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Abstract: Ti-48A1-2Cr-2Nb  (TiAl-4822) materials fabricated via electron beam melting (EBM) additive manufacturing
exhibit pronounced variations in fatigue life under complex service conditions, which affects their engineering reliability.
To this end, on the basis of fatigue test data consisting of 103 EBM-fabricated TiAl-4822 samples, a high-accuracy fatigue
life prediction model (overall error <20%) was developed by combining data augmentation techniques (SMOTE, SMOGN)
with machine learning methods (hierarchical neural network, abbreviated as HNN, and Huber regression). The model first

employs SMOTE to balance and argument the dataset and then integrates an HNN classifier to determine whether a sample
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would pass the fatigue test, achieving a classification accuracy of 80%. For the samples that failed the fatigue test, SMOGN

was applied for data augmentation, and a two-stage model combining Huber regression with the HNN was used for fatigue

life prediction, leading to an R* of 0.81 and a mean absolute percentage error of 7.3%. SHAP analysis based on this model

indicates that frequency, maximum stress, temperature, and stress amplitude are the primary influencing factors. A fatigue

life prediction approach suitable for small-sample scenarios of EBM TiAl-4822 under service conditions is finally

established.

Key words: TiAl alloy; electron beam melting; fatigue life; data augmentation; machine learning; hierarchical neural

network; Huber regression
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Fig.1 Schematic of vertically built TiAl-4822 parts fabricated by
EBM!
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Fig.2 Schematic of the developed ML-based fatigue life prediction model for the EBM-fabricated TiA1-4822 parts
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Fig.3 Structure of the HNN model used to classify the EBM-fabricated TiAl-4822 samples
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4 EBM ffil # TiAl-4822 £ A 1y 256 1T 5 95 55 7 A 43 A1 « (a) AN ]Il B — 35 K 1 — 350538 (G RE AR 43 A1, 3060 38 7R 5138 5 (b) 9%
55 FE A X RO S 103 AR R R 57 1 48 (AL ()l K 55 AL ()
Fig.4 Distribution of fatigue life for EBM-fabricated TiAl-4822 samples: (a) sample distribution under different temperature-maximum
stress-frequency conditions, with frequency indicated by color; (b) log(/V) distribution, including 103 samples in total. Among these, 48
samples (red) failed the fatigue test, and 55 samples (blue) passed the test

5 2 A 50 55 754 log(IV) =2 ] F) B IR b £ 1R A
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Fig.5 Pearson correlation matrix between the main input
variables and the fatigue life log(/V)
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I§ 6 TiAl-4822 XA 8 1 /AR 38 2 Db A7) 3 B AR I (a) AN ) die R J7 DX 18] 5 (b)) AS [ it B2
Fig.6 Stacked bar chart of pass/fail proportions for TiAl-4822 samples: (a) under different maximum stresses; (b) at different test
temperatures
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Stress amplitude=Max stressx lgR (18)

Mean stress=Max stressx IER (19)
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Fig.7 PFI analysis of all the input variables
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Tab.2 KS test results of the SMOTE-generated samples
versus the original samples for each feature

Features KS test P-values Results
Max stress 0.35 Pass
Temperature 0.39 Pass
Frequency 0.98 Pass
Source 0.71 Pass
Stress amplitude 0.34 Pass
Mean stress 0.35 Pass

Note: p>0.05 indicates passing, showing high distributional consistency

between augmented and original data

F2 4R WIR, A RRAE KS K58 p HI K
F 0.05, )38 5 43 A — EOMERS 56 X F B SMOTE 1
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Fig.8 ¢-SNE visualization comparing the distributions of the
original samples (blue) and SMOTE-generated samples (red)
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R3 BHBFRF I EXKBERIAFEARFMSMOTES 32 # 74K
THYSHT 3 XA IE A Xt b
Tab.3 Comparison of 5—fold cross—validation accuracies

for different machine learning classification models on the
original and SMOTE-augmented datasets

Accuracy (acquired through 5-fold CV)

