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Fig.1 Thermo-physical parameters of pure tungsten varying with temperature. (a) Thermal conductivity of bulk tungsten

22 and

tungsten powder(porosity is about 40%) varying with temperature; (b) density of bulk tungsten” and tungsten powder

(porosity is about 40 %) varying with temperature; (c) specific heat of tungsten
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Fig.3 Computational model for analytical solution verification
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Fig.4 Comparison of numerical solution and analytical solution. (a) Temperature distributions along the scanning

direction when time is 10 ms; (b) thermal cycle curves at coordinate point (5,0,0)
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Fig.5

Influence of scanning rate on molten pool and temperature field. (a) Molten pool shapes and sizes at four scanning

rates; (b) thermal cycle curves at different scanning rates; (c) sizes of molten pool varying with scanning rates
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Fig.6 Influence of electron beam radius on molten pool and temperature field. (a) Thermal cycle curves at different

radii; (b) sizes of molten pool varying with beam radii
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Fig.7 Influence of heat source power on molten pool and temperature field. (a) Thermal cycle curves at different

powers; (b) sizes of molten pool varying with heat source powers
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Fig.9 Temperature field and molten pool when the electron beam scans to different positions (The enlarged molten pool is

in the upper right corner; the dotted line is the scanning center line). (a)—(c) Midpoint of the first track, the sixth

track and the eleventh track of the first layer; (d)—(f) midpoint of the first track, the sixth track and the eleventh

track of the second layer
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the midpoint of each track in the first layer; (b) thermal cycle curves of the midpoint of each track in the second layer

1 FH G AT L TR SRR R XA )2 R R B IR
JE AR S AR /IN B A5 J2 22 I Ik 3 A0 B g 2k 25 S 5 R
AN TS R AT b ] A TR AR Ak B AR
55— 2 R Z A A T8 — 38 R 5+ —iE 1
7 I 32 A8 v o L DR 4 K 1 3 B s b ] R R R
B2, iR R D, o R X R B g 1
Craeghs %5 By S2BGAFSE P AT 1838
4.2.2 ¥EbIEA

Kl 11 2 SEBM WJE 243 i 75 T8 B T WUE 7
M) 9 1t T2 550 0% B0 (A0 5 S 6 245 SR Fe TR, AR S
K H Sailong S1 H F 3R % X 45 1k BB 18 & W B
Xy Xz} 10 mmX10 mm X5 mm (B IE 2 24
100 2) B A 8RR S . B 11 Ca) Sl U AR i B
3R SEM JES . I h ] F B AH B & L,
PR Z B FE R 20 50 %0 B 11(b) AL
50 ) B P 9 Tt Ak AR L R TR N A O 5

B W B SRR AL, BB 2 0. 15 ms 2 — T, JB AL
S S K T s U AT e e S W R R
T 22 ] A 48 Tt 5 1 D0 o R R BT d S T
B Z 8] LR 4000, 85 12 AR A W 2 T8 1Y
L A T 0 U R R LA T A O 2 R g ok
o W T SR A R BT R TR R B B
PR BB I RS B S AT — i 258,
WO A R —E 2200, DU BT 7 vk i Bk
Lt BRE 7 09 B g o A UL S0 RS B 2 i — P B
P12 Dy B )2 45 T8 b U R A X
(I 8 Y A-A D A5 21 A9 8 b 50 T P&, oy TP =
$0 7 153 A L A L 0% ) TR I ) 5 — R O B N IE
T AT 75 1) Ce T 1)) B ARG T ECET, O T RE
TN A Mo 0L %€ 3 0 K B D5 18] B b R B B B 2
0. 36 ms H— Wik it 510 1T 141 5 17 565 — )2 o 453 H L
Ab T BT o T 1) B S e AT o e T T DL R T 1)

0802006-8



=495 F S HI/2022 F£ 4 B/hE

50kV X100 100 um WD 8.1 mm

(b)
Temperature /K

0.28 mm

B 11 SEBM & JE &l 833 RE A 400 A9 b 32 i s i AL 550 IR AP RS ER TR S0 LE . () Sl BE B B R E HIF & TE 50
(b)Y B8 - 3 1T 8 425 th 3 £k

