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 The abrasive water jet (AWJ) is an immensely popular tool to machine hard-to-cut 

materials. Taking the surface roughness as the metric of cutting quality, this paper designs 

and implements an orthogonal experiment for the AWJ cutting of carbon fiber reinforced 

plastic (CFRP), a lightweight composite widely adopted for high-precision applications. 

Four factors that affect cutting quality, namely, target distance, pump pressure, nozzle 

traversal speed, and abradant flow rate, were selected, and divided into five levels for the 

orthogonal design. Since different factors differ in the value on the same level, the 

orthogonal design was improved by the quasi-level method. The results of the orthogonal 

experiment show that the nozzle traversal speed exerted the greatest effect on cutting 

quality, followed in turn by pump pressure, abradant flow rate, and target distance; the 

optimal cutting quality could be achieved at the target distance of 7mm, the abradant flow 

rate of 5g/s, the pump pressure of 340MPa, and the nozzle traversal speed of 200mm/min. 

The research results provide experimental evidence for high-quality AWJ cutting of the 

CFRP. 
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1. INTRODUCTION 

 

Carbon fiber reinforced plastic (CFRP) is a lightweight 

composite with high specific strength and specific modulus. 

Thanks to its resistance to fatigue, corrosion, and high 

temperature, the CFRP has been widely adopted for high-

precision applications, namely, aerospace, aviation, and 

military. However, microstructure failure might occur if the 

CFRP is machined by the traditional method, because the 

phase distribution of this advanced composite is discontinuous, 

heterogeneous, and anisotropic. After all, the lamellar carbon 

crystals in carbon fiber might cross each other, instead of 

always being regular. The failure probability is increased by 

the complexity and thermal effect of the traditional machining 

method, which involves such processes as fiber fracturing, 

matrix cracking, and separation between fiber and matrix [1]. 

The abrasive water jet (AWJ) provides a clean and efficient 

tool for cold cutting of the CFRP. The AWJ technology is 

universal, flexible, and highly efficient. The ultra-high 

pressure AWJ exerts a small force on the CFRP surface, 

without inducing any thermal effect. In this way, the AWJ 

cutting will not change the stress-strain or material properties 

of the CFRP [2-4]. There are many important parameters of 

the AWJ cutting, including but not limited to jet pressure, 

nozzle diameter, cutting speed, and cutting angle. These 

parameters directly bear on the cutting efficiency and effect, 

and the surface roughness of the target [5-8]. Owing to the 

unique features of the CFRP, the AWJ cutting of the CFRP 

follows a quite different law from that of the AWJ cutting of 

conventional materials. 

Many scholars have probed into the AWJ cutting of the 

CFRP. For instance, Unde et al. [9] found that the cutting angle 

is clearly affected by the target distance and feed speed, while 

the surface roughness of the target is obviously influenced by 

fiber angle and jet pressure. Thongkaew et al. [10] conducted 

AWJ drilling experiments on the CFRP, and concluded that 

the drilling quality is negatively correlated with feed speed and 

drilling diameter, but not greatly affected by jet pressure or 

abradant flow rate. Kumaran et al. [11] experimentally 

demonstrated that the surface roughness of the CFRP has a 

positive correlation with the cutting speed and target distance, 

and a negative correlation with jet pressure; the experimental 

results were in line with the surface roughness predicted by 

adaptive neuro-fuzzy inference system (ANFIS). Ramraji et al. 

[12] studied how the content and particle size of abradant 

affect the erosion process of the CFRP. Through numerical 

analysis, Wang et al. [13] discovered that coarse particles have 

better cutting effect than fine particles. Tripathi et al. [14] 

explored the mechanism of high-pressure AWJ cutting of the 

CFRP, analyzed the causes of delamination failure, and 

evaluated the effects of multiple parameters (e.g. jet pressure, 

cutting speed, target distance, and abradant flow rate) on 

cutting quality. 

To sum up, the previous studies have shown that the cutting 

quality and depth of the AWJ on the CFRP depend heavily on 

process parameters like jet pressure, cutting speed, and 

abradant flow rate. However, there is little report on the 

surface morphology or roughness on the cutting plane [15-19]. 

