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& 1 Ti-6A1-4V & 4 4 gl
Table 1 Properties of Ti-6Al-4V alloy in the experiment!'”

Elastic Density Poisson's .ACOHStiC Tensile Yield  Elongation Cross section
modulus " ratio impedance strength  strength ration contraction
E/Ga p/gem u pc/ 10"%g-m>s' o,/ MPa o,/ MPa 5/ % ratio ¥/ %
109 4.51 0.34 2.71 > 895 825 10 25
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PRI 5 4 h S TR A 5 AR L
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L] 2000 g (g NESINEE, 9.8ms),
8y 4 8 807 7 ST AT
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E AAVER/SE S EREGMBES g g B BLOHUET S min JF, IR
Figure 1 Hexagonal products of laminated composite o e U
Of Ceramic and Ti_based alloy ‘LJ‘*J_L JL'FAI%)EEX ﬁ fﬁi% ’ Bj()\ l% Y.D%IIJ\EJ(J:F l:'j éﬁ‘l\ﬁ{é\

PAIENE=R TN 3 g A= R0 (b AN o i I = Boi B
T AR S 2 R AE IR TR AR A 2K Dy 80 mm B IE NI TEA RH & anEl 1 R

K W ZR AR B AT RHAIEAL) 1) HVS—50 B %% 24 PR SR W e/ 44 J2 1) 7 T 93 A

KA =R HENE T TiB, 2R TiB, £ &/ &M E R E SR 2 #ism o, BT
R5F836 mm x 3 mm x4 mm, HIEGEEA 0.5 mm/min. RAFIDYIH (Single-Edge Notched
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WG R, R LU AT 1 R R B4 & 2 DOP ¥k & 4w 5 A
ZHEN: Figure 2 Sketch of target structure for DOP test
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Figure 3 XRD pattern of the prepared ceramic matrix powder
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Table 2 Properties of the prepared TiB,-based ceramic

Elastic Densi Vicker's Fracture Bending Acoustic
ensity .
modulus / orom hardness toughness strength impedance
E/GPa  P/E&°CM Hy/GPa K, /MPam®™ o, /MPa pc/10kgm>s
475 4.38 21.5 12.5 758 5.04

2 R GiT#
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W& S D BRI NI B A SR AR R, il 3 F0
4 ffizn. TiB, B & MIsERE E. %)E p.
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25 i 5 R IR T T T2 361 T T FESEM M2,
RILIEAE /NS TiB, Fr AbAE BT R R i K 1
HEETHL . R8T 8008 B ik )

UL (5. T8 6), A fif it AT 18 4 TiB,-TIC-Ni 1% i FESEM #
ZUg 1k 525 o R Figure 4 FESEM micrograph of TiB,-TiC-Ni
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Figure 5 FESEM images of crack propagation paths: (a) crack deflection (b) crack bridging and pull out
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Figure 6 FESEM fractography of TiB,-based ceramic
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Figure 8 XRD patterns of the interlaminar regions of
the laminated composite: (a) the area near the

ceramic matrix; (b) the area of the intermediate; (¢)
the area near the Ti-alloy substrate
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Figure 7 FESEM microstructure of the laminated
composite from the ceramic to Ti-6Al-4V alloy
substrate
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B9 ERE & EM E WA (a) FEZEME; (b) M7
HAK1.0mm; (d) FEEEEK 1.5 mm
Figure 9 FESEM images of the interlaminar microstructures from the ceramic to Ti-6Al-4V alloy:
(a) ceramic matrix; (b) 0.5 mm away from the ceramic; (¢) 1.0 mm away from the ceramic;
(d) 1.5 mm away from the ceramic
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Figure 10 Vickers hardness distribution at the
interlaminar region of the laminated composite
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Figure 11 Load-displacement curve of the laminated
composite during interlaminar shear test
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Figure 12 Load-displacement curve of the laminated
composite during 3-point bending test

Figure 13 The failed samples of the laminated
composite after 3-point bending test
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Figure 14 Interlaminar shear fractographies of ceramic/Ti-alloy continuously-graded laminated composite:
(a) low magnification; (b) high magnification
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Figure 15 Interlaminar shear fractographies of ceramic/Ti-alloy continuously-graded laminated composite:
(a) pull-out of TiB, platelets; (b) pull-out of TiB rod-like grains
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Figure 16 FESEM image of solidified
microstructures and shrinkage cavities in
Ti-alloy substrate
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Figure 17 FESEM fractography of the laminated
composite after 3-point bending test

R R A e AR, FRE R RN R LG RN 1.5 mm ~ 3.0 mm FIRIRIEST (K 18), (HZAD
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Aitn SALEE) AOFRMRLG R P RN ES . WERAREY R, @Il ElE MR

*3 HBBRAER
Table 3 DOP-tested results of the materials

Materials Pc/ mm t/ mm Py / mm N
4 19 24 3.03
TiB,-based ceramics 4 18 2.9 3.13
4 20 1.6 2.98
Ceramic / Ti-allo 4 8.6 o 730
laminated compos}i,te 4 8.7 o 722
4 8.5 — 7.39

]

