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THE MECHANICAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPROPERTIES OF 

DILUTE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAURANIUM ALLOYS AT ELEVATED TEMPERATURES 

by 

M. F. Nolan 

ABSTRACT 

High temperature tensile tests and prolonged hot 
hardness tests of uranium alloys were undertaken 
for possible correlation with in-reactor behavior. 
Tensile test techniques are discussed for one alloy 
tested at 2 5 ° C  and between 100" and 6 0 0 ° C  at 100" 
intervals. The mechanism of flow and fracture is 
discussed in terms of temperature structure, strain 
and strain rate. Activation energy values for 
plastic flow are presented. 

Hot hardness tests at 4 0 0 ° C  under a 600 pound load 
applied for 22 hours are described for both spring- 
loaded and level-loaded equipment. The data indicated 
that the diameter of indentation decreased as the 
alloy content of the uranium increased. The resistant 
to indentation, however, appeared to be a function of 
the degree of solid solution hardening and not of the 
total alloy content. A sensitive response to thermal 
history therefore seemed likely. A correlation with 
resistant to in-reactor swelling was not obtained. 
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THE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMECHANICAL PROPERTIES OF 

DILUTE URANIUM ALLOYS AT ELEVATED TEMPERATURES 

INTRODUCTION 

M e  F. Nolan* 

One of t h e  major l imi t a t ions  of uranium metal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a r eac to r  f u e l  is swell ing 
during i r r a d i a t i o n .  

of swell ing i n  n a t u r a l  uranium i r r a d i a t e d  t o  burnups of from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.05 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.77 
atomic percent i n  t h e  temperature range of from 130°C t o  550°C,’ 
volume increases  were encountered a t  temperatures from 370 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500°C and a t  
atomic burnups of g rea t e r  than 0.2 percent .  P r e c i p i t a t i o n  of f i s s i o n  gas 
bubbles accounted f o r  only 0,546 of the  volume increases .  
microns i n  length  were respons ib le  f o r  t h e  remainder of the  swel l ing,  

A recent  study was made a t  t h e  Savannah River Laboratory 

Large 

Cav i t i e s  10 t o  200 

It was pos tu la ted  t h a t  t h e  mechanism respons ib le  f o r  t h i s  c a v i t a t i o n  is  
similar t o  t h e  formation of voids due t o  g ra in  boundary s l i d i n g  during 
e leva ted  temperature creep tests,  This phenomenon takes  p lace  between the  
recovery and r e c r y s t a l l i z a t i o n  temperatures of a metal when deformation by 
s l i p  is taking p lace  throughout the  gra ins .  
adjacent  t o  g ra in ,  subgrains,  and twin boundaries blocked by s u i t a b l e  
obs t ac l e s  such a s  a quadruple poin t  o r  a jog i n  t h e  boundary, continued 

shear ing bu i lds  up hydros t a t i c  pressure.  I f  t h e  pressure  exceeds the 
cohesive s t r e n g t h  of t h e  material, a cav i ty  is formed and Zurther deformation 
along t h e  boundary w i l l  cause it t o  grow. 

Under i r r a d i a t i o n ,  t he  necessary stress f o r  c a v i t y  formation is b u i l t  up 
through an i so t rop ic  growth of t he  c r y s t a l l i t e s .  Similar  c a v i t i e s  heve been 
observed in thermal cycl ing experiments20f u r a n i m  where t h e  stress was 
provided by thermal an i so t rop ic  growth. 

I 

I f  shear ing takes  p lace  

Di lu t e  a l l o y  addi t ions  t o  t h e  n a t u r a l  uranium have been found t o  increase  
t h e  r e s i s t a n c e  of t he  metal t o  c a v i t a t i o n a l  swel l ingO3 It zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas t h e  purpose 
of work conducted a t  Weldon Spring t o  develop equipment and procedures t o  
eva lua te  t h e  mechanical p rope r t i e s  of d i l u t e  uranium a l l o y s  at e leva ted  
temperatures in order  t o  look fo r  poss ib l e  c o r r e l a t i o n s  wi th  t h e i r  i r r a d i a -  
t i o n  behavior,  Although c a v i t a t i o n  swel l ing under i r r a d i a t i o n  has been 
r e l a t e d  t o  behavior observed during creep tests, t h e  expense and t i m e  
necessary f o r  such tests are se r ious  investments. Since seve ra l  i n v e s t i -  
ga to r s  have found c o r r e l a t i o n s  between creep  p rope r t i e s  and s h o r t e r  t e r m  
elevated temperature t e n s i l e  and hardness tests i n  other   material^,^'^ 
t hese  l a t t e r  tests w e r e  chosen t o  eva lua te  t h e  d i l u t e  uranium a l loys .  

wow assoc ia ted  with Dive r s i f i ed  Metals Corporation, I23 Byassee Drive, 
Hazelwood, Missouri  63042. 
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ELEVATED TEMPERATURE TENSILE TESTS 

Introduction 

Many investigations of the elevated temperature tensile properties of uranium 
have been madee 
additive levels and precipitate distribution, grain size and shape, temperature, 
strain rate, and previous thermal and fabrication history. 
characterize the mechanical properties of a material, all of these factors 
must be taken into Consideration. 
cedures was undertaken with these factors in mind, 

Investigators have found the properties to be influenced by 

In order truly to 

The choice of testing equipment and pro- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Equipment 

The equipment developed for elevated temperature tensile testing may be 
divided into three categories according to the function it serves: (1) control 
of environment; (2) detection of load, deformation and temperature; and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) re- 
cording of load and elongation. 

The environment system includes the tensile tester and the furnace with its 
associated vacuum and temperature control equipment. 
a hydraulically actuated Baldwin Tote Emery zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60,000 pound Universal testing 
machine. A Satec Model ~ 1 8 0 0  vacuum furnace with an NRC 2-inch diffusion 
pump was attached to one of the columns on the machine, as is shown in 

Figure 1, and could be swung out of the way when not in use. 

of sustained operation at 1800OF with a vacuum of torr. 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 shows the cabinet containing the vacuum and temperature controls. 
The vacuum controls utilized electric solenoid valves, thermocouple and ion 

gages, and an NRC Protectovac unit which isolated the diffusion pump should 
the pressure in the furnace suddenly rise. 

The tensile tester was 

It was capable 

Temperature control was accomplished with a Honeywell system consisting of 
an Electronik 18 recorder and Electr-0-Pulse 18 controller in conjunction 
with a variable transformer, 
wire positioned on the vacuum retort at the center of the furnace. 

The sensing thermocouple was of Chrome1 Alumel 

The center portion of the furnace windings was equipped with movable taps 
to increase or decrease power in the heating zoneo 

allowed transfer of power from one control zone to another within the heating 
zone to equalize the temperature profile along the sample, 
1nconel750were used in the hot zone of the furnaceo 
one for one-quarter-inch and the other for one-half-inch diameter shouldered- 
end samples. 

A zone control powerstat 

Pull rods of 
Two sets were available, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV 

Water- or air-cooled pull rod extenbions passed through special vacuum seals 
at each end of the furnace, These seals consisted of two wiping-type glands 
enclosed in an evacuated case and preloaded. This allowed friction-free 
movement of the pull rod extensions without a loss of vacuum. A testJof the 
atmospheric pressure loading of the pull rod extensions when the furnace 
was under vacuum revealed it t o  be negligible. 
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The vacuum seals for the pull rod extensions were mounted in bellows assenablfes, 

This prevented the furnace from disturbing the uniaxial alignment of the sample 
train, The extensions were threaded into spherically seated studs in the upper 
and lower crossheads of the testing machine, 

During testing, the furnace was suspended between the moving upper crosshead 
and a stationary support by a pulley zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that the furnace would move half the 
distance of increased separation between the upper and lower crossheadso 
kept the sample centered in the hot zone of the furnace. 

