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ABSTRACT

Vickers micro-indentation tests were performed eocosd-phase particles of Al-
18.5wt.%Si and results were compared with thosemaholithic silicon. Damage
microstructures beneath indented second-phaseorsiligarticles were studied to
determine the crack morphologies causing particetdire, and also to identify the role
of indentation-induced phase transformations orssice damage. Plastic deformation
at low loads and volume expansion due to subsudek formation at high loads (>650
mN) were responsible for pile-up formations arodimel indentations. The probability of
lateral cracks reaching the surface and causingcleafracture was shown to obey
Weibull statistics with a low modulus. Diamond aul8i-1 transformed into bcc Si-ll
and rhombohedral Si-Xll, under an estimated indentgpressure of 19.3 GPa. Cross-
sectional FIB and TEM revealed a semi-circular fidasore and subsurface lateral crack
pattern below the residual indents, in additiomatéocalized, amorphous silicon zone

below the plastic core at the median crack edges.
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silicon in the indentation deformed surface) at.568yi*, 186.2 cnt, 354.8 crit, 377.5

cm?, 387 cnit, 399 cnt, 438.6 cnif, 496 cm‘and 525.5 ci. Objective, 50X.
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Micro-Raman spectra from indented silicon partici@®0 mN) in Al-18.5wt.%Si
samples and heat treated at five different temperatfor 2 hrs with subsequent air-

cooling.

CHAPTER 5
FIO 5. oo 11T
Weibull statistical analysis involving the hardnesdues of Si in Al-18.5wt.%Si (m =
8.24) and Si single crystal {111} (m = 8.78). ThesMll moduli in both the cases were
comparable although the hardness values of Siestrgktal were relatively less variable.
IO 5.2 e a0 118
Weibull statistical analysis involving the hardnesdues of Als(Fe,Mn}Si, (Fe-phase;
m = 8.3) and thé-Al,Cu (Cu-phase; m = 4) particles in Al-18.5wt.%Si.eTWeibull
moduli suggested that the hardness values gfAd,Mn}Si, showed much less variation
than those 08-Al.Cu.
IO 5.3 e e 0100
Weibull statistical analysis involving the Kvalues of Si particles in Al-18.5wt.%Si
calculated using Egs.1 and 2Tadble-3.1
IO 5o 0120
Weibull statistical analysis involving thedvalues of Si single crystal {111} calculated
using Egs.1 and 2 dfable-3.1 Comparing the Weibull moduli, K values in this case

were much less variable than the Si particles Hi&bwt.%Si Fig. 5.2).
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5.5 e ettt e 20120
Weibull statistical analysis involving thedvalues of Als(Fe,Mn}Si, in Al-18.5wt.%Si
calculated using Egs.1 - 3 dable-3.1

G550 e et e e e e 0122

A schematic diagram of an indentation model for ¢ateulation of pressure exerted by
the plastic corel, indentation loadP, the mean pressure in the plastic coreadius of
the plastic core.

5. 7. e e e ..2123
(a) A low magnification, bright-field TEM image of théeformed region underneath a
475 mN Vickers indentation(b) SAED pattern obtained from plastically deformed
region indicated as (b) in (a) with [011] zone ax@ and(d) are bright-field images of
the regions indicated as (c) and (d), respectively(a), showing the existence of
dislocations in the defect structure.

IG5 8 e ettt e 126
(@) A bright-field, TEM image showing the V-shapedagically deformed region
underneath a Vickers indentatidh) HRTEM image of the region indicated as (b) in (a),
showing the lattice fringes corresponding to th&X}l planes of Si-I, with a measured
interplanar distance of 0.313 n(e) HRTEM image of the regions indicated as (c) in (a)
on the median crack boundary showing an amorphegism at the crack edgéd) and
(e) are FFT-derived diffraction patterns confirming thmorphous and crystalline region

respectively seen in (c).
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CHAPTER 6
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A schematic diagram depicting the deformation arthse transformation related
phenomena occurring in the silicon particles of18l5wt.%Si during the loading and

unloading stages of Vickers indentations.
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CHAPTER 1: Introduction

1.1. Background of this Research

Lightweight Al-Si alloys are used in a variety ofhdustries, particularly
automotive L, 7, because of their high strength-to-weight ratidroducing silicon to
Al-Si alloys reduces the thermal expansion coedficiand improves their casting and
machining characteristics, compared to the casmialwm alloys in other series.
Hypereutectic Al-Si alloys contain coarse, angylamary silicon particles and eutectic
silicon particles. Apart from silicon, commercial-8i alloys also contain elements like
Cu, Mn, Fe, etc. which have high solubilities iurainum at elevated temperatures.
During solidification and consequent heat-treatnpFotesses, decrease from high to low
concentration levels of these constituents pronipes precipitation of secondary
intermetallic phases, lik®-AlCu and A{s(Fe,Mn}Si> [3]. These secondary phases
present in Al-Si alloys, typically used to manutaetinternal combustion engine cylinder
liner material, carry majority of the imposed loakhis leads to not only elastic and
plastic deformation of the second phase partiatasising them to sink in the ductile
aluminum matrix, but also triggers their fractuleis for this reason that research on
contact loading of these second phase particlggcesly silicon, in Al-Si alloys is of
such great importance.

High wear rates of Al-Si castings in componentsjetted to contact stresses
compared to cast iron, however, impose a limitationtheir powertrain applications.
Wear rates in an internal combustion (IC) enginegasured using radionuclide

techniques (RNT)4] and radiotracer method$][should be as low as 1 nm/h§][to



maintain acceptable engine durability. Insight ingeformation and fracture
characteristics of second phase particles can hbeedathrough static indentation
experiments. When Vickers or Berkovich-type shargenters are used, the greatest
concentration of tensile stress occurs directlypWwethe indenter point, which coincides
with the location of crack nucleatior’][ and a plastic zone forms in the subsurface
region in materials like fused silica and othersglamaterialsq]. In case of loading with

a blunt indenter, such phenomenon is possible anlyigh loads §]. It is well known
that, when a critical load is attained by applicatof a sharp indenter, radial (median)
cracks form during the loading stag® [LJ and propagate to form half-penny shaped
cracks along the indent diagonals. A residual-stfedd is normally considered to be
responsible for formation of a lateral crack systamthe subsurface region during
unloading[7]. “Chipping-out” fracture, due to extensive latecaack propagation, is a
characteristic feature of sharp indentation ardeisimental 1.0].

Complexities in heat transfer during solidificatipnocess leave these particles
arranged in a very random manner; an importantoreashy indentation-contact
mechanics analyses of such particles results gelaariations in the experimental data.
Also, research with individual silicon particles il-Si alloys is definitely more
challenging than that with monocrystalline silicavith a known orientation. So
investigation of the defect structure underneatbk®iis indentations on silicon particles
in Al-Si alloys is vital due to reasons like rev@a of the crack pattern in the subsurface
region which causes fracture of silicon particlesl ainderstanding of deformation-
induced phase transformations in silicon due tdiegjon of high pressure by means of

indentation.



1.2. Scope of this Work

Al-Si alloys are used in applications that requstgface durability where the
applied stress is often carried by the silicon ipls located on the contact surfaces.
Consequently understanding the mechanisms of fertiacture is important. In this
research, an investigation of micromechanisms ahadge occurring in the silicon
particles of cast Al-Si alloys has been provided.

Static Vickers indention tests were performed] ardentation-induced surface
and subsurface damage was investigated in det#ilg usomplementary analytical
material characterization techniques. Characterisfamage features around the
indentations (e.g., pile-up formations) were inigeged by non-contact optical surface
profilometry and the frequency of subsurface craeleshing the surface as a function of
the applied load was determined. Site specific EiBss-sections viewed using (HR)
TEM and SEM revealed subsurface damage microstegtwith high precision
including crack morphologies and dislocation stwoes in silicon particles. Raman
micro-spectroscopy confirmed the role of indentaiioduced phase transformations on
damage events. This work depicts a comprehensietirpi of the prevalent damage
mechanisms.

In summary, this research contributes to the ratipation of the silicon particle
fracture by providing a phenomenological analydisstatistical nature of the silicon
particle fracture, and offering a detailed desariptof the micromechanisms leading to
silicon particle fracture. Overall, the mechanipabperties of silicon particles in Al-Si

alloys have been better appreciated in this thesis.



1.3. Objective of Current Research

In this work, indentation-induced damage in theoseephases, namely, the
silicon particles in a hypereutectic Al-Si alloy {A8.5wt.%Si) was studied by
performing Vickers micro-indentation tests and ekang the indentation surface
morphologies with white light interferometry andeetron microscopy. The material
properties, namely, hardness and indentation fradinughness, of Si, AFe,Mn%Si;
and 0-Al,Cu phases of Al-18.5wt.%Si were determined and @et with those of
monolithic Si {111} using Weibull statistics. Thessociated subsurface damage in the
alloyed silicon particles was investigated usingpanbination of cross-sectional focused
ion beam (FIB) microscopy and transmission electnunroscopy (TEM). Indention-
induced phase transformations in these particlag wetermined using Raman micro-
spectroscopy, and their roles in subsurface cranokdtion mechanisms were discussed.
Temperature-induced phase transformation in micdmted silicon particles was also
observed by heat-treating encapsulated Al-18.5wit8a8ples at different temperatures

and subsequent micro-Raman spectroscopy of théusdsndents.

1.4. Organization of this Thesis

This thesis consists of five chapters. The conterfitshis chapter have been

described as below:

Chapter 1 is the introductory section starting with the bgr@und and followed by the

scope and objective of this research including ¢bisent section.



Chapter 2 provides an insight into previous research worknigarelated to the effects
of sharp and blunt contacts on materials and thecssted stress fields, deformation and
damage types. It describes the Oliver and Pharhadedf indentation experiments and
the associated indentation fracture mechanics.meguof statistical analysis of fracture
has been provided along with microhardness indudathage in diamond cubic
structured monolithic silicon. At the end of thisapter, a summary has been provided

which highlights previous research yet defendirggithportance of the work to be done.

Chapter 3 describes the samples and the experimental prozefliowed in this
research, including microhardness measurements iraaehtation fracture toughness
calculations of the different second phases in & @&18.5wt.%Si alloy. Lastly, for
subsurface defect investigation in silicon parscla thorough description of the FIB in-

situ “lift-out” technique of TEM membranes fromisdn particles has been provided.

Chapter 4 depicts the results, showing indentation surfaocepimologies and providing a
phenomenological description of silicon particlachure. This is followed by the results
of ion-milling, exposing subsurface damage and @ased crack patterns in silicon
particles. The results of micro-Raman spectrosamfppndented silicon particles at room

and elevated temperatures are also presented.

Chapter 5 discusses the results of the previous chapterinbeg with Weibull
statistical analyses used to compare material ptiesghardness and indentation fracture

toughness) of Si, Ad(Fe,Mn}Si, and 6-Al,Cu phases of Al-18.5wt.%Si, to those of



monolithic Si {111}. The pressure exerted by indgimn was estimated and the role of

phase transformation on subsurface damage mechahasrbeen discussed.

Chapter 6 summarizes this entire research and presentstieusions arising from this

effort, including the scope of future work in thiisld of research.



CHAPTER 2: Literature Survey

2.1. Introduction to this survey

Many parameters affect the surface deformation ®mm@sims of materials.
Hardness is frequently defined as an indicatohefrhaterial’s resistance to deformation,
and is still one of the most significant materiaberties in that regard. Apart from
hardness, instrumented scratch testing has prowvdmeta useful tool to characterize
surface deformation of materials. This survey death all previous important research
on indentation contact mechanics, silicon indeatati pressure induced phase
transformations in silicon, deformation mechanigmsilicon due to sharp contact both

at room temperature and at elevated temperatundsstatistical nature of brittle fracture.

2.2. Static Hardness

Material surfaces exhibit two basic responses wdrerexternal force is applied
[11], namely, surface/subsurface deformation and dractThe hardness of a metal is
often defined as its resistance to indentatidf.[In the Brinell hardness test, a hard steel
ball is pressed under a fixed normal load on theatmsurface of the metal being tested.
When equilibrium has been reached, the load anehted are removed and the diameter
of the permanent impression is measured. The hasdsehen expressed as the ratio of
the load to the curved area of the indentationn@tihardness), or as the ratio of the load
to the projected area of the indentation (Meyerdhass). In both cases, the hardness
values have the dimension of pressure. The reldigween load and indentation size

may be expressed by a number of empirical relatidme first of these, known as



Meyer's law, states that i is the load applied andithe diameter of the impression left
when the indenter is removed, then,
P=kd" (2.1)

where k andn are constants for the material when the diamédttdreoball is fixed.

The value oh is generally greater than 2, and usually lies betw2 and 2.5. For
completely unworked materials,has a value near 2.5, while for fully-worked miatist
it is closer to 2. When balls of different diamstare used, the values of these constants
change. For balls of diametddg Do, Dg,..., giving impressions of diametets d,, ds,...,

a series of relations is obtained as,
P=kd," =k,dy> =k,dy (.2
In an extensive series of investigations, MeyelO8)®xperimentally found that

the indexn was almost independent Bfbut thatk decreased with increasimyin such a
way that,

A=kd,"? =k, d)? =k, d)? =..., (2.3)
where, A is a constant.

When conical or pyramidal indenters are used, sisckhe Ludwik and Vickers
hardness tests respectively, a much simpler relstiip is observed. Over a wide range of
experimental conditions, it was found that,

P=kd* (2.4)

This is true for an indenter of constant angle. Poaver ofd is fixed, butk

depends on the angle of the cone or pyramid used.



2.3. Indentation Stress Fields

A closer look at the nature of the contact zonevigies a good picture of the
nature of the stress field within a loaded systamegnter and specimen). Here, the shape
of the indenter is a vital factor in determining thoundary conditions for the field, as
indicated inFig. 2.1 The mean contact pressupe, is given by 13],

P
Py = —— (2.5)
ar’ia

where, P is the applied loada, the contact radius, and is a dimensionless constant

reflecting the indenter geometry.

