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Fig.2 Microstructure, mechanical properties, and strengthening mechanisms of titanium and its alloys with heterostructures at room temperature

and 77 KP**¥: (a) microstructure of asymmetrically rolled HS-Ti (the inset showing the hardness gradient of different thicknesses in the as-
rolled and partially recrystallized states); (b) Ashby plot of yield strength vs. uniform elongation for HL-Ti, CG Ti, and UFG Ti; (c) TEM

bright-field image of dislocation accumulation in recrystallized micron-sized grains at 2% tensile strain; (d) IPF of HS-Ti annealed at 773 K
for 10 min (the inset showing the grain size distribution of the HS-Ti); (¢) LUR curves of HS-Ti at 77 and 298 K; (f) TEM image and

SAED pattern of dislocation of HS-Ti at 77 K
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Fig.3 Microstructure, mechanical properties, and failure mechanisms of uniformly distributed reinforcement-strengthened TMCs:

(a) micrograph of TiB , reinforced TMCs"™; (b) micrograph of TiC, reinforced TMCs"™; (c) engineering stress-engineering strain curves

of pure Ti, Ti6Al4V, and TiB, /Ti6Al4V composites™™; (d) in-situ tensile curves of Ti-5vol% B,C composite and microstructure evolution

at various stages”; (e) SEM images of TiB and crack evolution®”; (f) in-situ TEM observation of the dynamic mechanical response of

[98].

TiB, during in-situ tensile testing”"; (g) Von Mises stress distribution simulation of the particle-reinforced alloy matrix with the strain of

12%*; (h) strain gradient distribution simulation of area marked in Fig.3g; (i) schematic diagram of dislocation accumulation between

two particles under applied stress; (j) nucleation of microcracks due to dislocation pileup at the particle-matrix interface at the angle of ¢

[88]
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X, 1fi TiB,, 72 4 X 32 SO & X o i 4h , Chen 48 A1)
IR Ti-TiB, 2 & oK 5E0& &8 RIEE , R K
B &I T WK . Ti-TiB, B & 8 K X 8 ¥ il
TYH A X TR A Sk R XSO i 7O A X CELSdD S
Wu %5 N8 5 8 oK 16 4925 BA TiB,/Ti R & Fy K F Ti
RN IR & T 2R 4EIR 5 45 89 TMCs . i 18] Se
Bz, TiB,/Ti VR A 8y R X 380JF BT 40 b X, T 3 4 50
SRR SRR . N TRk RIe S5 S
(1) TiB, Ak 1 0] R, Li 55 A 0071005 B 38 b il i )
YA H (10°~10° K/s) b FE MO0 ok ] 3 74T H
FESCHL T A & T AE SR AL A 4N K TiB,, 2 W 451K 43 A
GERe o A AER, B AT N D3R S B A PR ET L 808 v
FRI T 2R R 45 H TMCs2, R YE TiB /4 A
RRAE , 3% 22 b kLR 4 Dy 2 2% R AL BT B (] Sa Se~
Se) A B A A 7 Y (] 5b~5F) 7 Jif 45 /) TMCs.. R — 15
HE TEGH T 1R 31X 2 Bl e 0T 45 K9 M ORE B T A L T B
TSR AL o

[70-71,100]

7 AFELEMREE (R ELERT)

ZRIREVIIR BB B2 AT T ik 22 25O 1Y
m ke 2 REEGE M A R, R EF S T H TMCs A
A (072 (8] 29 A, CE LR IEAE SR P R e /N RT3 T SEIL
S IR FR A1, Hodh, Zhang 55 AR HK B8 3R 1%
Y B ¥ AR S B Ti kR T, 83T 1300 C AR es )i
FA R TIB, 5 Y,0,, H 45 & RG R AL HE, 5 K 3 F 45
i WEL 6a T 7S » FEAR LSV ORI 5514 Con /BB R LS4+
W FELHZD , WOK TiB, SPAT T4 J7 ), iU 48K Y,0,39 5
SARFETIB, A . b, TiB, AR R AR 2% o (1 D3 [F]
VER S FT BB s 5 o IR 73 A , 42 R ARL iR S - S J P )
) S A0 AR P o a8 I A PR BT 4y 5 JE b R AR BR & &
100 MPa , ZE {1 3 3 F+ 25% ; 600 C = i Pt 47 58 S5 =
1k 934 MPa. J5 o7 5256 45 53 B, JUE ) XU 45 7 T LA
S LR AR R AL LR (P 6d6e) , [N o, B 5% P9I
AR <cta> D 4 LA S WU 25 14 51 2 I HDL SO AR 33 52 4
RO AE 1 (B 66) s 49K o K TiB, /4K Y, 0,1



