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ABSTRACT 

The martensitic reaction in five Uranium-Nb alloys (14.5,15.0, 15.5, 15.5, and 

16.0 at% Nb) was studied by means of x-ray diffraction experiments in order to 

establish the temperature range ofthis reaction. The experiments were carried outin a 

cryostat on a diffractometer in which minimum temperatures close to liquid N2 

temperature were obtained. All the samples were solution heat treated at SOO'C and 

water quenched. They were then electropolished prior to diffraction experiments. The 

diffraction patterns were taken from about 25°C down to about -190°C. The 

intensity-Bragg angle data were digitized and the relative amountsofthe parent phase y° 

and the martensite phase a" were determined by meansofa peak separation and analysis 

program. 

The 14.5 at% Nb alloy was completely martensitic at 25°C,and the 16.0 at% Nb 

alloy remained completely y° phase down to -192°C. For the other alloys, as the 

temperature decreased,the amountofthe martensitic a"phase increased,and that of y° 

decreased. For all three alloys,the temperature was below the lowest temperature of 

measurement (-192°C), and the was above 25°C. At a given temperature, the 

amountofa"decreased with increasing Nb content. 
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1. INTRODUCTION 

The U-Nb alloys considered in this research display shape memory effects(SME). 

Previous study ofthis effect for these alloys has been limited to the composition range 

where the martensitic reactions occur above room temperature. The potential value ofa 

heat-shrinking U-alloy coupling-clamp that,atsome later time may be released merely by 

cooling,has recently been recognized[1]and the martensitic transformation temperature 

range for such an alloy should be below -SO'C or so. It is the intent ofthis research to 

obtain x-ray diffraction data below room temperature to -150°C or so,so that the low 

temperature martensitic reaction ofthese alloys can be studied. Alsofrom these data,the 

Mg and temperatures as a function of alloy composition can be determined in the 

sub-zero temperature range. Thus, by gathering such data, one of the metallurgical 

parameters required to utilize SMEin these alloys below room temperature,namely the 

temperature range of martensitic reaction,can be established and the feasibility in the 

above mentioned application proven. 

The approach to such data gathering and evaluation is described below. The U-Nb 

alloys considered were subjected to x-ray diffraction experimentsin which the diffraction 

pattern was obtained by a continuous scan. This was done for each alloy at various 

sub-zero temperatures. From these diffraction patterns,20 values ofeach peak were 

determined and the peaks indexed; that is, h k 1 values found. From this, the phases 

present and their unit cell parameters can be determined. However in order to find the 

Mg and temperatures the amount of each phase present must be known. This is 

done by evaluating the integrated intensities ofselected peaks belonging to each phase, 

since the integrated intensity is directly proportional to the relative amount of phase 

present[2]. 

Once the relative amount of phases is determined,for each of the alloys, we can 

find the Mg and Mf temperatures, by knowing that the first detectable presence of 
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product phase gives the Mg temperature and the complete absence ofparent phase gives 

the Mf temperature. The range of Mg and temperatures as a function of alloy 

composition can be plotted, which gives the temperature range ofsub-zero martensitic 

reaction as a function ofsolute content From this,a transition metastable phase diagram 

can be formulated,which can be used in the feasibility ofdeveloping a sub-zero uranium 

SME alloy. 



2. LITERATURESURVEY 

2.1 Uranium And its alloys And Their Allotropes 

Pure elemental uranium has three allotropic modifications depending on the 

temperature. These are 1)a high temperature b.c.c phase,called gamma(y),stable up 

to the melting pointof1131°C;2)beta(|3),which is acomplex tetragonal structure and 

forms at 772°C,and is stable down to 664°C;3)alpha(a),which is an orthorhombic 

structure and forms at664°C and is stable at lower temperatures. In pure elemental U, 

none ofthe allotropic modifications can be suppressed even with cooling rates as high as 

10^ K/s[3]. However,by alloying some metastable phasescan be made to exist atroom 

temperature and these are actually modifications ofthe low temperature allotropesP and 

aofthe pure elemental uranium. Initially there were many theories[4]trying to prove 

that either one or the other ofthe transformation modes,viz diffusional or shear,alone 

took place in U-alloys. However,there were always evidences indicating that both 

transformations indeed took place,depending upon the temperature. The presence of 

both diffusional and shear reactions during the P ~>a transition has been indicated. 

For pure U this transition occurs by diffusional growth at slow cooling rates, while 

above a critical cooling rate ofsome65°C/s the phase change occurs martensitically[5]. 

Thus the P ~>a transition can occur either by shear or diffusion mechanisms. With 

small alloy additions, the reaction becomes more sluggish and the martensitic 

transformation is markedly displaced to lower temperatures. For unalloyed U and its 

dilute alloys, the decomposition of y proceeds directly to P by a 

diffusion-nucleation-and-growth process. With sufficient alloying in excess of2 to 5 

at%,depending on the type ofsolute,and by moderate quenching,the decomposition of 

yreadily by-passes the P phase; that is, y transforms directly to a or to one or more 

metastable phases thatcan be described as modifications ofa or y. 
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The suppression or elimination ofthe y-> P transition is attributed to the difficulty 

of nucleating the P structure [7,8]. It has been observed that an increase in solute 

content results in a greater distortion in the martensitic product phase. This distortion 

causes the product phase to be a modification of the a structure. However increased 

cooling rate has a reverse effect;that is,it increases the shear process[4]. The degree of 

departure from the a stmcture and hence the distortion in the productphase is considered 

to be afunction ofthe stiffening ofthe lattice,caused by alloying,which works against 

shear. The transformation processes of the high temperature y phase in alloys which 

form the metastable phases are quite complex. Beyond minimal solute content, the P 

phase formation wasfound to be suppressed completely. This minimal solute content to 

suppress the P phase is between 2to 5 at%[3,4]depending on the type of solute (eg.. 

Mo,Nb). 

Also increasing the cooling rate favours the shear process [4,9]. This presumably 

arises from increased hydrostatic pressure caused by faster cooling rates and increased 

transformation stresses due to faster rate oftransformation once shear has started. Thus 

a stress/stiffness ratio was proposed, which should be optimal to generate any 

martensitic phase by shear. 

Tangri and Chaudhuri[10]investigated U-Nb alloys to determine the effectofsolute 

concentration on the type ofend productformed on quenching at 1000°C/s. From their 

studies, it was found that up to a composition of 10.00 at% Nb,the phase formed on 

quenching was a', which is an orthorhombic structure like a, with the difference that 

the 'b' parameter has undergone a contraction. At 11 to 20 at% Nb the existence of a 

monoclinic structure,designated a", wasreported by these authors. The variation of 

y, the monoclinic angle, with composition showed a sharp rise begining at 10at% Nb 

to a value of y= 91.07° at 11.93 at% Nb. However, the extrapolation of a curve 

through their data to a y=90°,corresponds to a composition of7.6 at% Nb instead of 
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a compositional value between 10 at% and 11.2 at% Nb. Thus there was the question 

whether a"was present below 10at% Nb concentration. 

The results ofTangri and Chaudhuri are shown in Table 1. From Table 1 and from 

the possibility ofexistence ofa"below 10 at% Nb,the a'/ a"composition boundary 

could be between 10 at% and 11.2 at% Nb. The a'/a" composition boundary, 

according to Anagnostidis et al [11], is 8.8 at% Nb. The lattice parameter changes 

depend on the compositional range. In the a'and a"composition range, the 'a' 

parameter is not sensibly affected; also a steady decrease in 'b' parameter with a 

maximum rate of decrease between 10 at% and 11.2 at% Nb was reported. The 'c' 

parameterincreased at acontinuously decreasing rate up to 10at% Nb and then increased 

linearly at an increased rate up to 15.8 at% Nb. With increased solute content the unit 

cell volume decreases linearly; a similar behaviour was also found in the U-Mo system 

[12]. 

In the compositional range of the y° tetragonal phase(Table 1), the 'a' parameter 

decreases, the 'c' parameter and the c/a value increase linearly with increased Nb 

content. The U-Nb and U-Mo systems both show identical behaviour in the formation 

ofthese metastable phases[10]. Tangri and Williams[13]have concluded that a'and 

a"are twoindividual phasesin the U-Mosystem and from x-ray observations ofTangri 

[10]it was established that a'and a"phases were two separate phases indeed, having 

orthorhombic and monoclinic crystal structures,respectively. 

Alsoform Table 1,a minimum value of5.802 A for the 'b' parameter is reached in 

the alloy showing the last presence of a'at the a'/a"composition boundary. The 

minimum value of'b'for the a'phase, according to Tangri, was in good agreement 

with the extrapolated value of5.80 A given by Anagnostidis et al[11]. This pattern of 

variation of 'b' and 'c' parameters was also found in U-Mo system [13], with a 

minimum value of 5.800 A for the 'b' parameter in the last a'phase. These 



TABLE 1 

X-ray identification ofphases produced in U-Nb alloys after fast and slow cooling rates 
from the gamma phase and the values ofcrystalline parametersin water-quenched alloys. 

Phases produced by Crystalline parameters of water quenched alloys 

At 0'
/o Water-quench Air cooling 

Nb /cooling rate cooling rate aA 6A cA c/a
(degrees)

~ 1000" C/sec ~ 10'C/scc 

0 a 2.8.503 5.8610 4.9474 90 

1.00 a' 2.S.503 5.8526 4.9557 90 

1.50 a' 2.8503 5.8508 4.9595 90 

2.92 a' 2.8303 6.8446 4.9671 90 

6.20 a' 2.8.503 6.8309 4.9803 90 

8.30 a' 2.8503 5.8177 4.9855 90 

9.20 a' <*• 2.8.503 5.8076 4.9877 90 

10.00 a' a- 2.8503 5.8020 4.9880 90 

11.20 a' 2.8503 5.7887 4.9900 90.883 

11.93 a' 2.8503 5.7793 4.9929 91.070 

13.00 a' 2.8503 5.7718 4.9948 91.200 

13.80 a' 2.8503 5.7646 4.9971 91.300 

15.08 <x' y' 2.8.503 5.7556 5.0000 91.470 

16.80 «• y° 2.8503 6.7508 5.0023 91.550 

16.80 y' 6.0683 3.3832 90 0.4855— 

—17.10 y° 6.9020 3.3838 90 0.4860 

—17.73 6.9507 3.3854 90 0.4871 

18.16 y' 6.9425 3.3866 90 0.4878
— 
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observations indicate that possibly the'b'parameterin the uranium lattice can be made to 

contract only up to 5.800A without affecting the'^y angle. Thus,the inference was that 

aslong as'b'contraction does not go beyond 5.800 A,the a"is notformed since the ^y 

still remains at 90°. Thus the a'to a" structural change took place at a 'b' value of 

5.800 A. 

2.2 Crystal Structure OfUranium 

And Its Transition Phases 

The three allotropic forms ofpure elemental U were already seen to be y, P,and a 

with decreasing temperature. Each ofthese are discussed briefly below. 

2.2.1 The Alpha Uranium 

Thislow temperature phase is an orthorhombic structure with lattice parameters a= 

2.8536 A,b=5.8688 A,and c=4.9555 A[14]. This is a complex structure in that the 

atoms or so positioned that they form corrugated layers,and each uranium atom has 12 

nearest neighbours. Due to the complex orientation ofthese 12neighbouring atoms,the 

following explanation will facilitate the visualization of these atoms. Each corrugated 

layer of atoms has the puckering angle of 128.2°, as shown in Fig.l. For any atom 

considered there are4neighbours lying on the samelayer as that ofthe reference atom; 

two atoms at 2.852 A each in a polar direction and two at 2.762 A each with 128.2° 

angle between them(atoms numbered 3and4in Fig.l). There are6atomslying on one 

adjacent layer and2on the other adjacent layer,which form the remaining8 neighbours. 

From Fig.2 it is seen that outofthe8 atoms,4atomslying on layer-1 are at 3.342 A and 
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12a.3 

Figure 1. Corrugated layer ofa-uranium atoms. 

*u 

v. 

t»yir-3 

Figure 2. The 12nearest neighboursofU atom. 
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the remaining 4 atoms are positioned 2on each oflayer-1 and layer-3 at 3.263 A from 

the reference atom. Thus there are four interatomic distances dj,d2 > ^3,and d4,as 

shown in Fig.2. The corrugated layers ofatoms are parallel to the a and c axes and are 

normalto the b-axis. Theinteratomic distance d3is called the shortcontact,and there are 

4 short contacts; the remaining contacts are termed long contacts, viz dj,62and d4. 

Above0°C the 'a' and 'c' parameters increase with temperatiu^e whereas 'b' decreases. 

However, between 43 K(-230°C)and 283K(10°C), all 'a', 'b' and 'c' of a-uranium 

have been reported to increase with temperature [15,16]. Since the axis normal to the 

corrugated layers is the b-axis,the decrease in 'b' parameter can be thought ofas ifthe 

layers were coming close together. 

But observations[17,15,18]on 'b' parameter values with temperature showed that 

only the short contacts increase 2% with temperature and the long contacts remain 

unchanged when compared to the room temperature values. From this observation then, 

the layers would notcome close together and the above mentioned mechanism does not 

seem plausible. 

2.2.2The Beta and Gamma Uranium 

The P uranium is acomplex tetragonal structure with a unit cell of30atoms per cell 

and whose lattice parameters are,a =10.52A and c=5.57 A.The yuranium is a b.c.c 

structure,with a=3.53 A and is the high temperature phase. 

2.3 Transition Phases In Uranium Alloys 

2.3.1 Alpha-like phases 

The transition alpha phase in U-based alloys is an orthorhombic phase,similar to the 

a-uranium,for solute concentrations in excess of room temperature solid solubility. 
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This is designated a'and the only structural difference is a relative contraction in 'b' 

parameter[19]. However observations have shown[20,11] that besides 'b' parameter, 

'a' and 'c' parameters were know to vary for a'. Also,changes ofa'lattice constants 

with quenching rate were expected,since a greater rate should favour a lattice shearing 

process[13]for higher solute contents or slightly more concentrated alloys, and with 

rapid quenching the a-like phase obtained is a monoclinic structure(designated a"). 

This is formed only at solute contents high enough to suppress y-> P transformation, 

for all solutes that produce a'(Zr and Ru are exceptions). The a"is a c-centered 

monoclinic lattice whose unique axis is c-axis. This,like a-uranium,contains4atoms 

per unitcell and has a space group C2j/m. 

2.3.2 Gamma-LikePhases 

Whenever alloys containing solute content much in excess ofthe a phase solubility 

limit are quenched from regions of yphase stability, the end product is related to 

y-uranium. The higher the solute content or slower the quenching rate, the greater the 

tendency toform these y derivatives. The structures ofthese phases were so much like 

the b.c.c y phase that they went undetected for a long time. The transition phase, 

designated y°,is one such y derivative and is a c-centered tetragonal phase with a^o = 

2ay and c^o slightly less than When c/a=0.5,the phase was called y° and when c/a 

<0.5,the phase was designated y^"due to deformation markings. 

Thus,the primitive cell representation would be a cell with a^o =V2ay and c/a < 

0.707,and is shown in Fig.3 and has a space group P4/nmm. The y°phase is obtained 

by displacements of half of the atoms from their body-centered sites [21,22]. These 

displacements are in <100>y directions, the particular direction chosen becoming the 

tetragonal c axis. According to Hatt and Stewart[21]and Yakel[22], when c/a =0.5, 

x-ray diffraction maximafrom y° crystals are classified as sharp(corresponding to the 
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Figxire 3. Primitive cell y°generated from y. 
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basic b.c.c structure)and diffuse caused by superlattice reflections due to atom shifts. 

