Zhang, C., et al.: Simulation on Cutting Forces and Cutting Temperature ...
THERMAL SCIENCE: Year 2019, Vol. 23, No. 5A, pp. 2585-2594 2585

SIMULATION ON CUTTING FORCES AND CUTTING
TEMPERATURE IN BROACHING OF 300M STEEL

by

Changming ZHANG **, Anle MU, Qi SHEN®, and Hui ZHANG*

@ School of Mechanical and Precision Instrument Engineering,
Xi’an University of Technology, Xi'an, China
® School of Mechanical Engineering, Shaanxi University of Technology,
Hanzhong, China
¢School of Materials Science and Engineering, Shaanxi University of Technology,
Hanzhong, China

Original scientific paper
https://doi.org/10.2298/TSCI181125147Z

In this paper, using the method of single factor experiment, set the test parameters
of 300M steel through AdvantEdge software broaching process simulation test,
simulation results for the finishing, analyzed the influence of broach rake angle and
relief angle, tooth lift and cutting speed on cutting force and cutting temperature
in the process of broaching, observed the cutting temperature in the broaching
process of regional changes, through the analysis, provides theory basis for rea-
sonable design of the broach. The results show that the tooth lift has the greatest
influence on the cutting speed, andthetooth lift and cutting speed have the greatest
influence on the cutting temperature.
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Introduction

The 300M steel is a kind of low-alloy ultra-high strength steel with good fatigue per-
formance, wear resistance and high strength. Because of its good stability, 300M steel is widely
used in the aviation industry. The 300M steel is a typical refractory material because of its high
performance, poor cutting efficiency and severe tool wear [1, 2].

Due to the wide application of 300M steel in the aviation industry, many scholars
have studied it. In terms of processing, Yan et al. [3] established an empirical model of 300M
high speed milling cutting force of ultra-high strength steel, and studied the influence of cutting
parameters on milling force through orthogonal test. Zhang et al. [4] obtained the influence law
and primary and secondary relation of milling parameters on cutting force and surface rough-
ness by single factor test and multi-factor orthogonal test. The influence of cutting parameters
on surface hardening, residual stress and surface roughness was studied. Analyzed the influ-
ence of minimum lubrication on cutting force and cutting temperature during 300M high speed
milling. The law of cutting force and cutting temperature changing with cutting parameters and
the influence of cutting parameters on cutting force and cutting temperature during 300M high
speed milling under drying and cryogenic minimum quantity lubrication conditions are studied
by single factor contrast test and orthogonal test [4-6]. Sima ef al. [7] conducted a high-speed
dry turning test on 300M steel, and studied the influence of cutting parameters on the roughness
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and residual stress of the machined surface. Since the introduction of finite element model into
machining simulation, the analysis method of finite element modelling has been widely used in
machining simulation, Zhang et al. [8] studied 300M steel high-speed cutting process through
finite element simulation technology, created a high-speed cutting simulation model, and stud-
ied the influence of cutting morphology, stress distribution and cutting parameters on cutting
force and cutting temperature in the process of cutting. Xing [9] studied the surface quality per-
formance parameters such as cutting force, roughness and residual stress when turning 300M
steel through the combination of finite element simulation and experiment. Huang and Yin [10]
established the finite element model of circular broach cutting process by using finite element
software, and obtained the cutting force and stress distribution during broaching. The influence
of cutting parameters on stress is analyzed.

Broaching technology has always been an irreplaceable position in metal cutting tech-
nology, but there are still many problems in broaching difficult materials. In order to improve
machining efficiency, machining accuracy and surface roughness, it is necessary to study the
broaching performance of 300M steel.

Finite element analysis modelling of 300M steel
Introduction AdvantEdge finite element software

AdvantEdge finite element software is fully called Third Wave AdvantEdge FEM.
Developed by Third Wave Systems, AdvantEdge FEM is a finite element metal cutting simula-
tion software based on material properties, which is specifically used to optimize metal cutting
process. This software is suitable for improving parts quality, increasing material removal rate,
extending tool life and so on. Using this software can reduce the number of times of cutting, so
that the product quickly marketization.