Machine learning models ~ Original data SMOTE-augmented data

(103 samples) (158 samples)

Logistic regression 0.66
Random forest 0.69 0.73

Support vector machine 0.68
Artificial neural network 0.70 0.76
Hierarchical neural network 0.71 0.80
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Fig.9 Confusion matrix of the HNN model with 5-fold
cross-validation on the SMOTE-augmented dataset
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Fig.10 Using SHAP to explain the prediction model: (a) bar plot of the mean SHAP values for each input feature, illustrating the
overall contribution of each variable to the model output; (b) SHAP summary plot visualizing the marginal effect of each feature at
different values on individual predictions
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Tab.4 KS tests between SMOGN-augmented and original
data with all features p>0.05

Features KS test P-values Results
Max stress 0.96 Pass
Temperature 0.63 Pass
Frequency 1.00 Pass
Source 1.00 Pass
Stress amplitude 0.91 Pass
Mean stress 0.96 Pass

P& 11 ¢-SNE R 2t v] A% e Bl 4F 55 oh B IR A AR (B 1) 5
SMOGN 1 53 FE A (£ () 1Y 43 A1 — Bk
Fig.11 ¢-SNE visualization comparing the distributions of the
original samples (blue) and SMOGN-generated samples (red) for
regression modelling
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Tab.5 Comparison of 5—fold cross—validation performance

of different regression models on the original dataset (46
samples) and SMOGN-augmented dataset (166 samples)

Original data SMOGN-augmented
Machine learning models (46 samples) data (166 samples)
R? MAPE/% R? MAPE/%
Linear regression 0.12 89.09
Random forest 0.34 19.89 0.54 13.88
Gaussian process
) 0.06 95.56
regression
Huber regression 0.31 18.84 0.53 14.56
HNN 0.03 26.56
Huber regression+RF 0.44 16.60 0.79 7.4
Huber regression+HNN  0.50 15.70 0.81 7.3
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Fig.12 Comparison between true and predicted fatigue life
values for Huber regression with the HNN model on the
SMOGN-augmented dataset
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Fig.13 Bar plot of the mean absolute SHAP values for each
input feature in the second-stage HNN residual regression model

24 HRWREFHRME
DR — 25 TR JIT 42 £ 7 3k 14 B A S A S B
TREN RO E, A BRI S R AT

https://www.cnki.net

JER AN AR BT R T AR N TR
SC R SR R DA K T 1 JR BRI A O T R T, R
SR A S A 5% AR R R RS

241 TEBEXSFEER

(WG B —HLA8 > BRI (A BEML AR AR | 35
Tia] 15 HL RN Y R Ah 28 W 26 ) 7E EBM TiAl-4822 & 41
ANFEARB B 1 R PR, X LA S T AR R 1Y) il
DA JE X BN TR R G S A B etk w5 it
P U SR | 9% 55 75 am 43 A0 6 SE BRI 2 0 ) 2
A AN 347 i e R R A M A A X K — AR A, AR ST
it SMOTE 5 SMOGN %4 3 s e AR A 24 J'e 7
YIZREGAE | (AR AE /N AS R St X [R] 4 351 )
PEBE 4R T R A R i TR X IR A A B
TR AR 2T 1 TR T B8 7 ik — SR | JE Ak
P TR 9% 57 75 P00 S e v, I R i) ek TR ™
B B 33 5k SR W, I3 i MMID KS | 1-SNE % Z Fh 4t
TH5 AL T 1 7 R G 0 50 3 i ) S B, DA
PRITOIN 25 S B m 5 kG b B pR 08 2k LR B0
B TREDLOR

