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ABSTRACT 

THERMODYNAMIC A."111D CRYSTALLOGRAPHIC PROPERTIES 

OF TIN BASE ALLOYS 

Michael B •. Walls 

MASTER OF SCIENCE IN ENGINEERL'lG 

Youngstown State Univer sity, 1976 

This thesis. was performed in order to study the nature of the 

ii 

· phase transformation in tin , and the possible appl ·ca ion of crystallo­

graphic· and thermodynamic properties to i t . X-Ray d'iffraction and 

calorimetric experimentation was performed on a large number of alloys 

that varied in solute additions and compositions. Co11s :Lderablework was 

performed on calculation techniques and tabulation of da a in the hopes 

of further experimentation. 

The phase transformation was determi ned t o be a nucleation and 

growth type reaction through general observations. A la1:ge dependence 

of the transformation was deduced t o be due to the electroni ·structure 

differences between the tin solvent and t he various solut additions. 

Regression analysis showed t hat more experimental work is needed to 

justify equations for the crystallographic data duet~ the large amounts 

of scatter inherent to diffraction patterns . Thermodynamic calculations 

revealed the need for a heat gain correction for t he experimental 

temperature range. 

WILL A, F ,~ IH' IJP !\RY 

'lO.UNGST W 
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CHAPTER .,.. 

RELATED STUDES o:·r TE-i 

Introduction 

Beta Tin exists in a Body Centered Tetragonal, (AS), crystal ' lat­

tice. It's lattice dimensions are given as a=5. 831 and c=3.182 at a 

temperature of 26°c. (I) It is bonded by a non-directional metallic bond 

characterized by a coordination number of 8, an atomic packing factor of 

0.55, (
2

) a relatively high, (3.022 R), distance of closest approach, (3) 

and a ratio of • 72 atoms with electrons in the 5s
2

Sp2 level to .32 atoms 

3 
wit~ electrons in the 5s5p level. This condition is corraborated by 

Hossbauer studies on tl-te pha'3e transforrnatlon. 
(3) 

Alp:rn Tin is a low temperature form of t h e eler,ent that exists 

below a temperature of approximately 13.5°c. It exists in the Diamond 

Cubic, ( /\!,), crystal lattice with t '.1e dimension a=6.489 at 25°c. ( 4) 

It is bonded by a tetravalent covalent bond. T:lis high energy bond is 

0 • • (5) 
s tereospeci f ic, ·,1ith an an gle of 109. 5 '>etween neighbouring bonds. 

Footnote: 

1 c.s. Barrett ;md T.B. '·lassalski, Structure of ~~1etals (New 
York: NcGra·-1-Hill, 1966), p. 631. 

2 
Van Vlack, p. 63. 

3 
I b id. p. 631. 

4 c.s. Barrett and T.B. '!assalski, Structure of '.Ietals Olew 
York : ' !c Graw-Hill, 1966), p. 631. 

5 
L. H. Van ~:lack, Naterials Science for Engineers ( Reading, 

·1as3 .: /\. cld i s on-1.1esley, 19 70), p. 4 1 
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It is characterised by a coordination number of 4, an atomic packing 

factor of .34, ( 6) and a low, (2.81 X), distance of closest approach. (l) 

In this form, all the atoms have valence electrons in the 5sSp 3 

level. ( 8) 

Another significant difference between beta and alpha tin is in 

electrical properties. The entire group IVa elements are referred to as 

the semi-metals, but only tin exists both as a metal in the beta phase, 

and as a semiconductor in the alpha phase. The semiconducting proper­

ties include an energy gap of • 08 ev, which is the lowest value for all 

semiconductors. ( 9) Electrons can be excited across this gap by any 

0 
wavelength of light lower than 15,540 A, making it an excellent mater-

ial for infrared photoconduction. (lO) The elect~on mobility is .2 m2/ 

2 sec. volt, !10le mobility is , 1 m / s ec. volt, and t he intrinsic conduc-

tivity is 10 6 ohm- 1m -l, the highest value of all the semiconductors. (ll) 

Footnote: 

6Ibid. 

7 c.s. Barrett and T.B. Hassalski, Structure of ~1etals (New 
York: !-kGraw-Hill, 1966), P• 631. 

8v.N. Panyushkin, "Shift of the Hossbauer Line of Beta Tin 
During it's Phase Transformation under Pressure." Soviet Phvsics­
Solid State, v. 10, no. 6, (Dec., 1968), p. 1515. 

91.H. Van Vlack, Materials Science for Engineers (Reading, 
Mass,:Addison-Wesley, 1970), p. 299. 

10J.H. Becker, "On the Quality of Gray Tin Crystals and 
Their Rate of .Growth." Journal of Applied Physics, v. 29, no .. 7, 
(July 1958), P• llO. 

11
1.H. Van Vfack, ~1aterials Science for EnfJineers (Readin g , 

' !ass. : Addison-Wesley, 1970), p. 299. 



Recent attempts have been made by Jaros to describe the general non­

spherical charge density in semiconductors, but with little success in 

the case of alpha tin.(12)(13) 

The transformation of beta to alpha tin is sometimes referred 

to as Tin Disease, and is described as a Polymorphic transformation. 

It is perhaps the oldest known phase transformation, siace both Aris­

totle and Plutarch were aware of its existance. The reaction seems to 

be a nucleation and growth type process. Attempts have been made as to 

the nature of the nucleation but with little success. It seems to oc­

cur at random places when allowed to self nucleate, and deformation 

seems to reduce the tine required for nucleation. 0 4 ) Precipitation 

from solution via chemical reactions had no success, whereas precipi­

tation from a mercury solution has shown promising re:,ults. Nucleation 

from the solid Beta phase seems to be promoted by physical contact with 

other semiconducting ~aterials such as Alpha Tin, Silicon, Germanium, 

Indium-Antimony (InSb), and other isoraorphous, semiconductL~g com­

pounds. ( l S) 

Footnote: 

12
H. Jaros, "Covalent Effects in -Sn." Solid State Communi­

cations, v. 7, (1969) P•P• 521-523. 

13
M. Jaros, "On the Theory of Covalent Bonding in Solids", Phy­

sica, v. 50 , no. J, (Dec. 7, 1970), p. p. 356-364. 

14v .K. Lohberg and P. Presche, " Beitrag zur -Umwandlung des 
Zinns." z. Hetallkunde, v. 59, no. 1, (Jan., l968) P• 

15 J.H. Becker, "On the Quality of Gray Tin Crystals and Their 
Rate of Growth." Journal of Applied Physics, v. 29, no. 7. (July, 
19 5 S) , p • p • 112 0- 112 1. 

3 
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Growth of the alpha tin regions ha:3 been of major interest in 

most studies on the transformation. The maximum growth rate of 1.5 nun/ 

hr. occurs at approximately 238°K, (lG) This tempera ture is not affec­

ted by a lloying additions.< 17) The growth rate of spherical regions 

has been treated by Burgers and Groen utilizing Avrami's Equation in 

three dimensions,(18) by Becker and Cagle with little s uccess.(19) and 

also by Bykhovskii from a kinetics approach. {ZO) Some work has been 

done on the growth rate susceptibility to impurities and alloying addi­

tions, <21 >< 22> a summary of which is shown in table 1. 

Footnote: 

16v.K. Lohherg and P. Presche, "Beitrag zur -Unrwandlung des 
Zinns." z. 'fetallkunde, v. 59, no, 1, (Jan., 1968), p, 

17 J.H. Becker, "On the 1uality of Gray Tin Crystals and Their 
Rate o f Growth," Journal of Applied Physics, v. 29, no . 7, (July, 
1958), p. 

18w. G. Burgers and L. J. Groen, "Mechai.,ism and Kinetics of the 
Allotropic Transformation of Tin," Disc, Faraday Soc,, v. 23, no. 183, 
p , p. 18 3-19 5. 

19 J. H, Becker, "On the Quality of Gray Tin Crystals and Their 
T"ta te of Growth." Journal of L\pplie d Physics, v. 29, no, 7, (July, 
1958), p.p. 1110-1121. 

2°F. ',.Jm. Cagle and Henry Eyring, "An Application of the Absolute 
Rate 'P-leory to Ph ,'lse Changes in Solids", Journal of Physical Chemist r,¥, 
v. 57, (1 9 53), p,p. 942-946. 

21A.I. Bykhovskii, et al, "Growth :-1:echanism of -modification 
Centers in High Purity Tin,", Soviet Physics-Crystallography, v, 12, 
no, 3, (:-Jov.-Dec., 1967), p.p. 460-462. 

22J.H. Becker, "On the Quality of Gray Tin Crystals and Their 
Rate of Growth.", Journal of Aoplied Physics, v. 29, no. 7, (July, 
19 58) I p, p • 112 Q-112 I. 
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-
There is no noticible cha".l.~ e in t he ~rowth rate when the interface 

crosses a qrain boundary.< 23) 'E1e transformation has also been inves-

ti~ated via Laue back ref lection s tudie3 on single cr.1s tals and !ws 

shown no orientation correspondence between the two phases. and t'..us 

bears no resemblence to a martensitic reaction, <24) Both the activa­

tion ener~y EA,( 2S)(Z6)( 27)and t he transformation temperature are in 

. d , 1 d b (28) (29) cons1 erao e out. 

Table 1. 
ALLOYrn~ EFFECTS ml THE Qr.tOWTH RATE OF ALPHA TI~*. 

Footnote: 

. 23 

Solute 

Pure Sn 
Sulphur 
Selenium 
~'1ap,nesium 
Tellurium 
Tellurium 
Tellurium 
Tellurium 

Concentration Growth 
(atomic percent) Rate(mm/hr) 

100 1.5 
.s .95 
.s • 60 
.s • ') 1 
• 1 .6 

1. 0 .s 
2.3 .3 
5.0 .JS 

Temp. 
(OK) 

238 
238 
238 
238 
238 
238 
238 
238 

W. G. Burgers and L.J. r.roen, "I-Iechanism and Kinetics of the 
Allotro:1ic Transformation of Tln." Disc . Faradav Soc., v. 23, no . 183, 
p • p • 18 3-195. 

24 Ihi<l . 

25 Ibi<l. 

26R. R. Hultgren, Selected Values of 'E,ermodynamic Prooerties 
o f '1etals and Alloys , ( Het,3ls Park, Ohio: AS '1, 1973) p. 

