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Study of the surface roughness, material removal rate and deflection in
thin-walled composite structures during the high speed machining process
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Keywords Abstract

Nowadays, due to the need of composite structures with thin walls in industry and due to low weight ratio to
High Speed Machining high strength, has received more consideration than before. Composite laminates are cause of more problems
Thin-walled Composite and damages in machining process. This problems are especially in thin wall composite structures. One of the
Surface roughness best ways for preventing damage during machining process in thin wall composite structures is use of
’I\D/Ieaftli!?ilt):]emoval rate (MRR) machining process with high speed. In this study effect of milling parameters in high speed on surface

roughness, material removal rate, and deflection in thin wall composite structures was studied. For this
purpose, firstly were made samples of glass- epoxy composite with thicknesses 2mm, 4mm and 6mm and then
milling process with high speed and changing spindle speed, feed rate, and cutting depth was done. To get test
results using an experimental design. Comparison of the optimization results on composites with different
thicknesses by the response surface methodology, showed that the optimal values of surface roughness 2.12
um and material removal rate 5.99 mm?*/min and deflection of 0.082 mm is for the sample with a thickness 6
mm. In composites with a thickness 6 mm due to higher rigidity, better results were obtained. Also, the
predicted error rate was calculated in comparison with the experimental values obtained for the surface
roughness parameters, material removal rate and deflection rate 6%, -5.22% and 2.5%, respectively, which
indicates the favorable agreement between the experimental results and statistical analysis.
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Razifar, M. Saraeian, P. Shakouri, E.and Maghsoud Pour, A , “Study of the surface roughness, material removal rate and deflection in thin-walled composite structures
during the high speed machining process”, In Persian, Journal of Science and Technology of Composites, Vol. 7, No. 3, pp. 1083-1094, 2020.
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Table 2 Parameters and their selected process levels
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Table 1 Fiber and resin properties [16]
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NO Spindle Speed (X;) Feed Rate (x;) Cutting depth (X3)  Thickness(Xy)
(rpm) (mm/min) (mm) (mm)
1 18000 4000 0.8 2
2 2000 1200 0.8 6
3 18000 1200 0.4 2
4 2000 1200 0.8 2
5 2000 1200 0.4 6
6 2000 4000 0.8 6
7 18000 1200 0.8 6
8 18000 1200 0.8 2
9 10000 2600 0.6 4
10 2000 4000 0.8 2
11 10000 2600 0.6 6
12 10000 2600 0.6 4
13 10000 2600 0.6 4
14 10000 2600 0.6 4
15 18000 4000 0.8 6
16 10000 2600 0.6 4
17 10000 1200 0.6 4
18 10000 2600 0.6 2
19 18000 4000 0.4 2
20 10000 4000 0.6 4
21 10000 2600 0.6 4
22 10000 2600 0.8 4
23 18000 2600 0.6 4
24 2000 4000 0.4 6
25 10000 2600 0.4 4
26 10000 2600 0.6 4
27 2000 2600 0.6 4
28 18000 4000 0.4 6
29 18000 1200 0.4 6
30 2000 4000 0.4 2
31 2000 1200 0.4 2
5 Minitab 17

© Response surface methodology (RSM)
" Central composite design(CCD)
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Fig. 3 Schematic deflection created during milling thin walled parts[18]
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Table 7 Analysis of variance for surface roughness (um)
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Table 6 Values for measured guantities

Source Degrees  Adjusted Adjusted  F-value  P-value
of sum of mean of
freedom  squares squares
model 14 26.05 1.861 87.17 0.000
Linear 4 22.26 5.565 260.70 0.000
Xy 1 3.546 3.546 166.13 0.000
X 1 9.930 9.930 465.18 0.000
X3 1 2.184 2.184 102.30 0.000
Xy 1 6.600 6.600 309.18 0.000
Square 4 0.667 0.166 7.82 0.001
X 1 0.017 0.017 0.82 0.378
X5 1 0.045 0.045 2.13 0.164
Xs? 1 0.045 0.045 2.13 0.164
X4 1 0.001 0.001 0.06 0.806
Interaction 6 3.124 0.520 24.39 0.000
Xi* X, 1 0.005 0.005 0.25 0.627
Xi* X3 1 0.445 0.445 20.87 0.000
Xi* Xy 1 0.170 0.170 7.97 0.012
Xo* X3 1 0.033 0.033 1.56 0.230
Xo* Xy 1 1911 1911 89.53 0.000
X3* X, 1 0.558 0.558 26.17 0.000
Error 16 0.341 0.021 - -
Lack of Fit 10 0.034 0.034 46.07 0.002
Total 30 26.396 - - -
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NO X1 Xz X3 Xa Surface Deflection MRR
(rpm)  (mm/min)  (mm) (mm)  roughness (mm) (mm)
(pm)

