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THE TRANSFORMATION TEMPERATURES 
OF HIGH "PURITY URANIUM 

by 

B. Blumenthal , J. E . Baumrucke r , and L. T. Lloyd 

ABSTRACT 

The t ransformat ion t e m p e r a t u r e s of h igh-pur i ty u r a 
nium were de te rmined by t he rma l analysis and d i la tometry . 
Two the rma l analysis methods were used: one in which the 
r a t e s of heating and cooling were control led by a differen
tial thermocouple and another in which repea ted t he rma l 
analyses were made at independently control led r a t e s . The 
so l id-s ta te t ransformat ion t e m p e r a t u r e s and the logar i thm 
of the heating or cooling r a t e s at re la t ively low ra t e s a r e 
re la ted l inear ly . The extrapola ted functions in te r sec t at a 
point where the disturbing effects of h y s t e r e s i s , supe r 
heating and undercooling d isappear , i .e . , at the equi l ibr ium 
t e m p e r a t u r e . The mean t ransfor inat ion t e m p e r a t u r e s a r e 
667°C for a^^ and 775°C for ^ ^ y . The mean t e m p e r a 
ture for melt ing and freezing is 1132°C. 

I. INTRODUCTION 

Measuremen t s of the so l id-s ta te t ransformat ion t e m p e r a t u r e s of 
u ran ium were made as ea r ly as 1942 and of i ts mel t ing point in 1930. The 
ea r ly data were reviewed by Katz and Rabinowitch.(l) Few of these 
m e a s u r e m e n t s have any significance today since they were made on r a the r 
impure meta l under conditions where the format ion of l a rge quanti t ies of 
oxide and ni t r ide was inevitable. Never the less ; Chipman(2) r epor t ed in 
1946, in summar iz ing the work of the Meta l lurgica l Labora to ry , an 
a^^^fi t ransformat ion t e m p e r a t u r e of 665°C . a ^ ^ ^ 7 t rans format ion t em
p e r a t u r e of 775°C and a melt ing point of 1130°C; these data approach p r e s 
ent m e a s u r e m e n t s . 

In making heat content m e a s u r e m e n t s , Moore and Kelleyl^j found 
two sharp t rans i t ions at 662 ± 3°C and 772 i 3°C with no evidence of 
h y s t e r e s i s . Resis t iv i ty m e a s u r e m e n t s by Dahl and Van Dusen,!"*) however, 
revea led a la rge h y s t e r e s i s for the so l id-s ta te t r ans fo rma t ions . Their 
data were : 

a -> i8 = 667°C ^-^y = 772°C 

jB-^a = 645°C T-^jB = 764''C 



The data by Dahl and Van Dusen were evaluated by Ginnings and 
Corrucini(5) for the purpose of calculating heats of t rans i t ion. They used 
668°C and 774*C, for the respect ive t ransformat ion t e m p e r a t u r e s , 
probably the highest values obtained by Dahl and Van Dusen. Similar r e 
sults were obtained by some of the inves t igators of binary phase dia
g r a m s ; their data a r e shown in Table I. 

1 ABLE I 

So l id - s t a t e T r a n s f o r m a t i o n Po in t s of Uran ium from 
Binary P h a s e D i a g r a m s 

Authors 

Gordon and Kaufmann' ' 

G r o g a n ' ' ' 

Buzza rd , L i s s and F ick le (° ) 

Buzza rd , F ick le and Parkf^ . lO) 

Knapton( l l ) 

Chiot t i , T r a c y and Wilhelm(l '^) 

C a t t e r a l l , Grogan and 
P leasance(13) 

Year 

1950 

1950 

1953 

1954 

1954 

1956 

1956 

TransforiTiation T e m p e r a t u r e s 

rc) 
a-—p /3-^u 

1 
655* 

675 

-

-

6 6 7 

666 i 2 

660 

657 

653 

6 3 7 

655 t Z 

665 t 3 
1 

p — 7 7—p 

1 
765* 

780 

-

-

773 

771 + 2 

770 

768 

762 

757 

766 t 2 

772 ± 3 

Rate of Heating 
or Cooling 

(°c/min) 

5 to 10 and 1 

2 

2 

1 * * 

5 

10 

• T r a n s f o r m a t i o n s took p lace over a range of t e m p e r a t u r e of 5°C at a r a t e of 1 ° C / m i n 

**By d i l a tome t ry ; al l o the r s by t h e r m a l a n a l y s i s . 

While these r e s i s t s appeared to be fair ly consistent , they were , 
never the less , looked upon with suspicion, par t ly because of the impuri ty 
content of the metal and par t ly because of the la rge hys t e r e s i s effects, 
even at low ra t e s of heating and cooling. The very la rge effect of the 
cooling ra te on the t ransformat ion t empera tu re s was shown by Duwez, ' !^ 
who, using a r a t e of 8000°c / sec , obtained supercooling of the 7—*.^ and 
j8—^a t ransformat ions hy about 200°C and 300°C, respect ively . 

Only one re l iable datum exists for the 7 ^ ^ L phase change, DaKL 
and Cleaves( l5) de termined the freezing point (L—^-7 only) by taking a 
sequence of cooling curves at a ra te of l °C/min . Successive de te rmina
tions resu l ted in an inc rease of the freezing point from 1125°C to 1133°C. 
Simultaneously, a reduction of the carbon content was observed in the 
mel t ; the highest freezing point was assoc ia ted with a carbon content of 
6 ppm. Most of the other obse rve r s r epor t data below 1133°C without 
specifying the carbon content or other analytical data. 

With the advent of high-puri ty uranium and the development of 
p r ec i s e analytical methods for impur i ty determinat ions it became pos 
sible, and indeed des i rab le , to r ede te rmine the t ransformat ion 
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t e m p e r a t u r e s . This also became n e c e s s a r y as pa r t of a u ran ium-carbon 
alloy study by Blumenthal ,! lo) where only smal l t empera tu re effects were 
expected. 

The work descr ibed in this repor t consis ts of three p a r t s : 

1. A determinat ion of the th ree t ransformat ion tenapera tures at 
r a t e s controlled by the differential thermocouple a r rangement 
f i rs t proposed by Smith.(l"?) (J. E . Baumrucker ) 

2. A prec i s ion deternnination of the three t ransformat ion t em
p e r a t u r e s by repeated the rmal analyses at independently con
trol led r a t e s . (B. Blumenthal) 

3. A determinat ion of the so l id-s ta te t ransformat ions by a 
d i la tometr ic method. (L. T. Lloyd) 

11, MATERIALS 

The ma te r i a l s used in all th ree investigations were remel ted high-
pur i ty e lectrolyt ic uranium; the per t inent analytical data a r e given in 
Tables II, III, and IV. Some di la tometr ic m e a s u r e m e n t s were made on r e -
mel ted biscuit meta l and others on r e a c t o r - g r a d e uranium. The analytical 
data for the l e s s pure m.aterials a r e given in Table V. 

TABLE II 

Specimen 
No. 