4 1]

FWEE: RREWREEE SRR

e 1121 »

P IE SR A A A3 5 S A Rt 3 i i A B S 4R T
AT K AVE B (K VIR 45 44 TMCs , 447 il 6 45 R
P DL VA KRR 1 R 06 SC B 5 AR A 40K AL 2 R
THOR R AR G5 441270100 e it 19 A 1) 3 V2 o) % <2 JR HE 2
A MR AR HE R R TR A B AR BT R Z AT B,
ARG AR IR AR, ATRES B N AR UTR .
AR 22 P R S 3 2 B N3 A4 3 ) A 7 e
(RIBAS o g IS0 3 1 il Li 45 N1 OV e
KAGSRAH R BRTE L A8 R S 1277 R 2R AR ALV Al
TiB, Ay R A4 K, 38 I A MR- 40 - S A — R 2T
K1 TiB/Ti6AI4V & 48 R, 8] Ta UM
A T 2 % TiB /Ti6AdV EAE M K nEE. &
HRARERTEJE R AF (B 7b) , 5480 AR (R4 1 v 4K
TiB 7E & STt TR AR E S 28 S5 4 o 45 28 T 389 47 1
TRV FVRE , T 4 BT BN SRR R AR B T D
(7 ARTOT, i B A A6 KL 4% 9 50 um ) TiB/Ti6A14V

swemm

A AREAT LT HON R IR IS M i (B 7e.7d)) . H
TR A H I FEN R TIB R 4T $L AR, TiB,/Ti6AI4V
ERRI &5 R AE 25 40k (B 7e) , TiB, & A R
T, HARER 9K R . TEM 837400 S2, 3% 5 7 -
TE 4N K TiB,, A4 452 R 4% (B 76) o 3 Rl 1A Sl 08 45
T {£ 4T BD 45 TiB /Ti6Al4V & & # KL M B T 4 i% TiB,/
Ti6AI4V JE DL T SR 5 1) 5 U 7 2 1 R, L B A 3
SRR B E RS (- 7g) . AN, HRT TiGAI4V &
&, Hm IR IRAGIR 375 50 °C, R, M RHT SR itk g
775 2 3R (B Tho B4 S Rh it T8 R FH 402K TiB,,
XS A ST FLAON , 5 S804 1) HDL s AL R g Ak
MR T A5 88 TMCs (1 J1 2 b Re (B 700, v oAl s v e R
AR TE R IR T 7B

8 IKHEMRF R (“REE”)

TMCs {50 T 8 3 T i SR A 3] L ). dnfT i
TMCs HISEEME RS 2 BT TMCs A SRRk AL . 3255751

0 5 10 15 20 25
Engineering Strain/%
LR B

11600 b
(]
185 14001

g \< Micro/nano-sized E% 1200y

X A\ basketweave-like structure ig 1000F RT
1% 800}
=
'S 600F
'8 —Ti
o p/ﬁ lath cluster 553 400r —— (TiB+Y,0,)/Ti
E‘f‘ 200
] 0 L
! 2 4 6 8 10 12
i c
[~
[-»
Secondary nano-sized 0. . g