To make up the gap, this paper carries out orthogonal 

experiment to disclose the impacts of the AWJ cutting speed 

and the CFRP thickness on the surface roughness on the 

cutting plane, and to reveal the variation of surface roughness 

with cutting depths. 
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2. LITERATURE REVIEW 

 

2.1 Influencing factors of the CFRP failure 

 

The failure mode of the CFRP carries a variety of complex 

morphological features. Being a composite, the CFRP consists 

of two materials: the matrix and the reinforced fiber. The latter 

has relatively high strain rate. The difference in strain rate has 

a significant effect on the impact performance of the CFRP 

[20]. The impact performance is also affected by its interfacial 

properties and the difference in impact energy. The 

mechanical properties of reinforced fiber, as the main load 

bearer, have a decisive effect on the impact resistance of the 

CFRP. 

In the CFRP, the matrix has a much lower strength and 

stiffness than reinforced fiber. Despite that, the many 

properties (e.g. interfacial strength, compressive strength, and 

cracking resistance) of the CFRP depend on the matrix 

properties. When the CFRP is under external impact, the 

damage area and degree of compression will be determined by 

the toughness of the matrix. Lots of shock energy will be 

absorbed, if the matrix is relatively tough. Moreover, a tougher 

matrix means a smaller modulus of the CFRP.  

In general, the matrix cannot absorb as much energy as the 

reinforced fiber and the delamination process [21]. The 

delamination is dependent on the interfacial strength, which 

hinges on the failure mode. Subjected to external impact, the 

CFRP may absorb energy through tensile failure, compressive 

failure, or shear failure. Therefore, the interfacial strength 

exerts an important impact on the impact resistance of the 

CFRP. 

The previous literature has shown that, if it is below the 

initial failure threshold, the impact energy will be absorbed 

mainly by the delamination inside the matrix; if it is above that 

threshold, the impact energy will be absorbed mainly by the 

reinforced fiber. In the latter case, the reinforced fiber is pulled 

out or broken, releasing the absorbed energy. Much more 

energy is absorbed by reinforced fiber than the matrix.  

Besides the impact resistance, the failure of the CFRP is also 

affected by external factors. For example, the impact failure 

directly depends on the magnitude of the impact energy, which 

in turn depends on the mass source and impact speed [22]. The 

impact resistance of the CFRP is sensitive to impact speed. 

The impact speed has a positive correlation with the strain rate 

of reinforced fiber. 

 

2.2 Failure process of the CFRP 

 

There are four basic failure modes of the CFRP, such as 

fiber fracturing, matrix cracking, separation between fiber and 

matrix, and delamination [23]. These failure modes may 

appear alone or together, depending on factors like fiber 

orientation, fiber arrangement, matrix load, etc. The 

propagation direction of the failure is often related to the 

orientation and sequence of reinforced fibers in the CFRP. 

Once the source of impact energy touches the CFRP, 

compressive stress will be applied on the positive surface of 

the CFRP, and most shock waves will propagate downward in 

the thickness direction. After reaching the back surface, the 

shock waves will be reflected, creating a tensile stress on that 

surface. Under a high impact energy, both positive and back 

surfaces of the CFRP will be stressed. Delamination will occur, 

when the tensile stress surpasses the shear strength of the 

interface. This phenomenon will be aggravated by the 

interfacial stress induced by local bending. 

Each material has a specific threshold of impact failure, 

which is known as the impact threshold [24-26]. If the impact 

energy is below this threshold, the material will not be affected, 

not to mention impact failure. If the impact energy gradually 

rises above the threshold, the material will start to suffer from 

damages so insignificant as to be unobservable on the surface. 

However, delamination has already taken hold inside the 

material. Further growth of the impact energy will bring 

visible cracks in the matrix along the fiber direction on the 

back side of the material, and the delamination will worsen 

inside the material. 

