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ABSTRACT

Anisotropic mechanical parameters of eutectic composite Sh-Pb-Cd specimens grown at variable
growth rate follow the Weibull probability distribution curve, since the microstructural
parameters structuring the specimens by variable anisotropic growth are found obeying the
Weibull distribution. Evidentially, the curve exhibits two cut -off points corresponding to a lower
strength limit in the slow and fast growth regions and an upper strength limit in the moderate
growth region. Investigative evidences indicate the linear variation of the mechanical
parameters in the slow and fast growth regions and their nonlinear nature in the moderate
growth region over the entire experimental growth range. The latter is equivalent to the
theoretical strength of the composite, since the microstructural parameters in the moderate
growth region express their proximity obedience to the Guass distribution. Of greater interest is
the moderate anisotropic growth velocity (~2.98x107 m’s') that strengthens the composite
specimen three- to four-fold of its isotropic growth affined in an ice bath (~273K) and manifold
superior to its constituent phases irrespective of the growth mode. Vickers microhardness of
composite specimens encompassing the experimental growth range also offers supporting
evidence to the essence of the Weibull distribution curve. Mechanical parameters accomplishing
microhardness data are comprehensively extracted, that signify the occurrence of plastic
deformation. Growth habits and thermal stability of eutectic composite phases are ascertained
using SEM and DSC. X-ray diffraction studies affirm eutectic composite to be a terminal solidus
solution of physically distinct and mechanically separable phases.

Keywords: Alloy, crystal growth, hardness, microstructure.

INTRODUCTION

An attractive research enticement towards composieses from their unique properties,
particularly when their constituent phases are gdooally oriented to one another in some
anisotropic manner [1-5]. Anisotropically grown goosites constitute an efficient class of
competent candidates for the construction and déurtlevelopment of supersonic aircraft, space
vehicles, high pressure tanks, for which strengtperties are required that cannot be provided
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by the existing homogeneous materials [6-9]. Com@asaterials are equally important in other
fields and can yield terrific benefits in most isthies. The well known example is the decreased
fuel consumption in the new Boeing 787 dreamlinbiclw has been designed with light weight,
composite fuselage and wings [9-11]. Currently, fém@oral stem is constructed from Co-Cr-
Mo, Co-Ni-Cr-Mo and Ti-Al-V alloys in preference tetainless steels [3]. Most metallic
permanent magnets are made of alnico alloys, wheyaasi binary composite NiSb-InSb finds a
representative example in electronics [6,8]. Natoraterials and engineering materials are both
micro composites, since the properties are achiéeed a very fine dispersion of the phases, for
which high resolution electron microscopy is reqdito resolve separate phases [6,8,12]. The
‘composite idea’ can be related also to the maatescsince this is particularly relevant to
engineering products that may consist of two or enphysically distinct and mechanically
separable materials and their flux in combinationgive performance in-service enticing
superiority over the constituent materials [7-12].

In view of peculiar and encouraging societal contypély, the present investigation is conducted
with an aim to explore the anisotropic mechaniGabmeters of the eutectic composite Sn-Pb-
Cd at both macro and micro levels. The parameteitseocomposites are interpreted on the basis
of the inter-lamellae relationship established kgmining its specimens, obtained at different
growth rates, under scanning electron microscdpgee main impetus of the work is the ability to
put strong stiff lamellae in the right place, iretight orientation with right volume fraction,
since the acceptability of the composite matetiathinology lies in the concept that the modal
product must exhibit properties which are supanaome specific respects, to the properties of
the constituent materials. An anisotropically coléd growth from the melt, is a complex
phenomenon and a considerable judgment is imperdatv evaluate the quality of both
theoretical and experimental results because thdamproduct designed by this process,
manifests a large diversity of morphologies. Théickr would explain how mechanical
parameters of a particular combination of metalgutectic composite, exhibit predominance
over homogeneous constituent materials.

