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Selective Laser Melting of Metal Matrix Composites:
A Review of Materials and Process Design

Min-Kyeom Kim*, Tachwan Kim*, Ju-won Kim*, Dongwon Kim*, Yongjian Fang*,
Jonghwan No***, Jonghwan Suhr '

ABSTRACT: Metal matrix composites (MMCs) were widely used in various industries, due to the excellent properties:
high strength, stiffness, wear resistance, hardness, thermal conductivity, electrical conductivity, etc. With additive
manufacturing (AM) technology rapidly developed, AM MMCs have been actively investigated thanks to the cost- and
time-saving manufacturing. However, several issues still need to be addressed before fabricating AM MMCs. Here,
several types of MMCs were introduced and MMCs’ design methods to tackle the issues were suggested in a powder
bed fusion (PBF) technique. The paper could come up with a guideline for the material and process design of MMCs
in the PBF technique.
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Fig. 1. Distribution of Von Mises Strain according to reinforce-
ment morphology of Al6061/SiC (15%): (a) round, (b)
triangle, (c) square, (d) rectangle [42]
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Fig. 2. Stress-strain curves for MMCs with large particles and (a)
10% and (b) 20% contents and varying reinforcement
morphology [42]
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Fig. 3. The evolution mechanism of SLM-processed B4C/Ti com-
posite parts’ reinforcement at variable laser power:
(@) 125 W, 800 mm/s; (b) 150 W, 800 mm/s; (c) 175 W,
800 mm/s; (d) 200 W, 800 mm/s [46]
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Fig. 4. SEM morphology of TiC, TiB Whisker (A/A1/A2:TiB, B: TiC)
inside Ti matrix [47]

Fig. 5. Optical microstructures of Al-Si MMCs with different con-
tents of Pr: (a) 0 wt.%; (b) 0.19 wt.%, and (c) 0.73 wt.% [36]

Fig. 6. SEM backscatter electron images illustrating the particle
morphology of Ti-TiB2 powders ball-milled for different
times: (@) 1 h, (b) 2 h, (c)3hand (d) 4 h [51]
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.]

© Tl Q “
& U (Ball milling) 34232 HASI Fig. 63} &2 =

Fig. 7. OM micrographs observed on the etched cross-sections
of samples showing the variation of microstructural
homogeneity of SLM-processed (Al4SiC4+SiC)/Al hybrid
reinforced composites using different particle sizes of the
starting SiC powder: (a) coarse SiC particles (D50=50 pm);
(b) medium SiC particles (D50=15 um); and (c) fine SiC
particles (D50=>5 um) [52]

Fig. 8. Packing density vs composition for bimodal mixtures of
fine and coarse (large) spheres [53]
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Fig. 9. Stress-strain curves for Al6061/SiC MMC with 20% rein-
forcement contents with varying SiC particle diameter
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Fig. 10. Stress-strain curves for Al6061/SiC MMC with varying
volume percentage of SiC reinforcement [42]

VA AW AN T e
e ¥ v -
< 7\ . s . e
24 pm-15% 12 pm-15% 6 pm-15%

Fig. 11. von Mises total strain plot for Al6061/SiC MMC with
15% volume percentage of circular particles with vary-
ing particle diameter [42]
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surface roughness, (b) void fraction, (c) fractional den-
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Fig. 13. Optical micrographs of etched AM parts with lines indi-
cating melt pool boundaries: (A) Hexagon, (B) 90°, (C)
0°, (D) Concentric, (E) 90/270°, (F) 0/180° [73]
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Fig. 14. SEM image of polished cross-sections of SUS316L sam-
ple without (a-b) and with (c-d) substrate heating [33]

3.2 MMCs2 PBF HMEXN| = 23 MAgot

MMCs= &< 7| A Aol ©talE, Asks, AlshE 59 12
BAE A71eE7] wiizoll, 71 A A -E A3 A 7 Al o A1 9] oF
ot At A WA, BAA S B AR &2, EA)/7]
A 249 2ol 2 Qg 788 % A3t o EAI7 T
AT 2= 91T}H[2,27,33,65].