27 I Ii. G • .Burgers and L. J. Groen, '~,fec;1anism and Kinetics of t he 
Allotro:,ic Transformation of Tin." Disc. Faraday Soc., v. 23, no. 
133, P • ? • 133-195; disc. TJr. J .w. Dunnin g , f>• 222. 

23 
R. T{. Hult~ren , Selected Values of T:1erIJ.1odynamic Prooerties 

~ e tals and Allor,; , (: tetals Park, Oh io : AS ' 1, 1973) p . 

29 
G.V. :::-!.11ynor anrl rr .w. StT1.ith , "Transition Temperature ot the 

Trau .-:;ition bet1-1een r.rey and w;1ite Tin. ", ?roceedin<:>s of the Pir.n;ics 
Society , :y . 7JB, ?•P• 1135-1143. 



One well observed property of the reaction is a 21.4% volumne in­

crease, found throu~h micro~rap'.,ic studies. (l9) (30) 

The reverse al~ha to beta transformation is also considered to 

6 

be a nucleation and g ro~,1th process wit~1 t i1e f ormation of small domains 

of beta being constant and sudden. ( 3l) \-lith the addition of .06 

atomic percent Germanium, nucleation was inhthited, with no domains 

forl'l!ed after thirty minutes at 43°c, ( 32 ) t;rowth of the domains to 

final size occurred in 5 to 30 seconds due to the breakup of the alpha 

phaae from the volumne contraction,< 33) ~rowth is also characterized 

by a discontL~uous release of stored energy by cleavage of the alpha 

phase. <34) '!late determinations have y~ilded values of ,003 mm/sec. 

at 30°c, and ,002 mm/sec. at 36°c, w:·lich is low compared to marten-

sitic reaction3, an<l t he actual rate determining reaction is the num­

ber of doM.ains formed a nd not t'le ~rowt ll rate, (3S) 

Footnote: 

3
,)'l.r.. Wolfson, et. al., "Transformation Studies of_ Grey Tin 

Sin 7,le Crystals," Journal of A7plied P'.1ysics, v. 31, no, 11, (:fov. 
1961) ;i. p . 19 7 3-19 77. 

31w,G. Burgers ;ind L.J. Groen, ".-Iechanism and Kinetics of the 
Allotropic Transformation of ~in." Disc. Faraday Soc., v. 23, no. 
183, P•?• 183-195. 

32 Ibi<l. 

33Ibid. 

34 ~ .• G. Wolfson, et. al,, "Tran3formation Studies of ";rey Tin 
Si:i~l e i:: r ystals." Jour nal of .\ :Jj)lied Physics, v. 31, no. 11, (:fov., 
l % l), ;,. p. 19 73-1977. 

35 w.r,. Buri;ers and L.J. Groen, 11:-lec;1anisrn and Kinetic:J of the 
Al lotroriic Transformation of Tin." Disc. Faraday Soc., v. 23, no. 
133, 9 • ? • 183-1 95. 



The temperature of the transformation is increased by the addition of 

Lead, Bismuth, and Antimony, decreased by Tellurium, and remains un­

changed by Zinc and Aluminium. However Zinc and Aluminium accelerate 

the transformation rate.< 36) These results are believed to be due to 

the presence of strains in the beta phase that affect the transfonna-

. (37) (38) 
ti.on. 

In this investigation, attempts were made to study the X-Ray 

and Thermodynamic properties of the transformation in pure tin, and the 

effects of solute additions in dilute concentrations, (.05 to .8 atomic 

percent) on the X-Ray and Thermodynamic parameters. The crystal struc­

tures and lattice parameters were determined fo~ both the aJpha a..~d 

beta phases at various temperatures, (i.e. 274,286,297, and 394°1<.), and 

the enthalpy of pure tin and the alloys were determined in the tempera ­

ture range of 343 to 396°K, From these results, some morphology of the 

phase transformation in pure tin and the effects of alloying elements 

on the lattice parameters and enthalpy were studied. Some. observations 

rega r d ing the pha3 e transformation are also reported herein. 

Footnote: 

36c.v. Raynor and R,W, Smith, "Transition Te~perature of the 
Transition between Grey and White Tin.", Proceedinss of the Physics 
Society, v, 70B, p.p. 1135-1143. 

37rbid. 

38 
R. G. \fol fson, et al, "Transformation Studies of Grey Tin 

Sin gle Crystals." Journal of Applied Physics v, 31, no. 11, (~ov., 
1960) , p.p. 1973-1977. 

7 



CHAPTER II 

GENERAL S.~ 1PLE PREPARATIO::i 

I 

Haterials and Equiptme.nt 

All samples were prepared from 99.9998% pure tin purchased from 

the Materials Research Corporation. Elemental analysis data on which 

is provided in table 2. 

Table 2. 
Impurity Concentrations of As Recieved Tin,* 

C 0 H N B Al Mg Ca Ti Fe Cu Si Cr Ni Mo Ag Pb 

10 43 1 1 10 10 3 1 10 10 5 10 10 10 10 10 10 

*Analys is i n (PPM) 

Alloys of 35 gr ams each were prepared by weighing the alloys on 

a '-1ettler a nalytical balance within : .01 miligram tolerances ,. The 

composition o f each spe cimen is given in table 3. 

Tabl e 3. 
Specimen Compositions of Sn base alloys 

Solute Ag Cd In Sb Te Zr 
Atomic .05 .05 .05 .05 .05 .05 
Percent.10 .10 .10 .10 .10 .10 
Solute .30 .30 . 30 .30 .30 .30 

.so .so .so .so .so .so 

.80 .80 .80 .80 .80 .80 

All a l loyinp, add i tions were of spectral grade to minimize the 

chance of any tertiary solid solutions. 

Af ter weighin g, all samples were sealed in · fused qua rtz tubes 

of 1.5cm. inside diameter and sealed under a min i mum vacuum of 5 t i mes 

io- 6 
torr to reduce the effects of oxidation at high temperatures. · 

8 
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Samples with solute additions of low melting points, i.e. Cad­

mium and Indium, were melted in a standard furnace at 560 degrees 

Kelvin. and a gg itated several times durin g the thirty minute molten 

period. Samples with solute additions of high meltin g points,. i.e. 

Silver, Antimony, Tellurium and Zirconium were melted at lOOO°K and a g­

gitated several times during the t ~irty minute molten period. This 

procedure for the high temperature alloys was necessary in order to in­

sure complete solution of the high melting point elements. After this 

treatment, the high temperature alloys were returned to 560°K and aggi­

tated several times at this temperature to farther homogenize and remove 

any vaporized tin condenset. All samples were t hen furnace cooled to 

roomtempe rature, reheated to 425°K, and allowed to anneal for eighteen 

hours followed by a furnace cool to room tempernture. 

Sample tub es were checke d with an ionization gun to ensure t ha t 

va cuum ,, as maintain e d durin z the ".!!e l ting and annealling processes. Once 

this was determined, the tubes were broken, and the samples were weighed 

to ens ure that the f inal composi tion was equal to the initial composi­

tion. ~11 samples exhibited goo d correlation in this respect. 

The tops o f all samples were cut off manually with a hacksaw in 

orde r t o utilize the top portions for x-ray analys is and the bo t t om 

portion for calorir.1etric experimentation. After cutting, ,air samples 

were t h oroughly cleaned with acetone and ether. Separate procedures 

were t hen necessa ry for preparation of the x-ray and calorimetric sam­

ples . 



10 

X-RAY SN IPLE PREPARATIO~'l' 

The top sections of the castings were used for X-Ray sample pre­

paration. These top sections were filed to obtain 200 mesh powder for 

use in the x-ray analysis of the beta phase. The solid porti ons of the 

samples were placed in a freezer at -35°c and seeded with specimens of 

alpha tin to initiate the formation of nuclei of the . alpha phase in the 

specimens. Once the alpha phase was visible, the seeds were removed and 

the nuclei were allowed to grow until the specimen was compl etely trans­

formed to a cracked and crumbling s pecimen of the alpha phase. These 

specimens were then rouzhly ground in a glass mortor and pestle to re­

duce the particle size. Portions of the sample transfo rme-d back to the 

"!,eta pha s e during the deformation process. In order to r evert the por­

tions of beta back to alpha, the samples were replaced in the freezer 

and allowe d to trans form. It was observed that t he transformation oc-; 

curred a t a h i gher rate follo~-1in g this treatment. This cycle Yas re­

peated until enough 200 mesh powder was obtained to use in the analysis. 

It should he noted that various degrees of d~fficulty were en­

countered when trying to nucleate and grow the regions of alpha tin. 

These difficulties can be catagorized according to the various alloy 

groups , but in general, nucleation and growth was inhibited in various 

degrees for all the alloying elements in comparison to pure tin. A 

more complete discussion may be found in the miscellaneous observations 

section. 
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DESC'P..I "!'.' TIO 'l OF x- rJ'.Y APPARl1.TUS 

Th e general laboratory set tup is shown in f i ~ure 1. A :·1orelco 

difractometer •.1as w:;e d alonr with Ph ilip3 Electronic X-Ray P,enerating 

and counting a !)paratus. A Materi a ls Res e arch Corporation aigh and · 

low temperature diffractometer attachment was utilized that provided 

for analysis to be performed under a helium atmosphere to prevent ox­

idation and water condensatin!; the samples during the hi~h and low 

tempera ture experimental runs . 

