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Microhardness studies on Bi-In single crystal
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Microhardness meastrements (Vicher™s hardness number) and x-ray studies have been performed on surlice i trieesial
phine CHEL an smgle erystal specimens o pure B and Bi doped with 4 arte o Tnat voom tempesature, Vicker s hardness
nmber of BB systen is less compured toopure B This resalt provides o means o make B othenvise a britle metil.
duetile by adding asmall guanuty of T which will add 1o is metalturgical and indusieial applicatons. Further, the Vicker s
hardness number is Found (o he comstant along the surface of Bi-ln system. implyving presence ol o unform phase i This
suggests that Inomakes complete solid solution with Bio The size ol atomic wadius of Ty seems o Bvour substitutional solid
salution, where the dopant soms oceupy the sites ol the parent atoms and effectively alier the penodicity ol Bloch porential
angd maehity the baod strociuee of B, Presence of any other phase s not revealed in s-my diftraction patiern ol the Bi-n
svsten and s confirme that the Littiee of the doped syatenn s essentially i ot ismuth, Cohens analytcal inethiod of
feast squares relinement for cabic cevatads s modified tor o hexagonal kitice and emploved woo calealate the lantice
pavameters of Biand Bife svstene A expansion ol the anir cell s repored on aecount of dopipe. Lave back-rerlection

1

photographs show that 3-fold svimmens of pure bismuth Lattice is revaned atter dopine.

Bismuth (Bi-momic number 83) a rare semimetal.
placed in Group SA of the periodic table of elements,
ts hard. brittle, and lustrous and it has o distinetive
areyv-white colour with @ pinkish tinge. Bismuth is a

unigue element with a surprisingly broad range ol

applications and a little amount of Bi goes a long way
towards the improvement of material characteristics
ol other materials. most olten in highly rechnical
applications.  Bismuth  expunds
solidification: this unusual property makes it useful in
type-metal alloys and for castings, Bismuth is used in
producing malleable irons and has found application
as a carrier for U™ or U™ fuel in nuclear reactors.
The crystal structure and the electronic band structure
ol Bi have been discussed in detail in the literature'”’
The space lattice o Biis of the rhombohedral system
with two atoms per unit cell. The point symmetry
croup of Bi lattice is N3m (D). Overlap of fifih
Brillowin zone with the sixth by approximutely
36 MeV, spills o very small number of clectrons

3.32% 0N

. 17 fy = . .
(3X10 fem ) into the sixth zone and introduces equal
number ol holes o the fifth  zone at low
temperatures, thus making Bi a semimetal.

Microhardness of any system is a property, which
15 directly refated o the crystal structure and 1s very
sensitive 1o the presence ol any other phase(s) or
phase  transitions™ ™ and  temperature — conditions
prevailing in a system. Thus. microhardness provides

an important ol m study ol material propertes ol
crystals as evidenced i literature. The erystalline
structure, lattice parameters, wnd phase transitions ol
high-purity — fullerite Cyp have  heen studied by
Lubenets ¢ al.” Lin er al™ n their study  on
amorphous  hydrogenated  boron carbide thin Hilms
correlated optical bundgaps and microhardness. Drory
ef al." studied the busic mechanical properties ol
single erystal - gullium - nitede using Vicker's
(diamond) ndentation  method o determine 1|1‘c
hardness and fracture toughness. Scanlon ¢r wl™
presented the hardness and elastic behaviour ol Fe-Ag
(0O1) multi-layered thin films and showed that these
behaviours are generally  consistent with a model
based on the effects ol interfuce stresses. Lyapin
ef al.” reported a detailed study of Vicker's hardness
for carbon phases and showed that the transformation
ol two-dimensional Cyy polvmers into eraphite-like
amorphous carbon is aceompanied by an icrease
hardness  of  100-200 umes. Cheng &  Cheng™'
examined the relationships between hardness, contacl
arca, il unloading  slope,  and  mechanical
propertics of solids.

Although a significant number of microhardness
studies have been performed on various systems, one
finds few evidences ol microhardness studies on Bi o
its alloys. Pandya et al.™ have studied microlardness
properties of Bi-Sh alloys. The solubility of o dapam
i solvent has a grear bearing on the nature of the
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system, e, whether the system is w single phase or a
multiphase, Though amtimony™ ™ forms a complete
solid solution with bismuth, the solubility ol other
dopunts s revealed from the phase dingrams™ " is
different. Doping ol Bi with elements of group I
(T, group 1V (Ph. Sn), group V (Sh). and group VI
(Te) with requisite concentration ol the dopant brings
about a significant change in the band structure of
brismuth as reflected in various electrical and thermal
baliviour of the doped systems™ . Although one
Fds evidences of [ot of work on Bi doped with group
VoV oand VI elements, hardly any work has been
done on doping ol Bi with idium ¢In). a group HIA
clement. In view of the above the present study aims
o undertake microhardness studies 1 conjunction
with x-ray studies and solid solubility data on pure Bi
and compares the effect ol dopimg of Br with In on
ubove properties.

