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ABSTRACT

The composite materials with vacuole inclusions are modeled by meshing matrix materials into entity units and
inclusions into thin-shell units. The element tiffness of the smooth closed thin-wall in plain-strain condition is
formulated by Kirchhoff-Love theory. And corresponding to the model, the multi-point constraint conditions of the
material interface are obtained. A representative volume of composite materials with vacuoles inclusion is taken for
example; the effective modulus variance during the interfacial debonding procedure is simulated. The result shows
that the meshing scheme and the assembling scheme proposed are valid and the number of freedomsis reduced.
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INTRODUCTION

Composite material is a kind of common compoundenmt Through embedding glass hollow inclusiongha
matrix, it achieves [1] presented by

Figure 1. Embedding hollow inclusions can make materiagbtér and softer [2][3], enhance materials’ thermal
expansion effect [4] and absorbing capacity [5]d @amomote cushion performance [6]. Nowadays, it basn
applied to aerospace, navigation, and logistics [6]

Figure 1, hollow microspheres syntactic foam

Finite element modeling calculation plays an imanttrole in discovering the mechanic attributessyfitactic
foams [7]. For the research of normal intensiofiilmous materials, it can be simplified in accordamwith plane

strain method [8]. In terms of geometryrollow inclusion belongs to thin-wall shell structu For Finite element
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model of thin-wall shell, not only solid modelingyt also thin-wall theorem can be applied to [B]slich problems,
both inclusion and matrix are always segmented émttitative unites because of the special connediigtween
matrix and inclusion thin-wall shell. Now, in ord&r describe the curve of thin-wall shell, set marétes along
with thickness whose dimension is small in thiclndisection. And in order to avoid ill-conditionstffness matrix,
the corresponding scale of unites in shell hasebdétssen, and simultaneously the scale of griddirig smooth
transition along with the distance to interface levlliegrees of freedom increase much [7][8].

To reduce cost of calculations, the paper trieddalimension inclusions in according to classiccKioff-Love
thin-wall shell theorem, deducing the expressiorstwéin and stiffness of inclusion under plate istisituation,
discussing multi-points constraint relationshipvsstn inclusion and matrix, and then taking the eajant modulus
problem that at the time syntactic foams debontypfitom interface as an example for checking.

2. The stiffness inference of inclusion shell

Because one side of inclusion thin-wall is aiisialmost considered as the prerequisite of ontgeatial normal
stress. If we assume that thin-wall curve is smaott its slope is not that steep, we can adopsliedd model of
Kirchhoff-Love. This model equals to an arch thaets plane’s assumption in the case of strain pkmet only has
positive strain along with the direction of tangéstiown in Figure 2). The normal commercial sofevdoes never
fulfill this plane strain unit [9]. In order to makprogramming convenient, this article will makénences of its
corresponding expression under rectangular coaelsstern and then achieve element stiffness matrix.

1,V From the neutral surface z surface

Neutral surface

u + du,v + Av

x+4xy + 4y

Figure 2, microelement of theinclusion

We can know easily from microelement shown in Fég2ithat the original distance of tangential secéway from
z point to neutral surface is:

l, = A5 (1+K,2) (1)

K, is the original curvature, expressed as follows:

Ko =y"X=x"y' 2)

The derivative is differentiation of arc length.yRatention to the requirements of Kirchhoff-Lovat need Koh
to be small. If thin-wall microelements have midieplacement(U(S),V(S)) , the change of surface within thin

wall is (X(S) +u(s), y(s) +V(S)) , each variable in formula (1) should be:

As=AS1+2u'X % X'y U P4y 2
=As(1+u'x+v'y’)

®3)

= ((ym v (xu) = (x*u) (v '+V'))AA—S§ @)

=(x'y"-y'x)+ (x'v-uty)
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| =As(kz+1) (5)

The above derivative uses the prerequisite I(AU / AS,AV/AS) is a small value.

Therefore, the positive strain of each point witl direction of tangentiality can be presented as:
ool (As—As,) +z(Ask —Ask,)
lo As, (6)
:(uIXl+ yIVI) + Z(XIV“_u Ilyl) + ZKO (u IX I"‘ y l\/l)

Obviously, the first term in formula (6) stands tensile strain mode similar to pole. The secomchtstands for
curving strain mode similar to girder. The thirdntedescribes that fact that the bend of thin walllabsolutely lead
to the curving strain simultaneously while stretchiAnd we can realize that when the neutral sertdahin wall is
straight line, the strain mode expressed in form(i@p will degrade completely to be the combinatafrpole and
girder.

