtered carbon films are present in the form, 

but a-C, unlike other non-metals, is not composed of completely disordered atomic 

condensation groups. 

 

Fig.2-24 SEM images of cross-sectional of carbon films after heat treatment 

(a)none (b) 800℃ (c)900℃ (d) 1000℃ (e) 1100℃ (f ) 1200℃ 

The a-C structure contains a carbon micro-crystalline structure with a very small 

diameter, and a large number of irregular bonds exist at the edges of micro-crystalline 

regions [22]. After heat treatment, carbon micro-crystals aggregate and recombine to 

form a crystalline structure. As the same time, because the magnetron-sputtered a-C 

film is a carbon-atom accumulation film, the carbon particles diffuse, move, and fuse 

during heat treatment, which leads to the disappearance of the columnar cross-sectional 

structure of the magnetron-sputtered carbon film. When the heat-treatment temperature 

is relatively low, because of the slow diffusion of carbon atoms that only move within 

a small range, the carbon atoms on the surface of the a-C film first move and diffuse 

during heat treatment, which leads to grain structure formation on the a-C film surface. 

With increasing heat-treatment temperature, the diffusion speed and bonding ability of 

carbon particles increases, which results in an enlargement of the carbon crystals and 
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the aggregation morphology of the microcrystalline carbon. The continuous 

accumulation of carbon particles enhances the compactness of the a-C films.  

2.3.5.5 AFM measurements of surface roughness 

AFM images describing the surface morphology of magnetron-sputtered a-C films, 

before and after heat treatment, are shown in Fig. 2-25. There are carbon particles on 

the surface of the untreated magnetron-sputtered carbon films. The existence of lamellar 

crystals on the surface of a-C films after heat treatment at 800°C that were observed by 

AFM are shown in Fig. 2-25 (b). With increasing heat-treatment temperature, the 

lamellar crystals grow in the a-C film. The a-C film forms a continuous film structure 

when the treatment temperature reaches 1100°C, though there are still crystal particles 

on the surface of the film. When the treatment temperature reaches 1200°C, concave 

and convex surface structures form on the a-C films.  
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Fig. 2-25. AFM images of the carbon films after heat treatment 

(a) None (b) 800 °C (c) 900 °C (d) 1000 °C (e) 1100 °C (f) 1200 °C 

Fig.2-26 shows a simulation image of the effect of heat treatment conditions on 

the structure of carbon films. 

 

Fig. 2-26. Simulated image of the effect of heat treatment conditions on structure of carbon films 

Fig.2-27 shows the effect of heat treatment on the surface roughness of magnetron-

sputtered a-C films. Except for the decreased surface roughness of the a-C film that was 

subject to a treatment temperature of 1100°C, the surface roughness of heat-treated a-

C films are higher than that of the untreated film. This is because at the initial stage of 

heat treatment, the treatment temperature is low, and the carbon particles have not 

obtained enough energy to complete diffusion and fusion. Although the aggregation of 

crystalline particles occurs on the a-C film surface, the lamellar crystals have not been 

fully formed and cracks exist, which affects the smoothness of the a-C film surface. 

With increased heat-treatment temperature, the carbon particles obtain enough energy 

for new crystal fusion, and the crystal structure is again aggregated, which reduces both 

the number of crystal particles and surface roughness of an a-C film. At a heat-treatment 
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temperature of 1200°C, flowing quicksand-like aggregates form on the carbon film 

surface, which increases the roughness. Prolonging the heat treatment enhances the 

degree of aggregation of carbon particles, and results in increased grain size and 

roughness on the film surfaces, which is consistent with our analysis of the influence 

of heat treatment on a-C film morphology. 

 

Fig. 2-27. Curve of influence of heat treatment process on surface roughness of a-C films. 

2.3.6 Mechanical Properties of carbon film by heat treated 

Fig. 2-28 shows the load-displacement curves of the a-C films before and after 

heat treatment. When the a-C films were pressed into the same depth after heat 

treatment at 900–1100 ℃, the load required for the treated a-C film was slightly higher 

than that for the untreated film. When the a-C films treated at 800 ℃ and 1200 ℃ were 

pressed into the same depth, the required load was the same as that of the untreated film. 

It is seen that total indentation depth is high in 1200℃ at a peak load of 10N. After 

unloading, the treated films at 800 ℃～1000 ℃ showed good elastic recovery and the 

least residual indentation depth.  
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     Fig.2-28 Load-displacement curves of a-C films  

The hardness and Young’s modulus were calculated using the Oliver-Pharr 

methods, the data are shown in Fig.2-29. For temperatures above 800 °C, the hardness 

of the a-C film after heat treatment increases compared to the untreated film. At 800 °C, 

hardness decreased slightly compared to the a-C film without heat treatment. The 

hardness peaked at 900 °C and then decreased gradually with the increase in heat 

treatment temperature. The Young’s modulus of a-C films increased after heat treatment, 

the minimum increased by 4.7% and the maximum increased by 39.15%. From 800℃ 

To 1200℃, the Young’s modulus increases, peaking at 900 °C, and then decreases as 

the heat treatment temperature rises. However, the analysis of the mechanical properties 

of the a-C film before and after heating shows that the effect of heat treatment 

temperature is not completely consistent with the trend of ID/IG change in the Raman 

spectrum analysis. Thus, the enhancement of the ordered structure of the a-C film is 

conducive to hardness improvement, but the change in the microstructure of the carbon 

film does not completely affect the hardness. Hardness is the ability of a material to 

resist local pressing onto its surface.  
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Fig. 2-29 Hardness and elastic modulus of a-C films   

Because the a-C film without heat treatment is composed of carbon particles, the 

particles are displaced when a local hard object is pressed onto its surface. This is not 

conducive to the enhancement of the a-C film hardness. After heat treatment, the 

continuous layer structure effectively hindered the void movement during the pressing, 

which improved the hardness of the a-C film. Therefore, the surface structure of the a-

C film also influenced the improvement in the carbon film hardness. The micro carbon 

crystals in the carbon film aggregated and recombined as the heat treatment temperature 

reached 1200 °C, which affected the continuous formation of the ordered structure of 

the a-C film. 

Fig. 2-30 shows the change trend of hardness to Young’s modulus ratio H/E and 

H3 /E2. In essence, the values of H/E and H3/E2 are considered to reflect the resistance 

to elastic strain and plastic deformation of a material [30]. The H/E and H3/E2 are 

referred to as “elastic strain to failure” and “the resistance of materials to plastic 

deformation”, respectively [31]. Furthermore, H3/E2 is reported to be proportional to 

the plastic deformation resistance of the coating. In general, the smaller the ratio of 

hardness to modulus, the smaller is the local elastic recovery of the indentation, and the 

deeper is the residual indentation after unloading. However, in this experiment, the H/E 

of the a-C film after the 800-1000 ℃ heat treatment is significantly less than that of the 

untreated a-C film, but its elastic recovery performance is better than that of the a-C 

film without the heat treatment. The residual indentation depth after unloading is 
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significantly less than that of the untreated a-C film. This is because the a-C film 

without the heat treatment is composed of carbon particles. When the carbon particles 

are subject to external force, void occurs between them. After the external force is 

unloaded, the carbon particles can easily return to their original relative positions. After 

the 800℃ heat treatment, the ordered structure in the microstructure of the a-C film is 

not enhanced, so its hardness is not increased, but the heat treatment improves the 

modulus of the a-C film, so the ratio of H/E and H3/E2 decreases significantly. This 

further shows that the mechanical properties of a-C films are not only affected by their 

microstructure, but also by their surface structure. After the heat treatment, the H3/E2 

values of a-C films were higher than those of the untreated a-C film; however, after the 

800℃ heat treatment, H3/E2 of a-C films decreased to a large extent. 

 
Fig. 2-30 The value of H/E and H3/E2 

2.3.7 Adhesion performance 

Scratch test is carried out to investigate the adhesion strength between the a-C 

films and silicon wafer. Table 2-6 shows the test results of adhesion performance.  

Table 2-6 Adhesion between a-C film and silicon wafer 

Sample number Test level Sample number Test level 

1# 0B 4# 5B 

2# 3B 5# 5B 

3# 3B 6# 5B 

According to ASTMD3359 standard, the adhesion between the film and the 

substrate can be divided into 0-5 and 6 grades, among which, grade 5 is the best [32,33]. 
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By comparing the peeling off of the carbon film on the surface of silicon wafer after 

scratch treatment (Fig.2-31), the adhesion between carbon film and silicon wafer was 

found to enhance continuously with the increase in the heat treatment temperature. For 

the carbon film without the heat treatment, the carbon film layer fell off along the 

cutting point after scratching, and the falling off area is greater than 80%. After the heat 

treatment, the adhesion between the carbon film and silicon substrate was found to be 

improved. When the heat treatment temperature reached 900 ℃, the falling off area was 

significantly reduced, and the falling off area was between 5% and 15%, although a 

large number of carbon films fell off at the notch after the scratch treatment. When the 

heat treatment temperature reached 1100 ℃, no evident carbon film was observed on 

the surface of the scratch treated silicon wafer. 

 

Fig.2-31 Surface morphology of a-C film after scratch treatment  

 (a)none (b) 800℃ (c)1100℃ (d) 1200℃ 

2.3.8 Tribological performance 

Fig.2-32 shows the friction coefficient of the a-C film in the atmospheric 

environment before and after heat treatment. It can be seen from the figure that the 

friction coefficient of the a-C film increased slightly after heat treatment, increasing 

from 800 to 1000 ℃ and decreasing from 1000 to 1200℃. This is similar to the 
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variation seen in a-C film roughness with the heat treatment process; that is, the friction 

coefficient of the a-C film increased as its surface roughness increased. 

 
      Fig.2-32 Friction coefficient of a-C films   

The fluctuation region of the a-C film friction coefficient curve is different before 

and after heat treatment (Fig. 2-33). For the untreated a-C film, the friction coefficient 

fluctuation region fluctuates notably in the early stage of friction, at approximately 600 

s after the friction begins. After heat treatment, the friction curve of the a-C film 

fluctuates after 1200 s of friction and decreases with the increase in heat treatment 

temperature. Of the heat-treated a-C films, the friction coefficient curve of those higher 

than 1000 °C show the smallest fluctuation. This shows that the friction damage 

mechanism of the a-C film is different before and after heat treatment. 

   

Fig.2-33 Friction coefficient curve of a-C films 

Fig. 2-34 shows the wear rate of the a-C film. When the heat treatment temperature 
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did not reach 1200 °C, the wear rate of the a-C film after heat treatment was improved, 

and the wear rate of the a-C film decreased significantly. The wear resistance effect of 

the a-C mill after heat treatment at 1000 °C is the best, and the wear rate is 2.658×10-

17mm/N•mm, which is 28% lower than that before treatment. However, when the heat 

treatment temperature exceeded 1000 °C, the wear rate of the a-C film increased with 

the increase in treatment temperature. This is because, first, the a-C film structure from 

the particle accumulation state to the continuous layer structure, which reduces the 

transfer damage of carbon particles. The wear scar morphology of the a-C film before 

and after the heat treatment also shows this. Second, the hardness and modulus of the 

a-C film are improved by the heating treatment, which is conducive to the improvement 

of the wear resistance of the a-C film [34]. Moreover, the strengthening of adhesion 

between the a-C film and silicon wafer after the heat treatment also plays a positive role 

in improving the wear resistance of the a-C film after the heat treatment. Finally, the 

surface morphology of the a-C film also has a certain impact on its wear resistance. For 

example, although the hardness and modulus of the a-C film subjected to 900 °C heat 

treatment are higher than those of the 1000 °C treatment, the wear mark damage cross-

sectional area of the a-C film after 1000 °C heat treatment is the smallest. This is 

because the surface friction coefficient decreases and plays a positive role [35]. 

 

Fig.2-34 Wear rate of a-C films 

As shown in the Fig. 2-35(a), during the grinding of the untreated a-C film, there 
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are distinct scratch marks on both sides of the wear mark, and serious damage occurs 

in the center of the wear mark. This shows that there were serious abrasive wear and 

adhesive wear mechanisms in the friction process of the a-C films. The a-C carbon film 

after 800 °C heat treatment still showed notable friction damage on both sides of the 

carbon film, but the damage at the center of the wear mark was significantly improved, 

and there was only a small amount of abrasive and adhesion damage due to the change 

in the surface structure of the film. At heat treatment temperatures of 900 °C and 

1000 °C, there was only slight scratch damage on both sides of the carbon film with no 

evident abrasive wear and adhesive wear marks in the center of the wear mark. However, 

through the three-dimensional wear mark morphology of a-C film (Fig. 2-35(b)), it is 

found that there were gullies on the surface of a-C film after heat treatment at above 

900℃. It shows that the wear mechanism changed from the mixed mechanism of 

abrasive damage to adhesive wear. When the a-C film was not heated, the film structure 

was formed through the accumulation of uniform carbon particles. Under the action of 

an external friction force, the carbon particles of the unheated a-C film are damaged 

and displaced, and some particles adhere to the friction ball. After the heat treatment, 

the surface structure of the a-C film changed from the accumulated form of carbon 

particles to a continuous layer structure and the adhesion between the a-C film and 

silicon wafer was strengthened. Under the action of an external friction force, the heat-

treated a-C film’s ability to resist damage was enhanced, and the surface damage of the 

carbon film was classified as scratch damage. However, with the increase in the friction 

coefficient of the a-C carbon film surface and the change in the SP2 and SP3 ordered 

structures in the microstructure, the friction damage on the film surface increased 

significantly. When the heat treatment temperature reached 1200℃, the wear marks on 

the carbon film surface were not sufficiently smooth, and distinct gullies and abrasive 

wear were observed. The specific damage mechanism is shown in the Fig. 2-36 
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(a) 

   
(b) 

Fig.2-35 Wear mark morphology of a-C films  

(a)plane wear mark morphology(b) three dimensional wear mark morphology 
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Fig.2-36 Diagrammatic of friction damage mechanism of a-C films(a) Friction process of untreated 

a-C film (b) Friction process of a-C film after 800℃ to 1000°C heat treatment (c) Friction process 

of a-C film after 1200℃ heat treatment 

According to the previous analysis, the structure of the a-C film after heat 

treatment changes from the columnar structure of particle accumulation to that of a 

dense layer. This dense layer structure effectively improves the fracture and collapse of 

the a-C film caused by the columnar looseness of the film under an external force; as a 

result, its hardness and bearing capacity are improved. Moreover, the hybrid ratio of 

SP2 and SP3 in a-C films is not the only factor affecting the mechanical properties of a-

C films. The XPS analysis of a-C shows that the oxygen content in a-C films vary at 

different heat treatment temperatures and that carbon and oxygen have different 

bonding structures. 