B-327 

B-369 

B-370 

B-417 

B-427 

Composi t ion of High 

Sample 
Location 

Bottom 
T o p 
Core 

Bot tom 
T o p 
Core 

T o p 
Core 

Bot tom 
T o p 
Core 

Bot tom 
T o p 
Core 

Chemica l 

-pu r i t y tJr 

Ana lys i s 
(ppm)* 

C 

_ 
19-45 
31-60 

15 
17 

-

17 
22 

35-55 
48-55 

-

_ 
25 

-

N 

„ 

7-13 
10-20 

<10 
14 

-

™ 

-

<10 
28-32 

-

_ 
-
-

anium 

A l 

5 
5 
5 

< 5 
< 5 
< 0 

5 
5 

5 
5 
5 

10 
10 
10 

used by B a u m r u c k e r 

Spec t rochemica l Analys is** 

C r 

3 
3 
3 

<1 
<1 
<1 

<1 
< 1 

1 
1 
1 

1 
1 
1 

Cu 

1 
4 
2 

1 
2 
2 

1 
2 

1 
2 
1 

? 

1 
1 

(ppm) 

F e 

8 
8 
8 

2 
2 

10 

3 
2 

3 
10 

3 

5 
y 

10 

M g 

0 .5 
0 .5 
0 .5 

0 .5 
0 .5 
2 

0 .5 
0 .5 

0 .5 
0 .5 
0 .5 

0 .5 
0 .5 
0 .5 

M n 

0 .5 
2 
0 .5 

0 .5 
0 .5 
0.5 

1 

Si 

<10 
< 1 0 
<10 

15 
15 
10 

10 
10 

<10 
10 
10 

10 
10 
10 

*A1I 

**A11 

ana ly se s a r e given in p a r t s pe r mi l l ion by weight . 

o ther e l e m e n t s below l imi t s of s p e c t r o c h e m i c a l de tec t ion . 



TABLE III 

Composit ion of High-puri ty Uranium Used by Blumenthal 

Spec. 
No. 

B-721 

B-724 

B-726 

B-728T 

B-734 

Chemica l Analysis 
(ppm)* 

H 

.21 

C 

26-35 
28-37 

26-35 
22-25 

34-40 
40-50 

5 

7-10 

N 

<10 
<10-19 

<10 
<10 

<10 
<10 

<10 

12 

o 

1 

1 

6.6 

2 

22-25 

25-26 

Spect rochemical Analys is** 
(ppm) 

A l 

7 
7 

7 
7 

5 
7 

5 

5 

C r 

<1 
<1 

<1 
<1 

<1 
<1 

1 

<1 

Cu F e 

z 
2 

2 
2 

2 
2 

7 

2 

Mg 

1 
1 

1 
2 

1 
1 

<1 

1 

Mn 

<1 
<1 

<1 
<1 

<1 
<1 

<1 

<1 

Si 

10 
20 

10 
10-15 

20 
10 

15 

10 

R e m a r k s 

Before t h e r m a l ana lys is 
After t h e r m a l ana lys is 

Before t h e r m a l analys is 
After t h e r m a l ana lys i s 

Before t h e r m a l ana lys is 
After t h e r m a l analys is 

Used in solid state only 

Used in solid state only 

*A11 ana lyses a r e given in p a r t s pe r mil l ion by weight. 

*A11 other e lements below l imi t s of spec t rochemica l detect ion. 

TABLE IV 

Composit ion of High-puri ty Uranium Used by Lloyd 

Specimen 
No. 

B-183 

B-272 

Chemical Analysis 
(ppm)* 

C 

15,23 

8,11 

N 

9,22 

18 

O 

n.d. 

n.d. 

Spect rochemical Analysis** 
(ppm) 

A l 

<10 

5 

B 

0.2 

<1 

C r 

<1 

<1 

Cu 

3 

1 

F e 

3 

7 

Mg 

2 

<.5 

Mn 

<.5 

.5 

Si 

3 

5 

*A11 ana lyses a r e in p a r t s pe r mil l ion by weight. 

**A11 other e lements below l imi t s of spec t rochemica l detect ion 

TABLE V 

Composit ion of Impure Uranium Used by Lloyd 

Spec. 
No. 

B4-1 

B-246 

Mate r i a l 

Reac to r -g r ade 
Uranium 

Remelted Biscui t 
Uranium 

Chemical Analysis 
(ppm)* 

C 

436 

20 

N 

29 

12 

O 

3 to 12 

n.d. 

Spect rochemical Analysis** 
(ppm) 

A l 

10 

10 

C r 

3 

2 

Cu 

3 

5 

F e 

50 

30 

Mg 

1 

10 

Mn 

5 

5 

Ni 

10 

10 

P b 

30 

2 

Si 

30 

20 

*A11 ana lyses a r e in p a r t s pe r mil l ion by weight. 

**A11 other e lements below l imi t s of spec t rochemica l detect ion. 



III. EXPERIMENTAL APPARATUS 

The appara tus used by Baumrucker is shown in F igure 1. Its h igh-
vacuum re s i s t ance furnace consis ted of a wa te r -coo led s ta in less s teel shel l 
into which were placed a tubular molybdenum wire-wound c e r a m i c hea te r 
and a s e r i e s of tantalum and molybdenum radia t ion sh ie lds . The specimen, 
in the form of a taper ing cylinder which conformed to the in terna l contour 
of the uran ia c ruc ib le , was in the center of the furnace . It had a d iameter 
of 7/8 in, at the top and was about 2 in. long with a 1/4-in. d iameter center 
hole lengthwise to rece ive the thermocouple protect ion tube. 

The vacuum sys tem consis ted of the following components , s ta r t ing 
at the furnace: a pot- type liquid ni t rogen cold t r ap , a wa te r -coo led baffle, 
a 6-in, fractionating oil diffusion pump (MCF 700 by Consolidated Engi 
neer ing Corp,) , a 4- in . oil diffusion booster pump (MB 100 by Consolidated), 
and a two-s tage mechanica l forepump of 375 - l i t e r /min free a i r capaci ty 
(No. 1397 by Welch). Vacua attained w e r e approximate ly 10"^ m m Hg at 
melt ing and 10" to 10~' m m Hg at room t e m p e r a t u r e . 

Two P t / P t - 1 0 % Rh thermocouples were used to m e a s u r e and control 
the t e m p e r a t u r e of the furnace, to control the r a t e of heating and cooling, 
and to m e a s u r e the a r r e s t t e m p e i a t u r e s . The cen t ra l thermocouple 
continuously r eco rded the specimen t e m p e r a t u r e by means of a 3-mil l ivol t 
span, mul t i range Leeds and Northrup Speedomax r e c o r d e r . Heating and 
cooling r a t e s were control led by a dua l - range Leeds and Northrup differen
tial c o n t r o l l e r - r e c o r d e r using a thermocouple contacting the outside of the 
crucible (see F igure 1) in conjunction with the cen t ra l record ing thermio-
couple. The cont ro l ler was connected to a contactor for an on-off control 
of the furnace power . 

