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ABSTRACT

Nanoparticle agglomeration is a significant challenge in improving the properties of Metal Matrix Nanocomposites
(MMNCs), as it leads to poor dispersion and weakens overall performance. Extensive experimental studies have
explored ways to minimize agglomeration and identified key theoretical factors influencing this phenomenon.
The present work formulates an effective yield strength prediction model that amalgamates several strengthening
mechanisms - load transfer, increased dislocation density and Orowan strengthening. In addition, a degradation
factor has also been included to address the effects of porosity. The model evaluates the impact of nanoparticle
agglomeration on yield strength by introducing additional variables and identifies interfacial stress concentration and
inadequate load distribution as primary contributors to strength reduction. It predicts a 69.29 % increase in yield
strength with higher nanoparticle volume fractions, while larger nanoparticles (20-100 nm) and increased porosity
(0-5 %) lead to reductions of 45.45 % and 5.50 %, respectively. Sensitivity analysis highlights key factors affecting
yield strength, ensuring the model’s robustness and practical relevance. Validated against established theoretical
frameworks and empirical data, the model demonstrates high accuracy, instilling confidence in its predictions. This
study presents a unified approach to quantifying the interplay between strengthening mechanisms and agglomeration
effects, providing valuable insights for optimizing MMNCs in advanced engineering applications.

Keywords: Metal Matrix Nanocomposites (MMNCs); Yield strength; Strengthening mechanism; Nanoparticle
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NOMENCLATURE v, : Volume fraction of porosity
Ao, : EDD enhancing yield strength strengthening d, : Particle size (nm)
(MPa) Jeop : Improvement factor due to EDD
Ao, : Strength due to load bearing effect (MPa) Sust : Load bearing improvement factor
Ao, : Strengthening due to dislocation bowing A b : Volume fraction of nanoparticles in the
(MPa) agglomeration
SH— : Deterioration factor with porosity (MPa) & b : Volume fraction of agglomeration
A : Volume of agglomeration p : Enhanced density due to CTE mismatch
cw : Volume of nanoparticles in the Db (nm?)
agglomeration O e ne : Overall influence of nanoparticle
C, : Volume the nanoparticle-free matrix agglomeration in MMNC:s, yield strength
C”p : Volume of the nanoparticle (MPa)
} : Volume of uniformly distributed b e : Yield strength nanoparticle agglomeration
nanoparticle region region in the elementary volume (MPa)
cy> : Volume of nanoparticles in the uniformly e : Yield strength nanoparticle uniformly
distributed nanoparticle region : distributed region in the elementary
G, : Shear modulus of matrix (MPa) volume (MPa)
v, : Volume fraction of matrix o, : Yield strength of composite material (MPa)
V., : Volume fraction of nanoparticle o, : Yield strength of the matrix material (MPa)
e : Volume fraction of nanoparticle O, : Yield strength by considering the effect of
” agglomeration in the elementary volume porosity (MPa)
V:p : Volume fraction of uniformly distributed O : Yield strength model considering the load
nanoparticles in the elementary volume bearing, dislocation density and Orowan
strengthening mechanism (MPa)
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characteristics of porosity such as the size
of pore, orientation, and geometry

AT : Temperature change (°C)

Ao : CTE difference between the reinforcement

phase and the matrix (°C")

C : Elementary volume of MMNCs

a : Aspect ratio

b : Burger’s vector of the matrix (nm)

k : Constant

A : Inter-particles spacing (nm)

1. INTRODUCTION

Metal matrix composites (MMCs) are designed to enhance
their physical and mechanical properties for load-bearing
structural applications!. However, there is a need for enhanced
MMC materials in severe loads and environmental conditions*.
Nanotechnology advancements show that decreasing the
size of reinforcing particles can enhance the properties of
MMCs>®.  Metal Matrix Nanocomposites (MMNCs)
are fabricated by dispersing reinforcing mnanoparticles
(< 100 nm) within a metal matrix, improving mechanical
parameters like rigidity, yield strength, hardness, dimensional
stability, malleability, and fatigue crack toughness™%'3,
Strengthening mechanisms, such as the load transfer effect!,
matrix Coefficient of Thermal Expansion (CTE)'S, and Orowan
strengthening!'* ¥ playsasignificantrole inimproving the overall
strength of MMNC:s. The soft matrix’s strength is enhanced by
transferring load to stronger reinforcement, resulting in a load
transfer effect'*. The distinct CTE between nanoparticles and
metal matrix causes MMNCs to undergo dislocation during
manufacturing, which can be strengthened by increasing the
matrix dislocation density'®. Orowan strengthening occurs due
to nanoparticles hindering dislocation movement!¢8,

Recent studies have focused on developing predictive
models to determine the mechanical properties of MMNCs
based on various metal matrices, reinforcement, and
processing parameters!'712, Ramakrishnan created a
composite sphere model”® to estimate yield strength in
micro-scaled discontinuous reinforced MMCs. Zhang and
Chen!*"” improved Ramakrishnan’s work by including Orowan
strengthening, modulus mismatch, and load-bearing effects.
Subsequent investigations have analysed the influence of
dislocation density and thermal mismatch in enhancing these
models'®!7?, consequently broadening the comprehension of
MMNC mechanical properties. However, porosity was not
taken into consideration by the models, which might have
resulted in exaggerated forecasts*?.

