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ABSTRACT

Adhesion between nanoparticles and metal matrixa¢iatt a composite’s mechanical properties. Desingathe
interfacial strength can cause the interfacial delrrg of particles from the matrix and, as a consege, the tensile
strength of the composite is reduced. In this lertiwo types of RVE models have been implementestiidy adhesive
characteristics between aluminum nitride (AIN) ngaxticle and AA3105 matrix using finite element lgmss. It has been
observed that the nanoparticle did not overloadnduthe transfer of load from the matrix to the oparticle via the
interphase due to interphase between the nandpaaticl the matrix. The tensile strength and elasticlulus has been
found increasing with an increase volume fractidnatuminum nitride in the AA3105/AIN nanocomposite§he
transverse modulus of AIN/AA3105 nanocompositdadseased from 74.84 to 83.25 GPa with interphasetd addition

of magnesium.
KEYWORDS: RVE Models, Aln, AA3105, Finite Element Analysisitérphase

INTRODUCTION

During the past several decades composite materialfinding increasing use in a variety of apgi@asuch as
aircraft, automobiles, etc. The higher stiffness@famic particles can lead to an incremental aszan the stiffness of a
composite [1, 2]. One of the major challenges whrtessing nanocomposites is achieving a homogsrdistiibution of
reinforcement in the matrix as it has a strong ichpan the properties and the quality of the maleiide current
processing methods often generate agglomerateitlparin the ductile matrix and as a result thekileix extremely low
ductility [3]. Particle clusters act as crack oicadeesion nucleation sites at stresses lower thamiéitrix yield strength,
causing the nanocomposite to fail at unpredictétle stress levels. Possible reasons resulting ftigha clustering are
chemical binding, surface energy reduction or phtisegregation [4, 5, 6]. While manufacturing AlogAIN
nanocomposites, the wettability factor is the madmcern irrespective of the manufacturing methasl.high surface
activity restricts its incorporation in the metahtmx. One of the methods is to add surfactant vlicts as a wetting agent
in molten metal to enhance wettability of partiteta Researchers have successfully used sevefattsumts like Li, Mg,

Ca, Zr, Ti, Cu, and Si for the synthesis of nanogosites [7, 8, 9].

The objective of this article was to develop AA3NIBI nanocomposites with and without wetting crigdeof
AIN by AA3015 molten metal. The RVE models were dise analyze the nanocomposites using finite El¢raaalysis.
A homogeneous interphase region was assumed imakiels. The results obtained from the finite elenaaralysis were

verified with those obtained from the experimemadi
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26 A. Chennakesava Reddy

THEORETICAL BACKGROUND

Analyzing structures on a microstructural levelwbwer, is clearly an inflexible problem. Analysigtinods have
therefore sought to approximate composite struttmechanics by analyzing a representative sectfotihé composite
microstructure, commonly called a Representatiieiiie Element (RVE). One of the first formal defioits of the RVE
was given by Hill [10] who stated that the RVE wigsstructurally entirely typical of the compositatarial on average
and 2) contained a sufficient number of inclusisosh that the apparent moduli were independertteoRVE boundary
displacements or tractions. Under axisymmetric @l as antisymmetric loading, a 2-D axisymmetricdmlocan be

applied for the cylindrical RVE, which can signéiatly reduce the computational work [11].
Determination Effective Material Properties

To derive the formulae for deriving the equivalematerial constants, a homogenized elasticity madd¢he
square representative volume element (RVE) as shiovigure 1 is considered. The dimensions of tire¢-dimensional
RVE are 2 x 2a x 2a. The cross-sectional area of the RVE &x22a. The elasticity model is filled with a single,
transversely isotropic material that has five inelgent material constants (elastic modylndE,, Poison’s ratiosy, vy,

and shear moduluS,,). The general strain-stress relations relatingribemal stresses and the normal stains are given

below:
_ Ox VxyOy Vxz0z
B TE TR R, )
X y A
VyxO: G Vy 76
&y = _yXX Oy yzz (2)
E, Ey E
VzxG Vzy© G
SZZ—ZXX— zyy+_z (3)
Eyx Ey E,

Figure 1: A square RVE Containing a Nanopatrticle

Let assume thab,, = o,,, 0,, = d,, and g,, = g,,. For plane strain conditiong, = 0,¢,, = ¢,, =0 and

vy, = V. The above equations are rewritten as follows:
_ Ox _ UxyOy Vyz0z
Ex = Ex Ey Ez (4)
= _YxyOx | Oy Vyz9z
gy = 5, + 5 & (5)
e = —yz0x  Vyz9 | Oz (6)
z E, Ey, E,
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Figure 2: RVE Models