This 

The detection equipment may be divided into three systems: 
and temperature. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Its major component was 'an Emery hydraulic weighing capsule which activated 
the load indicator on the control consoleo The extension of the sample dur ing  
testing was measured by a Wiedemann high-temperature, multi-range extensometer 
Model IS-5043. 

load, extension, 

The load detection system was part of the testing machine, 

Extension arms of a molybdenum tungsten alloy capable of withstanding tempera- 
tures as high as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3QO0°F could be attachedwithknife edge clamps to either the 
shoulders or to the gage length section of the sample, These*arms transmitted 
extension of the sample between the clamps to the extensometer measuring zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAunit 
in a chamber below the furnaceo The measuring unit was made up of an assembly 
of two levers and a pivot,which transmitted and magnified motion from anvils 

on the lower ends of the extension arms to a microformer pickup. Through a 
combination of moving the piv'ot point on the levers and changing the ImagnFfim- 
tion range on the recorder, magnifications of from 2 5 X  to lOOOX could be obtained. 

A slight modification of the lever and pivot assembly was made t o  eliminate 
binding of the levers in the pivot assembly. This also resulted in making the  
measuring unit completely separable from the arms so that after exhausting its 

ranged from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.04 inch at the highest magnification pivot position to 0.4 inch 
at the lowest magnification position. 

.measuring capacity, it did not have to be removed. The measuring capacity 

The temperature detection system incorporated three InconeP-sheathed one- 
sixteenth-inch diameter Chromel-Alumel thermocouples which passed into the 
furnace through three vacuum thermocouple lead-ins sealed with teflon inserts. 
The calibration of the thermocouple wire was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk 4'F from 0 to 530°F and .J- 3/2k$ 
of the value above 530°F0 A thermocouple was embedded in both the upper and 

lower extensometer clamps and the third was attached to the middle of the gage 
length of the sample with a stainless steel clamp. Temperature measurements 
were made with a keds and Northrup millivolt potentiometer. 

The recording systems for load and elongation were combined in the Wfedemann 
MAlD recordero The load was transmitted from the load indicator dial to the 
recorder by a rack and gear assembly. The signal from the extensometer 
microformer drove the motor of the chart drum for a record of extension. 
The signal from the extensometer also actuated a pointer in a Wiedewann 
MA419 Strain Pacer. 
connected to a variable gear train. 

Mounted coaxially with the pointer was a pacing disk 
In conjunction with the extensometer 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

and recorder, the strain pacer assisted the operator of the testing machine 
in maintaining a constant rate of displacement between the extensometer 
knife edges. Rates ranging from 0,0025 inch per minute to 0.1 inch per min- 
ute could be selected. 

Experimental Procedure 

1. Samvle Preparation 

In developing the testing procedures, an evaluation was made of the 
elevated temperature mechanical properties in the alpha crystalline 
range of metal from a centrifugally cast hollow coreD The chemical 
analysis of the additives in the uranium core was as follows: 

, 

Fe -- 174 ppm 
Si -- 320 ppm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C -- 1200 ppm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
tr, -- 0.8 ppm (Before heat treatment) 
& -- 18 ppm (After heat treatment) 

The heat treatment of the core consisted of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 gamma phase soak in salt at 
1475OF for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 minutes and then cooling to room temperature under an argon 
atmosphere. This was followed by a beta soak in salt at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1350°F, a ten 
second air delay, and a 130°F oil quench. 

Fourteen one-quarter-inch diameter shouldered-end tensile specimens were 
machined from the core to the dimensions shown.in Figure 3. The as- 
machined samples were mechanically polished to remove tool marks. 
diameter of each sample was measured to the nearest thousandth of an 
inch and two diametrically opposed sets of gage marks 1.000 -+ 0.005 inch 
apart were stamped on the reduced diameter section of the samples. 

The 

2. Tensile Testing 

For an individual test, the sample train consisting of the sample, sample 
holders, pull rods and extensions, extensometer arms, and thermocouples 
was assembled. The extensometer knife edge clamps were attached to the 

sample gage length 1.000 k 0.001 inch apart. 
was then lowered into the furnace. After the furnace was swung into 
testing position and suspended from its positioning pulley, the sample 
train and furnace were aligned. The extensometer measuring unit was 
positioned in its chamber and the vacuum system sealed and pumped down. 

The completed sample train 

Once a vacuum of low4 torr was attained, the sample was heated to tempera- 
ture in one hour. An additional hour at temperature was used to allow 
temperature equilibration of the sample to within k 3OF of the aim point 
and to adjust the temperature profile along the gage length to within 
f 5 O P ,  The sample was then pulled at a strain rate of 0.02 inch per 
minute. A load-elongation record was made for each test. The extensometer 
magnification was lOOX with a maximum measuring capacity of 0.4 inch. 

Y 

n 

I 
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3 .  

After  f r a c t u r e ,  t h e  sample was allowed t o  furnace cool,  On removal, 

t h e  two pieces  of t he  f rac tured  sample were f i t t e d  back toge ther  and 
the  reduced diameter 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO.OQ1 inch and t h e  elongated d i s t ance  between 
t h e  punched gage marks zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.01 inch were measured. 

Metallography 

For metallography, t he  f r a c t u r e  sur face  and a longi tudina l  s e c t i o n  of 
t he  sample a t  t h e  f r a c t u r e  were mounted and ground through 600 g r i t  
s i l i c o n  carb ide  abras ive  paper.  This was followed by a t t a c k  pol i shes  
with Linde A and then Linde B alumina suspended i n  d i l u t e  chromic ac id ,  
For b r igh t  and dark f i e l d  metallography, t h e  samples were e l e c t r o l y t i c a l l y  

etched f o r  t e n  seconds a t  20 v o l t s  i n  a s i n g l e  orthophosphoric e tchant  
cons i s t ing  of f i v e  p a r t s  orthophosphoric ac id ,  f i v e  parts  e thylene  gycol, 
and e ight  p a r t s  e t h y l  alcohol.' An add i t iona l  anodizing treatment of 4 t o  

5 seconds a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13 vol t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4Q$ sodium c i t ra te  solution was given t he  
samples f o r  po lar ized  l i g h t  metallography. A sample of t h e  metal i n  an 
uns t ra ined  condi t ion was a l s o  examined, 
on a Bausch and Lomb metallograph equipped with a c a l c i t e  p r i s m  f o r  
po lar ized  l i g h t  observat ion,  

Photo-micrography was performed 

The macrograin s t r u c t u r e  of t h e  metal s tock  from which t h e  samples were 
machined was a l s o  examined. The macrograin s t r u c t u r e  was developed by 
e tch ing  f o r  one minute i n  concentrated hydrochlor ic  acid followed by 
f i v e  seconds i n  concentrated n i t r i c  acid.  The macrostructure  w a s  photo- 
graphed using a Bausch and Lomb Model L camerao 

T e s t  Resu I t  s 

1. Mechanical Proper t ies  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3ho samples were t e s t e d  a t  each temperature of 25"@, abQO"C, 2OO0C, 300°C9 
40Q°C, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5OQ"C, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 0 0 " C ,  The u l t ima te  t e n s i l e  s t r e n g t h  was ca lcu la t ed  
from t h e  maximum load on the load-elongation curve and the  o r i g i n a l  
diameter of each smple. The e f f e c t  of temperature on t h e  u l t ima te  
t e n s i l e  s t r e n g t h  of t h e  a l l o y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.is shown in Figure 4. 
s t r e n g t h  decreased with temperature.from a maximum at 25°C.  
i n f l e c t i o n  i n  t h e  r a t e  of decrease i n  s t r e n g t h  with increase  i n  tempera- 
t u r e  was evident  a t  200°C t o  300°C. 

U l t i m a t e  t e n s i l e  
An 

The percent reduct ion  i n  area f o r  t h e  tests was ca l cu la t ed  from the  
o r i g i n a l  and f i n a l  diameter of t h e  samples. In Figure 5 i t  is  seen 
t h a t  from 25% t o  3OO"C, percent reduct ion i n  area increased s t e a d i l y  
wi th  temperature. 
and t h e  inc rease  became q u i t e  l a r g e  above 400°C. 