Wegner 5-2 Fig. 149} 7Fo] SUS 316L(316L stainless
steel) 7] 2| Afjof] YA = FE3F thol]ol==E 5 vol% 7He

o, 42 &5=0 4> Y4/7FE AZHDwell time)= ?13)
CololB e/l SHEE AL BESATRI. ol $HH
) F9ol A B AT a8, 2ol 4 A
AE AL WA sk 4 ASHAI R T whEbA] EAA &3
e HASH] 98l P E=/8ilvE Wio] §8E
Aloigt dart Qi

Cooper 52 XA 9] F50] ufe} 22 7144 % B
2o 4z Axat ek, 10l gobile A8 2l
S+ 2], Fig. 15 Inconel 625 7| X Aol 5 wt%2] Al|2tH]
HAAE(SIC, ALO,, TIC)S A7let &, Eolgh VEDR ¢

Fig. 15. Optical microscope montages of Inconel MMC sample
sections, at 2.5x magnification [2]

Fig. 16. Stereoscope images of (a) Inconel 625, (b) Inconel 625-
TiC 5 wt% both at 2500 W and 4 m/min [2]

~1 0
Balling = oj A ¢tz o2 A E AL 2
(Fig. 16). wh2tA HAAYE 7] 2 A o
T 2 B GAPAA £, FARE 55 L8, MMCs
of A3t FH 2L EFFE A=Y F/ A7 A

aho] AA 8o .

M\
N

4. HEMZE MMCs2| EYIHM A7 S

A ol A 7} I (Strength) @} ¢ 4J (Toughness)2 H H 2 S
2 A (Trade-off) 542 Hol7] "o, &= 7NdsHA
o B7AE H7hE MMCsE Zlgeled, 919] A 54
TEFH = A7t XEE 3L QJoh(Table 2)[51,61-63,77-80].
oA 2 E8Ee 4F s, Hebs UA, 25 7]
AW eakE MMCse] B4 Aol A7 538 2
N8k} gk 212 al MMCso 73t wlAY S Soll a7
3o] BAA7} 6154 (Load transfer)e h= 21394 73t
of RAAZ QIgt 55 7] A A ] mlA| 2] ¥MStof| o3t 7t
A 735t Jol| A B4 iAol el =skarz} §r}(81,82].

i_

4.1 2205 MMCs2| EM7HM 17 S8

AFuE 52 AlSiloMg 52 &FulE a2 oF 200~
350 MPa ' 919] JIFHEE Ad A2, Ade FAsHd
A AR AE FEAZI7] s 2 TN, TiC 59 &2
A7 AFE-ECH27]. AlSiloMgol| TING B 73A| 2 AR2-3t
7% ok2ulE MMCs: o 491.8 +5.5 MPa?] 1474 =
S 7Y & dFulE] TICE BAAE AR 45 2
o 1400 MPa?] QAAAEE 712]= o2 B 1E|Qr}79].

Gao -2 AlSil0Mg W] TiNo| FAE-E8-2 0, 2, 4, 6 wt%2
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Fig. 17. (a) TEM BF images showing the dislocation tangles
inside the grains and (b) dislocations interacting with
intragranular TiN nanoparticles [62]

2 AAstol MMCs9| 71414 £49] #3lE w&stslrt[62].
nAl=2] &4 A3 TN A7 a4 gAl A S84 e=
B, 243 v A 3HGrain refinement)2} A ¢ 3]
(Dislocation tangle) &4}0] MMCs®] =5 3FAA]7]+= A
<= SRISHGIT 3L, o] H3k 743l Ak AlSiloMg-TiN &
Ao A TING| FA 0] 4 wt%d o Z|tho]al T1 o] 4
o] TiN FAE&ol A= TiN Fo] g3sto] Wiol At
S qurslar, BAo] Ao g v AL shelskgich

4.2 E|ElE MMCse| EMI1M AT S&

Ti gaolles B2 A4S 7iAsh] f1sl /dol 73t B
= SPIS7|= BAE ARSSE AR QITH[83]. Vrancken
S8 A=A R0 F2 AFEE = Ti6Al4V-ELI (Extra low
interstitial) 2o] 10 wt%2] 2] B dl B2 A 7}5he] A
28 Eleky MMCs9] Q1A 8-S +astsiet77). 1 2t
Fig. 187} Zro] 7|& 35 thn] EA%=71 1,110 MPaof| 4|
858 MPag ZHA31910L}, 91A180] 7.3 + 1.1%0lA] 0.1 +2.0%
7HA] A 71t BleHE MMCsE 7Wdstgich 9 2=
7129] Til5Mo, Til2Mo6Zr2Fe 72 AT T ElElE S+