To determineE, andE,, v, andv,,, four equations are required. Two loading caseshawn in figure 2 have been

designed to give four such equations based onhery of elasticity. For load case (figure 2a), tieess and strain

components on the lateral surface are:

A A
£, = 7'1 alongx = +a ande, = 7'1 alongy = +a

_Aa
82—:

WhereAa is the change of dimensianof cross-section under the stretth in the z-direction. Integrating and

averaging Eq. (6) on the plarme a, the following equation can be arrived:

E, = Zwe = ¢ )

5 - Eaave
Where the average value gfis given by:

Tave = [[ 0, (x,y, a)dxdy 8)

The value ob, is evaluated for the RVE using finite element gsizl (FEA) results.

Using Eq. (5) and the result (7), the strain algng +a:

_ Vyz0z Aa Aa

€y = = —Uy27=

E, a

Hence, the expression for the Poisson’s ratio syasifollows:

vy, = —1 (9)

For load case (figure 2b), the square represestatlume element (RVE) is loaded with a uniformigtdbuted
load (negative pressure), P in a lateral directionjnstance, the x-direction. The RVE is constedl in the z-direction so
that the plane strain condition is sustained toukiwte the interactions of RVE with surrounding miats in the
z-direction. Since, = 0, ¢, = Vyz(cx + oy) for the plain stress, the strain-stress relat@arsbe reduced as follows:

& = (i—i)ax—(vx—y-i-i)ay (10)

Ey  E
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£y=_(VE)'C_:+EiZ)O-X+(E_i_ELZ)Gy (11)

For the elasticity model as shown in figure 2b, oam have the following results for the normal sdrand strain
components at a point on the lateral surface:

gy = 0,0, =P
Ax Ay
& = — alongx = ta ande, = - alongy = +a

WhereAx (>0) andAy (<0) are the changes of dimensions in the x- andirgction, respectively for the load case

shown in figure 2b. Applying Eq. (11) for pointsoafj y = +a and Eg. (10) for points along = t+a, we get the

following:
= (v \p_
ey == (P+5)P =1 12)
—(L_L\p=2&
& = (Ex EZ)P T a (13)
By solving Egs. (12) and (13), the effective elastiodulus and Poisson’s ratio in the transversection (xy-plane) as
follows:
1
Ex = Ey = m (14)
Pa Ez
— (A Ly AL
Vxy = (Pa + EZ)/(Pa + Ez) (15)

In which E, can be determined from Eq. (7). Once the chand¢gnigths along x- and y- directionX andAy) are
determined for the square RVE from the FEEA(= E,) andv,, can be determined from Egs. (14) and (15), comeding-

ly.
Empirical Models for Elastic Moduli and Strength of Nanocomposites

The strength of a particulate metal matrix commodépends on the strength of the weakest zone atallungic-
al phenomena in it [12, 13]. A new criterion is gagted by the author considering adhesion, formadfoprecipitates,
particle size, agglomeration, voids/porosity, oblets to the dislocation, and the interfacial reacf the particle/matrix.
The formula for the strength of composite is stdteldbw:

1-(v +v,,)2/3 m -1/2
¢ = |om {—2——t|e PUrt™) + kd, 16]

1—1.5(1/p+v,,)
k= E,my,/E,m,

where,v, andv,, are the volume fractions of voids/porosity andayarticles in the composite respectively,and
my, are the possion’s ratios of the nanoparticlesraattix respectivelyd, is the mean nanoparticle size (diameter) Bpd
andEy is elastic moduli of the matrix and the particlepectively. Elastic modulus (Young's modulus) isneasure of
the stiffness of a material and is a quantity usecharacterize materials. Elastic modulus is #raesin all orientations for
isotropic materials. Anisotropy can be seen in meomposites. The proposed equations [12, 13] byatitkor to find

Young'’s modulus of composites and interphase iniotythe effect of voids/porosity as given below:
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The upper-bound equation is given by

E_( 1-v,2/3 ) 1+(8-1)vp?/3 (17)
Em  \1-0,2/34y, 1+(6-1)(vp?/3-vp)

The lower-bound equation is given by

Ee 44— % (18)

Em 5/(5—1)_(1717"'"17)1/3
Where, s =Ep [En, .