When the a-C film was not heat-treated, oxygen existed on the surface of the 

carbon film in the form of adsorption owing to the numerous cracks on the surface of 

the carbon film. After heat treatment, the particles on the surface of the a-C film 

aggregated, the surface cracks disappeared, and the oxygen attached to the film surface 

escaped. At this time, the oxygen adsorption type on the a-C film surface transformed 

from physical to chemical adsorption, which lowered the oxygen content in the a-C film. 

Under the heat treatment condition of 800℃, the change in the a-C film structure mainly 

includes the movement of carbon particles. However, the change in the bonding 
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structure of the a-C film and stress release are insignificant, thus, it must be noted that 

the hardness and modulus of the a-C film are not significantly changed. With an 

increase in the treatment temperature, the reaction temperatures of carbon and oxygen 

were also reached. The oxygen within the carbon film escaped while the residual 

oxygen in the heating furnace reacted with the carbon film and silicon substrate and 

increased the oxygen content in the carbon film. When the a-C film was heat-treated, 

the oxygen underwent adsorption on the a-C film surface, and the escaped oxygen was 

chemisorbed and converted into adsorbed C=O. Thereafter, CO2 formed and left the 

carbon film surface. When the heat treatment temperature exceeded 1000 °C, in the 

case of excess carbon, carbon reacted with carbon dioxide to form carbon monoxide 

and other bonds such as –C–CO, –C–OC, and C–O. Meanwhile, in a low oxygen 

environment, the carbon film reacts with silicon wafer to form silicon carbide. When 

the temperature reached 1200 °C, the ketone group desorbed and the C=O bond 

disappeared [36-38]. The reaction process is illustrated in Fig. 18. During this reaction, 

the bond structure in the a-C film changes significantly [39,40], which is accompanied 

with a massive release of internal stress. Owing to the change in stress in a-C film, the 

modulus of surface a-C film is different from that of an inner a-C film. The release of 

stress from the surface a-C film decreases its modulus. However, the change of 

mechanical properties is different from those reported in the heat treatment of other a-

C films [41]. Owing to the reaction between a-C films and oxygen, a-C films with 

different oxygen contents and moduli are formed on the longitudinal structural layer on 

the surface of the silicon wafer. When under load, the movement of dislocation from 

the monolayer with a low shear modulus to that with a high shear modulus is prevented 

and the hardness of a-C film is improved by the difference in the dislocation line energy 

in each layer [42]. Heat treatment not only alters the bonding structure of a-C film but 

also changes the interface bonding morphology between the a-C film and carrier silicon 

wafer from the initial physical deposition bonding to chemical bonding. These changes 

in the microstructure and surface morphology facilitate the improvement of mechanical 

properties of a-C films. 
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Fig.2-37 Diagrammatic of reaction process 

2.4 Conclusion 

(1) The surface morphologies of carbon films deposited on the surface of silicon 

wafers and carbon fibers using a magnetron sputtering process are similar, both consist 

of fine carbon particles and the surface of the formed carbon film has micro-cracks. 

When the magnetron sputtering process was varied, the carbon film surface 

morphology was different due to the effects of the carbon film forming process. 

Although the surface morphology of the carbon film deposited on the carbon fiber 

surface differs slightly from that of the carbon film deposited on the silicon wafer 

substrate due to the curved morphology of the carbon fibers, the cross-sections of the 

carbon film deposited on both substrates have a typical columnar structure, and the 

thickness of the carbon film formed under the same sputtering conditions is comparable. 

The roughness of the carbon film deposited on the silicon wafer gradually increased 

with an increase in the sputtering time and sputtering power, and the surface roughness 

measured in different scanning ranges of 3 μm × 3 μm and 1 μm × 1 μm did not change 

significantly. The surface roughness of the carbon fibers modified via magnetron 

sputtering also increased, but the surface roughness of the modified carbon fibers varied 

under the different scanning ranges used. Under the scanning conditions of 3 μm × 3 

μm, the surface roughness of the carbon fibers before and after modification did not 

change significantly, and the maximum surface roughness only increased by 9.79%. 

Under 1 μm × 1 μm scanning conditions, the modified carbon fiber surface roughness 
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is further increased, when the modified conditions used a sputtering power of 250 W 

and sputtering time of 50 min, the modified carbon fiber surface roughness increased 

by 58.87%. When the surface roughness of the carbon fibers was calculated at 0.2 μm 

× 0.2 μm, the maximum increase in the surface roughness of the carbon fibers after 

modification was 3.46 times. According to the Raman spectra and XRD analysis of the 

modified carbon fibers, modification via the magnetron sputtering process had no 

significant effect on the hybridization and phase structure of the carbon fibers. Although 

the carbon target used differs from the carbon fiber in terms of the carbon structure due 

to the deposition amount being small, it does not affect the microstructure and phase 

composition of the carbon fibers.  

(2) The microstructure and surface morphology of magnetron sputtered deposited 

carbon films are significantly changed after heat treatment. Heat treatment enhances the 

ordered structure of the carbon films and the cross-sectional structure is changed from 

carbon particle accumulation to a continuous layer structure. In addition, the surface is 

also changed from an aggregated state of carbon particles to lamellar structured crystals. 

As the heat treatment temperature increases, the number of lamellar structure crystals 

first increases and then decreases, and carbon build-up occurs on the surface of the 

carbon film. When the heat treatment temperature reached 1200 °C, the lamellar 

structure crystals disappear and a quicksand-like build-up structure is formed on the 

surface of the carbon film. Heat treatment causes the disappearance of the columnar 

cross-sectional structure of the magnetron sputter-deposited carbon films and enhances 

their density. With the exception of the surface roughness of the carbon film after heat 

treatment at 1100 ℃ being decreased, the surface roughness of the carbon films after 

heat treatment at the other temperatures studied increased, and the surface roughness of 

carbon film decreased with an increase in the heat treatment temperature. The intensity 

of the D and G peaks of the magnetron sputtered carbon films after heat treatment are 

enhanced. When the heat treatment temperature is <1100 ℃, the ordered structure of 

the carbon films is enhanced with an increase in the heat treatment temperature and the 

degree of graphitization increases, but when the heat treatment temperature reached 
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1200 ℃, the enhancement in the aggregated state of the carbon microcrystals in the 

carbon film affects the further generation of the ordered structure of the carbon film. 

With an increase in the heat treatment temperature, the intensity of the secondary 

Raman peak of the carbon film gradually increased, and the double-peak phenomenon 

also becomes obvious. Upon extending the heat treatment process, the crystallization 

phenomenon in the carbon film is enhanced and new crystal structures are created, but 

not graphite crystals. The diffraction characteristic peaks of hexagonal carbon (102) and 

carbon (109) appeared at 2θ = 61.8 and 66.7, and carbon microcrystal aggregates and 

lamellar structure crystals also appeared on the surface of the carbon film. 
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Chapter 3: Effects of magnetron sputtering modification on properties of carbon 

fiber  

3.1 Introduction 

The characterization of the morphology and microstructure of the carbon film 

deposited via magnetron sputtering presented in Chapter 2 revealed that the carbon film 

layer can be constructed on the surface of the carbon fibers using magnetron sputtering 

technology and that the surface morphology of the carbon fibers can be significantly 

improved. Moreover, the microstructure of the carbon fibers was not significantly 

changed by the magnetron sputtering process. However, as a means of carbon fiber 

modification, its effects on the mechanical properties and surface properties of the 

carbon fibers are important. 

The carbon fiber precursor has defects, and the production process forms internal 

holes, surface holes, internal cracks, surface cracks, and other defects in carbon fibers 

that affect their mechanical properties [1,2]. According to Gilaman’s solid theoretical 

strength formula, the theoretical tensile strength limit of carbon fibers is 180 GPa [3]. 

However, the actual breaking strength of carbon fibers cannot reach this limit. In 

particular, although carbon fibers have excellent mechanical properties in the axial 

direction, their toughness is poor, resulting in asymptomatic damage to carbon fibers 

and their composites. The surface defects of carbon fibers are the main factor limiting 

their tensile strength. According to Yokotaka and other researchers, 6% of the fracture 

of brittle materials starts from internal defects, and 94% starts from surface defects [4]. 

At present, research on improving the mechanical properties of carbon fibers is focused 

on improving the properties of the carbon fiber precursors, e.g., improving the purity 

and reducing the influence of impurities in carbon fiber precursors. One method for this 

is the spinning process. The random distribution of defects in carbon fibers can be 

reduced by increasing the fineness of the precursor [5-9]. In recent years, with the 

development of nanotechnology, researchers have added carbon nanotubes or aramid 

nanofibers and other raw materials to carbon fiber precursors to improve the tensile 

properties of carbon fibers [10-12]. Although these modification methods can 



98 

 

effectively modify the defects of carbon fibers and improve their tensile properties, they 

increase the production cost, reduce the production efficiency, and restrict the 

application of carbon fibers.  

At present, few studies have focused on the surface modification of carbon fibers, 

such as the preparation of a pyrolytic carbon layer on the carbon fiber surface by 

chemical vapor deposition, and the treatment of carbon fiber bundles in combination 

with heat treatment. These methods gradually change the tensile fracture mode of 

carbon fiber from brittle to ductile fracture, thereby improving their mechanical 

properties. Moreover, the current methods for carbon fiber surface modification have 

focused on the entire carbon fiber composite for investigating the influence of the 

modification methods on the interfacial bonding properties between the carbon fiber 

and matrix resin in the composite [13-16]. Among these, magnetron sputtering is a 

physical vapor deposition, whereby inert gas is ionized by direct current or high-

frequency electric field to produce plasma. The ionized positive ions and electrons 

bombard the target at high speed. The target atoms or molecules are then sputtered and 

deposited on the substrate to form a thin film. Compared with the chemical vapor 

deposition technology, which is complex and unsuitable for material film deposition, 

magnetron sputtering has the advantages of high sputtering speed, dense film formation, 

good adhesion, availability of a wide range of target materials, variety of sputtering 

methods, high film-formation accuracy, and applicability to chemical or metal-organic 

chemical vapor deposition, which is difficult to grow and unsuitable for material film 

deposition [17,18]. Therefore, in this study, magnetron sputtering was conducted to 

modify the surface of the carbon fiber. Subsequently, the homogeneity of the carbon 

target material and carbon fiber was used to modify the physical defects on the surface 

of the carbon fiber, thereby improving its mechanical properties and surface energy. By 

adjusting the magnetron sputtering process parameters, the effects of magnetron 

sputtering modification on the tensile properties and surface energy of the carbon fiber 

were analyzed. Thus, this work is a prerequisite for improving the interface between 

the carbon fiber and matrix resin. 
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The wettability between the carbon fibers and resin matrix significantly affects the 

interfacial bonding properties of the composite. If the wettability is good, the resin can 

exhibit molecular-level spreading on the fiber surface, so that the surface molecules and 

functional groups of the carbon fibers and resin matrix are within the effective range of 

the mutual stress field, providing sufficient reaction opportunities for interfacial 

bonding. Good infiltration makes the resin matrix fully penetrate the defects or voids 

on the surface of the carbon fibers, increasing the mechanical locking ability between 

the fibers and the resin, which improves the overall interfacial properties of the 

composite. Conversely, if the wettability between the two is poor, the contact area 

between the resin matrix and the carbon fibers is limited, and defects and holes are 

easily formed in the interface area of the composite material, resulting in a low 

interfacial strength. Therefore, Consider using “good wettability between the fibers and 

the resin matrix is necessary for the composite material to have excellent interfacial 

properties [19-22]. However, the preparation process of carbon fibers results in the 

formation of a smooth, inert, messy layer graphite structure with low polarity and 

surface energy. An analysis of the surface roughness of magnetron sputtering-modified 

carbon fibers was presented in Chapter 2, which indicated that the magnetron sputtering 

increased the surface roughness of the carbon fibers and that can affect their surface 

wettability. Therefore, the multifilament carbon fibers and single carbon fibers after the 

modification treatment described in Chapter 2 were taken as the research objects. We 

evaluated their mechanical and surface properties, as well as the adhesion between the 

carbon film and carbon fibers, and analyzed the effects of different magnetron 

sputtering modification methods and process parameters on the properties of the carbon 

fibers. 