2.3.1. Nature of Stress Distribution due to a Poinforce; Boussinesq Solution

The indentation of a solid by a sharp indenter tnaydealized as shown Fig.
2.2. A concentrated point forcB is applied at the origin of the cylindrical coordia
system K, 0, z), which is located on the surface of a semi-itéingolid. Due to the
applied load, the elastic solid undergoes elasgforthation and a stress field is
established. This is the Boussinesq problem, theiso for which is summarized in the
Appendix (p-138). For an isotropic material of RBois’s ratiov, the stress components in

the curvilinear coordinate systemIfafy. 2.2assume a simple, general fortd] as given

by,
o; =(%j[f (@), qp.

That is, the magnitude of the stresses is proputito the applied load and to the
inverse square of the radial distandg®, from the point of contact, times some

independent angular function which is, itself, adtion of the Poisson’s ratio,



It becomes convenient to rewrite the previous aqoah alternative, normalized

form,
% = a(ijz[f-- () 1.
AN

The essential features of the field are illustrateBligs. 2.3and2.4, for the case
= 0.25 (a typical value for brittle solids). We @stigate the directions of the principal
stressesgi1, 622 andossz, by means of the stress-trajectory plotsig. 2.3 The three
families of trajectories are labelled such that>c2.> 033 nearly everywhere. Similarly,
we investigate the distribution of the principalesses by means of the contour plots in
Fig. 2.4 The components;; andoss, acting within symmetry planes through the load
axis, are entirely tensile and compressive, resgdgt The component,,, a "hoop
stress”, is tensile in a region below the indeifiex 51.8°), but compressive near the
surface. We note maxima in the tensile stresses=at/2 (c11) and ¢ = 0 (011=022). The
relative magnitudes of the three principal norntaésses are shown ifg. 2.5(a) in
which just the angular function of Eq.2.6 is pldtt&imilar plots are given for maximum
principal shear stress and hydrostatic compressidiig. 2.5(b) It is also worth noting
thatosz actually exceeds;; in a shallow surface regign< 77.2°, while 61, replacess;s
as the maximum shear stress.

It would appear that, given favourable initiatiaanditions, the tensile component
of the point-indentation field might well be sufiatly large enough to sustain a brittle
crack. In this context, the value of Poisson’sardiecomes an important consideration

[14]. While the maximum principal shear and the hythtls compression are insensitive

10



to variations in this term, the same is not trughef tensile stress; at= 0.5, the tensile

component disappears completely.

2.3.2. Hertzian Stress Distribution due to a Sphetal Indenter

We consider an isotropic, linear elastic half-spaaljected to normal loading,
by a smooth spherical indenter of radius,The pressure (or normal stress) across the
circle of contact is not uniform, but at any poiistant x from the centre of the
indentation, the pressure has a vallig pf,

1
X2 )2
P= pc(l_—zJ &2

a

where, pcis the pressure at the centre of the circle ofactrig. 2.6). It follows that,

3
== 2.9
Pe =5 Po (2.9)

The Hertzian pressure is hemispherically distriduda a planar contact area with

the contact radius,

1
3P.r 3
a= 2.10
(4Eﬂj (2.10)
where,r is the radius of the sphere adis the modified elastic modulus. depends on
Young’'s moduli,E; andE,, and on the Poisson’s ratiag,andv,, for the materials of the

sphere (indenter) and of the plane (specimen)arfdhowing way,

1 _(1—|/2) (1—1/2)
2= Ell + Ezz (2.11)

2
Thus the projected area of the indentatidnis proportional t¢2and the mean

1
contact pressur@,, over the region of the contact is proportionaPto (Fig. 2.7).

11



As previously stated, the applied load is distioutas a hemisphere of
compressive stress within the contact ciréleg 2.1(d)]. The maximum tensile stress in
the specimen surface occurs at the edge of thac@ind is radially directed. It falls off

with radial distancey, (Fig. 2.2, outside the contact circle according to,

T _ (1‘ 2"](2)2, (r=a) (2.12)

P, 2 r

In 1904, Huber extended the Hertz analysis andymedl complete stress field

9 _ {g” (L,Eﬂ (2.13)
po a a Y

Proceeding as with the Boussinesq case, we piettosies and contours for the

solutions in the form13],

function of Eq.2.13 irFFigs. 2.8and?2.9, corresponding to the three principal stresses for

v = 0.33 this time.

2.3.3. Comparison between the Boussinesq and He#dni Fields

ComparingFigs. 2.8and 2.9 with their counterparts ifrigs. 2.3and 2.4, it is
apparent that the precise form of the applied Idadribution can have a profound
influence on the nature of the near-contact fi&lg].[With regard to the directions of the
principal stresses, the main change appears to fiattaning of the o1, trajectories
immediately below the contact area. More dramaitanges appear in the magnitudes of
the stresses in which the tensile components e iocally suppressed. Boity and
022 become compressive to a depta, below which a rapid convergence to Boussinesq

value occursFig. 2.10illustrates this convergence for the stresg = 0,, = 0,, along

the contact axis. In the surface region outsidectirgact, no sign reversal in the stresses

12



is evident but extremely high stress gradientssataup at the edge of the contact. These

gradients become especially severe for small coataas.

2.4. Onset of Plastic Deformation

When two elastic bodies are pressed lightly aga@asth other, the contact is
purely elastic. With increasing load, the contaetdmes elasto-plastic and the pressure
distribution becomes more and more uniform. If #mplied normal load exceeds a
critical value, which is the elastic limit, a pl&stzone develops surrounded by an
elastically deformed material§]. The elastic limit can be calculated from,

p, = 1857, (214
where, p, is the mean contact pressure ang the yield stress in pure shear. If the

Tresca or Huber-Mises criterion is applied to the stresses in the meked,condition for
plasticity is first reached at a point below théuat surface of contactig. 2.11). The
calculated shear stress in the metal below theaseirhas been plotted, and it revealed
that the maximum value occurs at a point about@bElow the centre of the circle of
contact, whera is the contact radius. The value of the sheasstag this point is 0.4

(for materials having = 0.3). With the two radial stresses are equahigt point, the
Tresca and Huber-Mises criterion both indicate that plastic flow will oacwhen the
shear stress equals ¥.6.e., when 0.4, = 0.5Y, whereY is the yield stresslp]). This
means that plastic deformation commences in tigionewhen,

p, = 11Y (2.15)

As long as the mean pressure continues to be lhess this, the deformation

remains completely elastic and on removing the |tlael surface and the indenter return

13



to their original shape. As soon psreaches the value of ¥,1lhowever, some plastic
deformation occurs in the regioh [Fig. 2.14a)]. The rest of the metal is deformed
elastically, so that on removing the load, the amicaf residual deformation is very

small.

2.5. The Indentation Experiment

When the indenter is first driven into a speciméoth elastic and plastic
deformation occursHg. 2.13. The plastic deformation causes a permanent basin
impression that conforms to the shape of the iretett some contact depths. The
elastic deformation results in an additional conmgranof displacement, such that the
surface displaces downward at the edge of the coibia an amounts. So the total
displacement is,

h=hs+ he (2.16)
When the indenter is withdrawn from the specimée, ¢lastic displacements are

recovered.

2.5.1. Loading and Unloading Curves; Oliver and Phat Model
Oliver and Pharr17] found that the unloading curv€&ig. 2.14 follows a simple
power law,
P=Ah-h)" (2.17)
where,P is the loadA, m are constants, antk is the final depth of the residual hardness

impression. The contact stiffnesS,is defined as the slope of the initial portiontioé

unloading curve,

14



dP g
S=——=mA(h-h, )™ 2.18
aH ( t) (2.18)

The contact depth is found to be in the range patedied from the initial stages
of unloading curve,

h=h_ - o.75% 2.19)

where,Prax is the peak load. The hardnebk,is defined as the mean pressure that the

material will support under load.

H = (2.20)

where,A(ho) is the area function related g Reduced modulu€ , having contributions

from both the indenter and the sample, is defired a

oo SV
2/An,)

2.21)

2.5.2. Work of Indentation

By integrating the loading and unloading curves, Work of indentation can be
readily obtained 18]. The area under the loading curve is the totalkw@d.; the area
under the unloading curve is the reversible wakk;, the area enclosed by the loading
and unloading curves is the irreversible wank, (Fig. 2.19, of indentation. Therefore,
we have,

Whot =W, + W, (2.22)

15



2.5.3. ‘'Sinking-in’ and ‘Piling-up’ Phenomena

According to Tabor 12|, materials immediately outside the contact aréaro
indentation usually deform and do not remain flatcase of a heavily work-hardened
metal, the surface of the specimen around the tatien bulges upwards or piles-up, and
for a fully annealed metal, the surface of the spen around the indentation sinks in
[18]. Both piling-up and sinking-in phenomena are schtcally illustrated inFig. 2.16
The piling-up and sinking-in phenomena are impdrtas they affect the accurate
determination of contact areas and, subsequei#y hardness measurements. Also, it
remains to be investigated whether the pile-up eaeaes load.

Dimensional analysis helps to identify the paramsetdfecting the piling-up and
sinking-in. In general, the contact depth is a fiorcof all independent parameters,

h, = f(E,v,Y,n,h,8) 232)
where,E = Young's modulusy = Poisson’s ratioY = the initial yield strengthn = the
work hardening exponert, = the indenter displacement, adds the indenter half angle
which characterizes the indenter geometry.

The dimensions oY, v, n, hand h; can be expressed in termskbéndh, the two
parameters with independent dimensions. Applying Ehtheorem in dimensional

analysis, we obtain,

n,=n,(,v.ne), o hc:hﬂﬁ(é,v,n,ﬁj (2.24)
h Y o _ _
where, I ; =F°, and, N, :E’ v, nand@ are all dimensionless. It is seen that the ratio

h_k: is a function of bothYE— andn, as predicted by dimensional analysis. Also, thkele/

16



h . : .
of ﬁ can be either greater or smaller than one, coorelipg to the piling-up and

sinking-in of the displaced surface profiles, respely. Thus, dimensional analysis
together with finite element calculations has maddear that for conical and pyramidal

indentations, the magnitude of piling-up and sigkiin is determined by neitheralone,
nor all three parametel§ E, andn. It is determined by two paramete?tés andn for a

given indenter.

2.6. Indentation Fracture Mechanics

Indentation constitutes one of the most powerfstl techniques for the systematic
investigation of deformation and fracture responsesmaterials. To be precise,
indentations represent a model flaw system for tfiyamg a wide range of mechanical
properties, and as such deserve detailed studyidrsection, we are going to deal with
the basic conditions for crack nucleation, the dasilentation fracture systems, the types

of Hertzian cracks and the different fracture tauggs models.

2.6.1. Criteria for Crack Formation

When the surface layers of an initially flaw-freeaterial undergo plastic
deformation, voids and cracks can nucleate. ThHaréaiof a material proceeds in two
steps 11],

Sep 1: The initiation and nucleation of microcracks acravoids, and,
Sep 2: Crack propagation or void growth that leads tastophic failure.
Cracks in two-phase materials are nucleated artlumdhard particles due to the

displacement incompatibility between the partiate $he matrix, which occurs when the

17



matrix deforms plastically near the surface withe&ted loading, but the hard particles
cannot deform.

The fact that the crack nucleation in two-phase ens is due to the
displacement incompatibility between the spherigatlusions and the matrix is
illustrated as follows. We consider a hard, rigigpherical particle surrounded by an
elastoplastic matrix that undergoes shear defoamatin the absence of the hard
inclusion, the matrix will deform in such a mantieat an imaginary spherical boundary
will assume an ellipsoid shape, as showdrign 2.17.However, in the presence of the
rigid sphere, which is well bonded to the matrike tinterface cannot assume the
ellipsoidal shape because of the geometric comstimmposed on the matrix by the
sphere. Consequently, normal stresses are devehlipdw sphere-matrix interface. At
location A the normal stress is compressive, while at looaBpit is tensile. When the
tensile normal stress 8t exceeds the cohesive (or adhesive) strength obdheing at
the particle-matrix interface, a crack may nucleftiee energy criterion is also satisfied.
The strength criterion may be expressed as,

(Tu)max 2 0, )2
where, 6k)max IS the maximum principal normal stress in tensiand o; is the ideal
cohesive strength at the interface.

The energy criterion for void nucleation must beséied in addition to Eq.2.25.
When the inclusion-filled material is subject toexternal load, strain energy is stored in
the elastic field within and around the inclusidris strain energy will change as the

elastic field changes during void nucleation. Thergy in the matrix-inclusion system,
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E®, should be sufficient to provide for the surfacemy created by the void nucleation

process. This may be expressed as,

S _ s
Ebefore E

after

> Ay.A (2.26)
where,A is the surface area of the nucleated void (orkgramd Ay is the surface energy
change during void nucleation. If the void nuclsaethe matrix-inclusion interface,

By =~V + (i + 1) (2.27)
where,M = matrix, | = inclusion, andy = the surface energy. Eq.2.27 is inclusion-size

independent, since the strain energy is proportitne volume, and the surface energy
is proportional only to the surface area. Thinigantrast to the strength criterion, which
is independent of the siz&ig. 2.18 schematically shows both the strength, and the
energy criterion expressed in units of appliedtelasrain as a function of the inclusion
size. For an inclusion size larger ttiinthe energy criterion is always satisfied whenever
the strength criterion is reached. However, folusion sizes smaller thath, satisfying

the strength criterion does not necessarily gueearnhe satisfaction of the energy

requirement. In metals, this critical size is ie tange of a few hundred angstroms.

2.6.2. Basic Indentation Fracture Systems

With the change in the shape of the indenter figmtoor sharp, there is change in
the type of crack formed. The two main indentatitacture systems include tleene
crack system associated with a blunt indenter, and theslian crack system associated
with a sharp indenteFig. 2.19demonstrates the essential features of crack gepioe
both blunt and sharp indenters, along with the ayppaite fracture mechanics parameters

[13]. In each case, the indenter sets up a contaessstield, the tensile component of
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which provides the necessary driving force foriaihg fracture. If the applied loa®, is
concentrated at a point on the surface (es0# the intensity of the stresses will vary
according to the Boussinesq solution (Section 2.83xlreality, the stress level cuts off at
some finite limit within the contact region. Withlubt indenters, this cut-off is a
manifestation of redistribution in load over a rmaTo, elastic contact area whereas with
sharp indenters, it is associated with the inagbdftthe material to sustain stresses greater
than a particular yield valu®]l For blunt contacts, cracks usually nucleate frore-
existing surface flaws (small dashes) outside tbetact area (shaded), form into a
surface ring (broken line), and finally become icat and propagates into a fully
developed cone. For sharp contacts, cracks nucleate the plastic contact zone
(shaded) in the subsurface region, form into a aoetl penny (broken circle), and

ultimately develop into a full half-penny.

