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Microhardness Ille: lsurcnlCIII S (VicKer 's h:lrd llC ';s nUlllber) :I nd x- r:ly studies ha ve becn perforilled on , urfac:e In trigo nal 
pl ane ( I II J. <)I I s ingle: cr),s tal specinl l' n:-. o f pu re Hi alill 13i doped \\' ith .+ :It. '!r of In :11 roOIll telllpcralU re. ViCKer' , hardness 
nUlllber (Ii' Bi -In systelll is il'ss cO lllpared tu pure Hi . Thi s result provides a Ille:ln s to 1I1 :I KC l1 i. otherwise a hri tt ic lIlet:iI. 
duu ik by :tdding a :> Illa ll quantity o i' In. \\' hi ch will add III its lIletallurg ica l and industria l ap pl icati ons, Funher. Ih e Vicker' , 
hardness nUll1ber is found to be constant al ong the sur f:lCe nr 13i - ln syste ll1 , ill1p lying prese nce 01' a unifll rlll phase :n it. Thi, 
suggcsis that In Illakes cOlil picte so li d so lutio n wi th Bi . The si/.e of ato llli c I'ad ius of In sec ills to fa vo ur substituti on:iI , (liid 
so luti on. \\' herc the dop;ln t atu lll s occ upy thc sitcs o i' lhe parent atoll1 s and e lTccti v..: ly a lter the periodicit y of I1l oc h pote nti al 
and lIlodify the band structure of l3i . Presence uf :111 ) u lher phase is not r..:veakd in x- ray dilTI'action pattern of the 13i - ln 
sys lelll and thi s co nfirill s th :1I Ihe lalli ce o f the dllpcd systclll is esse ntiall y that of bislllUth , Cohen' s analy tic:iI lI1et hod oi' 
kast squares refineille nt for cuhi c c lT ,tal s is lI10dified for a hex;lgonal lat tice and e l11pl o)' l'l1 to calcu late Ih,' latti ce 
parall1l't ers of l3i a III I l3i - ln systeill . An ex pa nsion uf the ull it ce ll is repuned on :Icco unt (If dopin g. Laue bacK-I'c fkl'li on 
photograp hs sho\\' that J -fu ld sylll ille iry o f pure hi sl11uth lattice is retained a ft er doping. 

Bismuth (Bi-atomic number ~]) a rare scmi met:ti, 

placed in Group SA or the pe r iodic tab le o r elemcnts, 
is hard, brittl e, and lustrous and it has a distincti ve 

gre y -\Vhitc co lour \V ith a pink ish tinge . Bi sllluth is a 

unique clemcn t wi th a surpri sing ly broad range o r 

appli ca ti ons and a l i tt le aillount or Bi gocs a long way 
to\Va rds th e impro ve ment o r material characteri st ics 

o r other Ill ater ia ls, Illos t orte n in hi ghl y techni ca l 

app li ca ti ons. Bi smuth ex pand s 3.]2% on 

solidifi cati on: thi s unusual propert y makes it usci'ul in 

ty pe-metal all oys and for castings. Bi smuth is used in 

produci ng mall eabl e i ron s and has found app l ication 
as a carrier 1'0 1' U2J5 or U 2

.1:l fue l in nuc lear reac tors. 

The crys tal structure and the elec troni c band structure 
fJ r Bi ha ve been di scussed in deta il in the literature l.7 

The space latti ce of Bi is o f the rho illbohedral sys tem 

w ith two at oms per unit cell. The po int sy mmetry 

group or Bi lattice is 'J\31ll (D \ I)' Overlap o f f ifth 
Bril louin zone w ith th e sixth by approx imately 

36 M eV , spill s a very small number o f elec trons 

Ox I OI7/C ll1 ' ) into the six th zone and introduces equal 

number o f ho les into the fifth zone at low 
temperatures, thu s making Hi a semill1etal. 