3.2 Experiments   part 

3.2.1 Tensile test 

In accordance with the ASTMD3379-75 standards [23], the tensile properties of 

the single carbon fibers were tested using a single-fiber strength meter (YG003E, 

Wenzhou Fang Yuan Instrument Co., Ltd., China) at a relative humidity of 65% ± 3% 
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and temperature of 20 ± 2 ℃. The single carbon fibers were fixed on the paper mold 

with an epoxy resin adhesive, as shown in Fig. 3-1. The sample card was then placed 

with the carbon fibers between the two collets of the tensile tester to cut the fibers 

according to the position shown in the middle of the paper mold to start stretching. The 

clamping distance was set as 20 mm, and the tensile loading speed was 10 mm/min. 

There were no less than 30 valid samples and invalid samples. The tensile breaking 

strength of the carbon fibers was calculated using Equations (3-1) and (3-2) [24,25]. 

𝜎1 =
𝐹

𝐴𝐹
                                                                                                      (3-1)      

𝐴𝐹 = 𝜋𝛾2                                                                                                  (3-2)      

Here, σ1 represents the tensile breaking strength of the single carbon fibers, GPa, 

F represents the tensile breaking force of the single carbon fibers, N, 𝐴𝐹 represents the 

cross-sectional area of the single carbon fibers, mm2, and 𝛾 represents the carbon fiber 

radius, μm. 

 
Fig. 3-1 Dimensions of a single carbon fiber tensile test specimen 

An electronic universal strength machine (CSS-881, Changchun Research Institute 

for Mechanical Science Co., Ltd, China) was used to test the tensile properties of the 

multifilament carbon fibers. As the surface morphology of the carbon fibers treated 

under different modification conditions affected the properties of interface between the 

carbon fibers and resin and consequently the tensile performance of the multifilament 

carbon fibers, the test method ASTMD 4018 [26] was not applicable to the tensile 

performance test of the multifilament carbon fibers in this experiment. Therefore, the 

tensile properties of the multifilament carbon fibers were directly tested according to 
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the JISR 7608-2007 standard [27]. Two ends of the multifilament carbon fibers were 

fixed with reinforcing sheets. The tensile speed was set as 2 mm/min, and the upper and 

lower clamping distance was 200 mm. Each treatment process was tested 10 times, and 

the average values were taken. The tensile breaking strength of the multifilament carbon 

fiber was calculated using Equations (3-3) and (3-4): 

 𝜎 =
𝐹

𝐴𝐹
                                                                                                           (3-3)  

 𝐴𝐹 =
𝑇

𝜌
                                                                                                           (3-4)   

Where σ represents the tensile breaking strength of the multifilament carbon fibers, 

GPa, F represents the tensile breaking force of the carbon fibers, N, AF represents the 

cross-sectional area of the carbon fibers, T represents the linear density of the 

multifilament carbon fibers, dtex, and 𝜌 represents the density of the multifilament 

carbon fibers (g/m3). 

A large strength dispersion indicates uneven material quality and poor material 

reliability. To investigate the effects of the modification methods on the tensile 

properties of the carbon fibers, a Weibull analysis was performed on the tensile strength 

of the carbon fibers [28–32]. The Weibull distribution is a mature characterization tool 

for fiber strength. It based on the weakest-link theory and has been widely used in the 

study of the tensile strength of carbon fibers. 

The strength distribution σ in this study was expressed by a two-parameter Weibull 

distribution, as follows: 

 𝑃 = 1 − exp {−(
𝜎

𝜎0
)𝑚}, σ＞0, 𝜎0＞0, m＞0                                                         (3-5)     

Where P represents the cumulative probability of the breaking strength of the fiber 

at the stress of σ, σ0 is the scale parameter, and m represents the Weibull modulus. 

The logarithms on both sides of Equation (3-5) were calculated to obtain Equation 

(3-6): 

ln(1 − ln(1 − 𝑝)) = 𝑚𝑙𝑛𝜎 − 𝑚𝑙𝑛𝜎0                                                            (3-6)   

Where 𝑙𝑛𝜎  is the independent variable, and ln (−ln (1 − 𝑝))  is the dependent 

variable. The Weibull modulus and scale parameters can be obtained via linear fitting, 
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where the slope is the Weibull modulus m, which can characterize the uniformity and 

reliability of materials. A larger m value indicates a smaller dispersion of the material.  

3.2.2 Dynamic contact angle and surface energy analysis 

In this experiment, the dynamic contact angle was used to evaluate the changes in 

the dynamic contact angle and surface energy of the carbon fibers before and after 

treatment, which provided a reference for assessing their wettability with the epoxy 

resin matrix. The non-polar liquid ethylene glycol and polar liquid deionized water were 

selected as the test solutions, and the polar and dispersion components of the surface 

energy for the two test liquids are presented in Table 3-1. A DCAT21 surface/interfacial 

tension analyzer and an OCA20 contact-angle meter (DataPhysics Instruments, 

Germany) were used to test a series of carbon fibers, and the testing principle is shown 

in Fig. 3-2. During the test, a rectangular cardboard fixture of 50 mm × 10 mm was 

used to fix the carbon fibers, and four carbon fiber monofilament samples were pasted 

on each test specimen at a parallel interval of 2 mm. The fiber length outside the fixture 

was kept at 6mm, the threshold value of carbon fiber insertion depth into the liquid was 

set as 4 mm, the fiber infiltration speed was 0.1 mm/s, the threshold value of the testing 

quality was set as 0.08 mg, and the test angles of forward and backward were set to 

velocity were set as 0.08 mm/s. The contact angle of the carbon fibers in the liquid was 

determined by calculating the mass change generated during the insertion of the carbon 

fiber sample into the test liquid according to Wilhelmy’s equation: 

cos 𝜃 =
𝑚𝑔

𝜋𝑑𝛾
                                                          （3-7） 

Where θ represents the contact angle of the carbon fiber as it advances in the test 

liquid, D represents the carbon fiber monofilament diameter, γ represents the surface 

tension of the test liquid (mJ/m2), and g = 9.8 m/s represents the gravitational 

acceleration. The polar and dispersive components of the surface energy of the carbon 

fibers was calculated from the advancing contact angles of the fibers in the two different 

polar test liquids, as follows: 

𝛾1(1 + cos 𝜃) = 2(𝛾𝑓
𝑑𝛾1

𝑑)
1 2⁄

+ 2(𝛾𝑓
𝑝𝛾1

𝑝)
1 2⁄

                                               （3-8） 

Where 𝛾1
𝑑  is the dispersive component of the surface energy of the test liquid 
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(mJ/m2), 𝛾1
𝑝 is the polar component of the surface energy of the test liquid (mJ/m2), 𝛾1 

represents the total surface energy of the test liquid (mJ/m2), 𝛾𝑓
𝑑  is the dispersive 

component of the surface energy of the carbon fibers (mJ/m2), 𝛾𝑓
𝑝  is the polar 

component of the surface energy of the carbon fibers (mJ/m2), and 𝛾𝑓 represents the 

total surface energy of the carbon fibers (mJ/m2). 

Table 3-1 Surface tension of test liquids used 

Test fluid 
temperature

（℃） 

Surface tension（mJ/m2） 

𝛾1
𝑑 𝛾1

𝑝 𝛾1 

Deionized water 20 21.8 51 72.8 

Glycol 20 29.0 19.0 48.0 

 

 
Fig. 3-2 Sketch of dynamic contact angle for single carbon fiber 

3.2.3 Adhesion-strength test 

The adhesion strength between the carbon film deposited on the carbon fiber 

surface and the fiber is the key factor affecting the mechanical properties of carbon 

fibers and the interface properties of carbon fiber composites. At present, there is no 

clear standard for evaluating the adhesive strength between the film and fabric. 

Therefore, with reference to the ASTMD3330 standard [33], the bonding properties 

between the deposited carbon film and carbon fibers under different magnetron 

sputtering conditions were evaluated using peeling experimental methods. 

The adhesion strength between the carbon film and carbon fibers was tested using 

an electronic stripper (Y090A, YG003E, Wenzhou Fang Yuan Instrument Co., Ltd., 

China). First, 3M600 special test tape was cut into 110 mm × 19 mm pieces, which were 
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stuck to the carbon fiber surface during carbon plating. The carbon fiber specimen 

length was 60 mm, of which 10 mm was the peel test length, and 50 mm was the 

effective tear length. The clamping distance for stretching was approximately 50 mm. 

A 500-g weight was used to evenly press the tape and carbon fiber paste for 1 h. After 

the film and tape were fully laminated, the weight was removed, and the specimen was 

placed onto the tape for 24 h to ensure that the specimen and tape were also fully 

laminated. Finally, the test was conducted using a peel strength machine with a tensile 

speed of 200 mm/min, as shown in Fig. 3-3. The peel strength required to separate the 

carbon fibers from the carbon film was measured as the adhesion strength between the 

two. 

 

Fig. 3-3 Schematic of the adhesion strength test apparatus  

3.3 Experimental result and discussions 

3.3.1 Tensile properties of carbon fibers  

3.3.1.1 Tensile properties of single carbon fibers 

Fig. 3-4 shows the surface morphology of the carbon fibers after magnetron 

sputtering treatment. The carbon fiber diameter was examined using scanning electron 

microscopy. It was found that the diameter of the single carbon fiber were not 

significantly changed after the magnetron sputtering treatment. The characterization of 

the carbon-film thickness on silicon wafers under different sputtering conditions 

presented in Chapter 2 indicated that the diameter of modified carbon fibers tends to 

increase with increases in the sputtering time and power. To investigate the effect of the 

modification process parameters on the carbon fiber diameter, the thickness of the 

carbon film deposited on the silicon wafer was used to indirectly characterize the carbon 
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fiber diameter variations under different modification conditions. Assuming that the 

carbon fiber after surface modification was still a uniform cylinder, the tensile breaking 

strength of the single carbon fiber was calculated using Equations (3-1) and (3-2), and 

the tensile properties of the carbon fiber before and after modification are presented in 

Table 3-2. 

 

Fig. 3-4 Diameter of carbon fiber before and after Magnetron Sputtering Modification 

(a) None (b) 20min (c) 30min (d) 40min (e) 50min (f) 150W (g) 350W (h) 450W 

By comparison, the tensile breaking force of the single carbon fiber slightly 

increased after surface modification. The carbon fibers modified by the 250w,50min 

magnetron sputtering process showed the largest increase in tensile fracture force, 

which increased by 9.93%. It was also found that the tensile breaking force of the 

modified carbon fibers tended to increase with the increase of magnetron sputtering 

time and magnetron sputtering power.  

The calculated tensile breaking strength of the single carbon fibers was improved 

after the magnetron sputtering, with a maximum increase of 2.82% under the 250 W, 

30 min and 450 W, 20 min modification conditions. At a magnetron sputtering power 
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of 250 W, when the magnetron sputtering time was <30 min, the tensile breaking 

strength of the single carbon fibers increased with the magnetron sputtering time. The 

tensile breaking strength of the single carbon fibers treated by magnetron sputtering for 

50 min exceeded that of the single carbon fibers treated for 40 min. When the magnetron 

sputtering time was 20 min, the tensile fracture strength of the single carbon fibers 

tended to increase with the magnetron sputtering power, but the increase rate gradually 

decreased. When the magnetron sputtering power was increased from 150 to 450 W, 

the increase rate in the tensile breaking strength of the single carbon fibers was 3.51%, 

0.93%, and 1.23%, respectively. This indicated that the increase in the carbon fiber 

diameter was conducive to the enhancement of the tensile breaking strength of the 

single carbon fibers, but it was not the only influencing factor. 

Table 3-2 Measured physical and mechanical properties of the single carbon fiber specimens 

Sample 

number 

Diameter 

/μm 

Tensile breaking 

force/CN 

Tensile breaking 

strength/GPa 

Breaking force 

CV/% 

1# 3.5 12.29 3.19 13.74 

2# 3.524 12.83 3.29 10.93 

3# 3.556 13.45 3.39 5.839 

4# 3.584 12.72 3.15 12.94 

5# 3.597 13.51 3.32 12.64 

6# 3.536 12.30 3.13 9.60 

7# 3.576 13.14 3.27 11.21 

8# 3.590 13.41 3.31 9.07 

Fig. 3-5 presents the tensile stress–strain curves of a single carbon fiber before and 

after modification. As shown in Fig. 3-5(a), the tensile modulus of the single carbon 

fibers treated with different magnetron sputtering times decreased. For example, the 

tensile modulus was approximately 1.307 GPa for the unmodified carbon fiber, and it 

was reduced to approximately 1.159 GPa after magnetron sputtering modification for 

20 min. Although the magnetron sputtering modification did not significantly improve 
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the tensile breaking strength of the single carbon fiber, it significantly improved the 

tensile fracture toughness. Thus, the magnetron sputtering modification treatment 

increased the strain and tensile fracture work of the single carbon fiber, and the increase 

was larger for a longer magnetron sputtering time. The strain of the virgin single carbon 

fiber was 2.15%, whereas that of the fiber treated by magnetron sputtering for 50 min 

was 2.55%. The tensile fracture work of the single carbon fiber treated by magnetron 

sputtering for 50 min increased by 19.73% compared with that of the fiber without 

modification. 

The effects of the sputtering power on the tensile stress–strain characteristics of 

the carbon fibers were analyzed, as shown in Fig. 3-5(b). The tensile strain and tensile 

toughness of the carbon fibers modified by different magnetron sputtering powers 

exhibited improvements, but the changes were small. The single carbon fibers modified 

at a 450-W magnetron power exhibited the largest change in strain, with only a 9.3% 

increase. This led to an insignificant increase in the tensile breaking work of the 

modified single carbon fibers; the largest increase was 14.87%, corresponding to the 

single carbon fibers modified at 250 W. 

