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I. INTRODUCTION 

Martensitic phase transformations in intermetallic 

compounds have been studied because of important changes 

in some of the physical properties accompanying the trans

formations and because of the interest in the crystallqg

raphy of such transformations.
1 

The present study was 

undertaken to investigate whether such a transformation 

occurs. in near-equiatomic Nb-Ru alloys, as suggested by 
. 2 3 4 5 

earl1er workers. ' ' ' 
2 

Greenfield and .Beck, who first investigated the 

Nb~Ru system, reported from room temperature ·x-ray measure

ments that alloys between 48 and 49 at.% Ru have a body

centered tetragonal structure when quenched from 1200°C. 

However they also reported that ·an alloy containing 

32 at.% Ru, when treated the same way, has a b.c.c. or 

possibly a CsCl structure (very weak ·super lattice lines 

resulted because of small difference in scattering powers 
3 

of Nb and Ru) at room temperature. A. E. Dwight later 

reported parallel markings on a 47.6 at.% Ru· specimen 

quenched from 1200°C to room temperature, the room 

temperature st:t;ucture of the alloy being b.c.t .. with a 
. . 4 

c/a of 1.12. Later work by Raub and coworkers confirmed 

the presence of a body-centered tetragonal phase between 

41 and 46.5 at.% Ru on quenching from 1200°C to room 

temperature. They also reported alloys having composi

tions between 47 and 58 at.% Ru to have ·a face-centered 

orthorhombic structure on quenching from 1200°C to room 
5 

temperature. Kaufmann and coworkers constructed the 

Nb-Ru phase diagram (Figure 1) using X-ray, metallogra-
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phic and other techniques. According to them maximum 

solid solubility of Ru in Nb is 58 at.% at room tempera-

ture and there are a maxima and a minima in solidus at 

1870°C and 40 at.% Ru, and 1942°C and 50 at.% Ru respec

tively. They also reported that at room temperature, 

alloys containing between 40 at.% Ru and 58 at.% Ru 

have a body-centered tetragonal crystal structure; 

parallel markings were observed metallographically. 

On basis of experience in other CsCl type inter

mediate phases such as AuCd, . AuMn, CuZn, etc., which are 

known to undergo martensitic transformations,
1 

the above 

mentioned observations suggested that near-equi-atomic 

Nb-Ru alloys transform martensitically from a CsCl 

type parent phase to a phase having lower symmetry. In 

the present study metallographic, magnetic, resistometric, 

and X-ray techniques have been used to determine whether 

a martensitic phase transition occurs in these alloys, 

and, if so, to investigate the mechanism of such a trans

formation and the structure of the product phase. 
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II. EXPERIMENTAL TECHNIQUES 

A. Preparation of Specimens 

Niobium metal of 99.95 wt.% purity~ supplied by 

Kawecki Chemical Co. in -60 mesh powder form~ and 

ruthenium metal of 99.98 wt.% purity~ supplied by 

Engelhard Industries in -80 mesh powder form~ were used 

to grow all specimens. It was found that ·arc-melted 

buttons of Nb-Ru alloys containing nearly 50 at.% Ru 

are very brittle and hence could not ~e swaged into rods 

suitable for resistance measurement-s. Attempts to melt 

the alloys in an arc furnace and cast them in a rod form 

using a suitably designed hearth failed because the 

molten metal could not flow very far before freezing in 

the water cooled hearth. 

The method finally adopted was zone m~lting of pow

der compacts of nominal compositions which were formed 

by mixing Nb and Ru powders thoroughly and pressing them 

into l/8"xl/8"x2" rods in a die (Figure 2) using a 

hydraulic press at a pressure of 30~000 psi. The density 

of the compacts on the average was 61% of the theoretical 

density. The zone melting of the compacts was done in an 

MRC electron beam zone refiner operating at a pressure of 
-6 

less than 10 torr. One end of the compact was welded 

onto a Nb rod (99.95 wt.% pure); the other end of the com

~act was at first welded onto another Nb rod~ and the 

compact was melted by passing a liquid zone through it. 

However~ it was later found that use of a powder compact 

in place of a Nb rod at the end~ at which the liquid 

zone was first struck~ gave a more stable zone. Further~ 
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the power needed to melt the alloy after alloying took 

place was much less since alloys melt at a considerably 

lower temperature than either Nb or Ru, which melt at 

2468°C and 2300°C respectively. 5 

The phase diagram of the Nb-Ru system (Figure 1) 

shows that the separation between solidus and liquidus 

between 40 and 50 at.% Ru is very small and hence speci

mens of compositions in this range prepared by zone melting 

are expected to have very small composition gradients 

along their lengths. To minimize any such gradients in 

these alloys and in alloys of composition outside this 

range, zone leveling was employed. Three passes both 

up and down the specimen in each direction were made. 

