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V. CONCLUSIONS 

The results of this investigation suggest that upon rapid cooling 
uranium undergoes a martensitic 0 —>a transformation, thereby adding 
weight to other documented evidence. Many of the conflicting arguments 
against such a mechanism stem from assuming a shear hypothesis for 
martensitic transformation which permits no depression of the transfor­
mation point by increased cooling ra tes , and from the nature of the 
transformation during slow cooling where diffusion would be expected to 
predominate. 

Further difficulty in realizing the true nature of the 0 >a 
transformation is the complexity of grain formation. Grain growth during 
rapid cooling might occur by a combination of diffusion and nondiffusion 
mechanisms to satisfy valence bonding and close packing requirements of 
the atoms simultaneously. It has been suggested that sub-graining prominent 

(7) 
in a grains results from combined polygonization and nuclei rotation. 
As a result , uranium cooled at moderate rates through the transformation 
point should exhibit less distortion and more sub-graining due to polygonization 
than uranium cooled at much faster rates . 

From the data presented in this report , a t ime-temperature-
transformation diagram for uranium may be sketched as shown in Figure 10. 
The precise location of the boundaries shown await more extensive 
investigation. 

It is most significant that a wide range of structures with varying 
grain size, symmetry, and deformation can be obtained by controlling the 
cooling rate through the 0 >a transformation. Further knowledge of the 

effect of these variants on the mechanical properties of uranium are 
required before optimum heat treatments can be specified. 
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A MARTENSITIC REACTON FOR URANIUM 

I. INTRODUCTION 

A series of isothermal transformation studies has been initiated 
to gain new knowledge concerning the heat treatment and resulting micro-
structures of uranium. Of particular interest are the variables encountered 
in heat treating thin sections such as wafers and tubes that make up 
segmented fuel elements. For the most part, however, the resulting 
data will also be applicable to solid cores. The knowledge obtained will 
be beneficial in improving not only fabrication but also the reactor 
performance of uranium fuel elements. 

When high-purity uranium is cooled through the 0—>a transformation 
the appearance of the resulting alpha grain structure depends a great deal 
upon the rate of cooling. ' ' For fast cooling ra tes , i. e. , those obtained 
by water quenching, the resulting structure is highly twinned, grain 
boundaries are jagged, and sub-grains are numerous. On the other hand, 
slower cooling rates resulting from air or furnace cooling yield larger 
alpha grains with relatively straight grain boundaries, fewer twins, and 
fewer discernible sub-grains. ' 

There is increasing evidence that the 0->a transformation is 
(partially at least) martensitic in nature and obeys nucleation and growth 
kinetics. For example, Duwez* ' measured transformation temperatures 
for different cooling ra tes and found that the /3-»a transformation could be 
depressed below 400 C at cooling rates of the order of 8000 C/sec. 
However, he was not able to depress the transformation of pure uranium 
to room temperature. The first observation is contrary to the shear 
hypothesis for martensitic transformation which states that transformation 
occurs very rapidly and is a function only of temperature and not of cooling 
ra te . v ' The second observation implies a martensitic transformation in 
that the j3-s»a transformation cannot be depressed to room temperature, 
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but can be depressed to temperature where rapid recrystallization 
(a diffusion process) does not occur. The depression of a martensitic 
reaction can be explained by a nucleation and growth hypothesis which 
has been advanced and widely endorsed. * ' 

Furthermore, White^ ' observed two transformations in cooling 
dilute U-Cr alloys from the j3 phase. He speculated that the one at higher 
temperatures is diffusion controlled and the one at lower temperatures 
diffusionless (martensitic). Extrapolating his " C " curves to zero 
chromium content, one would conclude that pure uranium transforms by 
this lower mechanism alone. Holden* ' and Butcher* ' independently 
observed that the texture of a phase transformed from |3 single crystals 
was very similar to that of dilute U-Cr alloys martensitically transformed 
from jS single crystals. 