The percent  e longat ion i n  one inch was ca l cu la t ed  froan t h e  averaged 
values  of i nc rease  i n  length  between t h e  punched gage marks on each 
s i d e  of t h e  sample. An inc rease  i n  temperature increased t h e  percent  
e longat ion  as seen i n  Figure 6 ,  However, a pla teau  i n  t h e  increas ing  
percent e lonFat ion occurred a t  3QO"C. This phenomenon has been observed 
by o ther  i n v e s t i g a t o r s  Q 6 9 7  

From 3QO"C t o  400eC,  i t  increased a t  a g r e a t e r  r a t e  
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In order to illustrate the stress-strain behavior of the sample better 

at different temperatures, the load-elongation curves were converted to 

true stress-strain curves. True stress is defined in terms of the 
instantaneous cross section of the sample rather than the original 

cross section. 
stress is referred to the instantaneous gage length rather than to the 
original gage length zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas is done for engineering strain. 
parameters may be calculated from the load-elongation curves by equa- 
tions (1) and (2). 

For true strain, the change in length due to an applied 

These two 

"T = P/Ao (1 + e) 

where aT = True stress in psi. 
P = Load in pounds. 

e = Engineering strain or the change in length zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
div ided by the original gage length, 

= Original cross sectional area in square inches, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E = In (1 -+ e) 

where E = True strain in inches per inch. 
e = Engineering strain. 

Derivations of these two expressions may be found in the Appendix. 
Representative true stress-true strain curves for each test temperature 
are shown in the log-log plot of Figure 7. The curves are incomplete 
for samples pulled at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500°C and 600°C because of slipping of the 
extensometer arms as localized deformation of the samples took place. 

For many materials, a useful relationship to express the true stress- 
strain curve has been found to be the power function represented by 
Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  

aT = KEn ( 3 )  

where aT = True stress in psi. 

K = The strength coefficient in psi and it is the 
true stress at E = 1.0. 

n = The strain hardening coefficient. It is the slope 
of a log-log plot of true stress-true strain and 
numerically equal to the strain at which localized 
deformation or "necking" takes place. 

The power function in Equation ( 3 )  describing the true stress-strain 
curve is valid only from the beginning of plastic flow to the maximum 
load at which the onset of necking takes place. The localized deforma- 
tion during necking 'voids the assumption of proportionality between 
change in cross sectional area and change in length used in deriving 
expressions for true stress and true strain (See the Appendix). 
the actual true stress and true strain become greater than the calculated 
true stress and true strain beyond the onset of necking, 

Thus, 
n 
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The values  of t he  K and n parameters fo r  t h e  t r u e  s t r e s s - s t r a i n  curves 
of each t e s t  along with t h e  t r u e  s t r a i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAst maximum load f o r  comparison 
with n a r e  summarized i n  Table I, Also included i n  Table 1 a r e  t h e  
values  of t r u e  f r a c t u r e  stress and t r u e  f r a c t u r e  s t r a i n .  These two 
parameters are defined by Equations (4)  and (5 ) .  

where 6Yf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= True frac;ture s t r e s s  i n  p s i .  
Pf = Load a t  f r a c t u r e  i n  pounds. 
Af = Cross-sect ional  a rea  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  sample a t  t h e  

point  of f r a c t u r e  i n  square zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAinches. 

where Ef = True  f r a c t u r e  s t r a i n .  
& = Orig ina l  c ross -sec t iona l  a r e a  of t he  sample 

i n  square inches.  
Af = Cross-sect ional  a rea  of t he  sample a t  t h e  

point  of f r a c t u r e  i n  square inches.  

A t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500°C and 6o0°e, t h e  r a t e  of decrease i n  load before  f r a c t u r e  occurred 
was s o  r ap id  t h a t  t h e  load a t  f r a c t u r e  could lase be  determined. 

In  Table I, it  can be seen from the  v a r i a t i o n  of n with temperature t h a t  
as temperature increased, t h e  a l l o y  strain-hardened less and thus became 
more p l a s t i c .  A t  25OC and 100°C,  t h e  samples f rac tured  before  t h e  onset  
of necking and, t he re fo re ,  n and t r u e  s t r a i n  a t  maximum load were not 
equal. 
s t r a i n  

Instead,  t he  t r u e  s t r a i n  a t  maximum load was equal t o  t r u e  f r a c t u r e  

From 2OOOC t o  400'6, a comparison between n and t h e  t r u e  s t r a i n  at maximum 
load shows t h e r e  i s  numerical equa l i ty  between t h e  two parameters. From 
Figure 7 a t  t r u e  s t r a i n  values  g rea t e r  than  t h e  value of t h e  s t r a i n  
hardening c o e f f i c i e n t ,  t he  t r u e  stress-strain curves begin t o  f a l l  below 
t h e  l i n e s  descr ibed by t h e  power funct ion i n  Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 ) .  However, t he  
values  of t r u e  f r a c t u r e  s t r e s s - s c r a f n  f a l l  on t h s  f i n e s  ex t rapola ted  out 
beyond t h e  onset  of necking. 

A t  500°C and 600"C, t h e  s r r a i n  hardening Coeff ic ien t  i s  0. This would 
seem t o  i n d i c a t e  t h a t  t h e  samples t e s t ed  a t  t hese  temperatures d id  not 
work-harden and were i n  P f u l l y  p l a s t i c  s c a t e ,  However, s ince  n i s  a 
measure of t he  s t r a i n  a t  which necking occurs and t h e  power func t ion  i s  
inva l id  beyond t h i s  po in t ,  t h i s  cqnclrasiogl is misleading, 

A s  can be seen i n  Table I, alehough t h e  values  of t r u e  s t r a i n  a t  maximum 
load f o r  tests a t  500°C and 600°C were not  zero, they were q u i t e  small .  
Therefore, t h e r e  i s  a small por t ion  of t h e  t r u e  s t r e s s - s t r a i n  curve where 
s t r a i n  hardening takes place  between t h e  s ta r t  of p l a s t i c  flow and t h e  
onset  of neckflag. Ae these temperatures, khe alloy was very s e n s i t i v e  t o  



14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TABLE I 

The True Stress-True Strain Properties of a Centrifugal Cast 
174 ppm Fe, 320 ppm Si Dilute Uranium Alloys at Various Temperatures 

in the Alpha Crystalline Range 

Temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O C  

25 

100 

200 

300 

400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
600 

Sample 
Code 
No. 

D1 

D3 

D2 

D10 

D4 

D11 

D5 

D12 

D6 

Dl3 

D7 

D14 

D8 

D9 

K 
x 10-~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApsi 

191.05 

192 57 

164 98 

165 28 

114.50 

112.62 

88.26 

89.61 

63 e 85 

63 -77 

2k,61 

23 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-- 
10,Og 

4 

0.205 

0.208 

0.168 

0.169 

0.147 

0.136 

0,115 

0,114 

0 e 078 

0,071 

0.000 

0.000 

-- 

0 0 000 

€ 

at Max. Load 

0.049 

0.046 

0.122 

--- 

I- 

O. 140 

0.128 

0.113 

0.120 

0.079 

0.069 

(0.018) 

(0.016) 

-- 

(0.01) 

Numbers in parentheses are uncertain values 

E 

0.048 

0.044 

0.133 

0.106 

0.191 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.200 

0.293 

0.311 

0.434 

0.451 

1.271 

1.365 

2.312 

2.514 



changes i n  s t r a i n  ra te ,  and i t  required approximately one minute of 
t e s t i n g  t i m e  t o  ad jus t  t h e  s t r a i n  r a t e .  
f l uc tua t ions  i n  the  load l e v e l  and, therefore ,  t h e  load-elongation curves 
i n  the  reg ion  where t h e  s t r a i n  hardening c o e f f i c i e n t  should be measured 
were e r r a t i c .  
c o e f f i c i e n t  and t r u e  s t r a i n  a t  maximum load continues a t  t h e s e  tempera- 
t u r e s ,  a b e t t e r  measure of n would be t h e  approximate values  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcP Max. 

