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Abstract: Graphene oxide-carbon fiber/epoxy (GO-CF/EP) composites with extrusion temperatures 14 

of 30℃, 40℃, 50℃, 60℃ and 70℃ were prepared by vacuum infiltration hot-press forming experi- 15 

mental system (VIHPS). The effects of extrusion temperature on the microstructure, fracture mech- 16 

anism and mechanical properties of GO-CF/EP composites were investigated. It was found that the 17 

best mechanical property of composites and infiltration effect of the matrix in the fiber gap were 18 

obtained at the temperature of 50℃ and the bending strength of the composite reached 728 MPa. 19 

The fiber was pulled out and broken under the wrapping of the matrix. The matrix viscosity was 20 

high and the fluidity was poor when the extrusion temperature was low. The poor infiltration of the 21 

matrix resulted in many fibers failing to bond together, resulting in disorderly breakage of fiber 22 

bundles. Under the condition of higher temperature, the flow speed of the matrix could be im- 23 

proved. However, part of the matrix was extruded during the extrusion process, and cracks and 24 

other defects occurred during the loading, which caused the brittle fracture of the specimen.  25 

Keywords: VIHPS; Graphene oxide; Carbon fiber composites; Extrusion temperature; Microstruc- 26 

ture; Bending properties 27 

 28 

1. Introduction 29 

Graphene oxide-carbon fiber/epoxy (GO-CF/EP) composite is a new type of compo- 30 

site with nano GO added into CFRP. GO is widely used to enhance the performance of 31 

composites due to its excellent mechanical, electrochemical and thermal properties. The 32 

composites with GO significantly improve mechanical properties and apparent ad- 33 

vantages in optical, thermal and shielding properties [1-5]. GO is a two-dimensional in- 34 

termediate formed by the exfoliation of original graphene during oxidation [6]. It is used 35 

as a reinforcing phase of the composites because GO has better dispersion stability in so- 36 

lution than original graphene [7]. Researchers mainly use mechanical, ultrasonic, and mi- 37 

crowave radiation to obtain the matrix solution containing GO. GO is dispersed in organic 38 

solvent and can be peeled into a single-layer structure after ultrasonic treatment, which is 39 

conducive to the uniform dispersion of GO in the solvent. The uniform dispersion ability 40 

in the matrix is significantly improved [8]. In addition, some chemical functional groups 41 

on the surface of GO combine with the matrix to make them fully contact, enhancing the 42 

load transfer ability of the composite. In this study, matrix solution was prepared by ul- 43 

trasonic dispersion method and GO-CF/EP composites were prepared by vacuum infil- 44 

tration hot-press forming experimental system (VIHPS). Extrusion molding can timely 45 
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exhaust the gas among the fibers and make the mixed solution fully infiltrate the fiber gap 46 

to reduce the holes, lamination and other defects of the composites. It can also improve 47 

the density and bearing capacity of the composites [9]. In order to obtain composites with 48 

sufficient microstructure infiltration and ideal mechanical properties, the process param- 49 

eters should be strictly controlled in the forming process. The extrusion temperature is an 50 

essential parameter in the hot-pressing process. If the extrusion temperature is too low, 51 

the flow viscosity of the matrix will be affected and the effect of the matrix infiltration will 52 

be poor. If the extrusion temperature is too high, the matrix is extruded under the effect 53 

of extrusion pressure. The matrix cannot completely penetrate into the fiber gap, affecting 54 

the mechanical properties of the composite [10]. Therefore, choosing the appropriate ex- 55 

trusion temperature is the key to preparing GO-CF/EP composites with excellent mechan- 56 

ical properties by using VIHPS. 57 

At present, researchers at home and abroad have conducted many experiments and 58 

studies on the influence of extrusion temperature on composites. Fard et al. [11] studied 59 

the effects of extrusion temperature on the microstructure and porosity of A356-SiCp com- 60 

posites. It was found that the grain refinement of SiCp decreased first and then increased 61 

with the increase of extrusion temperature, while the porosity of the composites de- 62 

creased. Wang et al. [12] obtained the variation of tensile strength of SiCp/Mg-Zn-Ca com- 63 

posites with different extrusion temperatures. The results showed that the grain refine- 64 