Temperatures were maintained utilizin.~ a Thermo-Electric Off - On 

controller connected to a '•(ateria ls °3.e3earch Corpora tion Variable 

oower suo :_:, l y to hea t t ~e car b o:1 s am~le s ta~e. CoolinR o f the same 

st a r;e was performed utiliz .inn. t a p wa ter t :1at u as passed throu~h a 

ma kes~ it t i1eat e x c h.qn r; er util i.z i n ° a cool i n ~ me diur., of a pnroximately 

]j~~ Ant i l:ree:<:e in wa ter solution maintained at -4o0 c. Te npera ture 

was 'Tlo,1i tored to t '.1e c ontroller b :.; t he us e o f an Iron-Constanton 

t he rmocou-,le i m..-nersed in the X- ~a:-, s:oecimen. By opera tin ~ bot'., the 

heatin ,> a nd coolin~ systems s i ;nultaneousl1, the temperature of the 

3am:Jle could be held to with in one degr e e centig rade in the tempera­

ture r a~?e o f 3 to 150°c, 



low 
temperature 

source 

temperature 
control 

unit inert gas 
source(He) 

constant 

high ~ ...__•~ _.,-/-· -- = 
temperat *- :::;,-----/ . ~ 3 < • J\\ ure -= '" SOU / / ;?'' ~ -

_ .....L.i..1-~~=:k~~~~ rce ~ .,.,., 
- L ,;}7' 

0 
7r-' 

0 
• 

lg 0 § 
00 
00 

6 G) A 

(Q) 0 

diffraction 
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Figure 1. X-ray Diffraction Unit with constant thermal environment supp ly anparatus. ~ 
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CALORIXETRI C SA;·IPLE PREP A...J=tATIOL-l 

After cleaning and etching of the bottom sections of the speci­

mens, the edges were smoothed by grinding on 400 mesh silicon carbide 

wet grinding discs. Holes of 1. 7mm size were drilled halfway through 

the specimen as shown in figure 4. All samples were then electorplated 

first with nickel and then chromium by Industrial Plating Corporation 

of Youngstown Ohio. Each plating step was held to a thickness of ap­

proximately .001 inches which was checked by weighing each specimen be­

fore and after plating. The final weights after plating were then re­

corded to be used in calorimetric calculations. 

J. 

2.54c.n 

Figure 
l,7MWI P. }( LZ 7 cm 

Description of calorimetric samples. 
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DESCRIPTION OF CALORI::!ETER 

A modified Olsen Calorimeter constructed at Youngstown State 

University was utilized in the experiments. A diagram of the apparatus 

is shown in figure 5. Isopropyl Alcohol of spectral quality was used 

as a media. Temperature of the media was rninitored by six Chromel 

Alumel thermocouples connected in series, converted by an electric ice 

point, and charted on the Y axis of an X-Y recorder. Temperatures 
,, 

were double checked using a quartz thermometer equiped with a digital 

display in degrees CentiGrade. The media was aggitated by usi.~g a 

magnetic stirrer also shown in figure 2. Temperature of the specimen 

was monitored by utilizinr- a Ch romel Alumel thermocouple inserted in 

the hole drilled in the specimen. This temperature m1s also converted 

thro ueh the electric ice point and charted on the X axis of the X-Y 

recorder. 



Connectors for thermopile 

0000000 

Figure 5. The calorimeter. 

Styrofoam 
jacket 

Copper 
caniste r 

Magnetic 
,__ __ stirrer 

unit 
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Ci.IAPTER III 

EXPERIHE;'iTAL X-RAY :-1ETHODS 

Experimental Methods 

The 200 mesh beta tin powder obtained by filing was used in the 

diffraction ,experiments carried out at 298 and 394°K. Samples were 

placed in the carbon boa-t shown fa figure 6, while the boat was held at 

room temperature. Th~ sample surface was then flattened using a clean 

· glass slide., The temperature attachment cover was replaced and the 

chamber purged with Helium for 3 minutes at a moderate flow rate. 

Since the attachment is also vacuum sealed,· the exhaust value was 

closed off and the flow of .helium this point. 

Figure 6. Ilalf Section Diagram of Carbon Specimen StaP,e 

Tap water at approximately 15°€ was passed through the star,e 

holder to allow for cooling, and a current was passed through t he stage 

to heat the specimen. The temperature of the run was set on the temp­

erature controller and the sample was given fifteen minutes at tel'lpera­

ture be f ore the run was initiated. Diffraction peaks were obtained for 

2 theta r an~e of 28 to 90 degrees for all specimens at both 298°an<l 

394°K t enperatures. 
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Low temperature da ta was obtained by cooling down the carbon 

stage of the diffractome t e r to 40° C. The specimen o f 200 mesh powder 

was taken from the fr eezer and i mmediately placed in t he carbon boa t . 

The cover of the attachment was replaced and the chamber purged with 

helium as described previously. The low temperature of the stage was 

maintained by passing tap water through the heat exchan ger: and into 

the mot.mting bloch of the attachment. Temperature control was facil­

itated through the use of the temperature controller that supplied 

heat when needed to the carbon stage. In this case. diffraction peaks 

were obtained in the 2 theta range of 20 to 90 degrees for the speci­

mens at both 273 and 286°K te~peratures. 
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X-RAY CALCULATIO~S 

Lattice parameters were determined utilizing a procedure 

described in detail by Klug and Alexander.< 39 ) It is an extrapolation 

of the lattice parameters to a zero value of sin2 29/_!:._+....!....). Dif-\sino e 

fraction peaks used were in the range of 30° < 9 < 90°. The extrapola-

tion was accomplished by a least squares analysis in three unknowns, 

(A,Ca and D), commonly known as Cohen's Method. The D values are re­

ferred to as the drift constants, and are representative of the amount 

of scatter or error in the experiraental 9 values. The calculations 

were carried out by fortran batch processing on an IBM 360 computer 

system. A sample program and readout for the cubic and tetragonal sy­

s terns are shown in Appendix A • 

Footnote : 

Figure 7. Photograph of Constant Temperature -
Atmosphere Camera Attachment. 

39Harold P. Klu8 and Leroy E. Alexander, X-Ray Diffraction 
Procedures , John \-l iley and Sons, Inc., (New York, 1962) p. P• 485-487. 



CALOnP-IBTRI C }!E11I0DS 

The calorimeter coolit:tg medium was ;.,repared by coolin~ of the 

as recieved isopropyl alcohol with dry ice to a temperature of 286 

degrees kelvin and then weiP,hed out to 1200 ~rams on a ~let tler 

Analytical balance. The thertTlos section of tl1e calorimeter was 

then placed in the apparatus and the thermopile replaced. The cal­

orimeter was then ready to recieve the 3pec:L-nen. 

The beta specimens described p reviously ,,,ere placed on the 

sample thermocouple and heated to 448 de r, rees kelvin in a conven­

tional :-1uffle furnace. H:1cn removed from t he furnace,. the sam?le 

was i!nMediately encapsulated in t !1e Co?per cannister shown in fi~ure 

5. • and i mmersed la t!le cool in:; medium. 

19 
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CALO RI HE TRI C CALCULATIONS 

The rrrodynamic calculations were carried out assuming negligible 

calorimetric equivalency and heat gain from the surroundings. These 

a ssumptions made possible t he use of a simplifie d !1eat balance, A Hm + 

A ils=O with heat being transferred from the sample to the media. The 

enthalpy change of the sample was calculated through the use of the 

formula. 

A :ls = -AHm = -Wm)CATm X Cprn 

where, A Us=enthalpy chan ge of sample 
A llm=enthalpy change of media 

i~m=weight of media 
A Tm=temperature cha n ge of media 
Cp .=spec ific h ea t o f me d i a 

Th e X- Y recorder gr a phs obtained in t he experiments we re c o n ­

v erted from mil livol ts to t er,1perature by the us e of t h e IPTS 1968 

standar ds fo r type K the r moco upl e s i n the c a se O•f the s ample · tempe ra ­

t ur e , and b y a calibr a t i o n curve obta ined by corres ponding t h e the r mo­

pile millivolt readings with the dig ital readout of a quartz thermo­

met er i mmersed in the media in the case of the media . temperature 

change. Th e temperature cha nges were determined, recorded, and spe­

c i fic h e a t va l ues for t h e isopropyl a lcohol were assigned according to 

the va l ues o b ta ined by Andon, Counsel!, and ~-1a r t in. ( 4 0 ) 

Footnot e : 

40 
rr .J.L. Andon~ J.F. Co unsell, and J. F . 

na mic Pro perties of Organic Oxygen Compounds." 
fa rada y Socie tz., vol. 59, (1963), p. 1556. 

!1:a rtin, "Thermody­
Transactions of the 
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The fr e e energy chanr;e, (,1F), of the samples has been calculated by 

utiliza tion of a linear regression analysi~ on the v 3lues of t he e n-

t hal1:)·/ change , 
1 

(.oH), with res pet to invers e temperature, (-). 
Ti 

t lw e 1uations ob tained, it was r ossible to as3ume that the .:i.rea 

tmder t h e resultinP: curve, ( A Hd(})), was equal to t h e area of a 

righ t trian~le, as seen by the e~uation, 

where: 

A:i,.= a rea under. H ve:.:-s us i curve at point t, 
Ad=enthalpy cn.ange, 

.e.Hr==ent:1alp7 chan~e at point i, 
Ti=temperature, and 
T

0
=401.2°K=reference state. 

At t '.·lis rain t, t'.1e free ener~J c h an ge, (ei'F), was c'llculated by, 

t:, f =F.~
1
-F, 11 2=T.A . 

.!. 4 , • l. 1. 

where ; 

1-",r=free ener?.? at T., and 
- 1. 

r40 l. 2=re~erence f ree ener~v . 

FroM 



CHAPTER IV 

EXPERIMENTAL RESULTS 
CRYSTALLQGRA.PHIC ?..ESULTS 

'I11e crystallo r; ra:r,itlic results obtained from the computor pro-

~rams are g iven in T.:lb le 4. In t ;1e case of tne tetra~nal struc-

22 

tures , the lattice parameters,. (a and c), the unit cell volQ-rnne,(v), 

and the calculated axial ratio, (c/a), are ? resented at the respec­

tive experimental temperature. Huch difficulty was en.countered 

when tryin ~ to oht::iin suititble specimens of the alpha phase, there­

fore Table 6 is incor:iplete for the mitny alloy compo~itions that did 

not transform for periods up to six months. The only systems that 

transforned com~1letely at all cornpo3itions were Silver and Zircon-

ium, w11e reas Indium, Cadmium, and Tellurium were tr.:msformed at some 

corn::,ositions. 

