| $48 % £ 10 H1/2021 &£ 5 B/ E st

HETHFAE S MR OR BB 5 X1 2 TR A D5

wAl, EEA, AEW, TEN, 4251, IRW?
YR BH AT A AR R 2E ML TR 2R B, 10T JRPH 1101365
PYRPH KM RS BT, A2 YRFH 110035

FEE Do BOE I 1 b i R R 3 A AN £ ST B R A Y AR T O B AL, AR SCHR T — R TR
AE DS SR A 23 DA F R . A ANSYS B3 T L B T 5 B 55 7 A R Ak DX ) ST AR i i 2 2 2 17 A T 491 il
A B AT DR B 375 20 A1 R0 B 5 A B B R 0 A5 B T I R AR AT DX I Y e R T R A . 7 R
LT e T R X ) R A 0 AR RO 1 B G AR A B TR (R Bk A 4 0 R RO 1 I S N
T3 5345 I 38 A R 5 b SR A TR S 56 X AL 5 R AT I, SR A5 R SR A R AW . PR R
B o 5 TR I X300 5 T B 2 1 SR s T {6 0 AR S A AR R R ) TR RE A S A OB AR T 5 AR R

N AT T O A B RO RS B
KA

hESEE THI142.2 XEktRER A

1 5 =

RIBEARBR G S 45 FIY i E 2o i i
LA [ B 2 A F RSB HEHE M bR 22— O A
i 3 A LA R B0 0 4 72 i B R R B AR BR
SR TR E R Z — (I EOR I Tt
A E AR R BB R 5 5 ZOS0E 1 B )RR
FERAR . BRICLASN L B I3 A AN 3 5] 2 (il O 1
AR ST, 5 S BUSOE PRI T 2L Xt 2
WA ZHARR R H R Z —2,

TE O 38 T 38 o e i) 2 708 BRI A 8 A 2%
PER A A 227 A e A F R 2 10 g
TR R AL 7 B 2 R L g AR e Y
SRR ORE P 2  AETF R O T MR X —
PG BN AN HEAT TR BB SE. Ui Colegrove
SFPUTEROE M I T AP S A T R AL T L,
R I T2 DU B AR 7« 3 4 1R Y
32 RS BB T INVETE R H Y s AR AS TR R
FI 0 58 A B TR B O O i o
H TR RSN 50~200 ke (9 2 FhOK R IR K A

WOCHAR s WO I I s FRAE XISy X3 BB

doi: 10.3788/CJL202148.1002115

& CHLCR A M F GRIR 1) o HIX BB RF 5T AR A BE
P FNLEE SRR UBIE I P

TESOC I B il 3 3 e v s O 2 22 g v RE W
DSBS J] S P A, R 70 23 T AR O e it JEE
JEEEC T DT o A5 T A P 38 A RO sk B o 7 A R 2
S 3 I3 78 38 A T A A B 25 S AR R AT
R B A N 15 10 H S 25 K A ™ Y il AR
T O ek O S R e B L A A A R
SR A I B 5 10 4 40 5 SUOA B T s O 1
A IE KPS, Paydas %7 MR ss R0, RIR A H
38 75 338 A 5 0 A e B0 v 0 R X e & P
1 (9 UL 4L SR P B 7 A WSS . Liv STV R
B 5 H BT [ 0 7 O B L IR S AR A A T 5K
T LA A B 8 PN AL 4 v O 7 RO B AP RE
e H T+ 45 R AT BT 43 B PR AL T AE 45 4 I
WOLHIE Ni6OA FEH 2 F 20 5 xR =
R AE A LA R 8] 1E 52 R 6] AT AR A A
SR BT T RS I A Xk A
G R UUBR ) i i 7 rp DURUE AR B S e 2R AT T 48
B M RS T ER A ) ST 14 e A P T e

B HEI: 2020-10-18; €@ B HI: 2020-11-11; FHEBHI: 2020-12-08
HETH.: EXAKRP¥%E4 (51975387 \E K E S HF L8 (2017YFB1104002)