With the continuous growth of impact energy, the material 

surface will be damaged visibly: impact pits could appear 

under local depression of fiber or matrix; sometimes, matrix 

cracks could be observed directly on the impact surface along 

the fiber direction. The latter mainly depends on the matrix 

toughness, fracture strain of reinforced fiber, and the thickness 

of the laminate [27]. At this time, serious matrix cracking, and 

even fiber fractures, will be visible on the back side; the 

delaminated area will be much larger than the area of surface 

damage; the mechanical properties of the material will be 

severely undermined [28-30]. 

If the impact energy is sufficiently large, the material will 

be penetrated through by cracks, showing a completely new 

failure state. Because of the fast motion of the impact source, 

the energy wave cannot propagate within the penetrated 

material, and not much impact energy could be absorbed. As a 

result, the penetrated material will not exhibit serious 

delamination, and the delaminated area will be smaller than 

that before penetration. 

 

 

3. METHODOLOGY 

 

3.1 Instruments and materials 

 

3.1.1 Instruments 

The AWJ cutting test system consists of a JJ-I water jet 

cutting machine, an ultrahigh voltage (UHV) mainframe, an 

operation console, and an abradant supply equipment. The 

nozzle, overall structure, and performance indices of the water 

jet cutting machine are displayed in Figure 1, Figure 2, and 

Table 1, respectively.  

 

 
 

Figure 1. The nozzle structure (D=1mm; L=1.3mm; d=0.6 

mm) 
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Figure 2. The structure of water jet cutting machine  
(1. Supercharger; 2. Check valve; 3. High pressure vessel; 4. Pressure gage; 
5. Gas control valve; 6. Sand head; 7. Sand valve 8. High pressure valve; 9. 

Workpiece; 10. 2D cutting platform; Cutting head 12. Water tank; 13. 

Booster pump; 14. Ram pump; 15. Overflow valve; 16. Selector valve) 

 

 
 

Figure 3. The roughness tester 

 

Table 1. Main performance indices of the AWJ cutting test 

system 

 
Index Value 

Maximum pressure (MPa) 500 

Maximum water flow (L/min) 4 

Mainframe power (kW) 37 

Maximum range of cutting plane (L×W) (mm) 2,000×1,250 

 

During the experiments, the hydraulic system of the UHV 

mainframe pumped filtered and softened water to boost the 

pressure in the supercharger. The water was then pumped 

through the pipeline to the cutting head on the water jet cutting 

machine. Meanwhile, the abradant supply equipment 

transported the abradant to the cutting head, which cut the 

CFRP specimen along the preset path. The instrument 

functions and cutting parameters were controlled and adjusted 

automatically by the operation console. 

The surface roughness of the specimen was measured by a 

TR200 roughness tester (Figure 3). 

 

3.1.2 Abradant  

Garnet is the most widely used abradant in the AWJ cutting. 

This abradant is moderate in hardness, stable in physical-

chemical properties, and uniform in particle size and crystal 

form. In our experiment, the parameters of the selected garnet 

abradant are as follows: particle size, 80 mesh; Mohs hardness, 

7; density, 3.9-4.1g/cm3. On the microscale, the abradant is 

highly granular with irregular angles. 

 

3.1.3 Specimen preparation  

The workpiece of our experiment is 20mm-thick CFRP 

sheets. Each CFRP sheet contains 12 layers of T300 reinforced 

fiber. The photo and properties of the CFRP sheets are 

presented in Figure 4 and Table 2, respectively. 

 
 

Figure 4. The photo of the CFRP sheet 

 

Table 2. The properties of the CFRP sheets 

 
Parameter Value 

Type T300 

Density (g/cm3) 4 

Tensile strength (MPa) 3.53 

Tensile modulus (MPa) 230 

Elongation at break (%) 1.5 

Mass fraction (%) 92.5 

Fiber diameter (μm) 7 

 

3.2 Experimental design 

 

The cutting performance of the AWJ is greatly affected by 

various process parameters. The change of any parameter will 

induce the variation of the surface roughness on the cutting 

plane. If multiple parameters change together, the variation of 

surface roughness will become extremely complicated. Our 

experiment mainly aims to disclose how the surface roughness 

is affected by four process parameters: target distance, pump 

pressure, nozzle traversal speed, and abradant flow rate. 