A basic characteristic of martensitic transformations is the 
(5) maintenance of lattice coherency during transformation.v ' In other 

words, neighboring atoms in one phase remain neighbors in the subsequent 
phase. The grains of uranium quenched from the /3 phase exhibit plastic 
strain which may accompany coherency requirements for a boundary 
expanding martensitically. The more uniform grain appearance of slowly 

cooled uranium indicates that diffusion processes are operating; however, 
the ever-present twinning reveals that non-annealed cooling strains also 
occur. Although the j3-s»-a transformation in uranium may be a compromise 
between non-diffusion and diffusion processes, the predominance of either 

process is a function of the cooling rate through the transformation point 
which, therefore, determines the final grain size and appearance. 

The proposition was made that the amount of strain and the grain 
size induced by/3-*a transformation at various cooling rates should be 
observable by carefully controlled hardness measurements. This report 
presents and interprets the data obtained by this method. 

"err ASSIFIED 
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II. SUMMARY 

Hardness measurements of specimens quenched from the fi-^>a 
phase at different cooling rates support the proposed martensitic f5-^*a 
transformation for uranium. Specimens held in 635 and 600 C isothermal 
baths prior to subsequent quenching to -5 C require more than 10 and two 
seconds respectively before diffusion mechanisms for /3-»-a transformation 
commence. Once started, about 500 seconds are required to complete 
transformation by diffusion at these temperatures. Specimens quenched 
prior to this hold time transform in part martensitically. Relationships 
are calculated for hardness as a function of grain size and cooling rate , 
and for grain size as a function of cooling ra te . Metallographic examina­
tion confirms the hardness trends and reveals that widely varied grain 
structures can be produced by controlled cooling from the /3 phase. Finally, 
a schematic time-temperature-transformation curve is sketched from the 
hardness data obtained. 

III. PROCEDURE 

Uranium specimens 3/4-inch square and 1/4-inch thick were 
machined from 5/16-inch, as-rolled str ip. A small hole was drilled near 
one side so that the specimen could be suspended in the heat treating baths 
with "ni-chrome"wire . The specimens were held in the j3 range for two 
minutes at 730 C, were quickly transferred to an isothermal bath for 
different times, and were finally either air cooled or quenched in refrig­
erated brine. Transfer between baths was within two seconds, and the 
brine was maintained at -5 C with dry ice. Houghton "liquid-heat 300" 
was used for the ]3 heat treating bath and for isothermal baths at 635 and 
600 C. Lead was used for baths at 500 and 400 C. 

Following heat treatment, two parallel rectangular faces of the 
specimens were ground to remove a slight oxide film and produce smooth, 
plane surfaces. The faces selected were those in the rolling direction and 
normal to the rolling plane. The specimens were ground through 80 and 
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240-grit belts on a wet-belt grinder. In addition, they were given a light 

grind through 320-grit paper using paraffin-kerosene lubricant to remove 

any worked surface. Hardness was measured with a Rockwell tester, 

using the " A " scale. 

To photograph grain structures, the side opposite that used for 
hardness measurement was further ground, polished, and etched by 
standard techniques. Photomicrographs at 100X magnifications were taken 
of the geometrical center of the face. 

IV. RESULTS AND DISCUSSION 

Mean hardness values are listed in Table I and plotted in Figures 
1, 2, 3, and 4. In general, the variations in hardness were +1, -1.5 
points above R.57 and about +1. 5, -2. 5 points below R .57 . Grain sizes 
of the specimens are also listed in Table I, Major impurities in the 
uranium used are listed in the Appendix. 

Figures 1, 2, 3, and 4 are plots of the hardness of brine-quenched 
and air-cooled specimens as a function of time at isothermal, holding-bath 
temperatures. The characteristics of these plots may be summarized as 
follows: 

1. For holding-bath temperatures near the equilibrium transformation 
point (about 665 C) the holding time required for isothermal 
transformation* to occur depends upon thermal hysteresis; that is, 
the time in which the cooling rate decreases to where transformation 
can occur at or above the holding temperature. ** This is 

* Isothermal transformation as referred to in this report is that which 
occurs in the holding bath prior to subsequent cooling. Transformation 
at constant temperature is referred to as equilibrium transformation. 