Table 1. Broaching test parameters design Establishment of simulation model

Number Ra[lf,e]’ l:?ff ]}’([’th li]ft C;tt[ing S.p'ff’]d Broach is a kind of multi-tooth cutter.
! . L The height difference between adjacent two
1 3 4 0.03 200 teeth becomes the amount of tooth rise, be-
2 5 4 0.03 200 cause in the broaching process, each cutter
3 7 4 0.03 200 tooth only cuts once in the working stroke,
4 9 4 0.03 200 so the amount of tooth rise between adjg—
cent two teeth is also regarded as the feed in
5 5 1 0.03 200 .
the processing process.
6 5 3 0.03 200 The broaching model was estab-
7 5 5 0.03 200 lished by using AdvantEdge software, and
8 5 7 0.03 200 the workpiece size was defined as 4 mm in
9 5 4 0.02 200 length in.d gor(r)ll\r; in hfig}lllt. Th(le Workpicleqe
material 1s steel, the tool material 1s
10 8 4 0.04 200 Carbide-General, and the surface coating is
11 5 4 0. 06 200 Al,Os;with a thickness of 0.001 mm.
12 5 4 0.08 200 L. . .
13 5 4 0.03 170 Determination of simulation parameters
14 5 4 0.03 210 Through the structure analysis of
15 5 4 0.03 250 brogchmg tool, we determmed the four
main factors affect the cutting force, the de-
16 > 4 0.03 290 tailed parameters are shown in tab. 1.
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Finite element simulation
results and analysis

Simulation results and analysis
of cutting force

Force X [N]
Force Y [N]

1
40/ 2

Force - X [N], Force - Y [N]
2
3

In the simulation process, cutting force,
chip shape and cutting temperature can be ob- 0 03 i s ) 25
. o . . . Length of cut [mm]
tained. Figure 1 is a schematic diagram of cut-
ting force in the cutting process, and fig. 2 is
a schematic diagram of cutting state and chip Thirdwove adventage

shape in the cutting process. Profectpome 1

Figure 1. Schematic diagram of cutting force

25 Temperature ['C]

Influence of rakeangle on cutting force

Y [mm]

Through the simulation of 1-4 groups isk
of different parameters in tab. 1, the average
cutting forces Fx and Fy in X- and Y-direction ost
of each group were obtained as shown in tab. of
2, and the changing trend diagram of cutting
forces as shown in fig. 3. was drawn.

- N
T T

101.838

09
47.0039

X [mm]

Figure 2. Schematic diagram of cutting state
Table 2. Influence of rake angle and cutting shape
on cutting force 75.0

o L -a- Fx[N]
Number | Rake y[°] Fx [N] Fy [N] = ‘\-——-_5\\ ~ RN {725Z
St e
1 3 112.021 | 73.206 N \\ 1700
10 ™~
2 5 111.805 | 72.664 I \ 1675
109
3 7 109. 139 69.074 108 F \\\ 1650
4 9 106.932 | 63.153 107 . ‘ o
2 4 6 8 10
Rake, y [']
Table 3. Influence of relief angle on cutting force
- Figure 3. Trend of cutting forces at different
Number | Relief, « [°] | Fx [N] Fy [N] rake angles
5 2 110. 886 72.071
6 4 109. 451 67. 809 mE A —a—Fx[N] 4725
B\ —4—Fy[N] =
7 6 108. 48 66. 825 - \ £
zZ N 4700
8 8 107. 823 66. 564 & 1101 \N
AN
"\\\ 469.5
L N
Influence of relief angle on cutting force 1 L_\: lers
Through the simulation of 5-8 groups 108 TS
of different parameters in tab. 1, the average R
cutting forces Fx and Fy in X- and Y-direction 2 4 6 8
Relief, a []

of each group were obtained as shown in tab.
3, and the changing trend diagram of cutting
forces as shown in fig. 4 was drawn.

Figure 4. Trends of cutting forces
at different relief angles



Zhang, C., et al.: Simulation on Cutting Forces and Cutting Temperature ...
THERMAL SCIENCE: Year 2019, Vol. 23, No. 5A, pp. 2585-2594

2588
Table 4. Influence of tooth lift on cutting force
Tooth lift
Number ’ Fx [N Fy [N
7 o] IN] v [N]
9 0.02 81. 468 59. 875
10 0. 04 110. 57 68. 612
11 0.06 193. 617 102. 783
12 0.08 239.776 105. 768
20l " AXIN] _