MATERIALS AND METHODS

The eutectic composite Sn-Pb-Cd was prepared yrexRube by weighing a proper amount of
purity 99.999% Sn [Alfa Aesar, AR, mp 510.0 X,H=7.15 kJmof], 99.999% Pb [Alfa Aesar,
AR, mp 602.0 K, Af H=4.55 kJmol ] and 99.999% Cd [Alfa Aesar, AR, mp 591.0 K
H=6.12 kJmol] shots with 51wt% Sn, 31wt%Pb and 18wt% Cd. Th@aume tube was sealed
under vacuum to avoid oxidation and infused in endoe set at a temperature ~ 773K for
alloying Sn, Pb and Cd metals. Homogeneity of theyavas ensured by heat-chill process
keeping the temperature of the heater (air ovesij3-K and that of the cooler (water bath) ~ 298
K. The composition of the alloy was ascertaineanfrits melting temperature 429.0K obtained
by DSC (LINSEIS), closely approaching the literatwmalue [13]. Likewise, the enthalpies of
fusion, and melting temperatures of the constitueetals, attained by the thermal analysis, are
cited in the parentheses and found consistenttiwin literature values [14].

Anisotropic growth of the alloy and its constituemétals from their respective molten states was
acquired in the following experimental setup. Arpesmental sealed Pyrex tube containing

half-full melt of the freshly prepared eutectic quusite or metal, was clamped to the centre of
an empty graduated beaker (volume capacity <Idmanipulated midmost in an air oven set at
a temperature 30K higher than the melting tempezatdi the sample. The molten mass in the
tube was nucleated by circulating silicone oill&tdifferent intervals spanned in the time range
of 5-60 minutes, from the oil reservoir perforatad ~300K. The melt in the tube started
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nucleating when the rising level of the oil jusa¢bed the bottom of the tube. Several samples of
the eutectic composite and its constituent metasewgrown anisotropically at different but
nearly constant growth rates determined by circuwedpproximately the same volume of the oil
for the aforementioned intervals.

Isotropic growth was achieved by immersing an expental Pyrex tube containing the eutectic
or noneutectic melt in an ice bath maintained ai3Kk2 The growth being instantaneous in
nature, is presumed of zero order. Likewise, a gowmhy samples of Sn-Pb-Cd composite
phases, for the isotropic growth were solidifieddbservations.

The experimental samples after dimensions’ measemgnwere subsequently subjected to
tensile, modulus of rupture (flexural strength) atwimpressive tests in a VEB Thuringer
Industrie Werk Rauenstein Tensometer, wherebyeadgy increasing load would determine the
rupture force of an experimental sample untihitss no ability for further resistance.

Indentations were induced on selected points chalagonally on variable anisotropically
grown composite specimens at room temperature 3Q&ing a Vickers microhardness tester
attached to an incident-light metallurgical resbharicroscope in the applied load ranging from
10x10% - 100 x 1 N. For each test, a very small diamond indenaeirty pyramidal geometry
was forced into the surface of a specimen at rcemmperature and the size of the indent was
found growing with increasing applied load.

The specimens grown anisotropically and isotropicalere polished at room temperature
following a procedure similar to that adopted feoralmgous problem [9,15]. To reveal the
microstructure, a thin layer of the specimen etcimeféérric chloride was mounted on stub with
gold-coated holder and examined under a scanniagtreh microscope for micro growth
observations. Lots of samples of each specimeae wiewed in this manner and the growth
habits of the growing phases during solidificat@ndifferent growth rates were accordingly
photographed.

The X-ray diffraction patterns obtained of the expental composite phases were recorded with
Diffractometer System-XPERT=PRO using GuKradiation of wavelength 1.5408 A at room
temperature.

The methodology is accomplished with the followaralytical approach.
Mechanical parameters of the eutectic compositesgshéor moderate anisotropic and isotropic

modes of growth computed by the following standesthtions including Vickers hardness
[2,3,16] are presented in Table 1:

0] tensile strength, ., _P (2)
=
(i) compressive strengid,p
(i)  modulus of rupture, ¥, = P—L3 (2)
(iv)  Vickers hardness, H = 1.8544 P 3)
d2
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where P is the applied load in Newton force; Lnd @ respectively are the span, radius of the
specimen, and average diagonal length of the iatientmark in meters. In these relations, the
parameters P and r differ in their magnitudes asqedd on both the size of the specimen being
tested and the nature of the test, whereas d waiieghe size of the cracks. The relationship of
the aforementioned mechanical parameters of theckctcomposite Sn-Pb-Cd specimens
obtained by variable mode of solidification, witheir microstructural growth parameters is
depicted in Fig.1 which follows an identical forof Weibull probability distribution curve.
Evidentially, the curve has two cut-off points diwvig the plot into three regions, namely, (i)
slow growth region, (ii) moderate growth region afig fast growth region. Likewise, the
dependence of Vickers microhardness, determinedh lponstant load of 50x¥ON for a
specified interval of 10s to elaborate the reststanf the eutectic composite Sn-Pb-Cd to
localized plastic deformation, on anisotropic grhowitelocity also evidences the essence of
Wiebull distribution curve (Fig. 2) exhorting theength —growth relationship. Figure 3a reveals
the growth habits of the eutectic composite phas@grienced in an ice bath (~273K) that at a
large kinetic undercooling the lamellae formed afeshort size, aggressive, disconnected,
crossing each other and showing no matrix relatigmsThese lamella habits, in fact, arise from
splitting of the main single lamella into separategle lamellae or groups of single lamellae,
apparently leading to the distorted morphology (). However, the growth habits of the
eutectic composite phases gradually structure tel@s to nonaggressive, attaching and parallel
to each other reinforcing the matrix with decregdimetic undercooling (Fig. 3c).

An entirely distinct lamellar microstructure (Figd) of the alloy is obtained at the anisotropic
growth velocity (~ 2.98 x I0m’s?) determined by setting the flow-interval of sili@oil at 5.0
x10*m? for 28 min, that enhances the hardness of the &dlats optimum value in the present
investigation. In the lamellar microstructure, ®oof the unfavorably oriented lamellae in the
eutectic grains with high configuration energy grewt perpendicularly to the solidus-liquidus
interface leaving other lamellae with orientatiahsse to low configuration energy to grow in an
aligned preferred crystallographic morphology. Tdrewth habits of the eutectic composite
phases producing the rod-like lamellar microstriestitom the melt, present their relationship
with the moderate growth velocity. In a melt, whare of the eutectic phases, usually the rich
one, grows, the vicinal melt region acquires riddsim the other phase, the first phase continues
its growth as a lamella unless and until the offfeaise nucleates at a certain supersaturation.
This is another supercrescent lamella growing tvatr of first phase, which would also continue
till another supercrescent lamella of the othersghenriching the melt, appears on it. Thus, the
supercrescent lamella growth from the melt produecesmplete lamellar microstructure of the
eutectic composite called modal product. The grofmtimt of the solidus-liquidus interface
structure in the experimental tube, interior ang tising level of silicone oil to its exterior seem
advancing nearly with the same pace in a cohasiaener effectively decreasing the kinetic
undercooling which balances the undercooling duedmposition, and originating lamella
length. Accordingly, the growth process producegyltamellae with undamaged surface (Fig.
3e) which are embedded parallel to each other iat@thing and nonaggressive unidirectional
lamina (Fig.3d). The mathematical model for the-likd growth of the eutectic systems has
been developed elsewhere [17] . In the directignaivth, the metals Sn, Pb and Cd grew out as
lamellar cells where each cell crystallized eitiem the bulk of the melt or through secondary
nucleation. Figure 3f likewise, represents the slaonellae of the eutectic composite at growth
velocity ~2.55 x 10m°s™,
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Table 1. Mechanical parameters* of eutectic compas phases at moderate anisotropic growth (~2.98 X1
"'m3s™) and isotropic growth (~273 K) rates