The average compositions of the three alloys prepared 

as determined by chemical analysis* are listed in 

Table l. 

Table l. Average Compositions of the Alloys 

Nominal Composition Average Composition 
Alloy # at .. % Ru at.% Ru 

1 45.0 45.8 

2 50.0 51.1 

3 55.0 55.8 

Table :2 shows the compositions of four samples of nearly 

equal length, made by breaking the rod-like specimen, as 

arranged from one end. 

*The technique used for chemical analysis was colorimetry 
0 

based on absorption of 4650A radiation by K-ruthenate in 
2 molar KOH solution. 
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Table 2. Composition Gradient in the Specimen 

Compositions 
Alloy # at.% Ru 

2 51.0, 51.3, 51.3, 50.9 

3 55.7, 55.9, 56.3, 55.4 

It was concluded that there was no composition gradient 

within the limits of accuracy of the technique used for 

chemical analysis, which w~s + 1 at.% Ru. 

B. Electrical Resistance ·Measurements 

To explore the possibility of a martensitic t;rans

formation in the prepared alloys, electrical resistance* 

was measured up to 1300°C by passing a direct current of 

1. 019 amps. (as determined by the potential drop across 

an 1 ohm otandard rcsiotor) through a specimen and mea~ 

suring the potentia_l drop across it with a Rubicon po

tentiometer capable of measuring 5 microvolts. The 

current through the specimen was controlled within 

+ 0.001 amp. using a feed back mechanism shown in 

Figure 3. The four 20 mil Pt wires used for current 

and potential leads and the two Pt, Pt-10% Rh thermo

couples were welded to the specimen as shown in Figure 4; · 
'I 

all the wires were insulated with alumina beads. The 

specimen was suspended inside an alumina tube with the 

*Since the specimens used for resistance -measurements 
were not uniform in diameter and since resistance 
changes alone are sufficient to indicate the trans
formations, no attempt was made to evaluate the re
sistivity of the alloys as a function of temperature. 
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lead wires and heated by induction using a tantalum 

susceptor~ which was insulated from the induction coil 

by another alumina tube (Figure 4) . Since the alloys 

used are very easily oxidized~ heating was done under a 

pressure of Sxl0-6 torr or less. Two alumina disc re

flectors one at the top of the ·inner alumina tube and 

the other at the bottom of the same tube were used to 

reduce th9 temperature gradient along the length of the 

specimen from 25°C/inch to 5°C/inch. To cancel out any 

thermal e.m.f.~ potential drops across the specimen 

when current was flowing through it in two opposite direc

tions were measured and resistance of the specimen was 

computed by taking the average of the two. 

In order to find out any possible effects of high 

f:~;equency induction heating of ·the specimen· on it.s 

resistance measurements and to check this technique~ 

resistivity of Ta (99.95 wt.% pure) was measured up to 

ll00°C using a 2" long l/8" diameter Ta rod. The data 
6 

obtained agree fairly well with that of R. P. Tye 

(Figure 5) . 

C. Metallography and Hot "Stage Optical Microscopy 

Small specimens l/16" thick and l/8" diameter were 

cut from the rod-like specimens using a spark cutter. 

They were then wet polished at room temperature through 

4/0 grade ·paper. Due to the extreme hardness of the 

specimens~ a satisfactory final polish could not be 

obtained using alumina powders. However, 3 micron and 

l micron diamond pastes gave a good final polished 
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surface. Satisfactory etching was obtained by etching 

electrolytically with a solution of 1.25% HF and 5% 

a2so
4 

in methanol at a voltage of 10-15 volts for 1 

minute. 

For hot stage microscopy, a Leitz heating stage 

was used. The specimen was spot welded to the two wires 

of a Pt, Pt-10% Rh thermocouple and heated to 1600°C 
-5 

under a pressure of less than 10 torr using a tantalum 

heater of the design shown in Figure 6. Some fogging 

of the heating stage was observed at about 1300°C. The 

temperature of the specimen was controlled by a tempera

ture controller and the specimen could be heated or 

cooled manuallyj heating and cooling rates up to 4000°C/min. 

could be obtained. 

