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Densification and microstructure of
TiC,/Ti nanocomposites prepared by selective laser melting
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Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
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Abstract: The TiC, reinforced Ti matrix nanocomposites parts were prepared by selective laser melting (SLM). The
effects of applied linear laser energy density # (the ratio of laser power to scan speed) on evolutions of the densification
behavior, phases, and microstructures of SLM-processed parts were studied using X-ray diffractometer (XRD), field
emission scanning electron microscope (FE-SEM). The formation mechanism of TiCy¢s reinforcing phase with a
lamellar nanostructure during the laser-induced rapid melting/solidification process was discussed. The results show that
a high densification level of 95.6% is obtained for SLM-processed parts at a laser linear energy density # of 1 100 J/m.
The TiC, reinforcing phase disperses uniformly in the Ti matrix, having an ultrafine lamellar nanostructure with an
average thickness of 54 nm. The reinforcing phase is present in the form of substoichiometric TiCy ¢ys With a cubic crystal
structure.
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1=0.3), BLh, TiC 1 Ti BA R & P s A= A0
Mk, 1M TIC FAERE L SRR AR S by R s T
Ti . Bk, TiC/Ti 9KE MR ZH s
PERE.

HAT, M@ an g8k 2 el kil 2,
Wk RIB4 Bitid . MBSV & IE SR o Bk
P HlB PR S B Rr RARGE R S
FU e, M/ EiErEz . Lk REERK,
FESE I £ T 20 2 T BURTE A R v P B8 1 s A4k )= 38
R LA ST, i B S AR 2 A E R
HEX A (Selective laser melting, SLM), 1EHk—
FioH T ) P il (Rapid manufacturing, RM)FEA,
AE AR 48 2 28 19 oF 55 0L 4 B & 71 (Computer  aided
design, CAD)EMY, FIH &fe s EOCARE =t T
FAHCIRA PR A RE, T HER AR RORAR ) = 4E %
FRAERC, SLM i A H R AR B K(7X 10° KJs), [
AL, A BB RO AR B Atk
T, A BT SR AN A R AR, TR
FAARIZIAL T, iR FHRL, B% SLM B R
B ERR R A e

JRE N, SLM B B AR SO b Je—
RN MR SR R SIS, FEHGE. i
S % EAE Y. B AT R R SERAA I
KBS, KANHFHBOIRASSE, BEEEOL L 2SI
AR R AU S S e 2 A, SR AT iR
22000, S —J7 T, SLM ¥ B O ThA Py FIIHRIE v,
FHh R 1 AR RS d SRV TS, L4
ZHIIERON SLM R AT AR e e IR A
oM. MRERHA AL/ Hr, AT SLM BB
H R, WOLTiE P HERIESE v 2 e iRz
RE /MW E LN E, M HEZAERIEA, W2 HE0E
LRRe s L n(=Plv, Jm)"e ERG R e R LA
S SLM BUBIRE, A SRS AEANFHOGZ RE &% S g
NHEAT SLM BESER:, 4 TiC/Ti 4K B A RHA
15, 53T AR TR AT I BCEA T RE . WA R i
HZAMFEI, R REBOC RS FREH T 9K
SRR PR AL o

1 X8

1.1 w4

SEIGAT RN . SRR 99.9% RPN 1.5 um 1
TiC#oK; 2R 99.9%, KifEA 45 pm 1) Ti #ik.
¥ TiC A Ti By A e st b 3:7 Bk}, & T4 [F Fritsch

AFIAF I Pulverisette—6 FLHEFT A 2 S BEER B ML
BREE, B3k 300 r/min, B[R] 10 h, BRELE R 10:1;
BREE S FER R EE 20 min, 254 10 min, PAEES
TEPIR ST 28 10 h (S BREERES, 2O AR B 4i1L,
TE AR AN IR, YRR 6 pm (WLIE 1(a));
TiC LAGIR G RRLIE A 70 A {E Ti B4, TiC/Ti 4K
SR AR aE 100)F7R.

