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INTRODUCTION

Aluminum nitride (AIN) nanoparticles are availabite high purity with large specific surface area a
high surface activity. For composite materials, #heminum nitride nanoparticles have good interfacmpati-
bility, and can enhance the mechanical and elettpmoperties. AIN is used for manufacturing of atehatrix
and polymer matrix composites, mainly in the hestl adhesives, electronic casing materials and thighmal
conductivity ceramics. AA6061 consists of magnesand silicon as its major alloying elements. AA60&1
commonly used in the construction of aircraft stuues, such as wings and fuselages, automotive,mrth as

wheel spacers and aluminum cans for the packadifapdstuffs and beverages.

The higher stiffness of ceramic particles can tesuhn incremental increase in the stiffness obmpo-
site [1, 2]. Micro reinforced particles in the nletaatrix composites can reduce impact resistanbés froperty
can be enhanced by using nanoparticles [3]. Thetende of an interphase of higher strength and hasche-
tween the matrix and particle can enhance mechapiogerties [4]. Decreasing the interfacial stittngan en-
courage the interfacial debonding of reinforcedtipalates from the matrix. Interfacial debondingises shear
yield of the matrix. Very small particles are sommess difficult to disperse, creating clusters thahave as a sin-
gle big particle [5, 6]. The tensile propertiesnafhhocomposites have been analyzed using micromieahamod-
els. The elastic modulus depends on the interfacibésion and the matrix’s crystalline structureg[7

The aim of this paper was to establish the effégresence and absence of interphase as a conseq
of with and without wetting criteria of AIN by AA@L molten metal. The RVE models were used to apdtlye
AAG6061/AIN nanocomposites using finite Element gsa.

STRENGTHENING MECHANISMS

The tensile strength of a particulate compositévderon the strength of the weakest region andlaeta
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gical phenomena in it [9, 10]. Even if several tte® of composite strength have been availableg i®@mnanimously ac-
cepted. Pukanszky et al [11] have presented anriempielationship for strong particle-matrix infi@cial bonding, as giv-

en below:

1- V.
o, = [O’m (ﬁ)] eBvr (1)

whereB is an empirical constant, which depends on thiaserarea of particles, particle density and iaig
bonding energy. The value of B varies between fBo#9 to 3.87. This criterion considers the presearidsterfacial bond-
ing between the particulate and the matrix. Theotfdf particle size and voids/porosity are notl wedught-out in this

criterion.

A new criterion [12, 13] has been formulated by #lwthor considering adhesion, formation of preaipi, par-
ticle size, agglomeration, voids/porosity, obstadtethe dislocation, and the interfacial reactibthe particle/matrix. The
formula for the strength of composite is given belo

— 1_("p+"17)2/3 My (vp+vy) -1/2
o= [am{l—l.s(vp+Vv) e P + kd,, (2)

k = Eymy,/E,my,

wherev, andv, are the volume fractions of voids/porosity and tla@oparticle in the compositey, andm, are

the possion’s ratios of the matrix and particulatedd, is the mean diameter of the nanoparticle.

Elastic modulus (Young's modulus) is a measurehefdtiffness of a material. Elastic modulus is tamsin all
directions for isotropic materials. Ishai and Cofie4] have developed a relation between moduliarhgosite and matrix

based on a uniform stress applied at the bounttayratio of elastic moduli is given by

1+(5-1)v, 2"
1+(5-1)v, 23 -v, )

" 3)
which is upper-bound equation. In the derivatiorabbve formula, they assumed that the particleraatiix are

in a state of macroscopically homogeneous anddhesion is perfect at the interface. The lower-ldbeguation is given
by

Vp

51(6-1)-v, " @

E:1+

Em
O0=E,/E

where p/ m.