1 18000 4000 0.8 2 4.89 0.32 1.75

2 2000 1200 0.8 6 3.19 0.40 2.37

3 18000 1200 0.4 2 2.19 0.35 1.02

4 2000 1200 0.8 2 4.23 0.49 0.32

5 2000 1200 0.4 6 2,51 0.24 1.61

6 2000 4000 0.8 6 3.82 0.48 4.47

7 18000 1200 0.8 6 2.12 0.14 6.42

8 18000 1200 0.8 2 3.03 0.28 2.68

9 10000 2600 0.6 4 3.81 0.35 3.70

10 2000 4000 0.8 2 6.51 0.57 1.67
11 10000 2600 0.6 6 3.42 0.26 5.32
12 10000 2600 0.6 4 3.81 0.35 3.70
13 10000 2600 0.6 4 3.81 0.35 3.70
14 10000 2600 0.6 4 3.81 0.35 3.70
15 18000 4000 0.8 6 3.01 0.15 6.71
16 10000 2600 0.6 4 3.81 0.35 3.70
17 10000 1200 0.6 4 3.03 0.32 2.89
18 10000 2600 0.6 2 4.27 0.47 1.32
19 18000 4000 0.4 2 4.27 0.39 1.52
20 10000 4000 0.6 4 4.35 0.42 4.97
21 10000 2600 0.6 4 3.81 0.35 3.70
22 10000 2600 0.8 4 3.95 0.39 4.10
23 18000 2600 0.6 4 3.11 0.22 4.65
24 2000 4000 0.4 6 3.20 0.39 4.32
25 10000 2600 0.4 4 3.43 0.31 3.12
26 10000 2600 0.6 4 3.81 0.35 3.70
27 2000 2600 0.6 4 4.37 0.41 2.54
28 18000 4000 0.4 6 3.05 0.17 7.02
29 18000 1200 0.4 6 2.00 0.08 6.32
30 2000 4000 0.4 2 5.20 0.53 1.32
31 2000 1200 0.4 2 2.63 0.45 0.18
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(thickness 4 mm, cutting depth 0.6 mm)
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Fig. 6 Comparison of RSM and experimental values of surface
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Table 8 Calculation error percentage for surface roughness, by response
surface methodology and experimental method

No X1 Xz X3 X4 SR RSM  Error
(RPM) (mm/min) (mm) (mm) (um) (%)
23 18000 2600 0.6 4 3.11 3.28 5.46
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Table 9 Analysis of variance for MRR (mm®/min)

Source Degrees  Adjusted Adjusted  F-value  P-value
of sum of mean of
freedom  squares squares

model 14 100.21 7.15 72.72 0.000
Linear 4 86.77 21.69 220.37 0.000
X1 1 20.672 20.6725 210.00 0.000
Xz 1 5.489 5.4891 55.76 0.000
X3 1 0.916 0.915 9.30 0.008
Xa 1 59.696 59.6960 606.43 0.002
Square 4 2.70 0.67 6.87 0.000
X 1 0.079 0.078 0.80 0.385
X5 1 0.067 0.067 0.68 0.421
X3 1 0.066 0.065 0.67 0.426
X2 1 0.52 0.52 5.31 0.035
Interaction 6 10.78 1.78 18.18 0.000
Xi* X, 1 2.38 2.83 28.84 0.000
X1* X3 1 0.005 0.004 0.05 0.826
X1* X4 1 6.52 6.52 66.32 0.000
Xo* X 1 0.31 0.31 3.19 0.093
Xo* X4 1 0.87 0.87 8.88 0.009
X3* X4 1 0.17 0.17 1.76 0.199