D. Magnetic Susceptibility Measurements 

Determination of the variation of magnetic suscepti

bility with temperature for both bulk and powder speci

mens ·was necessary as ·pointed out later. Bulk specimens 

were prepared by breaking the rod-like ·specimens into 4 

or 5 pieces each about ·1/2" long. They were then sealed 
-6 

off in a quartz ~apsu~e at a pressure of less than ·10 

torr and the capsule ·was then suspended inside a Varian 

superconducting ma~net ·solenoid with a maximum field of 

40 kilogauss. A molybdenum wound furnace was used to 

heat the capsule to 1000°C and the change in the weight 

of the capsule was measured with an analytic pan balance 

as the capsule was heated and cooled. Powders were then 

prepared from the pieces used for the bulk measurements 
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in a porcelain mortar and pestle to avoid contamination 

by any ferromagnetic material. Magnetic suscept·ibility 

of the powders was measured by the method outlined for 

bulk specimens. 

The force exerted on the capsule minus the ·quartz 

correction (i.e.~ the force exerted on a dummy quartz 

capsule with no specimen inside) is proport-ional to the 

rnagne·tic susceptibility as given by the relat·ion, 
7 

2 
F = 1/2 mxd/dx (H ) 

where F = force on the specimen after 

correction~ 

m = mass of the specimen~ 

X = magnetic susceptibility of 

and 

H = applied magnet~c field. 

E. X-ray Measurements 

quartz 

the specimen~ 

Powder patterns of all the alloys were taken at room 

temperature with a 5.73 em. diameter Phillips camera 

using powders (-325 mesh) prepared by powdering the mid 

portion of each specimen with mortar and p~stle. The 

powders were ·put on the surface of a 0.1 mm. diameter 

glass fibre with some vaseline and the fibre was then 

fixed onto the camera. Filtered Cu radiation was used 

and the X-ray tube was operated at 20 kv. and 30 rna. with 

an exposure time of 2 hours. 
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III. RESULTS "AND DISCUSSION 

In case of all the three alloys, the departure of 

the resistance vs. temperature curves from ·linearity on 

both cooling and heating (Figures 7-9) was associated 

with changes in microstructure (see below) and hence 

phase transformat.ions. In all three cases, although the 

transformation regions ·extend over several hundred 

degrees, the resistance vs. temperature curves show no 

hysteresis within the ·errors of this exploratory experi-

ment -- +10° c which are primarily due to the tempera-

ture gradient in the specimen. Different heating rates 

(from 50°C/hr to 300°C/hr) produce little effect on the 

details of resistance changes in any of the·specimens. 

In keeping with similar changes in other alloy systems, 

the temperature at which the high temperature parent 

phase begins to transform on cooling will be called M , 
s 

and the temperature at which the low temperature product 

phase begins to transform on heat·:j.ng will be called A , 
s 

even though the phases bear no resemblance to the "mar-

tensite" and "austenite" in the iron base alloys after 

which they are namedj Mf and Af are similarily employed 

for completion temperatures respectively. 

Ms and Mf for alloy 1 (45.8 at.% Ru) are 525°C 

and 150°C respectively (Figure 7). The slope of the 

resistance vs. temperature curve remains essent·ially 

constant during the transformation. Since no hysteresis 

is observed within experimental error, A
5 

= ·Mf and Af = ·Ms.i 

the resistance increase during the transformation is 
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17%. In case of alloy 2 (51.1 at.% Ru) on cooling the 

transformation starts at 900°C and the resistance of the 

alloy increases with decreasing temperature to 700°C, 

below which it continues to decrease linearily (Figure 8). 

However in contrast to Figure 7 there is a definite change 

in the slope of the resistance vs. temperature curve by 

a factor of two at about 790°C, indicating a more complex 

phenomenon than in Figure 7. It is interesting to note 

that even the complex behavior shown in Figure ·a shows no 

hysteresis and the changes in slope of the resistance 

vs. temperature curve occur at the same temperatures on 

both cooling and heating. Alloy 3 (55.8 at.% Ru) shows 

an A of 950°C (Figure ·9}. The data in this case show 
s 

more scatter since the change in resistance for a 20°C 

change in temperat-ure (the general temperat-ure .interval 

of measurements) is much less than that in case of the 

other two alloys and is of the order of the accuracy of 

resi~tance measurement, i.e., 10 microohms. The resist

ance of the specimen continues to decrease with increasing 

temperature up to 1300° c and the end of the tran.sforma

tion -- Af -- could not be recorded on the available 

equipment. On cooling no hysteresis is exhibitedj 

because of the scatter no unambiguous break in the re

sistance vs. temperature curve such as in Figure 8 can 

be obtained. 

