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Abstract
Due to the anisotropic characteristic of carbon fiber-reinforced silicon carbide ceramics, the fiber orientation angle significantly affects 
the grinding force. Therefore, it is important to study the influence rule of different fiber orientations on the grinding force of 2.5D-
Cf/SiC composites. To study the comprehensive influence of machine tool parameters and the anisotropy of carbon fiber-reinforced 
ceramic matrix composites on the grinding force, two-dimensional ultrasonic plane grinding was studied by orthogonal test and 
single-factor experiment. Based on the multi-exponential fitting analysis method of multiple linear regression equation, the empirical 
equations of power exponential grinding force prediction model of 2D ultrasonic-assisted grinding and conventional grinding 2.5D-
Cf/SiC composites at 0°, 45°, and 90° fiber orientation and considering fiber orientation and ultrasonic amplitude were established, 
respectively. To verify the empirical formula model in predicting the grinding force of 2.5D-Cf/SiC composites under various fiber 
orientation angles, the regression equation and regression coefficient of the model were examined. The influence of 2.5D-Cf/SiC 
grinding parameters on the grinding force was analyzed. The parameters of the grinding force model were optimized based on range 
analysis and variance analysis, and the optimal process parameter combination was obtained. The results show that the grinding force 
is negatively correlated with the linear speed and positively correlated with the feed speed and grinding depth within the range of 
experimental parameters. The maximum reduction of the normal grinding force is 29.78% when the line speed is 10.48 m/s, the feed 
speed is 100 mm/min, the grinding depth is 50 μm, and along the 45° fiber direction. The optimal grinding parameter combination 
is a line speed of 23.60 m/s, feed speed of 5 mm/min, and grinding depth of 10 μm along the 0° fiber orientation.
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1 Introduction

2.5D-Cf/SiC is a composite material with silicon carbide 
ceramics as the matrix and high-toughness carbon fiber as 
the reinforcement phase [1]. The needled fiber in the Z direc-
tion penetrates the continuous carbon fiber layer in the X and 
Y directions [2], so that 2.5D-Cf/SiC has higher toughness 
and strength than 1D-Cf/SiC and 2D-Cf/SiC [3]. 2.5D-Cf/SiC 
in addition to the advantages of silicon carbide such as high 
hardness, high-temperature resistance, corrosion resistance, 
wear resistance, low density, and ease of adapting to extreme 

environments [4] also greatly compensates for its disadvan-
tages such as high brittleness [5]. 2.5D-Cf/SiC composites are 
currently recognized as one of the advanced high-temperature 
structural ceramic materials and friction and wear materials [6], 
which are mainly used in the field of aerospace and automo-
tive brake systems [7]. 2.5D-Cf/SiC composites are commonly 
used in the machining of high-temperature-resistant structural 
components such as thermal shielding layers on spacecraft and 
nozzle-guided blades on aero-engines [8], to be adapted to 
extremely high temperatures and high pressures in the operat-
ing environment [9]. 2.5D-Cf/SiC composites with high tem-
perature and wear resistance [10] are often used in the field of 
automotive brake discs to provide better braking performance 
[11]. Due to the high hardness and high brittleness of 2.5D-Cf/
SiC, severe machined surface damage and tool wear can easily 
occur during conventional machining [12]. Ultrasonic-assisted 
grinding is an assisted machining method that applies ultra-
sonic vibration to the grinding process [13]. Especially for the 
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machining of hard and brittle materials, ultrasonic vibration 
achieves better machining performance by changing the contact 
state between the abrasive particles and the workpiece [14]. 
Studies have shown that ultrasound-assisted grinding of 2.5D-
Cf/SiC can reduce the grinding force and improve the surface 
quality more effectively than conventional grinding [15]. The 
anisotropy and inhomogeneity of 2.5D-Cf/SiC composites [16, 
17] have led to the fact that aspects of the material removal 
mechanism and mathematical modeling of ultrasound-assisted 
grinding remain poorly understood.

Based on the many advantages of 2.5D-Cf/SiC composites, 
in recent years, more and more scholars have tended to study 
the processing mechanism of grinding C/SiC composites. Kun 
Zhou et al. [18–20] investigated the removal mechanism of  Cf/
SiC composites by laser ablation-assisted single-grain scratch 
grinding as well as belt grinding experiments, which showed 
that the grinding force, grinding temperature, surface rough-
ness, and diamond wear of  Cf/SiC composites were significantly 
reduced during laser ablation-assisted grinding. The main man-
ifestations were microfracture and toughness removal, which 
enhanced the plastic domain removal behavior of the material. 
Jie Chen et al. [21–23] conducted ultrasound-assisted milling 
laser ablation experiments on  Cf/SiC composites to investigate 
the microfracture mechanism and transformation mechanism of 
carbon fibers, and the results showed that ultrasonic vibration 
could reduce the milling temperature and milling force. Ultra-
sound-assisted milling promotes the removal of carbon fibers 
from nanoscale brittle fractures by reducing the maximum 
undeformed chip thickness, thus improving the machined sur-
face quality. Zhigang Dong et al. [24, 25] developed a grinding 
force model for ultrasound-assisted grinding of ceramic matrix 
composites from the perspective of anisotropy and inhomoge-
neity so that the ultrasound-assisted grinding force can be well 
predicted. Guoyan Sun et al. [26] modeled three grinding force 
components, namely the plastic removal stage, brittle removal 
stage, and friction stage, in the ultrasonic grinding process by 
studying the thickness of undeformed cutting chips. The results 
showed that axial ultrasonic vibration could reduce the surface 
roughness by 18.0% and the normal and tangential forces by 
27.31% and 22.52%, respectively. Yi-Feng Xiong et al. [27] 
investigated ultrasonic-assisted grinding of SiC/SiC compos-
ites, and the results showed that ultrasonic vibration-assisted 
machining technology is a suitable machining method for this 
material under suitable tool conditions. Xingzhi Xiao et al. [28] 
established a theoretical model of cutting force from the per-
spective of ultrasonically assisted grinding of zirconia ceramics 
with tough and brittle transition removal mechanism, which 
can well predict the critical grinding depth of tough removal 
and brittle removal transitions, to better understand the effect 
of tough fracture and brittle fracture mechanisms on the grind-
ing force. Xiaofei Lei et al. [29] conducted ultrasound-assisted 
single-grain high-speed grinding experiments from different 
abrasive wear aspects. A novel dynamic grinding force model 