** It should be pointed out that the time delay for isothermal transformation 
is also a function of the initial /3 heat treating bath temperature. As this 
temperature varies, the cooling rate past the recalescence point (and 
subsequently, thermal hysteresis) varies .(^) This variance will increase 
or decrease depending upon the difference in temperature between the 
equilibrium transformation point and the isothermal bath. 
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TABLE I 

HARDNESS AND GRAIN SIZE OF SPECIMENS 

AFTER HEAT TREATMENT 

I s o t h e r m a l 
Ba th T i m e 

( sec ) 

1 

2 

5 

10 

20 

50 

100 

200 

500 

1000 

1 0 , 0 0 0 

635 C 
B r i n e Q u e n c h 

R W 
K A 
59. 6 

5 9 . 5 

5 9 . 4 

5 9 . 5 

5 6 . 4 

5 6 . 1 

5 5 . 9 

- ( 3 ) 

5 3 . 7 

5 2 . 9 

5 2 . 6 

G.S.<4) 

0 . 0 6 5 

0 . 0 6 5 

0. 155 

0. 180 

0 . 2 1 0 

A i r Coo l 

* A
( 1 ) 

54. 1 

5 3 . 9 

-(3) 

5 2 . 5 

5 2 . 5 

G.S . 

0.15C 

0.15C 

- -

0.210 

0.250 

600 C 
B r i n e Quench 

R< 2 > n A 

5 8 . 7 

5 9 . 5 

56. 8 

5 6 . 2 

5 5 . 4 

5 6 . 2 

"(3) 

5 5 . 4 

5 5 . 2 

53 . 8 

5 3 . 7 

G.S. 

0 .080 

0. 130 

0. 150 

0. 180 

Ai r Cool 
R 2 

R A 

5 4 . 8 

5 4 . 0 

5 4 . 2 

5 3 . 3 

5 2 . 9 

G.S. 

0.150 

0.150 

0.150 

0.180 

0.180 

500 C 
B r i n e Quench 

RW 

5 7 . 4 

5 7 . 6 

5 7 . 3 

- ( 3 ) 

5 7 . 6 

5 7 . 6 

57. 6 

5 7 . 2 

57. 2 

5 6 . 9 

5 6 . 7 

G.S. 

0 . 1 0 0 

0 . 1 0 0 

0 . 1 1 0 

0. 130 

Ai r Coo l 

H 2 
R A 

5 7 . 1 

5 7 . 1 

5 7 . 4 

5 6 . 2 

5 7 . 0 

G . S . 

0.100 

0.100 

0.100 

0.110 

0.120 

400 C 
B r i n e Q u e n c h 

R<2> n A 

- ( 3 ) 

5 8 . 2 

5 8 . 5 

5 7 . 8 

57. 8 

57. 8 

5 8 . 4 

5 8 . 3 

57. 5 

5 6 . 6 

58. 9 

G . S . 

0 . 0 9 0 

0 . 0 8 0 

0 . 1 1 0 

0 . 1 0 0 

A i r Coo l 

R<2> n A 

"(3) 

58.0 

G . S . 

- -

0.090 

5 7 . 4 0.090 

5 8 . 0 

5 8 . 4 

0.0 90 

0.100 

G 

o 
> 
CO 
CO 

t—i 

H 
O 

(1) Mean ha rdness value for 5 read ings . 
(2) Mean ha rdness value for 10 read ings . 
(3) Specimens e i ther los t in holding bath or given excessive t r ans fe r t ime between baths. 
(4) Grain s ize (mm) 

d 

o r 
t> 
CO 
co 
i—i 

H 
0 

i 
co 
i 

a 
i 

Ui 
h-» 
O 
OO 

*> 

< 
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illustrated in Figures 1 and 2 where a sudden hardness drop 
occurs in the "brine-quenched" curves after 10 seconds and two 
seconds respectively. Prior to these times, fi-^a transformation 
occurred during the brine quench. 

2. At a bath temperature between 600 and 500 C, isothermal 
transformation begins to occur within one second. * 

3. The hardness of both brine-quenched and air-cooled specimens 
remains fairly constant with holding time in the 500 and 400 C 
baths. Furthermore, hardness increases and the air-cooled 
specimens approach the brine-quenched specimens in hardness 
as the holding-bath temperature decreases (cooling rate increases). 