Following the resistance -measurements, the ends 

of the rods were polished and etched at room temperature. 

Metallographic examinat·ion at room temperature revealed 
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parallel markings (Figures 10 and 12) and chevron-l-ike 

bands containing parallel markings (Figure 11) indicat~ve 

of martensitic transformation above room temperature with 

lattice invariant shear part of the transformation distor-
8 

tion apparently of the twinning type as in AuCd alloys. 

To study the transformation morphology;, hot stage metal

lographic work on these alloys was undertaken. From 

Figures 7:~ 8:~ and 9 it can be seen that ·polishing any 

one of the three alloy specimens ·in the reference parent 

·phase above M would be prohibitively difficult and 
s 

hence they were polished at room temperature in the 

product ·phase. The "invers.e" surface upheavals and 

markings were observed on heating from "martensite" to 

"austenite." 

On heating a specimen of alloy.l (45.8 at.% Ru) 

polished at room temperature:~ parallel markings appeared 

at about 230° C (Figure 13a) :~ which. indicated the start 

of the reverse reaction from "martensite" to "austenite." 

The parallel markings. became more defined as the -specimen 

was heated to 550°C:~ but on cooling to room temperature 

the parallel markings remained. The surface did not 

appear flat under such conditions since the markings due 

to the "austenite" to "martensite" reaction were parallel 

to:~ but .not identical with the first "inverse martensite 

to austenite" markings. However:~ on heating to 1600°C 

and cooling;, a second set of markings at an angle to the 

previously mentioned set appeared at about 490°C (Figure 

13b) indicating the "austenite" to "martensite" reaction 
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had already begun with markings appearing on another 

(presumably crystallographically equivalent) plane. 

The second set of markings became more defined as the 

specimen was cooled to room temperature (Figure 13c)~ 

and on cycling between 550°C and 100°C the second set 

12 

of markings disappeared on heating and reappeared on 

cooling. The microstruct·ure on heating to 550° C always 

remained the same a.nn hFmce it was the reference state, 

the role which the polished surface· of "austenite" would 

have played if it could have been polished at 550°C. 

Alloy 2(51.1 at.% Ru) showed a rather different 

behavior. On heating the specimen~ which had been 

polished at room temperature~ markings began to appear 

at about 700°Cj the surface at 750°C is shown in 

Figure 14a. These markings were arranged in chevron 

like bands~ and the markings in the neighboring bands 

were almost perpendicular to each other. On further 

.heating the broad bands enclosing the finer markings 

began to tilt relative to each other at about 800°C 

and alternate bands appeared darker as the temperature 

was increased as shown in Figure 14b at 830°C and in 

Figure 14c at 1000°C. On cooling to room temperature 

from 1000°C~ the broad bands tilted back to give almost 

a flat surface~ but the finer markings inside them 

remained to give a microstructure similar to Figure 14a. 

However~ on heat·ing the specimen to 1600° C and cooling 

to room temperature a second set of alternate dark and 

bright bands at an angle to the previously mentioned one 

appeared (Figure ·14d)~ and the surface was too rumpled 
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to ob~erve any fine markings inside the second set of 

bands. This indicates that -when the specimen was .heated 

to just above Af the bands always formed on the same 

crystallographic plane as the previous time it was cooled 

giving a nearly flat surface, but when the specimen was 

heated to 1600°C, which is well above .Af, the transforma

tion took place on another presumably crystallographically 

equivalent plane and hence the bands appeared at an angle 

to the first set of "inverse martensite to austenite" 

bands. On cycling between 1000°C and 700°C the second 

set of bands disappeared· on heating and reappeared on 

cooling, while the first set always remained serving as 

the reference state. 

In alloy 3 (55.8 at.% Ru) parallel markings appeared 

at 900°C on the surface, which had been polished at room 

temperature, and when the specimen was further heated 

to 1600°C and cooled to 800°C parallel markings at an 

angle to the original ones appeared (Figure ·15a). On 

cycling between 1300°C and 800°C th~ markings, which 

appeared on cooling from 1600°C to 800°C, disappeared 

on heating (Figure 15b) and reappeared on cooling in 

the same direction though not at the same place (Figure 

15c). The marked surface, which appeared on heating the 

polished ·surface for the first time, could al-ways be 

seen on subsequent beatings and hence was the reference 

state. Af for this alloy was estimated to be around 

1300°C. (Note that this could not be obtained from resist-

ance measurements.) 

