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Abstract

This paper is proposed to study the influence of tool radius on 3D error compensation and im-
prove the surface contour accuracy of multi-axis machining complex free-form surfaces. Firstly,
the mechanism of 3D tool error generation was analyzed, and the residual height calculation
formula and mathematical model of error compensation were deduced. The relationship be-
tween tool radius and residual height and the compensation algorithm were simulated and veri-
fied using MATLAB software. Based on the kinematics model of the five-axis double-swing table
machine and the tool error compensation model, the blade parts are respectively post-processed
with four ball-end milling cutters of different diameters. Finally, simulation and real cutting ex-
periments were carried out, and the experimental results were analyzed. The actual machining
effect of the tool after compensation is closely related to the size of the compensation value, and
the smaller the compensation value, the more obvious the compensation effect, and the closer
the processing effect is to the theoretical result. ¢8, @9, ¢9.5, and @10 four-size tools are used
to simulate blade machining. Compared with the theoretical data of 10 tool processing, ¢8, ¢9,
@9.5 three-size tools compensate the maximum residual height value after processing. The
theoretical tool is 0.09, 0.07, and 0.05 mm more than the theoretical tool, and the number of
excess points is 1055, 462, and 292 more than the theoretical tool. The tool 3D error compensa-
tion algorithm can meet the processing requirements without changing the tool after the tool
size is worn, greatly improving the efficiency and reducing the production cost. The implemen-
tation of the tool 3D error compensation algorithm needs to be used with a small tool wear rate,
especially for the finishing process.
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Figure 1. Schematic diagram of tool wear error
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Figure 2. Processing bandwidth and residual height
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Figure 3. Calculation of residual height
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Figure 4. Simulation analysis of residual height
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Figure 5. Comparison of tool error compensation of blade specimen
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Table 1. Tool parameters for radius compensation experiments
1 FEMMEXKTIESH
VARSE 23 JIH4% Rimm [ f1 4% r/imm
B R 5 3
bR 475 275

HiZe 1 arn, SEET]EA, 2T RPUBAMEE 7 B 842 0.25 mm, [BIA11% 0.25 mm.
K5 WTRVEH, BB T O PUE S AME S T O PUE S 2, N T TRANRAL R UL R 22 R, AR
PR LR (1 AR [ (57 B 43 L 20 ASEE mUBCK, aniEl 6 Frs . BB AT UG H B T OB 5 M S 1 7]
ORIEES JrE -8, EAERARRESR, EEZN0.2mm, SR AFRAMAEMRL, Bk 14
AR A
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Figure 6. Local schematic diagram of error compensation
6. REAMEEIREE

4.1, SEERFA
B Tt AR ) BARZEAMESR W . 12 R B 2 T A T, Hh B A ER RS . i3
LRI 9 0.65 mm,  H AR M2 0.35 mm, B HYERCKIERE 3.8 mm. BARSHU A ZEHT AL 2 IR

Table 2. Theoretical dimensions and tolerances of blade sections (mm)

2. HREEEILR ST R A% (mm)

B 3.8%% 0.65%5 0.35%3%

W PR R A 80 mm x 220 mm [RIFE F 8 (SE R PTHIR A 6000 R 5145 & 4, Ho s 4 6061 Mg1%,
Si0.6%, Cu0.3%). M F K= JJB5 Trd rain T, -6 KH UG8.0, MRIELMEMHTL, i+
Yl R T 2B 2R MR 4 R [20]:

1) L7 1 (AN SR FH = il gk 474k B SR B4 () K BURAR 5

2) TP 2 (MR KA oA a e et i B AT RS N 1, ¥4 0.5 mm S LA &

3) L7 3 (ARSI T) e SR TR A R BEBE XS I A BEAT ARSI T, e BB B0 R ~H4 i 2067

Table 3. Processing parameters of tool error compensation experiment
F3 TNRREMEIEMIIZESH

TR JIRA JIRE & (mm) B39 (r/min) B B =5 (mm) 257 (mm)
N T SLEETT 32 1000 0.1 1
HE I L BRKTT 20 1600 0.05 0.3
KT BRKTT 10 3000 0.02 0.03