4. The rate of softening in the 635 and 600 C baths becomes discon­
tinuous in two locations on the "brine-quenched" curves forming 
"separated" plots from about 20 to 200 seconds and 5 to 500 
seconds respectively. Furthermore, the hardness of the brine-
quenched specimens approaches nearly that of the air-cooled 
specimens with t ime. The small differences remaining are 
probably due to small differences in strains induced by cooling 
from the isothermal bath temperature to lower temperatures. 

To determine the time required for transformation to commence 
for each holding-bath temperature, calculations were made using heat 
conduction theory and Duwez's* ' transformation and cooling-rate data. 
The data from these calculations are listed in Table II. The calculated 
and observed times are in good agreement. 

Returning to the "separated" portions of the hardness plots for 
the 635 and 600 C baths, these apparently represent the time required to 
complete isothermal transformation by diffusion at temperatures near the 

* This is not strictly true since transformation has undoubtedly occurred 
before the specimen has reached the temperature of the bath. 
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equilibrium t ransformat ion point. A diffusion p roces s is a lso indicated 

by the longer t ime r equ i r ed at 600 C compared to 635 C where diffusion 

is more rapid . 

On the other hand, the differences in ha rdness between the 

"b r ine -quenched" and " a i r - c o o l e d " curves for the same t imes indicate 

that subsequent hardening of the re ta ined P* phase occurs upon rapid cooling 

from the holding t e m p e r a t u r e . Such hardening occurs by diffusionless 

t ransformat ion according to the t ime-length of the " s e p a r a t e d " ha rdness 

plots . 

TABLE II 

CALCULATED AND OBSERVED TIMES FOR START OF 

ISOTHERMAL TRANSFORMATION 

Iso thermal . „ _ T . Cooling Rate Through Time Time 
Bath Temp * o s^ Transformat ion Calculated Observed 

(C) (C deg) (C deg/sec) (sec) (sec) 

635 95 Approx. 0 .5 8.0 10-20 

600 130 Approx. 10 2.2 2-5 

500 230 Approx. 90 0 .5 0-1 

400 330 Approx. 400 0. 2 0-1 
(1) T is init ial t e m p e r a t u r e (730 C), T is holding-bath t e m p e r a t u r e . 

F igure 5 is a plot of the ha rdness of the br ine-quenched spec imens 

at the f irs t indication of t ransformat ion* for the corresponding holding 

t e m p e r a t u r e s as a function of the cooling r a t e through the t ransformat ion 

point (from Table II). A change of slope occurs at a cooling r a t e c o r r e ­

sponding to about 570 C and a ha rdness of about 56. 8 R . . With cooling 

* For holding-bath t e m p e r a t u r e s below 600 C this cor responds to the 
hardness at 1 second holding t ime . For the 635 and 600 C ba ths , the 
ha rdness values at 20 seconds and 5 seconds respec t ive ly a r e used. 
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rates through the P->a transformation greater than about 22 C deg/sec, 

the hardness increases at a more rapid rate than for cooling rates up to 

22 C deg/sec. 

Furthermore, Figure 6, a plot of hardness of the air-cooled 
specimens as a function of holding-bath temperature, shows a ser ies of 
maximum slopes between 500 and 600 C. In other words, maximum 
increase in hardness occurs by quenching into an isothermal bath between 
500 and 600 C prior to air-cooling. 

These two plots independently suggest that if a martensitic 
reaction is operative, it most probably occurs between 500 and 600 C 
for the cooling rates investigated. Also, if such a reaction follows 
nucleation and growth kinetics, the exact point of transformation need not 
be the same for different cooling rates . 

Because indentation hardness increases with increasing fineness 
of grains in polycrystalline metals, * ' some relationship should exist 
between the hardness trends just discussed and the grain size and appear­
ance of the specimens treated. Figure 7 illustrates such a relationship 
which is similar to the trend for other metals in the range of larger 
grains. ** It seems reasonable to expect an inflection among the points 
plotted for the brine- quenched specimens at about the same hardness as 
the inflection of Figure 5. As a first approximation straight lines are 
drawn through the cluster of points representing the brine-quenched 
specimens and within the range of values. The point of inflection is at 
56. 7 R . which is in excellent agreement with 56. 8 R . noted in Figure 5. 
From these curves, the following relationships can be calculated: 