The proposed equations [12, 13] by the authorrtd foung’s modulus of composites and interphaskidgicg

the effect of voids/porosity as given below:

The upper-bound equation is given by

Ec _( 1-vy2/3 ) 1+(3-1)vp?/3 )
Em  \1-vy2/3+v, 1+@-1)(vp2/3-vp)

The lower-bound equation is given by

Impact Factor (JCC): 2.1245 Index Copernicus Valug(ICV) : 3.0



Effects of Adhesive and I nterphase Behavior of Aa6061/AIN 3
Nanoparticulate Metal Matrix Composites

Ec _ Vp-Vp
Em 1 3/(3—1)-(vp+vy) /3 ©)

where, s =Ep/Ep .

The transverse modulus is given by

_ EmEp 2/3 2/3
By = Em+ Ep(1-vp?/3)/vp2/3 +Em(1 - vp?? = v??) (7)

The young’s modulus of the interphase is obtainethb following formula:
ri—r
I‘i—l"p

Ei(r) = (¢E, — Ep) ( ) +En 8

MATERIALS AND METHODS

The matrix material was AA6061 aluminum alloy. AAJOis a precipitation hardening aluminum alloy, tedm-
ing magnesium and silicon as its major alloyingredats. Optical microstructure of AA6061 aluminurtoglis shown in
figure 1(a). The reinforcement material was alumimitride (AIN) nanoparticles of average size 100iime morphology
of AIN nanoparticles is spherical, and they apeaa gray powder as shown in figure 1(b). The nmachbproperties of
materials used in the present work are given ifetdb The tensile specimens were fabricated bystinecasting process
[12, 13]. The heat-treated samples were machinggttdlat-rectangular specimens (figure 2) for tibwesile tests. The ten-
sile test was performed on a Universal Test MaclitneEM) at a specified grip separation and pulledildfailure. The test
speed was 1 mm/min (as for ASTM D3039). A strainggawas used to determine elongation. The scareleagron mi-

croscope (SEM) was used to determine interphase.

Table 1: Mechanical Properties of AA6061 Matrix andAIN Nanoparticles

Property AA 6061 | AIN
Density, g/cc 2.70 3.26
Elastic modulus, GPa 69.8 330
Ultimate tensile strength, MPja 310 270
Poisson'’s ratio 0.33 0.24
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Figure 2: Shape and Dimensions of Tensile Specimen
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Finite Element Analysis (FEA)

The finite element analysis has been very efficiertetermining the mechanical properties of nombgeneous
materials like composites [15]. In finite elemenimerical models very fine meshes need to be appigde and around
the interphase layers which results in large nunatbetegrees of freedom. Currently, the use of aesgntative volume
element (RVE) or a unit cell of the composite métracture, in conjunction with a finite element {Rialysis tool is well
established for examining the effective materialparties and understanding the micromechanicseottimposite mate-
rials [16, 17]. In this research, a cubical RVE waplemented to analyze the tensile behavior AAgaIBininum nitride
nanocomposites (figure 3). The volume fraction abaopatrticle in the RVE is computed using equdtl@&j:

= = — X
Up (RVE) Volume of RVE 3

(9)

Volume of nanoparticle 16 (r)3
a

where,r represents the nanoparticle radius argpecifies the length of the cubical RVE. The vouiraction of
the nanoparticles in the nanocompositg as selected to be 10%, 20% and 30%; the nancdieaiadius ) was 100 nm.

Two RVE schemes namely: without interphase and witerphase between the matrix and the reinforcémen
were employed. The loading on the RVE is assumexym@snetric displacement to have equal displacensristh ends.
The large strain PLANE183 element was used to ntieshmatrix and the interphase zones in the mod@®EVIBIN14
spring-damper element was used to model the adhésitween the interphase and the nanoparticle stffieess was as-
sumed to be unity for perfect adhesion. It is efigketo set the strain rates of the FEM models dasethe experimental
tensile tests to converge an exact nonlinear solutdence, the ratio of the tensile test speedh¢ogauge length of the
tensile specimen should be equal to the equivaditt in the RVE displacement model. As a resti, tate of displace-

ment in the RVEs was considered as 0.'min

without interphase

with interphase

Square array Unit cell

Figure 3: The RVE models
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Figure 4: AIN Nanoparticle Distribution in AA6061 M atrix