ment of SiCp varies with extrusion temperature. Shao et al. [13] prepared graphene 65 

nanosheet-reinforced Al6061 composites by pressure infiltration and studied the influence 66 

of extrusion temperature on the composites. It turned out that the deformation behavior 67 

and dispersion of graphene were different due to different extrusion temperatures. Ma et 68 

al. [14] prepared 2D-Cf/Al composites by liquid extrusion and infiltration method and 69 

studied the effects of extrusion temperature on the microstructure and mechanical prop- 70 

erties of composites. The above studies have discussed the influence of extrusion temper- 71 

ature on metal matrix composites, but there is a lack of polymer matrix composites. When 72 

VIHPS is used to prepare GO-CF/EP composites, there are some problems, such as unclear 73 

reinforcement effect of GO on the matrix and CF, different infiltration effects of the matrix 74 

between fiber bundles and layers, resulting in uneven infiltration, and unclear influence 75 

of changes in process parameters on the properties of composites. It can be seen that the 76 

influence of VIHPS on the properties of GO-CF/EP composites needs to be solved urgently. 77 

In order to explore the effect of extrusion temperature on the infiltration structure 78 

and mechanical properties of GO-CF/EP composites, the micro-nano scale hybrid rein- 79 

forced composites were prepared by VIHPS in this study. Combined with the microstruc- 80 

ture characterization, mechanical property test and fracture morphology observation at 81 

different extrusion temperatures, the influence of extrusion temperature on GO-CF/EP 82 

composites was analyzed and summarized. The experimental results will lay a theoretical 83 

and experimental foundation for later preparation and further research of GO-CF/EP com- 84 

posites. 85 

2. Materials and Methods 86 

2.1. Experimental materials 87 

The GO used in this study is prepared by Shenzhen Suiheng Technology Co., Ltd 88 

using an improved Hummer process. Its sheet diameter is 0.2-10 μm, the thickness is 1nm, 89 

the number of layers is 1-2 and the purity is 99%. The epoxy and curing agents are E-51 90 

epoxy resin and phenolic amine T31 curing agents produced by Nantong Xingchen Syn- 91 

thetic Composite Co., Ltd. T700 unidirectional CF cloth is produced by Toray Co., Ltd. Its 92 

tensile strength is 3920 MPa, and the elongation is 1.71%. The ethanol solution with 99.7% 93 

concentration is produced by Jiangsu Qiangsheng Functional Chemistry Co., Ltd. 94 

  95 
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2.2. Vacuum infiltration hot-press forming process 96 

VIHPS comprises four parts: the fiber preform module, vacuum heating infiltration 97 

module, hot-press curing molding module and data acquisition and control module [15]. 98 

The fiber preform module mainly includes a fiber cloth cutting device, stirring device and 99 

ultrasonic dispersion device. The module can make the solution preliminarily impregna- 100 

tion into the fiber cloth lamination and fiber gap to obtain the CF preform. The vacuum 101 

heating infiltration module mainly includes a heating drying oven, vacuum pump and so 102 

on. The purpose of heating and drying is to promote the fluidity of the matrix solution. 103 

The vacuum environment can make the composite exhaust excess gas, which is conducive 104 

to the complete immersion of the solution in the fiber. After vacuum infiltration, the sur- 105 

face of the composite is solidified, but the interior is still in an incomplete solidification 106 

state. It needs to be solidified entirely by hot extrusion at a specific temperature. The final 107 

processing of composites is carried out by a hot-press curing molding module, which 108 

mainly includes a heating mold, hydraulic press and other devices. The composite can 109 

have a certain thickness and obtain the required mechanical properties after hot-pressing. 110 