The adjustments caused not iceable  

Assuming t h e  r e l a t i o n s h i p  between the  s t r a i n  hardening 

The e f f e c t  of temperature on t h e  flow s t r e s s  of the a l l o y  a t  d i f f e r e n t  
l e v e l s  of s t r a i n  and OR t h e  s t r eng th  c o e f f i c i e n t  K i s  shown i n  Figure 8, 
The p l o t  of t h e  n a t u r a l  logarithm of t r u e  stress f o r  var ious l e v e l s  of 
s t r a i n  versus  t h e  r ec ip roca l  of temperature i n  degrees Kelvin r evea l s  
two d i s t i n c t  regions of d i f f e r e n t  flow stress behavior wi th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa t r a n s i t i o n  
between the  two a t  approximately 400"C, 
i n  the  behavior of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe hardness of uranium a t  about the same temperature. 
The t r a n s i t i o n  i n  hardness has been a t t r i b u t e d  t o  some change i n  t h e  
mechanism of d e f o r m a t i ~ n . ~  
i t  can be seen t h a t  t h e  t r a n s i t i o n  temperature decreased, 

This is similar t o  the  change 

A s  t h e  l e v e l  of t r u e  s t r a i n  was increased,  

A use fu l  expression f o r  cha rac t e r i z ing  t h e  e f f e c t  of  temperature on flow 
s t r e s s  a t  constant  s t r a i n  and s t r a i n  r a t e  i s  presented i n  EquatFsn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6).'.' 

aT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= (c exp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ-), 

where QT = True S t r e s s  i n  p s i  a t  a spec i f i ed  s t r a i n  and 
s t r a i n  rate. 

per gram mole. 

degree Kelvin 

Q = An a c t i v a t i o n  energy f o r  p l a s t i c  flow i n  c a l o r i e s  

R = Universql gas cons tan t ,  1.987 c a l o r i e s  per 

T = Test tempera ture  i n  degrees Kelvin. 

The values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ and C a t  d i f f e r e n t  s t r a i n s  f o r  t h e  t w o  d i f f e r e n t  mecha- 
nisms aresummarized along with the t r a n s i t i o n  temperature i n  Table XI. 
Below t h e  t r a n s i t i o n  temperature, t h e  a c t i v a t i o n  energy f o r  p l a s t i c  flow 
is very s m a l l  and increases  with increas ing  s t r a i n .  Above fe ,  Q i s  much 
l a r g e r  and does not vary as much. 

2. Metallography 

The appearance of the  samples a f t e r  f r a c t u r e  i s  shown i n  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. 
Necking a t  t he  f r a c t u r e  point  was not no t i ceab le  a t  test temperatures 
below 300°C. 
t h e  samples were machined i s  shown f o r  a longi tudina l  s e c t i o n  and f o r  
t r ansve r se  sec t ions  one-half i nch , apa r t  along t h e  length  of t h e  s tock  
i n  Figure 10. The l i g h t  a r ea  i n  the  lover r i g h t  hand corner of t h e  
longi tudina l  s e c t i o n  i s  due t o  a l a r g e  concent ra t ion  of carbides  i n  
t h e  pour tube end of t h e  cen t r i fuga l ly -cas t  core ,  However, t h i s  
concentrat ion was contained i n  t h e  shoulder of t h e  t e s t  samples and d id  

The macrograin s i z e  of t he  core  blank s tock from which 



TABLE I1 

Activation Energy for Piastic Flow vs. T h e  Strain 

Transit ion Below Transition Temp. Above Transition Temp. 
E Temperature, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO C  C x 10-4 psi Q, kcal/g mole C x psi Q, kcal/g mole zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.002 454 

0.010 396 

0.100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA387 

1'. 0 383 

22.8 0,28 

36.5 0.39 

33.6 0.83 

28.3 1.31 

0.01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
07 

03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.02 

11 .34 

8 -71 

9.89 

10.55 
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A 

t h e  s l i p  plane. This hardening e f f e c t  occurs over long d i s t ances  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis 
r e l a t i v e l y  independent of temperature and s t r a i n  rate. But s t r a i n  harden- 
ing due t o  d i s l o c a t i o n  i n t e r a c t i o n s  occurs over d i s t ances  less than f i v e  
t o  t e n  interatomic d is tances .  Thus, t h i s  e f f e c t  can be overcome through 
thermal f luc tua t ion ,  making i t  temperature and s t r a i n  r a t e  dependent. 

As shown i n  Figure 8, two d i f f e r e n t  regions of flow s t r e s s  temperature 
dependence ex i s t ed  f o r  t h e  d i l u t e  uranium a l l o y  t e s t ed .  
t i o n  temperature, t h e  flow stress was comparatively unaffected by changes 
i n  temperature. 
as t h e  s t r a i n  l e v e l  was increased.  Above t h e  t r a n s i t i o n  temperature, 
t h e r e  was a l a r g e  temperature dependence of flow s t r e s s  which was inde- 

pendent of s t ra in .  These observat ions suggest that  s t r a i n  hardening i n  
uranium below t h e  t r a n s i t i o n  temperature i s  pr imar i ly  due t o  pi le-ups of 
d i s l o c a t i o n  a t  b a r r i e r s ;  above the  t r a n s i t i o n  i t  is  mainly due t o  d is loca-  
t i o n  i n t e r a c t  ion. 

Below the  t r a n s i -  

However, t h e r e  was a marked inc rease  i n  t h e  flow stress 

I n  s t u d i e s  of  creep i n  uranium (by Fo, R. Shober, e t  a l . ,  a t  Baz te l l e  
Memorial 1 n s t i t u t e ) l l  a s imi l a r  t r a n s i t i o n  was found i n  t h e  temperature 
dependence of t h e  l e v e l  of stress necessary t o  maintain a given creep 
rate. The t r a n s i t i o n  temperature increased fo r  increas ing  creep r a t e s ;  
e.g., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA250°C f o r  a creep r a t e  of 1 x 10'" percent per  hour and 370°C f o r  a 
creep  ra te  of 0.1 percent per hour. Below t h e  t r a n s i t i o n ,  t h e  stress 
necessary t o  maintain a given creep rate was comparatively unaffected by 
temperature. Above the  t r a n s i t i o n ,  t h e r e  was a marked inc rease  i n  t h e  
e f f e c t  of temperature on t h e  stress, 
with t h e  two proposed d i s loca t ion  mechanisms con t ro l l i ng  t h e  s t r a i n  
hardening behavior of  uranium. 

These observat ions are i n  agreement 

A t  room temperature, t h e  predominant mode of deformation i n  uranium has 
been i d e n t i f i e d  by Cahn" and Floyd and Chiswik13 t o  be (010)~100] s l i p  
wi th  some (001)[ 1003 c ross - s l ip .  A few o the r  re la t i l i e2y  unimportant 
s l i p  systems were observed. Accompanying t h i s  s l i p  w a s  considerable  
twinning pr imar i ly  on t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 1303 and [ 1721 planes.  
s t r a i n  r e s u l t i n g  from twinning has been found t o  be s m a l l  compared with 
deformation by s l i p ,  twinning a i d s  i n  r o t a t i n g  planes unfavorably 
o r i en ted  f o r  s l i p  i n t o  a more favorable  pos i t i on  and r e l i e v e s  l a r g e  
stresses b u i l t  up a t  g r a i n  b 0 ~ n d a r i e s . l ~  
e a s i l y  on only one plane,  deformation of uranium a t  room temperature 
r equ i r e s  twinning t o  opera te  i n  order  t o  r e t a i n  coherence along g r a i n  
and o the r  twin boundaries 015 

Recent s t u d i e s  of deformation twinning have-found t h a t - t h e r e - i s  no 
c r i t i c a l  resolved shear  stress fo r .  twinning. Rather than  being a 
competi t ive process wi th  s l i p ,  twinning and s l i p  have-been found t o  go 
hand i n  hand. Clear a s soc ia t ions  have been found between t h e  twinning 
stress and d i s l o c a t i o n  pile-ups a t  b a r r i e r s  .16 

Although t h e  a c t u a l  

As with  moat metals t h a t  s l i p  

In p o l y c r y s t a l l i n e  uranium, twins have been observed t o  form between 
g r a i n  boundaries o r  o ther  twin boundaries,  
twin formation is as follows: A t  temperatures where twinning takes  place,  

A proposed mechanism f o r  t h i s  



not  a f f e c t  t e s t i n  r e s u l t s .  The macras t ruc ta re  corresponded t o  an FEDC 
g r a i n  s i z e  of D6" and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas cons tan t  along t h e  length. of t h e  metal stock.  