Experimental Procedure
Single eryvstal specimens of pure Biand Bi doped

with Jat%  of In were  grown by Bridgman
1y .
technique Using Johnson Mutthey

spectrographically standardized material (99.9999%).
The sumples of pure Bi and Bi-In (dal.%) were
prepared ' by [illing the two materials, i.e., pure Bi
and  mixtwre ol Bi-Ino (dut%) in appropriate
proportion, weighed on a microbalance. i thoroughly
cleaned glass ampoules. The ampoules were then
evacuated 10 a high order of vacuum (~10 “mm Hg)
and sealed, These were kept at a temperature about
100°C above the melting point of the spectmens and
were vigorously shuxen o ensure complete mixing ol
the dopant and the solvent material, The melting point
ol the mixture for Bi-In (4at.% ) can be estimated from
the phase diagrams ™" of the systems. The ampoules
were  then suspended  vertically  in constant
temperature zone of the furnace for about 45 min. o
ensure uniform meiting ol the charge. These were
then slowly lowered through a temperature gradient
(=20"C/emy at w uniform rate of 6 mm/h, with the help
o o speed reduction gear assembly  driven by a
constant speed motor, The nucleation starts from the
lower end of the ampoule, when it just passes the
solidification zone, and crystal growth proceeds along
its length upwards, Precautions were taken to avoid
air drilt and mechenical vibrations When the whaole
material is soliditicd i the ampoule. the motor was
switched off and erystal was allowed o remain
undisturbed 1 this position for about an hour. The

erystal was then cooled slowly by reducing  the

temperature of the fumace. The whole operation took
about 36 h. Both the crystals, ie., pure Bi and Bi-ln
(4al.% ) were grown using the above method, Afler
pulling was complete and when evervthing attained
room temperature, the cerystals were carefully taken
out of the ampoules. These were then ewched with
S0% hot and coneentrated nitrie acid. All the single
crystals when freshly etehed would leave a uniformly
bright shinmng surfuce. The crystals  were  then
cleaved at liquid nitrogen wmperature (77 K in such a
manner as o obron the pertect cleavage pline, e,
triconal plane (111), The specimens were then, cul
(rom these crystals using spark erosion technique ™
and were given rectangulur parallelepiped . geometry
in such aoway that the wigonal axis was perpendicular
o the surluce of the parallelepiped. The specimen
were then subjected to a slow lupping process using
fine mesh carborundum powder. Euch surfuce was
Lapped i turn until both the surfaces were parallel o
cach other. The specimens were finally wnnealed for
about 8O Irat 140°C (which is about Bull the m.p. of
Bi) to remove sirans introduced during cutting and
handling. Single crystalline nature and orientation of
the specimen were ascertained through Luue back
reflection photographs, when x-rays were directed
along the trigonal axis,

Microhardness measurements

The single erystal specimens ol pure Bi and Bi-In
(4al.% ) were mounted on Soviel Micrchardness meter
1T MT-3 with a diamond pyranmud indenter [or the
measurement of Vicker's microhardness number, The
dinmond  pyramid indenter, which was o standard
square based pyramid with 1367 apex angle. was
pressed mnto the speetmen at room temperiture under
a known load. p (20 g) for a known time (20 s) in the
trigonal [111] direction and then removed. The mean
dingonal of the indentation mark, which is square in
shipe, was measured under a microscope with a built-
in micrometer. The following formula is used lor
caleuluting the microhardness number H in ke/mm’:

1854 p

o

H

where, p, is load g and ¢ is the diggonal of
mdentation print an microhardness
number is very sensitive to the sample conditions. It
is, therefore, necessury o follow a consistently
uniform procedure for preparing the sample surlace.

microns. The
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Fie. I —Laue  back  reflection photographs  showing  3-fuld

symmetry ol () Pure Broand (by Bi-1n odat %) Alloy

x-l’il'\' measurements

Laue back-reflection photogriaphs ol pure Bi and
Bi-In (dat.%) alloy were taken to ascertain the single
crystalline nature of both the specimens (Figs Ta and
Ib). X-rays were directed along the trigonal axis and

3-told symmetry was revealed. The Laue pattern of

the single crystal of bismuth shows the three-fold
symmetry and the growth direction of the single
crystal is found to be along an axis making an angle
of 10" with the binary axis and 80" with the trigonal
axis. It can be seen that the Laue pattern of the single
crystal - of Bi-In system retains the  three-fold
symmetry ol pure Bi,

