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Design and Impact Resistant Analysis of
Functionally Graded A1,0,/ZrO, Ceramic
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Introduction .

O Humans have deployed various spacecraft, satellites, and
rockets into space, gencrating considerable amounts of space
debris.

O Most of the debris is burnt up as it passes through the

cmains in space.

atmosphere, residual ?c?f
O The speed of space debris in orbit can reach more than 10

km’s, and a collision with operaf | equipment can cause
destruction to equipment and lo nauts’ lives.

O Therefore, their impact resist d protection abilities
must be improved.

C.CLT. N.D.U. TATWAN

@ Introduction ' D)

The rescarch is faced with problems of ceramic
composite in impacting :
@ The variations in the elastic modulus, hardness,

and density between, ic plate and a tough
plate . (%) ISBHN

® mismatched adhesives are

® [nterlayer delamination.

® The creation of a mal tical model for
e~ S sfpdm’ch structures or multilayer structures.
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@ Introduction . ()
® Functionally graded materials (FGMs) can reduce the
delamination and the effect of the reflection waves under
impacting.
® FGMs are materials which change their composition,
constitution or structure ¢ usly alone the dircction of
thickness, the property and function of those materials
appear a changeable gradient feg

Bin A Mixof A and B AinB
be ¢ o
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Introduction r

The Application of FGM :
® Acronautics and astronautics
® Optics

e SIS
® Biomedicine

Y
® Military m
Since 2001, the U.S. Departm efense has alloted a

fgrgc yearly budget to FGM research.
. ~

@

® [lcctronics
® Nuclear energy

¥~
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@ Materials selection and processing @

@ Similar thermal expansion coefficients and sintering
conditions is crucial.

® Powder metallurgy sintering was used to create a four-
layer AL,O;/ ZrO, F intering temperature of
Y 50; /) %B“ g temp

1550°C. @
Relative
3 o D; SO Sintering
Ceramics A09°C) (l“:) dc(l:/.:l)ty T¢C)
ALO, 8.6 4 100/ 90 80 | 70
99.4~99.8 | 1550 1
@1 3Ysz 10.1 | 17.9 0 |10 20|30
b’_, -
\ {
e )
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Ballistic test o

@

@

® Regular hexagons with a side length of 60 mn‘l.'

® 6061-T6 Al 200 mm x 200 mm x 1 mm.

® Adhesive-Epoxy resin.

® Areal density of ceramics,
11 mm (without th&a

sfem? and the thickness
layer and rear plate).

C.C.LT. N.D.U. TAIWAN



@ Ballistic test Ny :

@

®

® (.30" armor-piercing bullets
® NUJ IV standard
® the initial velocity is 868+15 m/s.

Initial velosity
measure screen

S

Residusl velocity
measre sereen

Target plate

4
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Stress Wave Theory

@

The dissimilar wave impedance of the two media creates a
reflection and transmission condition of the stress wave on the
interface between the two media.

7~ -~

® p.C,>pC» F>0 » T>1, the compression wave (tensile wave)
is reflected as the co! # ave (tensile wave).

® p.C, < pC F<0 » Iq the compression wave (tensile
wave) is reflected a__pﬂle)tglsile W ompression wave).

AA:=

F_(pC)-(pC o 2(eC)
QS (/’z 2)+(aC) (P:C)+(pC)
ol i o =10,

@SYS/LS-DYNA Numerical Sin}ﬁlati@

A 1/4 model is used for establishing the ceramic composite plate
model. The thickness of the adhesive layer is 0.5 mm.

@ Adhsive-MAT_PLASTIC_KINEMATIC(No. 3) :
# Ceramic-MAT_JOHNSON_HOLMQUIST_CERAMICS(No. 110)
' HYDRO(No. 10).

@ 6061-T6-MAT_ELASTIC) PLASTI(

C.CLT.N.D.U. TAIWAN

Results and Dlscussmn\.r‘

gesults of experiment and simulation Y
o @ Under the equal ‘areal density, the
/ ey
b

absomtive energy in  the FGM
1R

increased only by 1.61% compared
with that in the PCM, but the FGM

. volume decreased by 7.3%.
" nder the equal thickness, although
= Sice ~ the weight in the FGM incrcased by
compared with that in the

absorptive energy in the
tantially increased by 7.8%.