Since the lattice parameters of the tetra~onal alloys were de- . 

terr:1i;ied for t wo tem?ern. tu res, t he coefficients of lattice thermal 

exi)ansion for t he unit cell pa r::ime ters ::i,c, and volUT11ne were cal-

culated, tabulated in Table 5, and plotted in fi~ures 22 thru 43 lo­

ca ted in A?pendix B. Table 6 contains the results of a least 

squares, linear regression an;ilysis performed on the unit cell para-

meter3 as a linear fu,.ic tion of atomic percent. The graphical repre­

sentation of the fuactions are contained in Appendix B,. figures 10 

t h ru 21 • Also in Appendix B. f i p.:ures 8 thru 9 , are the graphical 

re ;:i resentation of t h e variation in the cubic lattice par:tmeter, a, 

as ~ function of ::illoy composition :md temperature for the Silver 

and Zi rconium ~lln; s. 
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TABLE 4., 

Experimental X-Ray Results 

IAlloy Temp. Lattice Parameters 
(ok) a C volumne c/a 

f> ::l 276 6.488 273.13 
S.\J 286 6. 4 72* 271.13* 
SN 286 6.496 274.14 
SN 286 5.833 3.180 108.19 .5452 
SN 286 5.836* 3.191* 108. 66* .5468 
SN 297 5.831 3.182 108.20 .5457 
SN 394 5.846 3.197 109.27 .5469 

.05Ag 276 6.502 274.86 

.05Ag 286 6.495 273.96 

.05Ag 297 5.832 3.182 108. 22 .5456 

.05Ag 380 5.844 3.187 108.83 .5453 
.lAg 276 6.508 275.69 
.lAg 286 6.495 273.97 
.lAg 297 5.832 3.182 108.22 .5456 
.lAg 394 5.838 3. 190 " 108. 72 .5464 
• 3A g 276 6.491 273.43 
.3Ag 286 6.481 272.26 
• 3Ar, 297 5.832 3.182 108.21 .5456 

394 5.843 3.202 109.33 .5480 
• 5Ap, 276 6.488 273.12 

286 6.483 272.45 
296 5.833 3.181 108. 21 .5453 

.8Ag 276 6.482* 272.37* 

.8Ag 286 6.495* 273.94* 
• BA?. 286 6. li 8Uc 272.26* 
• 8Ag 286 5.835* 3.180* 108.27 >'< • 5450 
.8Ag 297 5.833 3.182 108.25 .5455 
.8Ag 394 5.853 3.200 109. 62 .5467 

.05Cd 297 5.833 3.183 108.29 • 5457 

.05ed 394 5. 844 3.196 109. 15 . 5469 
.led 276 6.493 273.73 
.led 286 6.499 274.48 
.led 297 5. 832 3.182 108.25 .5456 
.led 394 5.841 3.193 108.93 .5467 
• 3Cd 297 5.831 3. 182 108.19 .5457 
• 3ed 394 5.845 3.196 109.18 .. 5468 
. 5Cd 297 5.833 3.1 82 l08 0 2li e5455 
.Sed 394 5.842 3.1 92 108,96 • 5464 
.Bed 297 5.832 3.182 108. 23 .5456 
.Bed 394 5.844 3.191 108.98 ., 5460 
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TABLE 4. (continued) 

Experimental X- Ray Results 

Alloy Temp. Lattice Parameters 
(Ok) a C volumne c/a 

.05In 276 6.484 272. 60 

.05In 286 6. 490 273.34 

.05In 297 5.833 3.182 108.25 e5455 

.05In 394 5.845 3.191 109.02 .5459 
• lln 276 6.501 274. 79 
. lln 286 6.495 274.03 
• lln 297 5.833 3.182 108.28 .5455 
. lln 394 5.844 3.193 109.07 ~5464 
.3In 297 5.832 3.181 108.20 .5454 
• 3In 3g4 5.845 3.200 109.33 .5475 
.5In 297 5.832 3.181 108.20 .5454 
.5In 394 5.856 3.200 109.74 .5464 
.8In 297 5.8.'.30 3.181 108.12 . 5456 
• 8In 394 5.847 3.195 109.22 ., 5464 

.05Sb 297 5.841 3.183 108. 58 .5449 

.05Sb 394 5.845 3. 191 109.05 .. 545-9 
• !Sb 297 5. 842 3.189 108.83 .5459 . 
.lSb 394 5.846 3. 155 107.83 .. 5397 
• 3S b 297 5.836 3.185 108.45 .5458 
• 3Sb 394 5.840 3.192 108.88 .5466 
• 5S b 297 5.840 3.184 108. 5 7 ,.5452 
• 5Sb 394 5.837 3. 193 108 . 76 .5470 
• 3S b 297 5. 839 3. 184 108. 55 ., 5453 
• 8S b 394 5.849 3.196 109.34 ~5464 

.05Te 297 5. 833 J .181 108.23 .5453 

.05Te 394 5. 840 3.1 95 108.99 .5471 
• !Te 276 6.483 272. 52 
.lTe 286 6.501 274.76 
• !Te 297 5. 840 3.186 108.67 .5455 
.lTe 394 5.842 3.190 108. 86 . 5460 
.3Te 297 5.834 3.181 108. 27 .5453 
.3Te 394 5.850 3.196 109.38 .5463 
.5Te 297 5.838 3.187 108.62 .5459 
.5Te 394 5.846 3.1 95 109. 17 .5465 
.8Te 297 5.338 3. 187 108.60 • 5459 
.8Te 394 5.848 3.197 109.32 .5467 



TABLE 4. (continued) 

Experimental X-Ray Results 

~lloy Temp. Lattice Parameters 
(Ok) a C volurnne c/a 

.o5zr 276 6.493* 273.68* 

.o5zr 286 6. 492* 2 73. 63* 

.o5zr 276 5.832* 3.181* 108.17* .5454 

.oszr 286 5. 832* 3.185* 108. 33* . 5461 

.05Zr 297 5.832 3.182 108. 23 .5456 

.05Zr 394 5,861 3.202 109.99 • 5463 
.lZr 276 6,500* 2 74. 62* 
,lZr 286 6.497* 274.22* 
.lZr 297 5.840 3.188 108. 75 .5459 
.lzr 394 5.849 3.191 109.18 • ."i456 
.3Zr 276 6. 496 274.08 
• 3Zr 286 6. 497 274.22 
• 3Zr 297 5.834 3.185 108,42 :..5459 
• 3Zr 394 5.846 3.193 109. 09 .. 5462 
.5Zr 276 6.497 274,27 
.5Zr 286 6.488 273.15 
.szr 297 5,833 3.183 103.29 .5457 
.szr 394 5.341 3.191 108. 89 .. 5463 
.SZr 276 6. 482* 272.33* 
,8Zr 286 6,484* 272.66* 
.8Zr 297 5.836 3,185 108. 48 .5458 
.szr 488 5. 850 3.197 109 . 43 . 5465 

*-Indicates values from diffra ction patterns containing 
both alpha and beta phases, 

25 
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TABLE 5, 

COEFFICIE~TS OF THERMAL EXPANSIO~ 

Alloy V a I C 

Sn (ot) 1.010 10-l a.ooo 10-4 

Sn(/!) 1,103 lO_g 1,546 10- 4 1.546 10-4 

,05Ag(cx) -9,000 10-2 -7.000 10-4 

(~) 7.349 10-3 l, 446 10-4 6,024 10-5 
.10:\g(ol.) -1.720 10-l -l.300 10-3 

(~) 5,155 10-3 6.186 10-5 8,247 10-5 

• 3Ag(c<.) -L 170 10-1 -1.000 10-3 

(~) 1,155 10-2 l. 134 10-4 2,062 10-4 

• 5Ag(¢f) -6. 700 10-2 -5,000 10-4 

<h N/A N/A N/A 
• 8Ag(~) -1. 100 10-2 -1.000 10-4 

-4 (!) 1.412 10- 2 2,062 10-4 1.856 1Q 
4 ,05Cd(/1) 8. 866 10-3 I. 134 10-4 1.340 10-

, lCd(c<.) 7. 500 10-2 6,001 10-4 

(/3) 7. 010 10-3 9. 278 10-5 1,134 10-4 

• 3Cd(/) 1.021 10-2 1,443 10-4 1.443 10-4 

• 5C<l (ft) 7. 423 10-3 9.278 10-5 1,031 10-4 

• SCd(/3) 7.732 10-3 1,237 10-4 9.278 10-5 

• 05In (oc.) 7.400 10-2 6,000 10-4 
10-S (/1; 7,938 10-3 1.237 10-4 9.278 

, 1In(c1..) -7.600 10-2 -6.000 10-4 

(/3) 8,144 10-3 1.134 10-4 1. 134 10-4 

• 3In ((3) 1.165 10-2 1. 340 10-4 1,959 10-4 

• 5In (/J) 1. 538 10-2 2. 4 74 10-4 1,959 10-4 

• Sin (/3) 1.134 10-2 1. 753 10-4 1.443 10-4 ,ossl 4 . 845 10-3 4. 124 10-5 · 8. 24 7 10-5 

• lSb ( ) -1.031 10-2 4 .124 10-5 -3.505 10-~ 
• 3S b f;) 4,433 10-3 4,124 10-5 7,21 6 10-.) 

• 5Sb (/J) 1. 959 10-3 -3.093 10-S 9.278 10-5 

, 8S b (!) s. 144 10-3 1. 031 10-4 1. 237 10-4 

,05Te(P) 7,835 10-3 7.216 10-S 1.443 10-4 

• l Te (o<.) 2.240 10-l 1,800 10-3 

VJ 1.959 10-3 2,062 10-5 4.124 10-s 

• 3Te(/4 1. 144 10-2 1.649 10-4 1.546 10-4 

• STeyS) 5.670 10-3 8.247 10-5 8.247 10-5 

,8Te(fi) 7,423 10-3 1. 031 10-4 1.031 10-4 

,05Zr(ex) -5.000 10-3 -1.000 10-4 
(,6) 1. 81L, 10-2 2,990 10-4 2,062 10-4 

• 1 Zr(o<.) -4.000 10-2 -3.000 10-4 
(..i) 4,433 10-3 9. 278 10-5 3,093 10-5 

• 3Zr(o<.) l, 400 10-2 1.000 10-4. 
(~) 6,907 10-3 1.237 10-4 8.247 10-5 

• 5 Zr (ot.) -1. 120 10-l -9.000 10-4 

Ch 6,186 10-3 8.24 7 10-5 8,247 10-5 
• 8Zr (ac.) 3. 300 10-2 2.000 10-4 

(/J) 8,559 10-3 1.261 10-4 1.081 10-4 
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TABLE 6. 