Fig.11 Comparison between the simulated upper surface molten pool evolution and experimental scanning line morphology

of pure tungsten samples formed by SEBM. (a) Scanning line morphology of the upper surface of tungsten

samples; (b) simulation of the evolution of molten pools on the upper surface
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Abstract

Objective Tungsten (W) is an important refractory metal with outstanding properties such as high melting point,
low vapour pressure, high tensile strength and low thermal expansion coefficient. Such properties render the metal
many potential applications in the area of aerospace, aeronautics and nuclear industry. Due to the high melting point
and brittle-to-ductile transition temperature, tungsten is typically manufactured by powder metallurgy ( PM)
techniques. But it is difficult to produce parts with complex structures owing to the intrinsic limitation of the PM
techniques. In recently developed additive manufacturing (AM) technologies, high-energy sources are used to
fabricate components in a layer-by-layer fusion according to the digital models of the components directly, which
facilitates the fabrication of components with complex structure. Selective electron beam melting (SEBM) utilizes
electron beam to melt and fuse metal powders to build solid parts. SEBM technology has many advantages such as
high energy density, deep energy penetration, high scan speed and low part residual stress. Heat transport is an
important physical phenomenon in SEBM. The temperature field evolution during the SEBM process determines the
geometry of the molten pool as well as the solidification microstructure and the thermal stress. Because SEBM is
conducted in vacuum-tight chamber, research on the heat transport by experiments is relatively difficult. It is
necessary to study the heat transfer by numerical simulation to optimize the process parameters.

Methods A finite element strategy was developed to simulate the transient temperature field and the molten pool
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evolution for the SEBM process of metals. The double-ellipsoidal heat source model was adopted to model the moving
electron beam. The thermo-physical properties of powders were derived based on the heat transfer mechanism, and
the variations of material properties with the state and temperature of the material were incorporated in the
numerical model. The ABAQUS user subroutines were developed. The numerical method was examined against the
analytical solution. On the basis, the numerical strategy was applied to model the SEBM process of pure tungsten.
Firstly, the single-track scanning processes were simulated. The effects of the scanning speed, the electron beam
radius and the beam power on the temperature field and the molten pool size were investigated. Then a multi-layer
multi-track scanning process was simulated.

Results and Discussions The simulation results of single-track scanning indicate that with increase of the scanning
speed, or increase of the beam radius, or decrease of the beam power, the maximum temperature decreases, and the
length, width and the depth of the molten pool all decrease (Fig.5, Fig.6, Fig.7). The simulation results of the
multi-layer multi-track scanning process indicate that the temperature field and the shape of the molten pool are not
symmetrical about the center line of the scanning path except the first track on the first layer, namely, on the side
near the scanned zone, the heat affected range is greater, the temperature gradient and the molten pool size are
smaller (Fig.9). The thermal cycle curves of the midpoints of the eleven tracks for each layer have two smaller
peaks on the two sides of the main peaks indicating that only the previous and the next scanning track have significant
effects on the temperature of the points on a certain track (Fig.10). The molten pool evolution process on the upper
surface of the second layer is compared with the SEM image of a sample prepared by SEBM (Fig.11). The cross
section along A-A (Fig.8) of the molten pools indicates that in the areas where the powders cannot melt and fuse,
the molten pool depth of the second layer exceeds the layer thickness and refusion part of the first layer (Fig.12).

Conclusions In this paper, a finite element model was developed to simulate the transient temperature field and
the molten pool evolution for the selective electron beam melting(SEBM) additive manufacturing process of metals,
which was examined against the analytical solution. With increase of the scanning speed, or increase of the beam
radius, or decrease of the beam power, the maximum temperature decreases, and the length, width and the depth of
the molten pool all decrease. The temperature field and the shape of the molten pool are not symmetrical about the
center line of the scanning path, namely, on the side near the scanned zone, the heat affected range is greater, the
temperature gradient and the molten pool size are smaller. From the cross section of the molten pool obtained by
simulation, we can predict the overlapping rates of multi-bead and the fusion state of multi-layer under certain
process parameters.

Key words laser processing; selective electron beam melting; pure tungsten; temperature field; molten pool;
finite element modeling
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