** See, for example, "The Variation of Hardness with Grain Size for 
Copper", C. S. Barrett , Structure of Metals, p. 356, (1952). 
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HA = 55.3 + 0.5 In (R) (R>20) 

HA = 55.4 + 0.021 (D -2) (D< 0.130) 

D = 23.8 [ ln(R)]"1 /2 (R>20) 

where 

H . = hardness (Rockwell " A " Scale) 

D = grain diameter (mm) 

R = cooling rate (C deg/sec) 

These functions are restricted to uranium of comparable purity to 
that listed in the Appendix and the cooling rate limitations noted. Further­
more, they are only approximations since a linear relationship between 
hardness and grain size is expected in a smaller grain size range than 
that obtainable by j3 heat treating. 

The microstructures of the specimens follow the trends of the 
hardness curves discussed. Photomicrographs are presented with 
corresponding hardness plots in Figure 8 and 9. The grain appearance 
of the 635 C brine-quenched specimens up to 1000 seconds holding time 
are similar in that copious twinning and sub-graining are present; however, 
differences in grain size are apparent. Up to 10 seconds holding time the 
grain size is similar, but after 10 seconds the grains are noticeably 
larger, explaining the hardness drop at this point. Beyond 500 seconds, 
the grains are more regular in appearance, sub-grains are more subdued, 
and grain boundaries a re more discernible. The air-cooled specimens 
are similar in appearance with only slight variation in grain size. 

At the other extreme, both the air-cooled and brine-quenched 
specimens held at 400 C are similar in grain size and appearance. This 
reveals that lead at 400 C was an effective quenching medium and that 
diffusion was critically retarded at this temperature. The microstructures 
of specimens held at 600 and 500 C fall between the two extremes. 
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V. CONCLUSIONS 

The results of this investigation suggest that upon rapid cooling 
uranium undergoes a martensitic /3-=>or transformation, thereby adding 
weight to other documented evidence. Many of the conflicting arguments 
against such a mechanism stem from assuming a shear hypothesis for 
martensitic transformation which permits no depression of the transfor­
mation which permits no depression of the transformation point by increased 
cooling rates , and from the nature of the transformation during slow 
cooling where diffusion would be expected to predominate. 

Further difficulty in realizing the true nature of the /3—»cc 
transformation is the complexity of grain formation. Grain growth 
during rapid cooling might occur by a combination of diffusion and non-
diffusion mechanisms to satisfy valence bonding and close packing require­
ments of the stoms simultaneously. It has been suggested that sub-graining 
prominent in a grains results from combined polygonization and nuclei 
rotation. * ' As a result , uranium cooled at moderate rates through the 
transformation point should exhibit less distortion and more sub-graining 
due to polygonization than uranium cooled at much faster ra tes . 

From the data presented in this report, a t ime-temperature-
transformation diagram for uranium may be sketched as shown in Figure 
10. The precise location of the boundaries whown await more extensive 
investigation. 

It is most significant that a wide range of structures with varying 
grain size, symmetry, and deformation can be obtained by controlling the 
cooling rate through the f$~a transformation. Further knowledge of the 
effect of these variants on the mechanical properties of uranium are 
required before optimum heat treatments can be specified. 
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THE VARIATION OF HARDNESS WITH HOLDING TIME AT 500°C 
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THE VARIATION OF HARDNESS WITH HOLDING TIME AT 400°C 
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APPENDIX 

CHEMICAL ANALYSIS OF INGOT URANIUM 

Chemical 
Element Analysis (ppm) Method of Determinat ion 

C 275 Grav ime t r i c . 

Cr 12 Spectrochemical , v isual e s t imate 

from film. 

Fe 70 Spectrochemical , dens i tometer . 

Mg 4 Spectrochemical , v isual e s t imate 
from film. 

Mn 10 Spectrochemical , v isual es t imate 

from film. 

Si 40 Spectrochemical , dens i tometer . 

Ni 50 Spectrochemical , v isual e s t imate 

from film. 

CI 0-5 Grav ime t r i c . 

N 60 Grav ime t r i c . 

Density 18. 97 g / c m 3 
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