for ultrasound-assisted high-speed grinding of single-grain 
abrasives was established. Wei Li et al. [30] investigated the 
material removal mechanism of laser-assisted grinding of 
3D-Cf/SiC from the perspective of the effect of laser param-
eters on material damage and came up with the results that 
laser heating can reduce the hardness of the material, achieving 
the removal of toughness region, and reduce the grinding force 
to improve the surface quality. At present, most experts study 
the grinding processing of  Cf/SiC composites mainly focusing 
on process and experimental studies. Due to the anisotropic 
and inhomogeneous characteristics of  Cf/SiC composites, the 
mechanism of the grinding force in its grinding process has not 
been understood thoroughly. Currently, the theoretical mod-
els for 2D ultrasound-assisted 2.5D-Cf/SiC are still not well 
researched; therefore, this study explores in depth the grinding 
force model for 2D ultrasound-assisted grinding of 2.5D-Cf/
SiC. A few scholars have done a small amount of research on 
analytical and numerical theoretical models for grinding 2.5D-
Cf/SiC. Still, the studies done are not sufficient to provide an 
in-depth explanation of the grinding forces in two-dimensional 
ultrasound-assisted grinding (TDUAG) and machining of 2.5D-
Cf/SiC taking into account the fiber orientation of the mate-
rial and the ultrasound amplitude. Based on the influence of 
ultrasonic amplitude, fiber orientation, process parameters, and 
other factors on the grinding force of 2.5D-Cf/SiC processed 
by TDUAG, an empirical formula model of the grinding force 
of TDUAG of 2.5D-Cf/SiC was constructed. This study is an 
important reference value for operators in engineering practice 
to control the grinding force to optimize the machining accu-
racy in precision machining of  Cf/SiC composites.

Fig. 1  Motion diagram of 2D ultrasonic-assisted grinding
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2  Mechanism analysis of TDUAG 
and experimental conditions

2.1  Kinematic analysis of single grit for TDUAG 

The principle of two-dimensional ultrasonic-assisted grind-
ing is to change the relative motion trajectory of the abrasive 
grain and the workpiece by applying an elliptical ultrasonic 
vibration signal, to realize a series of excellent grinding 

processing characteristics. The motion of 2D ultrasonic-
assisted grinding is shown in Fig. 1, including the rotary 
motion of the spindle, the linear feed motion, and the ultra-
sonic motion superimposed on the X and Y directions. Fig-
ure 2 shows a schematic diagram of the motion trajectory of 
a single grit for conventional grinding (CG) and TDUAG, 
and the motion trajectory equations and velocity equations 
of a single grit for conventional grinding and TDUAG can 
be expressed as the following Eqs. (1) and (2), respectively:

(1)STDUAG(t) = [
SxTDUAG(t) = R ⋅ (1 − cos�) + A1 ⋅ cos(�1t + �1) = R − R ⋅ cos� + A1 ⋅ sin�1t

SyTDUAG(t) = Vw ⋅ t + R ⋅ sin� + A2 ⋅ cos(�2t + �2) = Vw ⋅ t + R ⋅ sin� + A2 ⋅ sin�2t
]

(2)VTDUAG = [
VxTDUAG(t) =

dSxTDUAG(t)

dt
= R ⋅ � ⋅ sin�t + A1 ⋅ �1 ⋅ cos�1t

VyTDUAG(t) =
dSyTDUAG(t)

dt
= Vw + R ⋅ � ⋅ cos�t + A2 ⋅ �2 ⋅ cos�2t

]

Fig. 2  Motion path diagram of 
two-dimensional ultrasonic-
assisted single grit grinding

The equations of trajectory and velocity of a single dia-
mond grit for routinely grinding 2.5D-C/SiC composites can 
be expressed as shown in Eqs. (3) and (4), respectively:

From the kinematic trajectory equations and velocity 
equations of a single grit, it can be deduced that the contact 
arc length of a single grit for 2D ultrasound-assisted grind-
ing and conventional grinding is:

(3)

SCG(t) = [
SxCG(t) = R − R ⋅ cos� = R ⋅ (1 − cos�t)

SyCG(t) = Sw(t) + R ⋅ sin� = Vw ⋅ t + R ⋅ sin�t
]

(4)VCG(t) = [
VxCG(t) =

dSxCG(t)

dt
= R ⋅ � ⋅ sin�t

VyCG(t) =
dSyCG(t)

dt
= Vw + R ⋅ � ⋅ cos�t

]

(5)
lTDUAG =

√
Vx(t)

2
+ Vy(t)

2
=

√
(R ⋅ � ⋅ sin�t + A1 ⋅ �1 ⋅ cos�1t)

2
+ (Vw + R ⋅ � ⋅ cos�t + A2 ⋅ �2 ⋅ cos�2t)

2dt

lCG =

√
VxCG(t)

2
+ VyCG(t)

2
=

√
(R ⋅ � ⋅ sin�t)2 + (Vw + R ⋅ � ⋅ cos�t)2dt

where STDUAG (t), VTDUAG (t) and SCG(t), VCG(t) are the tra-
jectories and speeds of a single grit of TDUAG and CG, 
respectively, in time t. R is the diameter of the grinding 
wheel, Sw(t) is the feed motion of the workpiece, Vw is 
the feed speed of the workpiece, t is the time of the rota-
tion of a single grit, � is the angle of a single grit turn-
ing in time t, and is the angular speed of a single grit 
turning. The angular velocity of the rotation of a single 
grit.  A1 and  A2 are the ultrasound amplitudes of the 2D 
ultrasound platform, respectively. A1 = A2 = 6 μm.�1,�2 
�1 = �2 = 2� ⋅ f1 = 2� ⋅ f2, f1 = f2 = 20000Hz, are the phase 
angles of the two-dimensional ultrasonic vibration platform, 
respectively. �1 = �2 = 90◦.lTDUG, lCG are the contact arc 
lengths of single grits for TDUAG and CG, respectively.
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From the comparison of the two equations in Eq. (5), it 
can be seen that lTDUG is longer than lCG , and the difference 
between them is caused by the amplitude and frequency 
of ultrasonic vibration. The application of 2D ultrasound 
increases the contact arc length between the abrasive grain 
and the workpiece. According to the literature [31], the aver-
age cross-sectional area of chips agmax can be expressed by 
formula (6):

Therefore, the average cross-sectional area of chips agmax 
is inversely proportional to the contact arc length. Therefore, 
the average cross-sectional area of chips agmax will be reduced 
when 2D ultrasonic-assisted grinding of a single abrasive par-
ticle is applied. By referring to the literature [31], we can see 
that the average cross-sectional area of chips agmax can also be 
expressed by the formula (7):