2.6.3. Blunt Indenter

If contact conditions remain entirely elastic up ttee onset of fracture, the
indenter is deemed blun®][ The classical example is the Hertzian cone ¢nact
produced by the indentation of a flat surface waitrelatively hard sphere. In such cases,
initiation occurs from pre-existing surface flawsthe region of high tensile stress just
outside the circle of contacFig. 2.24Qa)]; the ensuing crack circles the contact and
subsequently propagates downward and outward tsfally developed (truncated) cone
configuration Fig. 2.2Qb)].

* Some variants from the ideal cone fracture configuation
In this section, we deal with two of the severafanants that can be produced in

the blunt-indenter crack patterri<].
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Case |. If the test material is not isotropic, homogeneausfree of pre-existing
residual stresses, departures can occur from #ed wbne geometry, even under axial
loading. This is demonstrated kilg. 2.21for sphere indentations on single crystal silicon
surfaces.

Case Il. In the second case, we consider the changes ipdttern that ensue
when the indenting sphere is made to slide achestest surface with frictional tractions.
Fig. 2.22 shows a sliding-indenter track on soda-lime gle8s $everal intermittent

(partial) cone cracks are generated in the wakbeo&dvancing indenter.

2.6.4. Sharp Indenter

As the indenter tip becomes sharper, there is amased prospect of some pre-
fracture yield at the contact zone. We take a cllugik at the crack pattern generated in a
sharp contact. If we take top and side views, aswvehin Fig. 2.23 for a Vickers
indentation on soda-lime glass, we find there wedperative crack system@] [

1. Radial/Median cracks extend on median planes containing the load amis an
impression diagonal (where stress concentrationgighest).
2. Lateral cracks extend from near the base of the subsurface datoymzone in a
saucer-like manner, roughly parallel to the speais@face.

Under normal loading conditions, both crack typegaia a penny-like
configuration in that their fronts are near-cireular semi-circular in the case of median
cracks). Thus, based on outward appearances, wht e led to conclude that the
mechanics of crack propagation in the contact idd fare really no different for sharp

indenters than for blunt indenters.
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For the case of sharp indenters, the basic sequehcsubsequent crack
propagation events has been depicted schemat|ddllyn Fig. 2.24:(a) the sharp point
of the indenter produces an inelastic deformatiamez (b) at some threshold, a
deformation-induced flaw suddenly develops intareal radial/median vent on a plane
of symmetry containing the contact ax{s) an increase in load causes further, stable
growth of the median ven{d) on unloading, the median vent begins to close (it
heal); (e) in the course of indenter removal, sideways-extendracks, termed lateral
vents, begin to develodf) upon complete removal, the lateral vents contithesr
extension towards the specimen surface, and mawraingly lead to chipping.
Immediate reloading of the indenter closes therdateents, and reopens the median
vents.

* Some variants from the ideal sharp indenter pattern

In this section, we deal with two invariants in ttrack patterns produced by a
sharp-indenter.

Casel. The first case occurs in anomalous glasses likedsilica, which deform
by densification rather than by volume-conservitgyf Fig. 2.25 compares Vickers
indentations in soda-lime and fused silica glag86s The patterns for the two glasses
show clear differences, particularly in the neantect region. It appears that in fused
silica, the intense local displacements inducedhey penetrating indenter generate the
same kind of shear offsets at the contact surtagethat these do not extend downward
into the material as they do in soda-lime glass.

Case Il. As a second example, we consider how the craclempattmay be

affected by the inhomogeneities in the materialtesys The potential for significant
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crack-microstructure interactions is demonstrated-ig. 2.26 which shows Vickers
indentations in alumina of three different graimesi R1]. The sequence represents the
systems in which the radial cracks &g much larger thanp) comparable with, an¢t)
much smaller than the scale of the microstructimreaseqa) and(c), the crack patterns
are well defined, as though the materials werecgffely homogenous, but itb), it is

difficult to distinguish any true radial cracksedit

2.6.5. Indentation Fracture Toughness (k); the Crack-Length Method

The value of K for a given material is unaffected by specimenatisions or
type of loading, provided that the specimen dimemsiare large enough relative to the
plastic zone to ensure plane-strain conditionsratdbe crack tip (the strain being zero in
the through-thickness directionRd]. Therefore, Kc is particularly convenient in
materials selection because, unlike other measpirdsughness, it is independent of
specimen geometry. An empirical method for detemgn K, from Vickers
microhardness testing was first developed by Paish¥962). Later, the same technique
was used to develop a number of relations betwgenload @), indentation diagonal
(@), crack length from the centre of the indentatighy Young’s modulus E), and
Vickers hardness numbef,f) of a material. Ponton and Rawlin@3] have summarized
these relationships. The numerous indentation dracnodels reported in the literature
are classified into two groups. In one group iassumed that the cracks that form from
the Vickers indentation marks are well developedialanedian, halfpenny-shaped
cracks, and in the other group it is assumed #ditik Palmqvist cracks are formed.

Examples of equationg?] for calculating Kc for Palmqvist cracks are given in

the third column ofTable 2.1 Each of these equations was derived for a nurober
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materials with the range of mechanical propertieg,(E, H,) given inTable 2.2 The
crack geometry ranges l/a for EQs.2.28 and 2.29iaen inTable 2.1 For Egs.2.30 and

2.31, there are no crack limitations.

Table 2.1: Proposed relationships betwe&hi: E and data obtained from Vickers
hardness measurementd, = Vickers hardness numbeP, = Test load,2a = the
indentation mark diagonal, arld= c-a, wherec is total crack length from centre of
hardness markp)].

Eq. Rearranged Eq.,
No. Equation y = constantxx
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Table 2.2: Materials and mechanical properties for which EQ82.31 inTable-2.1
were developed?].

Eq. Range of Mechanical Properties

No. Materials K,c, MPav/m E,GPa  H,, GPa

2.28  BC, SiN,, SiC(sintered), SiC (hot  0.9-16 ~70-575 1-30
pressed), ZnS, ZnSe,WC-Co cermets

2.29 WC-Co (12% Co),8\4 SiC,BC, 0.75-12 =70-575 5-24

soda-lime silica glass
2.30 WC-Co cermets 7.7-13.1 =575 11-20
2.31 SiN4, Al,Os, glass ceramic, 0.7-4.6 70-425 5.5-22

sapphire, glass, Si

Riahi and Alpas 4] measured the K of silicon-rich particles (SRP) in an Al-
12%Si alloy using the micro-indentation method,dpplying a normal load of 25 g to
the surface of selected particles by a Vickers niele The diameter,c2 of the semi-
circular cracks (median cracks) that formed under indenter was estimated by
measuring the average length of the cracks thathesh the contact surface. The
relationship between the fracture toughn&ss, and the loading parametd?sc, and the
indenter tip angle,is [7],

P
(n.c)g tana

K, = (2.32)

An example of the post indentation impression onAfg(Mn,Fe}Si,, and the

resulting cracks emanating from the indentatiowsiers are shown iRig. 2.27.
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2.7. Vickers Indentation and Associated Elastic/PKEic Indentation
Damage

Indentation fracture analysis requires knowledgethsd stress fields through
which cracks initiate 13]. For the sake of simplicity, it is convenient distinguish
between near and far stress fields in the defoonaone. Lawn et a[25] suggested a
model of median/radial crack system for sharp adstgertaining only to “well-
developed” cracks. In this model, the net indeatatdriving force for fracture is
subdivided into well defined components. The et4skastic field of the fully loaded
indenter is considered as a superposition of teelwal field in the unloaded solid plus
the field of an ideally elastic contact.

Fig. 2.28outlines the model. Ifrig. 2.28(a) the indenter at loaB generates a
median-plane crack of characteristic dimengiomhe plastic zone is taken to support the
indenter, included angley? over the characteristic contact dimensianand to extend
radially outward over a characteristic dimension Separation of the elastic/plastic
problem into elastic and residual components @wshin Figs. 2.28(b)and (c). The
elastic field is said to operate outside the ptagtine, in the region where cracking
occurs, reaching its maximum intensity at full lmed and reversing completely on
unloading. Because of this reversibility, the etadtiving force may be defined by the

stress distributiom(r,w) atr =b in Fig. 2.28(b)over the prospective crack plane, and

may therefore be obtained from classic elasticairgolutions. The residual field arises
from mismatched tractions exerted on the surroundmatrix by deformed material
withinr <b. This component reaches maximum intensity atl@dting, but persists as

the indenter is removed. In the approximation ofirdeveloped cracks, i.ec>>b, these
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mismatched tractions manifest themselves as a uigtaod force acting at the crack
centre Fig. 2.28(c). It is, thus, very obvious frorkig. 2.28 that adding configurations
(b) and (c) is equivalent to reloading the indenter to thegioal maximum load

configuration in(a).

2.8. Deformation and Fracture of Silicon in Al-Si Aloys during Sliding
Contact

Deformation and damage of silicon particles in AlaBoys used in automobile
engines has been studied previously. Dienwiebal.¢26] have observed that, initially,
the engine piston ring slides over the protrudiagosid phase silicon particles on the Al-
Si cylinder bore surface, but then come into cantath a new surface layer consisting
of fractured silicon particles mixed with aluminuRiahi et al. 4] have shown that, in a
chemically etched Al-12%Si alloy subjected to slglicontact with a Vickers indenter,
there is a critical particle size-to-indenter camtaidth ratio (1:8) for protruding second
phase particles, below which the particles fractui@m their roots at the point of
attachment to the aluminum matrix. For large rafrosl), the particles underwent plastic
deformation on their contact surfaces rather thactdiring.

Chen and AlpasZ/] performed sliding tests on Al-18.5wt.%Si unddow load
of 0.5 N, and observed that the wear damage wascted to the top surface of the
silicon particles. This condition correspondedhe uiltra-mild wear regime, in which the
silicon patrticles effectively protected the sofiyrainum matrix from damage. At high
loads (5.0 N), silicon particles fractured and lmeeaembedded (particle sinking-in)
within the aluminum matrixZ8]. During the course of the sliding process, tleetured

silicon particles Fig. 2.29 were fragmented to nano-size and mixed with amyan
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components from the oil-forming protective layeatthelped to prevent further wear to
the aluminum surface).

Finite element simulations of particle sinking-ire@icted that interface failure
(slipping) would occur during loading, whereas ifdee decohesion (opening up) would
occur during unloading30]. Under actual engine running conditions, formatiof
angular silicon fragments as a result of partickecture intensified the overall damage
process by causing abrasive wear to the engindiadey surface 38, 31. Clearly,
extensive research has been directed towards thditioms leading to multiple particle
fracture and decohesion in Al-Si alloys. Therd séimains the scope of research on the
details of damage accumulation and the mechanidnfiecture of silicon particles; a

field which largely remains unexplored.

2.9. Statistical Analysis of Fracture: Weibull Modding

Brittle materials exhibit a scatter in failure sigth data, unlike ductile materials
where plastic deformation takes place. The modérauture in a homogenous brittle
material depends on the stress necessary to piepagaxisting critical flaw or crack in
it. In certain materials, flaws can be inclusiossgregations or any other centers which
give rise to incompatible deformations. Therefaajable sizes, shapes and orientations
(with respect to the applied load) of the flawsaimaterial can account for the observed
scatter of fracture strengths. A statistical metlominmonly used to determine the

strength of brittle materials was introduced by kbdi[37].
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2.9.1. Functional Deduction of Weibull's Formula

The independent theory of probability states thvab tevents,A and B, are
independent if the probability that they both ocdsrequal to the product of the

probabilities of the two individual events, i.e.
P(Al B)=P(A).P(B) (2.33)

This theorem was used by Waloddi Weibull for thdwizion of the probability of
failure. A formulation, in connection with the urictheorem B3] has been deduced

here.

If V is the body volumeg is the constant stress-field; andV, are representing
an arbitrary subdivision (without common points) bbdy volume andP is the

cumulative survival probability, then we have,
PlZ(Vl +V2'J) = Pl(Vlla)Pz(Vz'a)
VI v, ={}, v, YV, =V (2.34)

where, | is the intersection of the se, is the union of the set, ar{d} is the null set. It
can be assumed that the survival probability oy small body tends to unity when the

body size tends to zer®;(V - 0,0) - 1. Thus it can be said that,
P.(00)=1 (2.35)

S

Substituting alternatively the value zero Yarand forV; in Eqg.3, we have,
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P, +0.0)=PR,,,0)=R(\,.0)
P,(0+V,,0)=P,(,,0)=PR,(v,,0) (2.36)
and hence,
P,(V,0)=R(,0)=PR,(V,0)=P(,0) (2.37)
Using the unicity theorem, Eqg.2.34 can be expreased
P.\, +Vv,,0)=P,(,,0)P.(v,,0) (2.38)

Considering Eq.2.38 to be the basic equation, thenttary condition given by

Eq.2.35 is easily proved as follows,
P.(v+0,0)=P(V,0)=P.(V,0)P,(0,0) (2.39)

from which P,(0,0)=1. This demonstrates the equivalence of the unittiegprem and

the boundary conditioR,(0,0) =1.