Porosity can intermittently degrade reinforced MMNC:s,
creating stress concentration challenges and affecting
properties like ductility and stiffness?>?*?’. According to
Ahmad, et al., porosity decreases strength and stiffness in
cast discontinuous reinforced metal matrix composites 2. In
addition, Ahmad®, et al. William, et al. reported that porosity
reduces ductility and fracture resistance. According to William,
et al., porosity acts as a stress concentrator, weakening carbon-
carbon composites?. Molina?, et al. demonstrated that Al-Si/
SiC composites with higher porosity have worse heat transfer
efficiency. These findings demonstrate the importance of
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porosity regulation during MMC production to improve
mechanical integrity and thermal performance. The proportion
of load-bearing reinforcing particles to vacant areas in MMNCs
affects properties like ductility and stiffness. The presence of
tiny holes from oxides and surrounded by reinforcing particles
significantly diminishes the mechanical and thermal properties
of MMNCs?. Mirza and Chen?* developed a more accurate
model for predicting yield strength by considering porosity.

Agglomeration of reinforced nanoparticles in MMNCs
is another significant issue, restricting the improvement in
mechanical and thermal properties?’=!. Exploring opportunities
to predict nanoparticle agglomeration through computational
modeling and simulation could minimize the effort, resources,
and time required for extensive experimental investigations.
The uniform distribution of nanoparticles in metal matrices is
challenging due to properties like high viscosity and limited
wettability in MMNCs*°. Agglomeration, as shown in Fig.
1, is a phenomenon where loosely connected particles form
compact clusters, and can be easily broken apart by physical
forces®3!. This can lead to composite failure at low stress.
Agglomeration is caused by Van der Waals forces, electrostatic
interactions, and high particle surface energy®'. Research
indicates that agglomeration in nanocomposites leads to high-
stress regions and imperfections forming, causing a decline in
mechanical parameters like elastic modulus, yield strength,
and hardness of MMNCs?3.

Pan and Bian® study various agglomeration variables
that affect Carbon Nanotube (CNT) composite mechanical
characteristics, emphasising the need for controlled dispersion,
while Golbang®, et al. have developed a quantitative approach
to measure nanoparticle agglomeration. Pan and Bian®! study
CNT composite thermal properties and how aggregation
affects heat conduction channels. Qiao®?, et al. studied how
particle agglomeration and interphase growth affect the glass
transition temperature of nanocomposites, revealing complex
nanoscale interactions. Zare** models nanocomposites’ yield
strength using nanoparticle agglomeration and interphase
effects. Shi**, et al. demonstrate that non-uniform CNT
waviness and agglomeration reduce reinforced composite
rigidity. Interphase modulus and nanofiller agglomeration
in polypropylene nanocomposites affect tensile modulus,
according to Karevan®, ef al. These studies underline the
importance of nanoparticle dispersion in composite quality
and the need for advanced agglomeration control for enhanced
mechanical and thermal performance. Therefore, identifying
and assessing the aggregation status of nanoparticles is crucial.

Existing models cannot accurately account for the
effects of nanoparticle agglomeration and porosity, despite
significant advancements in integrating multiple strengthening
mechanisms. By integrating load transfer, enhanced dislocation
density, Orowan strengthening, and porosity quantification,
this study enhances the prediction of yield strength in MMNCs,
thereby addressing this lacuna. The current approach offers a
comprehensive and precise evaluation of mechanical behaviour,
in contrast to previous models that examined these mechanisms
in isolation. Additionally, a novel sensitivity analysis is
introduced to systematically assess the impact of fundamental
parameters, thereby improving the practical applicability and
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Figure 1. Illustration of the element volume of MMNCs with uniformly and non-uniformly distributed (agglomerated) nanoparticles

and a schematic of the MMNCs strengthening mechanism.

robustness of the model. This study optimises the properties
of MMNC and guarantees the reliability of predictions by
evaluating parameter variability. By incorporating multiple
strengthening mechanisms into a single predictive model, the
proposed framework represents a substantial advancement,
providing valuable insights for computational modelling and
experimental validation.

2. NANOPARTICLE AGGLOMERATION

The dispersion of nanoparticles throughout the metal
matrix significantly affects the effective properties of MMNCs.
However, in a few cases, due to the fabrication process of
MMNC s, nanoparticle agglomeration has been reported*’.
It is vital to account for nanoparticle agglomeration in the
analysis of nanoparticle reinforced MMNCs. Figure 1 shows
the nanocomposite’s elementary volume as C, which has two
regions: the volume of the nanoparticle (Cnp) and the volume of
the nanoparticle-free matrix (C)

Cnp + Cm =C (1)

The average volume fraction of nanoparticles can be
represented as follows.

np

Vo= )

The volume fraction of matrix is V is evaluated as
follows.

v,=1- Vnp (3)

where, Vo is the volume fraction of nanoparticle. If C
contains agglomeration as depicted in Fig. 1, then the volume
of agglomeration is C, and further, the volume of uniformly
distributed nanoparticle region C is calculated as follows.
c =C-c, “)

u

The volume of nanoparticles in the agglomeration is C»
and the volume of nanoparticles in the uniformly distributed
nanoparticle region €= CW— C’. The micromechanical
agglomeration model has been formulated by introducing two
agglomeration parameters.