The sharp reflections were strictly due to cubic lattice but the diffuse reflections were 

displaced as they may be produced by lattice (c/a<0.5)where the c-axis could lie on 

any one of the <100> directions. The U-based alloys, while transforming to Y°,go 

through a phase y^,which was also true for U-Nb alloys. The phase y® which preceeds 

y°formation,wasfound to have reflections in positions other than expected from a b.c.c 

structure;these additionalreflections were weak and broad. 

Tangri's proposed structure based on chemical ordering for y® was suggested to be 

incorrect based on inspection[22]ofthe variations ofintensities ofthe weak reflections 

with scattering angle: The weak reflections do not decrease in intensity with increasing 

sinGA, as would be the case if their intensities were due to structure factor terms 

depending on differences in atom scattering powers. This would be true if chemical 

ordering were present; that is, atoms ofdifferent scattering powers on the atom sites of 

the original y phase. Rather, it was found that the intensity of the diffuse reflection 

increased with increasing sinGA;this would be expected ifthe diffuse reflection intensity 

was due to structure factor terms containing a factor for small displacementsof an 

average atomfrom its symmetry position. 

Thus, the unit cell of y^ is made of 8 unit cells of b.c.c cells, with the 8 

body-centered atoms displaced in correlated <100>.y directions. The y® is also a cubic 

structure with 8 body-centered atoms, which can occupy 24 positions due to the 

correlated displacements thatcan occurin any ofthe 3<1(X)>^ directions. Thus,each of 

the atoms must occupy one of the three positions such as(1/4, 1/4, 0.22),(1/4,0.22, 

1/4)or(0.22, 1/4, 1/4) instead of the symmetric site (1/4, 1/4, 1/4). None of the 8 

atoms in the y^ phase are in the original body-centered position of the parent y phase. 

Also,x-ray studies[22]showed that the displacements of body-centered atomsin any 
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particular region along the z-direction was the same; that is, atoms do not move in 

opposite directions. 

Thus the transition from the y phase to the metastable'f and y° phases was 

characterized by small average atom displacements and it was clear that the y-> y® ~> 

y°represents successive steps by which the alloy lowers its free energy and approaches 

a structural arrangement more like that of the equilibirium a phase. The tendency to 

retain more y-like structure as the solute contentis increased was demonstrated by Tangri 

[23],and wasinterpreted as due to the decrease in the atom displacement parameter due 

to alloying. 

2.4Effect OfCooling Rate 

And TheShear Mechanism OfTransformation 

That the transformation of y--> (3 --> a could be either martensitic or diffusion 

controlled was already seen. The shear induced martensitic transformation takes place 

once an optimal stress/stiffness ratio is realized [9]. Harding and Waldron [24] have 

reported that in U+10 at% Mo alloy the a'phase is formed by a shear mechanism. 

Lehmann[25]and Tangri[26]observed an a"monoclinic phase to beformed by a shear 

mechanism also. Forlower composition limits the y~> a'transformation wasthrough 

an intermediate stage(3 and above this composition range it was a direct y~> a'without 

a P stage[27]. 

For certain alloys lying in the compositional boundary range ofthe transition phases, 

increasing the quench rate makes the reaction proceed forward. From this it wasinferred 

that y°and a"were progressive stages in the generation ofa'from b.c.c y phase;that 

is, y--> y°—> a"—> a'sequence oftransformation was established [27]. It has been 

shown[28]that the structure can be generated by a shear on(112}^ planes in a <11l>.y 

direction. While shear on only one set of {112}.^planes is required to generate a'and 
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a" phases, shear on two sets of {112}^planes is involved in the generation of Y° 

structure. Fig.4 shows the projection of atoms in a b.c.c y structure onto a {110}^ 

plane,showing an edge view sequence of{112}^planes. From Fig.4 it is seen that a 

shear AG is required to change yto90° and produce the orthorhombic a'sructure. 

In the lower solute range,this shear was realized and hence a'results. However, 

as the solute contentincreases,it is believed[28]that the lattice stiffens more and more 

and restricts the shear, producing only a limited shear AB. This makes the y?t90°, 

consequently a monoclinic a" structure( y > 90°)results. For very high solute 

content, that is beyond the a"range, the lattice is highly stiffened, which produces a 

very limited amountofshear on two {112}^ planes resulting in the y° stmcture. For a 

given composition, the lattice stiffness is fixed and faster cooling produces larger 

stresses causing a larger reduction in y (that is, the reaction tends towards the a' 

phase), and slower cooling produces smaller stresses restricting the reduction of y 

angle(that is,forward reaction to a'is restricted). This explains the formation oftwo 

different phases for different quench rates for a given composition. Hence, for 

compositions lying in the boundary range oftransition phases one or the other phase is 

formed depending on cooling rate. Thus the effect ofrapid quenching is to produce a 

structure further removed from the parent b.c.c phase than that obtained with slower 

cooling rates in the y~> y°~> a"~> a'sequence,indicating severe quenching makes 

the transformation go towards completion. 

The a"monoclinic structure discussed above is common among several U-based 

alloys. While its atomic structure is similar to that of a-uranium,the sides of the cell 

and the yangle are differentfrom a-uranium. The effectofthe monoclinic angle is that 

certain ofthe original a-uranium diffraction peaks split into two componentsofunequal 

intensities. Ordering was not a possible cause for this effect since ordering would 

produce only very weak superlattice diffraction and cause negligible changesin the main 



15 

<loe> 

>- <«n> 

O O O O 

O O O O 

O O 
P o 

o o o o 

•Ptom^'\« plane ZsO; 0 in plane X =. Wi 

Figure 4. Projection of atoms in bcc structure onto a {110} bcc plane showing the 
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atoms along the a-axis from their positions in the a-uranium[29]. This movementis the 

one which the x-parameter defines and is the chief difference between the monoclinic 

structure and the a-uranium stucture. The variation of'x' with alloy composition is 

shown in Fig.5 for a U-Mo alloy; it is seen that'x'increases rapidly as the composition 

approaches the upper limitofthe a"range(11 at% Mo). The magnitude ofthe y angle 

in the U-Mo alloys decreases with more rapid quenching and a similar behaviour is true 

for the U-Nb alloys[11]. 

Because ofthe diffusionless transformation of y°-> a",structural relationships 

between the phases should exist and the following explanation indeed proves it to be the 

case. The relationship between b.c.c yand a"can be understood from Fig.6(a), which 

shows the projection ofatomsfrom a group of b.c.c cells onto their(lIO)^ plane. The 

projection from a single b.c.c cell is shown at the top right comer of the figure. The 

lattice parameter ofthis cell is 3.45 A(for a 10at% Mo). This gives the atomic spacing 

as2.98 A and the separation ofatomic layers in a direction perpendicular to the figure as 

2.45 A. The equivalent monoclinic unit cell which may be derived is also shown in the 

figure with lattice parameters a = 2.98 A,b =5.73 A,and c =2 x 2.45 A, with y= 

100°. The isometric view of this derived monoclinic cell is shown in Fig.6(b). This 

monoclinic cell is very similar to the actual monoclinic cell formed by a 10 at% U-Mo 

alloy where the respective values were 2.87,5.75 and 2 x 2.47 A and y=92.3°[29]. 

The structure parameter 'x' and hence the angle which the linked atoms (or the 

'dumb-bells')from each layer make with the axis of the monoclinic cell can decrease 

smoothly over a range of values to zero, when the structure becomes similar to the 

a-uranium structure, that is y=90°. 

As shown in Fig.6(a) the (112}.^ planes are sheared progressively with respect to 

the one containing atoms A and A'; the atoms at z=0.25 are brought into positions so 

that these can assume their positions in the cell with but little extra movements. This 
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causes the atoms forming the 'dumb-bells' to come closer together (the atoms in the 

adjacent parallel {110}^layers). Resistance to this movementcan cause an expansion in 

the 'c' parameter. The martensitic yto a' transformation in U-alloys can thus be 

explained by a Burger shear mechanism[30]. By progressively restricting the shear,a 

continuous series of displacively produced transition states could be developed as 

follows,viz Y ~> Y° ~> a"—> a'. The shear mechanism is a shear on (112} cubic 

planes in a <111> cubic direction which is the primary distortion with secondary 

shuffling ofsome ofthe atoms needed to complete the crystal structure change. 

In Fig.7,a monoclinic cell projected on(001)monoclinic plane identified with a,b 

and Y and the c-axis lying normal to the plane of Fig.7,is shown. The b.c.c lattice 

projection shown gives a y= 100.02°,and the Burger mechanism as proposed would 

alter this cell by shearing it in the 'a'direction on a plane parallel to 'a'and 'c'directions 

(that is a plane normal to Fig.7),so as to decrease the angle to 90°(that is, to form a'). 

The orientation relationships between y and a'are[100]^^. II [111].^,[OlO]^^. II [211].^, 

[001]„. ll[011].y. 

It has been proposed[26,31,11]that by progressive restriction ofthe magnitude of 

shear (that is restricting the amount of the decrease in the y angle), a continuous 

sequence ofdisplacively formed phases could be developed as follows,y~> y°->a" 

—> a'. That is, a progression of lattice parameter changes from one structure to the 

other with no co-existence ofphases occurs sequentially. There is evidence[31,22]that 

y —> y° and a"~> a' are indeed continuous in the sense there is no co-existence of 

phases. Howeverfor the y°—> a",from the lattice parameter versus composition plots 

shown in Fig.8 and Fig.9,this is not known for sure [32]. It will be seen later that y° 

~> a"is notcontinuousin the above mentioned sense. 
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2.5 The Uranium-Niobium Alloys 

Thefollowing review is in addition to that given in section 2.1. 

The phase diagram for a U-Nb system is shown in Fig.10. In this system the 

following transition phases and their composition range stability were observed after 

quenching from b.c.c y solid solution [34]. 

a)Between 1 to5at% Nb content an orthorhombic stmcture a' is formed but it is 
a 

formed by a martensitic P ~> a'^ intermediate step. Thus,this is still a dilute alloy,in 

the sense Pformation is not suppressed. 

b)Between5 to9at% Nb again an orthorhombic structure designated a'jisformed; 

however here Pformation does nottake place,and hence,the reaction is directfrom y. 

c)From 9 to 16 at% Nb a monoclinic structure a",forms directly from y. For 

alloys containing 16to20at% Nba tetragonal stmcture y° isformed,which is similar to 

yexcepttwo axes have expanded and one shortened in a 2:2:1 ratio. 

The behaviour oftransition phases according to Jackson's observations[34]was 1) 

a significant continuous, diffusionless, athermal, reversible and highly anisotropic 

change in unit cell parameterson heating and cooling,and 2)at certain combination of 

temperature and composition the martensitic like changes in the unit cell parmeters 

manifest themselves as symmetry changes,which are likewise athermal. 

Again from Jackson [34], for the a' and a"phases the 'a' and 'c' parmeters 

increase with Nb content,and'b'decreases significantly in a proportionate manner. The 

cell angle yin a" gradually increases with Nb content from 90° to 92.8° for alloy 

contents of9 to 15 at% Nb. For the y° phase, the value of 'a' increases and 'c' 

decreases with increasing Nb content and for20.5 at%,the c/a axial ratio ofthe subcell 

of yequals one. The reason for the decrease in 'b'parameter by adding Nb is thought to 

be due to the ellipsoidal shape ofU atom. Thus when spherical Nb atoms are substituted 

forU atoms,the b-lattice parameter reduces. This is indeed tme in the a-uranium lattice 



  

 

23 

a 1 ' ' 

T— 

weiSHT PER CERT URANIUM 

1 t 

24003 

2200 

X 

\^ 
\ X 

2000 

ItOO 

\ 

\ 
X 
X 

N 

/ 

/ 

/ 

/ L 

1400 

1400 

X 
X, 

X 

1200 

> 

1000 

1 

97V 

47.7 

^\ 

< 

900 

•00 

700 

•00 

900 

/ 
/26.» 

/
/ 
1 
1 

647* 

ATOMIC PER CENT URANIUM 

[\ 

i 
70 ao 

•9.9 

so 

/I 
' 

100 

Figure 10. The U-Nb phase diagram[33]. 



24 

In the U+15at% Nb alloy,a single phase monoclinic structure a"results at23°C on 

quenching from 850 C, with y= 92.6°. On heating to higher temperatures, the 

monoclinic cell angle increases reaching a limiting value of 92.8° at 60°C. Between 

60°C and 90°C,there is a change in symmetry to a tetragonal y° structure having a 

0.477 c/a axial ratio. Thus,between (60°C)and Af(90°C),a"and y°coexist[34]. 

The a"~> y°transformation is reversible and the reverse transformation took place 

approximately at the same temperature as the forward transformation did. The 

transformation temperatures are strongly dependenton the solute content,and increasing 

Nblowers the transformation temperatures. 

In the U+19 at% Nb alloy, the single phase tetragonal structure y° is formed at 

23°C on quenching from 850°C. The c/a ratio is 0.487,which reduces to 0.482 when 

the alloy is cooled to -130°C and increases to 0.495 when heated to 200°C. The 

variation of c/a with temperature is completely reversible. If these c/a data are 

extrapolated after plotting, the symmetry change from y°~> y would approximately 

occur at 300°C and likewise a symmetry change from y° --> a" would occur at 

approximately -210°C,provided a c/a ratio of0.477 is the limiting value. The effectof 

Nb content and temperature on the cell parameters can be rationalized by assuming that 

the uranium atoms become more spherical as the Nb content is increased and as the 

temperature is increased. 

This tendency to become more sphere-like with increase in temperature is attributed 

to the delocalization of bonding electrons; that is, a more metallic type of bonding is 

formed from a covalent type in each individual layer of atoms. In the a-uranium, the 

increase oftemperature or Nb content causes a contraction in 'b'parameter but has little 

or no effect on 'a'and 'c' parameters. This shortening of'b' with increased temperature 

or Nb contentcannotcontinue since,after a limiting value of5.38 A is reached,the Nb 
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atoms are accomodated by an increase in cell angle(which is indicated by the appearance 

ofa" phase). 

The'^ynow increases to a maximum of92.8°, at which there is a change to y° 

tetragonal structure (c/a= 0.477) due to shear acting on additional planes of atoms. 

Continued increase of Nb content or temperature increases the c/a ratio until a cubic 

symmetry is achieved. The temperature and composition dependency of the cell 

parameters and consecutiveness of a', a",y°and yean be explained by a shear 

mechanism[34]assuming that the close-packed planesin the parent y phase become the 

close-packed planes in the y a",a'product phases. Under this assumption then,the 

following orientation relationships are apparent, as can be seen from Fig.11.[001].^ II 

[OOlj^o, [100]yII[100]yo, [100]„.^ a" [001]„. II [lOlj^^^o. 