Microhardness o r any sys tem is a prope rt y , w hi ch 

is d irec tl y related to th e crys tal stru cture and is ve ry 

sensiti ve to Ihe p re~e nce or an y o ther phase(s) or 
I '. X- I() I . , P lase tntnslli ons ' anl temperature co ndttl ons 

preva iling in a system. T hu s, microhardness providcs 

an important tool in study of Illaterial propert ies or 

crystal s as evidenced in li tera ture. The crys ta l line 

structure, latticc pa rameters, :!nd phase transiti ons of 

high-purity ru l ler ite C ,II have heen studi ed by 

L b I 17 L ' I IX · I ' I u enets el (I. In 1.'1 ((. In tlelr stuc y on 

aillo rphou s hydrogenated boron (arbidc thin fi lms 
correlatcd op tical bandgaps and ll1icrohardness. Drory 
el ({f. I') studi ed the basic mechani ca l prope rt ies or 

sing lc LTy ~ tal gallium nitride uSing V icker ' s 

(d iamond ) indentati on Illethod tu determine the 

hardness and fracture toughness. Scan lon el (II. cO 

presented the hardness and elastic behaviour o f Fe-Ag 

(00 I ) multi - layered thin films and showed that these 

behav iours are generall y consistent \V ith a Illodc l 

based on the errects of intcrface stresses . L y api n 

eT UI.
15 reported a detail ed study of Vicker's hardness 

1'0 1' carbon phases and showed that the tran srormati on 
o r two-d imensional Cw po lvrners in to graphite- like 
amorphous carbon is acr: ~) mpani ed by an increase ill 

hardness of 100-200 times . C heng & Ch eng? 
examined the relation ships betwee n hardness, con tact 
area, initial unloading slope, and mechanical 

propert ies of sol ids. 

A lthough a significant number o r microhardness 
~ tudi e s have been performed on vari ous sys tems, one 

rinds few ev idences of l11icrohardness studi es on B i or 
its all oys. P~tI1c1ya el (II. :':' have studi ed l11i crohardness 

properties or Bi -Sb all oys. The so lubility 0" a dopant 
i n a so lvent has a great hearing un the nature or tile 
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sys tem, i.c. , whether the sys tem is a single phase or a 
mu ltiphase. Though antimon/'·:!5 forms a complete 
so lid solution w ith bismuth , the so lubility of oth er 
d I ' I· I I I· Or, "7 . opants as revea ca rom t IC P lase llagram s-·- IS 
differcnt. Doping of Bi wi th element s o f group III 
(TI), group IV (Pb. Sn ). group V (Sb). and group V I 
Cr e) with req ui site concentration o f the dopant brings 
about a signifi cant changc in the band structure o f 
bi sillu th as relkctcc! in vari ous c1 ec tri c; t1 and thermal 
.. ' S ~0 

bahavlour 01 the doped systems-' ·- . A lthough one 
finch ev idcnces o f lot of ,vork on Bi doped with group 
IV, V and V I elemcnt s. hardl y any work has becn 
done on dop ing o f Hi w ith indiuJll ( In ), a group lil A 
clement. In view of the abovc the prescnt study aims 
to undertake microhardness studies in conjunction 
wi th x-ray studi es and solid so lubility data on pure Bi 
and compares th e effec t of doping of Bi w ith In on 
above properti es . 

Expcl'imental Procedure 
Single crys tal spccimens o f pure Bi and Bi doped 

w it h 4at.(!ri of In we re grown by Bridgman 
I ·)() . JIM I tec lnlque' . Ln ng Olnson all l ey 

spectrog raphicall y standardi zed materi al (99.9999%). 
T he samples o f pure Bi and Bi -In (4al. %) were 
prcpared'l.l:! by filli ng the two materi als, i. e., pure Bi 
and mi xture of Bi - In (4a t. <'/c)) In appropriate 
proportion , weighed on a mi croba lance, in thoroughly 
cleaned glass ampoules. T he ampoules were then 
evacuated to a high ordei· of vacuum (- I O'('mm Hg) 
and sealeel. T hesc were kept at a temperature abou t 
100"C above the melting point of the specimens anel 
were vigorously s h ~ lk e n to ensure complete mi x ing of 
the dopant and the solvent material. The melting point 
of the mixture for l3i-ln (4a t. %) can be es timated from 
the phasc diagramsCC).:!7 of the systems. The ampou les 
were then suspended ve rti call y in con stant 
temperature zone of the furnace for about 45 min. to 
ensure uniform melting o f the charge. These were 
then slow ly lowered through a temperature gradi ent 
(-20"C/cm) at a uniform rate of 6 mm/h, with the help 
of it speed reducti on gear assembly dri ven by a 
con . .; tant speed motor. The nuclea ti on starts from the 
lower t' nd of the ampoule, when it just passes the 
so lidifi cati on zone, and crys tal growth proceeds aiong 
it s length upwards. Precautions were taken to avoid 
ai r clri nand mecha.nical vi brati ons. When the who le 
material is solidified in thL' ampoule. the mutor was 
sw itched oil and crys tal was allowed to remain 
undi sturbed in thi s pos ition for about an hour. The 
crys tal wa~ th ell (uo lec! ~k)w l y by reducing the 