S cy

&= &4y= c, )
where, £, is the volume fraction of agglomeration, and 2, is the
volume fraction of nanoparticle in the agglomeration. Using
Eqn. (2 & 5), in regions with high nanoparticle concentrations,
the volume fraction of nanoparticle agglomeration/ inclusion
Vise is given by,

cnp A
yagg=—" - by
np Cb gb np ( 6)

The nanoparticle volume fraction is computed for the

region with uniformly distributed nanoparticles.

_%_ (Cnp_ Czp) _ (l_lb)

( T(ig) )

np Cu - Cc— Cb

3. STRENGTHENING MECHANISM

Nanoscale reinforcements, typically less than 100 nm,
enhance the mechanical properties of MMNCs °. These
reinforcements, including nanoparticles, nanofibers, and
nanowires, enhance the metal matrix’s strength, hardness, and
other mechanical properties. The selection of nanoparticles,
their size, distribution, volume percentage, and processing
methods significantly impact the effectiveness of strengthening
processes in MMNCs>!*!!, Researchers and engineers can
optimize these parameters for specific applications. The
common strengthening mechanisms!¢!7122 of MMNCs are
considered as follows.
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3.1 Load Transfer to the Reinforcement Particles

Load bearing refers to the transfer of shear loads from
a soft metal matrix to discontinuous reinforced nanoscale
particles in MMNCs'*#. The effectiveness of a mechanism
depends on the successful cohesion between the matrix and
reinforcement materials. The shear lag model is used when
there is significant cohesion between reinforced particles and
the metal matrix. This is achieved by leveraging nano-sized
reinforcement particles and effective fabrication techniques.
The ability of nano-sized particles to bear specific loads is
influenced by volume fraction and load transfer between the
matrix and reinforcement. Hard non-shearable nanoparticles
in nanocomposites enhance stiffness through interfacial shear
load transfer'*!¢"7. A shear lag model was proposed'®* as
represented in Eqn. (8).

v, (a+2)

6"f=”""[f+ V’"] ()
where, a is the aspect ratio (generally ax~ 1 for equiaxed
components). Considering v,tV.=1 then Eqn. (8) may be
rewritten as Eqn. (9).

o =0 |—2+1
S ()]
The strengthening due to the MSL model mechanism in
the absence of porosity is evaluated as follows.

1
Avyg= Evnpvm (9a)
The porosity present in MMNCs materials does affect
the load-bearing reinforcement mechanism. The effect of the
volume fraction of porosity v, is considered as v,V =l
into Eqn. (8), and then the strengthening due to this mechanism
of MMNCs in the presence of porosity? is given by Eqn. (9b).

1
A O-MSL:Uym(EVnp_ Vp) (9b)
Finally, the improvement factor due to this mechanism
can be expressed as follows.

A GMSL

f st = T (10)

3.2 Dislocation Density

Researchers have found that the mechanical properties
of MMNC:s are significantly improved due to the increased
interfacial area between reinforcement nanoparticles and the
matrix. This interfacial area is crucial for overall performance
enhancement's'"°, Thermal mismatch dislocations are
generated in the matrix surrounding nano-sized particles to
alleviate thermal stresses from the cooling process™!'*!53,
Thermal stresses near nanoparticles change significantly,
leading to plastic deformation within the matrix. Thermal misfit
strains alter the internal stress state at the interface between
the matrix and particles'*'>3%. The phenomenon of prismatic
punching of dislocations at the interface reduces stored energy,
while strain hardening near the interface increases the matrix’s
strength>!*%. If the span of a produced dislocation loop is nd , at
that moment, the EDD enhancing yield strength strengthening
Ac,,, can be evaluated'*'""” by Eqn. (11).

A G =KG . 0\1P ppp (11)
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12A O(VH[)AT
7 =
P Epp (l—V )bdnp (12)

np
Finally, the improvement factor due to the CTE mismatch
mechanism is expressed as follows:
Ao
EDD
- (13)
ym
where, G, is shear modulus of the matrix, b is burger’s vector
of the matrix, & is a constant (k = 1.25), based on theoretical
estimates'®, p,, ~ is enhanced density due to CTE mismatch,
d is particle size, AT=T___ — T _ is temperature change,
np i _ process test A
Aa=a, -« is the CTE difference between the reinforcement
phase and the matrix.