Figure 11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis  a photomicrograph of t h e  inc lus ion  and p r e c i p i t a t e  d i s t r i -  
bu t ion  i n  an unstrained sample. The long dark t h i n  inc lus ions  are 
uranium hydrides formed during t h e  g a m a  hea t  treatment. i n  s a l t .  The 
angular p a r t i c l e s  are uranium carb ides  and t h e  l a r g e  rounded p a r t i c l e s  
are e i t h e r  uranium carbides  or  U(C,0 ,7M, ) .  

The behavior of t hese  p a r t i c l e s  whes, t h e  metal was deformed at  var ious  
temperatures can be  seen i n  Figure 12, Numesours voids assoc ia ted  with 
t h e  p a r t i c l e s  were observed a t  temperatures from 25°C t o  6o0% 
500°C and 6oo0c, t h e  p a r t i c l e s  formed s t r i n g e r s  p a r a l l e l  with t h e  t e n s i l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
axis when the metal deformed, 

A t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A more d e t a i l e d  examination of t h e  p a r t i c l e  behavior is shown i n  Figure 
13. The carbides  and hydrides were more f r i a b l e  than t h e  surrounding 
mat r ix  and f r ac tu red  perpendicular t o  t h e  t e n s i l e  ax i s .  A t  temperatures 
from 25°C t o  kOO"C, cracks formed i n  t h e  mat r ix  l i nk ing  t h e  f r ac tu red  
p a r t i c l e s  toge ther ,  These cracks also ran perpendicular t o  t h e  t e n s i l e  
axis. A t  500°C and 6oo0c, t h e  f r ac tu red  p a r t i c l e s  pul led apa r t  leaving 
voids  running paral le l  t o  t h e  t e n s i l e  a x i s ,  

The s t r u c t u r e  of  t h e  mat r ix  of a longi tudznal  s e c t i o n  of t h e  sample 
adjoining t h e  f r a c t u r e  as observed under polar ized  l i g h t  i s  shown i n  
Figure 14. 
heavy twinning, 
A t  50O0C, t h e  micros t ruc ture  was p a r t i a l l y  r e c r y s t a l l i z e d ,  and i t  w a s  
almost f u l l y  r e c r y s t a l l i z e d  a t  6QO"C, 
some twinning was evident  but  t h e  major results of deformation appeared 
t o  be very elongated g ra ins  with jagged g r a i n  boundaries,  
voids  were not  observed assoc ia ted  with g r a i n  or twin boundaries, except 
when they were nucleated a t  f r ac tu red  p r e c i p i t a t e s  a t  t h e  g r a i n  boundaries. 
Even when crack nuc lea t ion  took place  at. p a r t i c l e s  a t  t h e  boundaries,  
propagation of cracks took place through the matr ixo  

Samples t e s t e d  a t  temperatures from 25°C to 400°C evidence 
Very l i t t l e  deformation of the g r a i n s  can be  seen. 

Aside from the  r e c r y s t a l l i z a t i o n ,  

Cracks o r  

,Discussion 

1. Deformat ion Mechanisms 

S t r a i n  hardening is  t h e  c h a r a c t e r i s t i c  of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP metal by which t h e  shear  stress 
required t o  produce s l i p  continuously increases  with increas ing  s t r a i n ,  
From numerous s t u d i e s  of  t h e  s t r e s s - s t r a f n  behavior of d i f f e r e n t  metals, 
two d i f f e r e n t  mechanisms of hardening due t o  d i s loca t ions  have been 
observed." 
b a r r i e r s  which impede t h e i r  motion o r  by i n t e r a c t i o n  of d i s loca t ions  wi th  
each o ther .  

S t r a i n  hardening i s  caused by dfsBocatfons p i l i n g  up a t  

I n  p o l y c r y s t a l l i n e  material, s l i p  i s  stopped a t  g r a i n  boundaries; d i s -  
l oca t ion  pi le-ups along t h e  s l i p  planes a r e  formed a t  the boundaries. 
These pi le-ups genera te  a back stress which opposes t h e  appl ied stress on 
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s l i p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis stopped a t  t he  boundaries and d i s l o c a t i o n  pile-ups are formed 
a t  t h e  boundaries along t h e  s l i p  planes; t hese  pi le-ups genera te  back 
stress which r e s u l t  i n  t he  nuc lea t ion  of twins. 
twin nuc lea t ion  i n  metals have been found t o  be g rea t e r  than stresses 
necessary f o r  propagation of twins; t he re fo re ,  it would be d i f f i c u l t  
t o  observe twins growing from t h e  b o u n d a r f e ~ . ~ ~  

S t r e s ses  necessary f o r  

Rued1 and Amelinchx i n  an e l ec t ron  microscopic examination of uranium 
annealed a t  500°C found hexagonal networks of d i sa s soc ia t ed  nodes 
ly ing  i n  t h e  (001) plane, i nd ica t ing  a low s tacking  f a u l t  energy,I8 
Croker has shown t h a t  t hese  s tacking  faul'cs a r e  a r e s u l t  of t h e  d i s -  
a s soc ia t ion  of pe r fec t  d i s locz t fons  with Bergers vec tors  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1001 and 
[ 1101 i n t o  p a r t i a l s  -1s 

The process of c ross - s l ip  has been found t o  be more d i f f i c u l t  i n  metals 
on planes with low s tacking  f a u l t  energies;  i e e e ,  containing wide 
s t ack ing  f a u l t s .  Also metals with low s tacking  f a u l t  energ ies  twin more 
r ead i ly ,  s t r a i n  harden more rap id ly ,  and show a d i f f e r e n t  temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7% 
dependence of flow stress from metals with higher s tacking  f a u l t  
energ ies .  20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As has been noted, (001)[1001 c r o s s - s l i p  has been observed i n  uranium 
assoc ia ted  with (001)[ 1001 s l i p .  
t he  form of small jogs of s h o r t  l ength  i n  (010) s l i p  bands. 
t u r e  increased,  t he  c ross  s l i p  was observed more f requent ly  and t h e  
(010) s l i p  bands took on a wavy appearanceel" 
t h e  observat ion t h a t  s tacking  f a u l t  energ ies  inc rease  wi th  increas ing  
temperature thus decreasing t h e  res zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf s t ance t o  c ross  -s l i p  .21 

However, t h i s  c ross  s l i p  occurred in 
As tempera- 

This i s  cons i s t en t  wi th  

The s tacking  f a u l t  energy of  a metal i s  a funct ion of  t h e  atomic binding 
i n  t h e  l a t t i c e e 2 "  
atoms i n  the  orthorhombic c r y s t a l  s t r u c t u r e  of a lpha uranium, comparisons 
between i t  and m e t a l  with  more orthodox binding arrangements may be 
inva l id .  However, assuming t h a t  s tacking  f a u l t s  do in f luence  t h e  c ross -  
s l i p  behavior of uranium as i t  does i n  o the r  metals, the change in binding 
from convalent t o  i o n i c  proposed by F r i ede l  wi th  increased temperature2" 
could s i g n i f i c a n t l y  a f f e c t  t h e  c r o s s - s l i p  behavior. 

Because of t h e  pecu l i a r  binding arrangements between 

A t  6OO0C, Chiswik, e t  al.,  found (OOl)[lOQ] s l i p  t o  be t h e  predominant 
mode of deformation as compared with i t s  occurrence only as c ross - s l ip  
a t  room t e m p e r a t ~ r e . ~ ~  
was est imated t o  be less than one-tenth of t h a t  f o r  (OlO)[lOO] s l i p .  
a l s o  found t h a t  t h e  c r i t i c a l  resolved shear stress f o r  (OlO)[lOOl s l i p  
w a s  reduced only 15% from i t s  value  a t  room temperature. 