Q)R FE 3 A e )3 5 HNN 414 1)
TR BRI, RIS T 0 TR S A
WL, SRR G G P SRS REIR PR (A2 Rk
AHFD o2 AR 23 A ) AW Bk B (s L R I8 5 BB
WIS AFAE B0 55 8Os v S R R A A
1o BE BB O, A% gt B/ 3 [ A i — b 22 1)
28 TR A A BB, Ty 2 AW v (L T I TS R 2K L
e e 1m0 U 3 3 AR 3k 1Y) 0 Be i 2 R B (/N 25 8
HHk 22 48 P T ) BE 0% AR 4 s v sk ) AT, 3% TR+ Sk
95 57 B T S (B e e R e A RS [l A Y [m]
U9 B RE % B Ak 25 i A AR Bt (U R N g i
JE WA X 97 75 A I 2k B DTk, 1 R A BE AT
fif BT T S BR G T2 BT A% 57 75 i 4 ) HAT 1Y
R HT T AR S0,

FE UL LBl [ HNN 4549 58— 20 $2 7 T B 7Y
WAL 2 e 5 TRz AL, A1 LT 1% G0t
24 ) 4% A5 1 ] B 1 T BT A AR o R AT G 25 0] 1 4 i
HedE S HNN F R AS & 00 9 B MR TR Sk
17 BB o LR 43 22, 38 3 AN [R] 2 0 R AIE B2 RN
A, T A RS ME LR G T TiAL4822 A4 A
Ze AR MR S5 AT R, X AR Y G5 R AN AR AR T A
AR g 22 [R] R BE A DG (AN fe R ) I ) R
WE 2 D) 2L M) 1 AR R ETRVE 5 R R R R
AU, A Ay A5 78 g e B P AL T 45 A Ak 1 SR il
il F 5% 2 BB A5 TR A o BT R B i A% i () 38 AR FH Y
WAEHL .



SRl ES PRI

- 1174 - FOUNDRY TECHNOLOGY

Vol.46 No.12
Dec. 2025

(3)iE 1L SHAP FFAFE 5 24 73 B W #4875, Jin 2%
AR Fe RN T S AR e AR R TR v i ¢ k4
FESAER, WA AR AR A i A28 0 7E AR
LB IE S R R R A i AR TR, X4
55 9% 55 BRS F DAAEER AR A 4 9% 55 F 5% v o ] 1)
=-S5 Pp Rl 800, 5 B — 3%, Rk, J5 22 EBM il 4%
TiAl-4822 4 4 IR S5 R BE T R 55 1k BB A Ak, I 4R
SR AR A N S 2 Oy SRS e, ok
F A3 25 3 o BN ) R S TR 51 T A R 1 % 57 6 47
Y

AR T AT 300 Al g oF U A 5T, AR SR TE S
M LA Bl B A B s B 4 S A I TR T, S
BT ORI LA PR RE . 4N, Abiria SF P
Basquin/Paris EHHRARIZMYS, FEHIFTAI-Mg-4.5Mn
5 Ti-6Al-4V £ 4 I BLL 23% % FR - 35 46 X6 E 43
Feid 22, H 90%Til % fir SR A 2 £ K 1 A
M5 Liu 45 250 i B BE 48 4R AE A = TALS B4
N 3 — 75 i HE 2 0] 5 A 7Y 5 Song A5 B A A AR AR
XiFBe I 4% 1 i B Al | A% 57 A B0 Pl R 4R
29 0.05, %2 TR 2% AL Z T AR SCHE ) SMOTE/
SMOGN %4l 35 45 & Fafdt 1719 5 HNN 2244, 76/
FEAS i AR Gty 55 d AT v [ AR SR R AR S M e Gl
1/ T 3 3 2R R 0.80 , A i BE AR 7 iy T
R*=0.81,MAPE=7.3%), ik | A )5 ikAE K 2 T80
NS BRIz N
242 Tk R R E

JSE AR S 2 L Y AR AR AT T R AR A5 R
(7 2L HEH R8BI 80% , A1 U3 T R? 345 % 0.81,
MAPE=7.3%), Ff7E/IMEA T rp 22 B0 A 5 09 T
i FE  (HAR SR AFAE — L8 Ry FR VAR AL