RESULTS AND DISCUSSIONS

Figure 4 reveals the microstructure of AA6061/AlBnncomposite. The AIN nanoparticles are distribuitethe
AAB6061 matrix uniformly (approximated). Figure 5pilets the tensile strengths of the nanocompositéairmed by FEA
(RVE model), Pukanszky et al model, AC Reddy modal] experimental procedure. The tensile strengtteases with
an increase of AIN content in the nanocompositeithdit interphase and bare consideration of adkdsonding, the de-
bonding occurs at the particle/matrix interfacd@agn the nanocomposite as shown in figure 6 HIso observed that the
stress induced in the nanoparticle gets increasedtiae increasing content of AIN in the compositdis indicates the
transfer of load from the matrix to the nanopagtidtigure 7 shows the effect of interphase betvieemanoparticle and
the matrix on the major principle stress inducedhm nanocomposite in the direction of tensile logdThe major prin-
ciple stress increases with an increase of AlIN@rtanocomposite. It can be noticed that the bgsakacur between the
interphase and the nanoparticle in the compos#emb low volume fractions 10 to 20%) of AIN. Inetitomposite having
30% volume fraction of AIN, there is an evidencebodakage of bonding not only between the nanapardnd the inter-
phase but also between the matrix and the inteepliage to interphase between the nanoparticlet@datrix, the nano-
particle is not overloaded during the transferoafd from the matrix to the nanoparticle via thelphase.
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Figure 5: Effect of Volume Fraction on Tensile Stragth
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Figure 7: Tensile Stress with Interphase

Pukanszky et al model does not include the efféeebas present in the nanocomposites. AC Reddyehid
cludes the effect of voids present in the nanocaitpoThe tensile strengths obtained by AC Reddgeh§with voids)
and experimental results were less than thoseraatdiom Pukanszky et al model. This may be atteidbto the presence
of voids in the nanocomposites. In the presenceoifs in the nanocomposite, the interface regiomvéen the nanopar-
ticle and the matrix gets stiffened and conseqyehit leads the slow rate of increasing (or rent@instant) the tensile
strength with an increase in the nanoparticlesasdntResults obtained from AC Reddy model were Ipesqual to the
experimental values. On the other hand, the dewiatof FEA (RVE model) results with the experiméngsults possibly
occur as a result of micro-metallurgical factonsc{s as the formation of voids and nanoparticletehirsg) that were not
considered in the RVE models. However, the nontingeformation behavior of the reinforcements and tha-
trix/reinforcement debonding were considered inRWE models. These micromechanical factors migay pln important

role in the large plastic deformation regime.

Figure 8 shows the elastic strain contours of théE Rnodels for the situation involving without inpdrase and
with interphase. According to figure 9, the RVEeigpanded elastically away from the particle indivection of the ten-
sile loading. This increases the contact area letwiee particle and the matrix in the perpendicdiggction to the tensile
loading and decreases the contact area betwegrattiele and the matrix in the direction of thesiém loading. In addi-
tion, the deformation is propagated in the normeddation to the tensile loading. The same kindrehtl was observed

with the nanocomposites consisting of 10% and 208k A

Figure 8: Elastic Strain in the Direction of Tensik Loading: (a) without Interphase And
(b) With Interphase For 30%AlIn.
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Table 2 gives the elastic (tensile) moduli of tl@ocomposites obtained by the Rule of Mixturesailgimd Co-
hen model and AC Reddy model with respect to theme fraction of AIN nanoparticles. By increasimg thanoparticles,
the elastic modulus increases appreciably. Thdtsgstovided by Ishai and Cohen model and AC Reddyel were clos-

er results than the results achieved by the RuMixture. This is due to the existence of voidshia nanocomposites.