 

Fig. 3-5 Tensile stress–strain curves of single carbon fibers: 

(a) different sputtering times; (b) different sputtering powers 

the reason for this phenomenon is ascribed to the load directly acting on the 

unmodified single carbon fibers when they were stretched, whereas a C/C composite 

fiber morphology similar to the core structure was formed with the coating of the 

modified single carbon fibers with a layer of carbon film. In particular, when the 
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modified single carbon fibers were stretched, the load did not directly act on the carbon 

fibers to deform them; rather, it acted on the carbon film on the surface of the carbon 

fibers. The difference in the fracture forms of the single carbon fibers at the tensile limit 

indicated the influence of the carbon film on their tensile properties. The analysis of the 

carbon-film morphology presented in Chapter 2 indicated that the densities of the 

carbon films on the surface of carbon fibers modified at different magnetron sputtering 

powers differed. When the sputtering power is low, the island structure (aggregated 

structure) between carbon particles on the surface of the carbon fibers is loose, which 

prevents force transfer and crack extension when the carbon fibers are subjected to a 

tensile load and cannot achieve the purpose of effectively improving the mechanical 

properties of the carbon fibers. With an increase in the magnetron sputtering power, the 

density of the carbon film increases, improving the tensile load transfer and crack 

extension. However, owing to the large surface particle size of the carbon film deposited 

under a high magnetron sputtering power, the film compaction is significant, and the 

relative slip of cracks between its layers is limited, which affects the increase in the 

carbon fiber strain. 

From the stress–strain curve of the single carbon fiber, the fracture forms of the 

single carbon fiber before and after modification differed at the tensile limit. Carbon 

fibers are brittle materials without plastic deformation during tensile fracture. However, 

when the single carbon fiber surface modified by magnetron sputtering reached the 

tensile limit, brittle fracture, which is observed for traditional carbon fibers, did not 

occur; rather, a small amount of tensile yielding occurred. As carbon fibers are brittle 

materials, the fracture conforms to the Griffith microcrack theory. When the maximum 

concentrated stress produced by the load at the defect exceeds the inherent tensile 

strength of the carbon fiber, microcracks occur. With an increase in the tensile strength, 

the microcracks slowly expand until the carbon fiber is completely broken. Compared 

with the carbon fiber, the carbon film has a low tensile modulus. Therefore, when 

bearing a tensile load, the carbon film first deforms and produces microcracks. With an 

increase in the tensile load, the microcracks expand and are transferred to the surface 
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of the carbon fiber between the carbon-film layers, resulting in a stress concentration at 

the defects on the carbon fiber surface. The microcracks continue to expand with the 

increase in the tensile load until the tensile fracture of the carbon fiber occurs. The 

specific drawing process of a single carbon fiber is shown in Fig. 3-6.[35]. 

 

（a） 

 

（b） 

Fig. 3-6 Tensile fracture diagram of the single carbon fiber  
(a) raw single carbon fiber (b) single carbon fiber after magnetron sputtering 

Traditionally, the strength dispersion of carbon fibers is attributed to the fiber 

defects. Therefore, the tensile breaking forces of the single carbon fibers before and 

after modification through CV were compared. The dispersion of the tensile breaking 

force of the modified carbon fibers significantly improved. After 30 min of magnetron 

sputtering modification treatment, the tensile breaking force of the carbon fibers 

exhibited the largest improvement, and the CV value was reduced by 57.5%. The tensile 

breaking force of carbon fiber monofilaments treated for 40 min exhibited the smallest 

improvement, with only a 5.8% increase in the CV. 

To further investigate the influence of the modification process on the dispersion 

of the tensile breaking force of the carbon fibers, the Weibull distribution, which is 

commonly used to study the dispersion characteristics of the fiber force, was used to 

analyze the tensile breaking force of the single carbon fibers. Fig. 3-7 shows the Weibull 

distribution linear diagram of the tensile force of the single carbon fibers after different 

modification processes. The Weibull modulus m of the tensile breaking force of the 

unmodified single carbon fibers was 7.9903. In comparison, the Weibull modulus m of 
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the single carbon fibers treated by the modification process was increased, indicating 

the improved dispersion of the tensile breaking force of the modified carbon fibers. 

Under the same magnetron sputtering power, with an increase in the sputtering 

time, the tensile-strength Weibull modulus of the single carbon fibers increased and 

then decreased. The Weibull modulus of the single carbon fibers treated for 40 min was 

the smallest (8.76837), and that of the single carbon fibers modified for 30 min was the 

largest (15.83). These results were consistent with the variation pattern of the CV value 

of the tensile breaking force of the carbon fibers. After 50 min of magnetron sputtering 

modification treatment, the tensile breaking force of the single carbon fibers was 

significantly increased, and the CV value and Weibull modulus were improved, 

indicating that the dispersion of the carbon fiber tensile breaking force under this 

modification condition was relatively poor. This is because when the sputtering time 

was longer, the carbon particles composing the surface of the carbon film were larger, 

and the uniformity of the structure was worse, which increased the probability of 

microcrack generation during stretching and affected the improvement of the discrete 

tensile fracture force of the modified carbon fibers. 

For the same sputtering time, when the sputtering power is not more than 350W, 

the single carbon fiber tensile fracture force Weibull modulus decreased with an 

increase in the magnetron sputtering power, and when the magnetron sputtering power 

reached 450 W, the single carbon fiber tensile fracture force Weibull modulus began to 

increased. When the sputtering power was 150 W, owing to the low sputtering power 

and short sputtering time, a dense carbon film was not formed on the surface of the 

carbon fibers, but no obvious island structure was formed on the carbon fiber surface, 

which improved the repair of surface defects of the carbon fibers. With an increase in 

the sputtering power, the size of the deposited particles on the carbon fiber surface 

increased, the island structure of the carbon fiber surface was enhanced, and the 

uniformity of the modified carbon fiber surface affected the improvement of the 

dispersion of the tensile fracture force of the carbon fibers. When the magnetron 

sputtering power reached 450 W, the increase of carbon fiber diameter and the 
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improvement of film density have played a positive role in the improvement of the 

tensile breaking force of modified carbon fibers. This indicated that the increase in the 

carbon fiber diameter was beneficial to the enhancement of the carbon fiber tensile 

force and the force dispersion, but the carbon fiber surface carbon film structure 

morphology also affected the tensile properties of the carbon fibers. 
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Fig. 3-7 Weibull plots of tensile force of single carbon fiber 

(a) raw carbon fiber; (b) 250 W/20 min; (c) 250 W/ 30 min; (d) 250 W/40 min; (e) 250 W/50 min; 

(f) 150 W/20 min; (g) 350 W/20 min; (h) 450 W/20 min 

3.3.1.2 Tensile properties of multifilament carbon fibers 

As carbon fibers do not exist as single fibers in practical applications, the tensile 

properties of multifilament carbon fibers before and after modification were analyzed 

to further investigate the influence of the magnetron sputtering modification treatment 

on the mechanical properties of carbon fibers. Fig. 3-8 shows the tensile breaking 

force/breaking force of the multifilament carbon fibers before and after modification. 

The tensile breaking force was increased for the modified multifilament carbon fibers. 

Under the same magnetron sputtering power, the tensile breaking force of multifilament 

carbon fibers modified for 30 min exhibited the largest increase (7.0%), and that of 

multifilament carbon fibers modified for 20 min exhibited the smallest increase (4.3%). 

Under the same magnetron sputtering time, the tensile fracture force of the 

multifilament carbon fibers increased with the magnetron sputtering power. The 

multifilament carbon fibers modified at 450 W exhibited the largest increase in the 

tensile breaking force (4.73%). The tensile breaking force of the multifilament carbon 

fibers was calculated using Equations (3-3) and (3-4). When the magnetron sputtering 

power was the same, the tensile breaking force of the multifilament carbon fibers 

increased slightly with an increase in the magnetron sputtering time when the 

magnetron sputtering time was not more than 30 min. When the magnetron sputtering 

time was grater than 30 min, the tensile fracture force of the multifilament carbon fibers 
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decreased with an increase in the magnetron sputtering time, which differed from the 

results for single carbon fibers. 

With increases in the magnetron sputtering time and power, the thickness of the 

carbon film deposited on the surface of the multifilament carbon fibers increased, which 

increased the diameter of the multifilament carbon fibers in disguise, along with their 

tensile force. Differences in the magnetron sputtering modification process led to 

differences in the size and structural morphology of the particles on the surface film 

layer of carbon fibers, which resulted in differences in the tensile properties of the 

multifilament carbon fibers and single carbon fibers. 

 The CV value of the tensile breaking force of the multifilament carbon fibers 

modified by magnetron sputtering was smaller than that of unmodified multifilament 

carbon fibers, confirming that the surface modification of carbon fibers by magnetron 

sputtering affects the repair of carbon fiber surface defects. It was also found that the 

tensile breaking force CV of multifilament carbon fibers was significantly smaller than 

that of single carbon fibers. The dispersion of the multifilament carbon fibers improved 

because of their composition of multiple single fibers. Therefore, the tensile breaking 

force CV value of the multifilament carbon fibers was significantly smaller than that of 

the single carbon fibers. The tensile breaking force CV value of the multifilament 

carbon fibers treated with magnetron sputtering for 30 min did not differ significantly 

from that of single carbon fibers treated under the same magnetron sputtering conditions. 

This is attributed to the surface of the carbon fibers being effectively covered by the 

carbon film during the surface modification by magnetron sputtering, whereas the inner 

fibers were not completely repaired, which resulted in a difference in the repair effect 

between the surface and inner layers of the multifilament carbon fibers, affecting the 

improvement of the tensile breaking force CV value. An analysis of the influence of the 

front surface modification process on the tensile breaking force of single carbon fibers 

indicated that the greater influence of the modification process on the tensile breaking 

force of the carbon fibers increased its influence on the tensile breaking force and 

change in the CV value of the tensile breaking force of the multifilament carbon fiber. 
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Therefore, as the effect of the magnetron sputtering modification treatment of the single 

carbon fibers improved, the dispersion of the tensile breaking force of the multifilament 

carbon fibers increased. When the magnetron sputtering power was 450 W/20min, 

owing to the enhanced compaction of carbon particles, more carbon particles entered 

the interior of the bundled carbon fibers through the inter-fiber gap on the surface of 

the multifilament carbon fibers during the sputtering process, which caused the surface 

layer of the multifilament carbon fibers to be covered with carbon film and led to repair 

in the inner layer of the bundled carbon fibers, reducing the difference in properties 

between the inner and outer layers of the multifilament carbon fibers. Therefore, the 

CV value of the tensile breaking force of the multifilament carbon fibers treated at 450 

W/20min was relatively small. 

  

Fig. 3-8Tensile breaking force/strength of the multifilament carbon fibers 

(a) Different sputtering time (b) Different sputtering power 

An analysis of the stress–strain curves of the multifilamentary carbon fibers, as 

shown in Fig. 3-9, when the tensile elastic modulus of the multifilament carbon fiber 

before and after modification was less than 0.5%, the tensile modulus was maintained, 

and the tensile modulus of the unmodified multifilament carbon fiber was slightly 

greater than that of the modified carbon fiber. However, when the strain was greater 

than 0.5%, the tensile elastic modulus of the modified carbon fibers significantly 

exceeded that of the unmodified carbon fibers, except for the carbon fibers modified 

for 250W/40 min. Moreover, brittle fracture of the multifilament carbon fibers did not 
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occur during tensile fracture, which is caused by different fracture times of the 

multifilament carbon fibers during the tensile process. 

 

Fig. 3-9 Tensile stress-strain curve of multifilamentary carbon fiber 

(a) Different sputtering time (b) Different sputtering power 

Because of the uneven relaxation between fibers produced during the treatment of 

bundle fibers, there are tension-time differences between fibers during stretching; that 

is, when some fibers reach the tensioned state, others are in the flexed state. As the 

tensile load increases, the fibers that reach the tensioned state first fracture, and then 

the fibers in the flexed state also reach the tensioned state and fracture. Therefore, non-

brittle fracture occurs in the tensile stress–strain curve. When the modified bundle fibers 

are subjected to a tensile load, the same phenomenon of inter-fiber tension-time 

differences occurs owing to the uneven relaxation between fibers. However, the surface 

treatment of carbon fibers by magnetron sputtering not only deposits a carbon film on 

the surface of the bundle fibers but also deposits a layer of carbon particles on the 

internal fibers of the bundle fibers. The magnetron sputtering modification conditions 

affect the number of carbon particles deposited inside the bundled carbon fibers. When 

the sputtering power is low and the sputtering time is short, the number of deposited 

carbon particles is small owing to the small effect of the carbon particle compaction, 

both of which result in fewer carbon particles being deposited inside the carbon fiber 

bundle. When the sputtering power is higher and the sputtering time is longer, more 

carbon particles are deposited inside the fiber bundle. In addition to improving the 
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surface defects of the carbon fibers and increasing the tensile fracture force of the 

carbon fibers, this can reduce the differences in mechanical properties between the 

fibers, improving the overall mechanical properties of the carbon fibers bundle. 

3.3.2 Surface energy of carbon fibers 

Fig. 3-10 presents the results of contact angle and total surface energy tests of 

carbon fibers in water and ethylene glycol before and after magnetron sputtering carbon 

fiber surface treatment. The contact angles of untreated carbon fibers in both different 

polar solvents were larger, 85.05° (deionized water) and 63.48° (ethylene glycol), while 

the calculated total surface energy was 25.31 mJ/m2.  