The t ransformat ion t e m p e r a t u r e s were m e a s u r e d during the 
a r r e s t s , of many minutes duration, by means of a Rubicon prec i s ion poten
t iomete r , using the cen t ra l thermocouple disconnected from its r e c o r d e r . 
The cold junctions were held at 0°C in an ice bath. 

The thermocouples were ca l ibra ted agains t a couple obtained from 
the National Bureau of Standards , The readings of the measu r ing couple 
were conver ted to degrees cent igrade by means of the NBS re fe rence 
tables (Circular No. 561); appropr ia te co r rec t ions were applied. 

The exper imenta l appara tus used by Blumenthal was a modified 
ve r s ion of the high-vacuirai Globar r e s i s t a n c e furnace descr ibed p r e 
viously.! 1°) Its vacuxim sys tem was left unchanged. The heating sys tem 
was rebui l t to p e r m i t repea ted t h e r m a l analyses at a p rede te r in ined , yet 
va r i ab le , r a t e unaffected by load osci l la t ions caused by the comncion on-off 
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HEAT FLOW CONTROLLED BY 
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cont ro ls . The furnace was heated by two separa te sets of Globars : one 
provided the mantially adjusted base load (about two-thi rds of the total) 
and the other the control load. The la t te r set of Globars was supplied 
with power by a Var iac , which was driven by an a i r -ope ra t ed diaphragm 
motor (Conoflow Corp.) in conjunction with a Minneapolis-Honeywell 
t r i p l e - r ange pneumatic control ler (2 to 8, 6 to 12, and 10 to 16 mil l ivol ts) . 
The p r o g r a m control was imposed by a cam cut to suit the des i red cycling 
pa t te rn . Since the control thermocouple was touching the outside of the 
furnace tube, it did not r eg i s t e r the t rue t empera tu re inside the furnace. 
The t empera tu re difference due to the changing conditions of the exper i 
ments was about 25°C. To compensate for this difference, the cam was 
cut for a t empera tu re that much higher . With this compensation it was 
possible to impar t any des i red t empera tu re pa t te rn to the specimen. 
Since the furnace had a low heat capacity, it followed the p rede te rmined 
cycle with li t t le lag. 

For melt ing point de terminat ions , a specimen of about 300 g r a m s was 
contained in a urania crucible ; a P t / P t - 1 0 % Rh thermocouple protected 
by a urania tube was located in i ts center . Grea t care was taken to make 
sure that the thermocouple remained in i ts cen t ra l position throughout the 
melt ing and freezing cycles . The r a the r r igid suspension is shown in 
Figure 2. 

INSULATOR -

TANTALUM^ 
CAGE 

ALUNDUM TUBE 
SUSPENSION •" 

INSULATOR — 

P T / P T - I O % R H _ 

THERMOCOUPLE 

SAPPHIRE PIN 

INSULATOR 

SAPPHIRE PIN 

URANIA THERMOCOUPLE 
PROTECTION TUBE 

URANIA CRUCIBLE 

TANTALUM SAFETY 
GUP 

FIG 2 SUSPENSION OF CRUCIBLE FOR THERMAL ANALYSIS APPARATUS 



F o r the sol id-s ta te t ransformat ions a s imi la r quantity of ba re m e t a l was 
suspended in the furnace, as shown in F igure 3 . The lead- through of the 
thermocouple is shown in Figure 4. The cold junctions of both the 
measur ing and the control thermocouples were held at 0°C in well-
insulated Thermos bot t les . Suitable precaut ions were taken to shield 
crucible and mel t from the cold sections of the furnace and to es tabl ish 
a uniforna t empera tu re gradient around the mel t or the solid specimen. 

INSULA 

TANTALUM 
CAGE • 

ALUNDUM TUBE 
SUSPENSION 

TANTALUM WIRE 

INSULATOR 

P T / P T - 10% RH 

THERMOCOUPLE 

— SAPPHIRE PIN 

INSULATOR 

SAPPHIRE PIN 

URANIA OR ALUMINA 
THERMOCOUPLE 
PROTECTION TUBE 

SPECIMEN 

FIG 3 SUSPENSION OF SPECIMIEN FOR SOLID STATE THERMAL ANALYSIS 
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- • 3't;y 

MIOARTA _ 
SUPPORT 

THERMOCOUPLE IN 
IÎ SULATOR 

TOP FLANGE 

NEOPRENE 
COMPRESSION 
SEAL 

WATER COOLING 
COIL 

ALUNDUM 
SUSPENSION TUBE 

FIG 4 THERMOCOUPLE LEAD THROUGH AND 
ALUNDUM TUBE SUSPENSION IN 
THERMAL ANALYSIS APPARATUS 



Despite the sensit ivi ty of the uran ia r e f r ac to r i e s to t h e r m a l and mechanical 
s t r e s s e s , the a r r angemen t proved to be highly successful , provided the s y s 
tem was not cooled to room t empe ra tu r e during an exper iment . Many cycles 
at var ious r a t e s in the range of ± 40°C around the melt ing point could be 
made over a per iod of days . A p r e s s u r e of 5 to 7 x 10""'' m m Hg was easi ly 
maintained throughout each s e r i e s of cycling expe r imen t s . 

The spec imen t empe ra tu r e was r ecorded by a special ly built Leeds 
and Northrup Speedomax r e c o r d e r with a span of 3 mil l ivol ts and ranges 
beginning at 0, 2,5, 5, 7,5, and 10 mi l l ivo l t s . Its sensi t ivi ty was 0,003 mi l l i 
volt and i ts e r r o r within 0,009 mil l ivol t . The ins t rument was ca l ibra ted 
for record ing of the c o r r e c t mil l ivol t value and for inechanical differences 
in record ing at r i s ing or falling t e m p e r a t u r e s before and after each expe r i 
ment by means of a Rubicon poten t iometer . In the l a te r runs the paper 
posit ion was checked by continuously t rac ing a s t ra ight line with a sepa
ra t e , fixed pen. Under these c i rc t imstances it was possible to read the 
voltage within ±0.005 mil l ivol t . 

The measur ing thermocouple was ca l ibra ted before and after each 
group of exper iments over the range from 500 to 1250°C against a s tandard 
couple which had been ca l ibra ted by the National Bureau of S tandards . The 
cor rec t ions applied to the actual t e m p e r a t u r e m e a s u r e m e n t s were obtained 
from smoothed-out curves of these t'̂ vo ca l ib ra t ions . Care was taken to 
obtain a s t r a in - f r ee thermocouple by annealing it in a i r at 1500°C. Thus 
four co r rec t ions were applied to each individual voltage m e a s u r e m e n t : one 
for e r r o r s in ins t rument record ing , a second for e r r o r s due to paper p o s i 
tion, a th i rd for the cal ibrat ion of the measur ing thermocouple against the 
s tandard couple and a fourth for the cal ibrat ion of the s tandard couple by 
NBS, Ult imately, the mil l ivolt values were converted to degrees cent igrade 
using the tables of NBS Ci rcu la r No, 561. 