The crystal structures of th~ low temperature ·phases 

of all the alloys were determined at room temperature by 
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the powder method. However it had to be ascertained 

whether there was any effect of part·icle size on the 

transformation. Magnetic susceptibility of both bulk 

and powder specimens ·was measured; alloy 2 (51.1 at.% Ru) 

was chosen for the magnetic study because its transforma

tion range was most convenient for the equipment employed. 

The force on the alloy (which is directly proportional 

to the magnetic susceptibility) is shown as a £unct·ion 

of temperature for bulk and powder specimens in Figures 

16 and 17 respectively. The high temperature phase ·is 

·paramagnet-ic and its magnetic suscept·ibili ty shows ·no 

temperature dep~ndence; the low temperature phase ·is 

also paramagnetic, but its -magnetic susceptibility 

increases with increasing temperature. Note that the 

curves show the transformation occurring over the same 

temperature region as ·indicated by resistance measure

ments, c.f. Figure 8, and the powders transform like 

bulk specimens ·except ·for what could be 'interpreted as 

hysteresis in that part ·of the transformation occurring 

between 700°C and_800°C, although this may be experimental 

scatter in the temperature measurements due to the way 

the thermocouple was placed. A change in the slope of 

the curve during transformation is shown .in Figure 16 

and it occurs essentially at the same temperature as the 

break in resistance vs. temperature curve of Figure 8; 

the break in the ·powder curve of Figure 17 is not clearly 

defined. 

The room temperature structures of the alloys were 

determined from their powder patterns, which were indexed 

by matching the observed 'd' values with the 'd' values 
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calculated from approximate lattice parameters. Cohen's 
9 

method programmed for an IBM 7094 computer was used to 

calculate the lattice parameters. The results are shown 

in Table 3. 

Table 3. Crystal Structure and Lattice Parameters 
of Alloys 1, 2, and 3 at Room Temperature 

Alloy 
# 

1 

2 

3 

Crystal 
Structure 

f;.:'lrP-* 

centered 
tetragonal 

Lattice Parameters 
0 

A 

~ = 4.388 ± .005 
c = 3.311 + .005 

face- a = 4.373 + .005 
centered b = 4.228 + .005 
orthorhombic c = 3.401 + .005 

face- a = 4.295 + .005 
centered b = 4.192 + .005 
orthorhombic c = ~.439 + .005 

cfa 

.755 

.788 

. 801 

.804 

.820 

A few super structure lines could be observed in each 

of the powder patterns and the alloys are probably ordered. 

As mentioned in the introduction, Raub and Fritzsche
4 

reported the low temperature phase to be body-centered 

tetragonal in alloys-having compositions between 41 and 

46.5 at.% Ru and face-centered orthorhombic for alloys 

having compositions between 47 and 58 at.% Ru. However 

to understand the relationship among the product phases 

as well as how they are related to the parent phases, it 

is much more instructive in the first mentioned composi

tion range to choose in place of the body-centered tetrag

onal cell a face-centered tetragonal cell, which can.be 

*The reasons for choosing this unit cell rather than the 
smaller equivalent body-centered tetragonal unit cell 
are described in the text. 
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formed by delineating such a cell within four body-cen

tered tetragonal cells as in Figure 18b, with af the a 

parameter of the face-centered tetragonal cell, equal to 

/2 times ab, the a param~ter of the body-centered tetrag

onal cell. Thus focussing on an arbitrary unit cell in 

the parent -CsCl type phase (assumed), which is face

centered tetragonal, with c/a of 1//2 or .707, and how it 

is distorted (as can be seen in Figure 18) to either a 

face-centered tetragonal cell with a different c/a ratio 

or to a face-centered orthorhombic cell with an aniso-

tropic distortion in the plane perpendicular to the 1 c 1 

axis permits a rather simple unified approach to all 

transformations in the composition range examined. 

The behavior of alloy 2 (51.1 at% Ru) can be inter

preted as follows. It can be seen in~Figures 7 and 8 

that the slope of the curve for alloy 1 (45.8 at.% Ru) 

is essentially constant and is almost the same as the 

slope of the curve for alloy 2 between 800°C and 900°C. 