18 TiB, X /8 2 R DRI+ (a)

FA%; (b) &

Figure 18 Damage and Failure of TiB,-based ceramic target after DOP test: (a) ceramic; (b) back plate
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B 19 MEAREE#ENKEME M RERBERI: () HHE; (b) ¥E
Figure 19 Impact damages of ceramic/Ti-based-alloy nanostructured graded composite after DOP test:
(a) impact front; (a) back
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Figure 20 Damage and failure of the AP projectile Figure 21 The dependence of transmitting coefficient
after DOP test of compressive stress wave on the divided number of

the intermediate
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PR h Rt iR . RS ORER SR s . RN, T B R AR <R B K S S A
PR SR G S R IR RIS G R, RIS A2 R ool e 3o 400 ) 8 v B D7) 2 7798 A% 6 5 A 1) 7
Mo, VR SR T B UIRE & RN, SR AT 55 1 A R0 B U0 L 0T P e/ AR o <o L S S R ek I
B, WK T MR EARI R ) S e, D] TR R R RS A S YR, XA
P 3 A T S5 S I 3 5 M R N B T A A SR B A AT X B R (R I TR, 3 9 P R A
AT, SEANFARLERR BN AR SE BN (8], AREAE W B AR RS e ARG R SRR
SEPERERS LAW] S5 TT

3% %

(1) RHBEORNIFHETZ, @EWESERESMEEIEE 5T 8, BRIIH&H T TiB, 7%/
G SREYIREM T AR, HAER &AL G S E RO A B B TiByw TiB HIAH RS 54 30N
FHERIE R (oK - Kk > 90K). 220 (ZHHMHEE) KEEEGKE MR & . St
REMNAR B, BB/ S0 EGK G B G M BLZ (8] BY V) 98 B2 8 3] 335 MPa + 35 MPa, %5 i si 1A
F 862 MPa + 45 MPa, Mg TP & IR Zs fisifZ (758 MPa + 25 MPa) Al Ti—6Al-4V & 4B K&
JRGREE (825 MPa), {HEKT Ti—6Al-4V &4 IR KEBIRMNIR (=895 MPa), H & MEHRZ] 12 M
ZEE Kic 155 45 MPa-m'? + 15 MPa'm'?.

(2) XFEEIY) FESEM Wi IESRRHT ISR, E B UIMiR = 2RI TiB, #ed (U
fi)~ TiB B A R, 5K TiB M fh (BF di) 1 TiB # I RSUT L. HOUmE: . L
M B AL, A 75 BT D18k A~ A i 2k R I P2 b ds . TR, = a5 il isCRe iy
TS FESEM MR I, BRIERA &5 A UL K I BE A A 2R S 4a FLEE IR e, N2 M &R & &2
[ 25 G e, NIRFFE SRR/ G & MM AR, 5812 8 X ) e 34k 1 e R AR
ZERRE RS YIMR, 5K TiB # i RS SR B PINE], B RIERZ BT R. W&o
TR R B PR R 3K

(3) XF TiB, 2 P B KL AN &K & S FE AR S5 M A PR3 AT T 14.5 mm ZE i 2028 14
. DOP #iK, 153 H AR5 853 25050 A 3.05 AT 7.300 Z5-GAREZ ] S e 243 47 m] A
WA TEBE B/ R 42 ) JFUAE A RS B 400K 485 1) 2 S T AN A 453 B /K & 4 ) 75 BE AL DT e 75 LA
e, T IR AL S B R m I A5 A, T ANMGE R A ST R R A AR I R R
T G RS AR R SRRt W AR B ) Zh AR A, T L e i A e Y ) S i AR A FE S
(AL 78 S B Ja IR A R 7= 2, R AT BY UIAR & 20N, 38 K P B Wr 4B ) S e ik, Bk ff
P B/ KA i BE GOK S5 K 2B M BB s v Re A5 LA R 92 Tt
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Microstructure Evolution, Structural Damage, Failure
Mechanisms and Ballistic Performance of Nano-Structured
Graded Composite with TiB,-Based Ceramic and Ti-Based Alloy

ZHAO Zhong-Min, PENG Wen-Bin

Department of Vehicle and Electric Engineering, Ordnance Engineering College,
Shijiazhuang 050003, China

Abstract: Based on fusion bonding and atomic inter-diffusion between the liquid ceramic and
molten Ti-based alloy, the continuously-graded laminated composites of TiB,-based ceramic and
Ti-6Al-4V alloy were prepared by SHS centrifugal casting. The laminated composites consist of
three-layer structure with the ceramic matrix, the intermediate layer and the Ti-based alloy substrate,
and, within the intermediate layer, a nano-structured continuously-graded (microstructured — micro/
nanostructured — nanostructured) microstructures characterized by the size and distribution of TiB,,
TiB and Ti-based phases were achieved. Interlaminar shear strength, flexural strength and fracture
toughness of the prepared composite were measured to be 335 MPa + 35 MPa, 862 MPa + 45MPa
and 45 MPa-m"? + 15 MPa-m'?, respectively. FESEM fractographyies showed that, because of the
achievement of self-toughening mechanism by TiB, platelets and TiB rod-like grains along with
limited ductile toughening mechanism by Ti-based phases during interlaminar shear in the composite,
two kinds of load-displacement curves resulting respectively from interlaminar shearing test and
3-point bending test presented nearly the linear-increase trends. By conducting DOP test with 14.5
mm army AP projectiles on TiB,-based ceramic and the laminated composite, the average ballistic
mass effectiveness of two materials were measured to be 3.05 and 7.30, respectively. Hence, it was
considered that, because of the nano-structured graded composite interface in-situ developed from the
ceramic to Ti-6Al-4V alloy, the acoustic impedance matching was improved between the ceramic
and the alloy, while high bonding strength was maintained in the laminated composite. As a result,
the dual effects of load transferring and shear coupling by the interlaminar interface were initiated as
the composite was impacted by the projectile, and high ballistic performance of the laminated
composite was finally achieved.

Keywords: Ceramic/metal laminated composite; centrifugal reactive casting processing;
nano-structured graded interface; damage and failure; ballistic performance