Therefore, the average chip cross-sectional area agmax is 
proportional to the grinding depth ap . As a result, the aver-
age cross-sectional area of chips agmax is reduced when 2D 
ultrasonic-assisted grinding is applied to a single particle. It 
is also known from relevant literature [31] that the formula 
of normal grinding force Fn and tangential grinding force Ft 
per unit grinding width can be expressed by formula (8) and 
formula (9), respectively:

According to formulas (8) and (9), the normal grind-
ing force and tangential grinding force per unit grinding 
width are proportional to the grinding depth ap . Therefore, 

(6)agmax = [
vw

vs
⋅ ap] ⋅ [

2

Ndl ⋅ ls
]

(7)agmax =
1

A
p

g1

[
2

c1ks
]

1

p+1

[
vw

vs
]

1

p+1

[
ap

de
]

1

2(p+1)

(8)Fn = K
vw

vs
⋅ ap +

Ag�p

1 + �
[c1]

�[
vw

vs
]
�

[ap]
1+�

2 [de]
1−�

2

(9)Ft = �K
vw

vs
ap +

Ag��p

1 + �
[c1]

�[
vw

vs
][ap]

1+�

2 [de]
1−�

2

applying 2D ultrasonic-assisted grinding can reduce grind-
ing force.

2.2  Workpiece material

The workpiece material is a 2.5D-Cf/SiC composite fabri-
cated by reactive melt infiltration (RMI). Its microstructure 
is shown in Fig. 3. The specific components include con-
tinuous carbon fiber layup in the X direction with constant 
carbon fiber layup in the Y direction (T700, carbon fiber 
volume fraction of φc = 50%, orthogonal layup of carbon 
fiber bundles), needled fibers in Z direction, SiC matrix, and 
a small number of pores with 10% porosity. The workpiece 
size is 7 × 7 × 4 mm, and Table 1 shows the mechanical prop-
erty parameters of 2.5D-Cf/SiC composites. The schematic 
structure of the 2.5D-Cf/SiC composite is shown in Fig. 4.

2.3  Experimental instruments and schemes

The grinding experiments were carried out on a TCR500 
vertical machining center shown in Fig. 5. Table 2 shows the 
main technical parameters of the machine. Table 3 shows the 
technical parameters of the grinding wheel. The 2D ultra-
sonic-assisted grinding platform is a 2D ultrasonic vibrat-
ing platform integrated into the machining center table, as 
shown in Fig. 6. The ultrasonic amplitude is changed by 
controlling the power percentage and phase angle of the 
ultrasonic device in X and Y directions through the ultrasonic 
generator. Figure 6 shows the three-dimensional structure of 
the two-dimensional ultrasonic vibration platform, and the 
two-dimensional ultrasonic vibration platform is composed 
of a set of amplitude-variable rods and transducers in the X 

Fig. 3  2.5D-Cf/SiC microstruc-
ture diagram

Z-Needle-punched fibers
SiC matrix

X- Carbon fiber bundle

Y- Carbon fiber bundle

Table 1  2.5D-Cf/SiC material parameter performance

Material parameters Value

Tensile strength (MPa) 100–150
Curved strength (MPa) 160–270
Compress strength (MPa) 280–310
Volume density (g/cm3) 2.0
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direction and a set of amplitude-variable rods and transduc-
ers in the Y direction, as well as a porous universal platform 
connecting the ultrasound in the X and Y directions, and 

the 20,000 Hz ultrasonic generator together. Figure 7 shows 
the two-dimensional ultrasonic-assisted grinding processing 
platform.

A Kistler 9119AA2 six-degree-of-freedom force gauge 
captured the grinding force. The working principle is that the 
piezoelectric crystal sensor collects the signal of grinding 
force and then transmits it in the form of a voltage signal to 
the 5080 charge amplifier for amplification. After, the ampli-
fied voltage signal is transmitted to the 5697 data acquisition 
card in the first A/D conversion, that is, the voltage signal is 
converted to a binary form of digital signals; the next step 
in the D/A conversion, that is, the binary digital signal, is 
converted to a decimal analog signal. Finally, the data acqui-
sition card will be converted to voltage signal transmission 
to the host PC DynoWare software output grinding force. In 
the experiment, the force measuring instrument that collects 
the grinding force may generate a slight vibration signal. 
To ensure the accuracy of the collected ultrasonic-assisted 
grinding force, all the grinding force signals in this study 
were zero drift compensated and filtered, and then the net 
grinding force value was obtained by subtracting the vibra-
tion interference signal of the dynamometer from the total 
collected grinding force.

The main process parameters affecting the 2.5D-Cf/SiC 
grinding force are the grinding wheel line speed, workpiece 
feed speed, grinding depth, and  Cf/SiC fiber orientation. 
Therefore, the orthogonal test method of three factors and 
four levels was adopted, and the orthogonal table of L16 

Fig. 4  2.5D-Cf/SiC three-
dimensional structure diagram

Fig. 5  TCR500 vertical machining center

Table 2  Technical parameters of the machine

Technical parameters Value

Maximum spindle speed (r/min) 20000
Machine table size (mm) 650 × 400
Positioning accuracy of X, Y, and Z axes (mm) 0.01
Maximum travel of X, Y, and Z axes (mm) 500 × 400 × 300

Table 3  Technical parameters of the grinding wheel

Technical parameters Value

Grinding wheel type Electroplated 
diamond 
wheel

Grinding wheel diameter (mm) 25
Grinding wheel size (#) 150
Shank diameter (mm) 10
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(43) was selected. Table 4 is a horizontal table of process 
parameter factors for grinding 2.5D-Cf/SiC.

3  Results and discussion

3.1  Influence of process parameters on grinding 
force

As shown in Table 4, the effects of wheel speed, feed 
rate, and grinding depth on the grinding force when 
CG and TDUAG of 2.5D-Cf/SiC composites along the 
three fiber orientations of 0°, 90°, and 45° are shown 
in Fig.  8a–c, Fig.  8d–f, and Fig.  8g–i, respectively, 

Fig. 6  Schematic diagram of 2D ultrasonic-assisted grinding processing platform

Fig. 7  Two-dimensional 
ultrasonic-assisted grinding 
platform [32]

Table 4  Processing test parameters

Level Factor

Linear speed vs/
(m/s)

Feed speed vw/(mm/
min)

Grinding 
depth ap/
(N)