Functional Eq.2.38 was solved by Euler, and it rhbaydetailed below since it
imparts some clarity to this topic concerning stats. The following development is

easily obtained.
P.(v+av,0)=P,(V,0)P.(aV,0)

=p,(v,0)+P(v,o)av (2.40)
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and the same may be said for the following devekamm
P.(av,0)=P,(0,0)+P.(0,0)avV
=1+ P/(0,0)avV (2.41)
EQgs.2.40 and 2.41 give,
P.(v,0o)r(av,0)=P,(V,o)1+P(0,0)AV]
=P(,0)+P,(v,0)P(0,0)AV
=P,(V,0)+P(v,o)Av (2.42)

Using the equations above, the expression obtased

P.(v,o)P(0,0)=P(V,0) (2.43)
and finally,

PV,0) _ i - o)

AVo) P.(0,0)= v (2.44)

#o)>0

where, V, = the unit volume, andg{o) = the specific-risk function (or, Weibull's
function) is a positive quantity becauBg is positive and monotonously increasing,

which means thaP. must be negative. Eq.2.44 can also be expressed as

31



dPS(V, 0)
V= —gfo) (2.45)

P(V.0) =

\Y/

o

Eq.2.45 gives the specific rate of the decreasiegement of the bodies that have

not fractured owing to a volume increasing. Ongné¢ing Eq.2.45, we have,

InP,(vV,o)= —qu(a)+ C (2.46)

or,P.(V,0)= exp{—vlq(a)m} (2.47)

In order to fulfill the boundary condition given g.2.35,C must be zero. Eq.2.47 gives

P

S

(V - 00,0) -0
orP,(0,0) =1 (2.48)
which means that a large size body has great dedect can be broken under any stress.

By rearranging Eq.2.47, one obtains the celebr@teidbull formula,
\%
P, (V,0)=1- exp{—v—qp(a)} (2.49)

where, P, (V,o)=1-P,(V,o) = the cumulative probability of fracture.

The properties of, (V,o) are as follows,
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0<P (V,0)<1

I

P, (v,0)z0 (2.50)

O<o<w OsV<w

The stress under whicR; is zero is called the limit stregs. When P; = 1the

stress under which this occurs is called the higlh@# stress,o.

Experimental results are in general in accord whih following analytical form

proposed by Weibull3d2],

g-0, 020,
o0 (2.51)

where,o, andm are the Weibull's parameters and are fabricatmmstants. The Weibull
modulus,m, shows the amount of variability in the naturetlod group(s) of data under

consideration. For example, a low value for modulegicts a highly scattered data.

Another formula was given by Kie84] as follows,

g-0, o, <0<0,
o, -0
2.52)
o{o (
¢lo) 0 )
® 0)0s
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2.9.2. Application of Weibull Modeling to Material Failure

Considerable work has been focused on the mecharoifailure within metal-
matrix composites. Failure mechanisms such as xhatnforcement debondin@}p, 34,
particle cracking 37-41] and ductile failure in the matrix4g] have been previously
observed. The actual mechanism of failure may démenmany factors, including, the
interface strength, the reliability and strengthtlod reinforcement, the processing route
[42], etc. Lewis and WithersAB] investigated the occurrence of reinforcement kirag
within a particulate ZrgJ2618 Al alloy metal matrix composite under tengillestic
straining, with specific focus on the dependencéradture on particle size and shape.
The probability of particle cracking was modeledngsa Weibull approach, which was
consistent with experimental data. Weibull moduagues and the stress required to
crack the particles were found to be within thegerexpected for ceramic particle
cracking. Caceres and Griffithd4] observed cracking of silicon particles (of ditfet
morphologies produced by varying the solidificatioate and length of solution
treatment) during plastic deformation. The numbiecracked particles increased with
applied strain. The larger and longer particlesenfeund to be more prone to cracking.
Coarse particles cracked very rapidly even at losteains, while cracking of fine
particles occurred in a more gradual manner. Tleekong of silicon particles was
described using Weibull statistics, with the stesssn particles calculated using
dispersion hardening theories. It was concludetd\teibull distribution can express the
ductility of an alloy as a function of the dendrdell size, together with the average size
and aspect ratio of the cracked silicon particessuming that fracture occurs when a

critical level of damage is attained. On the othand, Danzer et al4f] stated that
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Weibull distribution is not followed by brittle matials containing bi- or multi-modal

flaw distributions, surface and volume flaws, ahhidefect density, internal residual
stress fields or showing R:curve behaviour. It was also believed that Weilstaitistics

is not applicable to very small specimens, or & #@pplied stress field presents high
gradients. In all the above mentioned cases, thbWemodulus (m) is no longer a

constant and depends on the applied stress angliftiee real strength distribution can

be understood only from test specimens with diffex®lumes.

2.10. Deformation-induced Phase Transformation in iicon

Silicon is known to undergo a series of phase itians when subjected to high
pressure, and also during pressure releé&8e A number of indentation tests have been
carried out on different crystallographic planessioigle crystal silicon in order to study
high pressure phase transformation in silicon, dBddifferent polymorphs have been
observed so far4[7-49. Under a hydrostatic pressure of 11.2-12.0 GRandnd cubic
structured Si-1 phase transforms into a metglitn structured Si-lIl phase5()]. This
transformation is associated with a 22% increasgeimsity p1]. A hexagonal diamond
structured Si-IV phase may form directly from Snlthe presence of shear stresses at
twin sections, without preceding transformatiorSiell [52]. At fast unloading rates of
the indenter, Si-ll transforms into an amorphoustest whereas a mixture of
rhombohedral-structured Si-XII and bcc-structuredl!llS phases form at slower
unloading rates. On annealing, the above mentidngd pressure phases of silicon
transform to Si-IV at moderate temperatures butigher temperatures, reversal to Si-I
occurs p3]. Fig. 2.30 is a schematic diagram of various pressure-indugkdse

transformations in silicon. Kovalchenko et &4] studied oil-lubricated sliding contact-
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induced phase transformations in bulk silicon, abderved that a metallic Si-ll phase
was formed and underwent plastic flow.

Phase transformations during indentation on silit@ve been reported by a
number of authors5b-59. Si-1 to Si-1l transformation is indicated by adp-in” in the
loading curve. Transformation of Si-1l to a mixtwkSi-1l and Si-XIlI or amorphous Si is
indicated by a “pop-out” in the unloading curveouigh Jang et al.6p] suggests that

such events are not necessary conditions for ghassformations in silicon.

2.11. Dislocation Mobility in Diamond Cubic (DC) Stucture

Silicon exists in the DC structure, which can beutjht of as a face centered

cubic lattice with two atoms per lattice site; atg0,0,0) and the other 6111,1] [61].
4’4’4

Silicon is covalently bonded and has a large Peistiless. Dislocations in silicon are
similar to those in face centered cubic materialg,at low temperatures the high Peierls

stress confines them largely to the <110> valléyslow temperatures, slip occurs on
{111} planes in the <110> directions with the Bu@e/ecto%<110>. Three types of

dislocations are predominantly observed: a screshocition, and two 60dislocations;
although at high temperatures, a pure edge distocand others may be observed.
Dislocations in silicon are shown to be dissociabledmost cases6p]. The screw
dislocation dissociates into two Bpartials, and the SQislocation dissociates into an
edge dislocation ($9and a 30 partial 62].

These dislocations may occur on the widely-spadedfle planes, or on the
narrowly-spaced glide planes. The slip configuratis shown inFig. 2.31, projected

along the <110> direction. Formation of a dislomatiin the shuffle configuration
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requires the removal of a half plane along patM1d3is results in the formation of one
dangling bond, which is normal to the guide pldfr@mation of a dislocation in the glide
configuration requires the removal of a half plamleng 1564. This results in the
formation of three dangling bonds, but they rematira small angle to the glide plane.
This shallow angle makes it possible for the glg## dangling bonds to reconstruct
easily, thus lowering the dislocation energy. Reatauction of the shuffle set dangling
bonds would require much larger displacements. Reeeork suggests that the
dislocations lie in the glide configuratiofd. It is energetically favourable for the 30
partial to reconstruct, although the results atectear for the 90partial 63].

Partial dislocations have been observed to movetheg in silicon, but having
differing mobility, which may lead to a large nogelibrium spacing of the partial§4].
The mobility of the dislocation depends on whiclntiphis leading, and which is trailing.

Wessel and Alexander 6] reported that the mobilities are of the order
9¢f >90° > 30° > 30, where, 98 and 30 refer to the dislocation type, ahart refer to

whether that partial is leading or trailing, redpedy. The observation can be
rationalised by considering that reconstruction desurred in some of the partials, and
considering that the lead partial moves into aqmtrfattice, while the trailing partial
moves into a stacking fauld4].

Dislocations also move into the material below thdentation, with Burgers
vectors inclined to the surface. Transmission edecimicroscopy of dislocation rosettes
revealed only dislocations associated with stackaudts [66]. Dislocations were of the

%(21]} Shockley type §7]. Dislocations with Burgers vectors inclined tcetburface

may interact to form a sessile dislocation, whiah serve to nucleate cracks,
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1 S T A P

E[12:L]+E[112] =~[o11] (2.53)
Undissociated dislocations may also react to foomer locks,

1 a4l 1

5[110]+§[011]_ 2[10]] (2.54)

Either of these reactions reduces the energy odligiecation by reducing the magnitude
of the Burgers vector.

Whether or not a crack propagates in a materiaémigp on the mobility of the
dislocations in that material. Crack propagatiopetls on a competition between crack-
tip decohesive forces, and the force necessargistwcation emission; a model proposed
by Kelly, Tyson and Cottrelldg]. If the stress intensity factor for fracture sached
before the critical stress for dislocation emissitve material behaves in a brittle manner.
On the other hand, if dislocations are emitted fittva crack-tip, the local conditions at
the crack-tip are modified in two ways: (1) thelotsitions emitted from a crack exert a
back stress on the crack, effectively reducing ldwal stress intensity factor. This is
known ascrack-tip shielding; (2) the crack-tip can also be blunted by dislmcat
emission. The emission of dislocations of edge attar with a Burgers vector normal to
the fracture plane will blunt the crack-tip, whgerew dislocations can jog the crack-tip
[69]. This effect is known aerack-tip blunting.

Dislocations may also be nucleated by sourcesamthterial near the crack-tip.
The dislocations, once emitted, are strongly repeby the crack-tip. Three forces act
upon the dislocation: (1) the stress field surrongdthe crack-tip, which repels the

dislocations from the crack tip, (2) thaage force, which attracts the dislocation to the
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crack-tip, and (3) thedge force, which is a surface tension (attractive) force tu¢he
creation of new surface at the crack-tip.

The interaction of these three forces creates #@i@of unstable equilibrium.
Once this position is crossed, the dislocatiorefgeled strongly and moves away from
the crack-tip until it encounters some obstadlé].[ TEM observations by Ohr7[]
showed that dislocations moved rapidly away frone ttrack-tip, leaving a small
dislocation-free zone (DFZ) around the tip. Ohrgagied that this DFZ results from the
short range of the image force attracting the daions to the crack-tip. As a result, the
dislocations always experience a repulsive forad.7P] suggested that this is because
the dislocations around the crack retract inwaftts anloading.

Dislocations from sources near the tip may alsy plaole, as they are attracted
or repelled from the crack-tip. Dislocations repdlby the crack-tip come to rest in dense
tangles some distance away from the plastic zohéhashields the crack tip from the
applied stress. This process, however, may notiraentindefinitely. Dislocations may
interact to produce pile-ups and wedge-shaped ddfgets dependent on slip geometry
in the material T3].

The stress intensity factdK, required for dislocation emission has been ddrive

as B9,

1
K =(2Gbo)2 (2.55)
where,G is the shear modulug;is the yield stress, arulis the magnitude of the Burgers

vector. Thus, the stress required for dislocatimnssion is proportional to the square root

of the flow stress. While dislocation emission framack tips is a necessary but not a
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sufficient condition for plasticity74], dislocations must be able to move away from the

tip rapidly enough to avoid the creation of a bittondition.

2.11.1. Microhardness-induced Dislocation Generatio

Although hardness testing is usually employed ttemieine the hardness or
fracture toughness of a material, it may also lus investigate related phenomenon.
Microhardness testing can be used to investigatl®adition mobility. By using a hot
microhardness tester, the ductile-brittle transittemperature (DBTT) for a material
displaying this behaviour may be determined.

Just as microhardness testing simplifies obtainting strength and fracture
properties of a material, it also simplifies digdon mobility studies. A typical non-
microhardness method involves generating dislonagsources in material (e.g. by
scratch) and applying successive stress pulsese 3ire dislocation moves during the
time at which the stress is applied, measuremesuotessive dislocation positions, by
chemical etching, gives the dislocation velocithisTis known as thelouble etch pit
technique. This method is as difficult as mechanical benstitg with all the same
complexities. Another traditional methotlang Topography, is used to dynamically
measure dislocation velocities. This technique,cwhs based on an X-Ray method, is
limited to thin specimens, and requires long expaeswand intense radiation sources.
Qualitative measurements of dislocation mobilityy d@e made easily and rapidly by
using microindentation test methods.

Hot microhardness testing was used to investigeteation mobility in silicon
and germanium7p]. High purity, dislocation-free single crystals thlese materials are

available, and can be easily prepared and indemtédr indenting, etching with an
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appropriate etchant reveals arrays of dislocat{opeettes) generated by indentation. The

extent of these rosettes can reveal informatiomdislocation mobility.

2.11.2. Investigation of Indentation Defect Structte in Silicon

As seen in Section 2.10, when indented at room éeatpre with a sharp
indenter, crystalline silicon transforms into war$ types of high-pressure phases, which
are formed in the highly stressed defect struchalew the indentation, as reported in
previous research performed with silicon singlestaly The details of the mechanism of
amorphization of silicon under the application bear stress are not very well known.
Though silicon is considerably brittle at room tesrgiure, under a hydrostatic pressure it
may show some amount of ductilityd]. Therefore, existence of dislocations is expected
in the defect structure of an indentation whereydrdstatic pressure and a shear stress
coexist. Observation of the indentation defectcitme under a TEM proved that this
amorphization is induced by dislocation motion dgriplastic deformation7p - 7§.
Tachi et al. 6] suggested that this dislocation activity may ldadamorphization,
although the exact mechanism is not clear. Ge. ¢7 9l concluded that in the process of
slow unloading, mutual interaction of dislocatiareises gradual lattice rotation, which
results in the formation of a perfect crystallimgtice in due course. But in case of fast
unloading, time required for this mutual interantis very short. This phenomenon,
along with excessive dislocation annihiliation, nragult in extensive lattice distortion
resulting in the formation of an amorphous struet@uzuki and Ohnuma&(] suggested
that at higher temperatures, when dislocation cliedes place, regular crystal structure

may be restored in silicon.