The c r i t i c a l  resolved shear  stress fo r  t h i s  s l i p  
H e  

Both Cahn12 and Butcher25 in e leva ted  temperature s t u d i e s  of deformation 
of uranium found t h a t  twinning as an important mode of deformation d i s -  
appeared a t  temperatures above 450°C and 500°C. This is similar t o  t h e  
change f n  deformed micros t ruc ture  between 4SO"C and 500°C i n  Figure 14, 
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Butcher pos tu la ted  t h r e e  poss ib l e  reasons f o r  t h i s  occurrence: 

1. 

2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA r e l a t i v e  decrease i n  the  c r i t i c a l  resolved shear  stress f o r  

An inc rease  i n  t h e  number of s l i p  modes; 

s l i p  compared with t h a t  f o r  twinning; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn increase  i n  gra in-  and polygon-boundary s l i p  with a 

decreased need fo r  twinning. 

A s  Butcher pointed out ,  a l l  t h e  s l i p  systems seen a t  e leva ted  temperatures 
had a l s o  been observed a t  room temperature, although much less f requent ly .  

The second p o s s i b i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis  most probable i n  t h a t  t h e  c r i t i c a l  resolved 
shear  stress f o r  s l i p  decreases  wi th  inc rease  i n  temperature. 
i nc rease  i n  t h e  importance of slip systems at elevated temperature would 

thus reduce t h e  need f o r  twinning. 
thermal f luc tua t ions  can assist i n  unlocking d i s loca t ions ,  t h e  c r i t i c a l  
resolved shear  stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis lowered considerably and thus  s l i p  assumes a 
much g rea t e r  r o l e  in deformation processes.  

A r e l a t i v e  

A t  recovery temperatures where 
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As f o r  g r a i n  boundary s l i d i n g  being important f o r  a decrease i n  twinning, 
t h i s  is another way of saying t h a t  increased s l i p  causes the  disappearance 
of twins. 
p lace  at recovery temperatures and when s l i p  is occurr ing throughout t he  
i n t e r i o r  of t he  grain.' 
be seen t h a t  t h e  g r a i n  boundaries of t h e  elongated g ra ins  have been 
se r r a t ed .  
t h a t  t h i s  s e r r a t i o n  is due t o  "packetized" s l i p  o r  s l i p  c ross ing  t h e  g r a i n  
boundaries producing jogs i n  t h e  boundaries e26 Another explanat ion could 
be  t h a t  t h e  boundaries s l i p  i n  s t eps  j u s t  as s l i p  wi th in  the  g ra ins  takes 

place.27 

It has been found t h a t  g r a i n  boundary s l i d i n g  can only take  

In  Figure 14 f o r  500°C micros t ruc tures ,  i t  can 

It has been proposed by researchers  a t  t h e  Universi ty  of F lo r ida  

2. Frac ture  

From Figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and 6, i t  can be seen t h a t  t h e  d u c t i l i t y  of uranium 
increases  only q u i t e  slowly i n  the  range of 25% t o  3OO"C, 
phenomenon is due t o  t h e  b r i t t l e  t o  d u c t i l e  f r a c t u r e  t r a n s i t i o n  as has 
been w e l l  es t ab l i shed  by many observers .  Tapl in  and Martin2' found t h a t  
f o r  f a i r l y  pure uranium, the  t r a n s i t i o n  began a t  -190°C and f in i shed  a t  
about 50°C. Small addi t ions  of i r o n  and aluminum a s  w e l l  as increased 
i r r e g u l a r i t y  of t h e  g r a i n  boundaries slowed down t h e  rate of  increase  
i n  d u c t i l i t y  wi th  temperature thereby s h i f t i n g  t h e  end of t r a n s i t i o n  t o  
temperatures as high a s  300°C. 

This 

S tudies  of the  e f f e c t  of heat  treatment of  uranium samples i n  d i f f e r e n t  
media showed t h a t  sa l t  t reatments  reduced t h e i r  d u ~ t i l i t y . ~ '  
was ascr ibed  t o  pickup of  hydrogen during t h e  s a l t  soak as took place i n  
the  heat  treatment of t he  metal f o r  t hese  tests. 
e f f e c t  of hydrogen by Marsh, e t  

This e f f e c t  

An i n v e s t i g a t i o n  of t h e  
on t h e  f r a c t u r e  t r a n s i t i o n  i n  
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uranium found t h a t  increased l e v e l s  of hydrogen s i g n i f i c a n t l y  increased 
t h e  t r a n s i t i o n  temperature range. 

A s  was i l l u s t r a t e d  i n  Figures 12 and l3> cracks were formed i n  t h e  
matr ix  of t h e  metal  o r ig ina t ing  from rqptured carbides .  
carbon l e v e l  provided many carbides  a s  sites fo r  t h e  i n i t i a t i o n  of 
f r ac tu re .  From zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25°C up t o  3WQC, p l a s t i c  deformation was too  small 
t o  r e l i e v e  t h e  stress concentrat ions a t  t h e  p a r t i c l e s  i n  t h e  matr ix  
and thus  cracks propagated th ru  t h e  c ross  s e c t i o n  of t h e  sample. 

Thus, t h e  high 

This can bes t  be seen f o r  samples pulled a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25'6 and 100°C where 
f r a c t u r e  took p lace  before  t h e  onse t  of necking. 
some necking took p lace  and the  cracks i n  t h e  mat r ix  spread apa r t  
somewhat. 
t e n s i l e  sample, a t r i a x i a l  state  of stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis u l t ima te ly  b u i l t  up. 
This f i n a l  condi t ion  r a i s e s  t h e  l e v e l  of flow stress necessary t o  
produce p l a s t i c  deformation thus favoring propagation of cracks i n  a 
b r i t t l e  manner. 

A t  200% and 300°C, 

However, i n  the  region where necking takes  p lace  i n  a 
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In  Figure 6, a pla teau  i n  t h e  increase  i n  percent e longat ion wi th  
temperature i s  evident at  300°C. A poss ib le  explanat ion of t h i s  e f f e c t  
is t h a t  t h e  method of measuring percent e longat ion along t h e  gage length  
does not t a k e  i n t o  account t he  increase  i n  length  along t h e  r ad ius  of 
curva ture  of t h e  neck, A s  a r e s u l t ,  t h e  percent e longat ion may under- 

s ta te  the actual duc t i l i t y ,  whereas the percent reduction i n  area would 
be a b e t t e r  measure of d u c t i l i t y .  As can be seen i n  Figure 5, t h e r e  is 
not a pla teau  i n  t h e  temperature dependence percent reduct ion  i n  a rea  
a t  300°C. However, o the r  researchers  have noted not j u s t  a p la teau  but 
a minimum i n  both t h e  percent reduct ion i n  a rea  and t h e  percent e longat ion 
a t  about t h i s  temperature. 32 Some observers  have a t t r i b u t e d  t h i s  behavior 
t o  t h e  formation of microcracks a t  t h e  uranium g r a i n  boundaries; however, 
' these cracks have not been ident i f ied .26  

A t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4OO0C, f r a c t u r e  was most probably a mixture of b r i t t l e  and d u c t i l e  
behavior. 
i n  f r a c t u r e  but i n  t h i s  case t h e  ruptured carb ide  pul led  apa r t  forming 
voids  between them. A s  t h e  samples necked down, these  voids coalesced 
i n  t h e  neck, thus i n s t i t u t i n g  d u c t i l e  f r a c t u r e .  