NX-ray powder diffraction patterns of pure Bi and
Bi-In (4at.%) system were obtained on a Philips PW
IS40/01/11 compact x-ray diffractometer system in
conjunction with Philips PW 1830 x-ray generator
(operating voltage 30 kV and current 20 mA) with
copper target, using CuK, radiation (& = 1.5405A). A
Ni filter was used to eliminate CuKy radiation. The

intensities o x-ray reflections were recorded by
scintillation counter and are denoted by the peuak
heights (in arbitrary units). The diffracuon angles 0
were measured  and  corresponding o Ginterplanur
spacing) were caleulated and are given i Table 1
The accuracy in o value measurements is about 1 1n
20,000,

Accurate determination of unit cell dimensions
Many upplications ol x=ray - diftraction
precise knowledge ol the Tattice parimeters ol the

regunre

material under study. The most predaominant amangsi
these apphications imvolve solid-selution studies as the
lattice parameters ol a solid solution vary with the
concentriation and nature of the solute, The precise
and accurate determination of unit cell dimensions
busically depends upon the accurate determination of
o value or the 0 value of @ powder fine and the
wuvelength  of the s-ray wsed, Foroocrystals - ol
svimmetry lower than cubie. the Cohen™s least squane
treatment ol the
minimizes the random  errors and gt the same time
climinates
extrapolation function. Thus, Cohen’s method of least
squares relinement is used tor pure Broand Bi-In
system indexed on hexagona! Luttices, Using XRD

observitions is suitable, as i

syslenabic  errors  using  appropridte

lines (Miller indices kI a set ol following leust
square normal equations for hexagonal lattice was sel-
up to determine the most probable value of the lattice
constants ¢, ¢ and the drift constant .

ASa+BEay +p,Xud = Xasjy 0
ATay + BEy + D,;ZY0 =Xy sin" 0
AZaS + BEYS + D, 25" =28 sin"0

where

oa=h> +hk +k°
}/:J’"

o =10 .«-mﬂ:u;
f;hl
A=—
3
v
B=—0
de-
D
D, =—
10
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Tuble I—Position of XRD lines and corresponding Miller indices ol Biand Bi-Te (4% ) system

SN Miller mdices Pure Bi

Ba-Tnn (4 an, % ) system

(Al s
Dyftraction Lattice Lattice Dilfraction Lattjee Lattice
angle spacing parameters anyle spacing puranters
20 (deg.) dIA) (hexagonal axis) (A) 200 (ilew.) dlA) thexagonul axisionn
| (003 22,60 20043
7 12 27.30) 1.ON3 | 27.00 1.6860
3 0l SERUY 2511 37 .66 1.2607
4 110 3.0 1.2084 3925 12174
3 1t EERY 10970 o= 4330 AN 11013 =405
i (0 4580 1 0744 45 ) [O7R]
7 13 43,95 L0717 —
8 022 48.70 1.00233 48,54 10278
Y 20 St (19249 55.78 (9313
10 7 39.20 8067 =
I 116 06210 URT 16 6188 (L8733
|2 213 (.30 (8334 (SRS (185357
I5 10 0740 (L8343 67.20 [ E R
[ 124 070 (8101 70.42 LN175
15 N 71.90 (L8103 71.54 (8120
16 207 73,040 0.5029 = 118787 7340 (L8037 ¢ = 12,5883
17 | TA.51 (174903 s
|8 (128 SOL9M0 17801 8078 (1. 7803
L] (1Y 83,15 (7730 8522 7724
20 12 R 0.77 14
2 it S 00 (L7703 ) (7703
e 132 Ol at (1L.77006 V1.3 (L7705
< it A4 D7l 97.07 (L7762

07771

and O 1s the position ol a line. The summation extends
over all equations 1o the mdividual lines that lie in
the appropriate range of 0. Above normal cquations
have  been stimultuncously  tor the  three
unknowns namely ¢, ¢ and D

solved

Results and Discussicn
Micrphardoess studics

Microhardness Is a property of the system, whicel: is
very sensitive 1o the aatare ol the system and changes

il the composition of the system changes slightly or

any other phise 1 present m doped systems., Figs 2a
and 2b represent the photographs ol the indentation
mark of pure Beand Bi-In (dac %) alloy respectively.
Ihe mdentation mark was taken at different locations

to detect presence ol any other phase in the specimen.
particularly in Bi-In alloy. The Vicker's hardness
number of pure Bi was found to be 12 4, whereas Tor
Bi-In (4ar%) alloy it was found to be 1007, which s
stenificantly fow compared 1o pure Bio No variation in
the Vicker's hardness number was noticed, when the
indentation mark was taken w ditferent locations of
both the samples. This indicates absence of any
second phase in Bi-In alloy and shows that a uniform
phase comprises the bulk ol the specimen. It s
evident Trom above that the hardness number has
decreased alter doping, indicating that Bi becomes
solter, when doped with indium, This s an important
result, as it provides o means to make  bismuth,
otherwise a brittle metal. ductile by adding « small
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g, 2—Photographs showing indentiion mark ong () Pure i
and (b) Bi-In (dac%) Alloy