Occasionally a heating or cooling curve , which genera l ly confirmed 
the findings of the ins t rument , was made by d i rec t potent iometr ic m e a s 
u r e m e n t . F igu re 5 shows a photograph of the equipment. 

The d i la tometer used by Lloyd for m e a s u r e m e n t s of the so l id -s ta te 
t ransformat ion t e m p e r a t u r e s has been descr ibed previously.i^"- ' F o r this 
investigation, the specimen thermocouple was rep laced by two couples; 
one continued to opera te the t e m p e r a t u r e r e c o r d e r and the other , a ca l i 
bra ted ch rome l - a lume l thermocouple , was connected to a Rubicon poten
t iometer via a cold junction at 0°C. 

The chromel-al ixmel thermocouple was ca l ibra ted against a 
P t / P t - 1 0 % Rh thermocouple ca l ibra ted by the Bureau of Standards , The 
average deviation of the t e m p e r a t u r e indicated by the s tandard was -0.5*'C. 
The appropr ia te co r rec t ions were applied to the m e a s u r e d va lues . 
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The specimens were 1 inch long by 0,200 inch in dianaeter with a 
hole l / l 6 inch in d iameter and 1/4 inch deep in one end to receive the 
thermocouples . By this means the thermocouple hot junction was p r e 
vented from "seeing" the furnace windings direct ly , thereby giving 
reasonable a s su rance that the t empe ra tu r e m e a s u r e d was the t rue t e m 
pe ra tu re of the specimen at that location. 

Fig, 5, Furnace and Instrumentat ion for Thermal 
Analysis 

IV. DATA 

A. Melting and Freez ing 

The data obtained by Baumrucker for the melt ing and freezing 
points a r e l is ted in Table VI. The measu remen t s were made after the 
crucible and other r e f r ac to r i e s in the furnace had been outgassed in a 
blank run. No constant r a t e s of heating or cooling were real ized, and the 
r a t e s shown in the table were those at the beginning of the t ransformat ion. 
Essent ia l ly no hys t e r e s i s was observed, nor was the re any indication of 
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r eca l e scence . In some cases the freezing point of a specimen was higher 
than i ts melting point. The mean of the data was 113 1.1 ±0.5°C, and the 
s tandard deviation, a , was 1.4°C,* 

TABLE VI 

Melting and F r e e z i n g T e m p e r a t u r e s of High-puri ty 
Uranium at Various Ra tes , by Baumrucke r 

Specimen 
No. 

B-327 

B-369 

B-370 

B-417 

B-427 

Mean of 
5 spec imens 

Mean of 
melt ing 
and freezing 

Melting 

ro 
1130.2 
1131.0 
1130.5 

1130.8 
1130.8 

1129.7 
1129.1 

1133.7 
1133.5 
1132.9 

1130.5 
1130.3 

1131.1 + 0.5 
a = 1.4* 

Rate 
Cc/min) 

0.60 
1.50 
3.04 

3.11 
3.88 

2.78 
3.02 

3.16 
3.46 
3.25 

2.02 
2.78 

1131.1 
a = 

F r e e z i n g 

fc) 
1131.1 
1131.0 

1130.9 
1130.8 

1129.4 
1128.5 

1133.2 
1133.2 
1132.9 

1130.9 
1129.8 

1131.1 t 0.5 
0 = 1.4 

+ 0.5 
1.4 

Rate 
(°c /min) 

2.80 
1.34 

1.26 
0.79 

1.18 
1.35 

1.18 
1.13 
1.25 

1.89 
2.60 

* Unless it is stated otherwise , the values recorded for the t r a n s 
formation t empera tu re s a r e the a r i thmet ica l mean of the par t i cu
lar group of data. The value ±0.5°C ref lects the absolute accuracy 
of the miean t ransformat ion tem.perature as determined from the 
accuracy claimed by the National Bureau of Standards for the 
calibrat ion of the p r i m a r y s tandards used in these works . Standard 
deviations, O , about the mean t ransformat ion t empera tu re have 
been calculated according to the equation 

N 

i = 1 
a = N 

where N is the number of observat ions and Ri is the difference be
tween mean t ransformat ion t empera tu re and the i ' th observed 
t e m p e r a t u r e . The O values give a m e a s u r e of the precis ion, o r 
reproducibi l i ty, within the par t icu la r group of data. 



The d a t a by B l u m e n t h a l a r e g iven in T a b l e VII . The r e s u l t s w e r e 
ob t a ined at a c o n s t a n t r a t e of 0 . 7 4 ° c / m i n . Good a r r e s t s of about 
2 2 - m i n u t e d u r a t i o n w e r e ob t a ined d u r i n g the 7 to 11 c y c l e s which w e r e 
m a d e on e a c h s p e c i m e n . Al though the g r a p h s p r o d u c e d by the a u t o m a t i c 
r e c o r d e r gave no i nd i ca t i on tha t s u p e r h e a t i n g o r u n d e r c o o l i n g took p l a c e , 

TABLE VII 

Melting and Freez ing Tempera tures of High-purity 
Uranium at a Rate of 0.74 °c /min , by Blumenthal 

Specimen 
No. 

B-721 

B-724 

B-726 

Mean of 
3 ingots 

Mean of 
melting 
and freezing 

Melting Point 
ro 

1133.0 
1132.3 
1132.3 
1131.9 
1132.0 
1132.5 

1131.8 
1131.1 
1130.9 
1130.8 
1131.4 
1131.7 
1131.6 

1130.1 
1130.3 
1130.6 
1130.8 
1130.9 
1131.0 
1130.7 
1130.6 
1130.9 

1131.3 + 0.5 
a = 0.8* 

Freezing Point 

rc) 
1135.1 
1134.5 
1134.1 
1133.8 
1133.9 
1133.9 
1133.6 

1131.8 
1131.3 
1131.9 
1131.9 
1132.1 
1131.8 
1132.0 

1133.3 
1133.3 
1133.8 
1133.3 
1133.4 
1133.4 
1133.8 
1132.9 
1132.8 
1133.6 
1133.0 

1133.1 + 0.5 
a= 1.0 

1132.3 + 0.5 
a = 1.3 

N 
I |Ril 

i = 1 /n O = —; VT" - s tandard deviation of the N 2 , . , 
data from the mean value 



a d i rec t potent iometr ic measu remen t on ingot B-726 showed ve ry c lear ly 
that both effects did occur . In all c a s e s the freezing t e m p e r a t u r e s were 
higher than the melt ing t e m p e r a t u r e s . The reason for this is not known. 
A possible explanation, however, is provided by the p resence of a t em
pe ra tu re gradient between the inelt and the thermocouple which is 
shielded by r a the r poorly conducting re f rac to ry (urania) . This t e m p e r a 
ture gradient p e r s i s t s through the long a r r e s t s and causes the m e a s u r e d 
t empera tu re to be lower during heating and higher during cooling. It i s 
reasonable to assume that the gradients a r e the same on heating and 
cooling. The Jiaean of the melting and freezing t empera tu re was then the 
equil ibrium solidi^^zi^liquid t ransformat ion point. This point was at 
1132,3i0.5°C and the s tandard deviation was 1.3°C. 

