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Predicting Reinforcing Particle Distribution in Melt Pool during
Direct Energy Deposition (DED) MMC Additive Manufacturing Process

Min-Gyu Chung*, Jae-Eun Park*, Kang-Hyun Lee*, Gun Jin Yun*-## T

ABSTRACT: This paper proposes a method for predicting the dispersion of reinforcement nanoparticles (TiC) within
the molten pool during the DED (Direct Energy Deposition) additive manufacturing process for a metal matrix
composite (Ti-6Al-4V). The formation behavior of the molten pool was computationally simulated using a Finite
Volume Method (FVM)-based model that incorporates the Marangoni effect and complex physical phenomena. The
cross-sectional analysis of the molten pool demonstrated that the prediction error was, on average, within 10%
compared to the experimental values. Based on these predicted values, the behavior of the nanoparticles within the
molten pool was simulated using the Discrete Phase Model (DPM), ultimately enabling the prediction of their
dispersion within the molten pool.
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Table 1. Thermophysical properties of Ti-6Al-4V[22]

Property Value Property Value
Solidus Temperature | 1878 G:Zl If(?;ilizinlt\/?e ft;};e 195
(T, (K) (J/kg/K)
(R, &
Liquidus Temperature| 1928 Surface Tension 1.5
(T) (K) (Crer) (N/m)
ity of
Density 4400 Sjrefr; Scz[l;letr};s(i)on -0.00026
p) (kg/m?) (N/m/K)
)
Latent Heat of Fusion | 286 Viscosity 0.005
(AHy) (kJ/kg) ) (pass)
MJ/k (K!
(AH,) (M/ke) ®) :
17140
E[E (aqpq) +v- (aqpqu)] =0 (1)
ar+ay =1 (2)
p=aypy + (1 —ay)pp (3)

AZNA = el HEME )AL, g= 2} A (phase)2] #|
ARFRA B Ao M 719k F45(Ti-6Al-4V)E <ju] gt
o} ok Abe] BujEg oz A (2)9 o] FAHES, FR
#F7D 3S4(F 7], V2 #7))9 BaEg o2 1S WS
stofof ghrt. w5t 4= 4] (transport equation)o]] AR-8-
He 54 32 4 3)2 o] ZF AAF A& (control volume)
vle] 23 Abe] wu] gol ola AU 4] (3) 24
frEolAe fa WES UEhd Aolal, thg E4A= 2
& Ao ® At gt

—(pu) + 2 (puu) + 2 (pvu] + d (pwu) = —z—i+ F, (4)
a a il a P

& el —(pi = i) 5
5000 + 5 () + - (pvw) + - (pwv) = — -+ F, )

il bl el (6)
(;JW) + (puw] + (pvw) —+ 3 (pww) = PP +FE+F

A B3)~(6)2 H= e &4 =40l 7Nkt % WA

NOE, (v whe S5 S WE ud] x y, z ROk F
e A4 282 el A ()3 2ol AAR £

- o
"

§ 5 2= Hste] oJaf 8§ F4) Wert wsleh
Aot= FE2 FAY vYFH-E 71 5ko] Boussinesa
approximation2- AHE, 4] (8)1} Zro] AAksheith

F=v [g(w + V) — g,u(v w8 7)
Fg = pgB(T —T) (8)

o71A P w5 S

A, T F40] APyl 2Eole).

EG §§EY AfEu] AL WL (Recol
pressure), §-§% o] £ T 913 GFelo] WA=
Marangoni 7.3, Wb a4 % WASHE EWAE 5 4
IE% thaat Zo] = ich
AHy, [ TboII] - 9)
. = 0.54P, : 4 208
TRecoil 0 EXp le B Tbor’f T n
TMarangoni — y[‘?T - (ﬁT : 77i)ﬁ] (10)
Tcapillary = (Uref - Y[T - Tref])K (11)
o] Wl AH+= S I, Ry 7|18 549 71A Ad==ol
t}. 6.9 o= 22 7]—7,.;— ' #}2 (reference surface tension)

I xo wE 3 A2 77T (sensitivity of surface
tension)E EFHT}H

2.1.2 Heat transfer Model

Aol A SFF AL G Hof thal 2gH oA B
=] ‘% o3t At
p[%ﬂu-ﬁ’)h] =V (kVT) (12)

o] ul ki Qekwlo|i, ki F452] A

golr}. 7]9]

ekl 4] (13)7} o] EF rHs st
h= href + Cp,bulk(T - Tref) + filHg (13)
0 j =3
T ~T,
fi={g— TST<T (14)
s~ h
1 T,<T

“ (13) oﬂ }‘_] bulk’ p :I_FL]_T_Y fﬁ% 7—!'7—‘}' H] %‘(speciﬁc
heat capacity), ﬂa‘OH ZF4 (latent heat of fusion), 12|31 ]|
-8 3= (liquid fraction function)o|th. Ta= S<59] IAMA
L2 o]t} IS Rule of MixtureE 083510 H|H-2 4] (15)
o o] AAbEILE.