. modulus of tensile compressive elongat_lon .
S.No. specimen |\ tire Y . (MPa) strength trenath MP percentage in tensile
P i Twp(MPa) | ST€N9 Grup(MPa) test
Sn-Pb-Cd
eutectic alloy
L a?('f/\‘r)[tr:"p'c 98.40 106.30 119.80 8.40
.g . 23.20 29.40 36.10 5.94
isotropic growth
Sn
2. a?(')fl\‘,’ttr:"p'c 8.40 10.28 11.30 17.50
9 . 6.10 7.90 9.40 15.30
isotropic growth
Pb
3. a?(')fl\‘,’ttr:"p'c 7.80 10.28 10.90 14.30
) . 6.60 8.50 9.20 11.70
isotropic growth
Cd
4. a?('f/\‘r)[tr:"p'c 4.30 5.40 6.50 5.78
9 . 3.20 4.60 5.40 4.67
isotropic growth
* Averaged values
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Fig. 1. Dependence of mechanical parameters of tkatectic composite Sn-Pb-Cd over the entire rangd o
experimental growth velocity: | compressive; Il ensile and Ill modulus parameters.
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Fig. 2. Variation of microhardness of the eutecticomposite Si-Pb-Cd over the entire range of experimenta
growth velocity elocity.

(d) (e) ®

Fig. 3. Microstructures of eutecticcomposite Sn-Pbcd at different modes of solidification (1500x

(a) isotropic lamellae microstructure in an ice bath at ~ 273K; (b) evolution of lamellae, growth direction from
bottom to top at fast growth velocity ~ 5.60 x 10 'm°s™; (c) distorted lamellae, growth direction from bottom to top
at slow growth velocity ~ 1.70 x 10 'm?s™, (d) lamellar composite, growth direction from bottom to top at moderate

growth velocity ~2.98 x10'm’s™ (e) long lamellae at growth velocity ~3.51 x 10 'm’s™, growth direction from
bottom to top and (f) short lamellae at growth velocity ~2.55 x 10'mPs™, growth direction from bottomto top,.
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Fig. 4. Photomicrographs showing indentation impressions iticted on modal eutectic composite Sn-Pb-Cd
under variable conditions (625x)

(a) size of the indentation with a load of 10 x 10 N; (b) size of the indentation with a load of 20 x 102 N; (c) size of
indentation with a load of 40 x 10 N;; (d) size of the indentation with a load of 50 x 10 N; (€) invariable size of
indentation for a constant applied load of 50 x 10 N at 50, 100, and 150s; (f) measurement of crack length and (g)
plot showing variation crack length with applied load.
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Fig. 5. Variation of microhardness for the modal SAPb-Cd eutectic composite: (a) linear with variable
indentation time for constant applied load P (20 .07 N). (b) Nonlinear with variable applied load at coistant
indentation time, t (10s).
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Fig. 6. Depiction of relations between the variabke (a) log P and log d; (b) log (P-W) and log d an¢t) d" and

Table 2. Micorhardness parameters for modal eutéic composite Sn-Pb-Cd.

. Afggzd I_Cerr?gt? Frac|t<ureNtOl'J39hness Vickers Harq?ess Brittgﬁne_is Bi str;(r:ZItOrI] 5,
Px10°N | (I x 10%m) o(Nm™) Hy (MNm™) (20m™5) (MNm?)
1 10 0.4 56.46 284 5.03 94.67
2 20 0.9 33.46 219 6.55 73.00
3 30 1.3 28.91 178 6.16 59.33
4 40 1.6 28.23 154 5.46 51.33
5 50 2.1 23.47 141 6.01 47.00
6 60 2.7 19.32 136 7.04 45.33
7 70 3.0 19.24 131 6.81 43.67
8 80 3.7 16.05 129 8.04 43.00
9 90 4.2 14.93 127 8.51 42.33
10 100 4.6 14.47 125 8.64 41.67

Figure 4 indicates indentation impressions infticten the composite specimens with both
variable and invariable experimental loads. In oherdness testing, only well-defined cracks
developed during the indentation process were densil for crack measurements. The average
crack length of all such cracks was estimated feardicular indentation impression. Figure 4(a-

d) shows growing size of an indent with variabllag loads of 10x16, 20x10?, 40x10° and

50x10% N respectively. Figure 4e reveals the invariaie sf the indent with a constant applied
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load of 50 x1G N, for 50, 100 and 150s. The crack length was oredsfrom the center of the

indentation mark to the tip of the crack (Fig. 4fonsequently, the linear relationship between
the crack length and variable applied load is oleskiand represented in Fig. 4g. The plots 5a
and 5b (Fig.5) respectively depict the linear andlimear variation of microhardness with the

ascent of both indentation time and applied lodte @nalysis of microhardness is summarized
in Fig. 6 and table 2. X-ray of modal eutectic casife Sn-Pb-Cd are distinguished in Fig. 7 and

various parameters in XRD data are recorded ineTabl

Fig. 7. XRD patterns of the eutectic compositePBrCd..