The y°structure can be generatedfrom the y phase by a shearon two sets of(110)y> 

planes in <111>^direction. This double shear maintains an orthogonal relationship in 

the (110).yo plane. It is this shear which is also responsible for reducing the angle 

continuously(from 96° to93°). When the c/a axial ratio of y°decreases to a value of 

0.477,there is asymmetry change due to preference ofshear on one set of(112).^planes 

in one <11l>.y direction. This has the effect ofdestroying the orthogonalrelationship in 

the (110).yo planes and monoclinic symmetry becomes apparent. In a U+14 at% Nb 

alloy, x-ray smdies showed that phase changes had indeed taken place and that these 

were martensitic in nature was confirmed by microstructure studies[3]. On quenching 

this alloy a single phase a"was observed. However,on very slow cooling a two phase 

product ofa(Nb poor)and y(Nb rich) was observed.This is illustrated by Fig.12 and 

Fig.l3. Fig.12 shows, from dialatometric studies, the phase transformation that 

occuixed for a fast cooling rate,and the anamolous constriction indicates that y-> a"is 

a two stage process as manifested by an expansion during continuous cooling,instead of 

a contraction(stage II).The stage I is indicated by a change in slope at 570K(297° C) 
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and is called the constrictive arrest. Fig.13,coefficient of thermal expansion(CTE), 

versus temperature clearly indicates this two stage process of y —> a". Thus 

constrictive arrest represents stage I (that is, y (b.c.c) —> y° (tetragonal)) and 

anomolous expansion represents stage 11(that is, y°--> a"). However,by increasing 

the solute content,the anamolous expansion could be completely suppressed [29,35]; 

that is, the end product phase is y° alone and this behaviour was also found in a 

16.35 wt% Nb alloy [3].The following circumstantial evidences indicate that y°~> a" 

could be a thermoelastic martensitic reaction. 

i)Thea"microstructure itselfdue to its plate like morphology 

ii) Relatively small volume expansion accompanying the transformation which 

appears to be first order[36]. 

iii) Narrow thermal transformation hysteresis associated with reverse transformation 

[36]. 

iv)The substantial heat activatedSMEdisplayed by the alloy[36]. 

The y°is thought to be the result ofa displacementordering reaction ofthe yphase 

[37,38]in alloys with high solute content. For the 14at% Nb alloy the transformation 

temperature depend strongly on cooling and heating reate, and varies inversely with 

heating and cooling rate as indicated in Table 2. This implies that the y to a" 

transformation sequence was not entirely athermalin nature,butcould be complicated by 

time-dependentthermally activated factors. The reverse transformation temperaturesfor 

the a"~> y°showed hysteresis only on slow heating,and the and Aftemperatiu-es 

increased significantly, which could be interpreted as evidence ofaging reactions taking 

place. 

It is common among actinide metals and their alloys to find martensitic 

characteristics in phases that have been formed either athermally or isothermally [4]. 

That this was the case in the 14 at% Nb alloy for the y —> a" transformation was 
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TABLE2 

Quench rate dependency oftransformation temperatures for a U+14at% Nb alloy 

Transformation 

Temperature Fastt 
Helium gas quench 

Moderate^ Slow§ Vacuum quench|| 

T,{K) 
Ms(K) 
AMK) 

565 

435 

340 

590 

460 

340 

605 

475 

350 

655 

555 

The instantaneous cooling rates at 625 K were. 
1243 K/s,}107 K/s.§34 K/s and || 2.1 K/s. 
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demonstrated by dialotometry for two different modes of cooling, which showed the 

influence of cooling rate on the nature of the transformation. In the first mode, a 

specimen was continuously cooled to room temperature and the displayed constrictive 

arrest was at575K(302° C). Another specimen wasinterrrupted at575K(302° C)and 

held at this temperature for 2400 sees before cooling to room temperature, and no 

constrictive arrest occured (that is, no y° phaseformed in between the y~> a" phase 

change). In both cases, x-ray studies showed that the end product was a", the 

difference being in the microstructiu-e alone. Aging at a temperature above Mg causes 

the transformation to proceed forward. The longer the time spent, the more the 

transformation proceeds, and around 700 sees it is complete (that is, all a"),as no 

anamolous constriction was displayed as shown in Fig.14. The y —> y ° is a 

displacementordering reaction and the y°~> a"is a martensitic reaction. Both reactions 

could take place isothermally as well as athermally as demonstrated by the experiment 

represented in Fig.15(a). On aging the y phase obtained on reheating after quenching, 

there is a continuous transition of y ~> y° and y°~>a"as the aging time is increased 

at600K(327° C);the Mg temperature is also found to increase with aging temperature. 

Thus the time dependent nature ofy~> y°->a"is demonstrated clearly. 

The reason for such a time dependent adjustment in this y-like phases was due to 

spinoidal decomposition reaction,considering that a near monotectoid composition of 

U+Nb alloy(14at%)was studied. The Mg temperature was raised as the solute content 

was lowered and aging above the Mg temperature increased the Mg temperature of 

further transformation. Thea"formed after aging contained less solute content than the 

directly quenched a",clearly indicating solute rearrangement during aging. Further,it 

was observed[3]that on reheating to the yphase,there were emerging y-like phases in 

aged samples. This is indicated by the 'shoulder'in the curves in Fig.15(b),and was 

presumed to be the result ofan endothermic heat effect. With longer aging times,as for 
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the sample c in Fig.15(b), this heat effect was more pronounced. Assuming this 

endotherrmc heat effect wasdue to solute segregation(no such effect was observed in 

directly quenched samples)leads to the conclusion that solute segregation and isothermal 

transformation occur simultaneously if not as cause and effect. Thus in 14 at% Nb 

alloy,rapid quenching leads to a",in two stages: l)Y->y°. 2)Y°->a". TheY-> 

a"can be accomplished isothermally as well,and in this case an endothermic heat effect 

was observed during the reverse transformation. That the y —> y°~> a" transition 

could be affected by solute segregation in the unstable parent phase is a possibility. 

From recent studies [39] the 15.2 at% Nb alloy gave on quenching two transition 

phases,a"and y°. The y° phase was found to be present in trace amounts. Alloys 

containing less than 15.2 at% Nb exhibited a constrictive arrest and a constrictive 

anamoly. Alloys containing greater than 15.2 at% Nb showed constricitve arrest only. 

On quenching to 25° C,the former alloys transformed to a"and the latter ones to y°as 

indicated in Fig.16. 

Thus the constrictive anomaly was assumed to be associated with the transition to 

a". At higher Nb content where only y ~> y° takes place,the first deviation from y 

and the constrictive arrest did not happen at the same temperature,as was the case for 

compositions that eventually transformed to a". This behaviour is explained by 

ascribing the first deviation from yto the onsetofshort-range displacementordering,and 

the constrictive arrest to the beginning oflong-range order(that is, at Tc(Fig.16)). The 

transformation patterns were reversed upon reheating to y, provided the heating was 

rapid. 

In another study [32],a 6.4 wt% Nb alloy was made to transform by stressing the 

aUoy. From x-ray diffraction patterns,it wasfound that aging produced the y° phase at 

room temperature, along with a" varying from traces to 50%. This shows that 

temperature was slightly above room temperature. The x-ray pattern showed thatfor0% 
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strain only a trace ofa"was present and y° was the predominant phase(Fig.17). In the 

stressed condition, i.e., after 3% strain, the a" was the predominant phase and y° was 

present in traces. At1% strain, the y°and a"phases coexisted in amounts that were 

nearly equal. This showed that one phase grows at the expense ofother when stress is 

applied. Thus a discrete crystal structure change as opposed to the postulated 

continuous change is evident.This becomes more apparent upon examining the lattice 

parameter yin Fig.18. yangles betweeen 94° and 97° were not observed in U-Nb 

alloys, confirming the data in Fig.8. In the a" phase formed by stressing, certain 

expected x-ray peaks were not observed (Fig.l7), specifically(110)and (111). The 

absence ofthese peak was due to preferred orientation in the samples. A net volume 

expansion of 1.85% was calculated for the y°->a"transformation indicating that this 

is a first order phase change. Fig.19 and Fig.20 show the nature of the lattice 

distortions involved in y° —> a" and the reversible nature of stress-induced a" 

formation,respectively. Thereversibiltiy oftransformation is reduced as the amountof 

deformation increases,and the a"phase tends to become increasingly stabilized. 
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direction which is parallel to 'c'. The square points correspond to the a" 
lattice[32]. 

f 
B 

V 

0.6 V 

e o 

STRAIN (%) 

Figure 20. A plot of volume fraction of a" versus strain. Open points refer to the 
stressed condition while the filled points indicate the unloaded states[32], 
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3. EXPERIMENTALPROCEDURE 

3.1 Materials 

The alloys for x-ray studies were prepared at the Oak Ridge Y-12 production plant. 

The charge material consisted ofcommercial scrap ofcomposition U+5.8 wt% Nb,and 

a.previously made alloy of U -t- 10 wt% Nb. This charge was melted in a graphite 

crucible coated with a double layerof yittria. The melt was castinto 13cmx 18cmx4 

cm slabs weighing 18 kgs. These were then homogenized in vacuum(<10 torr) 

according to the following schedule. The temperature was first raised to 1100° C and 

held there for 1/2 hour, after which the temperature was further raised to 1150° C and 

again held there for 1/2 hour,followed by another temperature increase to 1200° C 

where the slab was held for2hours. Then the furnace was turned off and the slab was 

furnace cooled to room temperature. 

The chemical composition ofthe alloys considered is shown in Table A.l and the 

analysis for three of the alloys is shown in Table A.2(see appendix). The chemical 

analysis wasdone for the slabs,before homogenization,on drill chips taken from the top 

and bottom ofthe slabs and notfrom the diffractometer sample. From Table A.l,it is 

clear that there is a marked difference between the top and bottom drill chip 

compositions,which in effect gives alloy compositions to an accuracy of ±0.5% only. 

Hence,the actual average alloy compositions wererounded offto this accuracy,and are 

shown in Table A.l as the average composition. Because of this discrepancy, alloys 

having nominal compositions of 16.17 and 16.37 are listed as having the same 

composition of 15.5 at% Nb. 
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3.2Sample Preparation 

The hot rolling was done at 820° C after holding at this temperature for 10 min in a 

salt bath. The rolled plates were 15 cm wide and 2cm thick. After the last pass, the 

plates were held in the salt bath for20min and then removed and aircooled. This plate 

was now sectioned into6blocks a, b,c,d,e and fas shown in Fig.21,each of size 8 

cm X 10cm X2cm.Each block was then solution heat treated at800° Cfor one hour in 

vacuum and water quenched. This quenched block was cold rolled at ambient 

temperature to a size of 15cm x 10cm x 0.8 cm plate(Fig.22(a)). The cold rolled plate 

was again solution heat treated for 1/2 hour at 800° C in vacuum and then water 

quenched. X-ray diffraction samples were machinedfrom this quenched plate. The size 

ofthe sample wasin accordance with the Rigaku low temperature sample holder. The 

x-ray diffraction sample was further shaped (Fig.22(b)) by hand grinding on a water 

cooled and lubricated SiC grinding wheel. The grinding was done to give the specific 

shape in order to fit the sample holder. In this condition, the samples were given the 

desired heat treatment prior to x-ray diffraction experiments. The same procedure 

delineated above wasfollowed for each x-ray sample ofany particular composition. 

3.3 Diffraction Experiments 

3.3.1 Preparation OfDiffraction Sample 

Each sample was given a solutionizing heat treatmentin flowing argon at 800° Cfor 

1 hour followed by water quenching. After the heat treatment, electropolishing was 

done at a powerof45V and 2.4A,using a D.C power source.The electrolyte was made 

of45% H3PO4+40% H2SO4-I-15% H2O.The polishing was done intermittently in 

steps of60 sees at a time. A stainless steel beaker was used as the cathode. Polishing 

was continued with constant inspection till the sample was completely scale free and 
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Figure 22. Cold rolled plate for x-ray diffraction samples. 
a)The 15.24cm x 10.16cm x 0.79cm plate from which x-ray diffraction 
samples were machined, 
b)Cryostat sample. 
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shiny,or till a 50% current drop was observed. However,the use of current drop to 

mark the end ofpolishing was applicable only for freshly made electrolyte. Generally, 

the weakerthe electrolyte the higher the power needed for electropolishing. 

3.3.2Experiment 

A room temperature diffraction pattern ofthe polished specimen using the standard 

flat specimen holder was taken. The low temperature cryostat of the Rigaku 

diffractometer was then mounted on the goniometer table after the specimen was placed 

in it. Then,this specimen was aligned using the room temperature diffraction pattern as 

the reference and by observing that the peaks should occur at the same 20 values as they 

did for the flat specimen holder. 

Once the alignment wasdone,the low temperatiu"e unit wasevacuated to a pressure 

of 10'^ torr, after which the refngerant(liquid N2)was poured in slowly till the vessel 

was full. After the vessel wasfilled,the currentfor the heating element ofthe cryostat 

was adjusted to maintain the desired low temperature,and care was also taken to ensure 

that the cryostat wasfilled with liquid N2to 8/9th ofthe capacity throughout the course 

ofthe experiment. 

The diffraction patterns were taken, beginning with room temperature and 

progressing down to liquid N2 temperature, at desired temperatures obtained by 

adjusting the current as neccessary. The experiment was repeated in a reverse manner 

also; ie., diffraction patterns were taken from liquid N2tempeature all the way to room 

temperature. The x-ray data were collected using a scan speed of 1° per minute. The 

background radiation was keptto a minimum by varying the tube power between 32and 

35KV and 20 mA,as necessary. The scanning was done from 30° to 70° 20 values, 

without scanning between 20 values of41° to 47° as no peaks were present between 

these values for all alloys considered. For the analysis, however, only the peaks 
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observed between 30° and 41° were considered as these were better resolved than the 

rest. All the alloys considered in this study showed complete reversibility ofthe phase 

transformation without any high degree ofthermal hysteresis. 

3.4Indexing And Phase Identification 

Foreach alloy considered,the following procedure was adopted for identifying and 

indexing the observed reflections. From the diffraction patterns, the 20 values ofeach 

peak and hence the corresponding'd' values, knowing the X of the Cu-K^ incident 

radiation, were determined. 

Knowing that the alloys considered contain both monoclinic a"and tetragonal y° 

when quenched to room temperatures,the following approach was taken for indexing 

the individual reflections. First, the a" monoclinic phase was considered. The lattice 

parameters were calculated from Tangri and Chaudhuri's results [10] by direct 

interpolation for the specific alloy composition considered. From these lattice 

parameters,the'd'values were calculated for a"by using the following equation for d, 

knowing that 7 is a unique angle. 

1 1 h^ 1^sin 7 k^ 2h k cos 7 

d^ Sin^ ^ a^ c^ b^ ab 

This was done for all the monoclinic reflections and the theoretically calculated'd' 

values were compared with the observed experimental 'd' values. The results thus 

obtained are shown in Table A.3. The remaining unmatched experimental 'd' values 

were then tested for their identity with the7° phase. Knowing that7°is a tetragonal 

structure the following equation[40]must hold. 

Sin^e = A(h2+k2)+Cl2 
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where A and Care constants,and h,k,1 are the Miller indices. The A and Care related 

to the lattice parameters and the wave length ofradiation asfollows. 

A=A,^/4a^,and C= X^/4c^ 

The A and C values need to be determined,and,once found,they will disclose the 

cell parameters 'a' and 'c' and enable the line indices to be calculated. The A value is 

determined from h k0lines,when the above equation becomes 

Sin^e= A(h2+k2) 

The allowed values of(h^+k^) are 1,2,4,5,8 etc. Therefore,the h k0lines must 

have sin^0 values in the ratio ofthese integers,and A will be some number which is 1, 

1/2,1/4,1/5,1/8,etc.,times the sin^9 values ofthese lines. The constantCcan then be 

found from otherlines on the pattern and the use ofthe initial equation in the form 

Sin^e - A(h2+k2)= Cl2. 

