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ABSTRACT

The current work is conducted with an aim to accrue comprehensive understanding of the growth habits of an
analog of aluminium rich composites from the melt to explore the superiority of micromechanical parametersin the
domain of anisotropic alignment of microstructural parameters. Homogeneous chemical composition and liquidus
temperature of the fabricated composite Al-Cd-Sh are ascertained by DSC technique, and alloying ability of the
congtituent phases is established by X-ray diffraction study. The scanning electron microscope is used in the
analysis of surface structures of the composite phases at variable anisotropic growth rates. Computed Vickers
micromechanical parameters of the composite at variable anisotropic growth velocity under constant applied load
of 50 x 102 N in the experimental load range from 10 x 102 N to100x 10 N for a definite time interval 10s, are
found to follow an identical form of the Weibull probability distribution curve. Naturally occurring constants with
the micromechanical parameters are extensively studied for physical understanding of the plastic deformation.

Keywords: property combination, moderate growth, aligned ldame fracture toughness, plastic deformation.

INTRODUCTION

With an extensive knowledge of various types of posites as well as understanding of the dependefteeir
physical properties, particularly the mechanicdldor on the lamellae alignment, relative amowamd properties
of the constituent phases, it is possible to delignmaterials with property combinations that lae&er than those
found in the metal alloys, ceramics and polymeriatarnals [1-5]. Modern technologies require matsriaith
unusual combinations of properties that cannot k¢ by the conventional metal alloys, ceramics aolyrperic
materials. This is especially true for materialattlare needed for aerospace, underwater, and traatpn
applications. For example, aircraft engineers ameasingly searching for structural materials thesides low
densities, are strong, stiff, abrasion and impaststant, and not easily corroded. This is a rath¢grrific and
formidable combination of characteristics particiyyavhen these materials are fabricated by an amip@ process
[6-9]. Frequently, strong materials that are ald#, are relatively dense; also, increasing thength or stiffness
generally results in a decrease in impact strerMd#tierial property combinations and ranges havea baed are yet
being, extended by the development of compositemads. Generally speaking, a composite is consitier be any
multiphase material that exhibits a significant gwdion of the properties of the constituent phaskslifferent
space groups such that a better combination ofepties is realized. In designing composite matgrisdientists and
engineers have ingeniously combined various metdsamics and polymers to produce a new generation
extraordinary materials [10-14]. Most compositewvehdeen created to improve combinations of mechhnic
characteristics such as stiffness, toughness, mbitat and high-temperature strength.

As reported earlier [15] a generation of new aliommlithium alloys have been developed recentlyuee by the
aircraft and aerospace industries, however thegerialad are more costly in fabrication than coniardl alloys
because special processing technologies are relgireontrol lithium’s chemical reactivity. All lagiia reinforced
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aluminium-composites show a higher elastic moduukwer co-efficient of thermal expansion and leiglvear
resistance compared to conventional alloys. Thehinamy behavior is more difficult compare to startalloys but
depends strongly on particle-size and system [16Tteir (aluminium-composites) elastic modulusi@arfrom 90
to 220 GPa. To be consistent with the principldetter combinations, an analog of Al-Cd-Sn of akliomn rich
composites is designed as modal product by follgwdn efficient anisotropic growth in the domainwaifriable
solidification rates from the melt. Because of toenplex nature of the phenomena involved in anoardpically
controlled solidification from the melt, a considble judgment is required to assess both theotetind
experimental results, since the composites that lmanobtained by this process exhibit a large dityersf
micromorphologies. Nevertheless, a physical undadihg of the mechanical properties of productsiolet by
controlling the growth rates from the melt can igable distinguished when examined in electron mécopes. A
succinct implicitness in the present approach ésathility to put strong, stiff lamellae in the rigblace, in the right
orientation with the right volume fraction, sindeetessence of composite materials technology isdneept to
design materials with unique properties as accéptaalog for manufacturing the engineering prosludickers
micromechanical parameters at variable anisotrgp@mnth velocity follow an identical form of the Waill
distribution curve demonstrating the strength-glovelationship. Thermal and X-ray diffraction stesliof ternary
composite Al-Cd-Sn phases ascertain thermal stgbitielting and liquidus temperatures, enthalpieision and
mechanical combination of homogeneous phases.