temperature o f the furnace. The whole operati on took 
about 36 h. Both the crys tal s, i .e. , pure Bi and Bi- In 
(4al. %) "vere grown using th e above method. Arter 
pull i ng was compk te anc! when every th i ng altai ned 
room temperature, the crys tal s were carefull y taken 
out o f the ampoules . These were then etched with 
sO lk hot and concentrated nitri c acid. A ll the single 
cryst al s when freshl y etched would leave a uniforml y 
bri ght shinning surface. The c rys t ~ i1 s were th en 
cleaved at l iq uid nitroge n tempcrature (77 K) in such a 
manner as t() obtai n the perrec t cleavclge pl ane, i.e .. 
tri gonal plane ( III ). The specimens ,,·ere then, cut 
from thcse crystal s using spark erosion technique·1.! 

and were g iven rec tangular parall elepiped geometry 
in such a way that the tri gonal axis was perpendicular 
to the surface o f the parallelep iped. The spec imen 
were th en subjected to a slow lapping process using 
fine mesh carborundum powder. Each surface was 
lapped in turn until both the surfaces were parall el to 
each ot her. The spec imens werc f inai ly annea led for 
about 80 h at 140"C (wh ich is about ha lf th e m.p. o f 
Bi ) to remove st rain s introduced during CUll ing and 
hand ling. Single crys ta l line nature and ori ent ati on o f 
th e spec i men were ascertai ned th rough Laue back 
rerl ecti on photographs, when x-rays were directed 
along the tri gonal axis. 

Microhardncss IIIcasurements 

The si ngle cry stal speci mens of purc B i and B i - I n 
(4al. %) were mounted on Soviet Microharcl ness meter 
Il_MT-3 with a diamond pyramid inden ter for th e 
measurement o f V icker ' s Illi croharelnes<, number. Thc 
diamond py ram id indenter, which was a standard 

square based py ramid with 136 0 apex angle, was 
pressed into the spec imen at room temperature under 
a known load, p (20 g) for a known time (20 s) in the 
tri gonal [I II J direc ti on and then removed. The mean 
diagonal of the indentati on mark, wh ich is square in 
shape, was measured under a microscope with a built­
in micrometer. The follow in ~ form ula is used for 
calcu lating the microhardn css ~umbe r H ill kg/mill :! : 

18s4p 
H =--~-

c 

where, p, is l(lad in g and l is the diagonal o f 
indl'll tati on print ill microns. T he microharcill ess 
number is very sensiti ve to the sample conditi ons. It 
is, therefore, necessary to fo llow a consistentl y 
uniform procedure for pr~paring the samp le surface . 
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Fig. I -Llu~ back rclkctinil photogrdphs shoIV ing 3- l"o ld 
symmetry 01": (a) Pure Hi alld (b) Bi -Ill (--lat. '!,) A lloy 

X-ray IIlCaSlIrl' lIlCnts 

Laue back-refl ec ti on photograph s of pure Bi and 
Bi- In (4at. %) alloy were taken to ascertain the sing le 
crys talline nature of both the spec imens (Figs I a and 
I b). X- rays were directed along the trigo nal ax is and 
3-fo ld sy mmetry was revealed. The Laue pattern o f 
the sing le crys tal of bismuth shows the three-fo ld 
symmetry and the grow th direc ti on of the single 
crys tal is rou nd to be along an axis making an angle 
of 10" with the binary ax is and SO" with the tri go nal 
axis. It can be seen that the Laue pattern of the single 
crys tal of Bi-In sys tem retains the three-fo lc! 
<; Yl11metry of pure Bi . 