The contact angle of the carbon fibers in deionized water characterizes the 

wettability between the carbon fibers and a polar solvent. The unmodified carbon fibers 

had poor wettability in polar solvents, owing to the lack of polar groups on the carbon 

fiber surfaces. The contact angles of the carbon fibers modified using the magnetron 

sputtering process were smaller in the two polar solvents, except for slight increases in 

those of the carbon fibers modified by 150 W/20min in two polar solvents. The contact 

angle of the carbon fibers modified by 250 W/20min in deionized water was the 

smallest, with a decrease of 19.18%. The contact angles of the carbon fibers modified 

using other processes in deionized water were similar, with decreases of approximately 

11–12°. The previous analysis indicates that surface modification using magnetron 

sputtering did not introduce polar groups to the surfaces of the carbon fibers; however, 

the contact angles of these modified carbon fibers in polar solvents still decreased 

significantly compared to the untreated fibers. 

The contact angles of the carbon fiber in ethylene glycol reflect the dispersion 

component of the fiber’s surface energy, which is mainly related to the surface 

morphology of the fiber. The surfaces of the untreated carbon fibers are smoother and 

cleaner; thus, their contact angles in a non-polar glycol solvent are larger. Following 

surface modification magnetron sputtering, the roughness of the carbon fiber surfaces 

increased, thereby reducing the contact angles of the fibers in the glycol solvent. After 

350W/20min, 450W/20min, and 250 W/30 min, the contact angles of the carbon fibers 



117 

 

in the glycol solvent decreased by 15.48%, 11.3%, and 6.5%, respectively. In contrast, 

the contact angles of the carbon fibers modified by other magnetron sputtering 

conditions in the glycol solvent only underwent small changes, unlike the effect of 

magnetron sputtering modifications on the surface roughness of the carbon fibers. Thus, 

in addition to the influence of changes in carbon fiber surface roughness on the contact 

angle in ethylene glycol, other surface morphological changes affect the contact angles 

of carbon fibers in non-polar solutions. 

Fig. 3-10 (c) and (d) show the total surface energies of the carbon fibers before 

and after magnetron sputtering modification. The total surface energy increased in all 

carbon fibers modified by magnetron sputtering, including the carbon fibers modified 

at 150 W/20min conditions, which increased slightly. Their contact angles in two polar 

solvents also increased. For the same magnetron sputtering duration, the surface energy 

of the carbon fiber increased with increasing power, which is consistent with the effects 

of the magnetron sputtering process on the carbon fiber surface roughness. The surface 

energy of the carbon fiber modified by 350 W/20min exhibited the largest increase 

(32.12%). The surface energies of carbon fibers modified by the same power at different 

durations did not increase with increasing magnetron sputtering duration. The carbon 

fibers modified for 250W/30 min exhibited the largest increases in surface energy 

(34.65%). 

The higher surface roughness of the modified carbon fibers was an important 

factor that improved the wettability of the fibers. However, since the carbon film 

deposited on the surfaces of the fibers is a film structure with surface micro-cracks 

formed by the accumulation of nanometer-size particles (as opposed to a compact 

structure), the sizes of the particles that comprise the film structure and the 

microcracked pores will also affect the surface energy of the modified carbon fibers. 

The presence of micro-cracks improved the surface wettability of the carbon fibers, 

which indicates that although the magnetron sputtering modification did not introduce 

polar functional groups to the surfaces of the carbon fibers, the modification process 

still decreased the contact angles of the carbon fibers in a polar deionized water solvent. 
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Fig. 3-10 Contact angles and surface energies of carbon fibers 

(a) and (b) are contact angle of carbon fiber, (c) and (d) are surface energies of carbon fiber, (a) 

and (c) Different sputtering time, (b) and (d) Different sputtering power 

The increase in the total surface energy of the carbon fibers improved the 

wettability between the fibers and the resin matrix, which facilitated full contact 

between the carbon fibers and epoxy resin, increased the probability of physical 

adsorption and mechanical locking between the fiber and resin, and improved the 

interfacial properties of the composite. Therefore, surface modification of carbon fibers 

via magnetron sputtering can be used to form better interfacial bonds between the 

carbon fibers and resin. 

3.3.3 Adhesion strength of carbon film to carbon fibers 

Fig. 3-11 shows the adhesion strengths between the carbon films and fibers 

deposited at different modification conditions. The adhesion strength between the 

untreated carbon fibers and film was only 2.18 N, while that between the modified 

fibers and film increased by at least 19.72%. When the sputtering power was 350 
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W/20min, the adhesion strength was the highest (3.2 N). Under the same magnetron 

sputtering power, the adhesion strength between the carbon film and carbon fibers 

increased with the magnetron sputtering time; i.e., when the sputtering time was 50 min, 

the bond strength between the carbon film and carbon fibers was the highest (3.09 N). 

The adhesion strengths between the carbon film and carbon fibers for 150 W/20min and 

250 W/20min magnetron sputtering powers were comparable with the same sputtering 

time. The unmodified carbon fibers had a smoother surface, thus, the adhesion strength 

between them and the tape was lower. After the magnetron sputtering process, the 

roughness of the fiber surface was increased, thus, the adhesion between the carbon 

fibers and the tape was stronger, resulting in a higher adhesion strength between the 

carbon fibers and the tape. 

The adhesion between the carbon fibers and carbon film is mainly dependent on 

diffusion and mechanical bonding, and the interface between the two is “like-diffusion.” 

During the sputtering process, the carbon-film particles bombard the carbon fiber 

substrate with a high energy, resulting in some of the carbon-film particles remaining 

inside the substrate and spreading adhesion. As the sputtering time increased, the 

adhesion strength of carbon nanoparticles to the fibers and the degree of diffusion 

adsorption between fibers increased; thus, the adhesion strength increased. When the 

overall growth process of the film was perfect, the surface roughness was small, 

sufficient strain energy was needed to destroy the film during the adhesion experiment, 

and the bonding strength between the film and the carbon fibers was high. When the 

sputtering power was high, i.e., 450 W/20min, the film structure formed a coarse large 

island; thus, the film surface particle size and roughness increased, and the film had a 

high internal stress, reducing the film–base interface bond strength. 
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Fig. 3-11 Adhesion strength between the carbon film and carbon fiber 

(a) Different sputtering time (b) Different sputtering power 

Fig. 3-12 shows the form of the tape after the peeling test with carbon fibers; there 

was no obvious carbon film on the surface of the tape after the peeling test. After the 

peeling test, the unmodified carbon fiber had obvious adhered carbon fibers on the tape 

surface. No obvious carbon films or particles were observed on the tape surfaces after 

the peeling test of the modified carbon fibers, nor were any obvious adhered carbon 

fibers observed. When a large amount of carbon film is not observed on the tape surface 

in this test, the peel strength between the tape and carbon fibers can only indirectly 

characterize the adhesion between the carbon film and fibers, and does not accurately 

reflect the adhesion performance between the carbon film and fibers. The actual 

adhesion strength between the carbon film and the carbon fibers exceeded the adhesion 

strength between the tape and the carbon fiber. This indicates that there is good adhesion 

between the carbon film and carbon fibers, which can ensure that the carbon film will 

not detach from the carbon fibers under a tensile load. 

 

Fig. 3-12 The tape after the peeling test with carbon fibers 

(a) unmodified carbon fiber (b) 250W/20min (d) 450W/20min 
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3.4 Conclusion 

The surface of the carbon fibers after magnetron sputtering was covered by a 

carbon film, which repaired cracks and grooves on the carbon fiber surface. The surface 

modification of carbon fibers by magnetron sputtering increased the discrete tensile 

breaking force of the carbon fibers, along with other mechanical properties particularly 

their tensile toughness. The tensile fracture force CV of carbon fibers modified by 

magnetron sputtering was reduced by 57.5%, and the tensile fracture force CV of 

compound filamentary carbon fibers was reduced by 31%. The Weibull modulus of the 

tensile fracture force of single carbon fibers modified by magnetron sputtering was 

increased by fitting the Weibull distribution to the tensile fracture force of the single 

carbon fibers. This indicated the effect of surface modification of the single carbon 

fibers by magnetron sputtering on the dispersion of the tensile fracture force of the 

carbon fibers. Under the selected modification conditions, the tensile breaking force of 

single carbon fibers modified by magnetron sputtering was increased by a maximum of 

9.93%, and the tensile breaking force of multifilamentary carbon fibers was increased 

by a maximum of 6.9%. In addition to the improvement of the tensile properties due to 

the improvement of the surface defects of the carbon fibers, the tensile properties of the 

carbon fibers modified by magnetron sputtering were improved by the deposition of a 

carbon film on the carbon fiber surface, which significantly increased the tensile 

toughness of the carbon fibers during the tensile process through the crack effect 

mechanism. The tensile fracture work of single carbon fibers after 50 min of magnetron 

sputtering treatment was increased by 19.73%, and the tensile fracture work of 

multifilamentary carbon fibers after 250W/50 min of magnetron sputtering treatment 

was increased by 23%. The difference of magnetron sputtering on the surface and inner 

layer fiber repair of compound filamentous carbon fibers is an important reason for 

further improvement of the repair effect. In future research, it is expected that the 

consistency of the surface and inner layer modification of compound filamentous 

carbon fibers can be achieved when surface modification of carbon fibers is performed 

via magnetron sputtering, so that the tensile dispersion of compound filamentous 

carbon fibers and their aggregate products can be improved and the tensile mechanical 
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properties can be enhanced. 

The surface energy of the carbon fibers was increased after the magnetron 

sputtering. The increase in the surface energy provided conditions for the formation of 

strong interfacial bonds between the carbon fibers and resin matrix, indicating that 

magnetron sputtering carbon fiber surface modification treatment can improve the 

interface properties of CFRP composites. However, the magnetron sputtering 

conditions can affect the carbon fiber surface energy. When the sputtering time was 

changed and the other sputtering conditions were kept the same, the contact angles of 

modified carbon fibers in two different polar solvents water and ethylene glycol were 

reduced compared with those of unmodified carbon fibers in these polar solvents, and 

the change in the dispersion component of the surface energy was larger. When the 

sputtering time was ≤30 min, the surface energy of the modified carbon fibers 

increased with the sputtering time, and when the sputtering time was >30 min, the 

surface energy of the modified carbon fibers decreased with an increase in the sputtering 

time. The contact-angle increase or decrease for carbon fibers modified with a 

450W/20min sputtering power in two solvents was small. This indicated that in addition 

to the surface roughness, the morphological structure of the modified carbon fiber 

surface influenced the surface energy of the carbon fibers. 

The carbon film deposited on the carbon fiber surface magnetron sputtering has 

strong adhesion to the carbon fiber and will not be peeled off by an applied load such 

as stretching. Strong adhesion between the modified carbon fibers and carbon film is 

the basis for the improvement of the mechanical properties of the carbon fibers and is 

a necessary condition for the improvement of the interface and mechanical properties 

of carbon fiber composites at a later stage. When all other magnetron sputtering 

conditions were the same, extending the magnetron sputtering time is beneficial to the 

adhesion strength between the carbon film and carbon fibers, and the adhesion strength 

increases with the magnetron sputtering time. Increasing the magnetron sputtering 

power is also beneficial to the adhesion strength between the carbon film and carbon 

fibers. However, when the magnetron sputtering power is varied and the other 
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sputtering conditions are kept the same, differences in the sputtering power lead to 

differences in the sputtered carbon particle size and the carbon-film structure. When the 

particle size and roughness of the carbon film surface increase, the adhesion strength 

between the carbon film and carbon fibers is affected owing to the higher internal stress 

in the carbon film. 
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Chapter 4： Effect of magnetron sputtering modification on mechanical 

properties of CFEP composites 

4.1 Introduction 

Carbon fibers have excellent mechanical properties [1-3], but their production 

process requires high temperature carbonization, graphitization process, which makes 

the surface of carbon fiber very smooth. In addition, the lack of surface active functional 

groups, poor wettability, and low interfacial bonding properties greatly weaken the 

application of high-performance carbon fiber resin-based composites [4,5]. Weak 

interfacial bonding creates unstable cracks, yet defects within the material are difficult 

to detect, which is extremely harmful in practice. Therefore, it is necessary to modify 

carbon fibers to optimize their interfacial structures and improve the interfacial bonding 

between the carbon fibers and resin to obtain high performance composites [6-11]. 

Currently, nanomodification methods have received a lot of research attention [12-14]. 

The introduction of nanoparticles not only improves the roughness of the carbon fiber 

surface, but also changes the direction of crack expansion, which can improve the 

mechanical properties of carbon fibers to a certain extent. However, conventional 

nanoparticles usually need to be pre-treated chemically and introduced onto the carbon 

fiber surface via physical or chemical grafting methods, and these processes may 

damage the mechanical properties of the carbon fibers [15-19]. Besides, the 

disadvantages of nanoparticles, such as poor dispersion, high cost, and even 

carcinogenicity, greatly limit the industrial applications of this method. Some flexible 

nanoparticles collapse when the resin is infiltrated into the carbon fiber surface, 

weakening its ability to improve the mechanical engagement. Recently, a new method 

of introducing nanoparticles has been discovered by researchers, i.e., in situ growth of 

nanowires or nanowhiskers on the surface of carbon fibers, which overcomes the 

disadvantages of conventional nanoparticle modification of non-uniformity and easy 

agglomeration, and at the same time, uses relatively mild growth conditions that are not 

detrimental to the properties of the carbon fibers themselves. At present, copper oxide 

nanosheets (CuO), zinc oxide (ZnO), and titanium dioxide (TiO2) nanowhiskers have 
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been successfully grown on the surface of carbon fibers [20-28]. However, the addition 

of nanoparticles changes the chemical composition of the resulting carbon fiber 

composites, causing changes in the structural composition of the carbon fibers, which 

affect the properties of the carbon fibers themselves. Therefore, using the magnetron 

sputtering process introduced in Chapter 2 to treat the surface of carbon fibers, the 

carbon film constructed via magnetron sputtering also has the characteristics of nano 

structural properties, increasing the surface roughness of the carbon fibers, and changes 

the direction of crack expansion during load loading to improve the comprehensive 

mechanical properties of carbon fiber composites. Magnetron sputtering surface 

modification of carbon fibers not only does not cause pollution to the environment, but 

also does not affect the chemical structure of the carbon fibers themselves. 