TibAI4V-ELI

TIGAIV-ELI+10MO =

Stress [MPa]

—TiBAI4V-ELI
|—TiBAI4V-ELI + Mo

0 2 4 6 8 10 12 14 16 18 20 22
Strain [%]

Fig. 18. Engineering stress-strain curves for Ti6Al4V and
Ti6Al4V10Mo, as produced by SLM [77]

Fig. 19. Compressive true stress-strain curves for CP (Commer-
cially pure)-Ti and Ti-TiB composite produced by SLM
[51]

I AR AEE 7HARA O w2 A BAS Bt o
= Mo A7) whet aito 2 o] HE-S oA|sla Aol B
Aol FAIE o] AXge] Frket Aoz weshlch

ghH, Hooyar 52 <= E|ERgS] Y2 F=E S 9

3 EletE Bdof 8.35 wt%2] TiBE Z7}3te] Ti-TiB &3+
AHu2E Azstdledl, 719 &4 Hebg ] 54 =
7} 560 MPao] Al 1104 MPa& =LA Z7}ataAuth, AL
gt AS shelskent (51). o) aTi 7144 2
u| | 8H(Grain refinement)@t TiB HZ}A= Q15+ H7}
(Strengthening effect) 2! 733}§ 7 (hardening effect)o] 7]91

8 7o g

4.3 LI MMCse| EMIIM o7 S&
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Fig. 20. Strain-stress curves obtained from tensile tests of
In718/GNP MMC [63]
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7L H71ske] MMCso] B4-S #=&atgict. 1ea e 3
ZE2 0, 0.25, 1.0 wt%2 Z7FA]Z o dE-7 == 800, 1180,
1451 MPa& FALE|Ql o, o]= T2 B74A9] &= o]
o9 A2 O R YA FAAIFTHE]. ¢ 244
A AY S e 3t IN7187F DA A= Zpol(Lef
T: 8 x 109K, IN718: 12.8 x 10°%/K) 2 <13} AlH Afo]o A
=2 A9 Wert FAE ] MY H3keo] Sksk= A
S99 A8l 12| T2 A Y sk EE AoR ASH
C}80,84].

4.4 ® MMCsel SM7HM o417 S8

AL AR B BIAR G4 B Gl w
e thoFst B4 % A5 Rk Song 5 43t A
SICE AR EUT BYYRE AR 45 A2
3 54 W 7AA 24 2ASTHTS). Fig 213} ol

= Fe specimens
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Fig. 21. Stress-strain curves of as-fabricated Fe/SiC composite
and as-fabricated pure Fe specimen [78]

Fig. 22. SEM micrographs of the tensile fracture surfaces of
SLM-fabricated (a) Fe specimen and (b) Fe/SiC speci-
men, (c) high magnification of the frame in (a), and (d)
high magnification of the frame in (b) [78]
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2.5 5 10 15

Content of reinforcments (vol. %)

Fig. 23. Influence of the starting particle sizes and volume con-
tents of the TiC powder on the variation of microhard-
ness of SLM-processed nanocomposites [61]

Table 1. Average coefficient of friction (COF) and wear rate of the
316L nanocomposite parts [61]

Sample Average COF (mrzgjgr;;iel 0
316L-2.5% TiC (coarse) 0.738 9.696
316L-5% TiC (coarse) 0.714 8.573
316L-10% TiC (coarse) 0.670 7.338
316L-15% TiC (coarse) 0.698 3.555
316L-2.5% TiC (fine) 0.716 9.431
316L-5% TiC (fine) 0.713 7.770
316L-10% TiC (fine) 0.649 4.304
316L-15% TiC (fine) 0.691 3.103

A ES =aligh A3k, H MMCs= SiC YAt 2Jgh
9] Pinning @A} O 2 Ql3||, o= HIF de] FEH o|F
A3t W 7 3H(Strain hardening) A WS ¢ 21A¢
gom 62T 4 9l5ol, Fig. 22041 PBF WO A
2 247} Fe/SIC MMCs] stk 2% o3} 2o 4
o] o5k A4T 54E etk SiC BAA o 4
ol 7R A} gl A4 wE AS B3t & 9k