(D& Ry BRAE A0 B 140k 3 50 50 %8 3R 58
A A AR EREAS ) R M BR TR R
JEE R B A 2% 1) LS IR AR O B Can 2 Tl s IR B
Tl I A AR AR B AR R E MR
B ERCOR B 0 i 7 1 W S R T X — IRl (H AN
e 78 2B E L 2B R . R R A 5T Hh iz AR
e e B SR AR SR IR RN R A SR Tz v, DAE—
A v AR 1 S B L FH RNz Ak e

QBRI R BRME A SCR 9 s 3K 3 o7
T AR ALE TOUIORS B Nz AP e O i R B SR (H
W AR 5 TiAI-4822 & 4 % 57 4t 15 HL 38 (i S 2
ey A ML A B B AT O A A A AL D) A
PR, RS R AR M AN HNN &5 4 $2 418 145780 n]
fift BEME ARAOR B T 4o i 2 i T fi B B
FLE LB S ) LR — e B e SR ST

https://www.cnki.net

Sl 25 G T TR 0 98 55 50 3 388 RN RO 4 207 B
TEE A6 AL B A SO - R S
9K B LAY

Q) TR M SR BRPE SRR 9 T A% N H] PR 5
W AR 32 B R IR A SR AR S R
MRpe it s RARE R R AL AR, X 26 K 2 A 2 W]
PRI PT RE R B AR T 1) B ) Yk IR L, AR AT
FETHF K B FAE JSE T AR N AT, Ta5A 2=
I B UE A AT SR o3BT, 1E— 2 B R AR TR A BT AT 4
IS5 T 0 TR0 340 8 S A A L

25 TR ASHESE B0 56 UE T A 1 0 S R fgk
[B] )5 ~HNN 41 4 #4278 EBM 34 44 il & TiA1-4822
BP0 A AT 55 h i PR3 S5 T AT, SR T
B BSR4 ) A B A B S
T X S B T AR T B R ANME, TR B R N T
PE B PLEERD TR N 2 A R B X R
A S B I B T K R ) R B G T (1 5%
Jin) i

3 #Hit

(D)BE X5 9% 95 75 4w 43 5 AE 55 (LA 107 TR ER A ),
ASCHE ) SMOTE #5408 3 55 5 HNN 43 2 4514 241
BRI R T TR Rz AR T, TR R ARG AR
15 3T A8 U IR AERA FE IR B 80% , SL I 1OKS #E T
RS R ET0E

(2) A8 3 3 55 IR A A [ 05 F0) v ) AR S
VT I Y AR AE 48 (R [T )9 25 & HINN 4% 22 4%
)M il 1t SMOGN %l b ot it — 2B 42 71 17
BRI AT R? 345 F] 0.81,MAPE ik &
7.3% FLAAEAS TIN5 22 K53 (29 87%)0i T£20%
DX R P, 2 B 7R EL A 1 S 1) TR 3 R

(3)SHAP HJ fift Bt ot s 4 Hh | 0 %
KN J) i BE DA B N 77 i J2 5 ) TiAL-4822 9% 57 77
A TOIORG B () R R R R T R Se Rk T
DAk B A% 2% A i f B 6 1

g5 b AN TR IR S ) EBMTiAL-4822
B A NG BE 9% 55 75 A OB i, R ) v R R
FIEE PR DEAG 55 98 55 M BE U0 Ak B AL T 1 S 1% B4 20 A
TE RN Ty A S R A A A T vk T BN
ZREPE THOULPIL B RS R TR VR M 45 07 T AT AT ek

LT

SE 3k
[1] LIN B C, CHEN W, YANG Y, WU F, LI Z Q. Anisotropy of
microstructure and tensile properties of Ti-48 Al-2Cr-2Nb fabricated



(BEERARY2/2025 HEE, % . EFHREEBENELINEFRELIBHHE TIAIS2 A ESEGSBERUM <1175

(2]

(3]

[4]

(5]

[6]

(7]

(8]

(9]

[11]

[13]

[14]

SRl ES PRI

by electron beam melting [J]. Journal of Alloys and Compounds,
2020, 830: 154684.