Magnetron sputtering is a physical vapor deposition method, which mainly 

involves the ionization of an inert gas using DC or a high frequency electric field. The 

target atoms or molecules are sputtered out under the bombardment of high speed 

electrons and ions, and then deposited onto the substrate to form a thin film. When 

compared with other film-forming technologies, magnetron sputtering has the 

advantages of fast sputtering speed, uniform film formation, strong process 

controllability, and good adhesion performance, while causing no damage to the 

substrate properties. Based on our studies on the effects of the magnetron sputtering 

process and process parameters on the structural morphology and properties of carbon 

films, and the modification process on the surface energy and mechanical properties of 

carbon fibers described in the previous two chapters, we have further analyzed the 

effects of the magnetron sputtering process and process parameters on the mechanical 

properties of carbon fiber composites and discuss the damage mechanism of carbon 

fiber composites after the magnetron sputtering modification process. 

Epoxy resin is an excellent thermosetting resin. Due to its excellent physical, 

electrical insulation, chemical corrosion resistance, heat resistance, and adhesion 

properties, it has become an irreplaceable matrix material in the field of fiber reinforced 

composites. To date, many researchers have modified epoxy resin to improve its 
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properties [29–31]. Therefore, in this chapter, carbon fiber epoxy polymer (CFEP) have 

been prepared using epoxy resin as the matrix. The effects of the surface modification 

of carbon fibers using magnetron sputtering technology on the mechanical and 

interfacial properties of carbon fiber composites have been analyzed by examining the 

mechanical properties of the carbon fiber composites before and after the modification 

process. 

4.2 Experiments part 

4.2.1 Experimental materials 

Carbon fiber (T700, 12 K, and diameter ~7 μm) was purchased from Toray 

Industries, Japan. Carbon fibers modified via magnetron sputtering were self-made in 

our laboratory. Epoxy resin (JL-235) and the epoxy curing agent (JH-242) were 

provided by Changshu Jiafa Chemical Co., Ltd of China. 

4.2.2 Preparation of CFEP composite materials 

Carbon fiber epoxy resin-based (CFEP) composites were prepared via an injection 

molding-like composite method using compound filamentary carbon fibers as the 

reinforcement and epoxy resin (Changshu Jiafa Chemical Co., Ltd., China) as the 

matrix before and after modification via the magnetron sputtering process described in 

Chapter 2. The CFEP composites were prepared by placing the magnetron sputtered 

carbon fiber bundle between two molds and injecting vacuum-treated epoxy resin into 

the mold using a homemade mold with a thickness of 1.5 mm PTFE film sheet. In order 

to avoid the influence of the carbon particle deposition film size on the carbon fiber 

composites, the composites were prepared for tensile and flexural properties testing 

with reference to the fracture test method for single fiber composites. According to the 

ISO527-3 standard [32] test standard, composite shear samples were prepared using 

three bundles of carbon fibers as reinforcement due to the difference in size of the 

different mechanical properties test samples, whereas only one bundle of carbon fibers 

was used as the reinforcement for the composite tensile and flexural properties test 

samples. The mass ratio of epoxy resin to curing agent was 100:27, which was cured at 

room temperature for 48 h. The size of the composite samples and preparation process 
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are shown in Fig. 4-1. 

 
Fig. 4-1 Preparation method and specimen size of carbon fiber epoxy resin composite 

4.2.3 Surface morphology analysis 

Low-vacuum scanning electron microscopy (SEM) was used to characterize the 

surface morphology of the CFEP composites in the tensile and flexural damage sections 

and cross-sections, and to observe the damage pattern of the composites under external 

loading, as well as the bonding between the resin and carbon fiber interface at the cross-

sections. 

4.2.4 In-plane shear performance test 

Shear testing is an important tool used to characterize the mechanical properties 

of reinforced fiber composites from a macroscopic perspective. In this paper, the V-

notch shear test was used to illustrate the in-plane shear performance between the 

carbon fibers and resin matrix. The V-notched beam shear test method, also known as 

the Iosipescu shear test method, was proposed by Iosipescu in 1967 as an experimental 

method to measure the shear properties of metals. This method was subsequently 

developed and applied to composites by Walrath and Adams et al. These scholars have 

agreed and suggested that a double V-notched sample subjected to two mutually 

canceling bending moments will ensure a homogeneous pure shear region in the sample 

[33,34]. The shear properties of the composite materials were studied on a LE5105 

microcomputer-controlled electronic compound material special tester (Force Test 

Shanghai Scientific Instruments Co., Ltd.) according to the ASTMD5379/D5379M-05 

standard [35], and the sample size and loading method shown in Fig. 4-2. 
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Fig. 4-2 Loading method for in-plane shear test of composite materials 

The loading speed was 1 mm/min and five valid measurements were recorded 

for each sample. The in-plane shear strength of the composite was calculated according 

to Equation 4-1 

𝐹𝑢 =
𝑃𝑢

𝐴
                                                                                                        （4-1） 

Where 𝐹𝑢 is the ultimate strength (MPa), 𝑃𝑢 is the lower ultimate load and load 

at a shear strain equal to 5% (N), and A is cross-sectional area of the material (mm2). 

4.2.5 Tensile performance test 

The tensile properties of composite materials are an important criteria used to 

evaluate their mechanical properties. The tensile properties of the composites were 

tested on a CSS-88100 universal testing machine according to the ASTMD638 standard 

[36] at a loading speed of 2 mm/min and five valid measurements for each specimen, 

and the tensile strength of the composites was calculated according to Equation 4-2. 

𝜎 =
𝑃𝑟

𝑏ℎ
                                                              （4-2） 

Where 𝜎 is the tensile strength (MPa), 𝑃𝑟 is the maximum load before damage (N), 

and A is the cross-sectional area of the composite material (mm2). 

4.2.6 Bending performance test 

In practical industrial applications, the flexural strength of a composite material 

can be used to assess the flexural performance of the entire material. In addition, the 

bending strength is also determined to some extent by the interfacial bonding of the 

composite material. Although positive bending stress is the main factor for material 

failure, fiber composite materials are also subject to internal shear damage, external 
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surface pressure damage, and fiber pressure damage under loading. In this paper, the 

composite was tested under bending according to the three-point bending test of the 

ASTMD790 [37] standard. The loading speed was 2 mm/min and the span-thickness 

ratio was 32:1. The test data were obtained for five valid samples. The bending strength 

of the composite material was calculated according to Equation 4-3. 

𝜎𝑓 =
3𝑃𝐿

2𝑏𝑑2                                                                                                    （4-3） 

Where 𝜎𝑓  is the bending strength (MPa), P is the maximum load at which the 

specimen is damaged (N), L is the span distance (mm), B is the width of the sample 

(mm), and d is the sample thickness (mm). 

4.3 Experimental results and discussion 

4.3.1 In-plane shear performance analysis 

4.3.1.1 In-plane shear strength analysis 

In-plane shear strength is one of the criteria used to evaluate the mechanical 

properties of composite materials, as well as the interfacial bond strength. After the 

magnetron sputtering carbon fiber surface treatment process, the surface roughness of 

the carbon fibers increases, and the surface properties change, resulting in changes in 

the interfacial properties of the resulting composite material. As the CFEP samples do 

not undergo fracture damage in the shear test, but rather torsional deformation, the 

maximum shear force within 5% of the shear strain was taken as the maximum shear 

force of the samples, and the in-plane shear strength of the carbon fiber composites was 

calculated according to Equation 4-1. 

Fig. 4-3 shows the in-plane shear strength of the CFEP samples. The in-plane shear 

strengths of the modified CFEP samples were increased. The CFEP modified under 250 

W and 30 min conditions show the largest increase in the in-plane shear strength of 

39.02%. When the magnetron sputtering time power was small and the sputtering time 

was short, the in-plane shear strength of the CFEP improved the least, e.g., the in-plane 

shear strength of CFEP modified under 250 W/20 min and 150 W/20 min conditions 

only increase by 10.22% and 10.24%, respectively. 
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Fig. 4-3 In-plane shear strength of CFEP composites 

(a) Different sputtering time (b) Different sputtering power 

The shear stress-strain curve obtained for CFEP is shown in Fig. 4-4. Usually, the 

crack damage of the composite material initially appears at the root of the notch of the 

sample and this was also true for the actual test (Fig. 4-5). In addition, when crack 

damage occurs in the composite, it leads to a small load drop in the curve, which means 

that the initial load drop in the stress-strain curve was the first crack damage that occurs 

in the composite. Based on a comparison of the stress-strain curves obtained for CFEP 

before and after the modification process, it was found that the unmodified CFEP 

showed the earliest cracking damage. It was also found from the stress-strain curves 

that the shear modulus of CFEP increases significantly when the sputtering time 

exceeds 20 min or the sputtering power exceeds 250 W. 

The surface of the untreated carbon fiber was smooth and the interfacial bonding 

performance between the carbon fibers and resin was poor. When an external load is 

applied, the interface between the fibers and resin was prone to cracking phenomenon, 

so crack damage occurs at the earliest stage. After the surface modification of the carbon 

fibers via magnetron sputtering, the constructed carbon film forms an island structure 

with high and low surface morphologies on the surface of the carbon fibers, which 

increases the surface roughness and is conducive to the enhancement of the physical 

engagement properties between the carbon fibers and epoxy resin. Meanwhile, after the 

modification process, the increase in the surface energy of the carbon fibers improves 

the wettability of epoxy resin to the carbon fibers, which further improves the interfacial 
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properties between fibers and resin. Therefore, when an external load is exerted, it will 

be transmitted between the interface layers, and the carbon film layer on the fiber 

surface will hinder the load propagation in the interface region, changing the pathway 

of external load propagation, forming a certain reaction force, and thus, greatly reduce 

the possibility of the cracking of the interface by external forces, delaying CFEP shear 

damage, and increasing the shear modulus. 

 

Fig. 4-4 Shear stress-strain curve of CFEP composite 

(a) Different sputtering time (b) Different sputtering power 

4.3.1.2 CFEP composite material shear damage morphology 

The morphology of the CFEP composites after shear damage is shown in Fig. 4-5, 

which reveals that although the crack damage of the unmodified treated CFEP 

composite was also transmitted on the resin surface, it can be observed that the crack 

damage occurs at the edge contact interface bond formed between the carbon fibers and 

resin, which propagates laterally along the interface, and was accompanied by the 

phenomenon of carbon fiber damage. In contrast, although the crack damage of the 

modified CFEP composite also occurs at the root of the specimen notch, it can be found 

that the crack propagates at the contact interface formed between the carbon fibers and 

resin, and there were obvious traces of interfacial debonding, and no obvious carbon 

fiber damage in all forms of the damage observed in the modified CFEP. 
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Fig.4-5 Morphology of CFEP composite after shear damage 

Due to the poor interfacial bonding between the untreated carbon fibers and resin 

matrix, cracks were generated at the edge of the contact between carbon fibers and resin 

under the action of an applied load, and when the cracks reach the interface, they extend 

directly along the interface side, followed by debonding failure, resulting in fiber 

damage and destruction. After the carbon fibers were modified via magnetron 

sputtering, the interfacial bonding performance between the carbon fibers and resin 

matrix was improved, and the CFEP composite interfacial system consisting of the 

carbon film layer constructed on the surface of carbon fiber hinders the occurrence of 

cracks, changes the aspect of crack propagation, and absorbs most of the fracture energy 

in the form of energy sharing and redistribution. These effects result in the improvement 

in the interfacial bonding performance between the carbon fibers and resin. Therefore, 

the surface modification of magnetron sputtered carbon fibers makes the CFEP 

composites exhibit an enhanced in-plane shear strength. 

4.3.2 Tensile performance analysis 

4.3.2.1 Tensile strength analysis 

The tensile strengths of CFEP composites are shown in Fig.4-6. The tensile 

strengths of the CFEP composites modified by the carbon fiber surface were all 

enhanced and the minimum increase was 13.71%. The tensile strength of the CFEP 

composites modified using different magnetron sputtering powers with the same 

magnetron sputtering time increases upon increasing the magnetron sputtering power. 

The tensile strength of the CFEP composites modified at 450 W increased the most 
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(26.16%). The tensile strengths of the CFEP composites modified at 150 and 250 W 

were basically the same. The tensile strength of the CFEP composites modified using 

the same magnetron sputtering power and different magnetron sputtering times did not 

increase gradually with the extension of the sputtering time, and the tensile strength of 

the CFEP composites treated under sputtering conditions of 250 W and 30 min 

increased the most. The tensile strength was increased by 22.20% when compared to 

the unmodified CFEP composite. 

