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1. Introduction(1/7) - @

® In 1987, the concept of gradient materials pri)poscd.
and officially named Functionally Graded Material
(FGM).

® FGM was a new type of material in which the
constituent elements of the material are continuously
changed from one side in the thickness direction, and
the properties and functions of the material are also
changed in a gradient

<>

1. Introduction(3/7)

@ —m )

® In nature, many animals and plants have &volved

over a long period of time in order to adapt to

cavironmental survival, and gradually formed

various functionnl gradient materials, such as animal;

shells and bones, plant: bamboos and trees.
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® The ultimate goal of this study is to establishla high-
speed functional  gradient
theoretical model, Combining the impact and failure
modes of the two distinct performance materials, the
residual velocity of the warhead can be predicted.

1. Introduction(5/7) -

impact ceramic/metal

COLT. NDU ROC

Bullet model

The bullet model! Assume that
the projectile is acylindrical
Nat-nose bullet

Lt initial length

D, diameter

pp- density

¥Vt impact velocity

¥yt dynamic yield strength

£ elastic modulus.

During the impact process, the deformation of the
bullet is disregarded. and only the erosion of the

= y mass (length) is considered.
»— =
fata T COLT. N ROC, - S
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1.Introduction

2.Theoretical analysis model
3.Model verification
4.Experimental plan
5.Results and discussion
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1. Introduction(2/7)

aby giaded

material structure
ristic
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@ 1. Introduction(4/7) - : @

® Many studics in the ficld of impact resistance have
shown that metal backplane can delay the formation
of ceramic cones and slow down the crack growth of
ceramics, Therefore, it has been studied by scholars
that gradient ceramics can increase the toughness of
ceramics and enhance the clastic properties of metal
backplane.

.fFunction,ally
an

"__;,' b3

Bullet

R e
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@ 2. Theoretical analysis model @

Tate equation (modified Bernoulli equatian)

(1)

Y.+ %,;,(V —-UY =R + %p,(,":
Pp, P, - density of bullet & target
Y, R, : dynamic yield strength of bullet & target
V : bottom velocity of the bullet
" 3 u : the velocity at which the bullet penetrates

COLT. NDU, ROC
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@ Ceramic model &

The  cornme  madclsy Geramic
materials are brtle. Assume that the
thickness of vach laver of the graded
ceramic 3, and the otal thickness
is i . The densities of the layers are
Doy * P v Py o respectively, and the
average density g . The elastic
moxlulus values of the layers are £, |
Eos » Eop , respectively, and the
quivident elastic modulus is £, Their
Poisson’s mliox #ne o, * 0, > Uy

respectively. Their dynamic

S s 0,1 compressive strengths are Fo, v Yo, o
_ S~ RCECEDED ¥ respectively, and thelr average
=" . PR dynamic compressive strength is ¥,
e
Rt T 4T MDY ROC o e




the blckplne is ma :
elastic materials  with a
thickness of f,, a density of
P a0 elastic modulus of £,
and a yield strength of Y.

%:-(l’-l_l)—
=0
<l

that the compresslvc stress  wave penetrat d thc
entire ceramic structure from the point of impact,
engendering eracks in the ceramic layers. When the
cracks expand to the entire. eefamic stnwtu.rc, @

Ceramic conoid (2/3@:/

= r v a1 (14)

® Afier the first stage, the ceramic conoid
from the ceramic plale along crack lines,

bullet and the ceramic conoid move together on the

metal backplate, causing tensile and
deformation. ‘

bending

G Bullet (1/4)

® To simplify the model, flat-nose AP
adopted in theoretical analysis, and they were ﬁmher
divided into two types.

B e
i i

Ceramic conoid (3/3 .
® According to the experiments of Den T, o iS

generally between 60 and 65, This study assumed a -
~ 63.44 ; therefore, tan @ = 2.

® According to the chnnge of the strength ofthe broken

al., the plastic deformation energy required or the
backplate tensile and bending deformation presented
here as

(17)




® The kinetic energy in the central arca of\,_ n;t‘al
backplate is:
Ey = e b W g (19)

® According to the conservation of energy. the power
of the ceramic conoid to the metal backplane is cqual
tolhentcofc!ungeofhnenccnctgymth: itral
ouofﬂ:emdalbnckphlepluﬂbemd\ ze

Metal backplate (5/1); :! 2

® The sccond type is the petal type. If the ‘ﬁ:ct
velocity is much faster than the ballistic limit
velocity, the bullet will completely penetrate the
ceramic  structure and  will contact the metal
backplate without causing substantial bending to the
backplate.

Metal backplate (7/7)

® According to the conservation of cncrgy power
rate of change of kinetic energy in the central region
of the metal backplate plus the rate of change in
plastic work.

no; - 4".?.(—-!0. +8)

3. Model vermcatlon (2/41'.l

» = From the wordnﬁl?rch-mg:.