FRAE Gl 10 L 2Rk, (£ UG BAFg il TP 73 1R F 032 mm (A L4 T) . 20 mm Bk
J15 ¢10 mm FYERSK TSR AT R I L. JT R AR T ZES 80 3 fs.
FESEIR IR, 70 BIHEAT 107 RSN T R SR UIEIscat,  Herh OO0y R in ) R AR Pt AT 1
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YRR T BT A B RS I LY R, 5 BACEERS 2 5K 68 mm. ¢9 mm. ¢9.5 mm. ¢10 mm
DU FPER S TI3EAT fo BACTE, b o8 mm. ¢9 mm. $9.5 mm =Fh J] B 5 B ALFEN 2051 7 1 mm.0.5 mm.
0.25 mm FIERAMEE, FHAHRI T B RAMESH N 4 ik,

Table 4. Post-processing radius compensation value and tool wear rate

4 RELEFEIMEERTIRBRE
TIRZH ¢8 $9 $9.5 $10
AMEE 1 05 0.25 0
% 20% 10% 5% 0%

G BABEEIAH G ARBFEF I 7 . B PUEEE X LR,
W) B HARAAELL T R R

1) BFHE X Yy ZHESERRTIA ZER, DU EE e e R A — 2

2) SERREFAT, X. Y. Z AFREF69.5 mm JJ B IR L BAS A, YR mm JJ R, %
K298 mm J] H.

HCTT R, T B AR ZEAMERAN SO T T AR B, TIRI R B RO . B0AF T TJ O AR AR R
T2 BRAMEAE R/ INBEUIAHDG, FME T B RS BB 38 T =L, SRAF I T OAL bR 5 18 T) O ARAR ZE(E )N
RZIEK.

42. EWYIEHE

SN = T B S BRAME SR, &R RT3 A S VERICUT 8 A7 i IHI N T, @

R 72 o (R BE B0 B E X LEAME SR . W ER R IR AHE Y 0.03 mm, SAMFRET 4 N SLhR ] F 1A
%M*JJN HORTJE =M, X ELYTEISE AT RO, RS 8 RIRCRE. MWEIHREL, HHEw
TIEIN TR M, SEBRITESRAAMEE I, H2ZE A2 DA E RN . DR R I S A
RFIWTEZERR AR, BT = T EAMETT S R S T SR 2 R SR KR B e RS B T B
FISTEL, n#e 5. % 6 Fiam.

PN S R S B

N200 G01X23.392 Y-185.422 Z142.289 A-57.755 C207.13;
N201 G01X19.568 Y-186.087 Z141.953 A-58.853 C197.116;
N202 GO1X15.15Y-187.259 Z140.896 A-59.984 C187.134;
N203 G01X10.291 Y-188.85Z139.14 A-61.11 C177.216;
N204 G01X5.118 Y-190.769 Z136.719 A-62.202 C167.308 ;
N205 G01X-0.185Y-192.901 Z133.714 A-63.218 C157.467;
N206 G01X-10.641 Y-197.448 27126.273 A-64.922 C137.815;
N207 G01X-20.015Y-201.964 Z117.493 A-66.06 C117.969;
N208 G01X-23.986 Y-204.129 2112.81 A-66.386 C107.825 ;
N209 G01X-27.219 Y-206.114 Z108.258 A-66.508 C97.67 ;
N210 G01X-29.599 Y-207.89 Z104.026 A-66.423 C87.574 ;
N211 G01X-31.077 Y-209.467 2100.224 A-66.137 C77.459 ;
N212 G01X-31.603 Y-210.832796.997 A-65.662 C67.371 ;
N213 G01X-31.166 Y-211.984 794.439 A-65.012 C57.269 ;
N214 G01X-31.174 Y-212.157 Z94.067 A-65.074 C56.982 ;
N215 G01 X-31.181 Y-212.331 293.692 A-65.137 C56.695 ;
N216 G01X-29.289 Y-211.908 Z94.559 A-65.11 C57.968 ;