Almangour 52 SUS316Lo]| TiCe] Hu]EE8-2 2.5, 5, 10,
15 vol%, 7|2 50 nm, 1 um= Tlokslslo] 345t SUS316L/
TiC B 28 A2 ste] T2 AWsh W, v 4 %
% 24, oA, dokey 5 Bk 1 % ol
o /g H7FEA] @& SUS316Lo| v =LA 5
7Vetgl o, 1 A= Fig. 23, Table 10]4] Z}z} 2}Q1E 4=

ATH[61].

mo ol

>

5.2 E

MMCst= 71 34 tju] 58 7141 2/9 2372 &
o F0 o] AN R B8 4 ek ol
o 54 % BHS A 93 AT E0] AEHOE of
FolA| 1 gtk AL Fol F4 HFAZ /10| WHF
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Table 2. A summary of characteristics and properties of MMCs

Reinforcement
Process | Matrix Size Weight Characteristics Properties Ref.
Type -
(um) fraction
E=73%1 GPa
Improved elongation, reduced tensile strength Y.5.=858+16 MPa
Ti6Al4V Mo 5-10 10.5 wt% (due to remained Mo powder, and T.S.=919+10 MPa [77]
microstructure) E.B.=20.1%
HV=336+4
Y.5.=1103+£20 MP.
Improved tensile strength, reduced :
Pure Ti TiB 5 8.35 vol% elongation T.S.=1421+47 MPa [51]
2 ' (duet o 0 EB.=17.8+3.2%
ue to grain refinemen V4027
SLM Improved tensile strength and hardness
Ti6Al4V TiB 10 10 wt? HV=440-480 85
! 2 & (due to TiB Whisker) (8]
Nano congation (o o g refmement gran | TSZS30% 16MPa
i u i )
AlSilOMg | ~0.1 | 11.6 wt% & o8h : & E.B.=15.5 + 1.2% [86]
TiB, boundary modification by TiB2 particles,
o . HV=191 + 4 (HV,,)
and promoted dislocation plasticity) -
Y.5.=1103+20 MPa
T.S.=452 MPa
. ) o . .
AlSiloMg | TiC 0.05 3wt% |Improved tensile strength, reduced elongation E.B.=17.843.2% (87]
HV=402+7
wel, 4% Ax MMCs B3k 287, AlZFH, $A2 AFS WAlste] PBE 324 AAslok & Wast qle.
7 59 @FEol thEes UYL Yk SR A 919] MMCs W PBE $220 NIl 714islo] MMCs

< A= MMCsg A 529 Aklofl A-83s17] ffalir=
oHéoHOF g o]frE0] AT
MMCs 7| 2] A 51 WA o] 541542 aefshA] a2
A A2 TRt A o1 5 ok BAA) Fte
g o2 QIR 2AdASh W2 ZIAA-BAA 1he] &
T AH A Azt 3 @, B

MG MMCs PBE WA 0 2 8% A28 49, 119
Slof & FHEAL@ O] A 22, 20 H=, A2 7 3
7, 4% 5, 270 Shel 5)2 oh$- e 919] PRE 3A=
A& AR A 4 A9, WA S B

9t ofy g} choFst AgtE(Lack of fusion, Keyhole induced
pore, Balling)2 <13 £ 9 B4} 247} wbaic. uf
ghA] 7)1 A A AE2A 2L TR AL G =, Hops 2t
A F7 % FARE ek FH=AE LAk T
o 2, P9 Ael 4% 2 885 FAYA/S 1ele PBE
S AATE o] FAXA] e B FARA S £Al= =7
1) s}c}. wEkA A A S MMCs .J =238} 1 (Densification) &
Al Aol 2 A& ExES HESL, §5EY

S AT B I 27 EHES HoIT e v
Thoty s 7| A A o] B /el A4 52 71AE
B4 B3 PN 5 & Ao & AR HEC) 3HA| 9 PBF
_TO'_JG EX] A} Eﬂ—xﬁ H 1 g] %_’ﬂ__zla} u]}\ﬂxxl ﬁéxé, 7‘%-;6:1—
E Oﬂ 7}*—?} kil
= o9

ﬂil

RER/FEDENET|E0TU0] XY
3 21CTAP-C157949-02) % # o], k=
oA AHS Fasto] Aot dollA =3yt
At AHAYTHA| 2020-7]4-083).
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