In the whole preparation system, temperature sensors, pressure sensors, digital vacuum 111 

meters and other controllers are used to convert nonelectrical signals into electrical signals 112 

and input them into computers. The computer controls all parameters in real-time. When 113 

the parameters are abnormal, they can be adjusted in time to meet the production require- 114 

ments. The composition of the whole system is shown in Figure 1. 115 

 116 

Figure 1. Vacuum infiltration hot-pressing experimental system. 117 

2.2.1. Preparation of curing mixed solution 118 

In general, because GO is insoluble in the matrix, there are molecular forces between 119 

the matrix and GO, making GO dispersion in the matrix solution poor. In order to improve 120 

the aggregation and precipitation of GO in the matrix, the combination of electromagnetic 121 

stirring and ultrasonic dispersion is used to prepare the curing mixed solution. The spe- 122 

cific preparation process is as follows. GO powder was mixed with absolute ethanol solu- 123 

tion and initially stirred manually. The mixed solution was transferred to an electromag- 124 

netic stirring device and stirred at 500 rpm for 20 min. The solution was ultrasonically 125 

dispersed at 40 kHz and 200 W for 60 min to obtain a GO suspension. The EP was added 126 

to the suspension, and the viscosity of the EP was large at normal temperature, which is 127 

not conducive to the uniform stirring of the matrix. Therefore, the solution was placed on 128 

an electromagnetic stirring device at 50℃ and stirred at 500 rpm for 20 min. Afterward, 129 

the solution was dispersed on an ultrasonic dispersion device for 60 min. The uniform 130 

mixing process of the solution was completed. Finally, the solution was vacuum treated 131 

for 24 h under a vacuum of -0.09 MPa. After the vacuum treatment, the curing agent was 132 

added to form a curing mixed solution containing GO. The preparation process is shown 133 

in Figure 2. 134 
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Figure 2. Preparation of curing mixed solution. 136 

2.2.2. Preparation process of GO-CF/EP composites 137 

The preparation process of GO-CF/EP composites strictly follows the VIHPS. 1) T700 138 

CF cloths were cut, the cured mixed solution was applied on both sides of each fiber cloth, 139 

and CF cloths were stacked in turn and placed for preliminary extrusion to discharge 140 

some internal bubbles. 2) The preform was placed in the molding machine and cured it at 141 

room temperature for 2 h. The extrusion pressure was set to 0.2 MPa. After that, the pre- 142 

form was transferred to a vacuum drying oven with a vacuum of -0.09 MPa and a tem- 143 

perature of 50-70℃ for 1 h. The high temperature is conducive to improving the fluidity 144 

of the solution, making the matrix thoroughly infiltrated, and the vacuum environment 145 

can effectively prevent the generation of pores, bubbles and other defects. 3) The preforms 146 

were taken out and placed in the pre-heated hot pressing die to ensure that the pressure 147 

was 0.5 MPa. The extrusion temperature was controlled to be 30℃, 40℃, 50℃, 60℃ and 148 

70℃ in turn, and the pressure was maintained for 5 min. 4) The composites were removed 149 

after the mold cooled to room temperature when the hot-pressing process was stopped. 150 

The process is shown in Figure 3. 151 

 152 

Figure 3. Preparation process of GO-CF/EP composites. 153 

2.3. Testing and characterization 154 

The bending properties of GO-CF/EP composites at different extrusion temperatures 155 

were tested by three-point bending test according to GB/T3356-2014. The bending strength 156 

(σf) and bending modulus (Ek) of the specimen were calculated from equations (1), (2) and 157 

(3). The DNS 100 electronic universal testing machine of Changchun machinery institute 158 

was adopted. The loading head and bearing radius were 5 mm, the span thickness ratio 159 

was 32:1, the loading speed was 5 mm/min, and the specimen size was 80 mm×12.5 mm×2 160 

mm. The loading diagram is shown in Figure 4. 161 
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Where σf is the bending strength of the specimen (MPa), Pmax is the maximum load 162 

of the sample (N), L is the span (mm), h is the thickness of the sample (mm), ω is the 163 
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specimen width (mm), εf is the failure strain (mm/mm), δ is the deflection of the specimen 164 

in the middle of the span (mm), Ek is the bending modulus of the specimen (GPa), Δσ is 165 

the difference of bending stress between two selected strain points (MPa), and Δε is the 166 

difference of strain between two selected strain points (mm/mm).  167 

 168 

Figure 4. Loading diagrams of three-point bending. 169 

The internal microstructure and bending fracture section morphology of the compo- 170 

sites after impregnation was observed by the JEOL JSM-6390A scanning electron micro- 171 

scope. 172 

3. Results and discussion 173 

3.1. Characterization of GO 174 

Some chemical links between GO, EP and CF can effectively enhance the interaction 175 