Bl 1 EREE 10 h J5 TiC/Ti 40K A4 K K SEM L2 TEM 4
Fig.1 SEM image (a) and TEM image (b) of as-milled TiC/Ti

nanocomposites powders at 10 h

1.2 ITEZERDH

ASZIG P SLM & JE RGBS =)
K Nd:YAG(A=1.064 pm)Eotgs. HTRIEESI T
HHLRS. AZhikEe s DR URSEE, WiE 2
Ji7R. SLM bR, i Bk — € JEE R R 15
BB OV R E, BOGARRE THEPLEHR CAD
B BATHR o A S — D3, OB —ANK
SEOr R e S, SORGLIE ZE R e i
B, HORMETYG ZE LA IR EE S, AR E KR
WOCH TR IR 2 )2 CAD i B A W
eI, H4 TN 9 mm X9 mm X9 mm BRI
PF, Wil 3 FiR. BUERFERHE A TR, &S
ARSI 3 kPa, IERGEN O, AR HUL T
1X107°, FOL T 2S5 R JeBHAE 200 um, Ot
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T 110~130 W, F93H% 100~400 mmy/s, 93 8] #E
140 pm, HFJEEE 50 pme
I e DI R SAFRERRFE, AR e R e a2

F— Nd: YAG laser F1 P8 K6 LISRAG AR A Wil FE o AR BT R e 2
Scanner m WIBIOM)MEE, RAFECEER A Archimedes JE 4
s Deposition JE . PAHF]H BRUKER D8 ADVANCE %! X HJ 247

mechanism

FHUXRD) 73 HT(Cu K, HLE K 40 kV, HJN 40 mA,
FARHIE K 4 (°)/min). JEFEH S HFQ mL).
HNO;(6 mL). H,O(96 mL)I¥ W, J& bl 18] 4y 25 s

Work piece Feeding chamber SLM AFF (I R ZF A LEO 1550 37 K 14t e
B2 SLM kRS REE BE(FE-SEM)MLEZCI rE A 5 kV). lFFfbaE i
Fig.2 Schematic diagram of SLM apparatus A K H EDAX Y BE 5 HUH i (EDX) M 5E

2 FR5WhE

21 HEHERE
Kl 4 s AR 2 BE B3 B 7(600~1 300 J/m)
SLM AR ' 5 1 At 1. 1 5 B Ak 3
S ERILERE R T g AR k. BT TIC/Ti 9K E 58
TR IE DO A B KB OB WL (K 58
: Roeapitn), Bk, SOt rhgAHmR k. &
B3 SLM WIBRIEH PRI AR RS HE5Z 57000 e T 42 58 Wi e ] 20 23

Fig.3 Photos of SLM-processed samples BRI AL R (G FL R R ST IR . LG S22,

-

(d)
500 um

B4 AFZpea® A~ SLM R FFHESARE v
Fig.4 OM images of SLM samples at various #: (a) 600 J/m; (b) 800 J/m; (c) 1 100 J/m; (d) 1 300 J/m
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Fig.5 Variation of relative density of SLM samples

with linear energy density ()

X n K 600 J/m I, VECRHEEE ZH 2RI 1 oA
7, BIBRERIFLBGTRR, HIBRAA],
QT 4(a)lr7s - SLM IR A 35 BEACh BB TE I 76.6%
JORNAE T ZRpe it idk, SRR
D, WAHRIER S, WA L LUK, IR
TE RGOSR ZR, B RSF RO FLBR AR T
TR, BAR T IR R .

o BN 800 J/m B, VERAHEENR A2 )% Sk
FFBVECR S, SLM IR B Ah 4 v 21 B 12 2 B
87.8%. SEANAAAE DB S AR LB, ARl
BOEHEF RS R, Wi 40) iR, & TG
LR TERIIE R, WO A R &, B
JEIEAse s, TR BRI, AR ERRR. 2
FEBERE B B R —FARED IR, s Ab B A 4 7 AL b
() S Bl e Ot ], DRIk, AR BCR R R

M BN 1 100 Jm B, SLM il o] AL
B, Bk RIS A A e R, Wi 4(c)
Fimoe 2 R BB 3 E 1) 95.6%, X T n A2
5, B RGBUAH FIRTRE AR,  SE AR T ith P
B FERIE N, AR AT LU R R, Y R
SNGaLi S, MR E R BRI .

2 KSR S 1300 /m, SR 412U 4N
HESEECE, HHPAME— RIS R 15~30 pm 1
WONALBR, WK 4(d)Fs. BEI, SLM R i B
R, NS 88.9%. X AL TN £ g s
B i &, WO ERIEZR S, I A A I ) e
WA, e ek M, i 3 86K
PSR REIRAC. LRG0Tl &, B0 ERE R g
91100 J/m I, BRI 308 B i 51 (95.6%),  H.
Y A ZR R S P RN S P e e