A B C

1 0.66 5 10
2 2.36 20 50
3 10.48 50 100
4 23.6 100 150
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while keeping the feed rate of 50  mm/min and the 
depth of grinding at 50 μm. It can be seen that in the 
range of parameters of this experiment, with or with-
out the application of ultrasound, the normal grind-
ing force and tangential grinding force decrease with 
the increase of the linear speed of the grinding wheel, 
with the increase of the linear speed Vs, the number of 
abrasive grains acting on the surface of the grinding 
process per unit of time increases, and the thickness 
of the chip of a single abrasive grain becomes smaller, 
and the grinding force decreases. The grinding force 
increases with the increase of feed speed and grinding 
depth. With the increase of grinding depth ap and table 
feed speed, the number of effective abrasive grains 

increases, the relative contact area between abrasive 
grains and workpiece increases, the total amount 
of material removed per unit of time increases, and 
the thickness of the chip of abrasive grains becomes 
larger, which increases the grinding force. Under the 
same machining parameters, the grinding force after 
applying TDUAG was significantly smaller than the 
CG force, which was because the contact arc length 
of a single grit with ultrasonic-assisted grinding was 
larger than that without ultrasonic, and the maximum 
undeformed chip thickness of material removed by the 
grits per unit of time was inversely proportional to the 
contact arc length, and therefore, the maximum unde-
formed chip thickness of a single grit was reduced by 

0 5000 10000 15000 20000
0

6

12

18

24

30

0 5000 10000 15000 20000
0

6

12

18

24

30

0 5000 10000 15000 20000
0

9

18

27

36

45

0 25 50 75 100

2

4

6

8

0 25 50 75 100

4

6

8

10

0 25 50 75 100

4

8

12

16

0 50 100 150

4

8

12

16

0 50 100 150

3

6

9

12

0 50 100 150

5

10

15

20

28.6

11.83

5.29

3.23

25.3

10.46
5.08

2.81

17.15

6.54

5.03
4.42

15

6.28
4.52

3.94

29.19

10.95

6.21 5.84

23.95

7.24

4.93
4.01

17.61

9.08
5.68

3.94

13.55

6.51
3.33 2.87

43.28

21.47

10.08

4.61

42.91

21.4

9.32

3.4

26.18

13.53

9.16
6.7

25.06

13.13

8.38
5.28

3.49

4.62
5.29

8.5

2.64

4.31
5.08

6.63

2

4.04

5.03
4.94

1.81

3.73

4.52 4.51
4.52

5.72
6.21

9.86

3.16

3.85

4.93

8.51

3.87

4.94
5.68

7.38

2.91
3.75

3.33

6.46

5.71

7.23

10.08

16.52

4.38

7.03

9.32 11.6

5.36 5.66

9.16

12.49

3.91
5.25

8.38

8.1

3.43

5.29

8.11

14.04

3.34

5.08

7.01

10.04

2.15

5.03

5.2

8.28

2.13
4.52

5.01

6.29

3.96

6.21

10.2
10.84

3.02

4.93

9.52
10.55

3.3

5.68

7.76
8.45

2.81
3.33

6.15

7.22

5.99

10.8

13.48

21.73

5.9

9.32
12.04

15.65

4.5

9.16
10.17

14.96

3.78

8.38 9.28

12.66

)
N(

ecrof
gnidnir

G

Rotate speed 0° (r/min)

 C-Fn

 U-Fn

 C-Ft

 U-Ft

(a)

G
ri

nd
in

g 
fo

rc
e (

N
)

Rotate speed 90° (r/min)

 C-Fn

 U-Fn

 C-Ft

 U-Ft

(b)

G
ri

nd
in

g 
fo

rc
e (

N
)

Rotate speed 45° (r/min)

 C-Fn

 U-Fn

 C-Ft

 U-Ft

(c)

)
N(

ecrof
gnidnir

G

Feed speed 0° (mm/min)

 U-Fn

 C-Fn

 C-Ft

 U-Ft

(d)

G
ri

nd
in

g 
fo

rc
e (

N
)

Feed speed 90° (mm/min)

 C-Fn

 U-Fn

 C-Ft

 U-Ft

(e)

G
ri

nd
in

g 
fo

rc
e (

N
)

Feed speed 45° (mm/min)

 C-Fn

 U-Fn

 C-Ft

 U-Ft

(f)

)
N(

ecrof
gnidnir

G

Grinding depth 0° (μm)

 C-Fn

 U-Fn

 C-Ft

 U-Ft

(g)

G
ri

nd
in

g 
fo

rc
e 

(N
)

Grinding depth 90° (μm)

 C-Fn

 U-Fn

 C-Ft

 U-Ft

(h)

G
ri

nd
in

g 
fo

rc
e 

(N
)

Grinding depth 45° (μm)

 C-Fn

 U-Fn

 C-Ft

 U-Ft

(i)

Fig. 8  Influence of process parameters on grinding force
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applying ultrasonic vibration. The grinding force of 
the grits was proportional to the maximum undeformed 
chip thickness, so the grinding force assisted by the 
application of 2D ultrasonic vibration was reduced 
compared with the normal grinding force. The maxi-
mum percentage reduction in normal grinding force 
was 29.78% for grinding along the 45° fiber orienta-
tion with a feed rate of 100 mm/min. Due to the ani-
sotropy and inhomogeneity between the reinforcing 
fiber phase of 2.5D-Cf/SiC composites and the silicon 
carbide ceramic matrix, the variation of the grinding 
force concerning the process parameters is not linear.

The surface morphology of ground 2.5D-Cf/SiC with 
fiber orientations taken at 0°, 45°, and 90° are shown 
in Fig. 9a, b, and c, respectively. As shown in Fig. 9a, 
when grinding along the 0° fiber orientation, the fiber is 
compressed and deformed, followed by fiber stripping, 
and finally fiber wear until the fiber breaks to form a 
new surface. As shown in Fig. 9b, when grinding along 
the 90° fiber orientation, the fiber shear deformation 
occurs, followed by fiber stripping, and finally fiber 
wear until the fiber breaks to form a new surface. As 
shown in Fig. 9c, when grinding along the 45° fiber 
orientation, the fiber has both extrusion deformation and 
shear deformation and finally fiber wear. From Fig. 9, 
it can be found that the three fiber orientations fracture 
in different ways. Therefore, it is of great importance 
to study the effect of fiber orientation on the grinding 
process. It is very necessary to establish an empirical 
formula model considering the effect of fiber orientation 
on the grinding force.

3.2  Orthogonal experimental design results

Table 5 shows the orthogonal test table of three factors 
and four levels of the influence of process parameters 
such as line speed, feed speed, and grinding depth on the 
grinding force of 2.5D-Cf/SiC, and the test results.