[16]. One study showed that the dispersion uniformity of GO in the matrix is improved 176 

when pressing force is applied during the infiltration process, and its distribution trend is 177 

closely related to the extrusion direction and matrix fluidity [13]. As shown in Figure 5(a), 178 

the surface of GO is uneven and has a large number of folds. The fold structure endows 179 

GO with a larger surface area so that it can adhere to the surface of the fiber or resin matrix. 180 

The distribution of GO on resin or fiber is shown in Figure 5(b). Figure 6 shows the sche- 181 

matic diagram of GO playing the role of mechanical locking in GO-CF/EP composites. The 182 

contact area between CF and matrix can be increased and a good interface bonding can be 183 

formed by adding GO to the composite. In addition, the unique structure of GO makes 184 

the mechanical locking between EP and CF, thus enhancing the interface bonding strength 185 

of the composite. It is helpful to the stress transfer of the specimen in the loading process. 186 

The maximum stress is often near the reinforcement and matrix interface when the com- 187 

posite is subjected to an external force. Ye et al. [17] also obtained a similar conclusion. 188 

Therefore, the mechanical lock and structure formed by the addition of GO can increase 189 

the maximum stress of the composite to a certain extent. The presence of GO can also 190 

reduce the concentration of internal stress, play a role in toughening, and disperse the 191 

coarse cracks concentrated in the layer into fine cracks [18]. 192 

 193 

Figure 5. The SEM of GO (a)GO/EP composite (60k×), (b)GO-CF/EP composite (15k×). 194 
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Figure 6. Schematic diagram of mechanical interlocking. 196 

3.2. Infiltration structure of GO-CF/EP composites 197 

The microstructures of the composites prepared at different extrusion temperatures 198 

are different. As shown in Figures 7(a) and (b), when the extrusion temperature is low, 199 

there is only a small amount of matrix distribution in fiber bundles. At this time, the ma- 200 

trix has a large viscosity, which hinders its infiltration behavior in fiber bundles, so the 201 

matrix is mainly distributed on the upper and lower surfaces of the specimen or between 202 

the fiber cloth layers. The matrix content between fiber bundles gradually increases with 203 

the increase in extrusion temperature. When the temperature reaches 50℃ (Figure 7(c)), 204 

the matrix containing GO is evenly distributed, and fiber bundles form a continuous in- 205 

filtration structure under the adhesion of the matrix, which is conducive to stress trans- 206 

mission and crack dispersion. When the extrusion temperature reaches 60℃ and 70℃ 207 

(Figure 7(d) and (e)), the matrix has a good flow performance and can quickly fill the gaps 208 

in the specimen. However, with the extension of extrusion time, part of the matrix is ex- 209 

truded under the effect of extrusion pressure, resulting in two kinds of infiltration of the 210 

composite: matrix aggregation areas and matrix-free areas, resulting in uneven infiltration. 211 

In the process of loading, the uneven structure of the infiltration promotes the specimen 212 

to have different mechanical behaviors, reducing its bearing capacity. 213 

 214 

Figure 7. Infiltration structure of GO-CF/EP composites at different extrusion temperatures (a)30℃, 215 
(b)40℃, (c)50℃, (d)60℃, (e)70℃. 216 

3.3. Bending properties of GO-CF/EP composites 217 

3.3.1. Bending strength and modulus of GO-CF/EP composites 218 

As shown in Figure 8(a), the load increases with displacement at the beginning of the 219 

loading stage. With the increase of displacement and load, when the load exceeds the limit 220 

load of the composite, cracks begin to appear on the lower end of the specimen, and the 221 

composite is destroyed. When the extrusion temperature is 50℃, the maximum bending 222 

load of the composite is 455 N. However, the maximum load the specimen can bear under 223 

other extrusion temperatures is below 400 N. When the temperature rises to 70℃, the 224 

maximum load is only 251.8 N. 225 

Figure 8(b) shows the bending strength and the bending modulus of GO-CF/EP com- 226 

posites at different extrusion temperatures. With the increase in extrusion temperature, 227 
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the bending strength and modulus of GO-CF/EP composites increase first and then de- 228 

crease. The maximum bending strength and bending modulus of the composites are 728 229 