ApPpCpr + AyPyCpy (15)

C =
p.bulk
XpPr ay Py

59 ArshE Eoke ke o gl wAle. ol
gt =e)4] dAE Rhdste] v 2 4 AA 20
st aiet
T
_kﬁ = Q;'rud +: QELW +: qzvap + eréser (16)
q;’ad = 577(7'4 - Tsirr) (17)
Geonv = (T = Toury) (18)
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AHyy, * Agecom [ AHy, T i
q” P P, il exp{ (1 I )}] (19)
v 2 ZHRVT ahn RuTbor'r TbUJ'I
" - Tz
Qiaser = Hrocus®XP (_2 F) (20)
b

o 71 A e ®rAFE(emissivity), N AEH B2
(Stefan-Boltzmann constant)S UYERHT}H AH, +=
(latent heat of evaporation), T, #+4, R 7|34 &

9] 714 AF<=(gas constant)E LEFHTE.

2.1.3 Heat source model

2 AtollA= HlolA e vt d EAa s a1
sH= o] Eao] A (Ray-tracing) Wio] A-2Egit}.

Fig. 17} o] dlo]4] ol & tol 4 wht & 4
7h ASHA EaL, ZLof| whet g5l A E= v A
W87 wAske) o) 2t glo] A o] & 2l o %)
= AAstz] f18f A (21), A (22)5 o]-&3ttt

Bijar =8 —2(8,; Ty )T, (21)
o 1/1+ (1 — ecosf)?
Lo 2\1+ (1 + ecosf)?

£2 — 2ecosf + 2 cos? @ 22)
&2 + ecosf) + 2 cos? B

(a)

Laser Lens

7, ;: Normal Vector

Nji2

€ij+3

(b)

Laser Lens

n; ;: Normal Vector

Reflected Energy
Absorbed Energy  Q; - [1 — a(T) cos 8]
Qi - [a(T) cos 6]

Fig. 1. Laser Reflection inside the Melt Pool and Ray-tracing: (a)
Refelction Angle Calculation, (b) Energy Absorption Rate

A (21)2 Flo] o] WALE FAshs A or is Zf glo]A
glofof et ejze]al, j= #lolA ol FAlo A 3
wo| B IS teuich. 4] 22 ey vk} 2
(Fresnel reflection model)Z J-Ho]| 9J5] T4E+= o4 A
ke AATH= G-A9] 48 (absorptivity) o= 2](18)0] u}
2 AR L dole] e ol gato] EaTT. e8] BS
E4 oA @3 Azl s 2L ghol oju] A= o] 3l

Lo eeiA gtk ATolAE 025 4Eesith.

2.2 O|AREDY 7|8t
22.1 o]AS-E ]

L5 R} =X

=

=5 71A] BRAE ARESE oy 2] AH 82 34 SOl
= A 885EY f5S Tet §8F ol 24k
ot A= 882 WollA 3, 348, 58 53 o
2o, 495y Bekegof ot g3 vt} o|4H-
FhE s oA 7Fat AXfoll ik & A ufjRY Al o
o3} e Aoz EAY 4 Yot

Myt = By 4 Byt 4 By By (23)

1A mye Aol Aegoln, G wure] ol
Foo B By L2131 Fo= Z2Z) 34, Be, oFY, Bepdd
(Brownian force), & %-52} (Theromphoretic force)o|t}.
uo|L 27| o]4e) QlAle} el theelahe] e 2t
2 37|12 3l &% %52 (Thermophoretic force)i} Hz}2-
2 (Browian force)7} £7FA 0 &2 Z8-5tt} o] 7| A &
ozt &&= a7t A shE &5F WolAl U= Akt

FE0E 55 YAEY &% oA Aol <lal WA st
E3os, ‘%EE?JZV} i1 d“"ﬂ*ﬂ Aggo g o]Fal
Al vHech 1 A 39S o33 gt
c
i L 4 2.48kn
Fr=451ld, A = (24)
pe " 1+3Kn 1+2£+443£T
c C
of W uet pi= &8 359 WA Weoln, d = 73t