Error 16 1.575 0.098 - -

Lack-of-fit 10 1.575 0.157 - -

Total 30 101.790 - - -
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Fig. 11 Comparison of RSM and experimental values of material
removal rate (cm*/min)
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Fig. 9 Surface roughness versus thickness and spindle speed of samples
(cutting depth 0.6 mm, feed rate 2600 mm/min)
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Fig. 10 Surface roughness versus feed rate and spindle speed of
samples (thickness 4 mm, feed rate 2600 mm/min)
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Fig. 14 Material removal Rate versus spindle speed and feed rate of
samples (thickness 4 mm, cutting depth 0.6 mm)
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Fig. 15 Material removal Rate versus cutting depth and spindle speed
(feed rate 2600 mm/min, cutting depth 0.6 mm)
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Table 10 Calculation error percentage for material removal rate, by
response surface methodology and experimental method

No X1 Xz X3 Xa MRR RSM Error
(rpm) (mm/min) (mm) (mm) (mm?®/min) (%)
20 10000 4000 0.6 4 4,97 4,53 -8.85
‘ Spindle Speed (RPM]| Feed Rate (mm/min) | Cutting Depth (mm) | Thickness (mm)
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Fig. 12 Comparison of the effect of process parameters on material
removal rate
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Fig. 13 Material removal Rate versus spindle speed and thickness of
samples (feed rate 2600 mm/min, cutting depth 0.6 mm)
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Fig. 16 Comparison of deflection of samples by response surface
methodology and experimental method

G sy 3 ol g gy b daiged il alio 16 YK

Slyml gl odel Casdy polie duslio g Uad sy o)y gz aslol jo
sl p e lp s e (025 (b9, 9 Bl mhaw (b 99 b
el oas @11 12 Jguz (o el ol (g S o5lail o oo oloxy)

Joe ot C8 5 6,5l caums las ead 5155 elie
solie jlogad sl g bl (0555 el Caz mizen a3l
17USE 5o 45 sbilod ol pems i Bl e 00 5 5le uSile
cif a dadige Cubis g Jargl gl Se s w0gdoe osalivn
sl ladiges 50 o slml GBlyml 5 1y 15 o i
byl Lol 5t wyp 420 519 18 slagss b aslsl o
ol ooy 4Bl s Wddiges 10 oads sl Bl mdl ]

hw (g, b dediges o oals sl Glyzl gl e woye awslie 12 Jgus

EIRETIR Y
Table 12 Comparison error percentage for deflection of samples by
response surface methodology and experimental method
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Table 11 Analysis of variance for deflection

Source Degrees  Adjusted  Adjusted  F-value  P-value
of sum of mean of
freedom squares squares

model 14 0.3872 0.0276 106.46 0.000
Linear 4 0.3542 0.0885 340.88 0.000
X1 1 0.1922 0.1922 739.83 0.000
Xz 1 0.0249 0.0249 96.00 0.000
X3 1 0.0053 0.0053 20.55 0.000
Xq 1 0.1317 0.1317 507.16 0.000
Square 4 0.0045 0.0011 4.37 0.014
X 1 0.0037 0.0037 14.38 0.002
X2 1 0.0007 0.0007 291 0.108
X3 1 0.0000 0.0000 0.09 0.772
X 1 0.0003 0.0003 1.45 0.246
Interaction 6 0.0284 0.0047 18.24 0.000
Xi* X 1 0.0027 0.0027 10.61 0.005
Xi* X3 1 0.0115 0.0115 44.48 0.000
Xi* Xq 1 0.0045 0.0045 17.54 0.001
Xo* X3 1 0.0014 0.0014 5.41 0.033
Xo* X4 1 0.0005 0.0005 1.95 0.182
Xa* Xa 1 0.0076 0.0076 29.47 0.000

Error 16 0.0041 0.00026 - -

Lack-of-fit 10 0.0041 0.00041 - -

Total 30 0.3913 - - -

No X1 X, X3 Xa deflection RSM Error
(rpm) (mm/min) (mm) (mm) (mm) (%)
18 10000 2600 0.6 2 0.47 0.44 -6.38
Spindle Speed (RPM)  Feed Rate (mm/min) | Cutting Depth (mm) | Thickness (mm)
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Fig. 17 Comparison of the effect of process parameters on deflection of
samples
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Fig. 18 Deflection versus spindle speed and thickness of samples (feed
rate 2600 mm/min, cutting depth 0.6 mm)
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Fig. 19 Deflection versus spindle speed and feed rate (thickness 4 mm,
cutting depth 0.6 mm)
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Fig. 20 Deflection versus feed rate and thickness of samples (feed rate
2600 mm/mi, thickness 4 mm)
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