quantity o indivm.  which  may  find
metallurgical and industrial applications

numy

N-ruy studies
Powder x-ray diffraction

The results of the x-ray diffraction (XRD) pattern
of the powdered samples of Bi and Bi-In (dat.%)
specimens are shown in Table 1. 1t can be seen from
Table I that the lattice essentially consists of bismuth
atoms for the doped system also and there is only one
phise, The presence ol any other phase is not revealed
i XRD pattern. Thus, there is a clear indication that
the volume fraction of the second phase is negligibly
small.

Lattice parameters

It may be noted from Tuble 1 that there is a slight
shift in the position of peuks in Bi-In with respect to
the pure Bi, indicating change in lattice size of the
bismuth lattice due to doping. Lattice parameters were
caleuluted using Cohen’s method and are given in

Table 1 for pure Bi and Bi-In systen. It may be noted
that lattice parameters mereased in comparison o
lattice purameters ol pure Bi, implying an expuansion
of the unit cell due to doping. This change i luttice
parameters is discussed below in terms of solid-
solubility of the solute, i.e. In in the Bi lattice, It can
also be observed that the Miller indices fi, A, [ sansty
the condition fi-A+1 = 3n. where i is an integer. in
both the systems. This implies that the Latice s R
(rhombohedron) in reverse setiing.

Solid solubility

There can be two types ol primary solid solution -
(i) interstitial and (1) substitutional. Interstitial sohid
solutions are formed when atoms with smaller radii
are accommodated in the interstices of the lattice ol a
solvent, The solid solution of carbon m y-Fe
(austenite) is an example of this type. The iron atoms
are on Lee laice points, and the carbon atoms
occupy interstitial position. Because of the restricted
size of the interstices, only rather small atoms
dissolve interstitially. The radit of atoms known (or
likely) to form interstitial solutions ™ are less than
[.LOA, and when a solvent accepts one of these
interstitially, there is always an expansion of the unit
cell. The atomic radius of Bi is 1.82 A compared o
the womic radius of In, which is 1.57 AL Tt is evident
from above that the possibility of atoms of In to make
interstitial solid solution, in the present case, seems 10
he little, since In has an atomice radius considerably
greater than 1.0 A, However. substitutional solid
solution, in which impurity atoms occupy the lattice
sites of the solvent lattice, seems to be possible in the
present case. Generully, substitutional solid solution is
possible when the sizes ol the atoms of the solvent
and impurities differ by no more than about 15% e
womic radius of In falls within this 15% limit, there is
a Tuirly good possibility that In mukes solid solution
with Bi by replacing Bi atoms at various lattice sites.
Abscnce of any other phase, as revealed by XRD and
microhardness studies mukes it clear that In makes
complete solid solution with Bi. Hansen™ has given
solid solubility data ol many elements in Bi, but no
data is availuble n the literature in respect of solid
solubility of In in Bi.

Conclusions

Microhardness tests reveal that addition ol In
lowers the Vicker's hardness number in Bi-In system,
thus making Bi-In system softer than pure Bi. This is
an important result. as it provides a means 1o make Bi.
otherwise a brittle metal, ductile by adding a small
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quantity of indium, which will add to its metallurgical
and industrial applicutions. The atomic radii of Bi and
In fuvour substitut onal solid solution, where the
dopunt atoms oceupy the lattice sites of the solvent,

i.e.. bismuth, and efectively alter the periodicity of

Bloch potential  and modify  the band  structure.
Microhardness and x-ray studies reveal that Bi-In is
single-phase system and presence of no other phase is
detected in XRD pattern of Bi-In system. Since
microhardness  tes. 1s  very  sensitive o the
composiion of the specimen, any non-uniformity in
phase wlong the sdarface of the specimen can be
detected very casily Thus, the indentation mark was
taken at different ocations on the surfaces ol the
specimens to detect the change in Vicker's hardness
number. Vicker's hardness number is found to be
constant  along  1he  surfuce  of  Bi-ln system,
confirming that Bi-In s essentially a single-phase
system. This  establishes  that In has  complete

solubility in the bismuth lattice, Cohien™s method of

least  square  relioement s used  for accurate
determination of the lattice parumeters « and ¢ (or
pure Bi and Bi-In system, The lattice parameters are
reported to increase resulting in an expansion ol unit
cell of Bi due ro doping. Luue back-reflection
phatographs  show that 3-fold symmetry ol pure
hismuth lattice is retained in Bi-In system also.
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