4712 3 dolth. B Cok Gy 217t 8§ 43t 231
Ao A Ero|t) Kne Knudsen =2, 88 Z4 21719
B A5 ot ek Are] AL o AsE et 27
85 (fluctuation)of] oJsf| thie Ao 2H-g-517| &= Het
gL gutr o g =4 (25)2} Zo] FEA 3 (Stochastic
force)2 FHE ]

— 6mkgd,u,T
Fs =Ri .:zg ‘ 29
C

3L kg iy d, d T= 7_,"7_," %Z‘ﬂ- Ar4=(Boltzmann constant)2}
7121 ¢} @*é, &3t A A%, {FA (714 9] &=l C,

&)
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= 79 ¥ 24 A 4>(Cunningham correction) © & L= 4
ufol =iz z17]9) ul AR} 9H o] AEAE-S At )
AHE-E| = Aol T o] 27k 2h2 A7) 9 wlA| Ao A =
A HollAl &gt 44 5& wEA] ¢l v A=
S H(Slip)o] At AR HAA = o3 2ol A
AbE T}

C.=1+ z—:(A i Be_cgiﬁ) (26)
= &8 o5 Y Bt A AR, di= A5
2] A7 o|th A, B 181l C= APA ALs 2 A1
A= 242y 1.257, 04, 0.557} AREE]Qic)
71 upo] A2 37 o] 4e] YAt 2Hg-sh= e, I
g, $E2 4 (27)~9)7 2t

Fs = (pp = PV 27)
" u 18CpRe ., _, 18 .

S e M Ecocion Skt fy i L (- 28
b= T 24 (i —1,) o diC. (i —1,) (28)
F = By (g _g) (29)

ppdp(DiDp)'*

7|4 w= HE (viscosity), Ca= &2 A4 (Drag coefficient),
Rel= o2 %, pa= wRoTle] W, d = Bare] {7olt).
222 sl A W 24 PRl
A4 e Z17]9] 48t Rfe] Bare o3t
7] HOH Al Aol 7123}, Fig. 29F 22 e YA} A
A PTRIEE Askes HER THsiec

Melt Pool NPs Generation Domain

(a) Imitialize NP

L3
-

NP State Variable 0

{b) Loop and Check Activated NPs

i Non-activated NP,

(¢) Calculate Velocities and Update Position

NP State Variable 2 (Deactivated NPs)

<NP State Variables>

0: Unable to move

1: Free to move with calculated fluid velocity
2: Freeze

a) Initialize Nano Particle(NP)

ok 947 A el gt g gelel $4
o dlo]Ae] A} 9122} F5t0, v A7k 742 (time step)
uhe} o] A o)sofl wheh 7 A A F E3E dlo]
Extry. AR 3t AAboll A= AEf v 4(State
Variables)Z x| A3}o] A& AAJA] 0, 8§ Hof| &35 A
9 1, 859G0E Yol 4% 22 4BeINE TR

b) Loop and check
CFD Azh e e e QA7 8890 2413}
=4 Zelsto] AejaE Julo| Egtr

¢) Calculate velocities and update position
e Ql7he] &5 Au) wg 4ol aie wjAIz ZHEmlch
o] S8 AN, SAE Aol Fhck. ATjol=E 1}

e A7 §Gol EASHEA Bk F A ESE o

o] =i,
3. o Y o
3.1 DED E8E aliM dx}

AAE mES o] Late] 200W-700mm/min, 200W-
850mm/min, 300W-700mm/min, 300W-850mm/min®] 4]
74 BA S 23] U A5 A s 43
RO EE TS

Fig 3 43 HEY F
A9l B S HolZt) 5 A
oL 2] 91 300W 27| G5 Hw

o]—r];]_—

b gl A o] wla e
%_ol

7ol A 200W 2 A Rk
Lo ax, §83

Number of NPs and G

3000

ion Rate

Number of Paricles
!
|
ol |
1
N ]
N
I
e
]
|
:

Dal‘..-cle Déamester [nm]
< NP Size Distribution>
Pre-located NPs with State Variable 0

< NPs Generation Domain> .Subsllale free surface

Fig. 2. Nano Particle Generation Algorithm for the DED Process
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Temperature
293.000 600 800 1000 1200 1400 1600 1923.150
| I i
(a)
0.32s 0.34s 0.36s ~
0.38s 0.40s 0.42s