Since the low temperature phase of alloy 1 can be described 

as a face-centered tetragonal phase, it-is suggested that 

in case of alloy 2 the high temperature CsCl type phase 

(assumed) transforms to a face-centered tetragonal phase 

on cooling and this face-centered tetragonal phase trans

forms-to a face-centered orthorhombic phase with small 

distortions on further cooling. The start of the f.c.t. 

to f.c.o. transforma~ion occurs before completion of the 

CsCl to f.c.t. transformationj this accounts for the 

change in the slope of the resistance vs. temperature 

curve during transformation (Figure 8) . It is also to be 

noted that on cooling the f.c.t. to f.c.o. transformation 
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cannot finish before the CsCl to f.c.t. transformation 

does. This model can also account for the hot-stage 

micrographic results of alloy 2. The appearance of 

fine parallel markings (Figure l4a) arranged in chev

ron like bands on the surface polished at room tempera

ture and heated to 750°C is consistent with a reverse 

reaction f.c.o. to f.c.t., while tilting of the·broad 

bands above 800°C (Figure l4b) fits with the f.c.t. to 

CsCl reaction. 

In case of alloy 1, the cubic to f.c.t. transfor

mation is complete well above the room temperature; 

there may indeed be a f.c.t. to f.c.o. transformation 

below room temperature. In case of alloy 3(55.8 at.% Ru) 

because of the temperature limitations of the' resistivity 

apparatus employed, experimental difficulties in hot

stage microscope, and the absence of high temperature 

vacuum·X-ray camera, it cannot be definitely stated at 

this.time whether a cubic to f.c.t. transformation pre

cedes the transformation in Figure 9, which would then 

.be interpreted as f.c.t. to f.c.o. on cooling, or 

whether this curve shows a direct .transformation from 

the high temperature cubic phase to the f.c.o. phase, 

which is observed at room temperature. In any event, 

to show the reasonableness of this approach, the data 

of Raub and Fritzsche
4 

are plotted together with the 

results of this investigation in Figure 19 after "con

verting" their b.c.t. cells to f.c.t. cells by multi

plying their a values by /2. It can be seen from this 

figure that the f.c.o. cell differs very little from the 
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f.c.t. cell and hence can also be derived from the 

cubic phase, although ·probably by a two step process 

with an intermediate f.c.t. phase. Furthermore, even 

at room temperature c/a and c/b ratios of product phases 

are not very different from /2/2 = .707 consistent with 

the model proposed above; c/a and c/b ratios may be very 

close to .707 at the transformation temperatures. 

\ 
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IV. CONCLUSIONS 

It can be concluded (and/or inferred) that near-

equiatomic Nb-Ru alloys transform martensitically on 

cooling and the transformation temperatures decrease 

·markedly with increasing Nb content. In case of alloys 

near the exact stochiometry (eg. 51.·1 at.% Ru) the 

transformation appears to occur in two stepsj i.e., 

CsCl to f.c.t. and f.c.t. to f.c.o., on cooling. In 

alloys of lower Ru content (eg. 45.8·at.% Ru). only one 

step of what may be a two step transformation process 

occurs above room temperature. On cooling below room 

temperature a f.c.t. to f.c.o. transformation may occur 

following the CsCl to f.c.t. transformation reported 

here. In alloys of higher Ru content (eg. 55.8 at.% Ru) 

it cannot.be concluded definitely whether the transforma

tion, which is observed between 950°C and. 1300°C, con

sists of two steps or one stepj there·may be a CsCl to 

f.c.t. transformation·occurring at a temperature higher 

than 1300°C. The transformations are reversible with 

hysteresis widths•less ~han l0°C .and hence the ·trans

formation strains are probably quite ·small. The. ·banded 

microstructure of the product phases constitute good 

evidence that the lattice ·invariant shear is twinning, 
. 10 11 

as in InTl, some iron base alloys, and the prototype 
8 

CsCl to almost f.c.o •. transformation in AuCd, which 

stimulated the WLR crystallographic _theory of martensitic 

transformation. 8 ,
12 

In the case of alloys under consider

ation, particle size has little effect on the martensitic 

reaction. Further -work is-indicated to determine the 

structure ·of all phases and to examine the details of 

.the transformation. 
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Figure ·1. Niobium-ruthenium phase diagram. 5 
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Figure 2. Die used for ·preparing powder compacts. 
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Figure 3. Schematic circuit diagram of apparatus 
·used for measurement of electrical 
resistance of the specimens. 