“E-mail: qinly@sau. edu. cn

1002115-1



48 % F 10 H1/2021 £5 /R E#EL

2R B AT R AT R A R AR
PR AR T MRS RN Y. e
K B o DA AN ST DAY 28 AP S b ) L ol 3t
JE B BE R o3 A SE X 50 L 38 T DATE — i B BE b AR Ak
RNLST . F& RGBT —Fh oy X IR A B
A2 A BB T B T DA B AT i 4 K s
(O AR IE . 8 W 5T R B AR A O ) R
JEE JBE ARF ST BE 2 1 FOUL 2 L S B R A i P B S 4
JRE B AR RE 1 W S S T, S A U A R B
Bl 1 9 /I 5 8 B A B AR A OG5 IR U i T 5K
YRR AT B R AR A AR U SR U B AT
RN E R Ei R L SR TN DY 8 - NG 2
FEFEWL/IN 56 00 HAR BRI i 545 . L EWFIE SR
WY 2 DX A R 52 B IO 38 b i Je DR R A 7 L g
BICLA R s/ IN 0L AR T AR 8 AT 280 T B (H i
FH T 2R I8 BUE 1 B9 A4 BURFAE . HLAS JUIU A 53
DXCFEHE 5 5 A ALFE & AR RAF BRI

25 TR SR 4 DX O XA LA k8
BB ) 3 O R A e 1 P I s (R TR HE 2K 5 4 1
1) J2 TR R AR L A 4, HL H ETZ Y X R BT
TR 6 2 IO S W A G R DG MRS . PRI, AR SCAR
T KA HE 288 5 440 1 114 )2 10 45 4 RR AR K L A ol T A
5L BB RRAE DX 38 7E BAE 4 B BR(E A 0 RN S
B LR b AR T AR DX A 4 R 7 R Bk
et WL X 4148 3k R v FAAT A RN Ak B R e,
SEIT AN R R BT 9N R AR TE
TE2E0 H Y, SR 3 R T B 1 1 B B A T B
WA 15 i dE
2 RRAE X 3R R R A A

BRI ERTERNEL

HEATR B I B, A 5 U0 RUR R R H
TAL kG &, x G &M /Y ES g 1
i

2.1

F 1 TAIS K& &R 1SR
Table 1 Partial thermophysical parameters of TA15 titanium alloy
Temperature Density o / Thermal conductivity Specific heat capacity Coefficient of thermal
T /°C (kgem ) A/ Wem '« C'Y C /ekg'+C') expansiona / (107°°C™ )

20 4450 8 520 0.9

200 4450 10. 2 587 0.9

400 4450 12.2 670 0.9

600 4450 15.1 755 0.94
1540 4450 25 1162 0.97

1650 4450 22 1200 0.97
2000 4450 20.5 1200 0.97
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Fig. 1 Characteristic region model. (a)L-shaped characteristic region; (b) T-shaped characteristic region
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Fig. 2 Scanning starting point of characteristic region. (a) L-shaped characteristic region, ipsilateral side starting point

scanning; (b) L-shaped characteristic region, opposite side starting point scanning; (c) T-shaped characteristic

region, ipsilateral side starting point scanning; (d) T-shaped characteristic region, opposite side starting point scanning
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Fig. 3 Temperature distribution nephograms of characteristic region. (a) L-shaped characteristic region, ipsilateral side

starting point scanning; (b) L-shaped characteristic region, opposite side starting point scanning; (c) T-shaped

characteristic region, ipsilateral side starting point scanning; (d) T-shaped characteristic region, opposite side

starting point scanning
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Fig. 4 Thermal cycle of nodes in characteristic region. (a) Node A in L-shaped characteristic region; (a) node B in

T-shaped characteristic region
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Fig. 5 Finite element model of frame structure
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Fig. 6 Partition jump scanning sequence of frame structure. (a) Continuous jump; (b) interval jump scanning;

(¢) maximum span jump scanning
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Fig. 7 Temperature distribution nephograms of frame structure. (a) Continuous jump scanning; (b) interval jump

scanning; (¢) maximum span jump scanning
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Fig. 8 Evolution of stress field of frame structure. (a) Continuous jump scanning, ¢t = 369 s; (b) continuous jump

scanning, t =625 s;(c) interval jump scanning, t =369 s; (d) interval jump scanning, t =625 s; (e) maximum

span jump
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Fig. 9 Stress distribution nephograms of frame structure.