I o=

3.3 Orowan Strengthening

Orowan strengthening effects are observed in
discontinuously reinforced MMNCs, where rigid particles
impede dislocation motion'®. However, the significance of
Orowan strengthening in microsized particulate-reinforced
metal MMC:s is limited due to the coarse size of reinforcement
particles and large interparticle spacing. The presence of
reinforcement particles is often localized along the grain
boundaries of the matrix material, raising questions about
its feasibility>'*!". Orowan strengthening in melt-processed
MMCs is not a significant factor, but rather due to highly
dispersed nanosized reinforcement particles (< 100 nm) within
the metal matrix. These particles act as obstructions, causing
dislocation lines to bend initially but eventually reconnect
and form a loop. Certain activities can generate counteracting
stress, posing challenges for dislocation movement and
increasing yield stress. Higher stress is necessary for enhanced
composite material strength®'*'7. The strengthening Ac,
due to this strengthening mechanism of dislocation bowing is
evaluated® by Eqn. (14).

0.13G b (d J
m np
—in

° Orowan = A 2h

(14)

1

LR EY
ceffm) -] a

Finally, the improvement factor is obtained as follows.

A O.Orowan

ym (16)
where, A=inter-particles spacing (nm), b=burgers vector (nm)
& G, =shear modulus (GPa).

v Orowan c

3.4 Porosity

Porosity in MMNCs significantly impacts their load-
bearing capacity and yield strength. This porosity leads to
stress concentration, crack initiation, and propagation, affecting
the composite’s mechanical properties®>**2’. Discontinuities
in high-stress components initiate fatigue cracks'>'**°. The
current study examined the impact of increasing reinforcement
particle volume fraction on void formation and yield strength.
Results prove that as reinforcement particle volume fraction
increased, the probability of void formation also increased,
leading to a noticeable degradation of yield strength?>?>%7,
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To accurately predict the yield strength of MMNCs, it is
imperative to consider the influence of porosity?* as follows.
Gpm'osiry=0._vm( I-e p) (17)
The deterioration factor?®® with porosity in MMNCs is
expressed by Eqn. (17a).
. -@v
f porosity =l-e r (173)
where, @ is the empirical constant and depends on the
characteristics of porosity, such as the size of the pore,
orientation, and geometry®®. Ifthe shape of the pore is cylindrical
with orientation between 40°-90° to the loading axis, the value
of @ is computed as @=0.405/ /d +0.318d /i +1.22°, 1
is the length of the nanoparticle and in the present case, the

particle shape is cubic, i.e., ¥=1.943.

4. YIELD STRENGTH MODEL: NANOPARTICLE

AGGLOMERATION

Theyield strength model assumes homogeneous dispersion
of nanoparticles, excepting agglomerated regions, and adopts
ideal spherical or cubic nanoparticle geometries for simplicity.
The effects of interfacial bonding, strain rate variations, and
temperature fluctuations are not considered, potentially
resulting in discrepancies from actual material behaviour. The
yield strength model considering the load bearing, dislocation
density and Orowan strengthening mechanism can be derived
considering strengthening improvement factors (Eqn. 10,
Eqn. 13 & Eqn. 16) using the compounding summation
technique'é'7” as follows.

O'_x"m:=0-)m( 1+f MSL)( L+f EDD)( I+f orowun) (18)

Eqn. 18 formulates an effective yield strength prediction
model amalgamating several strengthening mechanisms:
load transfer, increased dislocation density, and Orowan
strengthening.

The proposed model to predict the yield strength by
considering the effect of porosity in the MMNCs is evaluated
as in Eqn. (19).

Gymrzaync( 1- f porusi},‘)') (19)

Substituting the values of all improvement factors in Eqn.
(19) as:

1 34604kG m bAaA TV”
- ° 2 6m_\= dup( 1= Vny"

|

Lot
d |:( - J‘ - l:|rr )
np 2, my

To accurately assess the yield strength of MMNCs,
it is necessary to consider the occurrence of nanoparticle
agglomeration. This is achieved by including both the uniform
and agglomerated regions in the investigation as depicted in
Fig. 1. The yield strength (cbyw) of the region with nanoparticle
agglomeration in the elementary volume (C) of MMNC is
evaluated by replacing (V”p) with (ve£) in Eqn. (20).

np

1 34644G, [ bAaA TV
e =C 1+—Vﬂ53—v)|+ 2
2, e Y 2w il En d (- vaee)
. ; w s

(20)

0.13G6_b
m

1
I+|—lh‘[(2::)J (1=(1=e"%))
l]a”i\‘

() -
|\ 2vis

The yield strength (o, ) of the region with uniformly
distributed nanoparticles in the elementary volume (C) of
MMNC may be evaluated by replacing Vo, with Ve in Eqn (20).

e2))

[ 1 ] 3464kG, [ bAaATVE
T e = l+—V:‘7V 1+ -
S N T\ 1=V
0.13G b d,, ( o
4+ ——mmmMIn| — l*(lf(’ P))
. W (22)

d [(—,)_u 1]0— -
np| | sy my
,:p

The yield strength is evaluated using Eqn. (21 & 22) to
account for the overall influence of nanoparticle agglomeration
in MMNCs.