LIN B C, CHEN W. Mechanical properties of TiAl fabricated by
electron beam melting - A review[J]. China Foundry, 2021,18(4):
307-316.

USATEGUI L, LOPEZ-FERRENO I, ECHANIZ T, SAINZ-MEN-
CHON M, MUSI M, CLEMENS H, LOPEZ G A. Emissivity
measurements conducted on intermetallic y-TiAl-based alloys for
aeronautical applications [J]. Journal of Materials Research and
Technology, 2023, 27: 3170-3179.

CAKMAK E,NANDWANA P, SHIN D, YAMAMOTO Y, GUSSEV
M N, SEN I, HAZAR SEREN M, WATKINS T R, HAYNES J A.
A comprehensive study on the fabrication and characterization of
Ti-48Al-2Cr-2Nb preforms manufactured using electron beam
melting[J]. Materialia, 2019, 6: 100284.

YOUN S J, KIM Y K, KIM H S, LEE K A. Improvement in the
high temperature mechanical properties of additively manufactured
Ti-48 Al-2Cr-2Nb alloy using heat treatment[J]. Intermetallics, 2023,
153: 107784.

WARTBICHLER R, CLEMENS H, MAYER S, GHIBAUDO C,
RIZZA G, GALATI M, LULIANO L, BIAMINO S, UGUES D. On
the formation mechanism of banded microstructures in electron
beam melted Ti-48A1-2Cr-2Nb and the design of heat treatments
as remedial action[J]. Advanced Engineering Materials, 2021, 23
(12):2101199.

CHERN A H, NANDWANA P, YUAN T, KIRKA M M, DEHOFF
R R, LIAW P K, DUTY C E. A review on the fatigue behavior of
Ti-6Al-4V fabricated by electron beam melting additive manufac-
turing[J]. International Journal of Fatigue, 2019, 119: 173-184.
MURAKAMIY, TAKAGI T, WADA K, MATSUNAGA H. Essential
structure of S-N curve: Prediction of fatigue life and fatigue limit
of defective materials and nature of scatter[J]. International Journal
of Fatigue, 2021, 146: 106138.

SHIT, SUNJY, LIJH, QIAN G A, HONG Y S. Machine learning
based very-high-cycle fatigue life prediction of AlSilOMg alloy
fabricated by selective laser melting [J]. International Journal of
Fatigue, 2023, 171: 107585.

TANG W, TANG Z M, LU W J, WANG S, YI M. Modeling and
prediction of fatigue properties of additively manufactured metals
[J]. Acta Mechanica Solida Sinica, 2023, 36(2): 181-213.

ZHOU W L, SHEN C, WANG L, LI Y, ZHANG T, XIN J W,
DING Y H, ZHANG D Q ZHANG Y L, LI F, HUA X
High-temperature tensile and fatigue properties of Ti-48Al-2Cr-2Nb
alloy additively manufactured via twin-wire directed energy
deposition-arc[J]. Intermetallics, 2025, 184: 109933.

HOUSER E, SHASHAANI S,HARRYSSON O, JEON'Y. Predicting
additive manufacturing defects with robust feature selection for
imbalanced data[J]. IISE Transactions, 2024, 56(9): 1001-1019.
LIU J, YE J F, IZQUIERDO D S, VINEL A, SHAMSAEI N,
SHAO S. A review of machine learning techniques for process and
performance optimization in laser beam powder bed fusion
additive manufacturing [J]. Journal of Intelligent Manufacturing,
2023, 34: 3249-3275.

POUDEL A, YASIN M S, YE ] F, LIU J, VINEL A, SHAO S,

https://www.cnki.net

[15]

SHAMSAEI N. Feature-based volumetric defect classification in
metal additive manufacturing [J]. Nature Communications, 2022,
13:6369.

ZHAN Z X, LI H. Machine learning based fatigue life prediction
with effects of additive manufacturing process parameters for printed
SS 316L[J]. International Journal of Fatigue, 2021, 142: 105941.