3.3  5D‑Cf/SiC empirical equation model of grinding 
force

3.3.1  Empirical formula model for grinding forces 
in different fiber directions

2.5D-Cf/SiC composites have a very complex structural 
arrangement due to the different properties of the reinforc-
ing phase carbon fibers and the SiC matrix material, as well 
as the material’s internal structure. Therefore,  Cf/SiC has 
obvious anisotropy and inhomogeneity. The inhomogeneity 
and anisotropy of  Cf/SiC lead to a different material removal 
mechanism during the grinding process than that of SiC 
materials. Its grinding material removal mechanism is still 
unclear. At present, there is still no very accurate predic-
tive model relationship equation between grinding process 
parameters such as grinding wheel linear speed, feed rate, 
grinding depth, and grinding force. Based on this research 
gap, the specific relationship between grinding process 
parameters and grinding force was investigated. An empiri-
cal formula prediction model for the grinding force of 2.5D-
Cf/SiC composites was established.

Model the empirical equation of the power exponential 
form of the grinding force, set Eq. (10):

where λ is the empirical coefficient and α, β, γ, are the coef-
ficient to be determined concerning the modeled process 
parameters.

To facilitate the calculation of the equality coefficients, 
Eq. (11) is obtained by taking logarithms on both sides of 
the equality sign:

Make

Then Eq. (12) can be converted to

(10)F = � ⋅ v�
s
⋅ v�

w
⋅ a�

p

(11)lgF = lg� + � ⋅ lgvs + � ⋅ lgvw + � ⋅ lgap

Y = lgF,X0 = lg�,X1 = lgvs,X2 = lgvw,X3 = lgap

Fiber wear

Fiber stripping

Shear fiber layer

Fiber extrusion 
deformation

Fiber wear

Fiber wear

Shear fiber layer

Fiber extrusion 
deformation

(a) (b) (c)

Fig. 9  Three fiber-oriented grinding surface morphology
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Based on the multiple linear regression equation, the 
transformed experimental data were regressed and analyzed 
to find the values of the coefficients in Eq. (12).

The value in Eq. (11) is then inverted. An empirical for-
mula prediction model for grinding force in power expo-
nential form can be derived. Based on the experimental 
results, the following empirical formula is established with 
the grinding force as the target:

The normal and tangential grinding forces for CG were 
modeled for fiber orientations of 0°, 45°, and 90° in Eq. (13), 
(14), respectively:

The normal and tangential grinding force models for 
TDUAG at fiber orientations of 0°, 45°, and 90°, respec-
tively, are as follows in Eq. (15), (16):

(12)Y = X0 + � ⋅ X1 + � ⋅ X2 + � ⋅ X3

X0, �, �, �

(13)

⎧⎪⎨⎪⎩

0
◦

∶ Fn = 10−1.129 ⋅ v−0.5531
s

⋅ v0.5985
w

⋅ a0.8719
p

45
◦

∶ Fn = 10−0.513 ⋅ v−0.5006
s

⋅ v0.4829
w

⋅ a0.6586
p

90
◦

∶ Fn = 10−1.014 ⋅ v−0.6365
s

⋅ v0.7085
w

⋅ a0.7346
p

(14)

⎧⎪⎨⎪⎩

0
◦

∶ Ft = 10−2.728 ⋅ v−1.000
s

⋅ v1.165
w

⋅ a1.447
p

45
◦

∶ Ft = 10−1.065 ⋅ v−0.481
s

⋅ v0.5749
w

⋅ a0.7459
p

90
◦

∶ Ft = 10−1.542 ⋅ v−0.616
s

⋅ v0.7492
w

⋅ a0.8504
p

3.3.2  Empirical formulation model of grinding force 
considering 2D ultrasound and fiber orientation 
angle

Model the empirical equation of the power exponential form 
of the grinding force, set Eq. (17):

In Eq. (17) ε is the empirical coefficient and a, b, c, d 
are the coefficients to be determined concerning the model 
process parameters and fiber orientation angle.

To facilitate the calculation of the coefficients of equiva-
lence, Eq. (18) is obtained by taking logarithms on both 
sides of the equal sign:

Set

(15)

⎧⎪⎨⎪⎩

0
◦

∶ Fn = 10−1.341 ⋅ v−0.5789
s

⋅ v0.5697
w

⋅ a0.956
p

45
◦

∶ Fn = 10−0.806 ⋅ v−0.0508
s

⋅ v0.51
w

⋅ a0.713
p

90
◦

∶ Fn = 10−1.189 ⋅ v−0.6861
s

⋅ v0.7422
w

⋅ a0.7483
p

(16)

⎧⎪⎨⎪⎩

0
◦

∶ Ft = 10−2.938 ⋅ v−0.6195
s

⋅ v1.058
w

⋅ a1.225
p

45
◦

∶ Ft = 10−1.846 ⋅ v−0.627
s

⋅ v0.8367
w

⋅ a0.8747
p

90
◦

∶ Ft = 10−1.047 ⋅ v−0.5821
s

⋅ v0.473
w

⋅ a0.764
p

(17)F = � ⋅ va
s
⋅ vb

w
⋅ ac

p
⋅ �d

(18)lgF = lg� + a ⋅ lgvs + b ⋅ lgvw + c ⋅ lgap + d ⋅ lg�

Table 5  Table of orthogonal test results of 2.5D-C/SiC grinding force

Test number Element association Test results

M vs
(m/s)

vw
(mm/min)

ap
(μm)

0° 45° 90° 0° 45° 90° 0° 45° 90° 0° 45° 90°

U-Fn/(N) C- Fn /(N) U-Ft /(N) C-Ft/(N)

1 0.66 5 10 1.04 1.77 1.46 1.57 3.46 1.86 0.102 1.55 0.37 0.549 1.17 0.59
2 0.66 20 50 16.118 19.6 17.35 17.753 19.9 22.19 9.284 10.85 10.42 10.97 11.67 13.45
3 0.66 50 100 42.24 37.65 4 9.11 49.96 45.65 59.8 27.83 24.54 29.05 32.68 28.67 35.61
4 0.66 100 150 49.6 42.26 73.84 95.70 82.64 109.80 32.86 27.47 44.16 64.01 49.83 65.53
5 2.36 5 50 4.13 6.37 2.92 5.07 7.64 3.83 0.87 1.83 1.07 1.87 2.68 1.96
6 2.36 20 10 2.05 3.04 2.46 2.54 5.11 3.05 0.24 1.88 1.27 0.86 2.61 1.56
7 2.36 50 150 34.9 37.46 34.8 39.17 44.16 36.21 23.53 25.35 21.64 26.12 30.61 23.88
8 2.36 100 100 38.8 37.45 27.06 41.76 42.42 36.99 25.13 22.79 16.55 27.29 28.54 22.39
9 10.56 5 100 1.92 2.29 0.93 2.53 3.50 1.52 0.26 2.43 0.57 1.48 2.64 0.98
10 10.56 20 150 7.93 2.10 6.19 10.32 7.38 7.66 4.92 1.48 3.78 6.50 4.38 4.76
11 10.56 50 10 1.05 0.88 0.94 1.44 2.08 1.57 0.23 0.32 0.57 0.72 1.26 0.88
12 10.56 100 50 9.73 12.24 12.27 11.53 13.51 13.03 5.35 5.61 6.53 6.44 7.61 7.24
13 23.6 5 150 1.23 2.55 0.85 1.98 3.16 1.64 0.19 1.30 0.49 0.85 1.62 0.96
14 23.6 20 100 5.17 8.51 2.20 5.49 10.18 2.86 1.59 3.05 1.49 3.10 5.26 1.64
15 23.6 50 50 4.07 3.94 3.12 4.34 4.79 4.65 1.56 2.12 1.92 2.22 2.51 2.51
16 23.6 100 10 0.41 1.83 1.00 1.22 2.53 1.60 0.31 0.88 0.48 0.58 1.41 0.75
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Then Eq. (19) can be converted to