The transverse modulus is given by

E Emp +E (1—v,2/3—p 23 19
t m D v

T Emt Ep(1-vp2/3) [vp2/3

The young’s modulus of the interphase is obtainethb following formula:

E;(r) = (aE, — Eyp,) (”_‘T) + Ep (20)

ri ‘rp
MATERIALS METHODS

The matrix material was AA3105 aluminum alloy. AABSL contains Si (0.60%), Cu (0.30%), Cr (0.20%), Fe
(0.70%), Mn (0.15%) and Mg (0.50%) as its majoo¥ilig elements. The reinforcement material was alum nitride
(AIN) nanoparticles of average size 100nm. The raaial properties of materials used in the presemk are given in
table 1.

Table 1: Mechanical Properties of AA3105
Matrix and AIN Nanopatrticles

Property AA3105 | AIN
Density, g/cc 2.72 3.26
Elastic modulus, GPa 68.9 330
Ultimate tensile strength, MPa 214 27(
Poisson’s ratio 0.33 0.24

Preparation of Composite Specimens

The matrix alloys and composites were preparedhbystir casting and low-pressure die casting poceke
volume fractions of carbon black reinforcement wé@, 20%, and 30%. AA3105 matrix alloy was meliada
resistance furnace. The crucibles were made ofh@empThe melting losses of the alloy constituewtse taken into
account while preparing the charge. The charge fluxed with coverall to prevent dressing. The moli@loy was
degasified by tetrachlorethane (in solid form). Thacible was taken away from the furnace; anchie# was treated with
sodium modifier. Then the liquid melt was allowedcbol down just below the liquidus temperaturgéd the melt semi
solid state. At this stage, the preheated {600r 1 hour) reinforcement particles and magnesasna wetting agent were
added to the liquid melt. The molten alloy and f@icement particles are thoroughly stirred manuédly 15 minutes.
After manual steering, the semi-solid, liquid meHs reheated, to a full liquid state in the resistafurnace followed by
an automatic mechanical stirring using a mixer takenthe melt homogenous for about 10 minutes atrp@@ The
temperature of melted metal was measured using dyge thermocouple. The preheated cast iron die filled with

dross-removed melt by the compressed (3.0 barhaggs [1, 2].
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Heat Treatment

Prior to the cold rolling of composite samplesphuon treatment was applied at 8&5for 1 hour, followed by
guenching in cold water. The samples were colcedotb 2% reduction in a laboratory mill a relativéw strain rate,
probably less than 1. Lubricated rolls were useghatimum speed. The strain was calculated fronthioknesses of the

test samples before and after rolling process.
Tensile Tests

The heat-treated samples were machined to geteftédngular specimens (figure 3) for the tensiktsteThe
tensile specimens were placed in the grips of avéteal Test Machine (UTM) at a specified grip satian and pulled

until failure. The test speed was 2 mm/min (asA8iTM D3039). A strain gauge was used to determioegation.

250mm

T 1omm

— I
B mm( -
'— |

1 ! 150mm 1 1
1omm  (Gauge lengtn) 10mm  40mm

40mm

Figure 3: Shape and Dimensions of Tensile Specimen
Optical and Scanning Electron Microscopic Analysis

An image analyzer was used to study the distributb the AIN reinforcement particles within the AGBS
matrix. The polished specimens were ringed withillid water, and etched with a solution (distilledter: 190 ml, nitric
acid: 5ml, hydrochloric acid: 3 ml and hydrofluodcid: 2 ml) for optical microscopic analysis. Rrae surfaces of the
deformed/fractured test samples were analyzed aviftanning electron microscope (SEM) to define rfaeroscopic
fracture mode and to establish the microscopic mmeisms governing fracture. Samples for SEM obseEmwatvere
obtained from the tested specimens by sectioningllphto the fracture surface and the scanning easied using
S-3000N Toshiba SEM.

Finite Element Analysis (FEA)

The representative volume element (RVE or the call) is the smallest volume over which a measurgman
be made that will yield a value representativehefwhole. In this research, a cubical RVE was imgleted to analyze the
tensile behavior AA3015/AIN nanocomposites (figG)e The determination of the RVE'’s dimensional dtinds requires
the establishment of a volumetric fraction of sjt@rnanoparticles in the composite. Hence, theglatefractions of the
particles were converted to volume fractions. Thume fraction of a particle in the RVE,{.. ) is determined using
Eq.(21):

Volume of nanoparticle 16 \3
_ P =16y ( ) (21)

V. = = —
prve Volume of RVE 3 a

Where,r represents the particle radius anithdicates the diameter of the cylindrical RVE. Mwdume fraction of

the particles in the composité is obtained using equation

Vo = (W Bo) (Wef B+ Wi Orr) (22)