[16] ZHANG M, SUN C N, ZHANG X, GOH P C, WEI J, HARDACRE

[17]

D, LI H. High cycle fatigue life prediction of laser additive
manufactured stainless steel: A machine learning approach [J].
International Journal of Fatigue, 2019, 128: 105194.

BAO Y. Hopfield neural networks: A updated approach for using
associative memory to improve matrices [D]. Auburn: Auburn

University, 2024.

[18] PROCHAZKA R, DZUGAN J,KONOPIK P. Fatigue limit evaluation

[19]

[20]

of structure materials based on thermographic analysis[J]. Procedia
Structural Integrity, 2017, 7: 315-320.

DASARI S K, CHEDDAD A, PALMQUIST J, LUNDBERG L.
Clustering-based adaptive data augmentation for class-imbalance
in machine learning (CADA): Additive manufacturing use case[J].
Neural Computing and Applications, 2025, 37(2): 597-610.
GRETTON A, BORGWARDT K M, RASCH M J, SCHOLKOPF
B, SMOLA A. A kernel two-sample test[J]. The Journal of Machine
Learning Research, 2012, 13: 723-773.

[21] BATURYNSKA I, MARTINSEN K. Prediction of geometry deviat-

[22]

ions in additive manufactured parts: Comparison of linear regression
with machine learning algorithms[J]. Journal of Intelligent Manufa-
cturing, 2021, 32: 179-200.

BAO Y D, GAILLARD P. Summarizing some conventional
methods to classify a binary target[A]. Proceedings of SESUG 2019
Conference[C]. Williamsburg: SESUG. 2019.

[23] BAOY D, HUANG I, L1 Q, ZHANG Z, XING Y, HOUDF, YE J

[24]

[25]

[26]

[27]

F. A framework for modeling county-level COVID-19 transmission
[J]. Frontiers in Public Health, 2025, 13: 1608360.

YE J F, POUDEL A, LIU J, VINEL A, SILVA D, SHAO S,
SHAMSAEI N. Machine learning augmented X-ray computed
tomography features for volumetric defect classification in laser
beam powder bed fusion[J]. The International Journal of Advanced
Manufacturing Technology, 2023, 126: 3093-3107.

BASTENAIRE F A. New method for the statistical evaluation of
constant stress amplitude fatigue-test results [M]//HELLER R A.
Probabilistic aspects of fatigue. West Conshohocken: ASTM
International, 1972: 26.

AKIBA T, SANO S, YANASE T, OHTA T, KOYAMA M. Optuna:
A next-generation hyperparameter optimization framework [A].
KDD '19: Proceedings of the 25th ACM SIGKDD International
Conference on Knowledge Discovery & Data Mining[C]. Anchorage:
Association for Computing Machinery, 2019. 2623-2631.

CHICCO D, WARRENS M J, JURMAN G. The coefficient of
determination R-squared is more informative than SMAPE, MAE,
MAPE, MSE and RMSE in regression analysis evaluation[J]. PeerJ
Computer Science, 2021, 7: €623.

[28] ABIRIA I, WANG C, ZHANG Q C, LIU C M, JIN X. High-cycle

and very-high-cycle fatigue life prediction in additive manufacturing

using hybrid physics-informed neural networks [J]. Engineering



Vol.46 No.12

- 1176 - FOUNDRY TECHNOLOGY Dec. 2025
Fracture Mechanics, 2025, 319: 111026. [30] SONG Z X, PENGJ L, ZHU L N, DENG C Y, ZHAO Y Y, GUO
[29] LIU Y, GAO X X, ZHU S Y, HE Y H, XU W. Fatigue life Q Y, ZHU A R. High-cycle fatigue life prediction of additive
prediction of selective laser melted titanium alloy based on a manufacturing Inconel 718 alloy via machine learning[J]. Materials,
machine learning approach [J]. Engineering Fracture Mechanics, 2025, 18(11): 2604.
2025, 314: 110676. (%ﬂ{gﬁiﬁ . 'E’j(jﬁ,j)

hEIM  https://www.cnki.net