x.- ray po wder diffraction patrerns o f pure Bi and 
Si- In (4at. %) sys tem were obtained on a Philips PW 
I X40/0 I II I compact x- ray di ffractometer syste m in 
,:o njunction wi th Philips PW I ~n o x-ray genera tor 
(operatin g voltage 30 kV and current 20 mA) with 
copper target, using CuK" radiation (A. = I.S40SA ). A 
Ni fi lter was used to el iminate CuKI1 rad iation. The 

in tensities of x-ray relkcti ons were recorded by 
scintillation counter anc! are dencHed by the peak 
heights (in 3rbitra ry unit s). The diffrac tio n angles 0 
we re measured and corresponding d (in terp lanar 
spacing) were ealcu latcd and are g ive n in Tah le I. 
The accuracy in d value measureme nts i ~ about I in 
20,000. 

Accurate ddcrm ination of unit cc ll dimensi o n~ 

Many applications o j" x-r;\)' dillr;lc tion reqlllre 
prec ise knowledge oj" the lattice p;traillcters of the 
materia l under study. The mmt pred()minant alll()ng"t 
these applications in\"()"'e ',ul icl-\()Iutiun ~tudie:-- a\ till' 
latti ec parameters or a so lid \n lu tilll1 \ary with the 
co ncentratJl)l1 and natu re or the solu te. The prcL·i..,e 
and accurate dete rminati un of unit cel l dill1en, iu n<., 
basica ll y depends upon the accuratc dcterm inat ion of 
d va lu c or the f) valuc of a powdcr line and the 
\\ ' ~I\'Clc n g th Dr the :\-r;I1' tI"ed. Fur crys tal" or 
sy mmetry lower than cubic, the C(lhc n' s leas t squ~t rc 
treatment of thc (l b ~c l'\ ' atiun s is "uitab le, ~t" it 
minimi zes the random L' ITo r ~ and ~t t the "amc time 
c lim illat c<., "ystcmatic crrors u"lng appropriatc 
ex trapolati on ru ncti on. TIlus, Cohen 's I11dhoc! of Iea<,t 
squarc:-- refincment is used fo r pure Bi and Bi- In 
sys tem indexed on hc:\agona! la tt icc:--. Us ing XRD 
lines (Miller indices Ilk/) a se t o f fo ll owi ng Iea"t 
square normal equati ons for hexagona l lattice was ,'ct­
up to determine the most probable \'a lue of the latt ice 
co nstants {/ , c and the drirt constant D. 

AIa"+BIay + D,I a6 = I as inc e 
A2:ay + B2: y :! + O,2:yl5 = 2: Ysin" e 

A2:al5 + B2: yl5 + 0 ,2: ;/ = 2:15 si n20 

whe re 

y = ( ' 

(j = 10 sin 2 (20) 

13 = ,{" 

4c" 

o 
0 1 =-

10 
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Tahle I - Pos iti on of X RD l in t:s and correspond ing Mi ller ind ices or 8 i and Hi - In (4;]1. %) systel11 

S.No. M ili cI' ind i ce~ !'ure Bi Bi -In (--I al. '7r ) system 
(M!) 

Diffraction Latt ice Lall ice D i fl ractiun Lalli cc L alli ce 
all gk spac ing paramett: rs angk spacing p ~ lr ;. I Ill L' tns 

20 (lkg.) dIAl (hexagunal axi,) (A) 20 (deg.) deA l ( h ~xagt)nal ax is) ( 1\ ) 