MPa and 99.52 GPa, respectively, when the extrusion temperature is 50℃. Compared with 230 

the extrusion temperature of 30℃, the bending strength and bending modulus increased 231 

by 60.2% and 12.1%, respectively. The reason for this change is that the viscosity and flu- 232 

idity of the matrix are greatly affected by temperature. When the extrusion temperature 233 

is low, the matrix viscosity is high and the fluidity is poor. The process of matrix infiltra- 234 

tion is subject to larger resistance, which affects its complete infiltration in the fiber cloth. 235 

The stress concentration is caused by the matrix distributed on the surface of each layer 236 

of the fiber cloth, and the bearing capacity of the specimen is limited due to the discontin- 237 

uous structure of the internal infiltration structure. With the increase in temperature, the 238 

fluidity of the matrix is improved so that it can fill the infiltration gap, and the fiber is 239 

closely combined with the matrix. When the external force is applied, the bonded fiber 240 

effectively shares the stress, and GO dispersed in the matrix also bears and disperses the 241 

stress, which is conducive to improving the bearing capacity of the specimen. However, 242 

too high an extrusion temperature will not only increase the flow rate of the matrix but 243 

also extrude the matrix, thus affecting the mechanical properties of the composite. 244 
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 245 

Figure 8. Three-point bending test results of GO-CF/EP composites (a)load-displacement curve, 246 
(b)bending strength and bending modulus. 247 

3.3.2. Fracture microstructure and mechanism of GO-CF/EP composites 248 

It can be seen from Figure 9(a) that the fracture surface of fibers is disordered, and 249 

the matrix does not bond most fibers. Most fibers can not bear the load and can not play 250 

a role in reinforcement. Figure 9(b) shows the infiltration effect and fracture mode of the 251 

composite when the extrusion temperature is 30℃. The viscosity of the matrix is high and 252 

the fluidity is poor due to the low extrusion temperature. It is difficult to completely infil- 253 

trate the fiber gap in a limited hot pressing time. At this extrusion temperature, most GO 254 

is distributed on the surface of the composite or between fiber layers. There is no GO dis- 255 

tributed among the fiber bundles and less resin. In this case, the resin cannot be combined 256 

with the fiber to make the microstructure continuous, and GO cannot make the resin and 257 

fiber form a locking structure. Therefore, only a small number of fibers bear the load, and 258 

many fibers are difficult to transmit stress under an external force. It causes the fibers to 259 

break at the same time. The bending strength of the composite is only 454.1 MPa. In order 260 

to obtain a compact composite with ideal mechanical properties, it is necessary to increase 261 

the extrusion temperature appropriately and analyze the relationship between the matrix 262 

distribution in the matrix and the bending properties of the composite. 263 
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 264 

Figure 9. Fracture microstructure and mechanism of GO-CF/EP composite (30℃) (a)fracture micro- 265 
structure, (b)fracture mechanism. 266 

By observing the fracture morphology shown in Figure 10 (a), it can be found that 267 

when the extrusion temperature is 50℃, fiber bundles are closely bonded by the matrix, 268 

and the fracture surface is uneven. There are holes after the fiber extraction. When the 269 

load of some CF reaches the fatigue load, it fractures and transfers the load to other fibers 270 

to enhance the mechanical properties of the composite. It can be seen from Figure 10 (b) 271 

that there are uniformly distributed matrices in fiber layers and fiber gap of the composite. 272 

The existence of GO makes the resin and CF closely combine and enhances the interface 273 

bonding energy between the matrix and the reinforcement. When an external force is ap- 274 

plied to the composite, the stress is transferred from one part of the fiber to the other 275 

through the matrix. The flow ability of the matrix is enhanced at 50℃, and the fiber gap 276 

is filled under the effect of the extrusion force, which improves the density of the compo- 277 

site. The bending strength of the specimens prepared at this extrusion temperature is 728 278 