P v
Tnitial veleity ()

Arcal
density

Average
residuat
velocity(misy

Average
absarptive
energy(T)

Thickness

Ceramics
| (mm)

239 3319

i
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Results and Discussion \‘r':
N

@

Stress wave analysis

MCM 100%450,—  TPOTRSgqe a0 ngnze IO I gou; 4y, 0,00z, EROTY resia
[ OrFpiny rom 780 O Fpusy v 5"

1 1 " T v v
g 099468 09UAT2 AD94T3 099475 -D99TS 099478
g DOOSSL 19947 o QOOSITA 199475 000SM 199478
FGM  essno- SRALOYINTIO  SOALOVINTION o = Fa-;l

< E
F o3

e s | 000409 0,00314

o R 100409 -~ 100314 e i

o Tk T

# The transmission and reﬂectlon intensity increased with the transmission and

a4 ection mfﬁclem
v ive layer eﬂ‘acl in the MCM also resulted in a dramatic increase or
dcclmc and reflection intensity.
v cnnkmﬁl,_y flection and of the FGM
SiE. . — —
o CCLT. N.D.U. TATWAN

Results and Discussionxy,; @

"

Stress wave analysis

Because the FGM displ yed no adhesive layer effect, It showed
/ % the level of cracking was less severe in the FGM, so the
Qﬁﬁfﬂnﬂagne\area formed in the FGM by the impact was
\’ complete. |

B C.CLT. N.D.U. TATWAN
Results and Discussion". - @
Microstructural analysis o

w0 nmtxlmm W B .
@ The reflection tensile mﬁscnn be @

and declined delammatxon in the FG
(o The
Weswg.u@er and causes the ceramic to

\ rapidly cra9k J

‘wave the

& o -y p——
Vaei TorSE, C.CLT. N.D.U. TATWAN.

Results and Discussion\.r:
Y

Numerical simulation analysis

FGM-14 ps MOM-14 s

© The distribution of the stress e second ceramic layer
plate of the MCM was wider than on M (red area).

,r-'-ﬂh} phenomenon leads to the second ceramic plate damaged by

r/ rwsmn wave before the projectile reaches the second
ayer. )

C.C.LT. N.D.U. TAIWAN



Results and Discussion .

Numerical simulation analysis
ik

@

[ —wicwm |78 M PCM [ iimm PC

L] The FGM structure showed that becauM small difference in wave

= ance. Thls caused the impact energy to be transferred in a graded state,
bq he MC!

F indlcatmg that the ceramic cracking in the PCM was more severe than

me FGM.
wg

C.C.LT.N.D.U. TAIWAN 17

Results and Discussion

Numerical simulation analysis

® B

11.8 mm PCM-83.01 mm
® The experimental results showed e ceramic cracking in
= ¢ PCM was more severe than in the FGM.
'\Q’ addition, the fracturing area of the ceramic cone was larger

‘than tthe FGM, which is consistent in the simulations.
{

"“‘,-3?.‘ T

C.CLT.N.D.U. TAIWAN
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Conclusion

@ @

OThe FGM can reduce delamination and increase the abrasive
effect of each ceramic layer on the projectile, improving
impact resistance.

OThe FGM can delay ceramic
circumferential and r@m
integrity of the ceramic plate.

OThe FGM structure can enable all rs to exhibit similar
wave impedance, reducing the interaction effect of wave.

DO Ceramic-metal FGM . can imp! esistance to impact.

urthermore, the experimental results also confirm that a

ramic-ceramic FGM design can improve impact resistance.

one formation and reduce
ropagation, maintaining the

201 C.CLT.N.D.U. TAIWAN 19 %
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» Impact damage is one of the r
problems.
®the lack of thriheghickness
reinforcement
® |n particular : aerospace struc
® Result in : delamination, indel
or outright failure.