41



2.12. Temperature-induced Phase Transformations iBilicon

Though extensive research has been conducted omdtestable silicon phases
produced by nanoindentation, very little has beeported regarding their thermal
stability in the residual imprints. Hernandez et 1] performed micro-Raman
spectroscopy on the silicon particles in Al-Si hypeectic alloys in both liquid and
semi-solid states. Quenching operations, with 380-3i alloy, from liquid and/or semi-
solid states conducted at cooling rates of°C29 were high enough to freeze the molten
sample, thus allowing subsequent Raman analysisulRerevealed that the silicon
agglomerates and the primary silicon particles tmdssed and/or non-bonded silicon
atoms at high temperatures, resulting in distoldécces. The intensity of such stresses in
silicon decreases with temperature, up to the dngblidification (solidus temperature
470°C). Both Si-XII and Si-lll are metastable in ambieonditions, and are expected to
transform into Si-l according to enthalpy calcwas [B2]. However, such
transformations have not been observed experintgntaistead, another metastable
phase, the hexagonal diamond structured Si-IV, etserved after moderate heating of
the Si-lll samples recovered after pressurizationhigh-pressure cells88-89. The
stability of Si-lll was reported to be strongly tpemature sensitive. The estimated
“lifetime” of Si-lll varied from over 100 years taroom temperature, to only a few
minutes at 200°Cgg]. Si-IV was also shown to form directly from thea-ISwhen
indentations were performed at elevated tempes{(@®0-550°C)§7, 8§. According to
Pirouz et al.[88] and Dahmen et al89], the Si-lI- Si-IV transformation occurs by
double twinning in Si-I, with the resultant Si-I\hase appearing as ribbons or platelets

embedded in Si-l around the indented area. Thategp&aman spectra assigned to Si-1V
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exhibit a rather broad, asymmetric band centered 0 cni [86, 90 making it difficult
to distinguish from nanocrystalline Si-1, which ¢baracterized by a similar spectrum
[91]. Moreover, Raman microspectroscopy studies oftdmperature effect on phase
stability in silicon nanoindents reported the fotima of an unidentified silicon structure
around 150-250°C, that had at least four charatierRaman bands at 200, 330, 475,
and 497 cnt [92). Domnich and Gogotsi9p] designated the new phase Si-XlII and
proposed the following phase transformation seqe@pon heating the residual hardness
imprints in silicon:

Si-XIl - Si-lll - Si-XII/Si-IV - a-Si- Si-

However, the mechanisms of the above phase tramsiand the corresponding
microstructural changes in silicon nanoindents hasaer been explored in detail. Ge et
al. [93] explored the temperature effects on the metastabases in silicon nanoindents
by use of Raman microspectroscopy analysis combméd in-situ experiments in a
TEM hot stage and found that the transformatio8ieil and Si-XII into other structures
begins at ~175°C. Raman spectra suggested the tiomwa an unidentified “Si-XIII”
phase at temperatures of ~200°C, which precedegoth@ation of Si-IV. The in-situ
heating experiment at 200°C in TEM showed thatddht transformation paths exist for
the metastable Si phases. It was also proposed atmatrphization during heating
proceeds by a distortion-induced disorder mechani3ine phase transformation
sequence during heating was established as,

Si-XIl - Si-lll - Si-XIIlI - Si-IV/a-Si - nanocrystalline Si- Si-I
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2.12.1. High Temperature Deformation of Silicon du¢o Indentation

Microstructural investigations of temperature-degmnt deformation around
sharp indentations on highly brittle ceramics ligmgle crystal SiC, gN, and BC was
performed by Naylor and Pag®4]. It was observed that radial and lateral crack
dimensions increased at elevated temperatures |yrdie to increasing radial stresses
around indentations caused by increasing plastigitguirova et al. 5] used Rockwell
indentations on Cz-silicon (wafer) at elevated terapures (78C-600C) and observed
strong residual compressive stresses (up to 2.25 &Rhe centre of the residual indents
while the stresses at the boundary were tensihaiare. Metastable crystalline phases of
silicon, like Si-lll, Si-IV and Si-XIl, were obseed, including traces of amorphous
silicon. Observations of regions away from the imdéons (at different temperatures)
proved to be interesting. High density of relaxatiwracks was observed up to 400
where the material continued to remain unstres&pdrt from Si-I, Raman shifts due to
Si-IV had high intensity at this temperature. Anperatures between 5@and 600C, a
transition occurred from the tensile stress athibiendary to compressive stresses as the
distance increased (more than dih) from the indents. Such regions were associated
with low crack density. At temperatures higher ti&t’C, crack density decreased to

Zero.

2.13. A Short Summary of the Literature Survey

Evidently, previous investigations on sharp corsdwve been directed towards
determining the associated stress fields and eggultrack systems. A considerable
amount of research has been focussed on indergapenformed on the polished

crystallographic surfaces of bulk silicon. Strasdticed phase transformations in silicon
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have been investigated only for developing siliesna semi-conducting material for its
enormous application in the electronic industrymBnsional analyses have shown that
indentation pile-up and sinking-in depends on tregemal properties, however, research
is needed to systematically quantify and understaadeasons of pile-up (as a function
of the indentation load), and comprehend the actaase of crack formation by directly
investigating the subsurface defect structure. @bsg indentation-induced damaged
structure (by using state-of-the art techniquesluging ion-milling and in-depth
transmission electron microscopy) in small volumi® the second phase silicon
particles (less than 100m) in Al-Si alloys is a challenge and, quite clgathe next

stage in the direction of current research on shanpact mechanics.
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Fig.2.1: Elastic contact pressure distributions for varioudentation systemga) point
load, (b) sharp indenter(c) flat punch,(d) sphere (or cylinderP anda characterize the
extent of applied loading and resulting contacpeesively [L3].
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Fig.2.2: Coordinate system for axially symmetric point lmadP. Expressions for the
stress components indicated are given in the Aprpepell38) [L4].
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Fig.2.3: Half-surface view (top) and side view (bottom) sfress trajectories
Boussinesq field. Plotted for= 0.25 [L4].
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(@)

(b)

(c)

Fig.2.4: Contours of principal normal stressés), c11, (b) 622, and(c) o33, in Boussinesq
field, shown in plane containing contact axis. ®ldtforv = 0.25. Unit of stress ip,,

contact “diameter” (arrowed) o . Sharp minimum inc;; and zero inc,,; are
indicated by broken lines in (a) and (b) respedtyiy&4].
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Fig.2.5: Angular variation of principal stress component8wussinesq field, plotted in
terms of dimensionless functidrﬁg/)) (Eq.2.6) (a) Principal normal stresses;i, o2,

andss; (b) Maximum principal shear stregss or 612 (broken line), and hydrostatic
compressionp. Plotted forv = 0.25 [L4].

50



Normal Pressure

a

1.0

<

A Centre A

Fig.2.6: Pressure distribution over circle of contact whefflad surface is deformed
elastically by a spherd p).
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Fig.2.7: Elastic deformation of a flat surface by a sphehe area of contact A is
2
proportional tow:and the mean pressure over the region of the contact is proportional

1
tow? [15)].
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O11

O33

Fig.2.8: Half-surface view (top) and side view (bottom)stifess trajectories in Hertzian
field. Plotted forv = 0.33, contact diameter AA 2a [19)].
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(@) 0.166 -1.250

Fig.2.9: Contours of principal normal stressé€a) c11, (b) 022, and(c) o33, in Hertzian
field, shown in plane containing contact axis. ®dtforv = 0.33. Unit of stress ip,,
contact diameter AA i2a [19].
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Fig.2.10: Comparison ofagg(z) stress terms for Boussinesq and Hertzian stressfi

Plotted forv = 0.25. Divergence of curves in vicinity of corttawone is observed (at
z - 0, g, — o inthe Boussinesq field7,, — -1.125p,in the Hertzian field)14].
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Fig.2.11: Elastic deformation of a flat surface by a sphel®wing the maximum shear
stress in the bulk material below the deformedasi&f The maximum shear stress occurs
below the below the centre of the circle of contzad a value of 0.4”ean, WherePiean

is the mean pressure. Plastic deformation firsuiscat this point when the shear stress

=0.5Y, i.e., wher, ., = 11Y, where Y is the yield stress of the materidi] [
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Region of plastic flow

(@) (b)

Fig.2.12: Plastic deformation of an ideally plastic metaldgpherical indentefa) the
onset occurs at a localized regidnwhenp, = 1.1Y; (b) at a later stage the whole of the

material around the indenter flows plastically]f

Surface profile after P
load removal ‘ — Initial surface

Indenter

Surface profile
under load

Fig.2.13: A schematic representation of a section througima@antation showing various
guantities; P = the applied lodd = total displacement (Eq.2.16); = the contact depth;
hs = the displacement of the surface at the perinadtdre contacth; = the final depth of
the residual hardness impression, a = the corddats [L7].
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Displacement (h)

Fig.2.14. Schematic representation of load-displacement data an indentation
experimen{17].

Wii=W,+ W,

Force (F)

Loading

Un-loading
'r'llnl

Displacement (h)

Fig.2.15: Definition of reversible workW,, irreversible workW,, and total work W
[18].
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Fig.2.16:Schematic illustration of conical indentation waéfinition of terms 18].
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(a) I —Imaginary
sphere

Deformed shape
of the imaginary
7 sphere

Fig.2.17: lllustration of the displacement incompatibilitetiveen the matrix and the
inclusion,(a) before deformation, an¢h) after deformation of the matrid{].

<+—Energy criterion

Strain, e Strength criterion

l

d*
Particle size, d

Fig.2.18: Schematics of the energy and stress criterionda nucleation 11].
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(@) P

(b) P

Fig.2.19: The two basic indentation fracture systefag.Cone crack system associated
with a blunt indenter, an@) median crack system associated with a sharp iedfid.
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(b)

Fig.2.20: Hertzian cone crack in soda-lime gla&s); view from beneath the fully-loaded
specimen (light directed for specular reflectiof) view in profile, after section-and-
etch of unloaded specimedq.
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(@ (b)

(100) (111)

(c)

(110)

Fig.2.21: Traces of Hertzian cracks on three low-index sw$acof silicon;(a) 100 (b)
111, and(c) 110; Specimens were lightly abraded, indentedheetc and viewed in
normal reflected light. Diameter surface cracksrifi. Some abrasion scratches are still
visible. Incomplete traces are due to small demmtifrom perpendicularity between
specimen surface and the line of application odl [d&)].
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Fig.2.22: Partial cone crack damage track produced on sodaglass by sliding steel
sphere (left to right), coefficient of frictiom, = 0.1; (a) surface view;b) profile view,
after section-and-etcl9].
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(b)

500um

Fig.2.23: Vickers indentation in soda-lime glaga) surface view{b) side view. Radial
and lateral crack systems are evidéit [
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Fig.2.24: Schematic of vent crack formation under point irtdeéan. Median vent forms
during loading (+) half cycle, lateral vents duringloading (-) half-cycle. Fracture
initiates from inelastic deformation zone (darkiozg [14].
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Fig.2.25:Vickers indentations ifa) soda-lime andb) fused silica glasses in half-surface
(top) and section (bottom) views. Specimens pre&péne indenting across pre-existing
hairline crack in glass surfaces, then breakingrder to obtain half-surface and section
views. Indentation load = 30 N; width of field =@gm. Crack components indicated: R
=radial; L = lateral; C = cone. Different defornagt zone configurations are noted (near-
semi-circular region immediately below impressionjhe section views2[J].
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Fig.2.26: Scanning electron micrographs of Vickers indentetion three modifications
of Al,Ogz; (a) grain size = 3um, (b) grain size = 2Qum, and(c) single crystal (sapphire)
[27].
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Fig.2.27: (a) A schematic diagram illustrating the cross-sectioriew of the contact
between Vickers indenter and the particle. The pyadandenter has a tip angle. [24].

(b) A Vickers indentation on A§Mn,Fe)Si, particle surface. Median cracks can be seen
at each of the four corners of the indentation espion. The average crack lengthwas
used to calculate the fracture toughness of thiecfgK,c. Load = 25 g24].
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Fig.2.28: Median/radial crack system, associated with apsiradtentation, showinga)
elastic/plastic configuration at full load subdigdlinto(b) elastic component at full load
plus(c) residual component at complete unloaf] |
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Fig.2.29: (a) A backscattered SEM image of a worn surface shgwmcture and
abrasive wear of silicon particles at 0.5 N aftex 60 sliding cycles, andb) a high
magnification secondary SEM image {20t) of a worn surface showing Al pile-up on
silicon particles at 1.0 N after 5 x 48liding cycles of a Al-25wt.%Si alloyc) A cross
sectional SEM image of the wear track of Al-25wti%Bowing the oil-residue layer on
the contact surface with damage to silicon and iAkt®rface indicatedZ9).
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Fig.2.30: Schematic diagram of phase transformation that roctwring hardness
indentations and post-treatment in silico3][ During the loading stage of the
indentation, silicon transforms from original diangb cubic Si-l structure to the
hexagonal diamond Si-IV or the metalli=Sn phase Si-ll depending on local stress
conditions. Upon unloading, due to pressure releatber polymorphic phases of silicon
(Si-1ll and Si-XII) or an amorphous silicon formgmgending on the unloading rate of the
indenter. During annealing, there is a transitmisi-IV or, at higher temperatures, to Si-

Si-Il (B-Sn)
i Slow unloading
: a Si-Xil
Si-IV (Rhombohedral)
(Hexagonal
diamond)
K unloading Annealing
[ L 4
Si-| a-Si Si-1ll Si-IV Si-|
(Diamond (b.c.c)) (Hexagonal (Diamond
cubic) diamond) cubic)
Annealing 4 *
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Fig.2.31 DC lattice projected ontt(iﬂo) plane. Circles represent atoms in the plane of
paper and crosses represent atoms in the plane p&lh
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CHAPTER 3: Experimental

3.1. Description and Preparation of Samples

3.1.1. Al-18.5wt.%Si Alloy

A sand-cast hypereutectic Al-Si alloy (A390) wittetfollowing composition
(in wt.%): 18.5% Si, 4% Cu, 0.23% Fe, 0.57% Mg,700Mn, 0.02% Ni, 0.05% Ti,
0.1% Zn and the balance Al, was studied. The miarogire of the alloy, shown iRig.
3.1, presents the distribution of the different secqithses, namely silicon, a Cu-
containing phas®-Al,Cu, and a Fe-rich Ad(Fe,Mn}Si, phase, in the Al-matrix. The
average surface roughness of the silicon was#33.8 nm, according to optical surface
profilometer (WYKO NT1100) data taken over a cuniuk area of (44x44)um?
measured using an average of 10 silicon partidias. mean silicon particle length was
68.4+ 32.4 um, and the width was 35#515.5 um, corresponding to a particle aspect

ratio of 1.9+ 0.4. Details of quantitative metallographic anatyaee given in37].