1. 1 ohm standard resistor 
2. Standard cell 
3. Reversible AC motor 
4. 1 ohm variable resistor 
5. Specimen 
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Figure 4. Induction heating of the specimen. 

l. Induction coil 
2 .. Outer alumina tube 
3. Inner alumina tube 
4. Tantalum susceptor 
5. Alumina disc reflectors 
6. Specimen 
7. Current leads 
8. Potential leads 
9. Thermocouple 
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Figure 5. Change in electrical resistivity of 
Ta (99.95 wt.% pure) with temperature. 
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Figure 6. Heating element used in hot stage. 
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Figure 7. Electrical resistance of alloy 1 
(45.8 at.% Ru) vs. temperature. 
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Figure 8. Electrical resistance of alloy 2 
(51.1 at.% Ru) vs. temperature. 
Note the change in the slope of the 
curve during transformation at about 
'I 90° c. 
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Figure 9. Electrical resistance of alloy 3 
(55.8 at.% Ru) vs. temperature. The 
vertical and horizontal bars show the 
estimated errors in measurement of 
resistance and temperature respectively. 
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Figure 10. Room temperature micrograph of alloy 1 
(45.8 at.% Ru) polished and etched at 
room temperature following growth and one 
cycle of transformation. Note the parallel 
markings. Xl50 

Figure 11. Room temperature micrograph of alloy 2 
(51.1 at.% Ru) polished and etched at 
room temperat-ure following growth and one 
cycle of transformat-ion. Note the broad 
bands containing parallel markings. The 
markings in alternate bands~ which appear 
bright~ can be seen~ though they could 
not be etched properly. X400 





40 

Figure 12. Room temperature micrograph of alloy 3 
(55.8 at.% Ru) polished and etched at 
room temperature after qrowth and one 
cycle of transformation. X256 

Figure 13a. Photograph of the surface of alloy 1 
(45.8 at. % Ru) polished at room temper
ature and heated to 230°C. Parallel 
markings have appeared on the polished 
surface. X500 
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Figure 13b. Appearance of the surface of alloy 1 
after it was heated from conditions of 
Figure 13a to 500 ° C, cooled to room 
temperature and again heated to 1600nc and 
cooled to 490°C. Note the appearance of 
a new set of markings at an angle to the 
set seen in Figure 13a. X500 

Figure 13c. Appearance of the surface of alloy 1 
after it was cooled to room temperature 
from conditions of Figure 13b. XSOO 
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Fig ure 14a. Micrograph of the surface of alloy 2 
(51.1 at.% Ru) polished at room tempera
ture and heated to 750 ° C. Note the appear 
ance of chevron like bands each enclosing 
inside it a set of parallel markings, which 
are nearly perpendicular to the markings in 
the neighboring band. XlOO 

Figure 14b. Photograph of the surface of alloy 2 
heated from conditions of Figure 14a 
to 830° C. The broad bands have lJel_:lun 
to tilt and hence alternate bands 
appear dark. XlOO 
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Figure 14c. Appearance of the surface of alloy 2 
when it was further heated to 1000°C. 
The alternate bands appear darker than 
in Figure 14b . XlOO 

Figure 14d. Photograph of alloy 2 taken at room 
temperature after it was cooled from 
conditions of Figure 14c to room 
temperature and subsequently heated 
to 1600° C and cooled to room tempera 
ture. Note that a second set of al 
ternate dark and bright bands have 
appeared at an angle to the original 
bands of Figure 14c . XlOO 
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Figure 15a. Condition of the surface of alloy 3 
(55.8 at.% Ru) polished and etched at 
room temperature, heated to 1600°C, 
and cooled to 800° C. Note the criss
crossing sets of parallel markings. 
X400 

Figure 15b. Photograph of the surface of alloy 3 
after it was healeu from conditions of 
Figure 15a to 1300°C. Note that in 
contrast to Figure 15aJ there are no 
crossed markings and that markings o f 
one variant have disappeared on heat 
ing leaving the "reference state." 
X400 
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Figure 15c. Micrograph of the surface of alloy 3 
cooled from conditions of Figure 15b 
to 800°C. New markings crossing the 
markings Figure 15b have appeared in 
the same direction as the markings _. 
which disappeared on heating from 
conditions of Fiqure 15a to 1300° C. 
X400 



' 
I 

"
l
 



52 

Figure 16. Change in magnetic susceptibility of 
bulk specimens of alloy 2 (51.1 at.% Ru) 
with temperature. Comparing with Figure 
8 it can be seen that the changes in 
slope of both the curves occur at the 
same temperatures. 