REGRESSION FOR:"!ULAE OF EXPET?.P 1E~TAL J\LLOY SYSTE~{S. 

Alloy Temp. 
(r2) System OK Formula 

a=5.832+.002l(a /o) r 2=- . 75 
Sn- Ag 297 c=3.1 82+-. 0004( a /o) r 2=-.12 

v=l08.21+.04(a /o) r 2=.5 

a=5.8437+. 0099(a/o) r 2=. 61 
394 c=3.1986+.0030(a/o) r~=.23 

v=l09.24+.45(a/o) r =.95 

a=S.8318+.000S(a/o) r 2=.03 
Sn-Cd 297 c=J.1 323+-.000S(a /o) r 2=,.15 

v=108.24-.02(a/o) r 2=. 02 

a=5. 845o+-.0024 (a /o) r 2= 28 2 • 
391. c=3.1969+-.0077(a/o) r =. 88 

v=l 09 .22-.35(a /o) r2=. 74 

a= 5. 8325+- .0024 (a /o) r 2=.41 
Sn-In 297 c=3.1819+-.0015(a /o) r 2=. 73 

v=108 ,25-. 14(a /o) r 2=.65 

~=5. 8454+ .00 l S(a/ o) r~= .38 
394 c=3.1 985+- .0033( a /o) r,,= . 27 

v=l09 .1 7+.36 (a/o) r~=.19 

a=5.8323•.0106(a /o) 2 r =.78 
Sn-Sb 297 c=3.1829+.002l(a/o) ' r 2=.30 

v=108.26+.45(a/o) r 2=78 

a=5.8459+-.0182(a/o) 
2 

r
2
=1.00 

394 c=3.1941+-.0038( a /o) r =.11 
v=l09.18-. 90 (a /o) r2=. 88 

a=5.8319+.0087(a /o) r 2=86 
Sn-Te 297 c=3.181 0+.0080 (a / o)' r 2=72 

v=l08.20+.57( a /o) r 2=.82 
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TJ\BLE 6. CO'.:'lT. 

a=5.847O+.OO12(a/o) r 2=.O4 
394 c=3.1964+-.OOO3(a/o) r 2=.Ol 

v=lO9.29-2.94 10-3(a/o) r2=1.2l~ 10-4 

a=5.8315+.O053(a/o) r 2=.83 
Sn-Zr 297 c=3.1823+.OO34(a/o) r 2=.55 

v=1O8.22+.3O(a/o) r 2=.67 

a=5. 8482+-.Ol 19(a/o) r;=.63 
394 c=3.1948+-.OO8l(a/o) r =.41 

v=1O9.27-.72(a/o) r 2=. 97 
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In addition to this, a multiple re r, ression analysis b:-, the leas t 

squares me thod was performed on the ex1Jerimental data in order to de ­

tem.ine a second de gree polynomia l in two ind e?endent, and one de­

pendent variable tha t would des cribe the combined e f fects o f tempera­

ture and alloy composition upon the unit cell volumnes of the tetra­

gonal alloys. The results of this analysis is presented in Table 7~ 

where the coef ficients, A,Bl,B2,B3, and B4 correspond to the seneral 

equation 

where; 

V=A+Bl(C)+B2(T)+B3(C2)+B4(T2) 

C=coraposition in atomic percent 
T=temperature in degrees Kelvin 
V=unit cell volumne 
A,Bl,B2,B3,Il4-Constants 

The percen ta~e volllI!lne change upon a lloyin ,s , (AV/V) i. has been 

calcul'"lt e<l from t '.,e crys tallo r, ra;,h ic data, and may be f ound in Table 

8 a l on~ with the t heoretical or calculated lattice volt.k~e change 

ob taine d by t he equation; 

where; 

(~) %=1 00 ( 1-F) (A.R.sn>+(F) ( A. R.A) 

( fl · R. sn> 

F=ato~ic fraction of alloyinp, element. 
A. P. .s =a tomic radii of Tin. 

A. R". ~=atomic radii o r t he alloying additi on. 

In Table 8, many differ ent atomic radii available were used to 
calculate the theoretical volumne expansion upon alloying. They 
are listed by the columnes as : 

E = Experimental Value 
G Goldschmidt Radii 
D = ½ Distance of Closest Approach 
M = Mott and Jones 
A = Atomic Radius (Coordination Number = 4) 
C = Covalent Radius 



Alloy 
Syst;;M A 

~ . 
~n-~•~ ~ 124.191 

Sn-Cd 14 6. 09 

Sn-In 190.9 32 

Sn-Sb 70.0!)53 

Sn-Te so.244g 

Sn- Zr 1()6. 746 

Tahlc 7. 

'-!ULTIPLE TTEr;1~Esst o:·r Ait<\LYS IS OF cn.YSTALLOG!tAPHIC DATA 

Pol y110mial Coefficients 
I31 B2 B3 BLf 

-.121429 -.1025 12 .586981 1. 6338x10-4 

-.293331 -.229492 .208808 3. 442 76xl0-4 

1.03913 -. 49 707 -1. 19559 7. 34806xl0-4 

-.758557 .224976 1.37248 -3. 20 792xl0-4 

.542037 .159912 - .235299 - 2.20299xl0-4 

-1.16547 3.60107xl0-3 1.25947 8.06525xl0-o 

Index of 
Detennina tion 

• 896369 

.960535 

.928397 

.245442 

• 844 779 

• 765401 

w 
0 
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Table 8. 

PERCENTAGE VOLlP'~rn CliA:lr.E UPW ..t'LLOYI:lG 

(al~) 
~) % Beta 

SolutE Comp V 

a/o Temo E C D 71 A C 

Arr, .os 297 . 018 -.0044 -. 0022 -.0073 -.0056 N/A 
394 N/A ---- ---- ---- ---- N/A 

• 1 297 . 018 -.0089 -.0044 -.0145 -.0111 N/A 
394 -. 5'.)3 ---- ---- ---- ---- N/A 

.3 297 .009 -.0266 -.0133 -. 0435 -.0333 N/A 
394 .ass ---- ---- ---- ---- N/A 

.s 297 .009 -.0443 -.0222 -. 0726 -.0555 N/A 
300 N/A ---- ---- ---- ---- N/A 

.8 297 .046 -. 0 709 -.0355 -. 1161 -.0888 N/A 
394 • 320 ---- --- - ---- ---- N/A 

Cd .os 297 .083 -. ,)019 -.0007 -.0035 -.0025 N/A 
394 -.11 '.J ---- ---- ---- ---- N/A 

.1 297 . 046 -. 0033 -.0014 - .0070 -.OOl19 N/A 
394 -.311 ---- ---- ---- -- - N/A 

• 3 297 -.() ()9 -.0114 -.0043 -.0210 -. Oll1S N/A 
394 -.0 32 --- - ---- ---- --- - N/A 

.s 297 .IJ37 -.0190 -. 00 71 - ,0349 - .0247 N/A 
394 -.284 ---- ---- ---- ---- N/A 

. 8 297 • '12 8 - • 03:)4 -. 0114 -.0559 -. '1395 N/A 
391_. -. 265 ---- -- -- -- -- --- - N/A 

In .os 297 .046 -.00()3 .0038 -.0005 .IJCH2 N/A 
394 -.229 ---- ---- ---- -- -- N/A 

• 1 297 .(') 74 -. 0006 .JJ75 -.0011 .'.J025 N/A 
394 -.1 83 ---- ---- ---- - -- N/A 

.3 297 I) -.0.)19 .0226 -.0832 ,0074 N/A 
394 ,')55 ---- -- -- ----- ---- N/A 

.5 297 0 -.'10 32 • 0 3 77 -.0054 • () 12 3 N/A 
394 • L130 ---- ---- ---- ---- N/A 

. 8 29 7 -.074 - • J'.) 51 .0604 -.0086 .0198 N/A 
394 -.046 ---- ---- ---- ---- N/A 

Sb • 05 297 • 351 . OOJ9 -.0:)20 . 0019 -.0009 N/A 
394 -.201 ---- ---- ---- ---- N/A 

• 1 297 • 582 • 0,J 19 -.0039 .0038 -.0019 N/A 
394 -1.318 ---- ---- ---- ---- N/A 

• 3 29 7 .231 • 1 ,)5 7 -. 0 118 .0113 - .005 6 N/A 
394 -. 357 ---- ---- ---- --- - N/A 

.5 2J7 • 31+2 .0095 -.Jl97 .0188 -.0093 N/A 
394 -.467 ---- ---- ---- ---- N/A 

• 8 297 • 32 3 . 0152 -.0315 .0301 -. 0 l.4R N/A 
- 3:14 • 06L1 ---- ---- ---- ---- N/A 



32 

Table 3 Cont. 

PERCENTAGE VOLUH.'.m CHA.l'lGE UPON ALLOYING 

Solute Corrr::, (OK) 
(~Y) % 

V 
Beta 

a/o Tell'I!) E 
,.. 

D '.1 A C ·' 

tre .05 297 .1)2 8 . 00 38 -.0020 N/A - .. 0006 N/A 
394 -.256 ---- ---- ---- ---- N/A 

• 1 297 .434 . 00 76 -.J039 N/A - .00 12 N/ A 
394 -. 37.5 ---- ---- ---- --- - N/A 

• 3 297 .065 .0228 -.0118 N/A - .. 0037 N/A 
394 .101 --- - ---- ---- ---- N/A 

.5 297 .388 .0380 -.0197 N/A -.0062 N/A 
394 -.092 ---- ---- ---- ---- N/A 

.8 297 -. 37() .0608 -.0315 N/A -.0099 N/A 
394 .046 ---- ---- ---- ---- N/A 

Zr .05 297 . ()23 .'>006 .0024 -.0040 0 N/A 
394 • 659 ---- ---- ---- -- -- N/A 

• 1 297 • 508 .0,') 13 .0049 -.0081 0 N/A 
394 -.032 ---- ---- ---- ---- N/A 

• 3 297 .2 ') 3 . 00 38 .01 47 -.0242 '.) N/A 
394 -.165 ---- ---- -- -- ---- N/A 

.5 297 • ·}::13 .006 3 • 021~5 -.04.03 ~ N/A 
394 -.348 ---- --- - -- -- ---- N/A 

.8 297 .259 . 1 101 . 0392 -.0545 ') N/A 
394 N/A ---- ---- ---- ---- N/A 

(~~) ~~ 
V 

Alo!-ia Base 

IAg .05 276 .633 ---- . 8014 ---- --- - -.0025 
286 -.:J66 ---- -- -- ---- ---- ----

• 1 276 • 937 ---- .') 02 8 ---- ---- - .005:) 
236 -.062 ---- ---- ---- ---- ----

.3 276 .110 ---- .008 3 ---- ---- -.0149 
286 -.686 ---- ---- ---- -- -- ----

.5 276 -. 00 4 ---- .0139 ---- ---- -. 0248 
286 -.616 ---- ---- ---- ---- ----

. 8 276 -.278 ---- • ')222 ---- ---- -.0397 
286 -.073,-. ~so---- ---- ---- ---- ----

In . J5 276 -. 194 ---- • () ·)78 --- - -- -- .0011 
286 -.292 ---- --- - ---- ---- ----

• 1 2 75 .60 8 ---- . 0157 ---- ---- . 0021 
286 -.140 ---- -- -- ---- ---- ----

:'e .1 276 -.223 ---- . 002 1 --- - ---- -.Oa35 
286 .226 --- -- -- --- - ----

..___ 
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Table 8 Cont. 