. L. diagram at bottom of the
W .. projectile, it can be seen that

e, . 8 =7 the theoretical  analysis
1= e model established in  this
:, b S study is more accurately

L R reflects the impact process

. B ~impacting the

q ‘l b} 9 %" 2 3R % 0 @&

| From the coordlmrmnge

"‘-'-“‘ : :_ diagram  at contact
| O T " oo surface of the prujecule, the
A R “ | experimental data is
n N M between the literature model
i { .~ s and the rescarch model, The
i~

Metal backplate (3/7)\(1 2 @

2@

of the bullet to the metal backplanc s equal ta the

ﬂe”

e Model veriﬁcanon (41“1' @ G

G Metal backplate (4/7):([ @

® Simplifying, we obtain
aw DI (“‘;';) 3G+ 5) >
@ Dihp, <

® According to results from Zaera, when the penciration
velocity €/ is close to the velocity of the metal W, the
maphnmw.mkism ted. Therefore,
the failure is

Metal backplate (6/7)

® Therefore, Eq. (18) was revised to show
the bullet on the metal backplate as:

Ec((o;"of
T ;.(_ic.)*};a (22)

® The kinetic energy in the central area of the metal
backplate were adjusted as:

3. Model verification (I/“*! & @
® From the theoretical analysis model establ above,
the differential equations are finally summarized, In this
study, the differential equauons are used 1o substitute the
material parameters of the functionally graded ceramics
and solved by the Matlab solver odeds.
® [n order to compare the lheouunll anal results with
those of other researches, this study firstly subsh!uua
gradient ceramic part of the theoretical modol with
B e e e

3. Model verification (3/.4);{»!“, ?@

From the caordifiate[chinge
diagram at  thé “denter
position of the metal back

I e 9 plate, the experimental data
[ "4t is  between the literature
1 R model and the research
s .\“ s

TEEEEEERRE]
Tt

4. Experimental plan(1/

,‘
. Ahey poml n ul«:ung FGMs tormu!hntlwpoc ient
are similar. Th the Wk Use
wtudy wm cumpoud of hngl»—g-mi\ ALO, and ZeO, 1o avoid stress

- Th-FGMphmnlh-mndymdmddmﬁmhwsmﬂn
direction of thickness. The material propomion in the first luyer
composed ALO, (100%), ALO, (996) and ZeO, (1024) in the

second layer, and ALO, (RO%) and ZrO), (20%) in the thind layer.




@ 4. Experimental plan(2/4) @ @ 4. Experimental plan(3/4) @

® Backplates made of 6061-T6 Al aluminum alloy Ballistic test equipments

were adopted. In theoretical model calculations, only n m

the thickness of the aluminum alloy backplate varied.
wdicasar Cirating e |n| Earper hokder

When the thickness between | mm to 3 mm, the
failure mode of the aluminum backplate was more
similar to petal-type and could be described using
Eq.(24). However, when the thickness of the
backplate was 4 mm or more, then Eq.(21) were
adequate because the failure would be o plug-type.

[ AL (i ze @ on ]
[ bt 1 T |
N 1 ALLLIBS it 120 5 Aan 1 {
g S S—T— — | 3]
AT g COLT. NDU, ROC " CELT NN RO
@ 4. Experimental plan(4/4) @ @ 5. Results and discussion, @
® The ballistic test was executed by using 0 30 armor- (1)Experimental results

picrcing (AP) bullet (2)Theoretical analysis results

® By measuring the average initial wvelocity, the
average residual velocity, and the residual mass of
the bullet to verify the derived theoretical model.

(3)Comparisons of the results from analysis model
and experiments
A.Comparisons of the residual velocity

AN B.Comparisons of the residual mass
L ; i IS C.Companisons of the ceramic conoid angle
e ‘ ~, D.Comparisons of the plug and petal types on the
| ==/ b & _r‘qeml backplate

' il B
i COLT. NDLL ROC. 43 ety ! e COLT. DU ROC, A
@ (1) Experimental results @ @ 10%-333 FGM/1 mm Al backplate, @

® Specimens were divided into four types. three tests
were conducted on each type of specimen, The table
summarizes the experimental results.

L it " L)

o7 ans osa " 37 e
T s 1o s e a8 234
ETER ‘ 1 . . %

et R CALT, N, ROC. : Q : f COLT. NDLL ROC. ﬁ
@ 10%-333 FGM/4 mm Al backplate,_ @ @2) I'heoretical analysis rcsults(l/Z@

® The matenal parameters used in this theoretical
maodel were adopted from Huang's dissertation.

® Using the Matlab ode45 solver, the differential
equations in the theoretical model are solved
simultancously. The rate of change of velocity and
projectile length were obtained.

'.“'..‘;;"‘ -y LCLT. N ROC : iz J— CAOLT. N, ROC. . a
@2)‘l-||(‘0r('tica| analysis rCSlll‘S(Z/Z@ @ A. Comparisons of the residual velocity(1/2) @
SR i A ® The comparisons of residual velocities obtained from
- four types of target plate ballistic test results and
from the theoretical model are shown in table , ——
More
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o A. Comparisons of the residual \elocmg‘zb) @ @ B. Comparisons of the residual mtt’, ‘
A— S

® According to the aforementioned NS/I'RFS. the
theoretical steel core flat-nose AP maodel  was
sclected. According to the theorctical model, the
shortened length of the bullet was converted to the
residual mass of the bullet, and that was compared
with the ballistic test results shown in table.

Mo e
e Al barhgien
RLOSURE St S
| wn 41 haskglen
ML TOM
& rwn A achpdes

Meas s
| n Al bacipann

D, Comparisons of the plug and petal tvpes l).(omparuons of the plu and
G opn the metal bl:kp'l(! (l'l.;) oA v on the metal backplate (

@ Theoretically, two failure types can be dbscved on
the metal backplate, the plug type and the petal type.
The comparison results revealed that when the
aluminum alloy backplate was 4 mm in thickness, its
mass was reduced by 2 g after the shooting,
indicating that the stretching, bending, deformation,
and extrusion caused mass loss.

® However, when the backplate was | mm thick, no

D. Comparisons of the plug and petal l,pu}
on the metal backplate (3/3)
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