Thus differences from the left-hand side of the above equation,for various assumed 

values ofh and k in an attempt to find a consistent set ofCl^ values,must be in the ratio 

of 1,4,9,16 etc. Once these values are found,Ccan be determined. When the above 

approach was applied to the peaks from the 15.0 at% Nb alloy, the observed peak 

positions along with the sin^G values given below were obtained. The h k 1 values 

shown are the assumed ones. 

20 Sin^G hkl 

32.20 0.0769 0 1 1 

36.15 0.0963 020 

36.85 0.1000 1 1 1 
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Using(020)the equation reduces to give the value ofA as 0.0241 and using(011), 

along with the value of A just obtained, the value of C was determinied as 0.0528. 

From these values, the 'a' and 'c' values were found and the d values were then 

determined by using the following equation 

1 h2+k2 l2 
+ 

d2 

These values were matched with the observed d values and the peaks indexed,as 

shown in Table A.3. Thus,the peaks were indexed for the 15.0at% Nb alloy. The rest 

of the alloys had the same peaks in varying intensities depending upon the alloy 

composition and temperature ofdiffiraction experiment. 
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4. THEORYOFPHASEFRACTIONDETERMINATION 

The basis ofthe x-ray technique and its reliability and precision lies in the fact that 

the intensity ofa diffraction line ofa particular phase is a function ofthe volumefraction 

ofthat phase presentin the aggregate. The ratio ofthe intensity ofa diffraction line ofa 

phase in the aggregate to the intensity ofa second phase diffraction line yields the ratio of 

the volume fractions ofeach phase present[2]. This is the principle used in determining 

volume fractionsforeach phase,and iscommonly called the directcomparison method. 

Thistechnique enablesone to use all available,experimentally observed diffraction peaks 

and thus is well suited for the use ofcomputer analysis. The integrated intensity ofthe 

ith diffraction peakofaresolved spectra from thea phase in the aggregate is given by: 

Ei« =KRi« V« (1) 

where. 

k = i„a„a,[-rr-ll,, 1 
m-^c^ 3271 r^ p. CO 

and foreach ith peak 

1 

Rj =m n2f2e-2D p 
Cos0 Sin^9 

For a second phase Pin the aggregate we have 

EjP = KRjP VP (2) 

Here,V" and VP are the volume fractions ofthe a and P phases,respectively. K is a 

independent constant (depends on experimental conditions alone),whereas R is a factor 
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depending on0and h k 1 values ofeach reflection.The various terms used in the K and 

R factors are given in Appendix. From(1)and(2)we can write the following sets of 

equations. 

kv/=(A)3 
"j 

The ratio E/R is referred to as the normalized energy and can be determined 

experimentally. For theoretically perfect data, the average value of the normalized 

energies for the various h k 1 spectra would equal to the individual values of the 

normalized energy. Forreal data,the individual values ofthe normalized energy would 

fluctuate about the theoretical value of K,i.e., E/R,due to the presence of preferred 

orientation,grain size and statistical effects[2]. Under such conditions,the bestestimate 

ofE/R is simply the average value ofall the peaks presentin the real data. 

4.1 Factors Affecting Measured Intensity 

4.1.1 Extinction 

This arises from two independent experimental conditions,and are termed primary 

and secondary extinctions. The primary extinction is due to the individual grains in the 

aggregate becoming more perfect. In any real crystal,there is a certain imperfection due 

to the fact that the higher dislocation densities group together to form sub-grain 

boundaries, isolating lower dislocation density areas as sub-grains; that is, a mosaic 

structure in a single grain is formed. This mosaic structure causes greater reflection 

whenever such sub-grains are very fine and nonparallel. However, with increased 
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sub-grain size, when some or all are parallel,there is a decrease in integrated intensity 

and this is called primary extinction.The secondary extinction,on the other hand,is due 

to the nonrandomness ofthe grains or single crystals in a polycrystal aggregate, which 

again reduces integrated intensity, specifically of the stronger spectra relative to the 

weaker ones. 

4.1.2 Microabsorption 

Thisleads to alossin intensity due to one phase having linear absorption coefficient 

different from the other in the mixture, or the grain size being much larger than the 

other. This effectis negligible ifthe linear absorption coefficients ofthe two phases are 

nearly the same orthe particle size ofboth phases very small. 

4.1.3 Preferred Orientation 

This effect negates the assumption ofperfectrandom orientation ofthe crystals in a 

polycrystalline material. This causes certain spectra to exhibit increased intensity while 

at the same time,others show reduced intensity. In a polycrystalline material which has 

preferred orientation its effectcannot be eliminated other than by rotating the sample in 

particular ways during the intensity measurement[2]. Secondary extinction effects may 

reduce the anomalously strong spectra to a certain degree. 

4.1.4 Statistical Fluctuations 

The x-ray diffraction energy,which is quantitatively measured by the diffractometer, 

is the total diffracted energy of an h k 1 spectrum; that is, the integrated intensity 

measured after being affected by the above mentioned factors. This,in turn,is subjected 

to statistical fluctuations which are due to: 

i)the statistical nature ofthe x-ray emission and reflection processes 
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ii) fluctuation in electron flux at the source tube, due to imperfect control over tube 

voltage and current 

iii) instability ofthe counting system 

iv)experimentalerror ofarandom nature. 

4.1.5 Superposition 

If the number of phases present in the aggregate is large or if one or more phases 

have large lattice parmeters oralow symmetry structure,the probability ofpeak overlap 

is increased,preventing separation ofpeaks into individual energy components. Even 

when there is only partial overlap any separation technique becomes tedious. Also,as 

the background increases, the minimum diffracted energy which can accurately be 

measured decreases. 
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5. CALCULATION OFPHASEFRACTIONS 

5.1 Determination ofR 

In calculating the factor R,the unit cell volume and the structure factorF were the 

two quantities which were calculated. TheLPfactor and'm',the multiplicity factor for 

each h k I value,were easily availablefrom published literature[41,42].The temperature 

factor e used to compensate intensity loss due to thermal vibrations of the atoms 

wasignored since the thermal vibrations atroom temperature and below are too low[40] 

to significantly affect the measured intensities in this experiment.The unit cell volume 

1/N was calculated using the equations below knowing the lattice parameters at room 

temperature ofeach phase. The lattice parameter changes with temperature were not 

taken into consideration. 

1/Nqj" =a b c Sin y 

1/Nyo = a^c 

The structure factor was determined by knowing the atom positions ofeach phase 

[29,22] and the atomic scattering factor f. The latter was determined by graphical 

interpolation from values [43] of f of U and Nb atoms plotted for the 20 range 

considered (Fig.23). As the phases studied were random solid solutions, the f values 

were weighted averaged valuesfor U and Nb,knowing the atomic percent ofU and Nb 

in the alloys. The atom positions in a"and y along with the equation to determine IFl^, 

are shown below. 
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Figure 23. Plot off,the scattering factor versus SinG/Xfor U and Nb atoms[44]. 
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a" Y° 

u V w u V w 

0.036 0.102 0.25 0.0 0.5 0.453 

0.036 0.102 0.75 0.5 0.0 -0.453 

0.464 0.602 0.25 

0.536 0.398 0.75 

IFI^ =[fjcos20(huj+kvj+lwj)+f2cos29(hu2+kv2+IW2)+f3 cos20(huj+ 

kv 3+IW3)+...]^ + [fj sin20(hujkv^Iwj)+f2sin20(hu2+kv2+IW2)+ 

£3 sin20(hu3+kv3+IW3)+...]^ 

5.2Determination ofE 

The integrated intensity E was determined by using the Pearson VII peak separation 

computer program developed by Zieminski[44]. The pen-chart plot of the diffraction 

pattern is first digitized using a digitizing program,where each digitized point has 20 

and intensity as its coordinates. These digitized points ofthe pattem are now input data 

for the peak separation program. Apartfrom this,foreach peak the 20 value,maximum 

intensity I, half-height width Hand shape factor S,along with a step-size orincrementin 

each of these parameters, were also given as the initial input. By means of the shape 

factor,the program is instructed about the type ofpeaks,namely sharp or broad,it can 

expect to analyse. A value of 1 to 10for S is generally given for crystalline materials. 

In this analysis,S was given a value of5for all the data analysed.The program, with 

these initial parameters,simulates a diffraction peak curve as a first approximation. Then 

the digitized data are compared to the simulated curve and an attempt is made to fit these 

data points to this curve. Once a "best fit" is obtained the program computes the 

individual area under each peak,which is the integrated intensity. 



53 
5.3ProblemsIn Evaluating 

E using the Peak Separation Program 

The area calculated under each peak (i.e., the integrated intensity E ofeach peak) 

was found to be sensitive to the initial input parameters 20, H,S and I and their 

increments 520,5H,5S,and 51. However,inspection of the curve fit shows that the 

experimental data points and the computer generated points fit fairly welleven when the 

E values were unusually high for certain peaks in a particular data set. Also,in such 

cases the computer evaluated input parameters were in correspondence with the initial 

input parameters reflecting the good curve fit. Manipulation of the increments in the 

input parameters seem to affect E to a larger extent than the curve fit itself, thereby 

indicating that the manner in which the computer program evaluates areas under each 

peak is rather ambiguous. Because of the above difficulties inherent in the computer 

program itself, the following approach was taken to determine E values and hence the 

phase fractions. 

First, each data set was analysed so as to get a best curve fit by varying the 

increments for the input parameters. This is illustrated in Fig.24 and Fig.25, where 

Fig.25 clearly shows a better fit than Fig.24, in the weak peaks around 33.5 and 40° 

20. However,this in itself is no guarantee that the E values calculated after such a fit 

were in correspondence with the experimental intensities. This is illustrated by Fig.26 

and Fig.27, which show two diffraction patterns having fairly good curve fits from the 

same alloy at +22°C and -40°C, and Table 3 shows the results of these patterns. 

Inspection of Table 3 shows that while E values pertaining to the Fig.27 are in 

correspondence with experimental intensity,the E value ofpeak 1 for Fig.26 has a value 

much higher than peak 5,which is the strongest peak in Fig.26. Thus this E value for 

peak 1 of Fig.26 is an abnormal value.This shows that the curve fit in itself is 
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Figure 24. Illustration ofthe curve fit by the computerfor a diffraction pattern. 
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Figure 25. Illustration of the curve fit by the computer for the same diffraction pattern 
as in Fig. 24, after varying the input incremental values. 
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Figure 27. The computer generated curve fit at-40°C 
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TABLE3 

Comparison oftheE values for two diffraction patterns at+22°C and -40°C. 

Peak hkl E's at +22°C(fig.26) E's at-40°C(fig.27) 

1 (020)„.. 75.51* 14.12 

2 (011)^0 4.20 7.60 

3 (iiO)„.. 17.11 14.38 

4 (110)„.. 7.91 8.20 

5 (002)„.. 43.43 51.38 

6 (lll)yo 28.98 21.63 

7 (ill)a" 21.45 20.35 

8 (lll)a" 5.77 9.22 
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no indication thatcorresponding E values would be evaluated properly by the computer 

program. 

The abnormally high values ofE calculated by the program almost always happened 

for the weak and broad peaksfor all the data analysed.Thus,apartfrom looking for best 

curve fit,theE values were also observed so thatno abnormally high values are assigned 

for peaks whencompared to their experimental data. With the above conditions in mind, 

all the data were analysed by varying the increments for the input parameters till "best 

curve fits" were obtained for each data set. In all the data the strong superposed peak 

(002)^^",(021)pjtt, and (020).yo occuring at about 36.2° was ignored,since this peak 

cannot be separated into individual peaks corresponding to the respective phasesa"and 

Y Although it wasimpossible to completely avoid abnormalE value for some peaks in 

the overall data as mentioned above, such peaks were deleted from phase fraction 

evaluation,i.e., after arriving at a good fit ifsome peaks had abnormally high E values 

such peaks were notconsidered for phase fraction determination.Thus,all the data were 

analysed and the final curve fits at each temperature are shown in Fig A.l through Fig 

A.17. The corresponding input parameters and the E's computed by the program are 

shown in Table A.4. It is from the E values in Table A.4 which did not have 

abnormally high values that the phase fraction ofa"and y° were determined. These E 

values are also shown separately in Table A.5. 

The percent a" thus calculated is plotted versus temperature in Fig.28(a),(b)and 

(c). There is another plotshown by dashed line as determined by Vandermeer[45](see 

below),and it is evident that the variation of%a" with temperature follows a similar 

behaviour,as the onefound in this research. Vandermeer's calculation gave about30% 

less a" than the present results. A non-linear regression analysis was used by 

Vandermeer which computed two parameters for selected resolved peaks. Assuming 

triangular symmetry foreach peak,these two parameters were the base and height ofthe 
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triangle,from which the area under each peak was determined using E = 1/2 base x 

height. It is notknown whether any peak separation was performed by this method to 

include the peak extermities which overlapped. 

To make a comparison with Vandermeer's results, the initial input parameter I and 

H,valuesread from the pen-chart diffraction patterns,and the Iand H values calculated 

by the computer,were considerd selectively only for those peaks which did not yield an 

abnormal E value as mentioned earlier, i.e., the peaks in Table A.5. For these peaks, 

two sets ofE values were determined using Ep= 1/2Ip Hp and E^.= 1/21^,H^. where Ep 

denotes that Ip and Hp values used were taken from pen-chart diffraction patterns and E^. 

denotes that 1^, and H^. values used were computer evaluated. Thus two sets of phase 

fractions were determined,one using Ep's and one using E^^'s. The variation of these 

phase fractions with temperature is also shown in Fig.28. From Fig.28 the phase 

fraction variation with temperature obtained using two the E values described above did 

notshow similarity with the previously obtained results exceptfor alloy 196. Also for 

each alloy this variation was different. The net phase fraction in this case also waslower 

than that obtained by the first analysis. 

Because ofthe sensitivity ofE to the incremental values ofthe input parameters,an 

attempt was made to optimize these values so that a uniform incremental value could be 

found and used consistently for all the data without having to individually manipulate a 

particular data set, as was done in the first analysis described above.The data for the 

alloy 183 at -121° C was considered for this purpose.First the 520 was varied,keeping 

the other incremental parameters constant,(see Table 4) as 0.001, 0.01,and 0.1. The 

curve fit when 520= 0.001, 0.01 and 0.1 is shown in Fig.29, Fig.30 and Fig.31 

respectively. Inspection ofthese show that the curve fit with 520=0.01 is the best fit 

(Fig.30). Thus 520 was selected to be 0.01. Also inspection ofE values shown in 

Table4calculated by the computerfor the above curve fits show thatE values with 520 
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Figure 29. Thecomputer generated curve fit for the diffiraction pattern when50=0.1. 
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Figure 30. Thecomputer generated curve fit for the diffraction pattern when50=0.01. 
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Figure 31. The computer generated curve fit for the diffraction pattern when 50= 
0.001. 
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TABLE4 

Optimization for 520. The abnormalE values are indicated by 

520=0.1 

Peak 20 520 5H 5S 51 E 

1 32.25 0.001 0.01 1.0 0.1 13.25 

2 33.60 0.001 0.01 1.0 0.1 64.59* 

3 35.45 0.001 0.01 1.0 0.1 10.22 

4 36.20 0.001 0.01 1.0 0.1 21.19 

5 37.00 0.001 0.01 1.0 0.1 24.09 

6 38.25 0.001 0.01 1.0 0.1 8.43 

520=0.01 

Peak 20 520 5H 5S 51 E 

1 32.25 0.01 0.01 1.0 0.1 23.03 

2 33.60 0.01 0.01 1.0 0.1 14.67 

3 35.45 0.01 0.01 1.0 0.1 10.34 

4 36.20 0.01 0.01 1.0 0.1 19.48 

5 37.00 0.01 0.01 1.0 0.1 24.62 

6 38.25 0.01 0.01 1.0 0.1 8.68 

520=0.001 

Peak 20 520 5H 5S 51 E 

1 32.25 0.1 0.01 1.0 0.1 0.00* 

2 33.60 0.1 0.01 1.0 0.1 184.69* 

3 35.45 0.1 0.01 1.0 0.1 6.99 

4 36.20 0.1 0.01 1.0 0.1 24.86 

5 37.00 0.1 0.01 1.0 0.1 20.27 

38.25 0.1 0.01 1.0 0.1 12.94 6 
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=0.01 are more in correspondence with the experimental data, apart from having a 

better fit. 

