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Effect of varied layer-content /thickness
on ballistic performance of a functionally
graded Al,0,/ZrO, material
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Dept. of Power Vehicle and Systems
Engineering, Chung Cheng Institute of
Technology, National Defense University,
Taoyuan, Taiwan

>

Reacting [+
armor

Ceramic/Metg

YR L (Fiber) comp|
U SE.
L. 2018/214 C.C.LT. N.D.U. RO.C.

Impact process

Projectile impacts ceramics/target

composite :

O Impact period

O Projectile sqeezes ceramic conoid

O Projectile and ceramic conoid press
back plate

[Rep—
—.

Creamics/metal target
. under impact
The function of back plate :

» Supporting ceramics and delaying fractured conoid
formulation ;
» Te accumulation of fractured conoid continues wear the
‘7 projectile ;

\"" /> Plastic deformation of back plate absorbs residule kinetic
energy of the projectile
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FGM

Functionally Graded Material (FGM) is the material elements
(composition, structure) changes along thickness direction,
resulting in gradient change of the materials in characteristics and
functions.

Manufacturing method *
® Powder metallurgy
® Self-propagating high temperature
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Materials used

@ Metal @®Fiber

> Alloy steel » Kevlar

» Aluminum alloy » Spectra

» Titanium alloy » Dyneema

@ Ceramic » Carbon fiber

» AlLO, @ Composite

» Zro, > Ceramic/metal

\‘_’5 \> S_iC > Ceramic/fiber

>“/B4C » Ceramic/ceramic
:{s@‘!‘ > Metal/metal
. 20180214 C.CLT. N.D.U. RO.C. 4141 -

1. Introduction

@

Two major problems of composites
affecting anti-ballistic capability :

* Wave impedance mismatch in
adhesives

* Delamination
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Objective
(FGM)

Simulation
analysis

| |

synthesis (SHS)
® Discharge plasma sintering (DPS)
® Physical vapor deposition (PVD) =1
nhemical vapor deposition (CVD) Reflection coefficient
\-s" @ Electredeposition method
\ . @ Laser cladding method (SLM)

Wave impedance |

Transmission coefficient

X =t
PV SE.
¥ 20180214 C.CLT. ND.U. RO.C. 8/41 -
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Varied layer thickness Vanegoﬁ{gztlayer Comparison with
(2234, 3332, 4322) (5%, 10%, 15%) pureALO;(PCM)
-3
\ /
3]
. 20180204 C.CLT. ND.U. ROC. 10/41 -



@ 2. Specimens Preparation

> Al,0, and 3mol%Y,0,-Zr0,. "~
» The sintering temperatures of
all specimens increased from _,,
room temperature to 1550 C .
at arate of 1 °C/min and were =
maintained at 1550 ‘Cfor3h "
before being allowed to cool =

@ ()

without Spray granulation Spray granl]la"tion'

16.3 mm,
<

e — O t‘:: e h 504 pm
. Coefficient of Original Spray
. Melting N e .
Material oint (C) heat expansion  grain size granulation
P (10%/C) (um) grain size (um)
AlLO, 2050 8.6 0.55 20 e 'S @ Spray granulation powder in ceramic green forming can increase
Zr0, 2715 10.1 0.30 50.4 & ¥
Y ooy l0DIlity to avold cracking at high temperature sintering.
s, 2200 81 - B o “~its mobility to avoid cracking at high t ture sinteri
\ Sic 2200 4.7 = & b o y
A B,C 2450 15 - =
U 55 S — r&g
PR W ZOJ/BM C.C.LT. N.D.U. RO.C. 11/41 i 201/ C.C.LT. N.D.U. RO.C. 12/41
@ Mechanical properties, @ @ Specimens design -, @
OF Varied layer thickness 4-layer FGM Y 71
* o g Specimens 1sayer 2"layer 3% layer 4“layer (&L
n 5 1 10%2234  z10; 0% 10% 0% 3%,
- . H FGM T (mm; 2 2 3 4 .
§u p 1 1owsme 20 0% 1% 0% 3%
i 5, ] __Fom Tmm) 3 3 3 2 -
: : 10%4322 210, 0%  10%  20%  30% C = )
= . zoM HE " onEGM FGM Tmm) 4 3 2 2 450
—o— | I-layered FGM A —&— | 1-layered FGM
. A 4-layered FGM = b 3 lnycred FGM
¢ O 10 2 0 W S @ N w10 LT T e )
200, vol% 760, vol%
S _ Hardness Fracture toughness
\ Ve
HV=GOO18544(d32) Ky :0.016(H£)VZ iy ”
3 4 v.ocn 10%-4322 FGM
‘g - &
PV SE.
¥ e 20],8!&1 C.C.LT. N.D.U. RO.C. 13/41 C.C.LT. N.D.U. RO.C. 14/41

@ 3. Ballistic Test Y @ @ Schematic diagram of ballistic test @

Specimens 4

Specimens: u Protective

n ight screen |
Hexagon Light screen‘set o ; sleepers
ceramics & Adjustable gun set
Aluminum back '
plate
Projectile:
.30” AP

\sz - Oscilloscope

\ ° {
N .
PV ESE, ﬁ PV §SE
anay. - C.CLT. ND.U. RO.C. 16/41 o, p— C.CLT. N.D.U. ROC. 18/41

FEM models ’ @

@ 4. LS-DYNA Simulation,

FEM Model & Parameters

# 1/4 model with SOLID164 3D, @ Steel : MAT_03

contained 235,600 grids QCu, Al : MAT 10 (EOS)
® Projectile : Copper , Steel @ Ceramics : M_AT_110 - ‘ P