Based on the multiple linear regression equation, the 
transformed experimental data were regressed and analyzed 
to find the values of the coefficients in Eq. (19).

The value in Eq. (18) is then inverted. An empirical for-
mula prediction model for grinding force in the form of a 
power exponent considering the fiber orientation angle can 
be derived. Based on the experimental results, the following 
empirical formula is established with the grinding force as 
the target:

The normal and tangential grinding force models for 
conventional grinding considering fiber orientation are as 
follows Eq. (20):

The normal and tangential grinding force models for 
ultrasonically assisted grinding considering fiber orienta-
tion are as follows Eq. (21):

The empirical equations for the normal and tangential 
grinding force prediction models that combine ultrasonic 
amplitude and fiber orientation are in Eq. (22), respectively:

3.3.3  Significance testing of empirical formula models

Significance tests were performed on the grinding force pre-
diction model to determine the degree of model fit. Equa-
tions (4), (5), (6), (7), (11), (12), and (13) were analyzed 
for significance test, and the results of the statistical test are 
shown in Table 6. f represents the degrees of freedom of 
ANOVA, SS represents the sum of squares, MS represents 
the mean square value, and F represents the mean square 
ratio. U-Fn, and C-Fn represent the ultrasound-assisted nor-
mal grinding force and conventional normal grinding force, 
respectively. U-Ft, and C-Ft represent the ultrasound-assisted 
tangential grinding force and conventional tangential grind-
ing force, respectively.

y = lgF, x0 = lg�, x1 = lgvs, x2 = lgvw, x3 = lgap, x4 = lg�

(19)y = x0 + a ⋅ x1 + b ⋅ x2 + c ⋅ x3 + d ⋅ x4

x0, a, b, c, d

(20)

{
Fn = 10−0.887 ⋅ v−0.5634

s
⋅ v0.5966

w
⋅ a0.755

p
⋅ �0.00896

Ft = 10−1.4772 ⋅ v−0.5541
s

⋅ v0.6779
w

⋅ a0.8723
p

⋅ �0.0139

(21)

{
Fn = 10−1.113 ⋅ v−0.591

s
⋅ v0.6073

w
⋅ a0.8056

p
⋅ �0.0043

Ft = 10−1.953 ⋅ v−0.6095
s

⋅ v0.7892
w

⋅ a0.9547
p

⋅ �0.0466

(22)

{
Fn = 10−1.0418 ⋅ v−0.5772

s
⋅ v0.602

w
⋅ a0.7083

p
⋅ �0.00664 ⋅ A−0.0377

Ft = 10−1.775 ⋅ v−0.5818
s

⋅ v0.7336
w

⋅ a0.9135
p

⋅ �0.03025 ⋅ A−0.0542

Table 6 demonstrates the significant test results of the 
grinding force models, and the p-value of each prediction 
model is less than 0.05. Therefore, the experimental grinding 
force prediction model is highly significant with a good state 
of fit and high confidence.

3.4  Range analysis and variance analysis 
of orthogonal test data

3.4.1  Range analysis results of different fiber orientation 
angles

Table 7 shows the range analysis results of the test results 
of 2.5D-Cf/SiC composites with fiber angles of 0°, 45°, and 
90°, respectively. In the table, K1, K2, K3, and K4, respec-
tively, represent the sum of the measured values of the grind-
ing force index corresponding to levels 1, 2, 3, and 4 under 
each factor. k1, k2, k3, and k4 respectively represent the aver-
age values of the measured values corresponding to levels 1, 
2, 3, and 4 under each factor. R represents the range value of 
the influence of each factor on the grinding force results. OC 
stands for the optimal combination. A, B, and C represent 
line speed, feed speed, and grinding depth.

The results of the range analysis of 2.5D ultrasonically 
assisted grinding and conventional grinding orthogonal 
tests for 2.5D-Cf/SiC are shown in Table 7. The order of 
magnitude of the range values for different process param-
eters and fiber orientations is shown in Fig. 10. The results 
are as follows: When the fiber angle is 0°, the influence 
of process parameters on normal and tangential grinding 
forces of 2D ultrasound-assisted grinding in the experi-
mental parameter range is in the same order of A > B > C, 
i.e., linear speed > feed speed > grinding depth. The process 
parameters affect the normal and tangential forces of con-
ventional grinding in the same order, A > C > B, i.e., linear 
speed > grinding depth > feed rate. When the fiber orien-
tation is 45°, the order of influence of process parameters 
on the normal grinding force of 2D ultrasonically assisted 
grinding is A > B > C, i.e., line speed > feed speed > grinding 
depth. The influence of process parameters on the ultrasonic 
tangential grinding force was in the order of A > C > B, i.e., 
line speed > grinding depth > feed speed. The different order 
of influence of process parameters on normal and tangential 
forces of 2D ultrasonically assisted grinding may be due to 
the effect of the 45° fiber orientation angle. The process 
parameters affect the normal and tangential forces of con-
ventional grinding in the same order A > C > B, i.e., linear 
speed > grinding depth > feed rate. When the fiber orien-
tation is taken as 90°, the influence of process parameters 
on the normal force and tangential force of 2D ultrasonic-
assisted grinding is in the same order of A > C > B, i.e., 
line speed > grinding depth > feed speed. The influence of 
process parameters on normal force and tangential force of 
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conventional grinding is in the same order, A > B > C, i.e. 
line speed > feed speed > grinding depth. As can be seen 
from Table 7, the optimal combinations of process param-
eters for normal and tangential grinding forces under 2D 
ultrasonically assisted grinding and conventional grinding 
conditions of 2.5D-Cf/SiC were the same for A1B1C1, i.e., 
a line speed of 23.60 m/s, a feed rate of 5 mm/min, and a 
depth of grind of 10 μm, when the fiber orientations were 
0°, 45°, and 90°.