Emnk

A FR-Tdd

N -

Table 3. XRD data of eutectic composite Sn-Pb-Cd

Pos. P2TH.] | d-Spacing [A] | rel. Int. [%] | area [cts*2Th.] (;ct)gr?]isf g?;rlgg
30.656 2.9165 36.26 41.55 Sn(200)
31.341 2.8542 99.91 152.80 Pb(111)
32.062 2.7917 100.00 152.66 Sn(101)
34.762 2.5808 8.39 9.62 Cd(100)
36.331 2.4728 51.88 99.10 Pb(200)
38.381 2.3453 33.69 51.48 Cd(101)
43.879 2.0634 16.50 25.21 Sn(220)
44.912 2.0183 61.21 116.91 Sn(211)
47.834 1.9016 6.06 6.94 Cd(102)
52.295 1.7494 36.24 4153 Pb(220)
55.347 1.6599 12.75 14.61 Sn(301)
61.179 1.5150 4.14 9.49 Cd(103)
62.233 1.4906 37.85 71.50 Cd(113)
62.555 1.4849 38.43 44.04 Sn(112)
63.786 1.4592 4.60 5.27 Sn(400)
64.597 1.4416 17.11 32.32 Sn(321)
64.791 1.4413 8.55 16.14 Sn(321)
65.377 1.4263 5.76 2177 Pb(222)
571.658 1.3159 6.21 11.72 Cd(112)
72.417 1.3040 5.78 10.91 Sn(420)
73.394 1.2890 4,93 9.31 Cd(200)
75.584 1.2570 4.67 8.83 Cd(201)
77.093 1.2361 3.63 9.15 Cd(104)
79.528 1.0243 23.02 43.49 Sn(312)
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RESULTS AND DISCUSSION

The experimental results strongly emphasize that techanical properties (macro- and
microhardness ) of the eutectic composite,Sn-Plas@dhe attributions of the microstructures
obtained at different growth rates. The investigatanalysis necessarily involves a physical
understanding of the relationship between the drdvebits (Fig.3) and mechanical parameters
(Figs. 1,2 and Table 1) of the eutectic compositeP8-Cd. A critical examination of Table 1
reveals an important aspect of the investigatiaat the moderate growth (~2.98 x 109%™
strengthens the microstructure of the eutectic asitg Sn-Pb-Cd approximately three- to four-
fold of its isotropic growth (~ 273K) and manifasdiperior to its constituent phases irrespective
of the growth mode whether anisotropic or isotropis mentioned earlier, the variation of the
mechanical property over the entire experimentalmgn velocity range follows the Weibull
probability distribution curve (Figs. 1 and 2) tleatguire two cut-off points which divide the plot
into three regions namely: (i) slow growth regidim) moderate growth region and (iii) fast
growth region.. Figures 1 and 2 indicate that amttrgygrowth regions, the moderate growth
region appears to be the most probable one foruging the complete lamellar microstructure (
modal product ) of the eutectic composite(Fig. @terein microstructural parameters, namely,
lamella diameter, lamella length, lamella lengttribution, volume fraction of lamellae, and the
alignment and packing arrangements of lamellaeansesarly obeying the Gauss distribution. By
virtue of the growth process, the composite (Fd). ®anifests mechanical properties which are
to that of its isotropic growth in an ice bathdBa) and its constituent phases (Table 1) which
grew out as lamellar cells with aggressive and stngsmicrostructural parameters producing
fragile matrix. The physical significance to bewrnafrom these plots is that the variation of an
anisotropic mechanical property over the entireeexpental range of growth velocity furnishes
an evidence of its dependence as linear, optimuahjinear respectively in the slow, moderate,
and fast growth regions of solidification. The ceptimplicitly, generates the strength-growth
relationship, which follows an identical form ofthVeibull distribution curve [5,8,18], since the
microstructural parameters follow the distributigrarticularly in the slow and fast growth
regions (Fig. 3a-c). Eventually, the two cut offiqrgs occur on the corresponding curve to a
lower strength limit in the slow and fast growtlgigns, and an upper strength limit in the
moderate growth region. The latter is equivalerththeoretical strength of the lamellae, as the
microstructural parameters nearly obey Gauss bligtan (Fig. 3d), in the absence of any
internal defects or surface flaws which are resj@$or reduced strength.