The above formulae has second derivative of digphent (U(S),V(S)). While using finite element discretization,

shape function should be second derivative. In rotdemake bending moment conveyed, the first dérigaof
connection point should be continuous. Therefdne, gaper adopts the classic beam element of shayption
called ‘two nodes and four parameters’ to inselteathat is:

1-38+ 267 u v UV
As(§-287+¢7 u' v’ U v
[u().v(6)] = (352—253 ) T N () u v v
I As(fs—fz) | utovy uptovpe

To especially point out that the term that is degoé freedom of junction angleéu',v') is the arc length’s
derivative of translational movement without cop@sding physical angle. The angle of linear neygtahe can be
expressed asf! = (n [ ) , and the strain field can be expressed as:

1+zx, , ol d& U | z ,a| dé&? U,
£(£) =22 xy] N e Ay : ®
As dN'||Ve| As d2N " L Ve
dé d&?
u
In brief: : E(E) = B(f) {Ve} , thereby the potential energy function and elenséffhess within units are able to

e
be calculated as follows:

h
_ o, T T U,
®=2s| j_g[ue Vv, |38 EB{dezdf )
and so element stiffness matrix can be gained as:
h
K. =As], [% JB" EBdzdé (10)
2

3. The assembling of inclusion and matrix

Nowadays, in composite materials, there are lotmofdlels of interfacial combination of inclusionsdamatrixes
[12]~ [18]. This article aims at discussing twofeient assembling of unites instead of interfaniadel itself, and
thereby use the simplest interfacial continuoupldisement model to infer the constrainable relatiim between
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degrees of freedom of inclusions and degrees afdfrm of matrixes. The infliction of this constraia
relationship can refer to [11].

For each junction A of corresponding matrixes aerifiace, set junction B on neutral surface of ie@n in order to
make the normal direction of AB along with curvergutral surface seem like Figure 3.

___________ 4 substrate

Figure 3, interfacial pointsassignment

According to continuous model of interfacial disgaent, AB is always perpendicular to neutral sigfand has
the fixed length no matter before or after transfation. N = (—y', X') T = (x',y ) respectively is unit normal
vector of inclusionary neutral surface and unigmtial vector before transformation:

X =X =—n (11)

After transformation:
(Xm + um) _(Xin + uin)

=D _dy+dvds, dx+duds, (12)
2 ds, ds  ds, ds

=2(n—(u'ﬁh)1)

get the difference between these two formula:

u, U, =——(u'h)z (13)

The above multi-points constraint makes the disptaent on interfacial junction between matrix andlugsion
equal. In order to these two fit better on therfiaiee, we can add constrain conditions that tanggogls between
inclusion and matrix. And, usually, plane unit jtioos in commercial software does not have degoéégedom of
angle [10], matrix’s tangent on interfacial poirdan be calculated in accordance with isoperimett@ment
interpolation. Assume that the side of unit matixinterface corresponds to the side of isoperimetradrilateral

n=-1L
Tl (N ey (X +U) N |y (y4V) (14)

The tangent of interfacial junctions between th@se units is calculated by weighted average ofltegained from
these two units. The weight in weighted averagelmigconsidered like that: before transformatioe, tdngent of
matrix and inclusion on interface equals:

(IBTO,ml tar,, 2) XT 5, =0 (15)

After coefficient is set, we know that, after tréorsnation, the condition of interfacial tangent is:
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(B, +ar,,)xt, =0 (16)
To fulfill conveniently, this article uses multi-pas constraint (13) to press conditions of bomfanterface.

4. Examples

For given foam with certain type included large aumt of compound materials distributing randomlytia matrix,
its macroscopical attribute is determined by voluraetion of bubble and thickness of inclusion w8l adjusting
these two parameters, it is flexible to customilagsical attributes of composite materials [19][20ve ignore the
interacting influences of inclusions, we can estlbh reference same as bubble’s volume fractianasfroscopical
composite materials and thickness of wall. And ttlmough the analysis we can estimate effective utuzdof
macroscopical composite materials [8].

In order to assure the correctness of this modelfimgt calculate the volume fraction of variouslusions and
effective modulus under various thickness of watid then contrast it with traditional model. Thedttional
model uses Ansys 10.0 and PLANE42 as unit; sodtttisle still uses Ansys basically as the model doah educes
stiffness. And also the inclusion assembles andects stiffness in the way that Section 2 and Bopm;, and then
uses optimizer called HSL-MA57 to calculate.

Example 1: as indicated in Figure 4, the size aftise of compound materials i®0x 10(, including round
vacuoles with volume ratio equalifgg. The thickness of inclusion wall s The Young modulus of matrix

materials and inclusion materials are respectitdipa and 150Mpa, and Poisson’s ratios are resgdgtiz4 and
0.3.