 

Fig. 4-6 Tensile strength of CFEP composites 

(a) Different sputtering time (b) Different sputtering power 

The main reasons affecting the tensile strength of the CFEP composites after 

modification via the magnetron sputtering process are as follows. Firstly, the surface 

modification of the carbon fibers via magnetron sputtering plays a role in repairing the 

defects on the surface of the carbon fibers, so that the mechanical properties of carbon 

fiber itself are improved. Secondly, the magnetron sputtering modification process also 

increases the surface roughness of the carbon fibers, which is beneficial to the physical 

engagement between the carbon fibers and resin, so that the interfacial bonding 

performance was improved. Finally, it was due to the presence of the carbon film on 

the surface of the carbon fibers that a composite interface layer was formed between 

carbon fibers and carbon film, and between the carbon film and resin matrix. The 

construction of the CFEP composite interface layer system effectively improves the 

transmission of cracks between the interface layers under tensile loading, so that the 

tensile strength of the CFEP composite was effectively improved. However, there are 
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differences in the structure of the carbon film layers constructed using the different 

magnetron sputtering modification conditions studied. Our analysis of the 

morphological structure of the deposited carbon films under different magnetron 

sputtering process conditions described in Chapter 2 shows that when the same 

magnetron sputtering power conditions were applied, the size of the sputtered carbon 

particles and compaction effect on the carbon film were the same. Therefore, the carbon 

films on the carbon fiber surface only differ in terms of their thickness and surface 

morphology. Under the different sputtering power conditions, the size of the sputtered 

carbon particles and compaction effect on the carbon film differ greatly, resulting in the 

different thickness of the carbon films, but also the different structures of the carbon 

film. Therefore, the tensile processes of the CFEP composites treated using the different 

magnetron sputtering modification processes are also different. 

The tensile stress-strain tests of the CFEP composites are shown in Fig. 4-7. The 

tensile fracture of the unmodified CFEP composite was a brittle fracture and there is no 

yielding during the tensile fracture, whereas the CFEP composite modified via 

magnetron sputtering has stress yielding during the tensile process. The stress yielding 

phenomenon observed for the CFEP composites modified using the same magnetron 

sputtering power becomes more and more obvious with an increase in the magnetron 

sputtering time, and the strain also increases with an increase in the sputtering time. 

Similarly, the CFEP composites modified using different magnetron sputtering power 

also show stress yielding during the tensile process, but the stress yielding of the CFEP 

composites modified at 150 and 250 W was not particularly obvious, and gradually 

became obvious when the sputtering power exceeds 250 W. When the magnetron 

sputtering power was <250 W, the tensile modulus of the modified CFEP composites 

was comparable to that of the unmodified CFEP composite. When the magnetron 

sputtering power was >250 W, the tensile modulus of the modified CFEP was 

significantly smaller than that of the unmodified CFEP composite, and the strain of the 

modified CFEP composite gradually increases with an increase in the sputtering power. 
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Fig. 4-7 Tensile stress-strain curves of CFET composites 

(a) Different sputtering time (b) Different sputtering power 

The most obvious improvement in the CFEP composites with carbon fibers 

modified via magnetron sputtering was observed for the tensile toughness. Under the 

same magnetron sputtering power conditions, the tensile fracture work of the CFEP 

composites gradually increases with an increase in the magnetron sputtering time. 

Although the CFEP composites modified for 30 min had the maximum tensile strength, 

the CFEP composites modified for 40 min obtained a higher tensile fracture work, 

which increased by 94.8% when compared with the unmodified CFEP composite. The 

tensile fracture work of the CFEP composite treated at 150 W increased by 30.58% 

although the increase was small. The tensile fracture work of the CFRP composite 

modified at 450 W was the largest increase of all of the modification processes studied 

with an increase of ~1.44 times. The stress yielding phenomenon presented during the 

tensile process of the CFEP composites indicates that the tensile toughness of the CFEP 

composites modified via magnetron sputtering was improved, but when the sputtering 

time was short and sputtering power was small, it was not conducive to an improvement 

in the tensile toughness of the CFEP composite. 

4.3.2.2 Tensile section morphology of CFEP composite 

Optical microscopy of the CFEP composite tensile section is shown in Fig. 4-8. 

The CFEP composite tensile section without the carbon fiber surface treatment has 

obvious cracks and the tensile fracture was untidy and toothed. In contrast, the tensile 

sections of the CFEP composites modified via magnetron sputtering were crack-free 
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under optical microscopy and the tensile fractures were neat, but there was slight fiber 

extraction at the fracture sites. 

 

Fig. 4-8 Optical morphology of tensile fracture damage of CFEP composites 

To further characterize the CFEP composites tensile damage, the tensile section of 

the CFEP composites was further characterized using SEM, as shown in Fig. 4-9. Fig. 

4-9(a) shows the tensile section of the unmodified CFEP composite exhibits obvious 

cracks on the resin in the tensile section, and the carbon fibers have obvious traces of 

debonding and dissociation from the resin. Fig. 4-9(b) shows the tensile section of the 

CFEP composites modified at 250 W and 30 min. The modified carbon fibers were fully 

infiltrated and coated by epoxy resin, and there were no cracks and fiber extraction 

traces after tensile damage. 

 

Fig. 4-9 Tensile cross-sectional morphology of CFEP composites 

(a) Unmodified CFEP composite (b) Modified CFEP composited by 250w and 30min 

Fig. 4-10 shows the tensile section SEM images of CFEP composite. In the tensile 
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fracture section of the unmodified CFEP composite, there are obvious pores between 

carbon fibers and resin, the pores are large, and the tensile fracture of the composites 

were all fiber pullout fractures. In the tensile fracture section of the modified CFEP 

composite, there were no obvious pore spaces between the carbon fibers and resin, and 

the tensile fracture damage of the composite was no longer the debonding and pulling 

of the fibers. 

 

 

Fig. 4-10 Tensile fracture section morphology of CFEP Composite 

There are three forms of tensile damage in the modified CFEP composites during 

the tensile process due to the presence of the interfacial system. The first is that the 
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CFEP composites have excellent interfacial bonding properties and carbon fiber 

fracture occurs during tensile damage. The second is that the carbon fiber coated with 

carbon film has excellent interfacial bonding properties with the resin matrix, and the 

bonding strength between the carbon film and carbon fibers was much stronger than the 

matrix phase, and the carbon fiber with the carbon film was pulled out from the polymer 

matrix at the tensile section, and the debonding and dissociation process occurs between 

the film coating layer and the matrix phase. In the other case, the carbon film was 

debonded from the matrix resin during the extraction process and the fibers were 

extracted (Fig. 4-11). 

 

Fig. 4-11 Tensile failure mode of composite materials 

Fig. 4-12 shows the cross-section of the stretched CFEP composites modified at 

250 W and 30 min. The presence of the carbon film layer on the fibers after the CFEP 

composites were stretched can be clearly seen in Fig. 4-12 (b). This indicates that the 

first and second forms of the CFEP composite tensile damage are mainly dominated by 

the modified CFEP composites. 

 

Fig. 4-12 Tensile fracture surface morphology of modified CFEP composites (250w,30min) 

4.3.2.3 Tensile fracture mechanism of CFEP composite  

Under tensile loading, the epoxy resin in the unmodified CFEP composite first 
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fractures and then cracks. The load is then transferred to the interface. With an increase 

in the tensile load, the cracks expand, and the adhesive between carbon fibers and 

matrix resin produces stress concentration. The carbon fibers were pulled out and 

fractured by the tensile load. As a result, the fibers pulled out in the tensile section of 

the CFEP composites and there are obvious cracks on the CFEP composites. Under the 

tensile load, the modified CFEP composites undergo epoxy resin fracture and cracking. 

The generated cracks are transferred to the interfacial system of the CFEP composites 

and transmitted on the interfacial layer, and the crack transfer process in the interfacial 

layer effectively improves the tensile toughness and stress concentration of the CFEP 

composite. The slip of the carbon film layer occurs when the crack passes through the 

interface layer. When debonding occurs between the carbon film and carbon fibers or 

between the carbon film and matrix, the carbon fibers break and the CFEP composite 

disintegrates. A schematic diagram of the tensile mechanism of the specific CFEP 

composite is shown in Fig. 4-13. 

 

 
Fig. 4-13 Schematic diagram of the tensile fracture mechanism of CFEP composites 

(a) The tensile fracture unmodified CFEP composited (b) The tensile fracture modified CFEP 
composited 

4.3.3 Bending performance analysis of CFEP composite  
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4.3.3.1 Bending strength analysis 

Fig. 4-14 shows the bending strength of the CFEP composites. The bending 

strength of the CFEP composites modified via magnetron sputtering increased when 

compared with the unmodified composite, in which the bending strength of the CFEP 

composites modified at 250 W and 30 min exhibits the largest increase (28.62%) and 

the bending strengths of the CFEP composites modified using the same magnetron 

sputtering power tend to increase with an increase in the sputtering time. The bending 

strength of the CFEP composite modified at 150 W and 20 min exhibits the smallest 

increase (4.96%). Although positive bending stress is the main cause of composite 

failure, the bending strength was also determined to some extent by the interfacial 

bonding properties of the composite under loading. By analyzing the bending strength 

of the CFEP composites, it was found that the change in the bending strength of the 

modified CFEP composites was consistent with the trend observed for the effect of the 

modification process on the surface energy of the carbon fibers. This further illustrates 

that the surface modification of carbon fibers via magnetron sputtering was beneficial 

to improving the bonding properties between the carbon fibers and resin matrix, and 

plays a positive role in the improvement of the mechanical properties of CFEP 

composites. 

 

Fig. 4-14 Bending strength of CFEP composite 

(a) Different sputtering time (b) Different sputtering power 

The bending stress-strain curves obtained for the CFEP composites are shown in 

Fig. 4-15. The bending stress-strain curve of the unmodified CFEP composite shows 
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instantaneous damage and disintegration of the CFEP composite when the bending load 

stress limit was reached, which was brittle damage failure. The bending stress-strain 

curves of CFEP composites modified using different magnetron sputtering conditions 

differ depending on the conditions used. When compared with the bending stress-strain 

curve obtained for unmodified CFEP composites, there are two main changes. The first 

one is that there is a small bending yielding phenomenon in the modified CFEP 

composites during the loading process, such as bending damage of the CFEP composite 

modified at 250 W/20 min and 250 W/40 min. The second is that when the maximum 

bending load reaches the limit, the modified CFEP composites do not undergo brittle 

damage fracture. Instead, the CFEP composites undergo continuous deformation during 

the loading process, followed by damage failure, such as the bending damage observed 

for the CFEP composites modified at 250 W/30 min, 250 W/50 min, and 350 W/20 min. 

By comparing the effects of the different modification process conditions on the 

bending properties of the CFEP composites, it was found that these phenomena were 

more pronounced when the sputtering time changes, whereas they were relatively less 

affected upon variation of the magnetron sputtering power. The bending damage of the 

composite materials is a complex process. When the composite material was subjected 

to a bending load, it was also subjected to in-plane shear failure and external surface 

pressure, and the yielding phenomenon reflected in the bending stress-strain curves of 

the CFEP composites is an embodiment of tensile failure. 

This comparison also reveals that the bending modulus of the CFEP composites 

modified at the other sputtering times was larger than the unmodified CFEP composites, 

except for the bending modulus of the CFEP composites modified for 20 min, which 

was similar to the unmodified CFEP composite. The bending modulus of the CFEP 

composites modified for 30 and 50 min increases significantly, especially the CFEP 

composite modified for 30 min, which exhibits the largest increase in the bending 

modulus among all of the modified specimens with an increase of 1.18 times. This was 

attributed to the fibers in the CFEP composites modified for 30 and 50 min having the 

best interfacial bonding properties with the resin matrix, and therefore exhibit stronger 
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integrity when the CFEP composites are subjected to bending loads, which enhances 

the bending modulus of the CFEP composites.  

 

Fig. 4-15 Bending stress-strain curve of CFEP composite 

      (a) Different sputtering time (b) Different sputtering power 

The thickness of the carbon film was favorable toward the transfer of cracks 

generated by the force load between the interfaces, which is conducive to the delay of 

the damage and destruction of the CFEP composites. Therefore, this can effectively 

improve the toughness and increase the damage tolerance of CFEP composites. For 

example, although the bending modulus of the CFEP composite modified for 20 min 

did not significantly improve, the energy absorbed by bending fracture increased by 

65.65% when compared to the unmodified CFEP composite. 

Due to their low surface energy and poor wettability with the resin matrix, the 

unmodified carbon fibers easily form defects, such as pores and cracks, at the interface. 

When the composite was subjected to a small bending load, the interface will crack. 

Due to the lack of an interfacial layer between the two phases, the crack peak expands 

in a direction directly perpendicular to the fiber reinforcement, allowing the composite 

to break through the physical adhesion barrier without absorbing much energy. 

Carbon fibers modified via magnetron sputtering improve the surface energy of 

the carbon fibers due to the construction of nano-sized carbon films on the surface of 

the carbon fibers, which improves the wettability between the epoxy resin and surface 

of the carbon fibers. Moreover, the surface roughness of the carbon fibers increases 

after surface modification magnetron sputtering process, which increases the interfacial 
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engagement effect between the carbon fibers and resin, and is conducive to an 

enhancement in the interfacial bonding performance of the composite material.  

When the composite material was subjected to an external load, the crack first 

reaches the interface layer from the matrix and the existence of the interface layer will 

cause the crack expansion direction to change from the original perpendicular to the 

carbon fiber direction to a more complex propagation pathway when the crack peak 

touches the interface phase due to the existence of the weak interface between the fibers 

and matrix. Consequently, more and new tiny cracks will be formed around it, more 

cracks will move forward, thus producing more tiny cracks. The crack propagation 

direction will constantly change and become more complex with the expansion and 

propagation of the crack, and the energy will be gradually consumed, which can 

effectively delay the damage to the CFEP composite. Therefore, the interface formed 

between the two phases modified via magnetron sputtering can slow down the crack 

expansion and increase the crack expansion pathway, so that the energy consumed by 

the composite for interfacial debonding and bending fracture increases, so the bending 

strength and bending modulus of the composite increases. 