2.2 MRS

Kl 6 Fs A AR ZG Re i % 5 R BOBRFE ) XRD
i, SLM L 25, RFEh 325 Ti(JCPDS 65-9622)
FILA AL 22 T B AFAE ) TiCy.65(JCPDS 79—-0971) i F
YiM. TiCogrs imtR BALG: TiC BT BB WAL T RS
Flo MIHE XRD AT %01, TiCoens ATHI U SEAL IR 4L N
Wi, B SLM JREARAEE AT TiCy s HETHRAH SRS
JEH A/

*—Ti
* — TiCy 625

“MAKM . N N @)

30 40 50 60 70 80 90
20/(°)

El6 AFZAEE®E F SLM ik 1) XRD #
Fig.6 XRD patterns of SLM samples prepared at various linear
energy densities (1): (a) 600 J/m; (b) 1 100 J/m; (c) 1 300 J/m

2.3 BRBLASHT

K 7 18 B MAEASAIZERE SR % n T SLM iR
PRI UG A B R . Trp, 2 IR I SRA 4 A
THOLWE 7 Brzm, T s B 3G SRAH 4K S R Rk 1]
8 fi7n. EDX A4 R Bon, R A
2 FOIRG M XS C M Ti o, H C 5 Ti R
LbZyoh 0.6:1, WA 8(d)is. 44 XRD 7 #r4i R,
P2 ORGSR WAL 22 T R B X TiCo eos; 11T R FE
FIROIEAR LS Ti LR . 454 XRD (LI 6)nl %1,
TEA SLM L2551 N il e T TiCoes/Ti KL 5
Mk

2 600 J/m I, TiCo s 2 I ZVR AT Ti F
b (ILIE 7(a)), 54 S RITERANE 21 (ILIE 8(a)) .
X TR R AR, BUE A2 oL e
B, WOk R BERAG, TE BRI 5K oK,
AFIT TiCo s 43 MHAIA), Bl 2 THIR. M FHa
21 100 Jm I, TiCogs &2 RIES, I WIMEH
g, SEFHKEE N 707 nm. %N 276 nm. 5
4 54 nm(MLIE 8(b)), HIAIARAE Ti FEAAH (L
7(b))» TiCy ¢p5 B BRAHAE JSBE 7 ) BRI RSF/ANF
100 nm, #OL AT SR MARR EEREEAE . b, BT
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B 7 AFLRERE T SLM AL RRAT I ZU 0 W A i i i A 21
Fig.7 SEM images of SLM samples under low magnification (a), (b), (¢) and high magnification (d), (e), (f) at various linear
energy densities (1): (a), (d) 600 J/m; (b), (e) 1 100 J/m; (c), (f) 1 300 J/m

Element w/% x/%

C 12.19 35.64
Ti 87.81 64.36

CTi . Jm o

1 2 3 4 5 6 7 8 9 10
Energy/keV

B8 AFZREE® T SLM B R 22 R G5 e ik
Fig.8 SEM images of SLM samples at various linear energy densities () and EDX analysis of lamellar structure: (a) 600 J/m;
(b) 1 100 J/m; (c) 1 300 J/m; (d) EDX
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e S Sy, Marangoni i RFRAH BN )18
j([ls], f}%lﬁ TiCy 625 ﬁj/%ﬁljﬁ, ﬁéﬁiﬁi@%o é/l n
ARLLIE K E 1 300 J/m B, TiCoes J2 FrtR 45 R A
th, SFEEIRASF KEE 886 nm. S 411 nm. JESE 78
nm( WL 8(c)), HA IR BIAI(LE 7(c)). BEI,
TiCo 625 B HRAFATT EAT K S5 KR AIE

£ SLM L2, BEEHOtRER M RETN,
HEDX 35 A 1) TIC/ T 94K 52850 M AR #5640
1, TE R AR TR B9 o M0 RO B st
T TiCoes MK (3 160 C)iET Ti (2 730 C),
TiCoeos B FETEARZK AN . PEOGRE R 2 5 Gauss
I3AT, MU O S SR T U] IR R RS,
Ub = AR VRAH 2R T KRR, BUE F it HE I Marangoni
it Marangoni JUATIOGAEH TR HGE . FTE
Bl A MG SR, 6T Y OB B 40
T, TiCo o5 FEMR—HT H IR 52 B BANE 110
$0i . ANESTIEV I FROYENUKIESE, B4l kM
EJARM R I 5K ) BUR FE R R, 08 4 Sk pe 2
B B, SWOEAE g g A S8, WO R T
ik FIBEA, ARABAHVER T TiCo.es FITBANE S138 0,
BINE AR TiCoes MEHZ, MITAH T
TiCogos fEHREAR Ti WP o0 A I45), BEGIAZE . HEAh, WO
1 FH (Rt b e i 28 O g B i sk g AR A
BN S AR T TiC, Rl R, dhm e s
TiC, fEREAR T A 345), Wl 7 Pros. Bk, & 4fe
RO AR B S 1100 I/m PLE, RT3k 40K
SERTR) TiCo s S HRAH, IAETHAEIEAAH 3355 .