Now, keeping 520 to be 0.01,5S was varied as 0.01, 0.05, and 0.1 and by a 

similar method described above the best5S wasfound to be 0.1. In a similar fashion the 

5H and 5l were optimized as 0.005 and 0.1, respectively. Using these new uniform 

values, all the data ofthe three alloys were once again analysed to determine E values. 

The curve fit and the respective E values and input parameters computed from this 

second analysis are shown in Fig. A.18 through Fig. A.34 and Table A.6,respectively. 

From Table A.6 it is seen that here also there are abnormally high values for certain 

peaks,and compared to the first analysis,i.e..Table A.4,the abnormally high values in 

the present case(Table A.6)are much more prevalent.Inspection of Fig. A.18 through 

Fig. A.34shows that the curve fits were good,again indicating that the program has an 

inherent defectin calculating the area under the separated peaks,even though it was able 

to make acurve fit. 

Thus it wasfound that there seems to be no logical process by which the incremental 

values ofthe input paramerters affect the area calculated under each peak after the curve 

fit. The phase fractions were calculated from this second analysis by considering only 

the peaks which do not have abnormally high E values,and the net phase fractions were 

found to be very close to those of the first analysis(Fig.32),especially for alloys 183 

and 196(Fig.32(b)and(c)). Thuseven though the net phase fractions calculated in both 

these analysis were close,the%a"calculated from the first analysis(Table A.5)was 

used to determine the metastable phase diagram, as this had less abnormal E values 

present,and this permitted more peaks to be included in phase fraction determination.In 

both the analyses the abnormalE values were not used to determine phase fractions, as 

already discussed.In spite ofthe inherent problem ofthe computer program to determine 
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E values directly, the E values obtained by the above method gave a variation of%a" 

with temperature similar to that given by Vandermeer. 

5.4 Phase Fraction Determination 

Considering the two phase mixture of a"and y we have the following equations, 

againfrom Eqs.(l)and(2). 

KVjO' = , and KV/ = 
Ri Rj 

Thus the mean normalized energy valuesfor the resolved spectra are given by: 

1 I E: 1 J E: 
K(V)« = — I{ and KiW)t= — I(_i-),

I i=i Ri J j=i Rj ^ 

where i= 1,2,3 ...,and j= 1,2,3 ... are the number of peaks considered in each phase. 

From this,we have volume fraction equationsfor each phase as: 

1 1 I E: 
(V)"'-{-!( )„.} (3) 

K I i.l Rj 

I 1 J E. 
(V)lf =-{-I(—K} (4)

K J j=i Rj ^ 

and knowing that 

V«"+ VY°=1 (5), 

for a two phase mixture, the individual phase fractions can be determined from 

Eqs.(3),(4)and (5). For example,consider the 15.0 at% Nb alloy. The two y°peaks 



 

 

 

 

73 

and five a"peaks at +22° C and their respective R and E values are listed in Table 

A.5. From Eqs.(3)and(4)wecan write the a" and y°volume fractions as: 

1 1 10.03 12.02 13.50 21.25 6.61 
(V)« = —{—[ + + + + 1 } 

K 5 2.8414 9.7615 9.1233 1.4340 0.3256 

1 
(V)«" =—(8.2725) (6) 

K 

andfor the y°phase: 

„ 1 1 4.06 10.20 
(V)7°=_{-[ + ]} 

K 2 0.7040 9.4804 

1 

(V)7°=—(3.4215) (7) 
K 

From Eqs.(6)and(7)we have: 

(V)«" 
=2.4178 

(V)Y' 

and using eq.(5) we obtain the a" and y® phase fractions as 70.74 and 29.26 

respectively. In a similar way the phase fractions at each temperature were determined 

for all the alloys. In using x-ray analysis an error of about5% of the amount ofphase 

measured is normally present,in the absence ofpreferred orientation [40]. Considering 

that no compensation was madefor preferred orientation the error in this analysis could 

be higher than 5%. Thus the phase fractions for a"and y°should be rounded offto 70 

and 30%respectively. 
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6. RESULTS ANDDISCUSSION 

The results are discussed with respect to the evaluation of d values, the factors 

affecting the integrated intensity and the calculation ofthe volume fractions. The errors 

that are presentor have been introduced experimentally,or otherwise,in evaluating the 

above entities are also considered. 

6.1 Indexing Peaks 

In indexing peaks and thus identifying the respective phases present,the'd'value is 

the calculated quantity from which the rest of the calculations were done. The main 

source oferorr which could be introduced in determining'd'values is the error in the 

experimentally determined Bragg angle 20. The 20 values were read to ± 0.05°. 

Indeed,peak shifts were observed at different temperatures. However,since'd' values 

were used merely to identify h k 1 values,any error introduced here will not affect the 

volume fraction ofthe phases being determined. 

6.2Factors Affecting The Integrated Intensities 

6.2.1 Extinction 

Both primary and secondary extinctions are independet ofexperimental conditions 

and depend upon the degree of perfection and orientation ofthe crystals. The phases, 

having been formed by a martensitic transformation by quenching, have severe 

non-uniform strains in them. Thus both y° and a"crystals can be assumed to be highly 

imperfectdue to these strains. 

The sample being fine grained(ASTM#8)reduces parallelism among sub-grains 

(mosiac blocks)[40]. Thus this crystal imperfection along with the fine grain structure 

reduces primary extinction effects to a certain degree. The secondary extinction is 
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caused by the parallel alignmentor non-randomness ofdiffracting grains and cannot be 

truly avoided in any metallurgically prepared sample, since perfect randomness is 

difficult to obtain even in powdered samples. 

6.2.2 Absorption 

The microabsorption considered here can alter the intensity data obtained from 

multiphased aggregates,whenever the linear absorption coefficient ofthese phases are 

very different. In the present case we only have two phases which are solid solutions 

having the samechemical composition,hence,making absorption effects negligible. 

6.2.3 Grain Size And Preferred Orientations 

The presence oflarge grains along with preferred orientation causes certain spectra 

to be more intense and others to be weak. This is a major factor which affects the 

measured intensities. In this experiment all the alloys showed similar grain size, with an 

average grain size of ASTM#8; that is,22|j,m grain diameter, which is fairly fine 

grained. Even though preferred orientation cannot be avoided in a real polycrystalline 

sample,its presence can be detected by comparing the R values with E,the measured 

intensity. The calculated R values for one phase are simply the theoretical line 

intensities,in arbitratry units,for that phase in the absence ofpreferred orientation. 

Thusifthe measmed intensities ofthe various lines ofa particular phase are not in 

the same ratio as their R values,then preferred orientation exists. In this analysis,some 

preferred orientation must exist as the samples were polycrystalline, but secondary 

extinction may reduce anomalously strong spectra arising due to preferred orientation. 
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6.2.4 Statistical Fluctuation 

In this analysis the electron flux fluctuation was assumed to be minimal since a 

stable voltage and current was maintained by the diffractometer. There could be 

counting losses due to the random arrival ofthe x-ray quanta at the counter. Therefore, 

pulse production at the counter is random in time. As the counting rate increases, the 

time interval between pulses decreases and may become so small that the adjacent pulses 

merge with one another and are nolonger resolved,orcounted as separate pulses. This 

is the point where counting loss has begun. When this occurs,the number of quanta 

absorbed is no longer proportional to the quanta detected. 

Since quanta absorbed is the x-ray intensity, an error in counting or measured 

intensity has been introduced, in this case counts of 1000,2000,and 4000 per second 

were measured and are neither too high or too low. Thus,a decrease in resolving time 

due to an increase in counting rate is not a factor[40]. Also the x-ray quanta absorbed 

and the quanta detected follow a linear no-loss behaviourin mostmodem counters[40]. 

However, there will be some counting efficiency loss due to the absorption of x-ray 

quanta by the counter window,and the extent of this depends on the wavelength ofthe 

radiaiton. For the Cu-K^^jused in this experimentthe loss was not significant. 

6.3Phase Fractions 

The two main factors in determining the relative volume fractions of each phase 

involved are R and E. The R strictly depends upon the individual h k 1 spectrum,such 

as the multiplicity factor m,LPfactor and the structure factorF. Amongthese quantities 

the structure factor depends on the atomic positions and the atomic scattering factor f, 

which in turn depends on the Bragg angle and the incident radiation wavelength. In this 

analysis,due to the nature ofthe low temperature experiments,there were 20 shifts due 

to the lattice parameter changes with decreasing temperatures. Since these lattice 
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parameterchanges were not taken into account ateach temperature when the diffraction 

pattern data were analysed,the unit cell volume changes were not accommodated in the 

calculation ofR factors. Thus any error introduced in the R factor was mainly due to 

these lattice parameterchanges,and due to thefvalues considered in calculating F,since 

the f values were graphically interpolated values. The factor E, i.e., the integrated 

intensity,could have been affected statistically since forsome samples a large numberof 

peaks were considered.The main source ofexperimental error may have been due to the 

nature ofthe method in determining E,as already seen above in section 5.4. 

The phase fractions calculated for alloys of composition 15.0, 15.5* and 15.5** 

at% Nb are shown in Table A.7,and the diffraction patterns are shown in Fig. A.35 

through Fig. A.56. The alloys ofcomposition 14.5 and 16.0 at% Nb were completely 

a"and y° phases,respectively,at room temperature.The 16.0 at% Nb alloy remained 

all Y°down to -192° C. However the intensity ofthe(111)^0 peak ofthis alloy reduced 
with decreasing temperatures as is seen in Fig.A.52 through Fig.A.56,thereby possibly 

indicating that there may be trace amounts ofa"appearing. But the superposed peak 

containing both a"and y° peaks(at 36.2°,20)showed no increase at all to indicate any 

increase in the a"phase. 

6.4 Metastable Phase Diagram 

The variation of% a" phase with temperature for the three alloys is shown in 

Fig.33.From this it is obvious that the amountofthe a"phase increases with decreasing 

temperature,showing that the y°~> a"reaction proceeds in the forward direction by 

supercooling. From Fig.33 it is seen that at roughly -65° C and above, the % a" 

reduces with increasing Nb content as expected in these alloys, but below -65°C it is 

seen from Fig.33 that the nominally higher Nb content(15.5 at%)alloy retains more 

a"than the lower Nb content alloy(15.5* at%). This behaviour is the reverse of what 

https://Fig.A.56
https://Fig.A.52
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happened in the higher temperature range and opposite to what is expected in these 

alloys,since the higher the solute content the lower the amountofa"retained in these 

alloys. Thus, the a" variation behaves in opposite ways at the two extremes of the 

considered temperature range, with the behaviour changing direction at a temperature 

roughly below -65° C.The unusual behaviour seen in the lower temperature range in 

Fig.33 may be attributed to the uncertainty in the alloy compositions(±0.5%). That is, 

the alloy with the apparently lower Nb content(15.5* at%)may have a composition 

higher than this (i.e., 15.73 instead of 15.51 at%. Table A.l). Below -65° C, the 

curves,although shown separated in Fig.33,may be indistinguishable as the estimated 

accuracy in the determination ofthe%a" is±5%. 

The variation at room temperature of%a" with at% Nb is shown in Fig.34(a). 

This indicates that with increased Nb content the supercooling necessary to start the y° 

~>a"reaction increases,i.e., the Mg temperature decreases.Thus it can be inferred that 

the Mg temperature would decrease with Nb content.The variation of%a"with%Nb 

at about -190° C is shown in Fig.34(b). From this it is seen that the Mf temperature 

also is lowered with increased Nb content,and higher supercooling is needed to force 

the reaction forward in order to form more of a". The Mg temperature variation 

between 13 and 15 at% Nb alloys is known[39]. In the present analysis,the 14.5 at% 

alloy gave complete a"phase at room temperature,and the 16.0 at% alloy remained 

completely y°down to -192° C. The Mg temperature for the 14.5 at% alloy is clearly 

aboveroom temperature. From the results ofthe 16.0 at% alloy the Mg and Mf curves 

cannot extend beyond 16 at% and should slope down. The Mftemperatures for the 13 

and 14 at% alloys are approximately above room temperature [39]. From the present 

research, the M^temperature is below -192° Cfor the three alloys. All of the above 

information was used to construct the transition metastable phase diagram shown in 

Fig.35. 
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7. CONCLUSIONS ANDRECOMMENDATIONS 

The addition ofincreased amountofNb to U stabilized the y° phase,thus needing 

higher supercooling for the reaction to proceed forward as expected in these alloys.The 

martensitic reaction at sub-zero temperatures of the alloys studied shows that the Mf 

temperaturerange lies close to liquid N2temperature oreven lower. 

There are many areas that need extensive study to accumulate comprehensive low 

temperature datafor the martensitic reaction in these alloys. Accurate chemical analysis 

should be done on the diffraction samples to ensure correct alloy compositions. High 

temperature studies could be conducted to determine Mg temperatures ofthese alloys, 

and additional low temperature experiments should be done to check out the possibility 

of driving the reactions to completion. This would shed more light on the Mf 

temperatures of these alloys. More alloys between 15 and 17 at% Nb compositions 

should be studied,since only five alloys were considered in this study. This will give 

more continuous data and hence a better picture ofthe reaction path and better datafrom 

which to construct a transition metastable phase diagram. 

Because ofconsiderable background radiation and superpositioning ofthe peaks,a 

step-scan technique, where the counts are digitized, should be used since this would 

give more accurate intensity values. As the intensity values are exact counts,they are 

readily amenable for statistical corrections by means ofcomputer techniques,and this 

would enable the evaluation of more acciorate integrated intensity values[46]. Also in 

future study,the lattice parameter changes with temperature should be considered and 

appropriate values used in calculations. Thus,a more accurate value ofthe Mg and Mf 

temperatures at sub-zero temperatures for these alloys can be obtained. 
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APPENDIX 

Ej" total diffracted energy for ith spectrum ofa phase,counts 

K angularindependentconstantfor given jl and 1^,counts-cm"^ 

Rj"(0) angular dependentterm depending on ith spectrum ofa phase,cm'^ 

Ig incident beam intensity per unit area,counts-cm'^ -sec"^ 

Aq cross-sectional areaofincident beam,sqcm 

Aj cross-sectional area ofreceiving slit,sq cm 

e^/m^c'^ Thompson factor,sqcm 

X wavelength ofradiation,cm 

r radius ofdiffractometer,cm 

|i mean linear absoiption coefficientfor sample,cm"^ 

CO angular speed ofcounter,sec"^ 

m multiplicity ofith spectrum fora phase 

N numberofunit cells per unit volume fora phase,cm"^ 

F structure factor for ith spectrum froma phase 

e"^^ temperature factorfor ith spectrum froma phase 

9 Bragg angle for ith spectrum ofa phase 

P polarization factor 
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TABLE A.l. 