Fig. 3. Melt Pool Generation and Temperature History with Fluid
Velocity Vectors (Cross-sectional View Perpendicular to
the Laser Direction): (a) P=200W, V=850mm/min, (b)
P=300W, V=850mm/min

©) 3ol 200W LA © F AU 5 51k o
AUALER Qe iAo 2HAFY Fa, &
%Al{h SR T W2 &gEolMe] A7 Zato
dHom Age Auk 2 4 9ok
$8F Ul & o5 =1 FUsi A
0] 038 of| A L EFG B9} Zo] 8-8-F
7t AN AR B2 F, SR
a- 2t Hieko 2 ol & o 2 o] & 3}1:1:] opxjalo 2 04
Zo| M9} Zo] §§F uietol A %o sEL 28 &
o AT e 99T 2005 A Fig. 3@)°] 0365
oA Lhek e} Zo] muj 2 Jejet sle 5ol WS
2= 9low holg] Q).
Table 22 3|4 A5 A Aol v w3t Folth §§
o] AA A FAbo] HhFE 10% o] 234 Holn &

—

= r
Iz do Hir

HH4 © 2 Fig. 3(b)
AHLo A= A
PRl E ot

()

42 44 46 48 50 52 54 56
Particle size [nm]

(b

Number of Activated Particles ™

(c

S

== Partiche Velocity
— Filtered Vielocity

Average Velocity Magnitude [cm/s]

™ oz s e om [

Time [s]

Fig. 4. Nano Particle Tracking Results (200W-850mm/min):
(a)Final Distribution, (b) Activated Nano Particles inside
the Melt Pool according to the time, (c) Average Velocity
Magnitude of the Activated Nano Particles

Table 2. Thermo-fluid Analysis Results (Metl Pool Dimension Prediction)

Process Parameters : Simulation Simulation Simulation Experimental Experimental Experimental
oo V[mm/min]. Width [um] Height [wm] Dilution [um] Width Height Dilution
’ (error %) (error %) (error %) [wm] [wm] [um]
805.148 227.357 158.219
200,700 817.72+29.65 204.8+51.38 176.79+22.82
(1.537%) (11.01%) (10.5%)
813.936 204.623 160.784
200,850 828.04+68.53 169.61+£19.13 168.224+25.62
(1.70%) (20.64%) (4.42%)
1125.85 215.548 317.27
5 1 4+11.1 250.59+53.74 268.81+15.
300,700 (4.21%) (13.99%) (18.03%) 080 7 50.59+53.7 68.8 5.65
1126.63 167.965 238.561
R 1 S5+11. 209.99+35. 252.06+2
300,850 (8.38%) (20.01%) (5.36%) 039.5 9 09.99435.75 52.06+25
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2 ZgE R A SEUTh Y5 Height of| & Aaprt N?‘ﬂ%}
(B AT 20% W2 AH O 2 £l @5 B

o= o] A A L2 ZAA} upor o] Halg ?_ISH
A= 888 2719] 2 BRjefA] 7]9Ig AR Helct,

32 o|dRrE2dY
A AAE ol e SirElEE o]8ste] 200W-
850mm/min, 300W-850mm/min®] & 7}2] 34 279 of
shol FBAR BAF A4S SaBHGAT T 74A RoA
o] j4 28 A= 7}2 Fig. 4, Fig. 52} 2tk 2t 199 (a)
7 W AedREol S5E el re= o

2t '?'013]' ] v‘i'*TﬁP/]' 200W-850mm/min ZZo]|A 2 ¢
ezl wild dHj2 Zx2d e AT 5 Ut (b))

A o}

= =
EEL7T

()

42 44 46 48 50 52 54 56

i = Activated Particles

g — Fitied Value
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Bw

-9

-

D o
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&
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-
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5 ;

E ow

E

= u s o

(c} Time [s]

= i = Particle Velocity
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Fig.5. Nano Particle Tracking Results (300W-850mm/min):
(a)Final Distribution, (b) Activated Nano Particles inside
the Melt Pool according to the time, (c) Average Velocity
Magnitude of the Activated Nano Particles

P:300W, S:850mm/min
time: 0.165s

Fig. 6. Nano Particle Distributions at the Outer Rim of the Melt
Pool and the Fluid Stream Lines at the Substrate Level

HE SN 5 A9 25 B4 28 QA A4t ot
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