N200 GO1 X23.496 Y-185.923 Z142.417 A-57.758 C207.132;
N201 GO1 X19.672 Y-186.589 Z142.081 A-58.855 C197.118;
N202 GO1 X15.251 Y-187.76 Z141.025 A-59.987 C187.132;
N203 G01 X10.393 Y-189.349 Z139.272 A-61.112 C177.218;
N204 GO1 X5.214 Y-191.258 Z136.865 A-62.199 C167.305;
N205 G01 X-0.09 Y-193.397 Z133.852 A-63.218 C157.468;
N206 G01 X-10.553 Y-197.94 Z126.42 A-64.919 C137.815;
N207 G01 X-19.932 Y-202.46 Z117.636 A-66.059 C117.967;
N208 GO1 X-23.902 Y-204.624 Z112.954 A-66.384 C107.826;
N209 G01 X-27.134 Y-206.615 Z108.39 A-66.509 C97.67;
N210 GO1 X-29.515 Y-208.386 Z104.168 A-66.422 C87.574;
N211 GO1 X-30.994 Y-209.961 Z100.372 A-66.134 C77.458;
N212 G01 X-31.52 Y-211.334 Z97.128 A-65.663 C67.369;
N213 G01 X-31.08 Y-212.485 Z94.571 A-65.014 C57.269;
N214 G01 X-31.083 Y-212.659 294.194 A-65.077 C56.979;
N215 G01 X-31.086 Y-212.832 Z93.819 A-65.14 C56.695;
N216 G01 X-29.194 Y-212.403 Z94.701 A-65.109 C57.969;

(a) BiLTIEMT

(b) $8 mm JJ HAMEFR T
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N200 GO1X23.444 Y-185.676 Z142.348 A-57.758 C207.132 ;
N201 GO1X19.621 Y-186.341 Z142.012 A-58.855 C197.118 ;
N202 GO1 X15.2 Y-187.512 Z140.957 A-59.987 C187.132 ;
N203 GO1 X10.343 Y-189.101 Z139.203 A-61.112 C177.218 ;
N204 GO1X5.165 Y-191.01 Z136.797 A-62.199 C167.305 ;
N205 GO1 X-0.137 Y-193.148 Z133.783 A-63.218 C157.468 ;
N206 GO1 X-10.597 Y-197.691 2126.351 A-64.919 C137.815 ;
N207 GO1 X-19.974 Y-202.211 Z117.567 A-66.059 C117.967 ;
N208 GO1 X-23.944 Y-204.374 Z112.885 A-66.384 C107.826 ;
N209 GO1 X-27.177 Y-206.366 2108.322 A-66.509 C97.67 ;
N210 GO1 X-29.557 Y-208.137 Z104.1 A-66.422 C87.574 ;
N211 GO1 X-31.036 Y-209.711 Z100.303 A-66.134 C77.458 ;
N212 GO1X-31.561 Y-211.085 Z97.059 A-65.663 C67.369 ;
N213 GO1 X-31.123 Y-212.235 Z94.503 A-65.014 C57.269 ;
N214 GO1 X-31.129 Y-212.411 Z94.125 A-65.077 C56.979 ;
N215 GO1X-31.134 Y-212.584 Z93.75 A-65.14 C56.695 ;
N216 GO1 X-29.242 Y-212.154 794.632 A-65.109 C57.969 ;