The difference of 1,2°C between the naean re su l t s of Baumrucker 
and Bliunenthal cannot be explained easi ly . Since the melt ing t e m p e r a t u r e s 
agreed within the l imits of accuracy, the difference may be due to the 
difference in observed freezing t e m p e r a t u r e s . It is probable that 
Baumrucker mi s sed the reca lescence during solidification and that his 
data a r e too low. Since the higher t empera tu res agree with the ea r l i e r 
m e a s u r e m e n t s on l e s s pure m a t e r i a l by Dahl and Cleaves and since 
general ly m a t e r i a l s of higher pur i ty give higher equil ibrium t e m p e r a t u r e s 
than m a t e r i a l s of lower puri ty, the higher values a re believed to be m o r e 
nea r ly t rue than the lower ones. 

B, The Alpha-Beta Transformat ion 

Baumrucke r ' s data a re l is ted in Table VIII and plotted in F igure 6. 
Again, no constant r a t e s of heating or cooling were rea l ized; the r a t e s 
indicated in the table and used for plotting the figure were those at the 
beginning of the t ransformat ion . They cover a too na r row range for a plot 
of a r r e s t t empera tu re ve r sus ra te to show a c lear re la t ionship between 
these two va r i ab le s . The recorded heating curves did not indicate that 
superheat,ing occur red at r a t e s of up to 5°c/min^ On cooling, however, a 
cer ta in amoxint of r eca lescence was always p resen t . The magnitude of the 
reca lescence dec reased only slightly with decreas ing cooling r a t e s . 
Slight dec r ea se s of the t ransformat ion t empera tu re s were noted during 
a r r e s t s following reca lescence on cooling. The hys t e r e s i s for the 
t ransformat ion ranged fromi 6,8 to 11.3°C, with an average near 8.7"'C. 

The very large hys te re s i s between heating and cooling, even at low 
r a t e s , and the l a rge effect of the r a t e on the magnitude of this hys t e re s i s 
made a new approach to the determinat ion of the so l id-s ta te t r ans fo rma
tion points mandatory . A few di rec t potent iometr ic m e a s u r e m e n t s showed 
c lear ly that not only undercooling, but also superheating, were r e a l . F u r 
t h e r m o r e , it was not at all sure that upon reca lescence the latent heat 
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TABLE VIII 

A l p h a - B e t a T r a n s f o r m a t i o n T e m p e r a t u r e s of H igh -pu r i t y Uran ium at 
Var ious R a t e s of Heat ing and Cooling, by B a u m r u c k e r 

Spec imen 
No. 

B-327 

B-369 

B-370 

B-417 

B-427 

Mean of 
5 Spec imens 

a m~fi 

(°C) 

666.7 
667.0 

666.0 
666.4 
666.3 

665.5 
665.8 
666.8 
666.6 

667.2 
667.2 
667.4 
667.5 
667.2 

667.6 
666.9 
667.1 

666.8± 0.5 
a = 0.6* 

Rate 
( ° c / m i n ) 

1.20 
1.40 

1.03 
2.03 
1.35 

1.25 
1.10 
1.59 
2.03 

1.09 
1.21 
1.45 
1.49 
1.42 

1.86 
1.48 
1.62 

/3—i-a 

656.4 
655.7 

656.5 
656.5 

657.9 
659.0 
658.8 
658.5 

659.1 
659.0 
658.1 
658.5 
658.4 

659.5 
658.9 
658.3 
658.3 

658.1±0.5 
a = 1.1 

Ra te 
( ° c /min ) 

1.90 
1.53 

1.24 
1.68 

0.97 
0.83 
1.35 
1.12 

1.18 
1.10 
1.26 
1.15 
1.19 

0.72 
0.70 
1.25 
1.24 

* a = 

N 

I , |^i| 
i = 1 

N 2 
s t anda rd deviat ion of the da ta f rom the 
m e a n va lue . 

^ ^ ^.^ 
I HEATING! 
[ COOLING J 

] HEATING"! 
I COOLING]' 

+ H E A T I N G ! BAUMRUCKER 
X C O O L I N G / 

o HEATlNGl LLOYD 
o C O O L I N G / 

BLUMENTHAL 

.L _ L J L_ 1 1 . I , 
2 3 4 5 6 7 8 9 , 2 3 4 5 6 7 8 9 

RATE "'C/MIN 

J LJ__UJ_ 
3 4 5 6 7 8 9 , 

Fig. 6. Effect of Heating and Cooling Rate on the x : :^ , " Traiisformaiiou Temperature of High-purity Uranium 
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evolved brought the specimen t empera tu re back to the equil ibrium t e m 
p e r a t u r e . Lag in the response of the t empera tu re - sens ing element was 
sti l l another factor to be considered. 

Blumenthal , therefore , approached the problem by measur ing the 
t ransformat ion t empe ra tu r e s on heating and cooling at var ious constant 
r a t e s . The spread between heating and cooling of the az^^^ t r ans fo rma
tion t empera tu re decreased as the ra te dec reased . A plot of the mean 
t ransformat ion t empera tu re for a given cooling ra te ve r sus the logari thm 
of the ra te shows that the p resen t data form a sa t isfactory continuation 
of Duwez'(^) data for high-puri ty uranium obtained at much higher cooling 
r a t e s (Figure 8). 

F ig , 7. Effect of Heating and Cooling Rate on the /3; 
Tempera tu re of High-puri ty Uranium 

^7 Transformat ion 

The left end of the curve may be regarded as a s traight l ine . Based on 
this assumption, the data may be fitted by least mean square analyses to 
functions of the type 

• H = a, + bi log r 

= a2 - b2 log r 



where T|^ and T Q a re the t ransformat ion t e m p e r a t u r e s in °C on heating 
and cooling, respect ive ly , log r is the decadic logar i thm of the r a t e , and 
aj , ag, bj and b2 a r e cons tants . The two l ines r ep resen ted by these equa
tions in te r sec t at the t e m p e r a t u r e T = T H - T Q which is the t empera tu re 
where the disturbing fac tors of h y s t e r e s i s , superheating and undercooling 
d isappear and which may be rega rded as the equi l ibr ium t empera tu re of 
the t ransformat ion under investigation. By this method, the following equa
tions and t ransformat ion t e m p e r a t u r e s were obtained: 

Fo r aZ^ j6 (Ingot B-724) 

T H = 671.74 + 1.436 log r . a = 0.69°C* 

TQ = 662.19 - 3.263 log r , 0 = 0.76°C 

The two l ines in te r sec t at T = 668 8 + 0.5°C and at r = 0,009°C/min. This 
somewhat slower ra te was the resu l t of the meta l having been contained in 
a uran ia c ruc ib le , a p rocedure that was subsequently abandoned. After
wards only ba re speciraens were used 

For a : ^ l 3 (Ingot B-728T) 

T H = 673.95 + 4.679 log r , a = 0.97 

T Q = 659.62 - 3.695 log r , CT = 0,76 

The two l ines in t e r sec t at T = 665.9 1 0 5°C and at r = 0 .019°c/min. The 
mean of the two values is 667.4 + 0.5°C The detai ls of Blumenthal ' s 
m e a s u r e m e n t s a r e given m Table IX and the ex t remi t i e s of the data a r e 
plotted in F igure 6. B a u m r u c k e r ' s mean value 666,8 + 0,5 for heating 
ag rees with this value within the l imi t s of accuracy . 