Uagg, nczébo-b,ync-'- ( 1= gb) Uu,_vnc (23)
The above model predicts the yield strength of MMNC:s for

various combinations of metal matrix and nanoparticles, while
considering the phenomenon of nanoparticle agglomeration.

5. RESULTS AND DISCUSSION

The current study intends to gain insights into the
mechanical behavior of MMNC:s, especially yield strength, by
analyzing the effect of porosity and nanoparticle agglomeration.
Table 1 presents a comprehensive summary of the mechanical
properties and different modeling parameters used in this
investigation. The proposed model is being compared with
other available models!®'7!*23 and validated by experimental
data®® of MMNC materials. Further, the combined effect of
strengthening mechanisms, porosity, and agglomeration on
MMNC yield strength is examined. The comprehensive study
has analyzed the predictive model’s sensitivity to determine
how the input factors affect the output parameter, MMNC yield
strength.

5.1 Effectiveness of the Yield Strength Model

The study compares seven different models for ALO,
nanoparticle reinforced in Mg matrix and validated by
experimental data!®'®2 as shown in Fig. 2(a). The results
show that the predicted yield strength is comparable to the
experimental value when the nanoparticle volume fraction is
1.1 %. Out of the seven models, four models underestimate
the yield strength, while the three models, including the
Ramakrishnan Model", Zhang & Chen Model'®, and the
present model, predicted the yield strength with accuracy
close to experimental data. The underestimated results can be
attributed to the absence of the combined effect of different
strengthening mechanisms in these models. Only the present
model considers the effect of porosity and nanoparticle
agglomeration.

The existing model results in variable predictions,
possibly due to surface flaws and heterogeneity?>?>2,
Microstructural heterogeneity may result in low yield strength,
specifically, pores and agglomeration in MMNCs. High-stress
concentrations at pore tips and lower deformation of MMNCs
accelerate void coalescence and fracture propagation'??. The
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Table 1. Mechanical properties and modelling parameters for MMNCs considered

Parameter Mg-ALO, Mg-SiC Mg-Y,0, Mg-ZrO, Mg-CNT AISSiC Al-AlLO, Al7075-TiB,  Ti-Y,0,
v, (%) 1 1 1 1 1 1 1 1 1
k 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
G, (GPa) 16.5 16.5 16.5 16.5 16.5 25.9 25.9 71.7 44.8
b (nm) 0.32 0.32 0.32 0.32 0.32 0.286 0.286 0.286 0.29
Aa (°C1)x10¢ 21 24 19 18 30 18.3 16 18.3 2.6
AT(°C) 280 280 280 280 330 475 500 475 880
d, (nm) 50 50 50 50 30 50 50 50 40
(4] 1.943 1.943 1.943 1.943 1.943 1.943 1.943 1.943 1.943
c, (MPa) 97 97 97 97 97 100 83 455 450
References 5-8,26 5,22,26 5,16,26 5,26,41 5,26,41 5,12 5,12 5,28 5,16,41
240
250 ; Mg-ALO,, d,, =50 nm, V. =1% —e Vpp=0.1%
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v Experimental Data [5]
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Figure 2. Comparison of present analytical yield strength model
with (a) different models; and (b) various MMNC:s.
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yield strength of different MMNCs increases with the volume
fraction of nanoparticles.

The study focuses on the relationship between
experimental measurements and model-based predictions for
Mg-Al,O, MMNC. The model predictions follow a linear trend
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until the yield strength reaches 170 MPa, after which the trend
is asymptotic, as shown in Fig. 2(b). However, after 170 MPa,
the predicted yield strength values are underestimated. The
study model can predict yield strength with near accuracy up to
170 MPa for Mg-Al,O, MMNC. However, significant positive
deviations between predicted yield strengths and experimental
results remain uncertain. The model prediction for nano-sized
reinforcing particles agrees with experimental data (Fig. 3),
considering the variation in nanoparticle volume fraction,
thermomechanical treatment, and microstructure. This helps
to determine the active strain arising from residual thermal
stresses.

5.2 Effect of Matrix Yield Strength

The study evaluates the impact of Mg matrix material
(Gym) on Mg-Al,O, MMNCs (GW) with different Vnp values
(0.1 %, 0.4 %, 0.8 %, 1.2 %, 1.6 %, and 2.0 %) as depicted in
Fig. 4(a). As the nanocomposite volume percentage increases,
the yield strength of MMNC:s increases by 69.29 % compared
to the matrix yield strength. The larger volume fraction of the
nanoparticle results in higher yield strength. Nanoparticles
possess superior strength and stiffness compared to the matrix
material, serving as effective reinforcements that enhance
composite rigidity, resist deformation, and efficiently distribute
and transmit applied loads>!%4243,