3.1.2. Monocrystalline Silicon Wafer

Vickers indentation tests were also carried outaofil11} monolithic silicon
surface which acted as a reference for similarstest the silicon particles in Al-
18.5wt.%Si.

Both samples were prepared using standard metagbgr techniques, involving

grinding and polishing to a final polish of usin@.d um diamond suspension.
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3.2. Microhardness Experiments

Vickers indentations were performed using a CSMrumsents Micro-Combi
Tester on second-phase particles in Al-18.5wt.%8d &n the {111} surface of
monolithic silicon. Each indentation was perforn@da separate second-phase particle
in Al-18.5wt.%Si, and five tests were performedeath load. On the initial contact, a
load of 25 mN was appliedrig. 3.2is a low magnification SEM micrograph of a region
of the alloy showing a large primary silicon padicwith polyhedral morphology, in the
aluminum matrix. A 350 mN Vickers micro-indentatisras done on the silicon particle
showing the typical indent shape and crack pattdfigs. 3.3(a) and (b) are SEM
(8000X) and optical profilometry (50X) images of780 mN indentation done on a
silicon patrticle.Fig. 3.3(c)is a high magnification (24,000X) image of the enthtion
deformed surface indicated by a red framé-ig. 3.3(a) In the load range considered,
the indentation size varied betweenbM@4 um at 200 mN, and 840.5um at 800 mN.
Figs. 3.4(a)and(b) are SEM (13,000X) and optical profilometry (50X)ages of a 300
mN indentation done on single crystal silicdfg. 3.4(c) is a high magnification
(30,000X) image of the indentation deformed surfancBcated by a red frame iRig.
3.4(a) Fig. 3.5(a)plots the Vickers microhardness values of silipanticles (measured
using Oliver and Pharr methotl7]) against indentation loads within a load rang@®
mN and 800 mN. Higher hardness values at lowerslca@ consistent with a large
amount of elastic recover@T] in the silicon particles indicating indentatiozes effect
phenomenonkig. 3.5(b)is an optical microstructure showing the distnbutof eutectic
and primary silicon particles in the aluminum matr particular silicon particle in this

figure was indented by a 400 mN load. A SEM imafja tractured silicon particle (by a
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750 mN load) has been shownFRig. 3.5(c) They illustrate the differences in the nature
of the deformation experienced by the silicon péet with increasing loads. Under a 400
mN load, the indenter led to pile up formation, vees at 750 mN, subsurface crack
propagation caused chipping out of portions otsili adjacent to the indenter, as will be
described in detail in Section 4.1.

The morphologies of residual Vickers microindemas were observed using a
FEI Quanta 200 FEG Environmental Scanning Electvbaroscope (ESEM) and an

optical surface profilometer WYKO NT-1100 that i#tds white-light interferometry.

3.3. Calculation of Indentation Fracture Toughness:Measurements
using the Crack-length Method

The indentation fracture toughnes¥Kd) of silicon particles and the
Al;5(Fe,Mn}Si,; phase in Al-18.5wt.%Si was determined from craekgth values
measured under indentation loadlg ¢f 300 mN and 100 mN, respectively, using the
equations listed ifable 3.1 Accordingly, for the silicon particles, the cdied values
varied within a range of 0.97 and 1.6 MP¥rfFig. 3.6(a], consistent with what has
been reported as the fracture toughness of polglye silicon P8]. For
Al15(Fe,Mn}Si,, the value was found to vary between 0.74 and M®a.n?* [Fig.
3.6(b). The K¢ of silicon single crystal was also determined #ouhd to vary between
0.66 and 1.345 MPatt the obtained values were compared with thosdefalloyed

silicon particles and discussed later (Sectiorn2%.1.
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Table 3.1: Calculation of the indentation fracture toughn@sg) of silicon particles
using models32] involving E = elastic modulusti, = Vickers hardness valuk,= test

load, 2 = the indentation mark diagonal, and (c-a), wherec is total crack length from
centre of the residual indent as showifrig. 4.8(a)

Eq. Indentation fracture Kic, MPa.m’?
toughness (Kc) equations Si Alrs(Fe.Mn)sSi;
E) L
3.1 K,C:O.OO8E{— — (1) 0.97+0.14 0.74+0.05
v/ oal?
E V) L
3.2 K|c:0-012{_ L @ 13019 1.0+ 0.07
v/ al?
K ‘00319L 3
33 Kic=0. 1 ) 16024 1.0+0.07
al?

3.4. Temperature-induced Phase Transformation in 8con Particles:
Preparation of Encapsulated Al-Si Samples

Al-18.5wt.%Si samples were polished and selectézbsi particles were indented
using a 400 mN indentation load. Five such sampk® encapsulated in evacuated and
inert-gas filled glass capsulésig. 3.7 in order to prevent surface oxidation during heat
treatment. Thereafter, samples were heat treatéengieratures 158G, 196C, 230C,
300°C and 456C for 2 hours and then air-cooled till the samptesached room
temperature (Z&). Post-heat treatment indent sites on silicotigdas were identified in
each sample after breaking the glass capsules. iRapectra were obtained from the
residual micro-indents, heat treated at differembgeratures, in order to observe phase
transformation. Details of Raman spectroscopy patara have been given in Section
3.5. Raman results showing phase transformatiodifigrent temperatures have been

discussed in Section 4.3.2.
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3.5. Raman Micro-spectroscopy

Raman spectra were collected from the deformednsgdf residual indentations
to investigate indentation-induced phase transftioman silicon particles. A 20 mW
He-Ne laser emitting at the 632.8 nm excitatioe Mras employed to excite the sample
through the 50X objective lens of a Renishaw inRamnan microspectrometdfify. 3.9.
The diameter of the laser spot on the specimemaceirivas Jum (for 50X objective lens)
and the effective power of the incident laser w&asr@W, preventing laser-induced phase
transformation in silicon to a large extefg]. Peak identification on the obtained Raman

spectra was done using WIRE 3.0 software.

3.6. Preparation of FIB-milled Cross-sectional Samips

To investigate the plastic deformation and fracttirat occurred in a silicon
particle’s subsurface region as a result of theliegjon of a Vickers microindenter,
cross-sectional trenches were milled across thenitadions using a focused ion-beam
(FIB) method. The highly directional nature of th®mic bonds in covalently bonded
silicon makes the ion-beam imparted atomic disandenot readily recoverable. Care
was taken to avoid ion-beam damage on the surfgcdepositing a thin layer of carbon
across one diagonal of an indentation impressiod kg paying attention that the ends of
the radial cracks emanating to the surface were atsered). A trench was milled
normal to the deposited carbon layer, using fB@m a Ga-based liquid metal ion-source
(LMIS), at an accelerating voltage of 30 kV, witeam currents ranging from 13 nA to

700 pA. Final milling was conducted at a low iorebecurrent of 80 pA to minimize the
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prospect of beam damage. Cross-sections were igagst using a Zeiss NVISION 40
dual beam SEM/FIB.

Cross-sectional TEM samples of the indentation vpeepared using the FIB in-
situ “lift-out” technique. In this case, two trereshwere milled on each side of a thin
silicon membrane (thickness ~un) parallel to the deposited carbon layer. Theildetd
TEM sample preparation are illustrated Figs. 3.9(a)-3.9(h),and consisted of the
following steps:

(&) Two trenches were ion-milled on either side of E#iB-deposited carbon layer to
obtain a thin membrane (aboufuh thick) containing the indentation and connected t
the rest of the silicon particle at only two poiffegg. 3.9(a].

(b) One end of the membrane was cut free and a tungstedle (end effector) was
positioned at the top of the membrane at that &gl B.9(b}.

(c) The needle was welded to the membrane using daywnm of carbonfig. 3.9(c].

(d) After secure welding, the fixed end of the membrares milled off and the TEM
sample was made ready to be lifted out of the tr¢Riy. 3.9(d}.

(e) The TEM sample was lifted out as showrfig. 3.9(e)

() The sample was then carried to a copper dd.[3.9(f).

(g) The sample was welded to the grid, and the needkesgparated. The entire silicon
particle containing the indentation (along with @ssociated cracks) is clearly visible in
Fig. 3.9(g9)

(h) The top portion of the sample (containing the md#&on subsurface defect structure)
was polished down to 100nm thickness using a loweot ion-beam of 80 pAHg.

3.9(h).
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A JEOL 2010F TEM with an imaging filter (Gatan Tigch model) and a Philips
CM12 conventional TEM were used to observe crostieseal TEM samples at an

operating voltage of 200 kV.
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Fig.3.1: An optical microstructure of Al-18.5wt.%Si showirthe different second
phases. The silicon particles appear as dark brawth varying aspect ratios. The
Al;5(Fe,Mn}Si, has a script-type morphology. TieAl,Cu has the lightest contrast,
appearing as small patches.
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Fig.3.2: A SEM micrograph of a region in Al-18.5wt.%Si showgia large polyhedral
silicon particle. A Vickers micro-indentation tesas been performed on the silicon
particle under a load of 350 mN.
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Fig.3.3: (a) SEM image of a 700 N indentation on a silicon ipkat (b) Optical
profilometry image of the same indentation in (&) High magnification (24,000X)
SEM image of the deformed surface indicated irbfea red frame.
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Fig.3.4: (a) SEM image of a 300 mN indentation on a monolithlcen {111}; (b)
Optical profilometry image of the same indentation (a); (c) High magnification
(30,000X) SEM image of the deformed surface in@idan (a) by a red frame.
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Fig.3.5: Vickers hardness values for silicon in Al-18.5wt%48otted as a function of the indentation loadhjat is emphasized by a
regression trend line. Indentation size effect jI&Eobserved from the hardness values at verydad high loads(b) Optical
microstructure showing a general view of the all@y00 mN Vickers indent has been done on a silpasticle.(c) SEM image of a
750 mN indentation showing chipping-out fracturesititon.
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Fig.3.6: Indentation fracture toughness,{Kmeasured using the crack length method of
the(a) silicon particles an¢b) Alis(Fe,Mn}Si; phases shown in the inset.
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> Glass capsule

» Inert gas

» Al-Si sample

Fig.3.7: Diagram showing an encapsulated Al-Si sample pegpfor heat-treatment and
subsequent analysis of temperature-induced phassfdrmation in silicon.
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Fig.3.8: Renishaw InVia Raman Microscope.
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Fig.3.9: SEM images of the steps for preparing a TEM sarbgl&IB lift-out method,
including (a) the ion milling of two trenches adjacent to thepsbf carbon deposited on
the membrane (TEM sample) containing the indematat which the membrane is
connected at two points onlgh) a W needle is brought to the top of the membrdiez a
another end is made fre&) the needle is welded with the membrane by dempasiti
carbon;(d) the other end of the membrane is freed after praedding; (e) lifting out the
TEM sample;(f) carrying the TEM sample to a Cu grig) welding the sample to the
grid and separating the needle from the sample;(apdurther fine ion-milling of the
indented region to make it transparent to electrons
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CHAPTER 4: Results

4.1. Indentation Surface Morphology and Phenomenotpcal

Description of Silicon Particle Fracture

4.1.1. Pile-up Formation due to Plastic Deformatiomnd Lateral Crack Formation

Fig. 4.1(a) shows indentation load vs. penetration depth cunlgained at four
typical loads of 400 mN, 600 mN, 700 mN, and 800.niNe loading curves, in all cases,
follow the same path. An elbow or “pop-out” was eh&d in the unloading curve for the
600 mN indentation inFig. 4.1(a). Slightly increased tendency of work hardening
behaviour in silicon particles with load was indez by the decreasing nature of the
experimental fihy, ratios with load (h= the penetration depth at complete unloading and,
hy, = the maximum penetration depth) ing. 4.2 Fig. 4.3 shows the influence of the
indentation load on the measured elastic modt)li This change in the values can be

explained by the change of the initial portiontod slope S, of the unloading curve, as,

_S_Jm
==3 V2643 *.1)

where, h; = the contact depth.Fig. 4.4 shows a plot of the plasticity involved in the
silicon particles expressed as a function of tltemation load. The plasticity is a ratio
equal to the value of the plastic work done dividedthe sum of the plastic work
(loading curve) and the elastic work (unloading vedr during each indentation
experiment. The results indicate that this ratiordases slightly with load, like the/th,

ratios and the elastic moduli, and thus the workndkntation is also load dependent.

Thus, Figs. 4.2 - 4.4along withFig. 3.5 indicate that microhardness measurements on
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second phase silicon particles is accompanied dynitkentation size-effect phenomenon,
where the material properties are found to varyadsnction of the indentation load.
Finally, the plot shown iifrig. 4.5was constructed to demonstrate that though tretiela
moduli and the hardness results were found to & ttependent, the/Hy ratios (where,
Hy is the Vickers hardness no.) in turn, obtainednftbe same indentation experiments,
were load independent.

Figs. 4.1(b)-4.1(e)show 3-dimensional surface profilometry images toé
indentations. The amount of pile-up of material tuplastic deformation increased with
the load, from 400 mNHig. 4.1(a] to 800 mN Fig. 4.1(e). At loads higher than 600
mN, fully-formed radial cracks contributed to thnelieasing pile-up height and diameter
[Fig. 4.1(c]. It was noted that at high loads, subsurfacedhtrack formation [indicated
by a faint halo inFig. 4.1(d) prompted silicon volume expansion, and thus was a
additional factor that enhanced pile-up.