————=Introductii———= 3

2015/7/17 C.OQTIND. NwDwULe Taiwan (R.0.C.)3
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» One of the possible solution to
impact damage
®Embed the SMA wires inside the

composites

» There are two characteristics of
memory alloy
®superelastic
®shape memory effect

————Introductisi——— 3

2018107117 COCTI NI NuwbwULe Taiwan (R.O.C.)4



o o
@ shape memory alloy —— o r@ ———=shape memory effeet
Austenite
a b
) )
© / e |
Z / .é_ = B Heating
S / / § Cooling
Y os / / L2 ~ 227
/ / L Loading 4
4 - = FITIL . Ly
& Strain, £ Heat Strain, & -
. Twinned martensite Doformed martonsite
(a) superelastic
(b) shape memory effect
2015/717 C.C.LT. N.D.U. Taiwan (R.O.C.) 5 2045107117 CCQTIND, NwDoULe Taiwan (R.0.C.)g
<3 Q P Qo
£}y = shape memory effect o Framewoske—— 9

(a) Austenite (b) Twinned Martensite

_orthogonal method (ANOVA)

2015/7/117 C.C.LT. N.D.U. Taiwan (R.0.C.) 7

2015107117 Carlam. NwDUre ) Taiwan (R.O.C.)9

- . . <i . - . o
£ = Constitutive Equations 9 o —=Constitutive Equatiens g
. . b . . ) D(¢)=D, +&(Dy - D
629951993, 9% i _p(e)ir 0T+ 0)é (£)=Dq +£(Dn ~Da)
s OT o8&
Q(¢)=-¢,D(¢)
» o~ ¢ stress ~ strain ( pre-strain)
>T :temperature >Dm100% martensite Of SMA
» ¢ : martensite fraction > Dy* 100% austenite of SMA
»D(¢): Young’s modulus, > & tthe recovery strain limit
» © : thermo-elastic tensor,
> 0¢): transformation tensor
2015/7/17 C.C.LT. N.D.U. Taiwan (R.0.C.) 10 20015/7/17 CiCr1:Tui /NuDwULc ) Taiwan (R.O.C.11
P . . . -] B . - o
Ejy —-=ithe recovery strain limit — @ 9 —sthe recovery strainmid
Martensite slippage
fraction 7 gl b1
100% - - a // /
Austemte / /
/ /
Martensite / ,'/
// //
e M, AL M, . ;/ /
l'emperature w.;L ) ¢
2015/7117 C.C.LT. N.D.U. Taiwan (R.0.C.) 12 2015/7/17 CACLIAT. N U,

Taiwan (R.0.C.)3



Qe

‘D == Energy Absorption =——
» Tensile energy

®Finite deflection theory
®the principle of minimum potential

B ——Energy Absorpee— 9

»Tensile energy
®Finite deflection theory
®the principle of minimum pol

energy energy
Y L{’*‘(@x) w(w] *@‘\z““\s{d(w]}“xdy Y “*{A’(ax] ”\Z[ay] +(2A”4/*6)(axJ(ay]}“d
Where A, is the tensile stiffness. Wherd\, is the tensile stiffn
2015/7/17 C.C.LT. N.D.U. Taiwan (R.0.C.) 15 2015/7/17 CLQTINT Nuwb U Taiwan (R.0.C.}5
. ] . . o
£}l ———=Numerical Example @ & =The strestvain relation of SMg\
1800 —
Level i
control factor | m " 1400
1200 —
A: temperature("C) 50 55 60 stress ]
B: prestrain(%) 1 3 6 (Mpaéooi
C:volume fraction (%)| 60 70 75 600

400 —

T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Strain (%)