PERCENTN-:E VOLU-,[m CH.UGE UPON AU.OYI~lG 

(OK) 
(1:,.V /-V)% Al;>:Fl Base 

Solute Com~ 
a/o Temn E G D '·f A C 

Zr .os 276 .201 .'J06 4 .0014 
286 -.186 

• 1 276 .546 . ')123 .0028 
236 .02 9 

.3 276 .348 .0384 .0085 
286 . 029 

~s 276 .417 .0641 .0142 
286 -.361 

.8 276 -.293 .1025 .. 0227 
286 -.54J 
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THE"Z'!ODYNAHIC RESULTS 

The results of the thermodynamic calculations are presented in 

Tables 9 and 10 and in Appendix c. Tahle 9 contains the 

results of linear rer,ression analysis that was performed on the 

values of t1H obtained experimentally. Graphical representation of 

this data may be foi.md in Appendix C, fi~ures 44 thru 60 • In order 

to determine the Free Energy chan3e, a F, the Enthalpy values. AR, 

were plotted as a fi.mction of -!-in Appendix E. A linear re~re.«Jsion 
J. 

analysis was performed on these curves and is presented in Table 10. 

Since the curves are linear the free ener~y change was then calcu­

lated and ~lotted as a function of tem?erature in ~ppendix F. 



\ Uoy 

Sn 
.05Ag 
• lAg 
• 3Ag 
.05Cd 
.led 
• 3Cd 
.-JSin 
• lin 
• 3In 
.05Sb 
• lSb 
.3Sb 
• ·1STe 
.lTe 
• 3Te 
. O5Zr 
.lzr 
.3Zr 

Table 9 • . 

AH VERSUS TEi1PERATURE PARAHETER 

AH versus T, (°K) Equation 

.a.H=-7515.3-18.ST 
A.H=-12195. 3-30.0T 
AH=-898O.O-22.lT 
AH=-7811.4-19.ST 
.ilH=-829O. 8-20. 4T 
tiH=-8606. 8-21. 3T 
AH=-8423. 5-20. 7T 
llH=-8496.2-21.ZT 
tui=8682.4-21.6T 
AH=-14115.1-35.lT 
LIH=8086. 1-20 • 2T 
t1H=8003.5-20.0T 
~H=-131O7.7-32.7T 
tict=8103 0 3-19. 5T 
AH=8657.3-19.9T 
~H·8195.2-20 . 4T 
ciH=8043.3-20.2T 
t,.i.i=8634. 7-21. 3T 
tiH=-3084. 0-20. 2T 

35 

Coefficient of 
Deternination. (r2) 

.998 

.996 

.958 

. 998 

.998 

.998 

.992 

.996 

.998 
1.000 
.996 

1.aoo 
.996 
.994 
. 938 

1.000 
.996 
. ]96 
.996 
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TABLE lQ. 

~H VERSUS (½) PARA~ETERS 

IAllo)• c!> 
Coefficient of 

t:,.H versus equa ti.on Determination,(r2) 
T 

i 
A H=2 ,486, 170. 91 (j)-6181. OS r2=.99 ·s 

1.~5Ag ~ II=4, 089, 2 76. 25({) -9993. 67 r2=. 97 
.lAg AH=3,029,255.42('f)-7414.97 r2=.99 
.3Ag A H=2, 677,461.64 ({ )-6664 .35 r2=1.00 
.05Cd AH=2, 784, 701.81(,})-6769.14 r 2=1.00 
.led A H=2, 911,437 • 65 ( f )-7139. 15 r 2=1.00 
.3Cd AH=2,327,238. 76({)-6376.31 r 2=.99 
.05In AH=Z,899,717.58 (+)-7185.74 r2=1.oo 
.lin AH=2,961,856.69(+)-7339.48 r 2=1.00 
.3I n All=4,805 ,4 89 . 24(½)- 11 879 .29 r 2=1. 00 
.05Sb AH=2 ,763,285.59 (f)-6853. 26 r2=1.00 
• !Sb AH=2,738,126.60(i)-6804.10 r2=1.00 
~3Sb AH=4,480,298.71(+)-11125.78 r 2=1.00 
.05Te AH=Z,826,387.59(+)-6766.48 r 2=.98 
.lTe AH=3. 2 I 6,750.58 Ci) - 74 70. 31) r 2=.96 
• 3Te AH=2,789,913.57(i)-6892.20 r2= 1. 00 
.oszr AH=Z,762,853.00(4)-6892.65 r 2=1.00 
• lZr AH=2,918,952. 26 (y)-7154.84 r 2=1.00 
.3Zr AH=2,819,245.98(f)-7017.08 r 2=1.00 



37 

1-USCELLA~rnous OBSE TTVJ\TIO~S 

Tne observations t:iat came about during the course of ex;,eri­

mentation may h e catagorized into three major areas, nucleation of alpha 

precipit a tes, growth of the alpha regions, and prec i pitation of secon­

dary p,1ases at low temperatures. 

Nucleation of the pieces of alp:1a was accomplished by seeding with 

sr!lall apeci."!lens o f a lpl1a tin. However the nlloya exhibited various 

rates of nucleation de pending upon the solute type and comp-osition 

ran~es. Pure tin was nucleated most readil:r , with this nucleation en­

hanced b y using a specimen of beta t ~1at was quenched from the liquid 

sta te i n ice ·,;rater. ~h e silver alloy3 were next, followed closely by 

t '.1e zirconium alloys . There T.;ras t ;1en a rate gap be f ore the tellurium 

alloys s'.1owed si ,:::ns of nucleation, wi t l1 t :1e indiUJll and cadmium folla-..1 

i n f; in descendin p order. The antirnony alloys s howed no si~ns o f nu­

cleation e ven af ter one ? ea r o f treatmen t. 

Growt:1 of the alpha phase nuclei was observed to proceed not in a 

true trtree dimensional manner, but by proceeding al.on~ t ;1e free surface 

of t he apecimen until it was completely covered, and then proceeding 

i:ito t :1e ce:iter of t he specimen. Once a gain, tne silver and then 

zirconium a lloys followed ~,ure tin in the rate of ~rowth~ followed by 

anothe r rate ~ar untill the telluriu."11 and indium alloys were f ound. 

The slowest rate of ~rowt':1 was found in t he cadMium alloys, since no 
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growth could be observed in the unnucleated antimony specimens. In all 

cases however, the growth rate was found to be proportioned to alloy 

composition. Indium demonstrated this pr1enomena most ef f ectively , 

since U:J to .1 atomic percent Indium, growth was exh ibited while after 

.1 atomic percent, the growth of the alp~a phase was inhibited to a 

lare e de~ree, der, endin9, upon the amount oE solute addition, For the 

relative rates of nucleation and growth re f er to Table 13. 

Only one experimental alloy showed t '.H~ precipitation o f a secon­

dar; ptiase during the low temperature x- ray analysis. This occurr ed. 

in the • 8 atomic percent zirconium allo7 at the low temperature x-ray 

patterns. It was observed that the ort;10~:Joombic, (c54), structure of 

zrsn2 was precipitated out of t h e alpI1a solution at 273°c and decreased 

in concentration at 286°c, indicating a true solubility limi.t in a lpha 

tin. 



Solute 
1Addition 

Sn 
~B 

Cd 

In 

Sb 

Te 

Zr 

Table 11. 

C()',·(PARA.TIVE OilSE"R.VATIONS OF NUCLEATION' 
A.:rn G'Wt-lTH ?.ATES OF .-\LPHA TI ~l 

!>ercenta1e 
(a/o) 

.Pure 
.fJS 

• 1 
.3 
.s 
.8 

.15 
.1 
.3 
.5 
.8 

.05 
• 1 
.3 
.s 
.8 

.05 
• 1 
.1 
.s 
.8 

.05 
• 1 
• 3 
.s 

.05 
• 1 
.3 
.s 
.8 

:focleation 
"Rate 

10 
:) 

9 
8 
8 
7 
5 
5 
4 
4 
3 
3 
7 
6 
5 
4 
0 
0 
0 
) 

0 
5 
5 
4 
3 
2 
8 
8 
7 
7 
6 

Growth 
Rate 

10 
9 
ry 
8 
8 
7 
2 
2 
1 
1 
1 
3 
2 
1 
0 
0 

5 
5 
4 
4 
4 
8 
8 
7 
7 
6 

39 
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CHAPTER V 

DISCUSSION 

In this investigation, it is necessary to determine a basis 

for decisionmaking on the experiment al results obtained. The index of 
determination has been chosen for this purpose since it is an indicative 
value of the scatter that is exhibited in the data as compared to 

the equation obtained in a regression analysis. In order to base a 

decision on the validity of the equation, it is necessary to establish 

a confidence interval for this value. In this case, a 95 percent 

confidence interval was chosen, and critical values of the index of 

determination were obtained. <41) 

These values are presented in Table 12. If the experimental 

index of determination exceeds this value, which is dep endent upon the 

number of data points, (n), then the equation obtained is. statistically 

significant. If the experimental value should fall below the critical 

value then the equation is statist i cally insignificant and must be 

rejected. The individual r esults ob t a ined for the crystallographic 

and thermodynamic data will be reviewed in this manner. 