C. The Beta-Ganama Trans format ions 

B a u m r u c k e r ' s data for the , 6 ^ ^ ' / t r ans format ion a r e l is ted in 
Table X and plotted m Figure 7 The exper imenta l conditions were the 
same as in the a ; ^ ^ case . Reca lescence for the 7—>-i6 t ransformat ion 
was sma l l e r than for the j6—*"a t rans format ion , but r eca l e scence was m o r e 
susceptible to diminution with dec reas ing cooling r a t e s for 7—>-^ than for 
jB—^GL The h y s t e r e s i s for the j8^I^ 7 t ransformat ion was sma l l e r than for 
the az^ ^ t r ans fo rmat ion . The range of the h y s t e r e s i s for ^I^y was f rom 
1.9°C for a low ra te to 9,4°C for a higher r a t e . 

Blumenthal ' s extrapolat ion method, which was descr ibed above for 
the a ^ ^ ^ t ransformat ion , also was applied to the ^"Z^J t ransformat ion 
t empe ra tu r e data (Table XI and F igure 7). The two specimens (B-728T 
and B-734) underwent superheat ing in a manner comparable to that ob
served for the a—*"^ t rans format ion 

*ff in this and s imi la r c a s e s gives the s tandard deviation of the data 
from the leas t mean square fitted equations. 



TABLE IX 

Alpha-Beta Transformat ion Tempera tu re s of High-puri ty Uranium 
at Various Rates of Heating and Cooling, by Blumenthal 

Rate 
C'c/min) 

4.00 

2.00 

1.00 

0.667 

0.50 

0.333 

0.167 

Specimen B-724 

(°C) 

672.1 
672.4 
672.4 

672.5 
672.3 
671.3 
672.6 
672.8 
670.5 
671.0 
671,1 
670.9 

671.5 
671.3 

671.1 
672.0 

p—»-a 

661.6 
661.3 
661.1 

663,0 
662.7 
662,0 
663.0 
663,4 
661,1 
661,3 
661.0 
661.0 

663.4 
663.0 
663.0 
662.9 

662.4 
663.6 

Specimen 

a—»-p 

rc) 
677.9 
677.0 
676.9 

675.9 
675.8 
675,9 
675,7 
675.9 
675,6 
675.7 
675.7 

673.9 
672.1 
672.1 
672.1 

670.8 
672.0 
672.0 

672.7 
671.4 
671.0 
671.7 

671.3 
672.9 

B-728T 

^—s-a 
CO 

657.8 
657.4 
657.9 

659.4 
659.7 
658.7 
657.8 
657.9 
658.1 
658.5 
658.0 

660.1 
660.3 
659.4 
657,8 

659,2 
660.9 

661,5 
661,9 
662,0 
660,2 

662,5 
663.7 



TABLE X 

B e t a - g a m m a T r a n s f o r m a t i o n T e m p e r a t u r e s of H i g h - p u r i t y 
U r a n i u m at V a r i o u s Ra t e s of Heat ing and Cooling, 

by B a u m r u c k e r 

S p e c i m e n 
No. 

B - 3 2 7 

B-369 

B - 3 7 0 

B-417 

B - 4 2 7 

M e a n of 
5 s p e c i m e n s 

Cc) 

773.7 
773.7 
773.0 

771.2 
771.6 
771.1 

771.0 
770.9 
771.8 
772.2 
771.7 

772.8 
772.6 
772.5 
772.7 
772.6 

772.4 
771.5 

772.2 + 0.5 
a= 0 .9* 

Rate 
( ° c / m i n ) 

1.40 
1.50 
0.93 

0.72 
0.80 
1.03 

1.00 
0.54 
1.34 
2.43 
1.83 

0.73 
0.87 
1.12 
1.62 
1.59 

1.34 
1.31 

(°C) 

771.8 
768.6 

767.7 
762.2 
766.1 

767.7 
768.4 
768.0 
766.6 
767.7 

769.1 
768.4 
768.3 
766.4 
767.9 

768.4 
767.6 
767.3 

767.7 ± 0.5 
a = 1.4 

Rate 
rc/mm) 

0.70 
2.14 

1.77 
2.86 
2.69 

1.95 
4.50 
1.58 
2.27 
1.72 

2.04 
1.81 
1.85 
1.94 
1.94 

1.71 
1.87 
2.03 

N 

I 
i ^ l 

Ril 
TT 

N 
~= s t a n d a r d dev ia t ion of the da ta f r o m 

the m e a n value 

10' I 10 

RATE OF COOLING "C/SEC 

Fig . 8. Effect of Cooling Rate on the 7-
and |8—»-a Transformat ion Temper 
a tu res of High-puri ty Uranium 
(At left data by Blumenthal, at r ight 
data by Duwez) 
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TABLE XI 

B e t a - g a m m a T r a n s f o r m a t i o n T e m p e r a t u r e s of H i g h - p u r i t y 
U r a n i u m at V a r i o u s Ra t e s of Heat ing and Cooling, 

by B lumen tha l 

Rate 
( ° c / m i n ) 

2.47 

0.825 

0.412 

0.206 

0.103 

Mean of al l 
5 r a t e s 

Spec imen B-728T 

(°C) 

780.1 
780.1 
780.3 

778.4 
777.7 
777.6 
777.1 
777.1 
777.0 
776.4 
776.3 

777.6 
777.3 
776.3 

775.5 
776.2 
775.2 

776.8 
777.6 
777.5 

7-^-/3 
(°C) 

774.4 
774.3 
775.4 

773.2 
773.0 
772.8 
772.2 
772.2 
771.7 
771.7 
771.2 

778.4 
778.0 
776.4 

772.3 
772.5 
772.5 

775.3 
774.9 
775.0 

773.9 t 0.5 
a = 2 .2* 

S p e c i m e n B-734 

^ — 7 

rc) 
780.8 
780.6 
780.1 
779.8 

778.0 
778.1 
777.7 
778.1 
778.0 
778.2 

779.1 
779.1 
778.8 

776.9 
776.7 
778.3 
778.3 

776.8 
776.9 
777.0 

7 ^ - / 3 
(^C) 