·~ 
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Figure 17. Change in magnetic susceptibility of 
powders of alloy 2 with temperature. 
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Figure 18. (a) Untransformed CsCl structure in which a 
f. c. t. cell is delineated. a = l-2a ., 
c/a = 1//2 = .707. 

0 

(b) Face-centered tetragonal cell obtained 
due to transformation distortion., so 
that c/a is somewhat greater than 1//2. 
This lattice can also be described 
~yulvc~.l~ully Ly a boU.y-cenl:ered ·tetragorul.l 
cell., a distorted CsCl structure with c/a 
slightly greater than 1. 

(c) Face-centered orthorhombic cell produced 
due to a distortion., which is anisotropic 
in the plane perpenqicular to the 'c' 
axis. Note how (c) can be obtained frqm 
(b) by a slight anisotropic distortion. 
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Figure 19. Variation of room temperature lattice 
parameters of near-equiatomic Nb-Ru 
alloys with composition. The a param
eters of the tetragonal phase obtained 
by Raub and .Fritzsche4 have been multi
plied by ./2. 

r 
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VI. ~,PPENDIX 

X-RAY POWDER PATTERNS 

l. Alloy l 

. 2. Alloy 2 

3. Alloy 3 

61 
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1. Alloy 1 (45.8 at.% Ru) 

" Radiation ·Cu Kel 

Crystal. Structure Determined Face-centered 
tetragonal 

Lattice Parameters a 
0 

= 4. 388 A 

c = ·3.311.~ 

'd' spacings, .A 
hkl intensity observed calculated 

lll very strong 2.256 2.264 

200 strong 2.194 2.194 

002 weak 1. 654 ·1. 655 

220 medium strong 1. 551 1. 551 

202 medium .strong 1. 317 1. 321 

331 strong 1. 281 1.280 

222 strong 1.130 1.132 

.400 Wt!dk 1. 090 1.097 
·) 

113 weak 1.039 1.040 

420 strong 0.982 0.981 

402 medium strong 0.912 0.914 

313 medium strong 0.862 0.863 

422 .medium strong .0.845 0.844 

511 medium strong 0.834 0.833 

<\ 
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2. Alloy 2 (51.1 at.% Ru) 
., Radiation .cu Ka 

Crystal Structure Determined Face-centered 
orthorhombic 

0 

Lattice Parameters a = 4.373-A 
0 

b = 4.228 A 
0 

c = 3. 401 A 

0 

'd' spacings, . A 
hkl intensity observed calculated 

1;1.1 very strong 2.252 2.266 

200 strong 2.172 2. 186. 

020 strong 2.110 2.114 

002 strong 1.689 1.700 

220 strong 1.495 1. 521 

202 medium strong 1. 337 1.342 

022 medium strong 1.321 1. 325 

311 strong 1.273 1. 277 

131 strong 1. 246 1. 247 

222 strong 1.130 1.133 

400 strong 1.091 1.093 

113 strong 1.060 1.062 

420 strong 0.970 0.971 

402 strong 0.918 0.919 

313 medium strong .0.874 0.875 

133 weak 0.865 0.866 

422 medium strong 0.842 0.843 

242 .medium strong 0.830 0.830 

151 very weak 0.807 0.807 
.\ 
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3. Alloy 3(55.8 at.% Ru) 

' Radiation Cu Ka 

Crystal. Structure Determined Face-centered 
orthorhombic 

0 

Lattice Parameters a :::: 4.295 A 
0 

b :::: 4.192.A 

c :::: 
0 

3.439 ·A 
0 

'd' spacings, .A 
hkl intensity obperved calculated 

001 very weak very .. weak 3. 439 

111 very strong 2.247 2.260 

200 strong 2.133 2.147 

020 strong 2.088 2.095 

002 medium strong 1.712 1. 719 

220 medium strong 1.495 1. 499 

202 medium .strong 1. 336 1. 342 

022 medium strong 1. 327 1. 329 

311 medium strong 1. 258 1.260 

131 medium strong 1. 238 1. 239 

222 .strong 1.129 1.130 

400 ·medium strong . 1. 070 1.073 

420 medium strong 0.957 0.956 

240 weak 0.936 0.941 

402 medium strong . 0. 90 9 0.910 

042 weak 0.896 0.895 

313 medium strong 0.875 0. 87 5. 

422 medium strong 0.834 0.835 

242 medium strong 0.827 0.826 

511 weak 0.817 0.817 