P 2
-
' A

©  Micro/nano-sized Y0, =
L3
' 'ogb 200} —Ti

mmmmm  Micro-sized TiB | ! [5 — (TiB+Y,0,)/Ti

1 0

Bl 6 W (TiB+Y,0,)/Ti E4 AR AL 2R 75 2 g

Fig.6 Microstructure and mechanical properties of bimodal (TiB+Y,0,)/Ti composites””: (a) microstructure and schematic diagram of the

bimodal structure; (b—c) engineering stress-engineering strain curves for the bimodal (TiB+Y,0,)/Ti composite and the corresponding

titanium matrix alloy; (d) in-situ SEM-DIC image of strain distribution; (e) in-situ SEM microstructure evolution; (f) TEM bright-field

image of the dislocation pile-up at o, /5 interfaces



<1122 A IEA S TAE 554

; S

=

Electrode a Powder size distrbutionC 120 -8

(Ti-TiB rod) = 6f d,;=125 um 100 &

o b T sl £

5 80 2

“ac Coil £ | 60 =

— ) 3' >

i 5 4 40 2

5 s

_>a : E‘- Ar inlet > 1r 0 —g
3

# 0 3

Atomization
powder

lectron gun assembly |
'

Astigmatism lens

Focus lens

Deflection lens Powder

i'f

Powder Powder

storage 1

storage

100 200
Particle Diameter/pm

@ n92) b (1o1] 4 (1221 % [123] 1
13001 @ (193] @ (19%] O 4] <4 [s6]

O 42 @ po) O 33 @ (72

« (6] ™ (621 A [56] D [59]
1200

F V (58] @ (357 © (179] % This work
1100 --Q

= _ TiB nano.ge.:
w -de
1000 ey

900

Engineering Strain, &/%

&1200F  25°C ——EBM-TC4-TiB,, g
> —o—EBM-TC4
10001 —0— Forged TC4-TiB_
2 800f
& ool
2 600
'§ 4007, 5
a 200 .
g 2
Lu L 1 1 1 1 1 1 1
00 2 4 6 8 10 12 14 16 - 00 5 10

Engineering Strain, &/%

800

Ultimate Tensile Strength/MPa

15 20 25 30

0 2 4 6 8 10 12 14
Elongation/%

7 B HIEANK TIB, 2% 5 Ti6 AWV T4 2R ) 24 R

Fig.7 Microstructures and mechanical properties of additively manufactured nano-TiB /Ti6Al4V networked titanium matrix composites

[71,100].

(a) schematic diagram of the production of spherical TiB,/Ti6Al4V composite powders by electrode induction melting gas atomization
(EIGA); (b) SEM image of spherical TiB /Ti6Al4V composite; (c) particle size distribution of spherical TiB /Ti6Al4V composite powders;
(d) schematic diagram of the electron beam additive manufacturing process; (e) IPF of printed TiB /Ti6Al4V composite; (f) TEM bright-
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Heterostructures Titanium Matrix Composites: A Review

Li Shufeng'?, Liu Huiying', Li Shaolong', Liu Lei'’, Zhao Yongging®
(1. School of Materials Science and Engineering, Xi’an University of Technology, Xi’an 710048, China)
(2. Xi’an Key Laboratory of Advanced Powder Metallurgy Materials and New Technology, Xi’an 710048, China)
(3. Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110000, China)
(4. Northwest Institute for Non-ferrous Metal Research, Xi’an 710016, China)

Abstract: Titanium matrix composites (TMCs), owing to their high specific strength and high specific modulus, hold great promise for
applications in load-bearing aerospace components. However, the strength-ductility trade-off at room temperature significantly restricts their
widespread use. The hetero-deformation induced (HDI) hardening effect in heterogeneous structured materials offers a new approach to
overcoming the strength-toughness trade-off bottleneck in TMCs. The recent advances in heterogeneous structured titanium and titanium alloys
were outlined, then the current research status and compositing strategies of TMCs were summarized and discussed. The failure mechanisms of
homogeneous TMCs were elucidated, and the latest developments in configuration and heterostructure design by the pinning effects of
reinforcement phases were highlighted. Taking the “hard-in-soft” network structures and “soft-in-hard” granular structures as examples, this work
reviewed the design concepts, fabrication methods, classification, and strengthening mechanisms of heterogeneous structured TMCs, providing
insights and references for the development of TMCs with a well-balanced strength-ductility relationship.
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