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Deformation control in shape machining of CFRP flexible parts

SU Youliang', LI You, MENG Zhijian , WANG Qingbin , GAO Xuenan , HU Jian
(School of Mechanical Engineering, Ningxia University, Yinchuan 750021, China)

Abstract: The shape machining of carbon fiber reinforced polymer (CFRP) flexible parts is an important process in
manufacturing of high-end aerospace equipment. Reliable clamping of the flexible parts is a prerequisite to control
the deformation and reduce the dimensional deviation in machining. Firstly, the basic conditions for clamping and
friction constraint by theory analysis were given, and a principle of “Following the shape and near the point” for
the sucker distribution based on the cantilever beam theory was proposed. Furthermore, based on the “ISIGHT-
ABAQUS” co-simulation method, the simulation analysis of the deformation of the CFRP flexible part were taken
under different clamping conditions. The research shows that the elastic deformation of the vacuum sucker is easy
to increase the clamping deformation, and the combination of the vacuum and positioning suckers should be used.
When the numbers of the positioning suckers are 8, 12, or 16, and are distributed according to the principle of
“Following the shape and near the point” , the influence of the distribution of the vacuum sucker on the deforma-
tion of the flexible part is negligible. Finally, the machining size deviation when considering the positioning geomet-
ric deviation was analyzed by the simulation and experiment. The trends in simulation and experiment are
consistent with each other, and after the clamping optimization the dimension deviation can be reduced by 57.7 pm
(35%). In summary, the machining dimension deviation caused by the deformation in shape machining of CFRP
flexible parts cannot be ignored, and then the clamping optimization under the proposed principles of “Following
the shape and near the point” and “Combining of positioning and vacuum suckers” can greatly reduce the

dimension deviation caused by the deformation.
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A Vacuum sucker

A Positioning sucker

R,—Reaction force of positioning sucker somewhere; P,—Clamping
force of vacuum sucker somewhere; F,—Tangential force; Fy—Radial
force; F,—Axial force; F;—Friction; F,.—Milling force; G—Gravity of
flexible parts

Pl 1 BREFAEIGIRRINR I A R0 RL (CFRP) et A -7 25 A
Fig.1 Balance schematic diagram of carbon fiber reinforced polymer
(CFRP) flexible part
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CFRP laminate Feed direction F.
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Fig.2 Schematic diagram of milling CFRP laminates

L—Length of cantilever beam; B—Cross-sectional width; H—Cross-
sectional height; G—Milling force; N—Number of composite laminate
layers
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Fig.3 Schematic diagram of composite laminates beam
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F—Equivalent static force
[€l5 CFRP MLl AR

Fig.5 Simulation model of clamping CFRP flexible part
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5 B A RS o g CFRP Z2 4 7F R 24 500 mmix
500 mmx4 mm, HZEF 0.125 mm, LG 322,
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%1 T300/7901 CFRP™ R T Bs#5f: (NBR) ) patA 11 44
Table 1 Material property of T300/7901 CFRP * and nitrile rubber (NBR)™"

CFRP property Value CFRP property Value NBR property Value
E;;/MPa 125 000 Gy3/MPa 3980 Cyo 2.767
E,,/MPa 11 300 1273 0.30 Co 1.439
Ej3/MPa 11 300 U3 0.30 D, 0.014
Glz/MPa 5430 Vo3 0.42

G,3/MPa 5430 p/(g-em™) 1.7

Notes: E—Elastic modulus; G—Shear modulus; v—Poisson's ratio; 1—Direction of fiber; 2—Direction of matrix; 3—Thickness direction of

layer; C,, Cy1, D;—Rivlin coefficient; p—Density.
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Fig.6 Maximum displacement of CFRP flexible parts with different

N

mesh size
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Fig. 7 Displacement difference rate of CFRP flexible parts between the

adjacent mesh size
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U, Magnitude/mm
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(a) Vacuum sucker

U, Magnitude/mm
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(b) Positioning sucker

U—Displacement
8 Eas FE (WAL e CFRP MRS <15
Fig.8 Displacement nephogram of clamping CFRP flexible parts by

vacuum and positioning sucker
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Fig.9 Maximum displacement of CFRP flexible parts under random

distribution of suckers
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SLDPRT file—Solidwords software file formats; IGS file—Abaqus
software readable 3D model file format; INP file, ODB file—Abaqus
software output file format; DOE—Design of experiments

F 10 BA U SRR

Fig. 10 Collaborative simulation experiments
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Table2 Parameters of experimental design

Factor Level
Number of positioning suckers 4 8 12 16
Number of vacuum suckers 4 8
Position distribution of Following the shape and near
positioning suckers the point
Position distributi f L
osition distribution of vacuum - oL ton
suckers