on:l n.60 2.0()--I3 

2 102 17.20 1.6X'i 1 27 .00 1.6l)()6 

3 0 14 :HU)() 1.15 1 I :'7.66 1.2607 

--I 110 Y). CJO 1.208--1 YJ 2'1 1217--1 

'1 105 44.6U 1.0970 {/ = --I .S'i06 44.3X 1 10 13 (/ = 4.()04:1 

6 006 --IS.XO 1074--1 45.()O I .07X I 

7 11 :1 45l):1 1 07 17 

S 012 --I X.70 1.0153 41;)4 I .017X 

l) 2(J--I 5600 0.l)2,:! I :15 .7X () l)3 1:1 

I (I 0 17 5lJ20 O.Xl)6 7 

II 116 62. 10 (J. X7 16 () I .XX O.X 733 

12 2 12 ()·UO () .XS34 64. I X O.X557 

13 l OX 67.40 O. X343 67.20 0.8355 

14 124 70. 70 (J .X I () I 70.42 n.x 17:1 

15 .laO 71l)0 O.X IOJ 7 1.5--1 O.X 120 

16 207 7.H)O O. X02l) C = II .xnn 73.40 0.XOJ7 c = 12.SXX3 

17 2 15 7:1.30 0.7063 

IX U2X XO.l)(J O.7X()1 

I l) Il l) X:1.15 0.7730 

20 127 X6.')O 0.77 14 

" _I .'O() Xl) .60 0 770:1 

" l.i~ l) I .XO O.770() 

7' _.1 :1 1--1 l)7.()() 0 777 1 

and 0 is the position of a lin c. The summa ti on ex tends 
ovC!' all equat ions rl1 r the ind ividu al lines that li e in 
the appropr iate range of O. !\bove normal eq uati ons 
ha ve been so l ved si multaneo usl y ror th e three 
unknowns namel y {/, c and D. 

Results and Discussion 
\ i icrohanJ ncss sludi cs 

Microlt arc! ness is a I' r(' pe ny or the sys tem. 'vv hi ch is 
ve ry se nsitive to the !1Cllctre or the sys telll anc! changes 
ir the cO lll position o r the sYSll' 1ll changes slightly or 
any other phase is rrese nt in doped sys tems. Fi gs 2a 
anc! 2b represellt the photographs o r th e indent at ion 
lllark or pUt'L' Bi ;ll1d Bi-In (4a l. !ff ) all oy res pecti ve ly. 
The indent:tti ,ln mark was taken at dillerent locat ions 

XO.7X 0 7X03 

8.~.n () 772l) 

Xl).4 7 0. 770:1 

l) 1.3 1 0.7705 

l)7.07 0.7762 

to detcct presencc or <lny oth er phase in thc spec imcn , 
parti cularl y in Bi -In all oy . The Vicker's hard ncs~ 

nu mber of pure Bi was round to be 12.4, whereas ror 
Bi -In (4al. %) a ll oy it was round to be 10.7, whi ch is 
signifi cantly io\\' co mparccito pu re Bi. '\)0 va ri at ion in 
the Vi cker's hardness num ber was no ti ced. when the 
indcntati on mark was taken at c! illc renl locat ions o r 
both th e samples. Thi s in d i ca t e~ absl' tl ce or an y 
second phase in Bi -In all oy and shows that a unirorm 
phase eom pri scs thc bu lk or thc spec imcn. It is 
cv ident rro m above that the hardness llLtm bcr has 
decreased arter dop i ng, i nLii cat i ng that I3 i bCC0I11C. 
so rter, when eloped with indium. Th i ~ is an importan t 
rcs ult , as it prov ides a means to make bi smuth . 
otherwise a britt le mctal. cl uctil e by adding a smal l 
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Fig. 2- PhOlographs showi ng indenlJl ion mark on: (a) Pure l3 i 
and (b) Bi -In (-lal. 'X) Alloy 

quantity o/" indium, which may /"ind many 
metallurgica l and industri al appli cati ons. 

X-ray s tudies 

Powder x -rav ddJi'actioll 
The resul ts of the x- ray diffraction (XRD) pattern 

of the powdered samples o f Bi and Bi -In (4at. %) 
spec i mens are shown in Table I . I t can be seen from 
Table I that the latti ce essentiall y consists o f bi smuth 
atoms for the doped system also and there is only one 
ph ase. The presence of any other phase is not revea led 
in XRD pattern . Thus, there is a clear indicati on that 
the vo lume frac ti on of the second phase is neg ligibly 
small. 

Lal/ice paralll efers 
It may be noted from Table I that there is a slight 

shi ft in the pos ition of peaks in Bi -In w ith respect to 
the pure Bi , indicating change in latti ce size o /" the 
bi smuth latti ce due to doping. Latti ce parameters were 
ca lculated using Cohen's method and are gi ven in 

T ab le I for pure Bi and Bi - In sys tem. It Illay be noted 
that latti ce parameters increased in compari son to 
latti ce parameters o /" pure Bi , imply ing an expansion 
o f the unit ce ll due to doping. Thi s change in latti ce 
parameters is di scussed below in term s of so lid­
solubility of the so lute, i. e. In in the Bi latti ce. I t can 
al so be observed th at the Miller indices II , k, 1 sati sry 
the condit ion lI -k+1 = 311. where II is an integer. in 

both the systems. T his impli es that the lattice is ') \ 
(rhombohedron) in reverse set ting. 