Where g, and g, denote the matrix and particle densities, apdandw, indicate the matrix and particle weight

fractions, respectively.
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The RVE dimension (a) was determined by equalifing. (21) and (22). Two RVE schemes namely: without
interphase (adhesion) and with interphase wereieppletween the matrix and the filler. The loadorgthe RVE was
defined as symmetric displacement, which providgdaé displacements at both ends of the RVE. To iobthae
nanocomposite modulus and yield strength, the foemction was defined against displacement. Thgelastrain
PLANE183 element [14] was used in the matrix ane ifiterphase regions in all the models. In ordemtudel the
adhesion between the interphase and the particd@QBIBIN14 spring-damper element was used. Thengt#§ of this

element was taken as unity for perfect adhesiorhvbould determine the interfacial strength forititerface region.

To converge an exact nonlinear solution, it is @lsportant to set the strain rates of the FEM metelsed on the
experimental tensile tests’ setups. Hence, FEM isode different RVEs with various particle contergBould have
comparable error values. In this respect, the mftithe tensile test speed to the gauge lengthe&pecimens should be
equal to the corresponding ratio in the RVE disphaent model. Therefore, the rate of displacemettiegnrRVES was set
to be 0.1 (1/min).

RESULTS AND DISCUSSIONS

Figure 4 reveals the microstructure of AA3015/Aladhncomposite wherein the AIN nanoparticles aregidigied

in the AA3015 matrix uniformly (approximated).
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Figure 4: AIN (30%Vp) Nanoparticle Distribution in AA3015 Matrix
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Figure 5: Effect of Volume Fraction on Tensile Stragth along Tensile Load Direction
Tensile Behavior

An increase of AIN content in the matrix could iease the tensile strength of the nanocompositeréig). The
maximum difference (36.03 MPa) between the FEA Iteswithout interphase and the experiments rescéts be
attributed to lack of bonding between the AIN naamtigle and the AA3015 matrix. The discrepancy §85MPa) between
the FEA results with interphase and the experimesgsilts can be endorsed to the micro-metallurdaetiors (such as

formation of voids and nanoparticle clustering)ttivare not considered in the RVE models. Authortsdel includes the
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effect of voids present in the nanocomposite. FEseilts obtained from author's model (with voidsyeveearly equal to

the experimental values with maximum deviation @4MPa.

For 10%, 20% and 30%Vp of AIN in AA3015, withouténphase and barely consideration of adhesive bhgndi
between the AIN nanoparticle and the AA3015 matiite loads transferred from the AIN nanoparticlehe AA3015
matrix were, respectively, 44.20 MPa, 68.47 MPa @&d9 MPa (figure 6a) along the tensile load dioec Likewise, for
10%, 20% and 30%Vp of AIN in AA2124, with interpleaand wetting between the ALN nanoparticle andAA8015
matrix, the loads transferred from the AIN nanojgatto the AA3015 matrix were, respectively, 67Pa, 88.32 MPa
and 91.06 MPa (figure 6c¢) along the tensile loagdion. Zhengang et al [15] carried a study imprgwvettability by
adding Mg as the wetting agent. They suggestedttimatvettability between molten Al-Mg matrix andCSparticles is
improved and the surface tension of molten Al-Mgyalvith SiC particle is reduced, and results imMogeneous particles
distribution and high interfacial bond strengthr festance, addition of Mg to composite matrix légadhe formation of
MgO and MgA}QO; at the interface and this enhances the wettakility the strength of the composite [16]. The stess
induced in the normal direction to loading were éothan those induced along the load directioru(égsb and 6d). The

combination of tensile and compressive stressesndased in the normal direction of loading.

(b)
Figure 6: Tensile Stresses (a) without Interphasé®arallel, (b) with Interphase, Normal,
(c) without Interphase, Parallel and (d) with Interphase, Normal to Load Direction
The strains along the load direction were highantthose in the normal direction (figure 7). Acdogly, the
RVE was expanded elastically away from the partinlehe direction of the tensile loading. This wauhcrease the
contact area between the particle and the mattilxd@rperpendicular direction to the tensile loading would decrease the
contact area between the particle and the matrtkendirection of the tensile loading. For the raoroposites with and
without interphase the only difference was the pggtion of deformation from the matrix to the naamtigle. This
washigh with interphase as it would improve thetamtity of the nanoparticle with the matrix. Th&térphase extends

theyielding character of the nano composite.
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)

tc)