4.3.3.2 Bending section morphology of CFEP composite 

Fig. 4-16 shows there are many microcracks on the resin matrix in the bending 

section of the unmodified CFEP composite and the fracture of CFEP composite has an 

irregular morphology, mainly via fiber delamination fracture damage. The modified 

CFEP composites have no obvious microcracks on the bending damage section of CFEP 

composite treated using the other modification conditions with the exception of the 

obvious resin damage on the bending damage section of CFEP modified at 250 W and 

20 min. The fracture morphology of the modified CFEP composites changes 

significantly, but there are also slight differences depending on the magnetron 

sputtering modification process used. The bending fracture surface of the modified 

CFEP composites was mostly linear fracture, but the bending fracture of the CFEP 

composite treated at 250 W and 50 min showed obvious irregular fractures, but no 

carbon fibers were pulled out of the resin matrix, and the fibers were mainly damaged 
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by fracture. Meanwhile, there were obvious traces of fiber and resin gluing on the 

surface of the modified CFEP composites, which further indicate that the interfacial 

bonding properties of the CFEP composites were improved. 

 

4-16 Bending damage forms of CFEP composites 

Further characterization of the bending section of the CFEP composite using SEM 

was carried out. Fig. 4-17 shows after bending damage of the unmodified CFEP 

composite, a large number of carbon fibers were pulled out from the resin matrix, the 

surface of the pulled out carbon fibers was smooth and clean, there was no obvious 

residue of the matrix resin, and there were many holes left in the resin matrix at the 

fracture site after the fibers were completely pulled out, which indicate that the 

interfacial bonding between the fibers and resin was poor, and the CFEP composite 

could crack under a small bending load.  

After the bending damage of the modified CFEP composite, the damaged fiber 

surface was covered by resin and carbon film. This is because after the modification of 

the carbon fiber via magnetron sputtering, a better mechanical engagement between the 

carbon fibers and matrix resin was formed, and the interfacial bonding performance 

was greatly enhanced. Moreover, the composite interface area between the two phases 

will induce and disperse cracks, thus forming a network structure of cracks in different 

directions. When the composite material was subjected to an applied bending load, the 
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cracks were transmitted between the composite interfacial layer system, and a large 

amount of energy was consumed as a result, thus improving the bending resistance of 

the composite material. 

However, it was also found that the bending section of the modified CFEP 

composites also exhibit this fiber pullout phenomenon, which is because the surface 

carbon fibers and internal carbon fibers cannot obtain a uniform modification effect 

during the magnetron sputtering modification process of the multifilament carbon fibers, 

which thus affects the interfacial bonding between the internal fiber layer and resin, and 

when subjected to a bending load, delamination damage occurs. It can be observed from 

Fig. 4-17(c) and (d) that the bending fracture surface of the CFEP composites modified 

at 250 W and 30 min was relatively flat, and only a small amount of carbon fibers were 

pulled out. There was no obvious dispersion of the carbon fibers and resin fragments, 

which indicates the enhanced encapsulation of the carbon fibers by the resin. 
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Fig. 4-17 SEM image of bending section of CFEP composite 

4.3.3.3 Analysis of the bending mechanism of CFEP composite  

Unmodified carbon fibers have low surface energy and poor wettability with the 

resin matrix due to their carbonaceous graphite structure. Defects such as pores and 

cracks are easily formed at the interface, and the interface bonding is poor due to the 

physical adsorption between the two phases. When the CFEP composite was subjected 

to a small bending load, cracking occurs at the interface and the load reaches the fibers 

directly. Due to the lack of an interfacial layer between the two phases, the crack peak 

expands in the direction directly perpendicular to the fiber reinforcement, making it 

possible for the composite to break through the physical adhesion barrier and fracture 

without absorbing much energy. 

When the carbon fibers were modified via magnetron sputtering, the roughness 

and surface energy of the carbon fibers are improved due to the construction of a carbon 

film layer on the surface of carbon fibers. The wettability of the epoxy resin to the fibers 

was improved and the interfacial bonding performance of the CFEP composites was 

significantly enhanced. When the CFEP composite was subjected to an external load, 

the crack first reaches the interface layer from the matrix, and the existence of the 

interface layer will make the crack expansion direction change from the original 

perpendicular to the carbon fiber direction to a more complex propagation pathway, and 
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when the crack peak touches the interface layer system, more tiny cracks will be formed 

around it, more cracks will move forward. The crack propagation process continues, 

the propagation direction constantly changes, and as the cracks expand and propagate, 

the energy will be consumed gradually, unlike the unmodified carbon fiber reinforced 

dimensional composites, in which the cracks can advance unhindered and directly 

impact the carbon fiber, leading to the destruction of the fiber and the whole composite 

material because of the existence of the interfacial layer. Therefore, the interface formed 

by the constructed carbon film between the two phases can slow down the expansion 

of the cracks and increase the crack expansion pathway, making the energy consumed 

in the interface debonding and bending fracture of the composite increase, so the 

bending strength and bending modulus of the composite increases. However, due to the 

different magnetron sputtering process conditions, the structure of the carbon film built 

on the interface layer varies. When the carbon film layer is thinner, the effect of the load 

in slowing down the crack propagation and expansion between the interface layers is 

weakened, the complexity of the crack propagation direction and propagation pathway 

is weakened, and the energy consumed by the crack expansion is reduced. When the 

thickness of the two-phase interface layer decreases, the energy absorbed by the 

debonding and fracture of the composite interface decreases when subjected to an 

applied bending load, resulting in a decrease in the bending properties of the CFEP 

composite and a decrease in the bending strength and bending modulus values. The 

mechanism is shown in the Fig.4-18. 

 

Fig. 4-18 Bending fracture mechanism of CFEP composites 

4.4 Conclusion 

After the surface modification of carbon fibers via magnetron sputtering, the 

interfacial bonding between the carbon fibers and resin matrix is improved. The 
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mechanical properties of the resulting CFEP composites are improved and the 

mechanical damage mechanism changed due to the construction of a carbon film on the 

surface of the carbon fibers, which not only improves the mechanical damage strength, 

but also improves the toughness of the CFEP composites. The specific conclusions are 

as follows: 

The in-plane shear strength of the CFEP composites modified via magnetron 

sputtering increased, and the CFEP composite modified at 250 W/30 min exhibited the 

largest increase in-plane shear strength with an increase of 39.02%. When the 

magnetron sputtering power is low and the sputtering time is short, the increase rate is 

small due to the small increase in the carbon fiber surface energy, such as the in-plane 

shear strength of CFEP composites modified at 250 W/20 min and 150 W/20 min only 

increased by 10.22% and 10.24%, respectively. The shear modulus of the CFEP 

composites modified via magnetron sputtering was also significantly improved. 

When the modified CFEP composites were subjected to shear load, the time of 

crack damage was delayed, and the cracks produced by the modified CFEP composites 

propagated along the interface of carbon fiber and resin contact to produce interfacial 

debonding, but no obvious carbon fiber damage occurred during shear loading. After 

modification of the carbon fibers via magnetron sputtering, the tensile properties of the 

resulting CFEP composites are greatly improved due to the increase in the surface 

roughness and improvement in the intrinsic properties, as well as the role of the 

composite interface layer between the carbon fiber composites. 

After the modification of carbon fiber by magnetron sputtering, the tensile 

properties of CFEP composites are greatly improved due to the increase of surface 

roughness and the improvement of intrinsic properties, as well as the effect of the 

composite interfacial layer between the interfaces of CFEP composites. Firstly, the 

tensile strength of the modified CFEP composites increased significantly when 

compared with the unmodified CFEP composite; the tensile strength exhibited a 

minimum increase of 13.71% and maximum increase of 31.54%. Secondly, the tensile 

fracture toughness of the CFEP composites modified via magnetron sputtering was 
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greatly improved, and the tensile fracture work of the modified CFEP composites 

increased by a maximum of about 1.44 times when compared to the unmodified CFEP 

composite. In addition, the modified CFEP composites exhibit stress yielding 

phenomenon in the tensile tests, which avoids the brittle damage of the CFEP 

composites. 

The bending strengths of the CFEP composites modified via magnetron sputtering 

has not been significantly improved with a maximum increase of 28.62% and the 

minimum increase is only 4.96%. However, the bending modulus of the modified 

carbon fiber composites has been greatly improved, and the bending modulus of the 

carbon fiber composites modified at 250 W for 30 min was increased by 1.18 times. 

Similarly, the bending damage form and damage mechanism of the CFEP 

composites prepared using the carbon fibers modified via magnetron sputtering are also 

changed. As the interface meshing performance between the modified carbon fibers and 

resin matrix is improved, the carbon fibers are effectively covered and bonded together 

by the resin after modification, and the pore space between the carbon fiber and resin 

matrix is significantly reduced; even after damage fracture under a bending load, it will 

not show the appearance of larger pore space between the carbon fibers and resin matrix. 

According to the different magnetron sputtering processes studied, the phenomenon of 

internal fiber damage will occur in the CFEP composite during bend loading. 
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Chapter 5: CONCLUSION 

The mechanical properties of carbon fibers are affected by surface defects. 

Additionally, the smooth surface of carbon fibers and the lack of surface active 

functional groups leads to weak interfacial bonding between carbon fibers and the resin 

matrix, which affects the performance of the CFRP composite. To improve the 

mechanical properties of carbon fibers and enhance the interfacial bonding properties 

between carbon fibers and the resin matrix, magnetron sputtering technology was used 

to modify the carbon fiber surface and repair the surface defects by exploiting the 

homogeneity of the sputtering target and carbon fibers. Owing to the carbon film 

constructed on the carbon fiber surface, the interfacial bonding between the carbon 

fibers and resin matrix is strengthened, which provides a new method for carbon fiber 

surface repair and interfacial modification of carbon fiber-reinforced resin matrix 

composites. 

In Chapter 1, an overview of the interface mechanism of carbon fiber composites 

and carbon fiber surface modification technology was presented, and the magnetron 

sputtering process and film-formation process were described. Additionally, the reasons 

why magnetron sputtering was selected for the surface modification of carbon fibers 

were explained. 

In Chapter 2, the morphology and structural properties of carbon films deposited 

via magnetron sputtering were analyzed, and the effects of different substrates and 

magnetron sputtering process parameters on the structural properties of carbon films 

were discussed. 

Magnetron sputtering deposited carbon films on different substrates exhibit a 

surface morphology with microcracks and a cross sectional morphology with a 

columnar structure, but owing to the curved morphology of carbon fibers, the surface 

morphology of carbon fibers differs slightly from the morphology of carbon films 

deposited on silicon wafers with regard to microcrack and pores. The magnetron 

sputtering modification method has no obvious effect on the microstructure or phase 

composition of carbon fibers and does not affect the physicochemical properties of 
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CFRP composites. Heat treatment changes the surface morphology and cross-sectional 

morphology of the carbon film. The surface of the carbon film changes from a particle 

stacking structure to a sheet-like crystal structure, the cross-sectional columnar 

structure disappears, the structure becomes more ordered, and the mechanical 

properties are enhanced. 

In Chapter 3, the effects of the magnetron sputtering modification process on the 

mechanical properties and surface properties of carbon fibers were examined. After the 

modification of carbon fibers by magnetron sputtering, a carbon film was deposited on 

the carbon fiber surface. The carbon nanoparticles repaired the surface defects of the 

carbon fibers, and the mechanical properties of the carbon fibers were improved—

particularly the tensile fracture work and tensile fracture strength dispersion. Among 

the magnetron sputtering modification conditions used in this study, the maximum 

increase in the tensile fracture work of the carbon fibers was 23%. The surface energy 

of the carbon fibers was also improved by magnetron sputtering modification, 

indicating that this treatment is suitable for improving the interfacial bonding properties 

of carbon fiber composites. 

In Chapter 4, the in-plane shear properties, tensile properties, and bending 

properties of CFRP composites modified by the magnetron sputtering process were 

discussed, and the effects of the magnetron sputtering process on the mechanical 

properties of CFRP composites were analyzed, as well as the damage mechanism. The 

surface modification of carbon fibers by magnetron sputtering can increase the surface 

roughness and surface energy of the carbon fibers, which is conducive to mechanical 

engagement between the modified carbon fibers and the resin matrix. After the surface 

modification of the carbon fibers by magnetron sputtering, a composite interface layer 

with a carbon film structure was formed in the interface layer of the CFRP composites, 

and the composite interface layer effectively transmitted the cracks produced by the 

composite during load loading, which delayed the mechanical damage of the modified 

CFRP composites, improving their toughness. 

In Chapter 5, the effects of the magnetron sputtering process on the surface 
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morphology and microstructure properties of carbon fibers were investigated, and the 

feasibility of magnetron sputtering carbon fiber surface modification for the repair of 

carbon fiber surface defects and improvement of the mechanical properties, as well as 

the interfacial properties and mechanical properties of CFRP composites, was 

confirmed.  

The successful implementation of interfacial modification of CFRP composites by 

magnetron sputtering provides a new method for undamaged interface modification, 

and also provides a theoretical basis for the construction of nanocomposite interfaces 

and a new idea for the subsequent construction of multi-scale layer interfaces of CFRP 

composites. 
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