2.4 TiC B R IRGK IR AN

9 F7n A TiCoeos J2 IR GE R TE AL B o 15 A2 b
HEAL ST E ) TIC ARSI NaCl &Y, JEArJ7 il &,
HoR A R BE N Fm3m(255), VAR BT {101} 7 1
M, Ti M C #ALF O L7 A 11 s kb, e
a(l/2, 172, U2)MBEWAR, C R &8 Ti 11

. Grain growth affected @
by microcosmic stress \ Layer by layer growth

A7 0 AR BRUS, R0, BT Tic mikgirh C s
TR C JRFIES, BUEREEIENK Ti 5 C &
PN /S B 8 5 A TGP 110 =) G| ¥ A= a7 i o4
TiC(TiCo50~TiCoon) & :AFAE!, HHE XRD 43#7,
TiCo 625 AL L TiC T HAT AL TT iR Z R o

A TiC, ks s T Ti /0, Nk, 0GR
HEUH (8] T F R st o, TiC o s bW E iRl A2 A4 T 1 4
JERAKR, TRl — B LT e B3I 25
o, TSR R T AR G f AR S PR AR KRB RO,
TiC AL {110} AN S S #a 1 {111} A
TN, BTEE. 2400} AR,
(O AR R I, SRS RIUZE AR g P, A
WG, 4 TiC AL TR T UM, TiC, AR Kl 5z 3
T IO REAT 1) TIOMAT 2O ], A DA
KK NIMTARTE TiCo 605 IR Z5 44 o T O it b dik
AT TTpee TTLARIR N per= pe + p™e 1, p;
TRy, € X
_ ~1/2 U
Pr =0.54B,(T;) '~ exp(- kT) (1)

S

e By NERAREG TR UNRDET

IR kAN W EG po W K—hr b7 By
JikE, o e
Pst=0/"m 2)

Kt: o ARMIKST: r AIEARE A2
AT, IEJE TS BEOEE i R T
BTIOWR T RIS, TiCo 05 FEHAZ DB R 2 21— F
FAGP KRR RS SO S A {111} i [111]
J7 1) AR R A2 ML, T {1103 W [110]77 1) A KR i B
Ufs IR, Ti AT C AN {111} i Ee<fif,
RIMIERZ . KR, HEBE, BZIBRLL {111} R KL 1f )AL
D5 BZE ORGP (AR, SIM L2 KAk
P PREIE BELRE, TiCo g5 iR B TR SR 2 HA
G RGE R e AL, 184552 RIS bR A KB ) R A A

(111) (111)

[] (111)

TiC nuclei 110N
o

TiC lamellar nanostructure

9 TiCyes )2 HIREE A IEN L B R 2 K

[y -

Multi-layer cubic TiC lamellar nanostructure

Fig.9 Schematic diagram of formation mechanisms of TiCg g5 lamellar nanostructure
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AR RE AR . BTt R Marangoni Vi
YERLS TiCo.eos it fAHRE [ BTV b - FB A7 (R3S i i M
FAEE AR FEANII ST, AR I T B it A4 T
BT RA PN, R, SR 2 REE L7 R 2 AR
g5k, s 9 FroR. BEAh, &R X AR EOE R
BT A PR, A ATIA 100 Kys BY, A,
TiCoeos J2 FOIRHEDEI [BI/R %K, DA SLM I A% b oy H
K TiCoeps B8 BRAHAE {111} 100 E U7 ) BARE, T
100 nm, HAT IR GKEERIFFAE .

3 it

p=}

1) KHEXBOEE SLM 12, 4 TiCoes/Ti
YR E A ERRLE, WAL 2ETH 5 TiCo g5 i A S5 F 4 7
T 45K o

2) MPWOLLREEE L 7 4 1 100 J/m B, BB
3508 B B 51(95.6%), HABIAK TiCo 605 S AILIZ Fr
IRGIKLERICERIETE 54 nm), HAE Ti ARG

A5

3) B2 WO6AE F R s it R A R SO N
TiCors B G SARGE K FRIFEN, Tig 605 £E {111} 1 _EFEAZ
KR HEYE, BRI B R REE s BT A 4 i
R, BTBRLL {111} I HL 0 )2 IR Z5 K o
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