The ascent in macro and micro mechanical modeseoétitectic composite (Figs.1 and 2) in the
moderate anisotropic growth region is explainedview of the lamellar growth habits of the
eutectic phases from the melt (Fig. 4b). The l¢amedre the fibers practically having no density
of dislocations, particularly when developed in thederate growth region in which they are
parallel to each other in an attaching and nonaggre unidirectional lamina (Fig. 4a)
reinforcing the matrix where there is a perfect éleamatrix bond. This leads to an implicit
obedience of microstructural parameters to the &distribution that the lamellar growth Fig.
3(d-f) of the eutectic composite expresses highength ability over its random growth (Fig.
3a-c) and constituent phases (Table 1), sinceatimellae of the modal composite phases are in
equilibrium with the matrix resulting in strong laita-matrix relationship, while Fig.3(a-d)
expresses distorted structure of the composite geimg of aggressive, non-attaching and
irregular thin lamellae which produce its fragibarella matrix interdependence. The variable
change in spacing, in absence of faults (Figs.8d4}cis the movement of lamellar faults, which
is an evidence for the fault-mechanism [12-18]s Ithis movement aspect of the lamellae, not
the formation of faults, which is an important facin controlling the spacing among lamellae.
The lamellar cells of the pure eutectic phases adquire dislocations by virtue of their
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growth by fault-mechanism from the melt and consedjy, exhibit much lower strength
compared to lamellar growth of the alloy. Hardnessactually the structural property of a
physical body by virtue of which it resists its pement deformation. The slight increase in the
hardness of the anisotropically solidified pure iwidbal composite phases (Table 1) in
comparison with their isotropic growth (~273 K) acg owing to a linear alignment of the
lamellae although having dislocations. These gravehits of the pure phases also result in the
morphology for composite’s isotropic growth fronsength point of view. Imperatively, the
experimental observation that eutectic alloy wislotiopic growth, stronger than that of the
constituent metals. The Fiber-reinforced composifésn include high strength and stiffness on
weight basis. The characteristics of the compostesexpressed in terms of specific strength
and specific modulus parameters, respectively sparding to the ratio of strength to specific
gravity. Consequently, lamella-reinforced compasitgth exceptionally high specific strengths
and moduli, are produced that utilize low-densiiypella, and matrix materials [4,5,8].

A comparative study of the macromode strength @&kdnd Fig. 1) reveals that the compressive
mode is slightly higher than the tensile which unnt slightly exceeds the modulus of rupture
(orup>Trup>Yrup)- In view of the strength mode order, an infer@ntisight may be proposed that
the phenomenon of multiphase growth from eutecedt influences the lamella’s length. In the
present case, three eutectic phases would sokdifgupercrescent lamellae and the length of
each metal-lamella gets shortened during the gr@mdoess. Since the complete lamella is an
attachment of three nonaggressive ductile metakllasn the efficiency of the lamellae in
stiffening and reinforcing the matrix decreasedles lamella length decreases. Lamella ends
play an important role in the fracture of short &la composites (Fig. 4g) and also in continuous
lamella composites (Fig. 4f), since the long laaelnay break down into discrete lengths.

The indentation impressions inflicted on the conmgospecimens solidified at moderate
anisotropic growth (~2.98x10n°s") selected in the present work with a constant tfe&D x 10

%N for indentation times of 50, 100 and 150 s amwhin Fig. 4e. There is practically no change
in the size of the indentation mark, as is appafemh the figure itself, and hence in the
microhardness. These observations are strongly osiggp by Fig.5a indicating the
microhardness of the eutectic composite to be iedegnt of variation in the indentation time
for a constant load of 50 x T8 at room temperature and revealing the occurrefiqgastic
deformation which remains unaffected with variabl#entation time.