41 N /‘__,,,_7' 4105
= /o _
200 | g =3
: ?-/ do

160 |- /
120 //%/ I
i A
80 s-’/'}é 160
02)2 04(1)4 04(‘)6 0.68
Tooth lift, f [mm]
Figure 5. Trends of cutting forces at different
tooth lift
Table 5. Influence of cutting
speed on cutting force
Cutting speed,
Number Ve [mmin™] Fx [N] Fy [N]
1 170 111.328 | 69.909
2 210 110. 677 | 69.634
3 250 108.86 | 66.904
4 290 107. 674 | 66.272
. 70.5

T . —=—FxIN]

TSTA —a—fy[N] =z

\ =

= \\\ {600
X 110k N\

109|

108]

67.5

160

200

240

Cutting speed, Vc [mmin™]

Figure 6. Trends of cutting forces at different
cutting speed

Influence of tooth lift on cutting force

Through the simulation of 9-12 groups of
different parameters in tab. 1, the average cut-
ting forces Fx and Fy in X- and Y-direction of
each group were obtained as shown in tab. 4,
and the changing trend diagram of cutting forc-
es as shown in fig. 5 was drawn.

Influence of cutting speed on cutting force

Through the simulation of 13-16 groups of
different parameters in tab. 1, the average cutting
forces Fx and Fy in X-direction and Y-direction
of each group were obtained as shown in tab. 5,
and the changing trend diagram of cutting forces
as shown in fig. 6 was drawn.

Results analysis

The influence of the rake angle y on the
cutting force can be obtained through the analy-
sis of fig. 1. During the broaching test, with the
increase of the rake angle, the cutting force in
the x direction an y direction generally shows a
downward trend, but the overall change is not
very great. The influence of relief angle on cut-
ting force can be obtained from the analysis of
fig. 2. During the broaching test, with the increase
of relief angle, the cutting force in x- and y-direc-
tion generally shows a downward trend, but the
change range is not very large. The influence of
the tooth lift on cutting force can obtained the
analysis of fig. 3. During the broaching test, with
the increase of the tooth lift, the cutting force in
x- and y-direction generally shows a rises trend.
The influence of the cutting speed, V¢, on cutting
force can be obtained through the analysis of fig.
4. During the broaching test, with the increase of
the cutting speed, the cutting force in the x- and
y-direction generally shows a downward trend,
but the variation range is not large.

Simulation results and analysis of
cutting temperature and cutting stress

Figure 7 shows the cutting temperature
distribution in the cutting area. It can be seen
from the figure that the cutting temperature is

mainly distributed in the first deformation area and the second deformation area. Among them,
the workpiece and cutting tool, the contact area between the highest temperature maximum cut-
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Temperature [°C]

458259

430.842

403.425

376008 %"
48.501

32T
293.757

| 26634

| 238923
211.506
184.089

156672
129.255
101.838
74.4209
47.0039

Figure 7. Cutting temperature profile of cutting area (for color image see journal web site)

ting temperature is 458.25 °C, gradually reduce
the cutting temperature along the cutting face.
Can be seen from fig. 7, the chip temperature
is higher, the average temperature of 403.425
°C. In the whole process of cutting, chips bear ° o e

a lot of heat and play an important role in the

process of heat dissipation. Figure 8 shows the

cutting temperature variation curve. It can be seen from the figure that the cutting temperature
is gradually stable with the passage of time, and the average cutting temperature under various
cutting parameters can be read out through the image.

500

5
8

N oW s
8
8

8
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Temperature ['C]

Temperature ['C]

3
8

Figure 8. Cutting temperature variation curve

Influence of rake angle
on cutting temperature

Relief angle a = 4°, tooth lift /= 0.03 mm, cutting speed Ve = 200 m/min, the simu-
lation temperature distribution of broaching during the process of increasing the rake angle is

Temperature [°C] Temperature [*C]

458.259 y= 3° 458.791
430.842 431.365
403.425 403.94

376.008 376.514
348.591 349.289
321.174 321.663
293.757 294.238
266.34 266.812

239.386
211.961
184.535
157.11

129.684

74.4209 74.8332
(@) 47.0039 (b) 47.4076

Temperature [°C] Temperature [°C]
472395 y=7° 461.178
444121 436414
415.846 408.65
387.571 380.886
359.296 353.123
331.021 325.359
;%‘7“7*? 297.595

g 269.831
246.196 242.067
217.921 214.303
189.646 186.539
161.371 158.775
133.096 ‘ 131.011