In reviewing the crystallographic results, it is readily seen 

that none of the equations obtained for the lattice parameter, "C",. 

versus atomic percent at any temperature are applicable since in all 

Footnote: 

41J.E. Freund, Statistics,! First Course (Englewood Cliffs, 
N.J.: Prentice Hall, 1970), p . 312. 



n 

3 
4 
5 
6 
7 
8 
9 

10 

Table 12. 

CRITICAL VALUES OF T'dE COEFFICIE~,JT 
O? DETER?-fI NATIO] r2 :!; 

r~.025 

.994 
• 903 
• 771 
.658 
.569 
.500 
.444 
• 399 

r~.oos 

.998 

.no 

.. 841 
• 766 
.696 
.637 
.585 

*T'-ds t.=tble c-.alculated from Table VI of J.E. 
Freund, Statistics, A First Course, Prentice­
Hall, Inc. En~lewood Cliffs, :I.J., 1970. 

cases, the index of determination is below the critical value. In the 

lattice parameter "A" versus atomic percentage, only the Tellurium 

41 

and Zirconium systems at 297°K and the Antimony at 394°K are significant. 

However the equations obtained for unit cell volume versus percent have 

faired somewhat better, with the Tellurium at 297°K, Zirconium at 394°K~ 

Antimony at 297° and 394°K, and the Silver at 394°K being significant. 

In all alloy groups, no significant change in the c/a ratio was observed, 

indicating substitutional alloying has taken place, which in the case 

of the silver alloys, contradics theories set forth by T.R. Anthony 

and D b 1 · (42 ) . Turn u 1 on interstitial solutions of silver in tin • 

The coefficients of lattice thermal expansion are in considerable doubt 

Footnote: 

42
T.R. Anthony and D. Turnbull, "On the theory of Interstitial 

Solutions of the Noble Metals in Lead, Tin, Thalliu, Indium~ and 
Cadmium." Applied Physics Letters, v. 8, no. 5, (March, 1966) pp. 120, 121. 



since they are derived from only two data points. The Av/v values in 

Table 8 reflect a much greater increase due to alloying additions than 

expected. This is possible due to the highly covalent character of the 

bond and subsequent balance of the electrons being upset by· the 

addition of elements of different electron structure. 

The exceptionally high specific heats of the samples found in 

42 

the equations in Table 9 indicate that much heat was absorbed into the 

calorimeter medium during the course of the experimental runs. These 

equations could be corrected by determining a heat gain factor for the 

temperature region in question. It can also be noted in Table 9 that the 

change in specific heats are not consistant with the amounts of alloying 

additions. This is believed to be due to problems encountered in the 

electrical monitoring of the experiments. Much of the difficulty 

encountered in the course of this investigation was centered around the 

controversy as to what type of reaction was exhibited by tin. Specifically, 

whether the reaction proceeded martensitically or by a nucleatio_n and 

growth type process. The following discussion is based upon the observa­

tions encountered in this study and the general characteristics of 

both types of reactions. 

Martensitic reactions are essentially isothermal and independent 

of time with a thermally assisted nucleation process. , The amount of 

transformation is dependent upon temperature, with the spontaneous 

initiation at a temperature Ms, and completion at a temperature Mf. 

Within this temperature range, the velocity of the reaction is indepen­

dent of temperature. The reactions are generally reversible, with a 

single crystal of the initial phase transformable to many crystals of 

the second phase and upon transforming back will result in an identical 
single crystal of the initial phase. There is a temperature 
hyst~:ris.:Lsassociated with the reverse transformation, indicating a 



dis~reet potential energy barrier associated with the process. Plastic 

stress in the transformation region will increase the temperature 

hysterisis loop, and out of the region will inhibit the transformation. 

There is no composition change associated with the transformation, and 

the volumne change is small. The product phase is usually in the form 

of flat plates or thin, parrallel sided bands formed on the habit 
.. 

plane of the original lattice, resulting in a definite orientation 

or twin relationship between the product and original lattices. 

Stabilization may take place by cooling to a temperature within the 

transformation hysterisis loop, stopping, and then proceeding again to 

a lower temperature. In this case, the transformation will not start 

innnediately, and the amount of transformation will be less than when 

no stoppage has taken place. In fact, new plates will be formed instead 

of growth of old ones. 

Nucleation and Growth reactions are athermal processes that are 

dependent upon time. The temperature dependence is due to the fact that 

as the temperature decreases, the free energy of formation of nuclei 

of critical size will decrease faster than the thermal energy .• In 

the solid state, other terms will contribute to the energy necessary 

to cross the boundary. Thus, the reaction rate will increase with 

decreasing temperature to a maximum value and then w~ll decrease again 

as the thermal energy decreases past the energy necessary to cross 

the boundary. Therefore it is possible to quench the reaction by 

passing through the temperature range faster than the time required 

to form a critically sized nuclei. 

At constant temperature, the amount of material transformed 

Will increase with time to completion due to the effect of atomic 

diffusion. This type of transformation is irreversible both 

43 



crystallographically and thermodynamically since the critically sized 

nuclei for the different phases are of different size and structure. 

The reaction is accelerated by cold work prior to transformation since 

the formation of vacant lattice sites increases the driving force, and 

decreases the free energy barrier. Compositions and atomic volumnes 

need not be related between the phases, and any orientation relation­

ships that exist between the phases occurs only in the stages of 

nucleation and early growth. In the case of homogeneous changes, such 

as pure tin, the reaction velocity is characterized by the general 

equation. 

R = Aekt 

where; R = reaction rate 
A = constant 
k = constant 
T = temperature. 

44 



CHAPTER VI 

Conclusions 

In reviewing the phase transformation in tin and the affects 

--
of alloying additions it is seen that the transformation is athermal, 

and time dependent with the amount of the product phase increasing 

to completion. There is no spontaneous initiation or completion of 

new phases, and the velocity of the reaction is time dependent. It 

is an irreversible reaction, since reversing the reaction does not 

result in identical grains of the original structure. There is no 

discreet energy barrier, since no single factor is predominant in 

the reaction. Plastic Stress will increase the reaction rate to a 

marked degree due to the creation of vacancies and the subsequent 

increase in atomic diffusion rates. The volumne change of the reaction 

is very large, with the alpha phase in the form of pustules with no 

direct orientation relationship encountered in this investigation. 

Furthermore, there is no stabilization of the reaction, i.e., if 

45 

cooled into the transformation temperature range, stopped, and then 

cooled further, the original pustule will continue to, grow, and no new 

nuclei are formed. The reaction rate is maximum at a value of -35°C, but 

exists in a temperature range of 12.3°c to -6o0 c. It is also possible 

(43) . 
to quench the reaction. Finally, in work by Burgers and Groen it 

Footnote: 

(43) 
W.G. Burgers and L.J. Groen, "Mechanism and Kinetics of the 

Allotropic Transformation of Tin." Disc. Faraday Soc., v. 23, no. 183, 
p.p. 183-195. 



was found that the reaction rate, (R), was expressed by the general 

equation; 

where;R = reaction time 
A = constant 
k = constant 
t = temperature. 

This summary of the phase transformation in tin results in classifying 

this reaction as a nucleation and growth type process. The driving 

forces of the reaction are the change in the electron structure and 

the free energy of the formation of critically sized nuclei. The 

inhibiting forces are; the lack of thermal energy since the reaction 

occurs at such a low temperature, the large volumne change associated 

with the transformation, and the decrease in the coordination number 

between the beta and alpha phases necessitating large atomic diffusion. 

The transformation temperature is affected by the activation energy for 

atomic diffusion, the recrystallization temperature, the grain size of 

both phases, the thermal energy available, and the energy necessary 

for cleavage of atomic planes due to the large volumne change_. The 

electron structure factors are the evident cause of the seeding 

qualities of the reaction. 

The experimental results obtained in this investigation are 

intended to add to the information available to create a justifiable 

mathematical expression for the transformation and the affects of 

alloying elements. However, many more experimentally determined points 

are necessary in order to statistically justify the equations obtained. 

The general affects of the alloying additions did however 

enlighten upon the large importance of the critical electron structure 

46 



balance of the reaction. The addition of small amounts of Antimony will 

inhibit the reaction to a large degree. This could be helpful to 

increase the resistance of solders, tin plate, and tin alloys to Tin 

Disease at low service temperatures. 
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STEP C CALCULATiml OF LATTICE PARA'-IETER A FOR CUB IC SYSTEH 

l DH!.E'.'ISIO:J TI-IETA(l~O) ,J(40) ,K(40) ,L(40) 
2 N=9 
3 READ (S , 1) (THETA( 't) ,J{!1) ,K('!) ,L(:-f) , M=l, N) 

4 l FOR?1AT(9(FS.2,3Il)) 
5 DO 3NR=-l,5 
6 WRITE(6,49) 

7 49 FOR:1AT('l',//,30X,'SN + 0.1 ZR') 
8 WRITE(6,50) 
9 50 FOR'lt\T(4X, 'TI-IETA' ,4X, 'PLANE' ,4X, 'PLA"lE' ,6"<, 'cos', 7X, 'SIN' ,9X, 'H2+' 

*) 
10 WRITE(6,51) 
11 51 FOR'1AT(5X, 'IN' ,5X, 'INDICES' ,2x, 'SPACrnGS ',2x, 'SQUARED', 3X, 'THETA 

12 
13 52 

14 
15 
16 

17 
18 
19 

20 
21 
22 

23 
24 
25 

26 
27 
28 

29 
30 
31 

+', 7X, 1K2+') 
WRITE ( 6, 52) 
FOK fi\T (3X, ' DEGREES 1 ,4x , ' HKL ', 7X, 1 THETA ' ,rsx, 1 12 ' ) 

A=O 
B==O 
C=O 

D=O 
E-=O 
',-JL= l. 54178 

DO 2 H=-5,N 
P= ( COS (. 01 745 >'.THETAC·t))) 1<*2 
Q=J(H) **2+KOI) '~*2+L(:1) **2 

S= (snH .01745*THETAUO)) 
DS=i·lL/ ( 2 *SI~ (.01745*THETA(: f))) 
SS=S*S 

1Q=·.~*11 
QSS=Q*SS 
PSSS=P*(S+(SS/ (.01745*THETAC·{)))) 