A t  500°C and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6oo0c, t h e  carb ide  p a r t i c l e s  again played a r o l e  

PROLONGED HOT HARDNESS TESTING 

In t roduct ion  

Hot hardness t e s t i n g  presents  a s i m p l e  and inexpensive means of explor ing 
t h e  r e s i s t a n c e  t o  flow of uranium a t  elevated temperatures,  Whereas hardness 
as a property is defined as t h e  r e s i s t a n c e  of a metal to indenta t ion ,  r e s u l t s  
may be  inf luenced by t h e  amount of t i m e  under load due t o  change i n  r e s i s t a n c e  
with t i m e .  
t h e  p l a s t i c  deformation r e s u l t i n g  from an indentor  s inking i n t o  the  material 
may be considered a form of compressive creep, 

Inves t iga to r s  have found t h a t  i f  t h e  indenta t ion  t i m e  is  prolonged, 

33,34 
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With t h i s  i n  mind, a prolonged hot hardness test  was designed with the  
s t i p u l a t i o n  t h a t  t h e  test  temperature, load, t i m e ,  and indentor  s ize  and 
shape be held constant .  
ing from the  test could be  used as a q u a l i t a t i v e  measure t o  rank a l loys  of 
d i f f e r i n g  composition and thermal and f a b r i c a t i o n  h i s t o r i e s  as t o  t h e i r  
creep r e s i s t a n c e .  

Experimental Work zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1, Test Conditions 

It was hoped t h a t  t h e  indenta t ion  diameter r e s u l t -  

The temperature se l ec t ed  fo r  t h e  test was 400°C s i n c e  t h i s  temperature 
w a s  with in  t h e  thermal range a t  which c a v i t a t i o n a l  swel l ing i n  uranium 
had been observed. A test load of 600 pounds and a 10 mm. sphe r i ca l  
indentor  were chosen t o  g ive  la rge ,  e a s i l y  measured indenta t ions .  In  
order  t h a t  tests might be run on a twenty-four-hour cyc le  b a s i s  yet  
allow enough t i m e  f o r  s i g n i f i c a n t  creep t o  t ake  place,  a twenty-two-hour 
indenta t ion  t i m e  w a s  adopted. 

2. H o t  Hardness T e s t e r  Design 

Two d i f f e r e n t  testers were used i n  t h i s  work. Most of tfie work w a s  
done using a spring-loaded tester. However, t h e  loading ch 
of t h i s  tester proved t o  be of l imi ted  usefulness .  The load had t o  be 
appl ied before  heat ing t o  tes t  temperature and load app l i ca t ions  of very 
sho r t  dura t ion  could not be made. 
scoping tests as t o  t h e  e f f e c t  of d i f f e r e n t  loads and d i f f e r e n t  times 
under load, a lever-loaded tester was a l s o  developed. 

The d e s i g q o f  t h e  spring-loaded tester i s  shown i n  Figure 15. 
cons is ted  of a w e l l  i n  which t h e  sample could be sea led  under an i n e r t  
atmosphere zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a compressive load was appl ied and maintained by a spring.  
By varying t h e  d e f l e c t i o n  of the  spr ing ,  d i f f e r e n t  loads could be appl ied.  

The sample holder was at tached t o  t h e  lower end of t h e  loading rod. It 
held t w o  samples wi th  a hardened s t e e l  b a l l  between them, 
on t h e  sample holder  kept t h i s  conf igura t ion  i n  p lace ,  The loading rod 
passed through a s l i d i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"0" r i n g  s e a l  i n  t h e  top  of t h e  w e l l .  
upper end was a f l ange  aga ins t  which t h e  compression sp r ing  acted.  The 
load ac tua to r  above t h e  sp r ing  was dr iven  down aga ins t  i t  with  a loading 
handle screwed through t h e  upper c ros s  bar .  The two ou t s ide  rods acted 
as guide rods f o r  t he  loading ac tua to r  and as loading columns between 
t h e  c ross  bar and t h e  top of t h e  w e l l .  

Since it was des i red  t o  perform some 

It 

Small spr ings  

On i ts  

When assembled, t h e  w e l l  and we131 top were bol ted  together  with an "0" 
r i n g  seal between them. 
through t h e  w e l l  cover e 

Alumel thermocouple was located i n  t h e  thermocouple tube wi th  i t s  end 
posi t ioned near t h e  cen te r  of t he  sample configurat ion.  The c a l i b r a t i o n  
of  t h e  thermocouple w i r e  w a s  f 4'F up t o  530'F and f 3/49 of the va lue  
above 530°F. 

An argon i n l e t  and thermocouple tube passed 
A 1/16-inch-diameter inconel sheathed, Cromel- 

The thermocouple tube a l s o  ac ted  as t he  argon o u t l e t .  

n 



The lever-loaded tester 'is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAshown in Figure 16, 
tester w a s  t h e  same as i n  Figure 15, except f o r  t h e  use of a tungsten 
carb ide  b a l l  as t he  indentor ,  The loading oolumn system was el iminated 
and two kn i f e  edge "V" grooves mounted i n  a r o t a t i n g  c ross  bar  were 
added t o  t h e  top  o f - t h e  loading rod. 
t h e  w e l l  and loading rod assembly i n t o  a framework t o  which was a t tached  
a long lever  a r m .  
s i d e  a shor t  d i s t ance  away f rom' i t s  fulcrum attachment on t h e  framework, 
When lowered onto the  tester,, t h e  kn i f e  edges f i t t e d  i n  t h e  "V" gnooves 
on t h e  top  of t he  loading rod. 
a load of 100 pounds t o  t h e  tester. 

For g rea t e r  loads,  weights were hung on t h e  end of t h e  l e v e r ,  
t h e  d i s t a n c e  from t h e  fulcrum a t  which a p a r t i c u l a r  weight might be 
placed, any s p e c i f i c  load could be appl ied.  A steel  meter r u l e  was 
bol ted  t o  t h e  l eve r  t o  in su re  accura te  pos i t ion ing  of t h e  weight holder .  

The l eve r  system w a s  c a l i b r a t e d  a t  400, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.00, and 800 pound loads t o  
wi th in  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 1 pound. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k 2 pounds. 
t ioned on the  lower c ross  bars of the  loading framework, 
t h e  w e l l  was r a i s e d  o f f  t he  framework and the  bottom r e s t e d  on t h e  
sca l e .  Thus, t h e  load was t ransmi t ted  from t h e  l eve r  through t h e  tester 
t o  t h e  s c a l e .  The amount of f r i c t i o n  due t o  t h e  s l i d i n g  "0" r i n g  s e a l  
where t h e  loading rod passed through t h e  wel l  top  is not known, 

The lower portion of t h e  

Loading was accomplished by p l ac ing~  

The lever  arm had kn i f e  edges p ro jec t ing  from each 

The weight of t h e  lever  i t s e l f  appl ied 

By varying 

The genera l  r e p r o d u c i b i l i t y  of appl ied load was 
Ca l ib ra t ion  was made with a Toledo 1200-pound scale posi- 

The top  of 

Heating was accomplished i n  a 5-inch-diameter, 12-inch-deep r e s i s t a n c e  
heated, s t i r r e d ,  l i q u i d  so lder  bath.  The so lder  ba th  provided f a s t  
hea t ing  rates and s t i r r i n g  el iminated thermal g rad ien t s  wi th in  t h e  bath,  
Temperature con t ro l  was provided by a Honeywell E lec t ronik  18 Recorder 

and Electr-0-Pulse 18 Controller The control  thermocouple was located 
i n  a w e l l  on the  s i d e  of t h e  pot between t h e  pot and r e s i s t a n c e  hea t ing  
elements. Temperature measurements were made with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa Leeds and Northrup 
m i l l i v o l t  potentiometer and a continuous record of temperature was pro- 
vided by Leeds and Northrup Speedomax H Recorder. 

An i n e r t  atmosphere of argon was passed through zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhi drying agent before  
in t roducf ion  i n t o  t h e  tester. 
used t o  con t ro l  gas flow, 

A c a l i b r a t e d  rotameter  flow meter was 

3. Sample Prepara t ion  _ .  

The chemistry,  f ab r i ca t ion ,  and thermal h i s t o r y  of  t h e  d i l u t e  uranium 
a l l o y s  t e s t e d  are sumar i zed  i n  Table 111. Samples f o r  t h e  test were 
3/8-inch th ick ,  1/2-inch wide; and 1-inch long. 
each of t h e  samples were machined on a l a t h e  t o  in su re  uniformity i n  
thickness .  The test surfhice of t h e  sample was ground on 180 through 
600 g r i t  s i l i c o n  carb ide  abras ive  paper t o  remove machining marks and 
d e f o h e d  material r e s u l t i n g  from machining. 