The nonlinear variation of microhardness with thpleed load (Fig.5b) implies that the Vickers
hardness, Hdecreases with the increasing applied load undLiab0x1%* N and then K tends
towards saturation, which is full beyond 70%10. This variation can qualitatively be explained
on the basis of the penetration depth of the irater8ince the indentor penetrates only on
surface layers at small loads, the effect is morengunced at these loads. Indented
microphotographs with variable applied load (Figldaand the plot in Fig.4g offer physical
understanding of the observation. However, as #@pghdof penetration increases, the damage of
inner layers becomes more effective to shatterirgg ability of hardness and ultimately, H
reaches a saturation value that remains constafuitber applied load. This is what happens in
the range of applied loads, which in the presesecis at and beyond 70 x4N. The type of
behavior is consistent with the microhardness emxeat loads during early stages of plastic
deformation [20], but the variation is contrary Kick's law that Hv remains constant
irrespective of the magnitude of applied load, &d consequently average diagonal length ‘d’
gualitatively [20-21]:

P = kd" (4)
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where Meyer’s index = 2, accounts for constant Hand k is a constant.

The literature also indicates the decrease anéaserof Kl with rising applied load for materials
culminatingn < 2 andn > 2 respectively. A plot between I&gand logd (Fig.6a) is linear and
according to Eq.4, yields andk; for any set of discrete data, the indekeing determined by
the slope, whilé, by the intercept, defined as the particular |Batiat exists atl = 10°m.In the
present investigatiom andk; respectively obtained by Fig. 6a are 1.64 an2llY9 MPa. It is
appropriate to recall here that hardness is thigyabf a body to resist permanent deformation
defined as the rati®/A, where W and A, respectively are the load in N, and the area of
indentation in i Implicit in this definition is the concept that bbad P is applied to a specimen,
it is partially affected by a smaller resultantgmere W, which is a function of the material being
tested. Obviously, if the portion of resistanceevaluated as a Newtonian resultant pressure of
the specimen itself, then it is possible to analyderohardness data in terms of actual Idad (
W) acting on the specimen without undue considanatibthe applied load. This concept is
called Hays and Kendall hypothesis [22]. The resilpressure)V of a material thus represents
the minimum applied load to cause indentationpadd less thaw will not, by definition, result

in plastic deformation. In consequence thereof,dHayd Kendall modified Eq.(4) of Kick’s law
on the basis of the specimen resistance presalmed accordingly, the valid equation is;

(P-W) = led” ()

wherek, and W are constants. A plot of log°?{W) versus log d of Eq. (5) suggesting the
logarithmic index n=2, drawn in Fig. 6b yields thalue of the logarithmic indexy <
2,(n=1.6368), thus confirming the validity of theeMonian resistant pressure theory for the
composite specimen, as mentioned earlier, W alltives limiting case to prevail whereat
hardness becomes independent of load. Furthergwhiiation of W follows the procedure
necessarily involving subtraction of Eq. (4) from.KE5) which results in:

2)a? +— (6)

Analogically, a plot ford” (n=1.64)versus? (Fig. 6¢) yields the slopk,/K; (49.9141) and\Vk,
2.95x10° m ?which K? and W are separately calculated from the knownevafK ; determined
by the plot 6a, to their respective values 60.780Ra and 3.5928xION provided in Table 3
furnishing a compilation of key data on microharske

Toughness virtually measures the ability of a malteabsorbing energy up to fracture.
Furthermore, fractureness is a property indicat¥enaterial’'s resistance to fracture when a
crack is present.