The machining parameters selected near and far from 
the optimal process parameter combinations for the two 
machining methods of TDUAG and CG for 2.5D-Cf/SiC 
composites are shown in Fig. 11a–d, respectively. The 
3D contour plots selected in Fig. 11a and b are close to 
the optimal combination of process parameters. The lin-
ear speed is taken as 10.56 m/s, the feed rate is taken as 
50 mm/min, and the grinding depth is taken as 10 μm. 
Figure 11a shows the 3D contour of TDUAG, the surface 

roughness Sa is 0.236 μm, the normal force is 1.05 N, and 
the tangential force is 0.23 N. Figure 11b shows the 3D 
contour of CG, the surface roughness Sa is 0.259 μm, the 
normal force is 1.44 N, and the tangential force is 0.72 N. 
The three-dimensional profiles selected in Fig. 11c and d 
are away from the optimum combination of process param-
eters. The linear speed is taken as 0.66 m/s, the feed rate 
is taken as 100 mm/min, and the grinding depth is taken 
as 150 μm. Figure 11c shows the 3D contour of TDUAG, 
the surface roughness Sa is 0.66 μm, the normal force is 
49.6 N, and the tangential force is 32.86 N. Figure 11d 
shows the 3D contour of CG. The surface roughness Sa 
was 0.82 μm, the normal force was 95.7 N, and the tangen-
tial force was 64.01 N. From Fig. 11, it can be seen that the 
TDUAG can significantly reduce the grinding force and 
surface roughness under the same processing conditions. 
The closer the processing parameters are to the optimal 
parameter combination, the better the processing effect is.

Table 6  Analysis of significance test of regression equation of grinding force

Source Fn Ft

f SS MS F P f SS MS F P

0°-C Regression 3 5.55294 1.85098 243.17 0 3 17.591 5.8638 13.1 0
Error 12 0.09134 0.00761 12 5.37 0.4475
Summation 15 5.64428 15 22.961

0°-U Regression 3 6.0846 2.02819 54.83 0 3 11.2684 3.75614 66.44 0
Error 12 0.4439 0.03699 12 0.6784 0.05653
Summation 15 6.5285 15 11.9468

45°-C Regression 3 5.95189 1.98396 280.48 0 3 6.6232 2.20772 212.34 0
Error 12 0.08488 0.00707 12 0.1248 0.0104
Summation 15 6.03678 15 6.7479

45°-U Regression 3 6.5776 2.19253 120.89 0 3 7.3624 2.45414 118.29 0
Error 12 0.2176 0.01814 12 0.249 0.02075
Summation 15 6.7952 15 7.6114

90°-C Regression 3 3.711 1.23699 79.32 0 3 4.3655 1.45518 98.38 0
Error 12 0.1871 0.0156 12 0.1775 0.01479
Summation 15 3.8981 15 4.543

90°-U Regression 3 4.0963 1.36543 21.39 0 3 4.663 1.55435 28.77 0
Error 12 0.7661 0.06384 12 0.6482 0.05402
Summation 15 4.8624 15 5.3113

Integration of fiber angles-C Regression 4 15.0103 3.75257 216.86 0 4 17.8845 4.47113 240.25 0
Error 43 0.7441 0.0173 43 0.8002 0.01861
Summation 47 15.7544 47 18.6848

Integration of fiber angles-U Regression 4 16.4504 4.11261 96.45 0 4 22.7886 5.69716 88.74 0
Error 43 1.8334 0.04264 43 2.7607 0.0642
Summation 47 18.2839 47 25.5493

Integration of fiber angle and ultrasound Regression 5 31.9253 6.3851 221.04 0 5 41.4182 8.2836 195.04 0
Error 90 2.5997 0.0289 90 3.8224 0.0425
Summation 95 34.525 95 45.2406
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3.4.2  Analysis of variance for different fiber orientation 
angles

Range analysis cannot distinguish data fluctuations caused 
by changes in test conditions (changes in factor levels) 
during a test from those caused by test errors nor can give 
a precise quantitative estimate of the significance of factor 
effects. Therefore, the results of the range analysis method 
are used as a reference only. A detailed analysis of the 
degree of influence (significance) of each parameter is also 
required to carry out an ANOVA on the orthogonal test 
data and, based on the results of the ANOVA to find the 
optimal combination of parameters, to achieve the opti-
mization of the test parameters to achieve the processing 
effect of the minimum grinding force.

The F-test analyzes the data in Table 5 in ANOVA to 
determine the degree of influence of each factor on the 
test results, and the judgment criteria based on which the 
F-test is performed on the factors can generally be con-
sidered in four cases: (1) If F > F0.01 (ffactor, fe), then the 
factor has a highly significant effect on the test results 
and is recorded as **. (2) If F0.05 (ffactor, fe) < F < F0.01 
(ffactor, fe), then the factor has a significant effect on the test 
results, recorded as *. (3) If F0.10 (ffactor, fe) < F < F0.05 
(ffactor, fe), then the factor affects the test results and is 
recorded as (*). (4) If F < F0.10 (ffactor, fe), then the factor 
does not affect the test results. From the ANOVA results, 
we can see that the factor degrees of freedom ffactor = 3 and 
the error degrees of freedom fe = 6. A check of the F-dis-
tribution table gives F0.01(ffactor, fe) = F0.01(3, 6) = 9.78, 
F0.05(ffactor, fe) = F0.05(3, 6) = 4.757, and F0.1(ffactor, 
fe) = F0.1(3, 6) = 3.29.