774.0 
774.7 
775.5 
775.5 

777.5 
777.6 
775.2 
774.8 
775.8 

775.5 
775.9 
776.0 

775.0 
775.1 
774.5 
774.4 

775.5 
774.3 
774.6 

775.3 + 0.5 
a = 0.9 

N 

I 
*a 

'TT 

N 
-= s t a n d a r d devia t ion of da ta f r o m the 

m e a n value 

The t ransformat ion t empera tu re s on heating ve r sus the logar i thm of the 
r a t e were again expressed by the relat ionship Tjj = aj + bj log r : 

B-728T Tfj = 778.00 + 2.095 log r , a = 1.16°C 

B-734 . . . . .Tj^ = 778,99 + 2.148 log r , a = 0.86°C 



No ra te effect of the kind that was observed for the p—»a t ransformat ion 
took place on cooling, although r eca le scence was noted in severa l , but not 
al l , cycleSo Thus, the cooling data a r e best r ep re sen ted by the mean of 
the observed values which graphical ly form a s t ra ight line pa ra l l e l to the 
log r ax i s . The in te rsec t ion of the l ines for heating and cooling and, 
therefore , the equi l ibr ium t ransformat ion t e m p e r a t u r e were ident ical with 
the mean of the cooling data„ They a r e (see F igure 8): 

B-278T. . . o . T ^ = 773.9 ± 0.5°C, a =: 2.2°C 

B-734 , . , , ,TQ = 775.3 ± 03°C , a = 0„9®C . 

The ave rage ^:^^'y t r ans format ion t e m p e r a t u r e of the two high-pur i ty 
uranium samples was 774.6 ± 0„5^C„ This t e m p e r a t u r e is approximately 
7*C higher than the mean of B a u m r u c k e r ' s cooling data, mos t of which 
were obtained at r a t e s of 1.6°c/min and h igher . Only one of his m e a s u r e 
ments was made at a r a t e of 0.7°C/min; in this case , the t ransformat ion 
point was only 2.8°C lower than BlumenthaFs mean of 774,6°C. 

It is poss ib le that the tantaltun protect ion tube (Figure 1) used by 
Baximrucker was a source of difficulty. It may have contributed to heat 
conduction away from the thermocouple junction. It is therefore concluded 
that the higher value of 774.6 ± 0.5®C r e p r e s e n t s the ^^ry equil ibrium 
t ransformat ion t e m p e r a t u r e . 

D. Di la tometr ic Measuremen t s 

In the d i la tomet r ic measuTements by Lloydj the specimens w e r e 
f i r s t brought to a t e m p e r a t u r e of approximately 600°C in about five minu tes . 
The heating r a t e was dec reased to 1.0 ± 0 .1°c /min and continued until a 
t e m p e r a t u r e of approximateJy 815°C was r eached . The cycle was then r e 
v e r s e d and the spec imen was slowly cooled at the s ame r a t e to a t e m p e r a 
tu re below the P ^ : ± a t rans format ion . 

Throughout the t e s t s the plots of expansion v e r s u s t empe ra tu r e were 
r eco rded automat ica l ly . The t e m p e r a t u r e s of t r ans format ion were taken as 
those t e m p e r a t u r e s , m e a s u r e d manually by the ca l ibra ted ch rome l - a lume l 
thermocouple and a Rubicon potent iometer , at which a sudden change of 
slope occu r r ed in the curve of expansion v e r s u s t e m p e r a t u r e . In al l c a ses 
the change of slope was qaite dist inct and left no doubt as to the t e m p e r a 
tu re at which the t ransformat ion began. 

F i g u r e s 9 and 10 show a typical escpansion curve for 300°C rol led 
m a t e r i a l (Run 63). Each major division of the ordinate (1/3 inch on r e 
cording graph) i s equal to 2.85 x 10~*-inch expansivity and each numbered 
division of the a b s c i s s a equals 1 mil l ivolt (P t /P t -10% Rh thermocouple) . 
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Fig. y. Expansion Curve of High-purity 
Uranium (B-272-3a,- Run 63} 

Fig. lu. Portion of Expansion Curve of High-purity 
Uranium (B-272-3a, Run 63). The curve 
shows, at point A, recalescence in y-^-/? 
transformation and, at point B, heat evo
lution in ,8 region. 

Figure 9 shows the initial expansion followed by contract ion in the alpha 
t empera tu re range, which is charac te r i s t i c of a direct ion para l le l to the 
rod axis for ma te r i a l rol led or swaged in the a lpha-phase low t empera tu re 
range . At the s t a r t of the a—^-j6 t ransformat ion a very sharp change oc
cu r red in the direct ion of the expansion curve . The t empera tu re of the 
specimen continued to r i s e slightly during the t ransformat ion because of 
continued heat input. At the end of the t ransformat ion, the curve changed 



i ts slope and continued to indicate uniform expansion m the beta phase . 
The change in slope at the s ta r t of the p>—*-7 t ransformat ion again was 
abrupt. Heating was continued into the gamma region to allow es tabl i sh
ment of a uniform ra te of cooling before the beginning of the 7—a-^ t r a n s 
formation. 

The s ta r t of the 7—m̂ fi t ransformat ion showed a sharp reca lescence 
of approximately 8°C (see F igure 10, point A). The t empe ra tu r e s recorded 
a r e those to which the specimen rose after the r eca l e scence . The s ta r t of 
the (i—»-a t ransformat ion was also charac te r i zed by reca lescence , which 
was of smal le r magnitude (less than 0.5°C); it was sufficiently large to be 
picked up by the potent iometer , but did not show on the r ecorded expan
sivity curve . 

The re su l t s of seven runs for high-pur i ty uranium a re given in 
Table XII and plotted in F igures 6 and 7. The t e m p e r a t u r e s a r e recorded 
to the nea re s t 0.5°C. The in teres t ing resu l t of these m e a s u r e m e n t s i s the 
agreement with Blixmenthal's t he rmal analytical data on cooling for the 
/3—».a t ransformat ion at a comparable r a t e . In the case of 7—"^^j the 
di la tometr ic t ransformat ion t empera tu re is about 4°C lower than the 
thermal ly obtained t e m p e r a t u r e . Since the t empera tu re continued to drop 
during the t ransformat ion, it is quite probable that the reca lescence did 
not bring the specimen t empera tu re back to its equilibriura value. Be
cause undercooling and reca lescence a r e small in the j3—w-a case , the 
agreement with the the rmal r e su l t s is good. 

T A B L E XII 

D i l a t o m e t r i c T r a n s f o r m a t i o n T e m p e r a t u r e M e a s u r e m e n t s on H i g h - p u r i t y U r a n i u m 
a t a Rate of 1°C, m i n , by Lloyd 

Spec 
No. 

B - 2 7 2 - 1 
-2 
-3a 
-3b 

-3b 

B-183 

M e a n 

Run 
No. 