MPa, which indicates that the mechanical properties of the composites have been greatly 279 

improved. From the double Arrhenius viscosity model shown in equation (4), the resin 280 

viscosity decreases with the increase in temperature [19]. The gradual decrease of viscos- 281 

ity promotes the increase of resin fluidity so that the matrix is fully immersed in the fiber 282 

bundle and the filament is bonded together. Therefore, composites have good bearing ca- 283 

pacity. 284 

 t
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E
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Where η is the viscosity of matrix, Z∞ and K0 are the Arrhenius pre-exponential fac- 285 

tors, Ez is the activation energy of the solution flow, Et is the activation energy of curing 286 

reaction, R is the gas molar constant, and T and t are reaction temperature and reaction 287 

time respectively. 288 

 289 

Figure 10. Fracture microstructure and mechanism of GO-CF/EP composite (50℃) (a)fracture mi- 290 
crostructure, (b)fracture mechanism. 291 

It can be seen from Figure 11(a) that the matrix distribution at the fracture is highly 292 

uneven, and the number of cracks increases significantly. The fracture plane of the fiber is 293 

neat, showing typical brittle fracture characteristics, indicating that the fiber can not play 294 

a good bearing capacity. When the extrusion temperature is 70℃, the ethanol solution 295 

used to disperse GO volatilizes, resulting in some defects such as holes or small cracks in 296 

the composite. These defects gradually expand along the direction of weak interface bond- 297 

ing, which leads to fracture or delamination failure of the composite. Figure 11(b) shows 298 

the infiltration effect, fracture mode and stress transfer mode of the composites when the 299 
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extrusion temperature is 70℃. When the composite is at this extrusion temperature, the 300 

matrix is partially extruded out due to a remarkable improvement of fluidity, which di- 301 

rectly leads to the appearance of less matrix area in the composite. The area with less resin 302 

content is mainly an elliptical hole parallel to the fiber direction [20]. The appearance of 303 

these areas is a direct factor in the existence of cracks. However, it is not difficult to find 304 

that at this extrusion temperature, the crack is narrow and bent because the existence of 305 

GO deflects the crack direction, effectively reducing the stress concentration. The bending 306 

strength of the composite is 401.6 MPa. With the increase in extrusion temperature, the 307 

fluidity of the matrix is better, but part of the matrix is extruded, and the phenomenon of 308 

uneven infiltration appears. The generation of bubbles makes the internal structure of the 309 

composite appear defects, which seriously affects the performance of the specimen. 310 

 311 

Figure 11. Fracture microstructure and mechanism of GO-CF/EP composite (50℃) (a)fracture mi- 312 
crostructure, (b)fracture mechanism. 313 

4. Conclusion 314 

(1) GO-CF/EP composites were prepared by the VIHPS method. When the extrusion 315 

temperature is 50℃, the surface morphology of the composite is ideal, and no obvious 316 

defects such as holes and warps are found. 317 

(2) The addition of GO increases the contact area between EP and CF, making them 318 

form a mechanical lock. The appearance of this structure has significantly improved the 319 

interface bonding ability of the composite. When the composite is subjected to external 320 

force, GO bears part of the stress, which reduces the stress concentration in the crack area, 321 

deflects the crack, and significantly improves the mechanical properties of the composite. 322 

(3) When the extrusion temperature was 50℃, the matrix was evenly distributed be- 323 

tween CF. GO not only bonded the EP and CF together by mechanical locking, but also 324 

effectively shared the load. Due to the bonding effect of resin, the fibers could give full 325 

play to their load-bearing capacity, and most of the fibers were pulled out or broken when 326 

they broke. The bending strength at this extrusion temperature was 728 MPa. 327 

(4) It was found that too high or too low extrusion temperature would affect the in- 328 

ternal structure and mechanical properties of the composites. When the extrusion temper- 329 

ature is low, the viscosity of the matrix is high and the flow rate is slow, leading to the 330 

agglomeration and solidification of the matrix. Most of the matrix and fiber can not fully 331 

play their respective roles. In this case, the bending strength of the composite is low. When 332 

the extrusion temperature is high because the matrix has good fluidity, it is partially ex- 333 

truded, and the ability of the matrix to transfer load is weakened. The ability of GO to 334 

share stress is also weakened, resulting in poor mechanical properties of composites. 335 

Therefore, reasonable selection of extrusion temperature in the process of composite 336 

molding is the key to preparing excellent composites. 337 
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