(d)

104.821 103.247
765465

754835
(©) 482716

47.7196

Figure 9. The change of cutting temperature when the rake angle increased; (a) y = 3°, (b) y =5°,
(©y=7°%and (d)y=9°
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Table 6. Influence of rake angle
on cutting temperature

Cutting temperature, T [°C]

shown in fig. 9. When the rake angle y increas-
es, the high temperature area of the cutting
temperature gradually shrinks and gets close to
the tool tip. The average cutting temperature
was obtained by changing the cutting tempera-
ture curve, and tab. 6 was sorted out. Accord-
ing to the data in tab. 6, the cutting temperature
variation trend of different rake angles was
drawn, as shown in fig. 10.

485 |-

INIFDSE || N2, [ tempegiltltrl:,g T[°C]
1 3 489. 4
2 5 485.9.
3 7 479.9
4 9 471. 1
490

480 |- Sa
475 |- Figure 10. Trends of
cutting forces at different
a0l rake angle
2 n 6 8 10
Rake, y []

Influence of relief angle on cutting temperature

Rake angle y = 5°, tooth lift f=0.03 mm, cutting speed V¢ =200 m/min, the simulation
temperature distribution of broaching during the process of increasing the relief angle is shown

Temperature ['C]

461.188

(a) B8 46.6.63

Temperature ['C]

(@

461.797
434181
406.565
378.949
351.333
323717
296.101
268.485
240.869
213.253
185.637
158.021
130.405
102.789
751729
47.5569

]

Figure 11. The change of cutting temperature when the relief angle increased; (a) = 1°, (b) « = 3°,
(c)a=5%and (d)a="7°

Temperature ['C]

467.322
439.252
411.183
383.113
355.043
326974
298.904
270.835
242.765
214.696
186.626
158.557
130.487
102.418
74.348

46.2765

a=3

Temperature [C]

465.716
437.856
409.995
382.135
354.274
326414
298.554
270.693
242833
214972
187.112
159.251
131.391
103.53
76.67

47.8096
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in fig. 11. When the relief angle o increases, Table 7. Influence of relief angle
the high temperature area of the cutting tem-  on cutting temperature

perature gradually shrmks.and gets close to the Number | Relief, o [°] Cutting o
tool tip. The average cutting temperature was temperature, 7' [°C]
obtained by changing the cutting temperature 5 2 473.3
curve, and tab. 7 was sorted out. According to 6 4 476.2
the data in tab. 7, the cutting temperature vari-
. . . 7 6 480. 5
ation trend of different relief angles was drawn, 1572
as shown in fig. 12. 8 8 87.
488 -
g
':I 484 1
qé' 480 -
Figure 12. Trends 2
of cutting forces at £
different relief angle 3 Yer
I/
472 L L L !
2 4 6 8
Relief, a [']

Influence of tooth lift on cutting temperature

Rake angle y = 5°, relief angle a = 4°, cutting speed Ve = 200 m/min, the simu-
lation temperature distribution of broaching during the process of increasing the toothlift is

Temperature ['C] Temperature ['C]
443774 475.011
417.262 446.491
390.751 417.97
364.239 389.449
337.727 360.928
311.216 332407
284.704 303.886
258.192/ 275365
231.681 246.844
205.169 | 218323
178.657 189.802
152.146 161.282
125,634 132761 f=0.04mm
99.1222, 104.24
72.6106| 75.7189

(2) I 46.09891 47.198

Temperature ['C] Temperature ['C]

| 527175 587.209

495.467 551.75
463.758 516.291
432.05 480.833
400.342 445374
368.633 409.915
336.925 374.456
305.217 338.997
273.508 303.539

2418 268.08
210.092 232,621
178.383 197.162
146.675 161.703
114.957 126.245
83.2585 90.7859