69 
64 
63 
67 

68 

65 
66 

P r i o r Mechan i ca l 
and T h e r m a l 
T r e a t m e n t * 

Slow p a n n e a l e d 
Slow (3 a n n e a l e d 
a s'waged 
Wate r quenched 

f r o m 1000°G 
fi a n n e a l e d 

a r o l l e d 
ji annea l ed 

T r a n s f o r m a t i o n T e m p e r a t u r e s 
( X ) 

P 

663.0 
663.5 
662.0 
662.5 

664.5 

662.0 
662.0 

662.8 
a= 0.9** 

660.5 
660.0 
660.5 
660.0 

660.0 

660.0 
661.5 

660.4 
a ^ 0.5 

fi - - * - 7 

764.5 
763.0 
763.5 
763.5 

765.0 

763.0 
765.0 

763.9 
a= 1.0 

y——^i 

768.0 
768.5 
768.5 
767.0 

765.5 

768.5 
769.5 

767.9 
0= 1.2 

T e m p e r a t u r e 
("€) a t which 
Hea t Evolu t ion 
was O b s e r v e d 

on Cooling 

728 
698 
690 
672 

672 

701 
686 

* All ro l l ing and swaging c a r r i e d out a t 300°C 
N 

E h ^ 
i = 1 /TT 

** a = V " y " s t a n d a r d dev ia t ion of da ta f r o m the m e a n va lue 
N 



On heating, the discrepancy between the di latoraetr ic and the rma l 
data is substantial , being about IC'C for the a—»-j8 t ransformat ion and 
about 14°C for the ^—»-7 t ransformat ion . Moreover , the di la tometr ic 
j3—*-7 t ransformat ion t empera tu re is lower than the di la tometr ic 7—»-j8 
t ransforraat ion temiperature, which indicates that, pa r t i cu la r ly during 
heating, heat t ransfe r and heat conduction p rob lems great ly influence 
these m e a s u r e m e n t s . Heat t r ans fe r to the specimen may have been af
fected by the quartz sleeve surrounding the specimen, and heat conduction 
from the specimen may have been caused by the four thermocouple wires 
leading from the specimen. The difference between the two ra te s explains 
the observed phenomena. During cooling at the higher 7—=̂ jS t empera tu re , 
the heat conduction of the thermocouple wi res was probably the only d i s 
turbing influence; during heating, however, the insulating effect of the 
sleeve was la rge enough to make the heat loss through the thermocouple 
wire more apparent . 

That pur i ty i s a factor, yet not neces sa r i l y a major one, is shown 
in Table XIII, where the d i la tometr ic m e a s u r e m e n t s on r e a c t o r - g r a d e 
uranium and remel ted biscuit 3xietal a r e l is ted. The impuri ty effect on 
the jS—»-a t ransformat ion is l a rge enough to be reckoned with; in all other 
cases the impur i ty effect is re la t ive ly smal l , though not negligible. 

T A B L E X i n 

D i l a t o m e t r i c T r a n s f o r m a t i o n T e m p e r a t u r e M e a s u r e m e n t s 
of I m p u r e U r a n i u m a t a R a t e of l ° C / m i n , b y L loyd 

S p e c . 
N o . 

B 4 - . l b 
B 4 - l b 
B 4 - 1 C 
B 4 - l d 

B - 2 4 6 a 
B - 2 4 6 b 
B - 2 4 6 c 

R u n 
N o . 

61 
62 
70 
71 

73 
74 
75 

M a t e r i a l 

R e a c t o r -
g r a d e 
U r a n i u m 

m e a n 

R e m e l t e d 
B i s c u i t 
U r a n i u m 

m e a n 

P r i o r 
M e c h a n i c a l 

and T h e r m a l 
T r e a t m e n t * 

a r o l l e d 
j8 a n n e a l e d 
a r o l l e d 
a r o l l e d 

a s w a g e d 
•'. s w a g e d 
a s w a g e d 

T r a n s f o r m a t i o n 
T e m p e r a t u r e s 

("C) 

tt-—/3 

6 6 1 . 5 
660 .0 
6 6 0 . 5 
6 6 1 . 5 

660 .9 

660 .0 
659 .5 
6 6 0 . 5 

660 .0 

[6—^a. 

bol.S 
652 .5 
752.0 
651 .5 

652 .1 

6 5 4 . 5 
655 .5 
658 .0 

656 .0 

p ^ 7 

764.0 
763.0 
763.0 
763 .5 

763 .4 

764 .0 
762 .5 
763 .5 

763 ,3 

7-*-/3 

767,0 
767.0 
765 ,5 
765 .5 

766 .2 

767 .5 
769.0 
768 .5 

7 6 8 . 3 

T e m p e r a t u r e ("C) 
a t w h i c h h e a t 
e v o l u t i o n w a s 
o b s e r v e d on 

C o o l i n g 

660 
661 
678 

n o n e 

716 
n o n e 
692 

*A11 r o l l i n g and s w a g i n g a t 300°C 



E. A Beta-phase Anomaly 

An anomaly encountered during the d i la tomet r ic m e a s u r e m e n t s 
m e r i t s raention. A heat evolution was noted in the beta region on cooling 
(Figure 10, point B). F o r the h igh-pur i ty specimens this occur red at tem.-
p e r a t u r e s ranging from 686 to 7Z8°C (Table XII); it also occur red in sev
e ra l of the runs made with impure m a t e r i a l s (Table XIII). The phenomenon 
was c h a r a c t e r i z e d by a sudden i n c r e a s e in t e m p e r a t u r e , rest i l t ing in a m o 
men ta ry slight expansion of the specimen, but with no change in the slope 
of the cooling curve . A s imi la r b reak in t h e r m a l analysis cooling curves 
and in one heating curve has been r epor t ed by Duwez.l-'-^) Other inves t i 
ga tors have r epor t ed a b reak in the magnet ic susceptibi l i ty curve of uranium 
at about 698°C. 

In spite of a diligent s ea r ch , nei ther Blumenthal nor Baumrucker 
were able to detect any such anomaly in thei r t he rma l analys is cu rves . 
Since Blumenthal and Baumrucker used cas t m a t e r i a l of l a rge gra in s ize , 
whereas Lloyd and Duwez used fabricated m a t e r i a l of much smal le r grain 
s ize , it is poss ible that the effect is assoc ia ted with the r e l e a s e of some 
s t ra in energy introduced during the 7— "̂jS t rans format ion . It is felt that 
the effect m e r i t s fur ther invest igat ion. 

V. CONCLUSION 

Because of the sensi t ivi ty of the so l id -s ta te t rans format ion to the 
r a t e at which m e a s u r e m e n t s a re made and because of the l a rge effect which 
heat t r ans fe r and heat conduction phenoinena have on the t empe ra tu r e 
m e a s u r e m e n t s of all u ran ium t rans fo rmat ions , only those m e a s u r e m e n t s 
should be considered valid which take these factors into account. It i s , 
the re fore , felt that Blumenthal ' s data a re the c loses t to the t rue equil ibrium 
va lues . His r e s u l t s for the m e a n t rans format ion t e m p e r a t u r e s of high-
pur i ty u ran ium a r e 

a ^ / 3 : 667,4 ± 0.5°C 

( 6 ^ 7 : 774.6 ± 0.5°C 

7 ^ L ; 1132.3 ± 0.5°C 
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