 

Table 3. The improved experimental design 

 

Test number 
Factors 

A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 1 4 4 4 

5 1 5 5 5 

6 2 1 2 4 

7 2 2 3 5 

8 2 3 4 1 

9 2 4 5 2 

10 2 5 1 3 

11 3 1 3 5 

12 3 2 4 1 

13 3 3 5 2 

14 3 4 1 3 

15 3 5 2 4 

16 4 1 4 2 

17 4 2 5 3 

18 4 3 1 4 

19 4 4 2 5 

20 4 5 3 1 

21 5 1 5 3 

22 5 2 1 4 

23 5 3 2 5 

24 5 4 3 1 

25 5 5 4 2 

 

(1) Target distance (factor A) was controlled within 3-

20mm, and divided into five levels: 5mm (level 1), 7mm (level 

2), 10mm (level 3), 12mm (level 4), and 15mm (level 5). 

(2) Pump pressure (factor B) was controlled within 0-

380MPa, and divided into five levels: 200MPa (level 1), 

260MPa (level 2), 280MPa (level 3), 300MPa (level 4), and 

340MPa (level 5). 
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(3) Nozzle traversal speed (factor C) was controlled within 

0-1,000mm/min, and divided into five levels: 100mm/min 

(level 1), 200mm/min (level 2), 300mm/min (level 3), 

400mm/min (level 4), and 500mm/min (level 5). 

(4) Abradant flow rate (factor D) was controlled with 0-

20g/s, and divided into five levels: 3g/s (level 1), 4g/s (level 

2), 5g/s (level 3), 6g/s (level 4), and 7g/s (level 5). 

To sum up, our experiment needs to investigate four factors, 

each of which has 5 levels. There are as many as 625 possible 

combinations between these factors and levels. Hence, the 

orthogonal design was adopted for our experiment, because 

fewer experiments are needed under this design to solve multi-

factor and multi-level problems. The orthogonal design uses 

an orthogonal table with F factors and Q levels, involving 

Latin squares (L) and a number (M) of horizontal 

combinations. 

With surface roughness as the measurement index, an L25(54) 

orthogonal table was designed, because the maximum number 

of horizontal factors is 5, and the total degree of freedom (DOF) 

of the factors is 16. Since different factors differ in the value 

on the same level, the orthogonal design was improved by the 

quasi-level method, a virtual multi-level design that arranges 

one or more levels of a factor repeatedly. The improved 

experimental design is described in Table 3. 

 

 

4. EXPERIMENTAL RESULTS AND ANALYSIS 

 

4.1 Data processing  

 

The surface roughness measured in the orthogonal 

experiment is listed in Table 4. 

Using the SPSS software (significance level: 0.05), the 

analysis of variance (ANOVA) was performed on the 

measured results (Table 4) obtained under the experimental 

design (Table 3). The results of ANOVA are listed in Table 5. 

 

Table 4. The measured results 

 
Test 

number 

Surface 

roughness (μm) 

Test 

number 

Surface 

roughness (μm) 

1 6.2 13 2.2 

2 5.8 14 1.6 

3 4.2 15 3.1 

4 3.25 16 5.0 

5 1.6 17 3.8 

6 6.1 18 1.9 

7 5.1 19 2.6 

8 2.8 20 3.7 

9 1.5 21 4.5 

10 2.3 22 3.1 

11 5.9 23 1.3 

12 4.3 24 2.6 

 

Table 5. Results of ANOVA 

 
 SST df MS F Significance 

Target 

distance 
2715 4 78.5 1.632 1.226 

Pump 

pressure 
2.0×106 4 10000 1.996 1.882 

Abradant 

flow rate 
2,750,000 4 12.5 0.952 0.097 

Nozzle 

traversal 

speed 

675 4 125000 2.638 0.035 

It can be seen that the significance of nozzle traversal speed 

was 0.035, smaller than 0.05. This means nozzle traversal 

speed has a significant effect on surface roughness. Meanwhile, 

the other three factors have insignificant effects on surface 

roughness. Judging by the F-statistic, the four factors could be 

ranked as nozzle transversal speed, pump pressure, abradant 

flow rate, and target distance in descending order of the effect  

on surface roughness. 

