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Prediction method for machining deformation of titanium alloy thin-walled
parts based on variable-fidelity surrogate models
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Abstract: Thin-walled parts are prone to large machining deformation during milling, which compromises machining quality.
Conventional studies are mostly limited to fixed tool-workpiece combinations and rely on simulations or experiments to build single-fidelity
surrogate models, which are time-consuming and poor in generalization. To address these issues, this paper proposes a variable-fidelity
surrogate modeling method for efficient prediction of machining deformation of thin-walled parts under varying tool conditions. First,
finite element simulations are performed to obtain deformation data for a source tool under sufficient milling parameter combinations. A
cosine similarity criterion is then applied to select a small set of representative parameter combinations for a target tool and compute the
corresponding deformation values. Subsequently, affine transformation together with target-domain data is used to update the source-
domain deformation data, reducing the distribution discrepancy between the two domains. Finally, the updated source-domain data and
the limited target-domain data serve as low— and high-fidelity information, respectively, which are fused via a collaborative Kriging
(Co-Kriging) model to establish a prediction model for machining deformation of thin-walled parts in the target domain with milling
parameters as inputs. Experiments are conducted on L-shaped TC4 titanium alloy thin-walled parts using two end mills with different
helix angles. Results show that at a labeled sample ratio of 0. 4, the proposed method achieves an average mean absolute percentage error

of 8.94% , lower than 10.69% obtained by the model using only the labeled target data. Moreover, the prediction accuracy of the
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proposed model is superior to that of the comparison models based on random selection, without affine transformation, or using transfer

learning, demonstrating that the proposed method ensures prediction accuracy while significantly reducing the required sample size for a

new tool. This work provides an efficient modeling tool for deformation control of thin-walled structures under varying milling conditions.

Keywords : milling deformation; finite element simulation; titanium alloy thin-walled parts; variable-fidelity modeling
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Fig. 1 Schematic diagram of down milling and deformation of

an L-shaped thin-walled workpiece
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Fig.2  Tool-workpiece geometric model and simulated distribution of deformation at sampling points
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Table 2 J-C shear failure parameters for TC4 titanium alloy
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Table 4 Parameter information for different end mills

TNHEKEE,  TIRRE

B g/ e
yij A%/ mm g . f/(%) W%k
T, 10 A 4 75 35 4
T, 10 T A 4 75 45 4

x5 BHISHTAXE

Table 5 Variation range of milling parameters

TS ZHGE o
TR 0/ (remin') 2 100~5 100 300
VIR E0 a,/mm 0.4~2.0 0.2
VIHIREE a,/mm 3.0~8.0 0.2
BN R £,/ (mm-2"") 0.02~0.15 0.01

TE T, JJESMTR T3 6 h iy 64 ABeHI S50, A
FHAT BRCH M ABAQUS 57 JT Ho— T3 s #4158 |
UG THERE ARBE I Tad B 05 B3, B 4 4y SR
TRYIA JEb Y1 3 AR 200 T B
FE(AH AR —HBEH S HON 6] LU Y R P
BRI s AR, W R B A AR T s /N, RIS 7 i
INTRMBEER 5 FTRE) 9 AN RFE &S, SEE A5 H
LT ARSI TAS Y &, DA RSk B e 45 D, =
{D,,D,,,D,,~-, Dy, Dy} D, A i MFRFXS
NI 64 A YTEI T S TAS I &

TEEL 6 Jrs iy sr A0m Aty VM702S _EJF & TC4
R S5, SR F LB 7 2 LAk /s 0 L i kAR X6t i