Figure 7: Elastic Strain (a) without Interphase, Paallel, (b) with Interphase, Normal,
(c) without Interphase, Parallel and (d) with Interphase, Normal to Load Direction

Table 2: Elastic Moduli of AA3105/AIN Nano Composié

Source Criteria Longitudinal Elastic Modulus, GPa| Transverse Elastic Modulus, GPa
Vp=10% |Vp=20% |Vp=30%| Vp=10% | Vp=20% | Vp = 30%
FEA without interphase 89.26 92.54 90.7% 89.3b 92.§ 90.85
FEA with interphase 93.26 96.62 91.61 93.36 96.72 1.7®
Author upper limit 163.54 179.28 195.19 72.39 77.62 84.94
Author lower limit 78.21 84.12 90.16 - - -
Rule of Mixture 98.79 124.48 150.17 79.27 86.58 .395
Table 3: Poisson’s Ratios
Without Interphase With Interphase
Poisson’s Ratig Vp =10% | Vp =20% | Vp=30% | Vp=10% | Vp =20% |Vp = 30%
Vi 0.9997 0.9996 0.9996 0.9996 0.9996 0.9995
Vi, -1 -1 -1 -1 -1 -1
Vi -1 -1 -1 -1 -1 -1

The tensile elastic modulus increased apprecialifly imterphase around the AIN nanoparticle (tabje The
results of longitudinal moduli obtained FEA werethin the limits of author’'s models. Due to existeraf voids in the
nanocomposites, the elastic moduli were closer fdingt. The transverse moduli obtained by FEA wargher than the
results obtained by the author’s models and thes R@IMixture. The elastic moduli along longitudireahd transverse
directions were nearly equal, respectively, with thterphase and without interphase around the WdNoparticle. The
Poisson'’s ratios,, v, andv, were also nearly equal (table 3). Hence, it isspdothe assumptions of isotropic conditions
while deriving the mathematical models in this pafgée FEA procedure adopted and the empirical hsodee also

proven acceptable as the results are within toledahits.

Figure 8: Interphase between AIN Nanoparticle and A3105 Matrix
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(@) (b)

Figure 9: von Mises Stress (a) without Interphasdb) with Interphase and Shear Stress
(c) without Interphase (d) with Interphase

Fracture

There is a clear existence of interphase betweelN nanoparticle and AA3105 matrix as shown bufie 8.
Mg leads to the formation of MgO and Mg@% at the matrix-reinforcement interface [16]. Thepés AICu, AlsMgs are
also observed in the microstructures. Hashin paifriterface model into physical terms for compasjter]. The effect of
the interphase is modeled by allowing displacendéstontinuities at the 2D interface that are liheaglated to the stress
in each displacement direction. The von Mises sé®$or the nanocomposites having interphase wererlthan those for
the nanocomposites without interphase (figure $je Bdhesion strength at the interface determinedahd transfer
between the components. For poorly bonded partithes stress transfer at the particle/matrix iategf is inefficient.
Discontinuities in the form of debonding were obser in the nanocomposites without interphase becaafs
non-adherence of the nano particle to the matrhe $hear stresses induced in the nanocompositbsawit without
interphase are shown in figure 10. In the caseaobnomposites with interphase between the nanoleasind the matrix,
the stress is transferred through shear from theota the particles. Hence, the stress transfemfthe matrix to the
nanoparticle becomes less for the nanocompositdsowmti interphase resulting high stress in the matrandis and
McMeeking [18] assume that the fibers carry théreratxial load, and the matrix material only traitsmshear between the
fibers. Based on these assumptions alone, it isrgliy accepted that these methods will be mostirate when the fiber
volume fractionV; and the fiber-to matrix moduli ratié: /E;,, are high. In the present case the elastic modulild nano
particle and AA3105 matrix are, respectively, 33a&nd 68.9 GPa.

CONCLUSIONS

Without interphase around AIN nanoparticles, thesile strength has been found to be 289.59 MPahfer
nanocomposites consisting of 30% volume fractiome b interphase between the nanoparticle and #tgxnthe tensile
strength increases to 294.64 MPa. The tensile gitisrobtained by author’'s model (with voids) aregood agreement
with the experimental results. In the case of nangaosites with interphase between the nanopadiuiethe matrix, the
stress is transferred through shear from the matrixhe particles through interphase. The transversduli of
AIN/AA3105 nanocomposites have been found to b84 &Pa and 83.25 GPa, respectively, without anld interphase.
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