QPSSS=O*PSSS 
SPSSS=-PSSS*PSSS 
SSPSSS=.3S *PSSS 



STEP C CALCULATIO:-J OF LATTICE PARA'!ETER A FOR CUBIC SYSTE'-t 

32 
33 
34 

35 
36 
37 2 

38 80 
39 
l10 

41 
42 
43 100 

A=QPSSS+A 
B=SPSSS+B 
C=QSS+C 

D=SSPSSS+D 
E=QQ+E 
WRITE(6,80)THETA(M),J(N),K(H),L("1),DS,P,S,Q , 

FOR:1AT(F9. 2, 5 • 311, Fll. 5 ,F9. 4, no. 4, Fl2. 2) 
Y=((C*A)-(D*E))l((A*A)-(B*E)) 
X=((C*B)-(D*A))l((E*B)-(A*A)) 

AP=SQRT(ABS (lvL**2I (4. *X))) 
WRITE(6. 100) 
FOR'·1AT( I I, 1 lX, 'A', 14X, 'D', 9X, 'WAVELENGTH ') 

44 ~vRITE(6,llO)AP,Y ,WL 
45 110 FORMAT(3Fl5.5) 
46 VOL=AP**3 

L1 7 mu TE ( 6 • 12 1) 
48 121 FOR:·1AT(/ I ,2ox , 'VOLUME ') 
49 \lRITE (6,122) VOL 

50 12 2 FORHAT (F25. 4) 
51 lvRITE(6,13) 
52 FOR'-!AT(// , 4X , 1 !-"P,.0' ! :HXE u ALPHA A~'JD BET/\ SJ\.1'.fPLE') 

53 3 WRITE(6,17) 
54 17 ' F0.U-rAT(/l,10X,'276 DEGREES KELVD1') 
55 ~-!RI TE (6,200) 

56 200 FOR'·fAT( '1') 
57 STOP 
ss Erm 

$ ENTRY 

50 



TI-IETA 
I N 

DEG'1EES 

31.13 
35.53 

38.10 
42.18 
44.61 

SAMPLE READOUT OF PROGRAM FOR CUBIC SYSTEMS 

PLAi'1E 
I i~DICES 

HKL 

331 
422 

511 
440 
531 

A 
6.49994 

SN + 0.1 ZR 

PLA,' lE 
SP.ACINr;S 

D 

1. 43924 
1.32514 

1.24954 
1.14825 
1.09786 

D 
o .00104 

VOLIYIE 
274.6174 

Cl)S 
S1UA?.ED 

THETA 

o. 7320 
0 .6616 

0 .6194 
0.5493 
o. 5070 

FRO"! XIXED ALPHA A.;-.m BETA SAMP LE 

2 76 ~EGREES KE LVD 

sni 
T"tiETA 

a.5176 
0.5817 

o.6169 
o.6714 
o. 7i)22 

WAVELENr.TH 
1.54178 

51 

H2+ 
K2+ 
L2 

19. O·J 
24.00 

27.00 
32.00 
35.0() 



52 

STEP C CALCULATION OF LATTICE PARA.:fETERS A AND C A;.~D DRIFT CONSTk'lT D 

1 DI'1ENSION THETA(30),J(30),K(30),L(30) 
2 ~=12 
3 READ(S, 1) (THETA(:·1) ,J(m ,K(1!) ,L(H) , H~l,:l) 

4 1 FO~'f..\T(9(F5.2 1 3Il)) 
5 DO 3 NP.=1,5 
6 ~RITE(6,49) 

7 49 FO~'l~T('l',//,30X,'S~ + 0.3 CD') 
8 ~rn.I TE ( 6 , 50) 
9 5') F'1!-' ,·1AT(4X, 'THETA' ,4X, 'PLANE' ,4X'PLA.:rn' ,6X, 'Sr~•• 7X, 'COS' .sx, 'HSQ 

+ DARED I) 
10 WRITE(6,51) 
11 51 FOR.:1AT(5X, 'IJ' .sx, •r:-mrcES' ,2x, 'SPACINGS', 12X, 'SQUARED 

+' ,6X 1 'PLUS') 
12 WRITE(6,52) 
13 52 ~OR'fAT(3'<, 'nEr,HE ES' ,4x, ' HKL' , 7X, 'n' ,7X, 'Tt-IETA' ,sx, 'THETA' ,4X,' 

+K S0Uld~.ED ' ,2X, 'L Sf1UARED') 
14 A=IJ 
15 B=O 

16 C= O 
17 ]):=() 

18 r=o 

19 G=O 
20 H=O 
21 V=O 

22 W= O 
2 3 \lL= 1. 54178 
24 DO 2 ~1=6,N 

25 P=(Sr{(.017451<TIIETA(M)))**2 
26 Q=J {; !) **2+K( )!) **2 
2 7 R=L( '1) **2 

28 S=(C':>S(.Ol745*THETA(M)))**2 
29 DS=\-JL/ ( 2*SI'.'1 ( • 01 745*TIIETJ\ U!))) 
30 PP=P i,p 

,J 



STEP C CALCULATIO~ OF LATTICE PAR\'. fETERS A AND C A.~D DRIFT CONSTANT D 

31 . 
32 
33 

34 
35 
36 

37 
38 
39 

40 
41 
42 

43 
44 
!~5 

!~6 
47 
48 

49 
50 2 
51 80 

52 
53 
5l1 

55 
56 
57 

58 
59 
6D 

61 
62 
63 

QQ=Q*Q 
RR=-R*R 
SPPP=-S *(P+(PP / (.01745*THETAU1)))) 

QR=Q*R 
SPPPS=SPPP*SPPP 
QSPPP=Q*SPPP 

QPP=Q*PP 
RSPPP'"'R*SPPP 
RPP~R*PP 

PPSPPP=PP*SPPP 
A=qQ+A 
B=QR+B 

C=QSPPP+C 
D=r:)PP+D 
F= ~R+F 

c;=n.SPPP+G 
H= RPP+H 
;!=SPPPS+V 

\.l =PPSPPP+W 
'.-lRITE ( 6, 30) THETAC1) ,J (:r) , KC!) ,L(' t), DS ,P ,S ,Q, R 
FOZ IAT(F9,2 ,51,3Il,Fll, 5,F9, 4,Fl0 . 4, Fl2.2, Fl0.2) 

DEil=A * ( F*V-G*G)-B * (H *V- G*C) +C* (B *G-F*C) 
XJU'f=D*( F*V-G*G)-H* (B *V-G*C)Hl*(B *G-F*C) 
Y:rnM=A * (H 7\-V-W*G) -B * (D*V- '.-l*C) +C* (D*G- H*C) 

ZNU'1=i\* (F *W- C";*H )-B* (B*W- G*D)+c1: (B *H-F*D) 
X=X:.:HJ::1/ DEN 
Y=Y~lP.1/DE:·l 

Z= z:~ lJ',f / DE">l 
AP==S~ -qT ( AB S ( (WL*~~z ) / ( 4 , *X))) 
CP=S(?P..T(ABS ( (1·1L**2 ) / ( 4. *Y))) 

\ 'OL=AP*J\P*CP 
DTAVOL" VOL-10 7 . 9 763 
·.-ll"lITE (6,1 00) 

.:u 



STEP C CALCULATION OF LATTICE PARAMETERS A AND C Ai.'1D DRIFT CO~ST!u'ff D 

64 100 FORHAT(//, llX, 'A', 14X, 'C', 14X, 'D') 
65 WRITE(6, 110) AP ,CP ,z 
66 110 FOR'1AT (3Fl5. 5) 

67 WRITE(6,101) 
68 101 FOR.'·!AT( / ,9X, 'VOLUME' ,5X, 'VOLUME CHAJ.'iGE' ,4X, 'WAVELEN'GTil') 
69 WRITE( 6,110) VOL, DTAVOL , \-vL 

70 3 WRITE(6, 17) 
71 17 FOR::1AT(/ /, lOX, '394 DEGREES KELVIN 
72 WRITE ( 6, 111) 

73 111 FOPJ'[AT(' 1 ') 
74 STOP 
75 Erm 

$ P.lTRY 

' 
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SAMPLE READOUT 'OFT: PROGRAM FOR TETRAGONAL SYSTEMS 

S~l+0.3 CD 

THETA PL:UE PLANE SI'.'1 cos H SQUARED 
IN nmrc:ss SPACINGS THETA SQUARED PLUS L 

DEGREES HKL D THETA K SQUARED SQUARED 

31.13 112 1.49139 0.5169 o. 7328 2.00 4.00 
31.81 400 1.46275 (). 5270 o. 7223 16.00 o.oo 

32,22 321 1.44610 o.5331 o. 7158 13.00 1.00 
36.13 420 1.30765 0.5895 0.6525 20.00 o.oo 
36.50 411 1 • 29621 o. 594 7 o.6463 17.,00 1.00 

39.61 312 1.20932 o.6375 o.5936 10.00 4.00 
44.59 501 1.09825 0.7019 0.5073 25.00 1.00 

A C D 
5,84518 3.19568 -0.00044 

VOLUME VOLlI'.·1E CHAi.'lGE WAVELENGTII 
109 .18400 1.20772 1.54178 

394 DEGilEES KELVIN 
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APPENDIX B 

Figures Of X-Ray Results 
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APPENDIX C 

Figures Of Calorimetric Results 

Experimental AH Versus Temperature Curves 

Experimental AF Versus Temperature Curves 
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Figure 60. Experirnen tal .AH versus Temperature Curve obtained 
for .05 atomic percent Zr. 
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Figure64• Experimental AF versus Temperature Curve obtained 
for .1 atomic percent Cd. 
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for, Pure Sn. 
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APPENDIX D 

Calculation Of Theoretical . Habit Plane 
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The habit plane for this transformation was calculated by using 

the 

1 = 1 -... nl H 1 
2 

where 

n1 =- a and n2 = C -ao ao 

and 

a = the lattice parameter a for the tetragonal structure 

C =- the lattice parameter c for the tetragonal structure 

a0 m the lattice parameter a for the diamond structure 

From the above calculations the habit plane is (1,11,6), and the Bain 

distortion is 16.34 degrees. 
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