The yield strength of Mg-Al,O, MMNCs decreases as
the size of nanoparticles (dnp) increases, with a reduction of
45.45 % relative to the matrix yield strength (Fig. 4(b)). The
decrement is due to the heterogeneity in the matrix, which
reduces their ability to resist dislocation, deformation, and
stress concentration>*, Larger particles under tension result
in localized stress concentrations, weakening the material®!
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and potentially leading to premature failure*. Additionally,
increasing nanoparticle diameters reduces surface area for
matrix bonding, resulting in weak contact bonding and
reduced yield strength and load transfer efficiency. Pore
stress concentrations also lower yield strength and stiffness
in composite materials during manufacturing®!%*#, For these
reasons, the overall yield strength of MMNCs decreases as
nanoparticle size increases*>*,

As the porosity in the matrix material in the nanocomposite
increases (Fig. 4(c)), the yield strength of MMNCs decreases
overall by 5.50 % for the matrix yield strength, due to lower
stress. These conclusions are in good agreement with the
experimental observations®. Further, the higher yield strength
of the matrix material results in higher yield strength of
MMNCs at any given V., in good agreement with the literature
for MMNCs®2843,

5.3 Effect of the Orowan Strengthening Mechanism

Figure 5(a) demonstrates the impact of rigid nanoparticles
on the yield strength of MMNCs, specifically Orowan
strengthening (Eqn. 18). To accurately predict the strength,
it’s crucial to consider both thermal mismatch and the
Orowan mechanism®. The absence of Orowan strengthening
in AL,O, nanoparticle-reinforced Mg nanocomposite leads to
underestimated strength predictions. Fig. 5(a) suggests that
increasing the nanoparticle volume percentage can enhance the
yield strength of MMNC:s.

Figure 5(b) shows the effect of interparticle spacing of
nanoparticles in the matrix material on the yield strength of
MMNCs. The generalized equation of Orowan strengthening
mechanism is given as:

Experimental Data [4]

- Present Model without Orowan strengthning mechanism

Present Model with Orowan strengthning mechanism

(] Experimental Data [4]
Present Model with Orowan equation
parameter ). presented by DeCicco et al. [37]
Present Model with Orowan equation
parameter A presented by Brown & Ham [43]
Present Model with Orowan equation
parameter presented A by Redsten et al. [44]
- Present Model with Orowan equation
parameter presented A by Sha & Guo [45 ]
—=— QOrowan equation parameter . presented
by DeCieco et al.[37]
Qrowan equation parameter A presented
by Brown & Ham [43]
v QOrowan equation parameter 4 presented
by Redsten et al. [44]
-=---= Qrowan equation parameter . presented
by Shan & Guo [45]

Figure 5. Effect of Orowan strengthening mechanism: (a) Present model v/s experimental data; and (b) Interparticle spacing.
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Table 2. Orowan equation parameters utilized by different researchers

Method C Ald np X
I
. 1 1 13
DeCicco®, etal. | — =1 2
8 2V
np
0.8 ~ i 1 2z \3 2 \3
Brown & Ham*® =% — -2 — 2
2z+f 1 - v 2| 3v 3
np
0.4M 1 1 \= 3
Redsten*, et al. =5 2.1 —
a1—-v 4V 2
np
0.8(1.2) 1 1.23 2r 3 2
Sha & Guo®’ —_— = — —_— o 2
2n 6 2 3v 3
np
Ao e Gmb " dnp %’ Vogont, = 0%
Orowan y) Xb (24) g Vogrmsity = 1%
In the above Eqn. (24) the inter-particles spacing A £ x’m"‘f i;i’
d = Poresity = °
o . . 5 Vg oty = 4%
and matrix dislocation parameter in|—=| are important < v e
. . . . =y Porsity
parameters in the Orowan strengthening meChanism. Various 2
Orowan strengthening mechanism models are available 2
. . . . @
in literature’**7 and presented in Table 2. The equations = 10" . . .
A 0.5 1.0 15 20
pertaining to ; , as presented in Table 2, are derived from Volume Fraction of Nanoparticle (%)
the assumption’of a symmetrical array of evenly spaced (@)
particles. Table 2 describes the interparticle mean free path ~
for dislocation motion, calculated by subtracting the average C‘EL" 2404 Mg-Alz03, V= 0.66 % ——— Veoay = 0%
distance between particle centers from the average particle a :Mm"v:;:
diameter. The DeCicco®, et al. model is the best fit with % Voo = 3%
experimental data for Mg-Al O,. The distance dislocations can % Vooraiy = 4%
bow out influences the mean free path distance in impermeable E} Veoouy = 5%
particles™'®!7, which can be calculated by subtracting the 2
average dispersoid diameter from the average dispersoid §
. . 6 : .
spacing distance'®. 20 £ 80 80 100
Nanoparticle Diameter (nm)
5.4 Effect of Porosity (b)
The yield strength (csy'w) of Mg-ALO, MMNCs is
predicted for varying (Vnp) values, indicating that more
porosity leads to lower yield strength due to reduced stress Mg-Al203
(Fig. 6(a)). This is consistent with experimental observations®. 200 ¢ —=— Vporosity = 0%
Increasing nanoparticle volume fraction leads to a larger yield 180’ — xFOFDSiW - ;z
strength at any given (Vnp), which is consistent with literature = | - Vgoms!:y 4%
. . . . 1 —— sity —
findings for MMNCs®?%%, An increase in the volume fraction Ez:, 180 i e VPZ::zs:t: =3%
of ALO, nanoparticles reinforced in the Mg matrix leads to a 1:;3“ 170} —o— Vporasity = 5%
corresponding rise in yield strength®. Conversely, as the size 160
of nanoparticles (dnp) in Mg-AlLO, MMNCs increases, the 1501~ g
yield strength decreases, as seen in Fig. 6(b). For all sizes P
of reinforcement (d, ), increased porosity leads to decreased 40
yield strength. The combined impact of the Ve and dnp plot %np (nm)