Compositions ofthe five U-Nb alloys 

Composition(at% Nb) 

Alloy Nominal Actual Average 

Top Bottom 

141 15.23 14.5 

142 15.54 15.04 14.44 15.0 (14.74) 

183 16.17 15.75 15.27 15.5* (15.51) 
196 16.37 16.09 15.37 15.5**(15.73) 
198 16.58 16.09 15.54 16.0 (15.82) 

*Actual average composition is 15.51 at% 

** Actual average composition is 15.73 at% 
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TABLE A.2. V 

Chemical analysis ofalloys 183,196,and 198 

CdAiint, ^ 
■(A0a5-02 Y-12 PLANT laboratory REPORT " Top 

RECEIVED REPORT DATE TYPE REPORT BATCH-NUMBER LOC MTC REQUISITION
06-14-83 06-23-83 0305-XFINAL 4SS080 

CHEMICAL analysis 

.930900 G/6 U 

.068000 G/S NB 
69 PPM C 

SPECTROGRAPHIC ANALYSIS 

PLATE SHEST(S)I B7775 
SPECTROCHEMICAL METHOD (EMISSION)
REPORT UNITI MICRO-G> " ;ppM) report' basisi metal 

AG AL < 2 AS < 10 AU < 2 3 < .1 BA < 4 
BE < .02 BI < 6 BR CA < 10 CD < .4 CO < 1
CR < 10 CS CU 2 FE 100 < 1GA GE < 1 
HF HG IN IR K LI < 2 
MG < 2 mN 10 MO < 10 NA < 10 N8 NI IS 
NP OS P < 100 PB 2 PD < 20 PT
PU RB RE PH SU S 
SB SC SE SI 25 SN < 2 SR < 20
TA TE TH TI < 10 TL U 
V < 5 W < 60 Y ZN < 40 ZR 

! I 1 I ■+iL 

A025-02 Y-12 plant LABORATORY REPORT 
REQUISITIONBATCH-NUMBER LOC MTC 

RECEIVED REPORT DATE TYPE REPORT 0305 -X 455081 
06-14-83 06-23-83 FINAL 

CHEMICAL ANALYSIS 

.936900 G/G U 

.065700 G/G NB 
79 PPM C 

SPECTROGRAPHIC ANALYSIS 

PLATE SHEET(S)« B7775 
SPECTROCHEMICAL METHOD (EMISSION) METALREPORT BASISIREPORT UNIT! HICRO-G/G (PPM) 

BA < 4.1AS 10 AU < 2 8 < 
C A < 10AG AL CD < .4 CO < 1 

BE < .02 BI BR 
< GE < 1FE 95 GA 1CUCR < I 0 CS LI < 2KIN IR 

MG < 2 MN 10 MO : 10 NA < 10 NB 
P 100 PS 2 

HF HG NI 10 
PD < 20 PT 

NP OS RU S 
PU RB RHRE 

20 SN < 2 SR 
SB SC SE SI 

TI < 10 TL U
TH 

2N < 40 ZRTA TE 
V < 5 L < 60 Y 
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TABLE A.2(continued) 

T^p 

RA02S-C2 Y-12 PLANT laboratory REPORT 

RECEIVED REPORT DATE TYPE REPORT BATCH-NUMBER LOC MTC REQUISITION 
07-22-83 07-28-83 FINAL 0305-X 45S096 

CHEMICAL analysis 

.932400 G/G U 

.069600 G/G NQ 
76 PP.-1 C 

SPECTROGRAPHIC ANALYSIS 

PLATE SHEET(S)» 7056 
SPECTROCHEMICAL METHOD (EMISSION) 
REPORT UNITI MICRO-G/G <PPM) REPORT EASISI METAL 

AG AL < 2 AS < 10 AU < 2 B .1 BA < 4 
BE < .02 BI < 6 BR CA < 10 CD < .4 CO < 1 
CR < 10 CS CU B FE 80 GA < 1 GE < 1 
HF HG IN IR K LI < 2 
MS < 2 MN 15 MO 10 NA < 10 Nfl NI 15 
NP OS P < 100 PB 2 PO •PT 
PU RB RE RH RU S 
SB SC SE SI 30 SN < 2 SR < 20 
TA TE TH TI < 10 Tl U 
V < 5 < 60 Y ZN < 40 ZR 

I I __L 

±j
1—r TO1-m-

A 

O 

Y-J2 PLANT LABORATORY REPORT-RA025-02 

MTC REQUISITIONBATCH-NUMBER LOC
REPORT DATS type reportRECEIVED 4550970305* 

07-22-83 07-28-83 FINAL 

CHEMICAL analysis 

.934700 G/G U 

.066200 G/G MB 
90 PPM C 

SPECTROGRAPHIC ANALYSIS 

plate SHEET(S)I 7856 
SPECTROCHEMICAL METHOD (EMISSION)

MICRQ-G/G (PPM) REPORT BASISS METALREPORT UNITI 

B .1 BA < 4 
AS < 10 AU < 2 

AG AL CD < .4 CO < 1
CA { 10

BI BR GE < 1BE < .02 
ME 80 GA < 1 

CR < 10 CS CU 
K LI < 2 

IN IR 15HF HG NB NI
10 NA < 10 

MN ISHG < 2 MO 
PD < 20 PT 

P 100 PB 2 
NP OS SRU 
PU SN < 2Rd RE RH 

30 SR < 20 
SE SI

SC USB TL< 10TTTHTETA 
Y ZN < 40 ZR 

V < 6C< 5 H 
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TABLE A.2(continued) 

AA02S-02 A 

Î "fop 
Y-12 PLANT laboratory REPORT 

rjEcei VED 
07-26-83 

SEPORT GATEO 
00-03-83 

TYPE REPORT 
FINAL 

BATCH-NUMBER LOC MTC 
0305-X 

REOUISITION 
0363S6 

CHEMICAL analysis 

.926300 G/G U 

.069600 G/G NO 
67 PPM C 

5PECTR0GRAPHXC ANALYSIS 

PLATE SHE6T(S)I 7863 

SPECTROCHEMICAL MSTHCO (EMISSION) 
REPORT UNITI MICRO-Q/G (PPM) REPORT BASIS! METAL 

AG 
BE 

CR 
HF 
MG 

NP 

PU 
SB 
TA 

V 

< .02 
< 10 

< 2 

< 5 

AL 
SI 
CS 
HG 
VN 

OS 
Ro 
SC 
TS 
* 

< 2 
< 6 

12 

< 60 

AS 

BR 

CU 
IN 
MO 

P 

RE 
SE 
TH 
Y 

< 10 

6 

< 10 
< 100 

AU 

CA 
Fc 

IR 
NA 

PB 

RH 

SI 
TI 
2N 

< 2 
< 10 

60 

< 10 

2 

30 

30 
< AO 

3 
CO 
GA 
K 

N8 

PD 

RU 
SN 
TL 
ZR 

< .1 
< .A 

< 1 

< 20 

< 2. 

BA 
CO 
GE 
LI 

NI 
PT 
S 
SR 
U 

< A 

< 1 
< 1 
< 2 

15 

<20 

I 4- i I 

I9i 
RA025-02 ■12 PLANT LABORATORY REPORT 

RECEIVED 
07-26-83 

REPORT OATE 
08-03-83 

TYPE REPORT 
FINAL 

batch-number LOC MTC 
0305-X 

REQUISITION 
836357 

chemical analysis 

.930500 

.067000 
71 

G/G 
G/G 
PPM 

U 
MB 
C 

spectrographic analysis 
PLATE SHEETCS)! 7868 
SPECTROCHEMICAL METHOO (EMISSION)
REPORT UNIT! V.ICRO-G/G (PPM) REPORT BASISI METAL 

AG 
BE 
CR 
HF 
MG 
NP 
PU 
SB 
TA 
V 

< .02 
< 10 

< 2 

< 5 

AL 
BI 
CS 
HG 
r-iN 
OS 
R3 
SC 
TS 
» 

< 3 
< 6 

IS 
* 

AS 
SR 
CU 
IN 
MO 
P 
RE 
SS 
TH 
Y 

< 10 

6 

< 10 
< 100 

AU 
CA 
FE 
IR 
NA 
PB 
RH 
SI 
TI 
ZN 

< 2 
< 10 

60 

< 10 
2 

30 
20 

< AC 

9 
CD 
GA 
< 
N9 
BO 
RU 
SN 
TL 
ZR 

< .1 
< . A 

< 1 

< 20 

< 2 

BA 
CO 
GE 
LI 
NI 
PT 
S 
SR 
u 

< A 
< 1 
< 1 
< 2-

15 

< 20 
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TABLE A.3. 

The calculated and observed d values for the observed hkl's 

Alloy 20 hkl d-calculated d-observed 

142 31.6 (020)„.. 2.8717 2.8314 

32.2 (0 1 l).yO 2.7890 2.7800 

33.5 (T 1 0)„.. 2.5805 2.6750 

35.6 (1 1 2.5275 2.5219 

36.15 (002)^.. 2.5003 2.4847 

36.88 (1 1 l)yO 2.4317 2.4375 

37.68 (11 1)„.. 2.2932 2.3876 

39.9 (1 1 1)„.. 2.2551 2.2594 

183 32.05 (0 1 l).yO 2.7964 2.7926 

35.45 (1 1 0)„.. 2.5814 2.5322 

36.2 (002)„.. 2.5057 2.4814 

36.93 (1 1 l)yO 2.4379 2.4344 

38.3 (T 1 1)«" 2.2948 2.3500 

196 32.1 (0 1 1)^0 2.7964 2.7883 

35.65 (1 1 0)„.. 2.5817 2.5322 

36.25 (002)„.. 2.5070 2.4814 

36.95 (1 1 DyO 2.4379 2.4344 

38.15 (i 11)„.. 2.2953 2.3590 

198 32.08 (0 1 l).yO 2.7905 2.7905 

36.35 (020).yo 2.4717 2.4715 

37.0 (11 Dyo 2.4301 2.4296 
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o 

O TABLE A.4. 

Theinput parameters 20,H,S,and Ishown with their initial experimental value and the 
computer calculated final values along with the E's ofeach peak(h k 1)determined by the 
computer. The abnormalE values are indicated by 

Alloy 142: 

+22'C 

20 H s I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.60 31.58 1.00 1.91 5.0 1.21 5.0 3.72 10.03 

32.20 32.27 1.00 1.80 5.0 1.52 5.0 1.74 4.06 

33.50 33.57 1.50 1.52 5.0 5.22 10.0 7.11 12.02 

(110)„.. 35.60 35.50 0.75 0.67 5.0 2.23 20.0 16.92 13.50 

(002)j^.. 36.15 36.20 0.50 0.44 5.0 15.98 100.0 78.73 37.04 

37.68 37.79 1.50 1.19(ill)a" 5.0 51.83 22.0 16.67 21.25 

(lll)a" 39.90 39.80 1.00 2.00 5.0 1.60 5.0 2.57 6.61 

(lll)yO 36.88 36.87 0.80 0.67 5.0 72.41 55.0 42.57 10.20 

-40° C 

20 H s I E 

hkl Initial/ final Initial/ fmal Initial/ final Initial/ final 

(020)^^.. 31.40 31.38 1.25 1.47 5.0 2.15 5.0 4.40 7.80 

(011).yO 32.30 32.25 1.20 0.52 5.0 2.52 7.0 2.35 1.43 

(TlO)^.. 33.80 33.70 1.25 1.71 5.0 11.00 14.0 9.17 17.01 

(110)„.. 35.45 35.54 0.70 0.74 5.0 3.72 22.0 14.76 14.76 

(002)a" 36.15 36.17 0.50 0.41 5.0 22.96 100.0 70.52 30.75 

38.25 38.16 1.00 0.99 5.0 75.12(ill)a" 20.0 16.17 10.39 

39.83 39.75 0.75 1.40 5.0 1.80 5.0 3.50 6.09 

(lll)yo 36.85 36.81 0.95 1.05 5.0 97.76 40.0 33.07 11.86 
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TABLE A.4.(continued) 

-80° C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„-. 31.20 31.28 1.00 1.24 5.0 5.60 6.0 3.17 4.35 

(On)yo 32.30 32.51 1.20 1.31 5.0 0.54 5.0 4.04 39.58* 

33.88 33.87 1.20 1.19 5.0 1.53 14.0 10.11 15.55 

(110)„.. 35.38 35.37 0.50 0.47 5.0 13.67 23.0 16.53 8.37 

(002)„.. 36.15 36.15 0.50 0.44 5.0 2.84 100.0 72.18 36.78 

(lll)yo 36.90 36.78 1.00 1.19 5.0 113.42 34.0 27.22 12.77 

(IlOa- 38.35 38.26 0.75 1.13 5.0 16.58 20.0 15.22 18.47 

(llDa-. 39.85 39.86 0.85 1.02 5.0 1.02 6.0 • 3.92 6.19 

-120°C 

20 H 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.18 31.13 1.0 1.13 5.0 0.6 6.0 4.16 18.05 

(011)^0 32.30 32.37 1.2 1.30 5.0 61.0 5.0 3.94 9.35 

(IlO)„.. 33.90 33.92 1.0 1.10 5.0 3.0 15.0 12.06 15.33 

(110)„.. 35.40 35.43 0.7 0.63 5.0 3.4 23.0 18.66 13.34 

(002)„,. 36.18 36.19 0.5 0.48 5.0 8.4 100.0 75.60 39.30 

(11Da" 38.43 38.34 1.2 1.03 5.0 8.7 20.0 15.46 17.38 

(lll)a" 39.85 39.87 0.5 0.67 5.0 0.6 7.0 4.76 12.17 

(llDyO 36.90 36.90 1.1 1.06 5.0 8.4 30.0 24.86 28.78 

-154° C 

20 H I 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„„ 31.20 31.09 0.75 0.92 5.0 0.60 6.0 4.26 15.05 

(011)^0 32.35 32.45 1.20 1.60 5.0 92.40 4.0 3.54 11.52 

(TlO)„.. 33.95 33.96 1.20 1.06 5.0 1.40 15.0 11.86 16.76 

(110)„.. 35.35 35.45 0.65 0.61 5.0 124.40 23.0 17.76 13.38 

(002)„,. 36.18 36.18 0.50 0.46 5.0 8.00 100.0 76.60 38.20 
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TABLE A.4.(continued) 

-154°C 

28 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(ni)„.. 38.50 38.37 0.80 1.17 5.0 6.30 20.0 15.16 19.56 

(lll)a" 39.80 39.90 0.70 0.67 5.0 5.00 7.0 4.16 3.09 

(llDyO 36.9 36.83 1.10 1.06 5.0 148.40 28.0 24.56 14.62 

-187°C 

20 H s I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„,. 31.20 31.23 0.70 1.0 5.0 0.60 6.0 4.78 18.41 

32.35 32.57 1.20 1.18 5.0 58.17 5.0 4.12 9.13 

(no)„.. 34.00 33.98 1.25 1.01 5.0 6.26 15.0 12.60 14.03 

(110)^.. 35.35 35.35 0.65 0.60 5.0 59.17 23.0 17.49 9.21 

(002)„.. 36.18 36.18 0.50 0.49 5.0 3.10 100.0 79.94 45.48 

(ill)a" 38.50 38.45 1.10 1.10 5.0 4.80 21.0 15.19 18.65 

(lll)a" 39.80 39.90 0.60 0.61 5.0 1.31 7.0 4.83 4.02 

o(llllyo 36.90 36.93 0.50 1.21 5.0 60.20 26.0 20.66 9.29 

o 

AUoy 183 

+22° C 

20 H I 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(011)^0 32.05 32.03 0.70 1.2 5.0 0.60 6.0 3.50 15.99 

(002)^^,. 36.20 36.19 0.50 0.60 5.0 0.60 43.0 34.76 79.13 

36.93 36.92 0.40 0.40 5.0 3.60 80.0 59.60 25.96 
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TABLE A.4.(continued) 