®3 RABBTEMEREFHSNIERATE CFRP FHUB RITERE

Table 3 Displacement and standard deviation of CFRP flexible parts under static force by ideal tooling

Number of positioning Number of vacuum Maximum Standard Minimum Standard
suckers suckers displacement/um deviation displacement/um deviation
4 4 22.430 0.8654 19.240 0.8654
4 8 20.410 0.5899 18.550 0.5899
8 4 14.210 0.2146 13.740 0.2146
8 8 13.950 0.1978 13.590 0.1978
12 4 9.880 0.0036 9.872 0.0036
12 8 9.872 0.0010 9.870 0.0010
16 4 6.650 0.0000 6.650 0.0000
16 8 6.650 0.0000 6.650 0.0000
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Bl 11 CFRP MMM 5280 R 5t
Fig. 11 Experiment system of deformation measurement for CFRP

flexible part

Initial state

After force

12 CREP FRYEMFH =i
Fig. 12 Point cloud of CFRP flexible part by 3D scanning
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5,/, L L4
F—E

1—Leveling base; 2—Bottom support profiles; 3— Connecting frame
profiles; 4—Connection profiles for suckers; 5—Adapters; 6—Sucker
assembly; 7—CFRP laminates; A;—Overall height of the experimental
setup; A,—Installation height of leveling base; A;—Installation height of
the bottom support profile; A,—Height of the bottom support profile
installation position to the upper surface of the connecting frame profile;
As—Installation height of connection profiles for sucker; A;—Adaptor
installation height; A;—Sucker assembly installation height;
6—Cumulative error

13 SCRREE AT N6

Fig. 13 Assembly dimensional chain of experimental system
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Table4 Dimensional deviation in the experimental system

Deviation type Deviation
Misalignment deviation of part 1 (6,) —
Manufacturing deviation of part 2 (6,) +0.3 mm
Manufacturing deviation of part 3 (65) +0.3 mm
Positioning deviation of the device (6,) —
Manufacturing deviation of part 4 (&5) +0.3 mm
Manufacturing deviation of part 5 (&) +0.2 mm

Deviation caused by clamping force (6;) —

Deviation caused by measuring
instruments and methods (6g)

Total deviation (5Y) —

"t 135
.
’ 3
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O g+

5

&5
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Fig. 14 Point cloud of positioning suckers by 3D scanning
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Fig. 15 Relative height of positioning suckers
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Initial state

Deformed

: Local amplification
N: Spindle speed; a,: Radial depth of cut; AX,: Machining errors due
to deformation of CFRP laminate under equivalent static forces on
the upper surface; AX,: Machining errors due to deformation of CFRP
laminate under equivalent static forces on the lower surface; L*}:
Cantilever length and error; L, L33, L*A3 : Different errors at the

same cantilever length L under equivalent static force; L% Average
error at equal cantilever length L under equivalent static force

€16 CFRP LA RO fii 2 7m &
Fig. 16 Dimensional deviation of CFRP flexible part
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(b) 16g8r
K17 AAPIRAT CFRP ML R K
Fig. 17 Deformation nephogram of CFRP flexible parts

under free state condition

FHAR T2 T SR AN [ 28 e Ty 58 Bsf 1) 28 1k A or
BunE 18w, fFESWEWKIERT,
CFRP ZE M 14 rp [H] 38 457 T B A X, H 1Ak e
KO E/NT 150 um, {FEZEREH, ARRE.
HAH TRORET AE . WM 5REMZIEE/NT
1.5 um, HPBEH WAL, AT LW I1E
MR ET—8, mE 19 R, EHT “pE
B e o3 A 2 e 1 5 B
4.2 EREMNLMARERNOEEEMITHME

FEARAT S0 8 56 P 8 A D 25 1m0 3 25 0080 1 3
fili b, 5 BB T D00 T B 0 dn B B
ATESEROI IE R N A SO, aniEl 20 Fios .
5 JEOE 0 25 B A ALY AR R B SR AL i
F T 2024 um, AU, SEBRE A IR 2E Y5 IR 25
2 o M W B A W AR A ol 12,8,
Sy AT AN E 20 BY R B, R MR B B R AL RS /N &2
189.5 pm, Bifi 75 W LB RS N, AL E A LS
/N 187.4 um, e KFEIE A 15.0 pum(iT 10%).

6 UF 52 58 v 22 MR 0 0 B8 431 pum 98/ F)



T J2 55 . CFRP ZEME AR IR i 12w i A48 B 42 361 - 1187 -
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Fig. 18 Displacement nephogram of CFRP flexible parts
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Fig. 19 Maximum displacement variation of CFRP flexible parts

under different tooling conditions
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Fig. 21 Maximum displacement of CFRP flexible parts by different

clamping conditions
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