 

4.2 Data analysis 

  

Through SPSS data processing, the relationship between 

some factors and cutting quality are plotted as Figures 5-19 

based on the mean values of each factor and the surface 

roughness of the CFRP. 

(1) When the target distance was 7 mm, the nozzle traversal 

speed fell within 100-500mm/min, and the pump pressure fell 

within 220-340MPa, the optimal cutting quality was achieved 

at the abradant flow rate of 5 g/s. 

(2) When the target distance was 7 mm, the nozzle traversal 

speed fell within 100-500mm/min, and the abradant flow rate 

fell within 3-7g/s, the cutting quality was improved with the 

growth of pump pressure, and was optimized at the pump 

pressure of 340MPa. 

(3) When the target distance was 7 mm, the pump pressure 

fell within 220-340MPa, and the abradant flow rate fell within 

3-7g/s, the optimal cutting quality was achieved at the nozzle 

traversal speed of 200 mm/min. 

 

 
 

Figure 5. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; abradant flow rate: 

3g/s) 

 

 
 

Figure 6. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; abradant flow rate: 

4g/s) 
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Figure 7. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; abradant flow rate: 

5g/s) 

  

Figure 8. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; abradant flow rate: 

6g/s) 
   

 

 

 
 

Figure 9. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; abradant flow rate: 

7g/s) 

  

Figure 10. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; pump pressure: 

220MPa) 
   

 

 

 
 

Figure 11. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; pump pressure: 

260MPa) 

  

Figure 12. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; pump pressure: 

280MPa) 
   

 

 

 
 

Figure 13. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; pump pressure: 

300MPa) 

  

Figure 14. Relationship between cutting quality and nozzle 

traversal speed (target distance: 7mm; pump pressure: 

340MPa) 
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Figure 15. Relationship between cutting quality and pump 

pressure (target distance: 7mm; nozzle traversal speed: 

100mm/min) 

  

Figure 16. Relationship between cutting quality and pump 

pressure (target distance: 7mm; nozzle traversal speed: 

200mm/min) 
   

 

 

 
 

Figure 17. Relationship between cutting quality and pump 

pressure (target distance: 7mm; nozzle traversal speed: 

300mm/min) 

  

Figure 18. Relationship between cutting quality and pump 

pressure (target distance: 7mm; nozzle traversal speed: 

400mm/min) 

 

 
 

Figure 19. Relationship between cutting quality and pump 

pressure (target distance: 7mm; nozzle traversal speed: 

500mm/min) 

 

Overall, under the target distance of 7mm, the optimal 

cutting quality could be achieved at the abradant flow rate of 

5g/s, the pump pressure of 340MPa, and the nozzle traversal 

speed of 200mm/min. The nozzle traversal speed exerted the 

greatest effect on cutting quality, followed in turn by pump 

pressure, abradant flow rate, and target distance. Nozzle 

traversal speed, pump pressure, and abradant flow rate are 

three relatively significant factors affecting the cutting quality. 

 

 

5. CONCLUSIONS 

 

Through a four-factor, five-level orthogonal experiment, 

this paper thoroughly explores the effects of target distance, 

pump pressure, nozzle traversal speed, and abradant flow rate 

on the quality of the AWJ cutting on the CFRP. The cutting 

quality was measured by the surface roughness of the CFRP 

sheet. The main conclusions are as follows: 

(1) The four factors, namely, target distance, nozzle 

traversal speed, pump pressure, and abradant flow rate, had 

different effects on the cutting quality. The quality of the AWJ 

cutting on the CFRP is strongly affected by nozzle traversal 

speed, pump pressure, and abradant flow rate, and slightly 

affected by target distance. 

(2) The optimal parameter settings for the AWJ cutting on 

the CFRP could be determined as the target distance of 7mm, 

the abradant flow rate of 5g/s, the pump pressure of 340MPa, 

and the nozzle traversal speed of 200mm/min. 

Our research provides empirical evidence and qualitative 

data for theoretical and experimental analyses on the AWJ 

cutting on the CFRP in future. 
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