-40° C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

32.20 32.15 0.75 2.03 5.0 1.60 4.0 3.54 9.22 

(rio)„.. 33.65 34.60 1.20 1.86 5.0 44.30 4.0 2.66 5.30 

(110)„.. 35.50 35.63 0.80 0.77 5.0 68.20 9.0 5.74 9.90 

(002)j^.. 36.20 36.20 0.60 0.49 5.0 1.80 45.0 32.10 19.52 

(111)^0 36.98 36.97 0.60 0.53 5.0 1.50 55.0 43.90 30.24 

(IlDa- 38.27 38.13 0.80 1.24 5.0 8.40 7.0 4.74 6.42 

-81° C 

20 H s I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(011)^0 32.20 32.09 1.0 2.70 5.0 0.60 5.0 2.46 2.50 

(TlO)„.. 33.50 33.69 1.0 1.64 5.0 0.60 4.0 2.86 18.00 

(110)„..
o 

35.52 35.60 0.60 0.79 5.0 29.40 12.0 7.55 6.45 

(002)„.. 36.20 36.22 0.60 0.52 5.0 2.40 44.0 32.66 19.98 
o

(111)^0 36.98 36.99 0.60 0.60 5.0 2.40 48.0 36.96 26.56 

("Da" 38.30 38.17 1.0 1.27 5.0 18.40 7.0 5.99 8.20 

-121°C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

32.25 32.36 1.0 2.23 5.0 1.60 5.0 3.46 9.89 

(TiO)oj.. 33.60 34.53 1.0 2.04 5.0 63.30 4.0 2.16 9.53 

(110)„.. 35.45 35.55 0.75 0.83 5.0 10.40 11.0 6.40 5.78 

m)a" 36.20 36.22 0.70 0.57 5.0 2.40 47.0 33.66 22.60 

(llDyO 37.00 37.02 0.50 0.64 5.0 7.40 45.0 32.66 22.77 

38.25 38.10 0.80 1.29 5.0 74.60 8.0 6.74 10.35 
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TABLE A.4.(continued) 

-161°C 

20 H 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

32.25 32.09 1.0 3.20 5.0 0.60 5.0 1.96 24.08 

(no)^.. 33.65 33.79 1.0 2.94 5.0 13.0 4.0 2.46 7.82 

(110)„.. 35.43 35.51 0.75 0.66 5.0 108.40 11.0 7.16 12.49 

(002)„.. 36.23 36.22 0.60 0.57 5.0 2.40 48.0 35.06 23.53 

(iiDyo 37.00 37.04 0.80 0.67 5.0 7.40 42.0 30.46 22.24 

(Iii)„.. 38.30 38.16 1.0 1.33 5.0 99.70 7.0 6.36 11.97 

-190° C 

28 H 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

32.25 32.31 1.0 1.84 5.0 0.60 5.0 3.5 24.79 

(iiO)o,.. 33.85 34.23 0.75 1.40 5.0 40.60 5.0 2.56 3.86 

(110)„.. 35.43 35.50 0.75 0.69 5.0 1.73 11.0 7.22 6.30 

oo(002)„.. 36.25 36.26 0.60 0.62 5.0 1.90 50.0 36.70 27.97 

oO(llDyo 37.00 37.07 0.80 0.62 5.0 5.0 38.0 24.82 17.21 

(ilDa- 38.32 38.15 0.85 1.58 5.0 108.26 9.0 6.82 12.48 

Alloy 196 

+25°C 

20 H I 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(011)^o 32.10 32.08 1.0 0.87 5.0 0.60 7.0 4.46 14.90 

(002)„„ 36.20 36.19 0.60 0.70 5.0 0.70 52.0 40.29 67.77 

(lll)vo 36.93 36.93 0.35 0.35 5.0 2.60 96.0 67.90 27.50 



99 
TABLE A.4.(continued) 

-40° C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.20 31.19 0.40 0.0 5.0 0.60 2.0 0.35 0.0 

(011).yo 32.00 32.01 1.0 1.58 5.0 47.62 6.0 3.35 5.65 

(IlO)„.. 33.60 33.76 1.0 2.42 5.0 63.82 4.0 2.76 9.57 

(110)„.. 35.60 35.62 0.75 0.67 5.0 116.31 19.0 14.91 12.94 

(002)^.. 36.18 36.2 0.65 0.51 5.0 9.56 52.0 37.22 20.77 

(lll)yo 36.98 36.95 0.65 0.56 5.0 3.40 61.0 46.97 30.26 

(ill)a" 38.00 37.90 1.0 0.96 5.0 13.40 7.0 6.62 6.88 

(lll)a" 39.90 39.75 0.75 1.58 5.0 0.60 2.0 1.75 10.57 

-80° C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„n 31.20 31.23 0.40 0.39 5.0 8.33 2.0 0.00 0.00 

32.00 32.16 1.0 3.09 5.0 1.60 6.0 2.65 10.46 

O(no)„.. 33.60 33.76 1.0 2.28 5.0 0.94 4.0 1.95 7.29 

(110)„,.o 35.65 35.54 0.75 0.72 5.0 107.66 21.0 13.38 12.44 

(002)„.. 36.23 36.22 0.60 0.54 5.0 3.34 53.0 41.27 25.39 

(111)^0 36.95 36.96 0.65 0.65 5.0 20.28 44.0 32.57 22.76 

(Tll)a" 38.00 37.85 1.0 1.32 5.0 87.70 10.0 7.92 11.23 

(lll)a" 39.90 39.83 0.75 1.28 5.0 0.60 2.0 1.81 8.88 

-123° C 

20 H I 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.20 31.18 0.40 1.37 5.0 0.60 2.0 1.90 10.02 

(011)^0 32.20 32.27 1.0 1.06 5.0 50.60 6.0 1.66 1.88 

(TlO)„.. 33.60 33.73 1.1 2.57 5.0 3.0 5.0 3.36 9.98 

(110)„.. 35.65 35.54 0.75 0.73 5.0 119.40 22.0 13.66 13.11 

(002)„.. 36.20 36.24 0.60 0.53 5.0 2.40 57.0 42.96 26.80 
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TABLE A.4.(continued) 

-123° C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(llDyO 37.00 37.00 0.80 0.70 5.0 87.40 40.0 28.96 11.21 

(ni)a" 38.15 38.06 0.90 1.08 5.0 101.40 10.0 7.96 12.07 

(lll)a" 39.90 39.69 0.75 1.83 5.0 10.60 2.0 1.70 3.39 

-189° C 

20 H s I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.20 31.27 0.50 0.77 5.0 0.60 3.0 2.43 7.22 

32.25 32.35 0.75 1.18 5.0 40.60 6.0 2.36 2.97 

(TiO)„.. 33.75 33.86 1.10 2.10 5.0 1.30 6.0 3.15 9.08 

35.52 35.50 0.75 0.71 5.0 150.01 22.0 12.30 14.69 

(002)(^.. 36.25 36.26 0.60 0.57 5.0 1.67 58.0 43.85 31.53 

(Tii)„,. 38.15 38.04 1.10 1.49 5.0 123.79 10.0 7.78 13.34 

(lll)a" 39.80 38.86 0.75 1.05 5.0 0.53 3.0 2.04 21.27 
0

(111)^0 36.95 37.02 0.80 0.70 5.0 112.13 33.0 21.15 12.70 

o 
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Table A.5. 

The h k I's, E's and R's that were used for phase fraction determination from first 
analysis(Table A.4). 

Alloy 142 

+22°C 

Peak Phase R(x 10^8) E 

(020) a" 2.8414 10.03 

(110) a" 9.7615 12.02 

(110) a" 9.1233 13.50 

(ill) a" 1.4340 21.25 

(111) a" 0.3256 6.61 

(Oil) yO 
0.7040 4.06 

(111) 
yO 

9.4804 10.20 

-40° C 

Peak Phase R(X 10^^) E 

(020) a" 2.8880 7.80 

(TiO) a" 9.6332 17.01 

(110) a" 9.2848 14.76 

(ill) a" 1.3552 10.39 

(111) a" 0.3256 6.09 

(Oil) yO 
0.6986 1.43 

(111) yO 
9.4804 11.86 

-80° C 

Peak Phase R(X 10"^^) E 

(020) a" 2.9583 4.35 

(ilO) a" 9.4639 15.55 

(110) a" 9.3347 8.37 

(Til) a" 1.3511 18.47 

(111) a" 0.3255 6.19 

(111) 
yO 

9.5088 12.77 
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Table A.5.(continued) 

-120° C 

Peak Phase R(X 10^^) E 

(020) a" 2.9675 18.05 

(110) a" 9.3913 15.33 

(110) a" 9.3347 13.34 

(111) a" 1.3503 17.38 

(111) a" 0.3255 12.17 

(111) y" 9.5088 28.78 

-154° C 

Peak Phase R(X 10^8) E 

(020) a" 2.9583 15.05 

(iiO) a" 9.4639 16.76 

(110) a" 9.3347 13.38 

(Til) a" 1.3246 19.56 

(111) a" 0.3269 3.09 

(111) 
yO 

9.5088 14.62 

-187°C 

Peak Phase R(X 10^^) E 

(020) a" 2.9583 18.41 

(110) a" 9.4639 14.03 

(110) a" 9.3347 9.21 

(Til) a" 1.3246 18.65 

(111) a" 0.3269 4.02 

(111) . 9.5088 9.29 

Alloy 183: 

-40° C 

Peak Phase R(X lO'^^) E 

(110) a" 9.0586 9.90 
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Table A.5.(continued) 

-40° C 

Peak Phase R(X 10"^^) E 

(Til) a" 1.3474 6.42 

(111) yO 
9.2792 30.24 

-81° C 

Peak Phase R(X 10"^^) E 

(110) a" 9.0586 6.45 

(Til) a" 1.3474 8.20 

(111) y" 9.2792 26.56 

-121° C 

Peak Phase R(X 10^^) E 

(110) a" 9.2580 5.78 

(ill) a" 1.3516 10.35 

(111) y° 9.3070 22.77 

-161° C 

Peak Phase R(X 10"^^) E 

(110) a" 9.3096 12.49 

(Til) a" 1.3474 11.97 

(111) Y° 9.3070 22.24 

-190° C 

Peak Phase R(X 10^^) E 

(110) a" 9.3096 6.30 

(Til) a" 1.3474 12.48 

(111) 
yO 

9.3070 17.21 



104 
Table A.5.(continued) 

Alloy 196. 

-40° C 

Peak Phase R(X ) E 

(TiO) a" 9.5475 9.57 

(110) a" 9.0018 12.94 

(111) a" 1.3679 6.88 

(111) 
yO 

9.2792 30.26 

-80° C 

Peak Phase R(X 10^8) E 

(IiO) a" 9.5475 7.29 

(110) a" 9.0196 12.44 

(111) a" 1.3829 11.23 

(111) 
yO 

9.3070 22.76 

-123° C 

Peak Phase R(X 10^8) E 

(IlO) a" 9.5475 9.98 

(110) a" 9.0196 13.11 

(Til) a" 1.3654 12.07 

(111) y" 9.3070 11.21 

-189°C 

Peak Phase R(X 10^8) E 

(ilO) a" 9.3868 9.08 

(110) a" 9.0586 14.69 

(Til) a" 1.3654 13.34 

(111) y° 9.3070 12.70 
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1 

Table A.6. 

Theinput parameters 20,H,S,and Ishown with their initial experimental value and the 
computer calculatedfmal values along with the E's ofeach peak(h k 1)determined by the 
computer,after optimization ofincrementalinput parameter values. 
The abnormalE values are indicated by 

Alloy 142 

+22°C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.60 31.19 1.0 1.45 5.0 0.52 5.0 3.06 75.51* 

(0ll).yO 32.20 32.19 1.0 1.13 5.0 1.46 5.0 2.81 4.20 

(TlO)a-. 33.50 33.57 1.5 1.51 5.0 1.19 10.0 7.93 17.11 

35.60 35.48 0.75 0.57 5.0 5.97 20.0 12.63 7.91 

36.15 36.20 0.50 0.42 5.0 1.83 100.0 82.82 43.43 

(lll)yo 36.88 36.88 0.80 0.69 5.0 17.13 55.0 38.72 28.98 

37.68 37.84 1.50 1.18 5.0 6.90 22.0 16.51 21.45 

39.90 39.96 1.0 1.32 5.0 1.12 5.0 2.98 5.77 

o 

-40°C 

O 20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)^1" 31.40 31.19 1.25 1.23 5.0 0.61 5.0 3.18 14.12 

32.30 32.27 1.20 1.33 5.0 1.13 7.0 3.91 7.60 

33.80 33.79 1.25 1.27 5.0 2.69 14.0 9.67 14.38 

35.45 35.40 0.70 0.50 5.0 1.99 22.0 13.52 8.20 

(002)„,. 36.15 36.18 0.50 0.46 5.0 1.45 100.0 85.31 51.38 

(lll)yo 36.85 36.92 0.95 0.76 5.0 15.18 40.0 26.51 21.63 

(111)^,. 38.25 38.10 1.0 1.19 5.0 41.69 20.0 15.98 20.35 

39.83 39.82 0.75 0.93 5.0 0.69 5.0 4.0 9.22 
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Table A.6.(continued) 

-80° C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.20 31.12 1.0 1.07 5.0 0.51 6.0 3.52 94.75* 

32.30 32.14 1.20 1.54 5.0 45.35 5.0 2.81 4.62 

(no)„.. 33.88 33.82 1.20 1.29 5.0 1.77 14.0 10.90 17.52 

(iio)cj.. 35.38 35.36 0.50 0.47 5.0 8.44 23.0 12.84 6.55 

(002)„.. 36.15 36.18 0.50 0.47 5.0 1.39 100.0 85.80 53.47 

(llDyO 36.90 36.95 1.0 0.86 5.0 18.80 34.0 21.70 20.02 

38.85 38.22 0.75 1.18 5.0 31.22 20.0 14.74 18.70 

(11Da- 39.85 39.86 0.85 1.16 5.0 0.51 6.0 3.89 112.40* 

■120° C 

20 H 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 
(020)„.. 31.18 31.26 1.0 1.32 5.0 0.83 6.0 4.50 11.07 

32.30 32.54 1.20 1.14 5.0 13.98 5.0 3.78 4.65 
oOO(iioia- 33.90 33.92 1.0 1.05 5.0 2.74 15.0 12.23 14.95 

o(110)^..Oo 35.40 35.37 0.70 0.47 5.0 7.11 23.0 13.92 7.17 

(002)„.. 36.18 36.19 0.50 0.50 5.0 1.39 100.0 86.29 57.65 

(llllyO 36.90 37.01 1.10 0.79 5.0 14.21 30.0 18.53 15.91 

(iii)„.. 38.43 38.28 1.20 1.24 5.0 16.68 20.0 14.93 19.89 

(11 Da- 39.85 39.89 0.50 0.57 5.0 0.51 7.0 4.97 70.29' 