The crack developed on the composite specimenndetes the fracture toughness, Kvhich
specifies the extent to which fracture stress igliap on a uniform loading by the relation
[23,24] :

P

K.=—
Iz

c

(7)

where | is the radius of a semicircular radial krac the crack length measured from the centre
of the indentation mark to the crack tfp.is a numerical constant that depends on indentor
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geometry. For a Vickers indent@r = 7. However, Eq. (7) yields satisfactory valudstle
fracture toughness only if # 3 or I/a < 3, respectively for median or radiaak system (Fig.
4f) where ‘a’ exactly equals half diagonal length, a = d/2. Table 4 records the values of crack
length, | and fracture toughnessg #r the eutectic composite specimen at differgopliad
loads. Figure 4(g) is a plot between applied Iddand crack length, | indicating the linear
dependence of the crack length on the increasiptjeaipload.

Brittleness is an important property, usually tednas the brittleness index, Bvhich can be
determined from Kvalues obeying the relationship [24] :

B =_— (8)

the values of Bobtained from Eq. (8) for the composite specimenagiable microhardness-
fracture toughness ratio are presented in Table 4.

The vyield strength of the composite computed from lhardness data at variable applied load
using the valid equation [18] for n < 2:

1

oy values estimated for the composite in the experaidoad ranging from 10 x Tao 100 x
102 N for an indentation interval of 10 s are alsooiporated in Table 4. All the parameters
hereinabove are well computable, and their comjmuntatollectively, accomplishes inferential
analysis that emphasize the plastic deformatiorthef eutectic composite Sn-Pb-Cd in the
investigation.

The analysis of X-ray diffraction patterrdd.7) exhibited by the eutectic composite Sn-Pb-Cd,
reveals the sharp lines of body centered tetragoinases of tin, face centered cubic phases of
lead and hexagonal phases of cadmium. These liee$oand nearly obeying their inherent
atomic intensities observed in the individual X-gtterns of the constituent metals (Table 3),
wherein the diffraction peaks are on the order canalple to their respective lines compiled into
powder diffraction files, namely, Sn (04#0673), @d#0686) and Cd (05#0674). This implies
that the X-ray diffraction pattern analysis impligi inculcates the existence of the eutectic
composite as a mechanical mixture of constituentlmasimulating weak interactions because of
their atomic electronegative character, since naue diffraction line is exhibited by the
eutectic composite. The physical significance of tibservations extracted from the X-ray
analysis, is that the eutectic is not a solidustgwh but a terminal solidus solution.

CONCLUSION

An identical form of the Weibull probability dr#bution curve resulting-in from the mechanical
property-growth relationship presenting the obeckenf the microstructure parameters to the
distribution, implicitly, exhibits three regions maly slow, moderate, and fast growth regions.
Accordingly, the curve exhibits two cut-off pointerresponding to lower strength limit and an
upper strength limit. The results of mechanicalperties in the slow and fast growth regions are
found tending each other, whereas uniqueness imtterate growth region is comprehensively
explained vis-avis those of the slow and fast ghokegions. Of greater interest is the moderate
growth region which produces a complete lamellacrastructure consisting of the lamellae
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practically with damage free-surfaces embeddedllpbri®@ each other in an attaching and
nonaggressive unidirectional lamina where thera jerfect lamella-matrix bond strengthening
the eutectic composite two to three times of itsnaalous growth and manifold of its constituent
phases irrespective of the mode of the growth. Equmsntly, the eutectic composite, from macro
and micro observations, attains optimum hardnesheatmoderate anisotropic growth velocity
(2.98 x 10'm>s™). The micro hardness of the composite is foun@eshident of the indentation
time but does follow show non-linear dependencdn wériable applied load. The initiation of
the crack on the composite specimen with the requiminimum load affirms the applicability of
the Newtonian theory of its resistance pressuree éneration of the radial cracks by an
indentor loaded with pressure ranging from 10 3¢ 2000 x 10°N faciles the procedure to
estimate the values of fracture toughness, brédenindex and yield strength of the eutectic
composite specimen. The inferential significancetltdd mechanical parameters extracts the
concept that the properties of the composite goersar and possibly unique to the properties of
the pure constituent metals particularly, when ntedal product is achieved by moderate
anisotropic growth. Moreover, the physical underdbag of the X-ray studies defines the
eutectic composite to be a terminal solidus safutemnstituent metals stimulating weak
interactions at their atomic level.
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