MATERIALS AND METHODS

Experimental

The composite alloy Al-Cd-Sn was prepared in theepyube by weighing a proper amount of purity 99% Al
[Alfa Aesar, AR, mp 949 KAH = 10.80 kJmot], 99.999% Cd [Alfa Aesar, AR, mp 597 KH = 6.19 kJmot]
and Sn [Alfa Aesar, AR, mp 509 KH = 7.30 kJmol] shots with 40 wt% Al, 30 wt% Cd and 30 wt% Sn.eTh
melting temperatures and enthalpies of fusion efdbnstituent matels, cited in the parentheses wbtained by
thermal analysis approaching very closely to tht@rature values. The ampoule tube was sealedrura®ium to
avoid oxidation and infused in a furnace set a &napire ~ 900 K for alloying Al, Cd and Sn metals tAl-Cd-Sn
composite. Homogeneity of the composite was enshyeldeat-chill process keeping the temperaturdneftteater
(air oven) ~ 700 K and that of the cooler (watethpa300 K. The liquidus temperature of the comigoalloy Al-
Cd-Sn (457 K) was also ascertained by thermal aisly

i) Anisotropic growth

The experimental composite alloy Al-Cd-Sn was sciigié to oriented growth in the following experimargetup.
An experimental sealed pyrex tube containing hallf#inelt of a freshly prepared composite was clachfo the
centre of an empty graduated beaker (volume cagpaditin?) manipulated midmost in an air oven set at a
temperature 30K higher than its liquidus tempegtdihe molten mass in the tube was nucleated loylating
silicone oil at 18 different intervals spanned e ttime range 50-60 min from the oil reservoir peafed and
plugged with a glass tube carrying valve to contnel percolation at ~300K. The melt in the tubetsthnucleating
when the rising level of the oil just touched thatom of the tube. Many a sample of the composiis grown
anisotropically at different but nearly consistgmowth rates determined by circulating approximatile same
volume of the oil for each selected interval. Thsatropic solidification process offers mecharicafficient
lamellae structure of the composite called ‘modabpct’ at the moderate growth mode  (~2.90 Xmi®™?).

i) Instantaneous solidification

Isotropic growth was performed by immersing an expental pyrex tube containing the composite melan ice
bath maintained at ~ 273 K. The growth being instagous in nature, is presumed of zero order. Lis®vseveral
samples of composite phases were solidified forgbopic growth for observations.

iii) Microscopic studies

The specimen grown anisotropically and isotropjcalere polished at room temperature following acprure

similar to that adopted for analogous problem [Ld]reveal the microstructure, a thin layer of the@dmen etched
in ferric chloride was mounted on stub with goléxtaml holder and examined under a scanning elenticroscope
for microgrowth observation. Many samples of egoficemen were viewed in this manner and the groattith of

the growing phases during solidification at diff@rgrowth rates were accordingly photographed.

iv) Vickers test

Indentations were induced on selected points chasagonally on an anisotropically or instantanepugiown
composite sample at room temperature (~300K ) gusiNickers microhardness tester attached to adent light
metallurgical research microscope in the applédi| ranging from 10x19to 100 x 1¢ N. For each test, a very
small diamond indenter having pyramidal geometrg feeiced into the surface of the specimen at roemperature
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and the size of the indent was found growing witling applied load. Vickers micromechanical paramnedf
composite alloy Al-Cd-Sn was computed by the follaywelation [5, 9]:

1.8544P
Vickers hardness, H, = ——— (D

d2
where P is the applied load in Newton force and dri average diagonal length of the indentatiorkrimameter.
The parameter P depends on both the size of spedigirg tested and the nature of the test, whilargés with the
size of the crack. Experimental evidences are shahthey emblematically acknowledge the unique hasaical
property of the modal product.

v) X-ray diffraction studies
The X-ray diffraction patterns exhibited by the exmental composite phases were recorded with dxiffon
System-XPERT=PRO using Cukadiation of wavelength 1.5408 A at room tempeamtThe powder X-ray was

recorded in a@range of 8to 90 with the step size of 0.05 and step time of 1s.
RESULTS AND DISCUSSION

The DSC curve resulted in by the thermal analysth® composite alloy Al-Cd-Sn is presented in Higexplicitly
exhibiting its thermal stability, homogeneity aiguidus temperature. Micromorphological imageshaf tomposite
phases oriented at different growth rates are padlyp displayed in Fig.2. The mutual tendency bé tlamellae
alignment accomplishing microstructural parametdrshe composite in the anisotropic growth processsents
their relationship with mechanical aptitude. Micreechanical parameter is found most probable at tbhdenate
anisotropic growth (~2.90 x I@n’s") which a unique finding in the present work seartbut in the experimental
growth observations by setting the flow- intervibiticone oil at 5.0 x 18m? for 28 min, this particular process of
solidification strengthens the composite lameltaexthibit optimum mechanical ability in the presevestigation.
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Fig. 1: DSC curve of composite alloy Al-Cd-Sn

The indentation impression inflicted composite $mens solidified at variable anisotropic growthesat(18
intervals) selected in the present work with a tamsload of 50 x 16N for indentation time 10s were subsequently
subjected to micromechanical tests under Vickercrohardness tester and the variation of computed
micromechanical parameters thereof in the expetiahegrowth range strictly follow the Weibull prokkty
distribution curve Fig.3. Verily, the curve is amgortant deduction of the linear; nonlinear andedin variant
mechanical-growth inflexions in the slow; moderated fast growth regions respectively. The micradtmal
parameters seem to follow the Weibull distributionboth the slow and fast growth regions resultingheir
random habits. On the contrary, the microstructpeabmeters in the moderate growth region tendéslimw the
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Gauss distribution by arranging themselves in prefealignmentThe moderate region of the curve paves
formation of modal microstructuie the camposite appropriately called tineodal produc

() (d)

(e)

Fig. 2. Micromorphological of the composite Al-Cd-Sn (150x)

(a) Distorted microstructur@sotropic, of composite phase lamellae in ice bath at ~2( fast growth region); (b)
evolution of composite phase lamellae in growth cien from bottom to top in thslow growth region, 10 x 10

"m’s; (c) and (d) omposite phase lamellae in the growth directiomfigottom to top in thmoderate growth
region, at 2.40 x I0and 3.60 x 1('m’*, and (e)dmellar composite phase, growthection from bottom to top

at moderate anisotropic gron20 x 1(’m’s*
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The micromorphological images of the indented gpeai of the modal product with different loads, atgb with a
constant load 50xI0N at variable induction time are present in figg<4). Succinctly, the following inferences are
drawn from the combination of figs. 3 and 4 whittosgly confirm the plastic deformation of the mbdeoduct.

140 -
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growth
region

Moderate
growth
region

Slow
40 1 growth
region
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Fig.3. Variation of microhardness of the composite alloy ACd-Sn over the entire range of experimental growt velocity elocity
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Fig. 4: Photomicrographs showing indentation impresions on modal composite alloy Al-Cd-Sn under viable conditions (625 x)

(@) Sizeof indentation with a load of 10 x 10°N; (b) size of the indentation with a load of 20 x 10°N; (c) size of indentation with a load of 50 x
10™N; (d) size of the indentation with a load of 100 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 of crack length with applied load.