Sulid soluhility 

T here can be two types of primary sol id so lution -
(i) interstiti al and (ii ) substitut ional. Interstit ial solid 
sol ut ions are formed when atoms w i th smaller radi i 
are accommodated in the intersti ces o f the lanice of a 
so lvent. T he so lid so lution of ca rbon in y-Fe 
(au stenite) is an example of thi s type. The iron at()m~ 
are on Lc.c. latti ce point s, and th e carbon atoms 
occupy interstiti al pos ition. Because o /" th e restricted 
size of the intersti ces, only rath er small atoills 
dissolve in terstiti all y . The rad ii of atoms known (or 
Ii kel y) to fo rm intersti ti al so l utions:l4 are less than 
I .OA, and when a solvent accepts one o/" these 
interstitiall y, there is al ways an expansion of the uni t 
ce ll. The atomic radiu s o f Bi is 1.82 A compared to 
the atomic radiu s o f In, which is 1.57 A. It is evident 
from above that the poss i bi Ii ty o f atoms of I n to make 
interstiti al so lid so lution, in the present case, seems to 
be littl e, since In has an atomic radius considerab ly 
oreater th an 1.0 A. However, substituti onal so lid 
b 

so lution, in which impurity atoms occupy the lat ti ce 
sites o /" th e so lvent latti ce, seems to be poss ible in the 
present case. Generall y, substituti onal solid so lution is 
poss i blc when the sizes of the atoms or the so l vent 
and impuriti es di f'fer by no more than about 15%34. A s 
atomic radiu s of In fall s w ithin thi s 15% limit, there is 
a fairl y good possibility that In makes soli d so lu tion 
w ith Bi by replacing Bi atoms at vari ous latti ce sites. 
A bscnce of any other phase, as revealed by XRD and 
microhardness studi es makes it clear that In makes 
complete solid so lution with Bi. Hanscn27 has given 
solid solubility data of many elements in Bi , but no 
data is available in the literature in respect of so lid 
solubility of In in Bi. 

Conclusions 
M icrohardness tes ts reveal that addi ti on of In 

lowers the V icker 's hardness number in Bi - In sys tem, 
thus making Bi-In system so fter than pure Bi. T his is 
an important result , as it prov ides a means to make Bi , 
otherwi se a brittle metal, ductile by adding a smal l 
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quantity of indium, which wil l add to its metallurgica l 
and industrial applicati ons. The atomi c radii of Bi and 
In favour substitut ional solid so lution , where the 
dopant atoms occupy the latti ce sites of the solvent, 
i.e., bi smuth , and e:'Tectively alter the peri odicity of 
Bloch potential and modify the band structure. 
Microhardness and x- ray studi es reveal that Bi-In is a 
single-phase system und prese nce of no other phase is 
detected in XRD pattern of Bi-In system. Since 
microhardness tes : IS very sensitive to the 
co mpos ition of the specimen, any non-uniformity in 
phase alo ng the su rface of the spec imen can be 
detected very eas il y, Thus, the indentation mark was 
ta ken at different locations on the surfaces of the 
specimens to detect the change in Vicker 's hardness 
number. Vi cker's hardness number is found to be 
constant along the surface of Bi-In system, 
confirming that Bi-In is essentially a single-phase 
system. Thi s es tabli shes that In has co mpl ete 
SO iL bility in the bi :; ll1uth lattice. Cohen's method of 
leas t square refi nement IS used for accurate 
de terminati on of the latt ice parameters (f and c for 
pure Bi an d Bi-In :;ystem. The latti ce parameters are 
reported to increase resulting in an ex pansion of unit 
ce ll of Bi due lO doping. Laue back- reflection 
photographs show that 3- fold sy mmetry of pure 
bi smuth latti ce is retained in Bi-In system al so. 
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