(Fig. 6(c)) illustrates the regions where the volume fraction
and nanoparticle size substantially influence the yield strength.
In general, an increase in the volume fraction of nanoparticles
leads to an increase in yield strength, while an increase in the
diameter of nanoparticles reduces yield strength.
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(c)

Figure 6. Effect of porosity 7,)on yield strength (o ) of Mg-
AL O, MMNCs: (a) volume fraction of nanoparticles
(V"p), (b) nanoparticle diameter (d”p), (¢) combined

effect of V”p and dnp.
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5.5 Agglomerated State of Nanoparticles into the

Metal Matrix

Agglomeration in a metal matrix is crucial for creating
nanocomposites, as it directly deviates/alters their properties
and performance. During the processing, nanoparticles
aggregate and form clusters and agglomerates inside the matrix
because of interparticle forces and surface interactions. Figure
7 depicts the influence of agglomeration in the Mg-Al O,
MMNCs, while maintaining a constant volume fraction and
diameter of the nanoparticles. The variable &, represents the
proportion of agglomeration inside the matrix, with a higher
value indicating more pronounced nanoparticle aggregation.
When &, equals 1, all nanoparticles are uniformly dispersed,
causing a decline in structural integrity.

When §, equals A, all nanoparticles are uniformly
dispersed throughout the MMNCs and the value of O peenc is
153.98 MPa. For agglomeration to occur in MMNCs, &, must
be larger than A, resulting in a more diverse and uneven
spatial distribution of nanoparticles. Agglomerates create
imperfections and areas of concentrated stress, promoting
fracture propagation and reducing the overall durability
of MMNCs*~7. This reduces yield strength and makes the
material more susceptible to deformation under stress*®3+3548,
A higher concentration of nanoparticles inside agglomerates
leads to a decrease in the overall strength and stiffness of the
MMNCSZQ-3O’32’34_35’48.

-
[
o

£
= ) —— 2,702
& 150 ——-—0-——- 1,=0.4
- e N A B —————- 1,=0.6
2 140} -
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@ 120 O No agglomeiation Phase
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o
;‘-_’ 110 : . .

0.2 0.4 0.6 0.8 1.0

&
Figure 7. Effect of agglomeration in MMNCs.

5.5.1 Complete Agglomeration of Nanoparticles in the
Matrix (L= 1)

The influence of agglomeration on the yield strength
of Mg-AlLLO, MMNCs by examining the effects of volume
fraction (Vnp) and diameter (dnp) of nanoparticles. The
condition A, is equal to 1 indicates that the nanoparticles have
fully agglomerated, resulting in a spherical area classified as
an inclusion (Fig. 2). If the assumption regarding spherical
agglomeration is invalid, the actual material performance
could vary from the predictions of the current model due
to ineffective load transfer, weak interfaces, and modified
strengthening mechanisms®.

Figure 8(a) demonstrates that the volume fraction of
agglomeration decreases as the volume fraction of nanoparticles
increases, indicating an inverse connection between &, and yield
strength. Larger aggregates indicate reduced strength compared
to individual and scattered nanoparticles. Interactions between
particles, such as Van der Waals forces, may cause particles
to aggregate together and restrict stress transmission, leading
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o
= Mg-ALO,, Vi oy = 1%, —— =02
&« d, =50nm, 3, =10 ——— O ——— E =
O 400 ® b = =04
s | o & =06
= —mmee——s G208
e L
5 300 e
£ A
2 e
o 200
7]
=} e
£ 100 ¥

0.5 1.0 15 2.0

Volume Fraction of Nanoparticle (%)

(a)

& 450 -
2 400 Mg-AlO5: Voo = 1%, | ——e—— 5,202
a V,, =0.66%, 4, = 1.0 N
% B/BOEN ] e *—————- f»'b =06
= 300 T 5208
S ———e——= &=10
£ 250 ’
2

=y ;k' ~o oo
© 150 a0 o e o I‘-::—:EL%
~ 20 40 60 80 100

Nanoparticle Diameter (nm)

{b)

Figure 8. Effect of nanoparticle complete agglomeration (A,=1)
on yield strength (c, ), MPa of Mg-Al,O, MMNC:s: (a)
volume fraction of nanoparticles (V”p), (b) nanoparticle
diameter (dnp) as a parameter.
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Figure 9. Effect of nanoparticle complete agglomeration (A,=0.5)
on yield strength (¢, ), MPa of Mg-Al,O, MMNC:s: (a)
volume fraction of nanoparticles (V”p)(b) nanoparticle
diameter (dn,,) as a parameter.