Figure 2 indicates the ability of the moderate amipic growth (~2.90 x Im’s?) in producing and putting strong,
stiff, lamellae of the composite in the right plage the right orientation with right volume fragti resulting in
thereupon the formation of its modal product Fig.Bwidentially, the modal product at the aforemeamsd
anisotropic growth attain lamellar structure corsiog of strong lamella-matrix bond in comparisorstmwv and fast
growth process producing fragile matrix becausthefaggressive, non attaching and crossing develbjis of the
lamellae responsible for its distorted structurés F ( a-d). The authenticity of the develop micmyphological
structure to be the final (modal) product is eviildly verified by determination of its micromecheal parameter
relatively upholding the optimum value which obwbube the theoretical strength an experimentaiketibn that
can be visualized in Fig. 3.
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Fig.5: Variation of microhardness for the modal conposite alloy Al-Cd-Sn.

(a) Nonlinear with variable applied load at constant indentation time, t (10s) and (b) linear with variable indentation time for constant load P (50

x 10%N).
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Fig.6: Depiction of relations between the variables
(a) log P and log d; (b) log (P-W) and log d and (c) d" and d?
Table 1
S.No Applied Load | Crack Length Fracture Vickers Hardness | Britteness | Yield strength
: P x 10°N (I x 10°m) toughness K (Nm*?) H,(MNm?) Bi (10°'m™*? (MNm™)
1 10 0.3 86.94 205.00 2.35 68.33
2 20 0.6 61.47 180.00 2.92 60.00
3 30 1.0 42.85 160.00 3.73 53.33
4 40 1.3 38.55 140.00 3.63 46.66
5 50 1.6 35.29 130.00 3.68 43.33
6 60 2.0 30.30 125.00 4.12 41.66
7 70 2.3 28.66 123.70 4.31 41.23
8 80 2.6 27.26 123.00 4.51 41.00
9 90 3.0 24.74 122.84 4.96 40.94
10 100 34 22.78 122.98 5.39 40.99

The concept of occurrence of plastic deformatiorirdumodal product testing is further strengthehgdheoretical
and experimental evidence discussed in the suaugedialyses.

Theoretical extraction
For plastic deformation the Kick’s law speaks thatromechanical parameters, #¢main constant irrespective of
the magnitude of a applied load, P [21 ] NumenigalP = kd" (2)

where Meyer's inder = 2, accounts for constant Hand k is a constant.

The literature also indicates the decrease aneaser of Flwith rising applied load for materials culminating: 2
andn > 2 respectively. Since the hardness whether nocrmacro level is the resistance ability of a miateio
localized permanent deformation, the relationstépMeen the Newtonian resultant pressure W in Newfotihe
material itself and area of indentation, A irf ia the W/A ratio. The Hays and Kendall Hypothefsis plastic
deformation, states that the actual load appliethéospecimen is P-W in lieu of P. This resultardcpss of a
material represents the minimum applied load tseandentation as the applied load less than Wefipiton, will
not, result in plastic deformation [22-23]. Thisptghesis thereupon taking the specimen resistamgssyre W into
account, modifies Eqg. (2) of Kick’s law into thdl@wing valid form;

(P-W) = ke ®3)

where k and W are constants. Further, the evaluation d6Myws the procedure necessarily involving sulticat
of Eq. (2) from Eq. (3) which results in:
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@ = (k_) @+ @)

The relation yields the parameters W from the tatcal and experimental known values of other patens
defined earlier.