(a) Continuous jump scanning, just after the deposition;

(b) continuous jump scanning, after cooling for 300 s; (c) interval jump scanning, just after the deposition;

(d) interval jump scanning, after cooling for 300 s; (e) maximum span jump scanning, just after the deposition;

(f) maximum span jump scanning, after cooling for 300 s
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Fig. 10 Temperature-time history of node C
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Fig. 11 Formation of substrate and frame structure. (a)(b) Continuous jump scanning; (c)(d) interval jump scanning;

(e)(f) maximum span jump scanning
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Abstract

Objective Large-scale integral titanium alloy structural parts have been used as an indicator to measure the
technological advancement of defense equipment. Laser additive manufacturing technology, with its unique
advantages, has gradually become one of the processing methods for large-scale integral titanium alloys. In laser
additive manufacturing, formed parts are circularly heated by a focused and high-energy laser beam. A large
temperature gradient will be established in the formed parts, resulting in complex stress and strain evolution during
the forming process. After forming, enormous residual stress is generated inside the formed elements, causing the
substrate to warp significantly. This problem has been one of the factors impeding the development of this
technology. Many scholars have found that the method of subfield scanning can effectively control the internal stress
during additive manufacturing of large-scale components. However, the layer configuration of the large frame
structure is relatively complicated. It is necessary to consider the appropriate means for planning the scanning
trajectory and jump sequence according to the structural characteristics of large-scale frame structures.

Methods To mitigate the deformation and cracking of formed parts in laser additive manufacturing due to uneven
temperature distribution, a subfield scanning strategy based on characteristic regions was proposed. This study
focused on two aspects: scanning starting point positions and jump strategy between characteristic regions. First,
ANSYS was used to simulate two kinds of characteristic regions’ deposition manufacturing processes, including the L-
shaped and T-shaped regions. The influences of the ipsilateral side starting point scanning and the opposite side
starting point scanning on the temperature field distribution of characteristic regions and the thermal cycle of
substrates’ nodes were analyzed. The best scanning starting points for the two characteristic regions were identified.
After that, the frame structures’ deposition manufacturing processes were simulated using three jump scanning
strategies: continuous jump, interval jump, and maximum span jump. The temperature distribution nephograms of
the frame structures under the three jump scanning strategies were obtained. Second, temperature field simulation
results were loaded on stress analysis models to analyze the stress evolution process. Finally, the thermocouple’s
temperature variations of substrates’ nodes during the deposition processes were monitored, and substrate
deformation after deposition was measured. The experimental and simulation results were analyzed.

Results and Discussions The above research shows that changing the scanning start points will affect the L-
shaped and T-shaped characteristic regions’ temperature distribution. When using opposite side starting points to
deposit characteristic regions, the influence range of temperature can be reduced; the cumulative heat effect can be
reduced (Fig. 3), thereby decreasing thermal behavior's influence during the deposition process on the substrate’s
mechanical properties. In addition, when using opposite side starting points to deposit characteristic regions, the
substrate's nodal thermal cycle curve rises slowly, and the node's peak temperature is also low (Fig. 4). When the
frame structure’s deposition is only completed, the maximum temperature of the molten pool with the maximum span
jump scanning is lower than the interval jump scanning and continuous jump scanning (Fig. 7). During the deposition
process, the three jump strategies' stresses are distributed in the characteristic region, where the scan starts, and
the characteristic regions’ junctions. The phenomenon of stress concentration becomes more visible as the deposition
layer's height increases (Fig. 8). The deposited layer's stress distribution range does not change much after cooling;
the substrate's high-stress area gathers to the constrained position, concentrated on both sides of the constrained
end. The stress at maximum span jump scanning is lower than that at interval jump scanning and continuous jump
scanning (Fig. 9).

Conclusions Following the above analysis, this article proposed a subfield scanning strategy based on characteristic
regions for the large frame structure, classified according to its organizational characteristics. It is divided into two
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characteristic regions: T-shaped and L-shaped regions. The effects of scanning start point positions and character
regions’ jump scanning strategy on thermal behavior and stress evolution during the scanning process were
investigated using theoretical analysis and numerical simulation. The simulation results were tested and verified
through thermocouple temperature measurement and substrate warping deformation experiments. The results of the
investigation agree with the simulation results. Studies have shown that the maximum span jump scanning strategy
based on the characteristic regions can make the substrate’s temperature distribution more uniform during the
deposition manufacturing process, resulting in less stress and deformation of the formed parts. Discrete control of
thermal stress is realized to reduce the macroscopic deformation and cracking of the formed parts. This study serves
as a theoretical basis and method guidance for improving the forming quality of large-scale integral titanium alloy
structural parts.

Key words laser technique; laser additive manufacturing; characteristic region; subfield scanning; numerical

simulation
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