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Effects of build direction on mechanical properties and fatigue behavior
of additively manufactured TC4 titanium alloy

WANG Yuxin, MA Tianhao, YANG Qiaofa, ZHOU Changyu*

(School of Mechanical and Power Engineering, Nanjing Tech University, Nanjing 211816, Jiangsu, China)

Abstract: This paper systematically investigates the tensile and uniaxial fatigue behaviors of TC4 titani-
um alloy, by laser powder bed fusion (L-PBF), with three building directions (0°, 12°, 16°) under room
temperature. Tensile test results indicate that specimens built along 16° direction exhibit the best ductil-
ity at high strain rates. Small building direction variations significantly influence the mechanical proper-
ties of L-PBF TC4. A modified Hollomon model is proposed, to effectively integrate the effects of dif-
ferent building directions and strain rates on tensile behavior. This model demonstrates superior predict-
ive capability compared to the Johnson-Cook (JC) model, accurately characterizing the tensile mechan-
ical response of L-PBF TC4. Fatigue test results reveal that under higher applied strain amplitudes
(0.8%, 1.0%), the specimens experience transient initial cyclic hardening followed by typical softening
characteristics. In contrast, under lower applied strain amplitudes (0.4%, 0.6%), the initial hardening
stage is absent, and the specimens directly enter a stable cyclic stage before rapid failure. Finally, a hy-
brid physics and data-driven VAE-ANN model is developed. All fatigue life predictions fall within
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the 2 times error band, accurately predicting the fatigue life of L-PBF TC4 under different building

directions.

Key words: TC4 titanium alloy; laser powder bed fusion; tensile mechanical properties; uniaxial fa-

tigue; life prediction
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Fig. 1 Specimen preparation and testing
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Table 1 Tensile test programs

Specimen No. Building direction/(°) Strain rate/s '
T1 0 5x107°
T3 12 5x107°
T5 16 5x10°
T2 0 5x10°°
T4 12 5%107°
T6 16 5x10°°
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Table 2 Strain-controlled uniaxial fatigue test programs

Specimen No. Building direction/(°) Strain amplitude/% N /Cycle

Al 0 0.4 11421
A2 0 0.6 2 801
A3 0 0.8 2069
A4 0 1.0 910

A5 12 0.4 8794
A6 12 0.6 3933
A7 12 0.8 1 546
A8 12 1.0 909

A9 16 0.4 9975
Al10 16 0.6 4077
All 16 0.8 2140
Al2 16 1.0 940
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Fig.3 Engineering and true stress-strain curves
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Table 3 Fitting parameters of different constitutive models

Constitutive model Specimen No. A njc C K n,
T1, T2 892.7 1307.9 0.2751 0.003 4
JC T3, T4 748.9 15529 0.282 4 0.0059
T5,T6 889.2 1430.9 0.3343 0.008 7
Tl 1684.3 0.062 6
T2 1581.7 0.048
T3 1721.1 0.082 8
Hollomon
T4 1735.1 0.08
TS 1547.9 0.059 5
T6 1581.6 0.054
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Fig. 4 Comparison between JC model predictions and experimental data
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Fig. 6 Evolution of cyclic stress amplitude with different build directions
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Table 4 The input features

Uniaxial fatigue test parameters

L—PBF parameters

Loading strain . Min. response stress amplitude of Building
amplitude/% Max. response stress amplitude of A1~A12/MPa Al~Al12/MPa direction/(°)
—220,-375,—-883,-938,-352,-599,-479,
0.4,0.6,0.8, 1.0 473,884,839,889,579,604,1002,909,472,740,871,879 —920.-288-533~727965 0,12,16
, T TEEEEEEEEES ~ N
/ ‘ \
Fatigue life \  Evaluation of
|
I
VAE | ! .
Original | Augmented I ANN model Optuna Evaluation |
dataset dataset I il optimizer of loss :
1 :
Evaluation |
Training _|. Configuration of R, AARE, | |
set ' i RMSE, |
! MAE,SD |
|
I LOOCV |
I 0.08 [VAE-ANN model loss curvel |
1 ¥ 20.06 - |
1 Evaluation of Ef !
I R*, AARE 2 — Training loss 1
—0.02 --- Validation loss |
I\ or I
\ /
N Epochs /
7’
Validation R T S -

set

B 8 VAE-ANN B T/ERi2
Fig. 8 Workflow of the VAE-ANN model

FEXT R AL RS TS B AT, 75 00 R S 500 T
TR X TR R S RO ) Dk v A A
(2~50), 2F 2 HAR (10 ~10") AR K/ (16~128);
XoF T A i TIOR8 o S50 16k )2 1(32~256),
el )2 2(16~128), Bl = 3(32~256) s > i 3

(10°~10"") . Py ZZ56R4 A & R LRI (CMA-ES)

S AT A A N R R AR R LA R A R B
Ak . EREARPL L R, 3T CMA-ES X
VAE Fll VAE-ANN #& 8 #E17H S 8t 1k, itk

) VAE F VAE-ANN BAGBSHUNS 5 F1F 6 s,
& 8 457 F £ 7715 A VAE-ANN 57 (51| 5 45

KMk IR Ze R, BRI ZRd 7 b R AR



#24

FEWIEE, 55 DT XHEM G TC4 BRE & 1A R MDA T NI R - 105 -

FLSCS Ry, NSRS BEREs | T S PR BCAF Y52 57
T AR

x5 RN VAE ERBSY
Table 5 Optimized hyperparameters of VAE models

Model Hyperparameters

Latent space Batch size Learning rate

VAE 2 119 4.48x10°

%6 LIk VAE-ANN EEBSH
Table 6 Optimized hyperparameters of VAE-ANN models

Hyperparameters
Model Hidden Hidden Hidden Learning
layer 1 layer 2 layer 3 rate
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Fig. 9 Prediction results of raw data
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