Experimental Extraction

The experimental facts obtained are consistent thightheoretical aspects available in the liteeafior the plastic
deformation. The nonlinear relationship betweeneexpental observed, Hand the applied load P (Fig. 5a) implies
that Vickers hardness (Hdecreases with an increasing applied load umtiua 70x1GF N and thereafter, a
saturation stage of Hstarts occurring which is full at 80xTN . Qualitative explanation of this variation cae
suggested that the penetration depth of the indemith variable applied load is an appropriate ddasation to
reveal effective rupture of the specimen layersom@rehensively, the indentor penetrates only sarfagers of
specimen with small applied load, the effect is en@ronounce at these loads. Nevertheless, as tie¢raton depth
increases with the applied varying loads the iniagers’ damage of specimen appears to be more tigec
shattering the ability of hardness to the extesat tH, must become independent of further applied loadckhi
actually happened in the experimental range ofiegpbad particular at and beyond 80X19 in the current work.
The behavior is consistent with the microhardnesseiase at loads during early stages of plastioroedtion. A
plot between lodP and logd (Fig.6a) is linear and according to Eq(2) yieldsmik; for any set of discrete data, the
indexn being determined by the slope, while #ady the intercept, defined as the particular IBatiat exists atl =
10°m. In present investigation, n akgrespectively obtained by Fig. 6a are 1.4302 an802MPa.

Furthermore, plot of logP-W) versus log d of Eq. (3) suggesting the logarithimitex n=2, drawn in Fig. 6b yields
the value of the logarithmic index, <2, (n=1.4302), thus confirming the validity of tidewtonian resistant
pressure theory for the composite specimen, asiomeat earlier, W allows the limiting case to préwahereat
hardness becomes independent of load.

Analogically, a plot for 8(n=1.4302) versus? (Fig. 6c) yields the slopky/k; (0.1854) andMk, (21.92 x 10 n?)
which k and W are separately calculated from the knowmevalf k; determined by the plot Fig. 6a, to their
respective values 6.632 MPa and 2.6977%NOfurnishing a compilation of key data on micrataess. Toughness
virtually measures the ability of a material absogbenergy up to fracture. Moreover, fracturenesa iproperty
indicative of material's resistance to fracture wiee crack is present. The crack developed on tmeposite
specimen determines the fracture toughness Kc,hapecifies the extent to which fracture stresapiglied on a

uniform loading by the relation:

P
K. = EE 5)

where | is the radius of a semicircular radial &rac the crack length measured from the centrénefindentation
mark to the crack tip3 is a numerical constant that depends on indergemgtry. For a Vickers indent@r= 7.
However, Eq. (5) yields satisfactory values of fitaeture toughness only i 3 or I/a < 3, respectively for median
or radial crack system (Fig. 4f) where 'a' exaetiyals half diagonal length, i.e., al2. Table 1 records the values
of crack length, | and fracture toughness, Kc fer tomposite specimen at different applied loadgurE 4(g) is a
plot between applied load, P and crack length,dicating the linear dependence of the crack lermththe
increasing applied load. Brittleness is an impdraonperty, usually termed as the brittleness inBliexvhich can be
determined from Kc values obeying the relation$Bi:

B =— (6)

the values of Bi obtained from Eq. (6) for the casipe specimen at variable microhardness-fractougtiness
ratio, are presented in Table 1. The yield stremjtthe composite computed from the hardness davaréble
applied load using the valid equation [9] for n:i< 2

1
0-y = §Hv (7)

the values estimated for the composite in the exm@mtal load ranging from 10 x T0to 100 x 1 N for an
indentation interval of 10 s are also incorpordtedable 1. All the aforesaid parameters are wethputable, and
their computation collectively, accomplishes infdial analyses that authenticable the plastic aedtion of the
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modal composite Al-Cd-Sn in the present invest@atiThese observations are strongly supported gy
indicating the microhardness of the composite tandependent of variation in the indentation tiroe & constant
load of 50 x 10N at room temperature and revealing the occurresfcelastic deformation which remains
unaffected with variable indentation time. Tablenmarized the X-ray data, whereas Fig.7 showsyXp&dterns

of the composite Al-Cd-Sn.