In order to provide a quantitative analysis of adgam surface morphologies as a
result of indentation, a series of 2-dimensionalifgs of the indentation impressions and
pile-ups were plotted, starting from the centrahsf indentation along a horizontal line
crossing the material pile-up formatiorfsd. 4.6(a). At loads less than 600 mN, pile-up
radii reached a maximum ofjfn, whereas pile-up radii at 700 and 800 mN exterided
16 um. Fig. 4.6(b) shows the maximum height of pile-up adjacent to $flecon
indentations, in addition to the indentation pestgdtn depths plotted as a function of the
indentation load. The depth of penetration intogiieon was found to vary linearly with

load. At loads higher than 650 mN, the increaspilie-up height was evident from the
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greater slope, indicative of the fact that volumpamnsion due to subsurface lateral crack

formation had become operative, in addition tasiti plastic deformation.

4.1.2. Statistical Nature of Indentation Fracture

A statistical analysis of the frequency of substeftateral cracks that reached the
surface of silicon particles was conducted usintcapprofilometry and SEM images of
indentations. The resulting plot iRig. 4.7(a) depicts the probability of lateral cracks
reaching the surface as a function of the indesmatad. Each of these observations is
based on the results of six indentation tests ffierdnt silicon particles at a particular

load. The frequency of subsurface cracks that eshte surfac®, (L) at an indentation

load,L, obeys an exponential curve defined by the follgnaquation:

P, (L)=(-56x107)+ (1.023{1—exp{—( L _48'4)273}] (4.2)

4391

According to experimental dat®, (L) =0 for L < 200mN, whereaB, (L) =1 at

L> 650mN, depicting 100% probability of subsurfacacks reaching the surface and
causing the “chipping-out” fracture of the silicparticle [Fig. 3.5(c]. The data inFig.
4.7(a)can be expressed in the form of Weibull probabitiirve shown irFig. 4.7(b)

using survival probability vaIu@(L), l.e., resistance to chipping-out fracture
occurrence, wher(L)=1-P,(L). As the indentations were performed on a narrowly

selected silicon particle size range of 30% ofrttean particle width, the particle volume
effect could be ignored and thus, the basic foridvefibull analysis43] can be adopted.

As a result, the silicon particles’ fracture sualiyprobability can be assumed dependent

only on the indentation load. It followed that fBi(L) =

o+~

= 037, Lo= 480 mN and thus
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1)_ L
Inln(Ej = mln[4—80j ».3

for which the Weibull modulus ofn = 3.5, which reveals a highly variable nature of
chipping fracture frequency of the indented pagsclUsing the empirically determined

values ofm andL,,

P

(L)
(L) = ex [0 %
which is the Weibull equation that expresses theigal probability of silicon to fracture
at a given indentation load,. The micromechanisms of fracture are investigated

Section 4.2 and discussed in detail in Chapter 5.

4.2. Subsurface Damage and Indentation Crack Pattes

Cross-sectional investigations of the indentaticealed the damaged zone and
subsurface crack patterns responsible for silicartigge fracture.A plane-view SEM
image of a Vickers micro-indentation after loadibg 475 mN (corresponding to

PS(L) =0.37) on a silicon particles shown inFig. 4.8(a)and indicates well-developed

radial cracks emanating from each of the four c@é the indentation impression. The
corresponding 3-dimensional surface profilometryaga of the same indentation,
revealing the existence of pile-up adjacent toitlgentation impression is shown kig.
4.8(b). The position of the FIB-milled trench is markedl leig. 4.8(b) The SEM image
of the resultant ion-milled cross-section, giverFig. 4.8(c) depicts typical features of
indentation induced subsurface damage. Accordinglgemi-circular plastic core (of
slightly lighter contrast) exists underneath th&dweal indentation impression. The radius

of this plastic core was measured to be approximat& um, a value that was later used
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for calculating the equivalent pressure for an i@gpindentation load (Section 5.2). A
well-developed median crack, of aboutpyén long, propagated perpendicular to the
contact plane starting from immediately beneath fleestic core. Lateral cracks, also
originating from the base of the plastic core, wals prominent, and extend on both

sides in a “saucer-like” manner, almost paralleghi® surface.

4.3. Micro-Raman Spectroscopy of Residual Indentatn Impressions

4.3.1. Results of Room Temperature Phase Transforrtians in Silicon Particles

Raman spectra identified diverse metastable citystdiorms of silicon under the
residual indentFig. 4.9 consists of two Raman frequency shifts, one fromo@indented
silicon particle and the other obtained from ecsiti particle subjected to Vickers micro-
indentation (at 475 mN), as shown in the insefig. 4.9 The non-indented silicon
particle is characterized by the typical strong ahdrp peak at 522.4 ¢mas well as a
much weaker, broader peak at 306 '¢crboth due to diamond cubic Si-l. The post-
indentation Si-1 peak at 525.5 €nmwas much less intense than the original Si-I petak
522.4 cnt, indicating an almost complete phase transformatioSi-1 to other forms of
silicon. The shifts at 168.5 ¢n377.5 crif, 387 cnt, 399 cnt, and 438.6 cMwere due
to both bcc Si-lll and rhombohedral Si-XII phasesile the shifts at 186.2 ¢mand

354.8 cnit corresponded to Si-XlI, and the shift at 496 coelonged to Si-111700.

4.3.2 Effect of Temperature on Phase Transformationin Silicon Particles

Fig. 4.10shows the resultant Raman spectra obtained fremua micro-indents
in silicon patrticles in Al-18.5wt.%Si heat treatedelevated temperatures for 2 hours and

subsequent air-cooling. The spectra show the gtadexersion of the metastable
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crystalline phases of silicon, namely, Si-lll andX®, at room temperature to diamond
cubic Si-1 with increase of temperature. The metalst phases are well observed in the
silicon indents up to a temperature of 4G0At 190C, the shifts due to Si-Ill and Si-XII
between 370 and 440¢chaimost disappear (though the Si-XII shift at ~3567 still
remains but of much less intensity than what it wathe room temperature indent) and
the intensity of the Si-I peak at ~525 ¢rstarts to increase. Thus, the transformation of
Si-lll and Si-XII phases to Si-1 initiated somewhebetween temperatures 260and
19¢°C. Though, the last trace of Si-XIl at ~355 trdisappears at 360. At 450C
(which is just below the temperature of changeilicom particle morphology, 48C@

[2]), the other Si-I peak at the 303.6 ¢rshift becomes prominent and the ongoing phase

reversion is said to be complete.

96



1000 T T T T T T T T T

e 400 mN
@ 600 mN
800 - 700 mN
e 500 mN

600

400

Indentation load (mN)

200
Elbow/pop-out

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Penetration depth (nm)

Fig.4.1: (a) Indentation load vs. penetration depth curves gaee from the Vickers micro-indentation of silicparticles in Al-
18.5wt.%Si. 3-dimensional surface profilometry iraagf(b) 400 mN,(c) 600 mN,(d) 700 mN, ande) 800 mN Vickers micro-
indentations for different silicon particles. The@unt of plastic deformation and crack formatiorthe silicon particles increased
with the indentation load.
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Fig.4.1: Contd.
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Fig. 4.2 Ratio of the penetration depth at complete unlggdh, and the maximum
penetration depth,;h as a function of indentation load. ThéhR ratios decrease slightly
with increasing load. This predicts the increasawlency of work hardening behaviour
in silicon particles with load.
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Fig.4.3: Plot showing the influence of the indentation loawl the measured elastic
moduli of silicon particles. This change in theusd can be explained by the change of
the slope of the unloading curve of the indentaéigperiments as in Fig. 4.1(a).
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Fig.4.4 Plot depicting the plasticity (ratio of the pliastvork done to the total work)
involved in the silicon particles expressed asrafion of the indentation load. Results

indicate that this ratio decreases with load an tihe work of indentation is also load
dependent.
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Fig.4.5 Plot showing that the ratio of the elastic modu@d) and the Vickers hardness
no. Hy) of silicon particles (obtained from Figs. 4.3 &8, respectively) is indentation
load independent.
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Fig.4.6: (a) 2-dimensional profiles of indentation pile-upsrs8tey from the centre of
indentations to the silicon in Al-18.5wt.%Si, pkxdtas a function of the indentation load.
A schematic explaining the limits of the 2-dimemsib profiles is shown as an inset in
(). (b) Plot of indentation load vs. top points of theepilps found on silicon patrticles,
and the depth of penetration.

103



(b)

2.0 I | I I I !
A Pile-up due to plastically deformed Si
B Pile-up enhanced by volume expansion
v Depth of penetration in Si

-
(3]

-
o
|

bl
a
T

Measured vertical distance (um)
S
o

650 mN
_1 .0 1 | | 1 1
200 300 400 500 600 700 800 900

Indentation load (mN)

Fig.4.6: Contd.
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Fig.4.7: (a) Plot showing the probability of subsurface latemalcks in silicon particles
reaching the surface {R)], as a function of the indentation load (L). Axponential
curve fits the experimental dai{@®) A Weibull distribution function plotted with theath
points of the exponential trend in (a), and a WEiprtobability curve is the inset which
gave a modulus of 3.5.
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Fig.4.8: (a) An SEM image of a 475 mN Vickers indentation osilecon particle, revealing the deformed surfacetd residual
indent. (b) A 3-dimensional surface profilometry image of $e@me indentation in (a), showing the halo due tzssdace lateral
crack formation. The region of the FIB-milled tréntas been shown with a dotted fraife@ A SEM image of the FIB-milled region
(cross-sectional view) of the same indentatiomgg) and (b), showing a semi-circular plastic doeow the residual indent, and the
subsurface crack pattern of the silicon particle.
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Fig.4.9: Raman spectra collected from silicon particles inl8.5Wt.%Si. The gray curve is the spectrum oladifrom a non-
indented silicon particle, having Raman bands &t42m" (strong and sharp) and 306 tifweak and broad). The black curve is the
spectrum obtained from the centre of a 475 mN Mgkmaicro-indentation on a silicon particle showntle inset, having Raman
bands (due to metastable crystalline phases obsiin the indentation deformed surface) at 16&13,c186.2 crit, 354.8 cnit, 377.5
cm?, 387 cnt, 399 cnt, 438.6 cnif, 496 cm*and 525.5 cm. Objective, 50X.
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Fig.4.1C: Micro-Raman spectra from indented silicon paesc(400 mN) in Al-18.5wt.%Si

samples and heat treated at five different tempezatfor 2 hrs with subsequent air-cooling.



CHAPTER 5: Discussions

5.1. Comparison of Material Properties of DifferentSecond Phases in

Al-18.5wt.%Si with Monolithic Silicon: Weibull Statistical Analysis

Material properties, like hardness and fractureghmess, is unaffected by
specimen dimensions or type of loading, provided the specimen dimensions are large
enough to accommodate the plastic zone, ensuriam-ptrain conditions around the
crack tip [LOJ]. But due to the considerable brittle nature dicen, some amount of
scatter was found in the measured hardness andreaoughness data. Understandably,
comparison of these properties obtained from tfferént second phases in Al-18.5wt.%

Si and monolithic silicon was essential by emplgywieibull statistics.

5.1.1. Comparison of Hardness Values

Micro-hardness values of silicon particles in Al-8\8t.%Si were compared with
those of single crystal silicon for estimating theriability. The load for the hardness
measurements was 300 mN. 30 tests were performiégdeach sample. The hardness
values were ranked for obtaining a Weibull probapplot [Fig. 5.1. The importance of
the Weibull modulusm, has been described in Section-2.9.1. The expatahealues
obtained from the two different samples were clasé the Weibull moduli showed that
the hardness values of the silicon particles (m248was slightly less consistent than
those obtained from single crystal silicon (m =8}.7Apart from this, another Weibull
probability plot Fig. 5.4 was constructed with the hardness values obtaired the
other second-phases, namely;sffe,Mn}Si, and the ductil®-Al,Cu. 20 hardness tests

were performed on each of these phases under aofoBd0 mN. As expected, a lot of
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variation was found in the hardness values oftd#d,Cu phase (m = 4.1) compared to

the Alis(Fe,Mn}Si, phase (m = 8.3).

5.1.2. Comparison of the Fracture Toughness (K) Values

The indentation fracture toughnessdkof silicon particles in Al-18.5wt.%Si was
measured using the crack-length method describeSention-3.3 using different | K
equations Table 3.1). Similarly, Kc was also calculated for silicon single-crystald an
the values obtained with both samples using diffeeguations were analyzed using
Weibull statistical measurdtigs. 5.3and 5.4 are Weibull plots comparing sets ofcK
data of silicon particles and monolithic silicon taibed using two different K
equations. Results showed that the scatter in {ped#ta of silicon single crystal (m =
18.9) was much less compared to that of the allgicbn particles (m = 9.8). Also,
Weibull statistical analysis with theiKdata of the Als(Fe,Mn}Si, phase (m = 10) in
Fig. 5.5showed that the values were comparatively lesslviarthan those of the silicon

particles in the same alloy.

5.2. Pressure-induced Phase Transformations in Sibn Particles

The results given in Chapter 4 provided a geneealcdption of the nature of
surface and subsurface crack formation in silicantigles due to the application of a
sharp indenter. This section discusses the caupbasfe transformations accompanying
subsurface damage in the silicon particles by esiing the pressure exerted by the
indenter.

A uniform hydrostatic pressure is assumed to dkisiughout the plastic core in

silicon [Fig. 4.8(c], which is equal in magnitude to the pressure iedpldue to
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indentation. The mean pressure in the plastic oban indentationP,, was derived by
Johnson 107 by considering the expansion of an incompresdil@mispherical core of

material subjected to an internal pressikig.[5.6.

[Y Et j+4(1—2u)
P :ﬁ 1+In cowy

"3 6(1-0)

(5.1)

For a Vickers indentery2= 136, and for single crystal silicod(3, yield strengthY) =
7,000 MPa, elastic moduluse) = 190 GPa [calculated from indentation load-
displacement curves as kig. 4.1(a) and following Eq.4.1], and Poisson’s ratig) &
0.28, Eq.5.1 give¥,, = 17.6 GPa. Eq.5.1 is applicable to geometricajlynmetrical

indentations. Tanakd (4 proposed a model considering a compressibleipleste.