RAETEEE @ CONTACT_ERODING_
Ceramics SURFACE_TO_SURFACE
Aluminum - -
@ Grids : )
FGM : 235,600 () 3332 FGM (d) 4322 FGM

o - 401,350
\Mw ;_\‘/

Y y
"l‘gl - %
,,;’f. 2018/214 C.CLT. ND.U. ROC. 19/41
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@ Johnson-Holmquist Model @@ Johnson-Holmquist Model @

symbol [ RO | A N € ~
® The JH-2 model is a mechanical model that descrlbes o =) = L = gml
aramete " ear Intact normalized  Intact strength tren 5
the strength, plastic behavior, and cumulative damage T oy modules _ Svenanpuaner " parametsr parameter
of brittle materials under high pressure, high strain poauitealSrchimecee] | Sloar il [ bclconce e i
method | drainage n Pressure bar dynamic test

rate, and severe deformation. The model comprises an

. . Symbol B M HEL PHEL
equation of state (EOS) for materials, strength model, Yo = =
N Paramete  Fechred Tl MaxTensile H ‘Hugoniot
and cumulative damage model T ronmpuamesr _porametsr strength __el: pressure
. Acquired Constraint dynamic. C: ted from obtained
> Equation of State, EOS method pressure test MIS) parameters
_ 2 3 symbol | K, K, K, | D, D.
P =Ko+ Ko + Kot Paramete AT Material Material
r parameter __parameter
> Stren th Model . N Acquired | Supersonic ‘Comparison between test
9 intact o, = A(P"+T)[1+ClIn&] method ‘ test ‘ Settoizero) and simulation
Y i HEL =

=
—
@-2v)y ©

. o —o' — D(o' —o'f
4 ? damaged o = B(P")M[1+C In&]
Nab D&n_ye Model g L_p =AP +THA+CIN&] . _p (it
1+v

.’\ D :Z%Z & =D, (P"+T")™ a ‘,\ gﬁ o7 =B(P)M[1+ClIn&] Pre = ;(1 V]HELa
@ 2018/2/4 C.C.LT. N.D.U. RO.C. 21/41 SEETI & 2018/2/4 C.C.LT. N.D.U. RO.C. 22/41 SEEY
@ 5. Results and discussion @ @ Damage form ' @

: 10%0-3332 N
Composite vs 18
EGM 0% ZCM|

— 332 FGM
—wc

1083332 FGA
— 2CM SOM,

Internal energy (J)

N

Mass of projectile (g)

Time (1)

e—— G D e el : CCLT. ND.U. ROC.

The crackE indEateYhat
differences in the CTEs
between Al,0; and ZrO,
induced residual stress and
caused deflection changes in
the cracks. Moreover, these
changes were composed of ¥ WAl
transgranular and ¢ 5 ! Y Wz, Vil ; 100% AL,
intergranular damage, both N =2 =
of which are crucial to
improving fracture toughness

20k 30um

7(:ra agation of 5% FGM after ballistic test
S8

Absorptive eneryy (J)

100% ALO,

,\%; & » A - ARV
T T | s rom
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Plastic strain

-
’ a 10%-2234 FGM 10%-3332 FGM 109%-4322 FGM

[ Sr—

5%-3332 FGM 10%-3332 FGM 15%-3332 FGM

P

¢ , ,
w0 5%-3332 FGM 15%-3332 FGM a . :
‘:’s C.CLT. ND.U. ROC. 33/41 e =

i @@ ]

5%-2234 FGM _ 5%-3332 FGM __5%-4322 FGM

@ |

| Vast differences in wave
impedance increase the
strength of reflection and
transmission, enabling the
interactions between impact
waves to damage a given
layer of ceramics before a
projectile reaches the ceramic
layer.

As the ZrO, content increased,
the capability of the ceramic
cones to resist projectile

" squeeze and the ballistic
performance of ceramics
both decreased.

C.C.LT. N.D.U. RO.C. 37/41 &

=
Formation of
ceramic cone:
5% FGM slower
than 15% FGM

5%-2234 FGM 5%-4322 FGM

N 4

15%-3332 FGM  15%-4322 FGM

Stress
transmission:
5% FGM< 15%

FGM
Plastic strain of
back plate:
Internal energy 5% FGM greater
of 3 layer: than 15% FGM
| 5% FGM> 15% an
FGM
5%—7634 FGM 5%-4322 FGM 15%-2234 FGM15%-4322 FGM ..-
iy | = 506-2234 FGM_5%-4322 FGM_1506-2234 FGM_15%-4322 FGM ﬁ
a.G‘-’.s. 2018/2/4 C.CLT. N.D.U. RO.C. 38/41 C.CLT. N.D.U. RO.C. 30/41
@ Conclusion ' @ @ : @
L3 -
(1)The analysis of energy absorption per unit ‘areal density |

suggested that the ballistic performance of the 5% FGMs
increased by up to 8%, whereas that of the 15% FGMs worsened
to lower than that of the PCM.

(2)Wave impedance differences increased with the content of ZrO,
in each layer, thereby enhancing the interactions between
impact waves and aggravating ceramic damage. Therefore, the
strength of transmission and reflection of the 15% FGMs
increased, causing reductions in their ballistic performance.

(3)The capability of the ceramic cones to withstand stress damage
and projectile impact was significantly greater in the 5% FGMs
than in the 15% FGMs.

%he formation of ceramic cones was slower in the 5% FGMs than

the 15% FGMs, which prolonged the squeezing of the Al

Py fate, thereby, inducing, further.plastic deformetion i the L .
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