2015/7/117 C.C.LT. N.D.U. Taiwan (R.O.C.) 21

Qe

#l) ——— Numerical Example =——

Results layout using an L27 orthogonal array

201507117 C.(QTINT

th ——Numerical Examete= 3

Results layout using an L27 orthogo

NuDuUL  Taiwan (R.0.C.2

run | temperature (A) | prestrain (B) | volume fraction (C) | Energy | S/N ratio (dB) runtemperatunerestyaipv¢Byme fractibmergg)N ratio
1 1 1 1 351.62 50.02 10 2 1 1 363.11 51.20
2 1 1 2 36565 | 5126 i 2 1 2 379.10 51.58
3 1 1 3 373.28 5144 12 2 1 3 387.69 51.77
4 1 2 1 356.58 51.04 13 2 2 1 368.23 51.32
5 1 2 2 371.45 51.40 14 2 2 2 385.08 51.71
6 1 2 3 379.50 5158 15 2 2 3 394.11 51.91
7 1 3 1 36307 | 5120 16 2 3 1 374.18 51.48
8 1 3 2 379.04 5157 17 2 3 2 392.76 51.88
9 1 3 3 387.63 51.77 18 2 3 3 402.35 52.09
2015/7/17 C.C.LT. N.D.U. Taiwan (R.0.C.) 23 201517/17 C.OQTIND. N.DU.. Taiwan (R.O.C.2
. o o
‘IE ——Numerical Examp|e= P) CB = CeometBr—m
Results layout using an L27 orthogonal array
X

run | temperature (A) | prestrain (B) | volume fraction (C) | Energy | S/N ratio (dB)

19 3 1 1 374.77 51.48

20 3 1 2 392.74 51.88

21 3 1 3 402.33 52.09

22 3 2 1 380.04 51.60

23 3 2 2 398.92 52.02

2 3 2 3 40896 | 5223 a =50 mm
25 3 3 1 386.67 51.75 y R=4.5 mm
26 3 3 2 406.70 52.19 h =8 mm

27 3 3 3 417.31 5241

2015/7/17 C.C.LT. N.D.U. Taiwan (R.0.C.) 25 201517/17 C.OQTI N, N.DU.. Taiwan (R.O.C.2

12



el —Hybrid Composite Plates — 3

Kevlar/Epoxy =
lamina

L SMA/Epoxy
lamina

6 ply Kevlar/epoxy + 2 ply SMA/epoxy

th Results and Discussion p)

» Effect of control factors on energy absorption of
hybrid composites

*A3, B3 and C3 gives maximum energy absorption.

Main Effects Plot (data means) for SN ratios

) ]

520

518

Mean of SNratios.

516

s14

Signal-to-noise: Larger is better

2015/7117 C.C.L.T. N.D.U. Taiwan (R.0.C.) 27 2015/717 C.C.LT. N.D.U. Taiwan (R.0.C.) 28
~ . . ° . . o
£}y ——Results and Discussion 9 By —=Results and Discussien g

Interaction Plot (data means) for SN ratios theI’ESU|t(5ftheANOVANIt|’Iheenergy
= S absorption
et /'/’ s
e b R = SourfBF| Seq. $Adj. [SAdj. MS F P |[Contributijon
= A |2 1.648920.250.82455272[630p 44.63
4 s ST B |[2]0.411/495.050.20573810.50.0p 11.13
[ ° Lo e 2 c 2] 1.6253074/73.812(15054]|040 43.99
510 < AB 4| 0.0001161 5.0000 0.32|0.8p 0.00
=0 (//‘ ) I; AC 410.0072170.840.001833.340.0p 0.19
asi o7 ;/ < : BC [ 4] 0.0018186.980.0004 8.29/0.0L 0.04
B PR errolr8 |4.3208| 30.8p5.4008 0.03
Signal-to-noise: Larger is better
Tota|l26 3.69817749 (37 100

2015/7/17 C.C.L.T. N.D.U. Taiwan (R.0.C.) 29 2015107117 CcCiIAT NuDULe  Taiwan (R.0O.C.30
< . o . o
th Conclusions=——— 9 Conclusichs—— 9

»Temperature and volume fraction of
SMA can effectively improve energy
absorption

»>Pre-strain effect is low, because
of slippage of Ti and Ni atoms in the
transformation phase

»Temperaturend volume fraction
(AC) interactionhave little
contributibecauséemperature
chose in thisstudywasaboveAs
poinfeadintpastabléraction

2015/7/17 C.CLT. N.D.U. Taiwan (R.0.C.) 31
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