Table 8 shows the ANOVA results for each of the orthog-
onal test results in Table 5. Figure 12 visualizes the F-value 
results of the significance analysis F-test for the effect of 
each process parameter on the grinding force of 2.5D-Cf/
SiC fibers oriented at 0°, 45°, and 90°. The results show 
that when the fiber angle is taken as 0°, the effects of the 
process parameters on the TDUAG force are linear speed, 
depth of grind, and feed in that order. This is inconsistent 
with the results of the range analysis. The range analysis 
does not take into account the effect of error, so the results 
of ANOVA prevail. The effects of process parameters on 2D 
ultrasonic tangential force were linear speed, feed rate, and 
grinding depth in that order. The effects of process param-
eters on normal and tangential forces for conventional grind-
ing were in the same order, linear speed, grinding depth, 
and feed rate. This is consistent with the results of the range 
analysis in Table 7. When the fiber angle is taken as 45°, 
the effects of process parameters on the 2D ultrasonic nor-
mal grinding force are in the order of line speed, feed rate, 
and grinding depth. The effects on the ultrasonic tangential 
grinding force were line speed, grinding depth, and feed rate 
in that order. In conventional grinding, the effects of pro-
cess parameters on normal and tangential forces were in the 
order of line speed, depth of grind, and feed rate. This is in 
agreement with the results of the range analysis in Table 7. 
When the fiber angle is taken as 90°, the effects of process 
parameters on the 2D ultrasonic normal and tangential forces 
are linear speed, feed rate, and depth of grind in that order. 
This is inconsistent with the results of the range analysis. 
The range analysis did not consider the effect of error and 
therefore was based on the results of the ANOVA. In con-
trast, the effects of normal and tangential grinding forces for 
conventional grinding were in the order of line speed, feed 
rate, and depth of grind. This is consistent with the results 
of the range analysis in Table 7.

ANOVA can more accurately perform error analysis, 
distinguishing the differences between experimental results 
caused by changes in factor levels from those caused by fluc-
tuations in error. Therefore, it is more appropriate to take the 
ANOVA results for the optimal process parameters.

4  Conclusion

Single-factor experiments and orthogonal tests were con-
ducted to investigate the two-dimensional ultrasound-
assisted grinding versus conventional grinding for the 
grinding force pair of 2.5D-Cf/SiC. An empirical for-
mula equation for the grinding force prediction model of 
2.5D-Cf/SiC was developed by using power exponential 
function multiple linear regression analysis. Within the 
experimental parameters of this study, the following con-
clusions were drawn:
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(1) The grinding force varies negatively with linear 
velocity and positively with feed rate and depth of grind. 
2D ultrasound reduces the grinding force, and the maxi-
mum reduction of the normal grinding force is 29.78% 
when the line speed is 10.48 m/s, the feed speed is 100 mm/
min, the grinding depth is 50 μm, and along the 45° fiber 
direction. Under the same process conditions, the grinding 
force is the smallest along the 0° fiber orientation.

(2) Based on this experimental study, normal and tangen-
tial grinding force prediction models for 2.5D-Cf/SiC compos-
ites were developed for TDUAG and CG with three fiber ori-
entations of 0°, 45°, and 90°, respectively. The grinding force 
prediction models for 2.5D-Cf/SiC composites for TDUAG 
and CG considering ultrasound amplitude, fiber orientation, 
and process parameters were developed, respectively.

(3) The order of significance of the influence of the grind-
ing process parameters on the grinding force was deter-
mined. The order of influence of the process parameters on 
the ultrasonic normal force at 0° fiber orientation was linear 
speed, grinding depth, and feed rate. The order of influence 
of ultrasonic tangential force was line speed, feed rate, and 
depth of grind. For conventional grinding, the order of influ-
ence of process parameters on the normal force and tangen-
tial force was the same: line speed, depth of grind, and feed 
rate. When the fiber angle was 45°, the effects of the process 
parameters on the 2D ultrasonic normal force were in the 
order of line speed, feed rate, and grinding depth, while the 
effects on the ultrasonic tangential grinding force were in 
the order of line speed, grinding depth and feed rate. For 
conventional grinding, the effects of the process parameters 

Fig. 11  2.5D-C/SiC three-dimensional contours of machined surfaces
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on the normal and tangential forces were in the order of lin-
ear speed, grinding depth, and feed rate. At a fiber angle of 
90°, the effects of process parameters on the 2D ultrasonic 
normal and tangential forces were in the order of line speed, 
feed rate, and depth of grind, while the effects on the normal 
and tangential forces for conventional grinding were in the 
order of line speed, feed rate and depth of grind.

(4) The optimum combination of process parameters for 
this experiment was a linear speed of 23.60 m/s, a feed rate 
of 5 mm/min, and a grinding depth of 10 μm for grinding 
along the 0° fiber orientation.
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by Yashuai Wang. Bo Xin guided the research direction and made 
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Table 8  Variance analysis of 
grinding force for 0°, 45°, and 
0° fiber orientation

Source Fn Ft

f SS MS F P f SS MS F P

0°-C vs 3 3631.2 1210.4 9.57 0.011 3 1616.2 538.72 9.34 0.011
vw 3 2907.1 969 7.66 0.018 3 1322.4 440.8 7.64 0.018
ap 3 2944.9 981.6 7.76 0.017 3 1366.9 455.65 7.9 0.017
Error 6 759 126.5 6 346.2 57.7
Sum 15 10,242.1 15 4651.7

0°-U vs 3 1665.5 555.165 200.45 0 3 752.66 250.886 301.87 0
vw 3 1345.36 448.454 161.92 0 3 657.3 219.099 263.63 0
ap 3 1394.2 464.732 167.8 0 3 643.04 214.348 257.91 0
Error 6 16.62 2.77 6 4.99 0.831
Sum 15 4421.67 15 2057.99

45°-C vs 3 2943.6 981.19 13.26 0.005 3 1135.2 378.4 17.8 0.002
vw 3 2291.6 763.87 10.32 0.009 3 981.6 327.2 15.39 0.003
ap 3 2318.2 772.75 10.44 0.009 3 1006.9 335.65 15.78 0.003
Error 6 444.1 74.01 6 127.6 21.26
Sum 15 7997.5 15 3251.3

45°-U vs 3 1465.99 488.66 45.28 0 3 633.92 211.308 51.83 0
vw 3 1091.03 363.68 33.7 0 3 463.81 154.602 37.92 0
ap 3 1059.22 353.07 32.72 0 3 466.51 155.503 38.14 0
Error 6 64.75 10.79 6 24.46 4.077
Sum 15 3680.99 15 1588.7

90°-C vs 3 5210 1736.5 8.14 0.015 3 1861.1 620.36 8.68 0.013
vw 3 3527 1175.7 5.51 0.037 3 1275.9 425.3 5.95 0.031
ap 3 3144 1048 4.91 0.047 3 1211.1 403.68 5.65 0.035
Error 6 1280 213.3 6 428.7 71.45
Sum 15 13,161 15 4776.7

90°-U vs 3 2774.7 924.9 13.62 0.004 3 980.9 326.98 14.17 0.004
vw 3 1905.9 635.3 9.36 0.011 3 695.7 231.9 10.05 0.009
ap 3 1748.3 582.77 8.58 0.014 3 665.2 221.74 9.61 0.01
Error 6 407.4 67.9 6 138.5 23.08
Sum 15 6836.3 15 2480.3
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