(0 51,5502 (d) 553721

Figure 13. The change of cutting temperature when the toothlift increased; (a) = 0.02 mm, (b) = 0.04
mm, (¢) f=0.06 mm, and (d) = 0.08 mm
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Table 8. Influence of tooth lift shown in fig. 13. When the tooth lift, /; increas-
on cutting temperature es, the area of the high temperature cutting
Tooth lift, Cutting temperature region gradually increases, while
Number o .
f[mm] temperature, 7' [°C] the chip temperature decreases. The average
9 0.02 455.1 cutting temperature was obtained through
10 0. 04 1484, 6 the change curve of cutting temperature, and
i i tab. 8 was sorted out. According to the data in
11 0. 06 572.3 tab. 8, the cutting temperature variation trend
12 0. 08 609. 5 of different front angles was drawn, as shown
in fig. 14.
504 /
S
= 56| /
g
g_ 528 |-
§
2 4os) Figure 14. Trends of
5 cutting forces at different
wl / tooth lift

Temperature ['C]
455.921
428.675
401.429
374183
346.937
319.691
292.445
265.199
237953
210.707
183.461
156.215
128.969
101.723
744767

(o) B 75307

Temperature ['C]

473337
445003
416,669
388.335
360.001
331,667
303.333
274,998
246,664
218.33
189.996
161662
133326
104994
766595

(@ 483254

Vc =170 m per min Temperature ['C]
463.532
435.809
408.087
380364
352642
324919
gg;:l% Vc =210 m per min
241752
214.029
186.307
158.584
130.862
103.139
(b)

Vc =250 m per min Temperature [C] /e = 290 m per min
497.015
467.193
437.371
407.548
377.726
347.904
318.082
288.26
L 258437
228615
198793
168971
139.149
109326
79.5042
(d) 49.682

0.02 0.04 0.06 0.08
Tooth lift, f [mm]

754167
47.6942

Figure 15. The change of cutting temperature when the cutting speed increased; (a) Vc =170 mm/min,
(b) Ve =210 mm/min, (¢) ¥c =250 mm/min, and (d) ¥c =290 mm/min
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Table 9. Influence of cutting speed 540
on cutting temperature
G -
= sl
g
Cutting speed, Cutting 2
D55 Ve [mmin'] temperature, 7 [K] g sool. .
5 T
g
5 170 461. 1 £ asof
6 210 491. 4 e
4601 W
7 250 503.5 160 200 240 280
Cutting speed Vc [mmin™']
8 290 529.8 Figure 16. Trends of cutting forces

at different cutting speed

Influence of cutting speed
on cutting temperature

Rake angle y = 5°, relief angle o = 4°, tooth lift = 0.03 mm. The simulation tempera-
ture distribution of broaching during the process of increasing the toothlift is shown in fig. 15.
When the tooth lift f increases, the area of the high-temperature cutting temperature area first
increases and then decreases, while the maximum temperature increases. The average cutting
temperature was obtained through the change curve of cutting temperature, and tab. 9 was sort-
ed out. According to the data in tab. 9, the cutting temperature variation trend of different front
angles was drawn, as shown in fig. 16.

Results and analysis

The influence of the rake angle, y, on the cutting temperature can be obtained through
the analysis of fig. 10. During the broaching test, with the increase of the front angle, the cutting
temperature shows a decreasing trend, but the overall change is not very great. According to the
analysis of fig. 12, the influence of relief angle, «, on the cutting temperature can be obtained.
During the broaching test, the cutting temperature shows an upward trend with the increase of back
angle, but the change range is not large. Figure 14 analyzes the influence of tooth lift, £, on cutting
temperature. During broaching test, with the increase of gear rise, cutting temperature shows an
upward trend. The influence of cutting speed, Ve, on cutting temperature can be obtained from
the analysis of fig. 16. In the broaching test, with the increase of cutting speed, the overall cutting
temperature shows a downward trend. Based on the above four figures, it can be concluded that
the cutting speed has the largest influence on the cutting temperature, followed by the tooth lift,
and the rake angle and the relief angle have little influence on the cutting temperature.

Conclusions

e Within the scope of the experimental values, cutting force decreases with the increase of
rake angle, decreases with the increase of relief angle, increase with the increase of tooth
lift, while decreases with the increase of cutting speed, therefore, in the design of the broach,
by increasingthe length of the broach to reduce the tooth lift, so as to achieve the cutting
force is reduced.

e Within the scope of the experimental values, cutting temperature decreases with the increase
of rake angle, increase with the increase of relief angle, increase with the increase of tooth
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lift, while increase with the increase of cutting speed, so in the design of the broach, can
increase the length of the broach to reducing the tooth rise, so as to achieve the reduce of
cutting temperature. In broaching, the cutting speed can be appropriately reduced to reduce
the cutting temperature.
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