_ ( T j _
P :2—Y 1+1 Y eop

LY I 12(1-0) va

(5.2)

wherea is the material constant signifying the plastickvthat has dissipated to heat in
the core. Considering = 1/3 for silicon 104 and inserting the rest of the values in
Eq.5.2,P, = 19.6 GPa. An alternative way of calculating firessure exerted by the
indenter is to consider the plastic core radigjsand calculate the projected area as
follows:

L =4/*.P, (5.3)
When an indentation loadL of 475 mN (corresponding t8,(L) =0.37 as calculated in

Section 4.1.2) was applied, a plastic core of mdia 2.8um was formedFig. 4.8(c].
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According to Eq.5.3P,, was calculated as 19.3 GPa, which is consistetht the value
calculated using Eq.5.2, inferring that the pressexerted by a symmetrical indenter is
load independent, and depends largely on the mhfoperties, namely yield strength,
elastic modulus and Poisson'’s ratio.

Evidently, the pressure exerted by the indentBr3(1I5Pa) exceeds the threshold
pressure (11.2-12.0 GP&a(]) necessary to induce phase transformation fromt&iSi-
Il. Section 3.3 described the silicon phase trams&tions that occurred in the deformed
surface of the residual indent, where the Si-I paa%22.4 crit in the unstressed silicon
particle inFig. 4.9 shifted to 525.5 cih This observation is consistent with those made
on bulk silicon sampleslp5, 106. In fact the transformation of original Si-I to-& in
the residual indent in silicon particles, is a reseey preceding step for the formation of
other metastable crystalline phases of silicon, elgnSi-1l1l and Si-XIl (as depicted in
Fig. 4.9, from Si-ll during pressure release. Apart frohede crystalline phases,
evidence was found for local amorphous silicon ijar&gions by high resolution TEM,
as discussed in Section 5.3. Also, it is essetdiatention here that as seerFig. 4.1Q
the metastable phases of silicon disappear at t@tpes below 48C. Thus, it can be
concluded that if the metastable phases are préseatgformed silicon particles, they
revert back to the diamond cubic structured Si-temtperatures high enough to cause

change in silicon particle morphology.

5.3. Analysis of Subsurface Damage Mechanisms

The micromechanisms of damage have been analyzistail in this section. The
damaged structure under a Vickers indentation éeiltharacteristic median and lateral

cracks. A cross-sectional, bright field TEM imagetiee subsurface structure Fig.
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5.7(a) shows details of both crack systems together th¢ghdefect structure generated
under the indenter. The presence of a crystalliate {Si-I) is confirmed; the selected
area electron diffraction (SAED) pattern, with [pBk the zone axiF[g. 5.7(b)] taken
from a region indicated located immediately undathethe residual indentation
impression [marked as (b) lg. 5.7(a], reveals diffraction spots that are consisterthwi
Si-1 phase. Dislocation networks were generateithénsubsurface region of the indented
silicon particle and evidence of dislocations hasrbgiven irFigs. 5.7(c)and5.7(d). As
room temperature slip in silicon occurs on the {Latanes, and dislocation interactions
prompt the formation of Lomer or Lomer-Cottrell ksc[74], nucleation of microcracks
in the plastically deformed region is expected. hiedian crack clearly visible iRig.
5.7(a) could be taken as an example of a crack formeal r@sult of this process. Two
additional regions of interest are shown in brifibld TEM imageof Fig. 10(a) where
further details of indentation-induced phase tramshtions were depicted at high
resolution. Lattice fringes corresponding to thelX} planes of crystalline Si-lI phase
with an interplanar distance of 0.313 nm are idetiin the HRTEM image ofig.
5.8(b). A still closer look at the crack boundary [regiowlicated as (c) ifrig. 5.8(a]
provided evidence for localized amorphization dicen [Fig. 5.8(c]. The fast Fourier
transform (FFT) derived diffraction patterfrig. 5.8(d] obtained from this region,
clearly reveals the lack of periodic lattice struetin a narrow zone of 20-30 nm in
diameter surrounded by crystalline Si-1 structufig] 5.8(e). At this particular location,
a mismatch due to difference in atomic volumes -&i €1.26 Alatom [L07]) and its
diamond cubic crystalline counterpart, Si-1 (20&8atom [L07]), can be expected. It is

conceivable that the formation of a-Si at the suiase crack edges may have contributed
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to the formation of the “pop-out” observed duritg tunloading stage of the indentation
[Fig. 4.1(a). Increased volume due to localized amorphizatoay also restrict the
closing of median cracks closing process duringaaiing. “Pop-outs” are often seen in
the unloading curves of indentation experiments,donclusive evidence is lacking as to
whether they could be attributed to the phase foamstions (from Si-1l to Si-1ll and Si-

XIl), because these were not observed consistandyery indentation experimeritqg.
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N

® Siin Al-18.5wt.%Si
A Monolithic Si{111}

¢ 4 y=8.7835x - 0.0127

Fig.5.1 Weibull statistical analysis involving the hardnessues of Si in Al-18.5wt.%Si
(m = 8.24) and Si single crystal {111} (m = 8.7&8he Weibull moduli in both the cases
were comparable though the hardness values ofn8lescrystal were relatively less

variable.
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N

= Fe-phase

A Cu-phase

[
y = 4.0971x + 0.1052 y = 8.3063x - 0.2785
-3+

A
4

Fig.5.2 Weibull statistical analysis involving the hardsesalues of Ak(Fe,Mn}Si, (Fe-
phase; m = 8.3) and th&AI,Cu (Cu-phase; m = 4) particles in Al-18.5wt.%Si.eTh
Weibull moduli suggested that the hardness valfidd g(Fe,Mn}Si, showed much less

variation than those @&-Al.Cu.
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LN

= Eq.1
A Eq.2 37T

ln\g

Ko )

0.2 0.3 014

Weibull moduli of
K,c [Si particles]
for
Eq.1 =9.8805
Eq.2 =9.8913

Fig.5.3 Weibull statistical analysis involving the Kvalues of Si particles in Al-
18.5wt.%Si calculated using Eqgs.1 and Zable-3.1
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LN

= Eq.1
A Eq.2 37T

Weibull moduli of
Kic [Si{111}]
for
Eq.1=18.917
Eq.2 =18.917

Fig.5.4 Weibull statistical analysis involving the,Kvalues of Si single crystal {111}
calculated using Eqgs.1 and 2Tdble-3.1 Comparing the Weibull moduli, Kvalues in
this case were much less variable than the Sigbestin Al-18.5wt.%SiKig. 5.2).
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m Eq.1
15+
+ Eq.2
a Eq.3 1T -t

Weibull moduli of
Kic [Al;5(Fe,Mn);Siy]
for
Eq.1=10.239
Eq.2 =10.239
Eq.3 =9.0542

Fig.5.5 Weibull statistical analysis involving the Kvalues of Als(Fe,Mn}Si, in Al-
18.5wt.%Si calculated using Eqgs.1 - 3laible-3.1
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Indenter

Residual Vickers indent

Phase transformed region

A

Plastic zone

Plastic core

Median crack

Fig.5.6: A schematic diagram of an indentation model far tfalculation of pressure
exerted by the plastic cork, indentation loadP, the mean pressure in the plastic core;
¢, radius of the plastic core.
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" Residual indent
profile

Fig.5.7: (a) A low magnification, bright-field TEM image of thdeformed region
underneath a 475 mN Vickers indentati¢im) SAED pattern obtained from plastically
deformed region indicated as (b) in (a) with [0zbhe axis(c) and(d) are bright-field
images of the regions indicated as (c) and (dpeetsvely, in (a), showing the existence
of dislocations in the defect structure.
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Median crack

Fig.5.7: Contd.
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Subsurface crack

Fig.5.7: Contd.
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[ A\ | . Nchapod dofart |
structure

Fig.5.8: (a) A bright-field, TEM image showing the V-shapedagically deformed
region underneath a Vickers indentati@). HRTEM image of the region indicated as (b)
in (a), showing the lattice fringes correspondingtiie {111} planes of Si-I, with a
measured interplanar distance of 0.313 (@pHRTEM image of the regions indicated as
(c) in (a), on the median crack boundary showingmorphous region at the crack edge.
(d) and(e) are FFT-derived diffraction patterns confirming timorphous and crystalline
region respectively seen in (c).
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Fig.5.8: Contd.
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Fig.5.8: Contd.
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CHAPTER 6: Summary and Conclusions

6.1. Summary

It is instructive to schematically summarize theules of analyses on phase
transformation and mechanical damage events thatiroduring the loading and
unloading stages of the indentation process appiiesilicon particles, as iRig. 6.1 The
following observations accompany the schematicrifgsan in Fig. 6.1

(i) During the loading stage, radial/median crackseapprom the corners of the
indentation and also inside the silicon particlee Bpplication of a pressure, estimated as
19.3 GPa, causes transformation of silicon frommaiad cubic Si-I, to metalli3-Sn-
structured Si-Il. Dislocation networks are geneatatethe indentation defect structure of
silicon.

(i) During the unloading stage, the radial crackd staclose as lateral cracks are
nucleated underneath the plastic core, propagatengllel to the surface. Volume
mismatch between crystalline Si-I and a-Si at thedian crack boundary, in a region
immediately below the plastic core is a plausitdase for the nucleation of such cracks.
The probability of these nucleated subsurface @aekching the surface increases with
the load and obey a Weibull probability functionudto pressure released during
unloading, Si-1l is transformed into a mixture oétastable crystalline phases of silicon,

namely rhombohedral Si-XIl and bcc Si-lll, as dételdn the residual microindents.
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E —
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c expansion withdrawal.
'-g Subsurface lateral cracks
m ........... ,.T ..... e, f()rm due to Volume mismatch_
'E Initial Si-I
) (diamond cubic)
-g 100 % Volume expansion cause
— an elbow or “pop-out”.

--------------------------------------------

Si-lll- + Si-XIlI
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--------------------------------------------

0 200 400 600 800 1000 1200 1400
Penetration depth (nm)

Fig.6.1: A schematic diagram depicting the deformation amalsp transformation related phenomena occurritigeiisilicon particles
of Al-18.5wt.%Si during the loading and unloadingges of Vickers indentations.
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6.2. Conclusions

Vickers micro-indentations were done on the seqamakes of an Al-18.5wt.% Si

alloy and on the {111} surface of monolithic silitolndentation-induced subsurface

damage mechanisms, and phase transformations silitten particles in Al-18.5wt.% Si

were studied. The main conclusions are as follows:

1)

2)

3)

The material properties, hardness and indentatewture toughness (K, of Si,
Al15(Fe,Mn}Si, and 0-Al,Cu phases of Al-18.5wt.%Si were determined and
compared with those of monolithic Si {111}. For tls#licon particles, the
calculated K values varied within a range of 0.97 and 1.6 MP3,mhereas for
Al 5(Fe,Mn)Si, the value was found to vary between 0.74 and M@h.n?>.
Weibull statistical analyses showed that both taslhess and K values of the
alloyed silicon particles were more variable conegato those of monolithic
silicon.

Pile-ups were formed around the edges of the Vilkedentations due to the
displacement of plastically-deformed silicon at lmads. At higher indentation
loads (>650 mN), volume expansion due to subsurfacaEck formation
contributed pile-up formation.

Lateral crack growth led to “chipping-out” fractur&he probability of these
cracks reaching the surface was shown to followBeistatistics with a low
modulus (m = 3.5) inferring high variation in sdit fracture probability within

the load range studied.
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4)

5)

6)

The high pressure exerted by the indenter calalla® 19.3 GPa, induced
transformation of the original diamond cubic Silusture to almost completely
into other metastable crystalline forms of siliconamely bcc Si-lll and
rhombohedral Si-XII.

The metastable phases were found to revert bacHliamond cubic Si-l at
elevated temperatures with the actual transformat&ing place between 1%D
and 196C. At temperatures (~480) just below 488C, where the kinetics of
particle morphology change initiates, the silicamntigles assumes diamond cubic
structure, denoting complete phase reversal.

A localized amorphous silicon (a-Si) region wasesfied at the median crack
boundary immediately below the plastic core, sutyjggsthe possibility of the
volume mismatch between a-Si and Si-I to contribtdesubsurface crack

formation.

6.3. Future Work

Present scenario suggests that silicon indentatatact mechanics is at a highly

advanced stage. But still research on the followwig add light to our present

conceptual understanding of second phase silicdiclgafracture in Al-Si alloys.

1)

2)

Analysis of in-situ high temperature deformationedio sharp indentation on
silicon particles. This will be interesting as rootemperature indentation
deformation mechanism in silicon particles hasaayebeen studied meticulously.
Investigation of the role of phase transformationfracture of silicon particles at
elevated temperatures. This study can be done tayatehigh resolution electron

microscopy.
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3) Molecular dynamics simulations for confirming th@er of localized amorphous
silicon sections on subsurface crack formationilica particles during room

temperature indentation. The results will make sigly entirely complete.
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APPENDIX

Solutions for the stress field in an elastic hal&se under normal point loading were first
derived by J. Boussinesq in 188Big. 2.2 has been defined in terms of cylindrical
coordinates. If the displacement components ofnéinifesimal element along the 9,
and z axes are denoted by u, v and w, respectitredyy component is zero and the u and
w components are independenbafue to symmetry. Consequently, the shear stresges

andoy are also equal to zero. Other stress componeagian by Boussinesq akl],

P 1 z 3r?z
o, =—|(1-20)= - -
ad r’ rz(r2+zz)% (r2+22)g
_(-2w)P| 1 z z
o= o |t AR
i ez) (742 (A1)
g, =-F_Z
z 271(r2 +Zz)§
__3_ 17
(2 2ﬂ(r2+22)§
The displacements are given ad][
_ (1-2v)a+v)P z 4,1 r’z
R -

_ P | 2-v?) | @+v)Z
P} e

The principal shear stresses are givenlia, [
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1

O3 = E (011 - 033)
1

0, = E (011 - 022)

1
Oy = 5(022 - 033)

inclined at 45 to the principal directions. Lastly, the magnituofethe component of

hydrostatic compression is given by,

1
p=_§(0-11+0-22 +033) (A4)
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