Table 2: Elastic Modulus Obtained from Models

Model Elastic Modulus, GPa
10% Vp|20% Vp|30% Vp
Ishai and Cohgnl169.90| 177.34 184.78
Rule of Mixturg 88.05 | 93.36| 98.68
AC Reddy 168.43 175.38182.31

Figure 9 shows the variation of von Mises streshénnanocomposite without interphase. The von Mieess
increases with an increase in the volume fractibAlIN. The quality of adhesion at the interfaceofscrucial importance
for the behavior of nanocomposites. The adhesi@mgth at the interface identifies the load-tranbfgtween the compo-
nents. Effective stress transfer is the most ingmtrthing factor which contributes to the strengfthwo-phase composite
materials. For poorly bonded patrticles, the sttemssfer at the particle/matrix interface is ingffint. Discontinuity in the
form of debonding exists because of non-adheremgeadicles to matrix. However, for composites @ning well-
bonded particles, addition of particles to a matvikk lead to an increase in strength especiallyrfanoparticles with high
surface areas. It is observed from figure 9 thatdébonding occurs at the entire periphery of tmgoparticle without in-
terphase between the nanoparticle and the matgrcél the stress transfer from the matrix to theoparticle becomes
less for the nanocomposites without interphasis fiticed from figure 10 that the debonding ocatrshe partial peri-
phery of the nanoparticle with interphase betwéennanoparticle and the matrix. Hence, the strassfier from the ma-
trix to the nanoparticle becomes high for the nanauosites with interphase. The SEM images showigime 11 reveal
the uniform distribution of AIN nanoparticles (30¢p). It is also observed the tear bands (figuredrithe periphery of

AIN nanoparticle due to transfer of the shear stfe@mm the matrix to the AIN nanopatrticle.

&'

2. Al

10% AIN 20% AN

Figure 9: Von Mises Stress without Interphase.

Figure 10: Von Mises Stress with Interphase
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Matrix between two

nanoparticies Interphase around nanopartscie

Figure 11: Nanoparticle Distribution and Interphasearound Nanoparticle in the Nanocomposite (30% Aln)

The stress concentration around the nanoparticideabserved from figure 12. It is observed thatihterfacial
debonding is high between the particle and theirmbtcause of local stress concentration arounchameparticle. Plastic
flows are initiated within the matrix and endedts nanoparticle/matrix interface. Owing to thehhiress of the nano-
particles, the plastic deformation becomes conagdrat several locations in the matrix. The laealistrain is observed
around the particle because of the high load tearefffect in particles. The plastic behavior défeonsiderably with in-
clusion of interphase between the nanoparticlethadnatrix. As the pressure is increased on the RidHel, the plastic
strain zone expanded, resulting in a plastic defion of the interphase between the nanopartiaeth@ matrix. In the
present work, the interphase is softer than theixnahd the nanoparticle and the nanoparticleiffestthan the matrix.
The elastic moduli (stiffness) of AIN nanopartieled AA6061 matrix are 330 GPa and 69.8 GPa, respéct

Figure 12: Stress Intensity: (a) Without Interphaseand
(b) With Interphase For 30%AIn/AA6061 Nanocomposite

CONCLUSIONS

The RVE models give the trend of phenomenon happeni the nanocomposites. Without interphase amelya
consideration of adhesive bonding, the debondirgiscat the particle/matrix interface region in tt@mocomposite. Due
to interphase between the nanoparticle and thedmttie nanoparticle is not overloaded during ttamsfer of load from
the matrix to the nanoparticle via the interphdd$® tensile strengths obtained by AC Reddy mod#h(wids) and expe-
rimental results were lower than those obtainedthfRukanszky et al model. . In the case of nanocsitggowith inter-
phase between the nanoparticle and the matrixstthss is transferred through shear from the mtdrtke particles. The
tensile strength and elastic modulus increases avitincrease volume fraction of aluminum nitridethie AA6061/AIN

nanocomposites.
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