N200 GO1X23.418 Y-185.552 Z142.314 A-57.758 C207.132 ;
N201 GO1X19.595 Y-186.217 Z141.978 A-58.855 C197.118 ;
N202 GO1X15.174 Y-187.389 Z140.922 A-59.987 C187.132 ;
N203 GO1 X10.317 Y-188.977 Z139.169 A-61.112 C177.218 ;
N204 GO1 X5.141 Y-190.886 £2136.762 A-62.199 C167.305 ;
N205 GO1 X-0.161 Y-193.024 Z133.749 A-63.218 C157.468 ;
N206 GO1 X-10.619 Y-197.566 Z126.317 A-64.919 C137.815 ;
N207 GO1 X-19.995 Y-202.086 Z117.533 A-66.059 C117.967 ;
N208 GO1 X-23.965 Y-204.25 Z112.851 A-66.384 C107.826 ;
N209 GO1 X-27.198 Y-206.241 Z108.287 A-66.509 C97.67 ;
N210 GO1 X-29.578 Y-208.013 Z104.065 A-66.422 C87.574 ;
N211 GO1 X-31.057 Y-209.587 £2100.269 A-66.134 C77.458 ;
N212 GO1 X-31.582 Y-210.96 Z97.025 A-65.663 C67.369 ;
N213 GO1 X-31.145 Y-212.111 Z94.468 A-65.014 C57.269 ;
N214 GO1 X-31.151 Y-212.286 £94.091 A-65.077 C56.979 ;
N215 GO1 X-31.157 Y-212.46 293.716 A-65.14 C56.695 ;
N216 GO1 X-29.266 Y-212.03 294.598 A-65.109 C57.969 ;

(c) 9 mm JIHAMEFLF

Figure 7. G code program
7. G RiZIERF

(d) $9.5 mm JJ EAMEFE

(@) ¢B8JIRAMETE

(b) o97IRIMEE (o) ¢9.57I1R+MEIE

d) BRITIEFHE

Figure 8. Comparison of tool virtual cutting results with theoretical results

8. JNREMWYIHIESRSIBILERIE

Table 5. Comparison of actual tool and theoretical tool over-point and max residual value

# 5 ZRTIESERTIABE S B R & AKEBEN

JIE S % (mm) ¢8 $9.5 $10 (FEi)
7 R 4035 2894 1735
i RHR B 5 BE (mm) 0.49 0.33 0.14
Table 6. Comparison of compensation tool and theoretical tool over-point and max residual value
F 6. AMETIESBILTIABE QB RRE AKX BEI
JIR 24 (mm) $8 (FMx) 49 (FME) $9.5 (1Mx) $10 (FHig)
7 R 2790 2027 1735
i RHR B 5 BE (mm) 0.23 0.19 0.14

M 5. 4 6 AT LU R KT B A Mot 22 R B A T RS B R ARG . Horb i KAR B v

FEEAR

1) ARAMEEETS : $8 mm.$p9 mm. §9.5 mm = Fh JJ E [y d K FR B P 5 B8 T HL Bk 43 7 22 4 0.35 mm,
0.24 mm. 0.19 mm; #ZE S¥E5HE b T) M £ 2300, 1639, 1159;
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2) #MEJS: 68 mm. ¢9 mm. ¢9.5 mm = JJE 5 K Fk B i B A S 3 T BARE 3 2 0.09 mm,
0.07 mm. 0.05 mm. 7 S8R 58T AL 2 1055, 462, 292.

SEES R I, AN TR RAT I T B GE ARAME IS AT I A7 22 raisb [ Il K% B v ALtk )
[FII,  TIESEARAMEERRDN, B2 RO R i B (R AR, AR B b A T B VI EIROR .

4.3. 1J]H|sELE

FESEERIITIHIBAE b, N R Sesiad R, DIHISEIE R 1 AR 7] B LS. Ho¢10 mm
BRI TIVEOR B T B ) H AR, 5 B A TR 73 1 66 F 08 mm (M2, LA FH A% 42 7 3600 r/min,
BB e P A 225 010 mm BB HF) ¢10 mm P TR BEAT R BACEE, 23 UCHEAT DT EIIN TS . $10
mm JJR M TZSHIAE 3 Fion, 8 mm JIEFIAMEE I 4 s SRAGHIPAl NC AQRS 73550 % L4t
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Figure 9. Tool error compensation cutting experiment
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Figure 10. Tool radius compensation comparison experiment result
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Figure 11. Blade partial magnification comparison chart
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Table 7. Comparison of tool radius compensation machining measurement data (mm)
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Figure 12. Residual height comparison chart
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