Table 2: XRD data of composite alloy Al-Cd-Sn

Pos. P2TH.] | d-spacing [A] | Intensity[A] | Intensity [%] | Planes hki
30.545 2.9243 301.0 59.7 Sn(200
31.916 2.8017 363.0 70.5 Cd(002
34.646 2.5870 118.0 22.8 Cd(100
37.059 2.4239 33.6 6.5 Cd(101
38.313 2.3474 515.0 100.0 Al(111)
43.818 2.0644 122.0 23.7 Sn(220
44.830 2.0201 265.0 51.4 Al(200)
47.759 1.9028 82.7 16.1 Cd(102
55.294 1.6600 64.4 12.5 Sn(301)
61.029 1.5170 92.0 17.9 Cd(103
62.197 1.4913 70.9 13.8 Cd(112
62.459 1.4857 109.0 21.1 Sn(112
63.744 1.4588 40.1 7.8 Sn(400
64.543 1.4426 69.4 13.5 Sn(321
65.041 1.4328 52.9 10.3 Al(220)
66.461 1.4055 25.9 5.0 Cd(004
71.587 1.3117 75.5 14.7 Cd(112
72.375 1.3046 45.5 8.8 Sn(420
73.148 1.2927 47.2 9.2 Sn(411
75.751 1.2546 41.1 8.0 Cd(201
78.189 1.2215 52.1 10.1 Al(311)
79.472 1.2050 78.4 15.2 Sn(312
82.106 1.1728 28.3 5.5 Cd(202
82.382 1.1696 31.9 6.2 Al(222)
89.394 1.0951 41.4 8.0 Al(421]
30.545 2.9243 301.0 59.7 Sn(200
31.916 2.8017 363.0 70.5 Cd(002
34.646 2.5870 118.0 22.8 Cd(100
37.059 2.4239 33.6 6.5 Cd(101
38.313 2.3474 515.0 100.0 Al(111)
43.818 2.0644 122.0 23.7 Sn(220
44.830 2.0201 265.0 51.4 Al(200)
Al-Cd-Sn
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Fig.7: XRD patterns of composite alloy Al-Cd-Sn
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The analysis of X-ray diffraction patterns (Fig.af)d extracted diffraction data thereby (Tabled?)tfie composite
Al-Cd-Sn, reveals the sharp lines of face centnésiccphases of aluminium, hexagonal phases of zadrand
body centered tetragonal phases of tin. This irghat the X-ray diffraction pattern analysis inafily, inculcates
the existence of the composite as a mechanicauneixif constituent metals simulating weak interaeti because
of their atomic electronegative character, sinceimique diffraction line is exhibited by the comjgesThe physical
significance of the observations extracted fromXhmy analysis, is that the composite is not &dsisl solution but
a terminal solidus solution.

CONCLUSION

Microstructural parameters in the slow and fastaghotend their obedience to the Weibull distribatitiowever,
they start showing deviation in the moderate gromgtiion by alignment which is full at moderate gthwelocity
(~2.90 x 10m’s?) because of their obedience to the Gauss disimibutThe micromechanical parameter
(microhardness) of composite in the slow growthiaeg is similar, an experimental evidence, to thiathe fast
growth region, but its uniqueness in the moderatgion, particularly at the moderate anisotropicwglois a
significant aspect of the current work. The microlmess of the composite is found independent ofrttientation
time but does follow the non-linear dependence wihiable applied load. The initiation of the crask the
composite specimen with the required minimum lo#fitnas the applicability of the Newtonian theory df
resistance pressure. The generation of the radiaks by an indenter loaded with pressure rangiom 10 x 10*
100x 10°N faciles the procedure to estimate the valuesauttdire toughness, brittleness index and yieldgtreof
the composite specimen. The inferential signifieané the mechanical parameters extracts the cortbeptthe
properties of the composite are superior and plyssibique to the properties of the pure constituemgtals
particularly, when its modal product is achievedrbgderate anisotropic growth. Thermal analysis atsvéhermal
stability and liquidus temperatures of the commosiMoreover, the physical understanding of thea)-studies
defines the composite to be a terminal solidustgsluof the constituent metals stimulating wealerattions at
their atomic levels.
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