to a decrease in yield strength’®*, The presence of voids and
gaps in the agglomerated structure may also decrease density,
elastic modulus, and strength®**’. Stress may lead to localized
deformation or failure, resulting in a decrease in overall yield
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strength. To achieve the required properties, it is crucial
to ensure uniform dispersion of nanoparticles. Figure 8(b)
illustrates the impact of nanoparticle agglomeration on the
yield strength of Mg-Al,O, MMNCs, with the nanoparticle
diameter as a parameter. For a certain nanoparticle diameter
(d,,p)’ the &, value is inversely proportional to the yield strength.
This indicates that increased agglomeration leads to a decrease
in yield strength. Nanoparticles with reduced diameters
demonstrate increased surface area-to-volume ratios and
surface energy*.

5.5.2  Partial Agglomeration of Nanoparticles in the
Matrix (A,=0.5)

The impacts of volume fraction (Vnp) and diameter (dnp) of
nanoparticles under partial agglomeration of nanoparticles in
the matrix (1,=0.5) are being examined to explore the influence
of agglomeration on the yield strength of Mg-Al,O, MMNC.
Figure 9(a) demonstrates the effect of partial agglomeration
(2,=0.5) of nanoparticles on the yield strength of Mg-Al O,
MMNCs, with the volume fraction as the variable. Figure 9(b)
demonstrates the influence of partial agglomeration on the
yield strength of Mg-Al,O, MMNCs, where the variable is the
diameter of the nanoparticles. Partial agglomeration may have
lesser effect on mechanical characteristics in comparison to
complete agglomeration, but it may still result in deviations
from the specified performance parameters*,

Both the cases discussed in sections 5.5.1 and 5.5.2
investigate the impact of the volume fraction (Vnp) and
diameter (dnp) of nanoparticles on the yield strength during
the agglomeration state. These variables impact the degree of
agglomeration and, as a result, the mechanical characteristics
of the composite material. Higher nanoparticle concentration
and reduced nanoparticle sizes lead to a reduction in
aggregation and enhance the yield strength of MMNC. The
degree of agglomeration, nanoparticle-matrix interactions, and
processing conditions influence the correlation between these
components and the yield strength?*354,

5.6 Sensitivity Analysis

The present study establishes a relationship between
eleven input microstructural modeling parameters such as (i)
V. (i) &y, (i) &, (iv) d, , (V)Aa, (vi) AT, (vii) b, (viii) &, (ix)
G, Vpand (xi) @ and the output yield strength of Mg-Al O,
MMNC. The deviation is calculated for each input parameter
within the variability of = 10 % of the mean value (Table 1). The
effect of each microstructural parameter on the yield strength
is analyzed (Fig. 10) by fixing the other parameters at their
mean values, which depicts that Vo reduces the yield strength
by 3.08 % or increases by 3.26 %, A, reduces by 2.15 % or
increases by 2.02 % and g, reduces by 2.15 % or increases
by 2.02 %, dnp reduces by 2.83 % or increases by 2.38 %, Ao
reduces by 1.25 % or increases by 1.31 %, AT reduces by
1.37 % or increases by 1.32 %, b reduces by 0.17 % or increases
by 0.05 %, k reduces by 2.82 % or increases by 2.57 %, G
reduces by 4.58 % or increases by 4.07 %, v, reduces by 0.28
% or increases by 0.31 % and © reduces by 0.19 % or increases
by 0.20 %. It is concluded that Vnp, A €y dnp, k, and G, are
more sensitive parameters than the Aa, AT, b, £, Vp and O for
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the estimation of the yield strength.
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Figure 10. The sensitivity analysis using the various modeling
parameters (Vnp, Ay &y dnp, Ao, AT, by k, G, Vp and
@ on the yield strength of Mg-Al,0, MMNCs.

6. CONCLUSIONS

This study investigates the mechanical properties of
MMNCs, focusing on porosity and nanoparticle agglomeration.
It develops and evaluates a predictive model for the yield
strength of MMNCs, comparing it with other models and
experimental data. The model predicts MMNC behaviour in
Al O, nanoparticle-reinforced Mg matrices, including several
strengthening factors incorporating Orowan strengthening.
The analysis shows that an increase in nanoparticle volume
fraction from 0.1 % to 2.0 % leads to an enhancement of 69.29
% yield strength, while higher nanoparticle sizes (from 20 to
100 nm) and greater porosity levels (from 0 % to 5 %) result in
a45.45 % and 5.50 % reduction in yield strength, respectively.
Further, the study highlights the adverse effect of nanoparticle
agglomeration on MMNC mechanical characteristics, causing
regional stress and structural defects and highlights the need
for nanoparticle uniformity in composites manufacturing. The
model reliability is analysed, providing insights for future
optimization efforts. The study concludes that the yield strength
predictive model may improve understanding of MMNCs
mechanical properties and enhance reliability in designing
composites for exceptional structural performance.
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