298 %A R F¥ M 47 %

K6 HHISHIBRAR

Table 6 Experimental design of milling parameters

G e
a/(remin) e /mma/mm £/ (mmer ) W/ (emin) a/mma/mm £/ (mmer )
1 2 100 1.2 3.6 0.08 33 3 600 1.4 4.4 0.09
2 2 100 0.4 4.0 0.07 34 3 600 1.8 4.8 0.12
3 2 100 0.8 4.8 0.07 35 3 600 2.0 6.0 0.09
4 2 100 1.8 5.6 0.13 36 3 600 1.8 6.4 0.07
5 2 100 1.0 6.4 0.05 37 3 600 0.4 7.2 0.09
6 2 100 1.6 6.8 0.10 38 3900 0.8 4.4 0.13
7 2 400 1.0 4.0 0.12 39 3900 1.8 5.6 0. 08
8 2 400 0.8 4.4 0.08 40 3 900 1.0 6.0 0.03
9 2 400 0.8 4.8 0.04 41 3900 1.2 6.0 0. 06
10 2 400 1.4 5.6 0.11 42 3900 1.0 6.4 0.09
11 2 400 1.6 6.8 0.10 43 3900 0.6 7.6 0.02
12 2 400 1.6 7.6 0.04 44 4 200 0.6 3.2 0.09
13 2 700 0.6 3.6 0.11 45 4 200 0.6 3.2 0.02
14 2 700 1.2 5.0 0.15 46 4 200 1.2 3.6 0.07
15 2 700 1.4 6.0 0.13 47 4 200 0.4 5.2 0.13
16 2 700 1.0 6.4 0.15 48 4 200 1.6 7.6 0. 05
17 2 700 0.6 6.8 0. 14 49 4 200 1.0 8.0 0.12
18 2 700 0.8 7.6 0.07 50 4 500 1.2 3.2 0.05
19 3 000 1.4 3.2 0. 08 51 4 500 1.6 4.0 0.14
20 3 000 1.4 4.0 0.04 52 4 500 2.0 4.4 0.03
21 3 000 1.2 4.8 0.15 53 4 500 1.4 7.2 0.13
22 3 000 1.8 5.6 0. 05 54 4 500 1.8 7.2 0. 06
23 3 000 1.0 6.8 0.14 55 4 500 1.6 8.0 0.11
24 3 000 1.0 7.2 0.05 56 4 800 0.8 3.2 0.10
25 3 300 0.4 3.6 0.13 57 4 800 1.8 4.4 0.03
26 3 300 0.6 4.0 0. 06 58 4 800 0.8 5.2 0. 08
27 3300 0.8 4.8 0.11 59 4 800 2.0 6.0 0.02
28 3 300 1.2 4.8 0.11 60 4 800 1.4 6.8 0. 05
29 3 300 0.6 5.2 0.10 61 4 800 2.0 8.0 0.02
30 3300 1.2 6.4 0. 14 62 5100 1.6 3.0 0.04
31 3300 1.4 7.6 0.14 63 5 100 1.6 5.2 0.12
32 3 600 0.6 3.6 0.02 64 5 100 1.8 7.2 0.02

TR, TZESEOE T . R 4 200 v/ min, )
HIIFEE 0. 6 mm, PIHIEE 3. 2 mm, FEA5 455 0. 09 mm/z.,
INT5E R, RAE 6 H i) = AR Hl. CROMA686 3k
B9 A SRAE AN T AR T i , 0 i 2R 48 HAT Sk 4
S RS M, 16 T R R X *%mi E AL 11

JUfTi i, BB R

1) T A RE 2RI T T e B [ R T

V6 LG — AR AR AR R T AR 3
9 AR LI = HE AR

2) BEHIANTT S R A R R e TR — e He, LAAH
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Hr#/mm AL /mm EEP — — R /mm
7.634x10°) 2.038x10°% . 8.091x10°
2186107} 54445107 3451%107%
5.136x10° 2.147x10° 1.190x1073
8.086x107 4.239<107 5.830%107
1.104x107 6.33210° 1.047%10?
1:399x107 8.424x10° 1.511x107
1.693%107 1.052x107 1:975%102
i s H:
2578%10 1:679%10% 3367x103
i e e
3.463x10° 2.307x10? 4.759x107
(a) TI ALY NI T2 0 2 2 (b) TV B TAF AT H o (c) VLY T2 T <

(a) Simulation contour map of workpiece
deformation during tool entry

K4 HEECEBERI T

(b) Simulation contour map of workpiece
deformation when the tool at the center position

TR T AR 5 =

(c) Simulation contour map of workpiece
deformation during tool exit

Fig. 4 Simulated deformation contour of thin-walled workpiece in milling process

K5 JEBECE N T2 i TASTE BRAE AT A
Fig.5 Distribution of deformation sampling points on the

machined surface of a thin-walled workpiece

6 SrAUn TG AU T AR I e

Fig. 6 Vertical machining center and machining

deformation measurement equipment
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Fig.7 Comparison of experimental and simulated machining

deformation at various measurement points
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Fig. 8 Average MAPE across sampling points for each

prediction model under different labeled ratios
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Fig. 9 Average MAPE of each prediction model on the

target tool at different labeling ratios
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