Figure4, meshing plan of the proposed model ( U/ = 0.3,h =1

As the contrast of this article’s case, using Artsgditional programs needs to adopt a more dermshno properly
express inclusion of deformation. As indicated iiguFe 5:

e g
FY T -
A

Figure5, meshing plan of the solid model ( 4/ = 0.3,h = 1)

By calculating the length of material’'s side whileetching, tension needs to be pressed and théwadent tensile
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modulus of composite materials can also be achidvyreder this condition, the modulus should be:

_ (1—v2)5

E=>}—7 (17)
&

The result that achieved from equivalent moduluthwhe change of cavity volume fraction is shownttie

following figure:

¥ Model in this paper
09 — Solid model

10 2 0 ® @
Volume ratio (%)

The equivalent modulus (P}
R

Figure 6, Effective modules(h=0.5)

¥ Model in this paper
oo — Solid model

a? 4

o i Z'II ) :'n . 40
Volume ratio (%)

The equivalent modulus (iFy)
B

Figure7, Effective modules(h=1.0)

From Figure 6 and Figure 7, we can see that bottihese two calculating results are very close. dtaimes the
expectation that the equivalent modulus increaseitevthe thickness of inclusions increases andeifpaivalent
modulus decreases while volume fraction of vacimteeases. From the figure we can also find thatrésults of
the two models fit better when mixed thicknessngls, which also matches the assumption of Kirchhof/e's

thin-wall theorem. Therefore, the calculation schehis paper proposes is valid.

We can also find that, under comparatively largdume ratio of cavum, the result of equivalent maduhis paper
calculates is a little bit larger than result plamgt calculates. There are three reasons: finst,gridding of Ansys
entitative model is kind of thin; Second, thin-walbdel ignores transformation in the directiontotkness; Third,
connection of multi-points constraints has stiffeef on interface. And we know that the phenomeisomore
obvious under bigger volume ratio of cavum throwagtalysis, which also matches the analyses of Figuaad
Figure 7.

In reality, matrix and inclusion happen to breakilgavhile under uniaxial stretch, shown as Fig8ri is necessary
to make research of equivalent modulus while hapagial damage on interface. We need to set upetaadore
times while adopting procedure of Ansys to calaildfising the approach the paper describes, theegsoihat
interface destroys, in reality, is a process oétilej multi-points constraints, which seems mudiera
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Figure 8, debonding while under uniaxial stretch

Example 2: The former example usgs=20%,h = 0.E and two cases to calculate different equivalent utesd
under different size of destroyed interface.

The result is shown in Figure 9:

o] —Ansys Calculation
w Dimension reduction model calculation
o.M 4
0.% 4

[F B

T T
[} L » k] 40 L1 L1 T L[] L1

Cracking angle (/)

The equivalent modulus (/MPa)

Figure 9, effective modules ver sus debonding angles

We can see that these two results are extremebe dio each other, both showing that the value ofvetpnt

modulus decreases suddenly when its dehiscent egmpbes a certain point (about 40 degredhis phenomenon
shows that this kind of composite foam is probdbléose stableness because of the partial droptefface while
stretching, which matches the results of referefit6§18]. The model this paper describes can hdieg to the

intimation of drop-off procedure of interface.

CONCLUSION

This paper tries to use combination of shell maxtelthe basis of thin-wall theorem and practical eldd solve
plate problem of syntactic foams. Adopting shelld®lo in order to avoid the problem that the shellhis too thin,

the paper adopts very tiny gridding while estaliighthe model. The advantages of this approacifearelegrees of
freedom and low cost. The article uses the formatiwhhoff-Love’s shell model in plane strain, amders strain
expression and stiffness matrix of inclusion, whiatakes programming easier by using whole rectangula
coordinate system; And the article uses continutisglacement model of inclusion and matrix on ifstee, gaining
the connecting constrainable relationship betwdate ghell and entity points, which was pressedibsct method;
Take advantage of the above approach to reseatitaéent model of syntactic foams while the voluraéo and
thickness of shell wall are changing; Simulate d¢towl of partial drop-off on interface. Exampleglicate that the
calculating results of this paper and the tradélomay are very close to each other, which prowdseteffective.

In addition, we can find that thinner the thickne$svall is, so bigger the volume fraction of vaics, larger the
modulus ration of inclusion and matrix is, and elothe two calculation results of these two modalsd this is
precisely the most common configuration parameigf2][3][6] in practical application, so this papean be
applied to statics calculations of composite foanth simulation of quasi-static degumming process.
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