-154° C 

20 H 

hkl Initial / final Initial/ final Initial/ final Initial/ final 

(020),^.. 31.20 31.22 0.75 1.07 5.0 0.51 6.0 4.95 164.33 

32.35 32.45 1.20 1.09 5.0 11.87 4.0 3.58 4.23 

(iio)„.. 33.95 33.94 1.20 1.10 5.0 2.71 15.0 11.53 14.88 

(110)„" 35.35 35.37 0.65 0.55 5.0 2.95 23.0' 14.30 9.05 

(002)„.. 36.18 36.19 0.50 0.48 5.0 1.58 100.0 86.06 53.05 
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O Table A.6.(continued) 

-154° C 

20 H I 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(111)^0 36.90 37.02 1.10 0.89 5.0 15.92 28.0 18.39 17.59 

(ni)a" 38.50 38.34 0.80 1.19 5.0 19.08 20.0 14.56 18.69 

(lll)a.. 39.80 39.88 0.70 0.62 5.0 0.51 7.0 4.41 78.30* 

-187° C 

20 H 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.20 31.07 0.70 1.06 5.0 1.48 6.0 3.64 5.04 

32.35 32.43 1.20 1.57 5.0 10.78 5.0 4.06 6.94 

(TiO)„.. 34.00 34.01 1.25 0.98 5.0 1.44 5.0 12.58 16.37 

(110)„.. 35.35 35.36 0.65 0.50 5.0 2.40 23.0 14.38 8.58 

(002)„.. 36.18 36.19 0.50 0.51 5.0 1.64 100.0 88.48 57.46 

(111)^0 36.90 37.02 0.50 0.78 5.0 27.52 26.0 16.88 14.03 

(ilDa" 38.50 38.31 1.10 1.37 5.0 7.86 21.0 14.74 22.05 

(lll)a" 39.80 39.92 0.60 0.68 5.0 0.54 7.0 4.24 23.53 

Alloy 183 

+22°C 

20 H I 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(011).j,O 32.05 32.04 0.70 0.86 5.0 0.51 5.0 4.20 108.20* 

(002)„.. 36.20 36.19 0.50 0.60 5.0 0.63 43.0 34.03 64.50 

(lll)vo 36.93 36.91 0.35 0.38 5.0 2.58 80.0 60.43 26.91 
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Table A.6.(continued) 

-40°C 

26 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(011)^0 32.20 31.98 0.75 1.33 5.0 0.81 4.0 3.62 9.24 

(TlO)„,. 33.65 34.10 1.20 1.77 5.0 1.10 4.0 3.13 8.18 

(110)„.. 35.50 35.57 0.80 0.73 5.0 9.33 9.0 6.63 5.29 

(002)„.. 36.20 36.19 0.60 0.51 5.0 2.20 45.0 32.71 19.94 

(llDyO 36.98 36.96 0.60 0.53 5.0 1.89 55.0 43.81 28.67 

(ill)a" 38.24 38.04 0.80 1.08 5.0 6.59 7.0 5.72 6.77 

-81°C • 

28 H s I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(011).yO 32.20 32.16 1.00 1.53 5.0 0.51 5.0 3.36 153.41* 

(IlO)„.. 33.50 33.86 1.00 1.36 5.0 0.51 4.0 2.77 112.39* 

(110)^" 35.52 35.52 0.60 0.80 5.0 6.89 12.0 7.48 6.64 

(002)„.. 36.20 36.22 0.60 0.55 5.0 2.93 44.0 33.79 21.69 

o(lll)yo 36.98 37.00 0.60 0.59 5.0 4.36 48.0 36.79 24.23 

(11Da"O 38.30 38.03 1.00 1.09 5.0 11.41 7.0 7.12 8.62 

-121°C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

32.25 32.17 1.00 1.28 5.0 0.51 5.0 3.84 147.06* 

(TiO)„.. 33.60 33.87 1.00 1.51 5.0 0.85 4.0 2.29 6.23 

(110)„,. 35.45 35.57 0.75 0.88 5.0 11.82 11.0 5.69 5.43 

(002)„,. 36.20 36.23 0.70 0.58 5.0 1.24 47.0 33.91 27.40 

(lll)yo 37.00 37.03 0.50 0.61 5.0 5.42 45.0 31.11 21.13 

(iiDa" 38.25 38.11 0.80 1.22 5.0 6.99 8.0 6.61 8.86 
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Table A.6.(continued) 

-161°C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

32.25 31.94 1.00 1.68 5.0 1.01 5.0 3.03 7.96 

(TiO)c^.. 33.65 33.84 1.00 1.66 5.0 0.84 4.0 3.30 10.07 

(110)„.. 35.43 35.42 0.75 0.70 5.0 16.23 11.0 4.81 3.65 

36.23 36.22 0.60 0.60 5.0 1.30 48.0 35.72 29.49 

(llOyO 37.00 37.04 0.80 0.59 5.0 4.32 42.0 28.22 18.66 

(ill)a" 38.30 38.03 1.00 1.44 5.0 4.20 7.0 6.54 10.58 

■190° C 

20 H 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

32.25 32.37 1.00 1.38 5.0 0.51 5.0 3.92 178.67 

(110)^" 33.85 34.03 0.75 1.13 5.0 0.73 5.0 2.95 7.36 

(110)„.. 35.23 35.61 0.75 0.80 5.0 12.33 11.0 6.64 5.73 

(002)a" 36.25 36.27 0.60 0.58 5.0 1.29 50.0 37.34 29.49 
00 
a'(111)^0 37.00 37.06 0.80 0.63 5.0 7.262 38.0 25.04 17.32 

Oo1(ill)a" 38.32 38.11 0.85 1.14 5.0 8.32 9.0 7.71 9.56 

Alloy 196 

+25° C 

20 H I 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(011)^0 32.10 32.16 1.00 1.45 5.0 0.51 7.0 4.69 224.29 

(002)„., 36.20 36.15 0.60 0.60 5.0 1.13 52.0 35.17 30.64 

(lll)vo 36.93 36.92 0.35 0.34 5.0 0.80 96.0 75.47 50.15 
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Table A.6.(continued) 

-40° C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.20 30.78 0.40 0.43 5.0 6.30 2.0 0.00 0.00 

(011)^0 32.00 32.27 1.00 1.47 5.0 1.19 6.0 4.48 9.40 

(no)„.. 33.60 34.45 1.00 1.57 5.0 1.38 4.0 2.69 5.65 

(110)„.. 35.60 35.63 0.75 0.68 5.0 14.62 19.0 14.32 10.58 

(002)„„ 36.18 36.23 0.65 0.50 5.0 7.42 52.0 36.28 19.86 

(111)^0 36.98 36.95 0.65 0.56 5.0 2.10 61.0 47.58 31.95 

(ill)a-. 38.00 37.92 1.0 0.94 5.0 4.22 7.0 5.68 6.00 

39.90 39.60 0.75 1.91 5.0 0.98 2.0 1.71 5.20 

-80° C 

20 H 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)(^.. 31.20 31.20 0.40 0.49 5.0 0.51 2.0 0.24 3.63 

(011).yO 32.20 32.18 1.00 1.10 5.0 0.51 6.0 4.17 116.28 

(no)cj" 33.60 33.85 1.20 1.57 5.0 0.71 4.0 3.07 11.30 

(110)„.. 35.65 35.51 0.75 0.63 5.0 22.52 21.0 13.14 8.96 

(002)„.. 36.23 36.21 0.60 0.55 5.0 2.94 53.0 42.0 26.52 

(iiDyo 36.95 36.96 0.65 0.63 5.0 10.20 44.0 32.40 22.30 

(ni)a" 38.00 37.78 1.00 1.20 5.0 9.06 10.0 8.29 10.88 

(llDa- 40.00 39.54 0.75 1.58 5.0 0.80 2.0 1.93 5.95 

-123°C 

20 H 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.20 31.35 0.70 1.35 5.0 0.75 2.0 2.21 6.33 

(011).yO 32.20 32.42 1.00 1.18 5.0 16.51 4.0 2.24 2.84 

(TlO)„.. 33.60 33.85 1.20 1.79 5.0 2.13 5.0 3.70 7.99 

(110)„.. 35.65 35.53 0.75 0.69 5.0 18.49 22.0 12.25 9.11 

(002)^.. 36.20 36.24 0.60 0.55 5.0 1.48 57.0 43.18 31.54 



111 
Table A.6.(continued) 

-123° C 

20 H S I E 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(llDyo 37.00 37.01 0.80 0.66 5.0 16.09 40.0 27.31 19.33 

(Iii)„.. 38.15 37.94 0.90 0.96 5.0 10.87 10.0 7.71 8.04 

(llDa- 40.00 39.23 1.00 1.92 5.0 34.13 2.0 2.19 4.50 

-189°C 

le H I 

hkl Initial/ final Initial/ final Initial/ final Initial/ final 

(020)„.. 31.20 31.35 0.50 1.39 5.0 0.51 3.0 2.24 62.73* 

(011)^0 32.25 32.38 0.75 0.99 5.0 9.92 6.0 2.55 2.73 

(TlO)„n 33.75 33.79 1.10 1.43 5.0 103.25 6.0 4.21 12.18 

(110)„.. 35.52 35.48 0.75 0.71 5.0 30.87 22.0 12.23 9.36 

(002)„.. 36.25 36.26 0.60 0.57 5.0 1.25 58.0 44.35 34.90 

(111)^0 36.95 37.01 0.80 0.67 5.0 16.36 33.0 20.24 14.70 

(Tll)„.. 38.15 38.01 1.10 1.46 5.0 26.83 10.0 7.62 11.96 

(11Da 39.80 39.83 0.75 1.03 5.0 0.50 3.0 2.32 77.32* 
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TABLE A.7. 

Thea" and y°phase fractions calculated at various temperatures. 

AUoy 142(15.0at% Nb) 

T(°C) +22 -40 -80 -120 -154 -187 

%a" 70(70.74) 80(79.73) 85(84.53) 80(79.70) 80(80.88) 90(87.78) 

% y° 30(29.26) 20(20.27) 15(15.47) 20(20.30) 20(19.12) 10(12.22) 

Alloy 183(15.5 at% Nb) 

TC C) -40 -81 -121 -161 -190 

% a" 50(47.33) 55(54.29) 60(62.86) 70(68.15) 70(72.88) 

% y° 50(52.67) 45(45.71) 40(37.14) 30(31.85) 30(27.12) 

Alloy 196(15.5 
**

at% Nb) 

TfC) -40 -80 -123 -189 

%a" 40(42.94) 60(58.33) 75(75.86) 75(75.13) 

% y° 60(57.06) 40(41.67) 25(24.14) 25(24.87) 

https://25(24.87
https://25(24.14
https://40(41.67
https://60(57.06
https://75(75.13
https://75(75.86
https://60(58.33
https://40(42.94
https://30(27.12
https://30(31.85
https://40(37.14
https://45(45.71
https://50(52.67
https://70(72.88
https://70(68.15
https://60(62.86
https://55(54.29
https://50(47.33


113 

3S 36 

Two~Thc{0 

Figure A.l. Computer generated diffraction pattern curve fit for alloy 142 at 
+22 C. 
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3S 36 
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Figure A.2. Computer generated diffraction pattern curve fit for alloy 142 at 
"40 
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Figure A.3. Computer generated diffraction pattem curve fit for alloy 142 at 
-80 °C. 
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Figure A.4. Computer generated diffraction pattern curve fit for alloy 142 at 
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Figure A.5, Computer generated diffraction pattern curve fit for alloy 142 at 
"154 
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Two-Thet» 

Figure A.6. Computer generated diffraction pattern curve fit for alloy 142 at 
-187 C 
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Figure A.7. Computer generated diffraction pattern curve fit for alloy 183 at 
+22 X. 
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Figure A.8. Computer generated diffraction pattern curve fit for alloy 183 at 
-40'C 
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Figure A.9. Computer generated diffraction pattern curve fit for alloy 183 at 
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Two~The{» 

Figure A.10. Computer generated diffraction pattern curve fit for alloy 183 at 
-12KC. 
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Two-Theta 

Figure A.11. Computer generated diffraction pattern curve fit for alloy 183 at 
-161 X. 
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Figure A.12. Computer generated diffraction pattern curve fit for alloy 183 at 
-190 C 
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Figiire A.13. Computer generated diffraction pattern curve fit for alloy 196 at 
+25 C 
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3S 36 

Two"Theio 

Figure A.14. Computer generated diffraction pattern curve fit for alloy 196 at 
-40 C. 
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Figure A.15. Computer generated diffraction pattern curve fit for alloy 196 at 
-80'C 
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Two-The<8 

Figure A.16. Computer generated diffraction pattern curve fit for alloy 196 at 
-123 C. 
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3S 36 

Two-Theto 

Figure A.17. Comjguter generated diffraction pattern curve fit for alloy 196 at 
-189 C. 
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Figure A.18. Computer generated diffraction pattern curve fit for alloy 142, after 
optimization,at+22'C. 
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Two'-Thc i Q 

Figure A.19. Computer generated diffraction pattern curve fit for alloy 142, after 
optimization,at-40°C. 
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Figure A.20. Computer generated diffraction pattern curve fit for alloy 142, after 
optimization,at-80°C. 
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Two"The t# 

Figure A.21. Computer generated diffraction pattern curve fit for alloy 142, after 
optimization,at-120'C. 
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Two-The{o 

Figiirc A.22. Computer generated diffraction pattern curve fit for alloy 142, after 
optimizarion,at-154°C. 
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Figure A.23. Computer generated diffraction pattern curve fit for alloy 142, after 
optimization,at-187"C. 
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Figiire A.24. Computer generated^diffraction pattern curve fit for alloy 183, after 
optimization,at+22°C. 
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Figure A.25. Computer generated diffractiDn pattern curve fit for alloy 183, after 
optimization,at-40°C. 
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Figure A.26. Computer generated diffraction pattern curve fit for alloy 183, after 
optimization,at-81"C. 
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Figure A.27. Computer generated diffraction pattern curve fit for alloy 183, after 
optimization,at-121 °C. 
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Figure A.28. Computer generated diffraction pattern curve fit for alloy 183, after 
optimization,at-161"C. 
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Figure A.29. Computer generated diffraction pattern curve fit for alloy 183, after 
optimization,at-190°C. 
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Figure A.30. Computer generated difftacrion pattern curve fit for alloy 196, after 
optimization,at+25"C. 
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33 3S 

Two""The{a 

Figure A.31. Computer generated diffraction pattern curve fit for alloy 196, after 
optimization,at-40"C. 
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Figure A.32. Computer generated diffiraction pattern curve fit for alloy 196, after 
optimization,at-80°C. 
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Figure A.33. Computer generated diffraction pattern curve fit for alloy 196, after 
optimization,at-123°C. 
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Figure A.34. Computer generated diffraction pattern curve fit for alloy 196, after 
optimization,at-189°C. 
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Kalia Kothandapany was born to A. Kothandapany and K. Rajamani in 

Pondicherry,India,on august 23, 1958. He was the eldest child of eight, who along 

with his parents are currently residing in Pondicherry, India. He attended both 

elementary and high school in pondicherry, and graduated from high school in June 

1976. He went on to pursue a degree in metallurgical engineering at the Kamataka 

Regional Engineering College,univeristy ofmysore,India,and graduated in June 1982. 

He came to the United States in September 1982 and entered the graduate program in 

Metallurgical Engineering at The University ofTennessee,Knoxville,from which he 

received his MasterofScience degree in March 1987. 