The opposing faces  of 
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TABLE I11 

The Chemistry, Fabrication, and Thermal History zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of the Dilute Uranium Alloys for Prolonged Hot Hardness Testing 

Additive Total Additivec 
Alloya Chemistry in ppmb Concentration in ppm Type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- -Hfeatd - 

Designation Fe A1 - Cr Mo Actual Adjusted Extrusion Treatment 

D-1 
1-2 
D-3 
D-4 
D-5 
D -6 

1-7 

D-8 
D-9 
D-10 
D-11 

1-12 250 

D-13 220 

1-14 230 

D-15 230 

954 890 
360 1000 -- 
270 300 240 -- lo60 

-- -- -- 
-- 1427 

370 870 -- -- 1460 

260 
260 
293 
300 
390 
674 

700 

954 
760 
902 

1060 

Alpha 
Gamma 
Alpha 
Gamma 
Alpha 
Alpha 

Alpha 

Alpha 
Alpha 
G a m a  
Alpha 

970 97s Alpha 260 180 280 -- 

240 910 200 -- 1670 1066 Alpha 

320 680 220 -- 1450 1120 Alpha 

1170 Gamma 410 890 220 -- 1750 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

s-0 
s-0 
s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-0 
s-0 
s -0 
s -0 
s-s 
s -0 
s-s 
s-w 
S -A 
s-0 
s-0 
s-s 
s-0 
s-s 
s-0 
s-s 
s-w 
S -A 
s-0 
s-s . 
s -0 
s-s 
s-w 
S -A 
s-s 
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4. Experimental Procedure 

I n i t i a l  loading of t h e  spr ing  tester was done zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon a Baldwin Tate  Emery 
Universal  t e s t i n g  machine. After  i n s e r t i o n  of t he  samples and b a l l  i n  
t he  sample holder  and assembly of t he  tester, a yoke was f i t t e d  over 
t h e  upper loading framework t o  wing extensions on t h e  load ac tua to r .  
The u n i t  was then placed between t h e  lower c ross  head and t a b l e  of t h e  
t e s t i n g  machine and a 600-pound compressive load appl ied.  Next, t h e  
loading handle was screwed down f l u s h  with the  top  of t h e  load ac tua tor  
and t ightened one-eighth of a t u r n  t o  t r a n s f e r  t he  load from t h e  machine 
t o  t h e  tester. 

After  t h e  tester had been purged with argon, t h e  tester w e l l  was 
immersed t h r e e  qua r t e r s  of i t s  length  i n  t h e  l i q u i d  so lde r  bath.  
Approximately one-half hour was required f o r  t h e  samples t o  reach 
temperature. 
throughout t he  test .  Twenty-two hours from the  t ime of i n s e r t i o n  i n  
t h e  ba th  t h e  tester was removed and quenched i n t o  water.  

A t h r e e  cubic foot lhour  flow of argon was maintained 

For t h e  l eve r  t e s t e r ,  t he  assembly was purged with argon and set i n  
t h e  loading framework immersing i t  i n  t he  so lder  bath under t h e  frame- 
work. The load was not  appl ied f o r  one hour a f t e r  i m e r s i o n  t o  allow 
temperature e q u i l i b r a t i o n  of t h e  samples. 

The loading procedure cons is ted  of f i r s t  pos i t ion ing  t h e  l eve r  on top 

of t he  loading rod and then applying t h e  major load by slowly lowering 
t h e  weight assembly with a j ack  u h t i l  it was hanging from t h e  l eve r  a r m .  
The test dura t ion  was timed from the  app l i ca t ion  of t he  major load. 
Af te r  twenty-two hours, t he  major load was removed by jacking up t h e  weight 
hanger and removing the  lever .  The tester was then quenched i n t o  water. 

5. Scoping Tests 

A few tests were performed t o  determine t h e  e f f e c t  of varying load, time, 
temperature, and indentor  s i z e .  Two a l l o y s  were se l ec t ed  t h a t  had been 
b e t a  t r e a t e d  i n  molten sa l t  and oil quenched, represent ing  t h e  lowest ( D l )  
and t h e  h ighes t  (1-18) a l l o y  contents ,  r e spec t ive ly ,  
t e s t e d .  The e f f e c t s  of d i f f e r e n t  loads and indenta t ion  diameters were 
s tudied  a t  room temperature. Several  d i f f e r e n t  types of conventional 
hardness testers and t h r e e  ball. diameters were used. 
loads,  and b a l l  diameters a r e  l i s t e d  i n  Table I V .  

of t h e  t o t a l  a r r a y  

The hardness testers, 

In  these  tests, t h e  load was appl ied fo r  one minute. 
a minor load was appl ied a s  with t h e  lever  and Rockwell t e s t e r s ,  t h e  
sequence of loading was minor load f o r  20 seconds, t o t a l  load f o r  one 
minute, and minor load f o r  another 20 seconds. Two indenta t ions  were 
made on t h e  samples f o r  each set of condi t ions and t h e i r  r e s u l t s  
averaged 

In  the  case  where 

A few tests were a l s o  run a t  400°C t o  determine the  e f f e c t  of varying 
load. Only t h e  lever  tester with a 10 a m t u n g s t e n  carb ide  b a l l  was 
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1-17 

1-18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TABLE 111 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(&ne.) 

310 350 810 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- 1100 

a D - Dingot Metal, Carbon Level zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz 40 ppm. 
600 ppm. I - Ingot Metal, Carbon Level 

1410 

1560 

2380 ’ 1790 

Alpha 

Alpha 

Alpha 

s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-0 
s-s 
s-0 
s-s 
s-w 
S-A 
s-0 
s-s 
s-w 
S-A 

Figures i n  parentheses are normal impurity levels. 

C Adjcsted t o t a l s  excluded A 1  > 400 ppm and Fe i n  the  r a t i o  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ppm Fe 
t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA16 ppm A1 f o r  A1 content  > 400 ppm, 

d A l l  heat  t reatments  began with a 10-minute b e t a  soak a t  732°C followed 
by var ious quenches : 

( S - 0 )  - 10-second a i r  delay,  quench in 55°C oil, 
(S-S) - 10-second a i r  delay,  quench i n t o  500°C s a l t  and hold  

(S-W) - 10-second a i r  delay,  quench in water. 
(S-A) - a i r  cool. 

f o r  2 minutes, 10-second air delay, quench i n t o  w a t e r .  
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TABU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Hardness Testers, Indenter Sizes ,  and Loads 
Used t o  Determine t h e  Effec t  of Various Loads and 

Indenters  on the  Indentat ion Behavior of Alloys D - 1  and D-18 

Tungsten Carbide Load i n  Load i n  Alloy 
Hardness Tester Ball Diameter, mm. Pounds Kg Tested 

Lever Tester 

King Por tab le  Br ine l l  

Rockwell 

10 

10 

3.175 

1.588 

400 182 D-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 1-18 

600 272 D - 1  & 1-18 

800 363 D-1  & 1-18 

-- 500 1-18 

750 I- 18 

1000 I- 18 

1500 I- 18 

3000 1-18 

-- 60 D-1 & 1-18 

-- 100 D - 1  & 1-18 

150 D - 1  & 1-18 -- 

-- 60 1-18 

-- 100 1-18 

-- 150 1-18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

used. 
and t h e  loading procedure i d e n t i c a l  wi th  t h a t  ou t l i ned  above. 

The loads used were t h e  same as i n  Table I11 f o r  t h e  lever  tester 

Scoping tests were a l s o  made t o  determine t h e  e f f e c t  of t i m e  under a 
600-pound load a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400°C using t h e  levek tester. 
t e s t i n g  was t he  same as f o r  t h e  409"C, one-minute tests, t h e  dura t ion  
being measured from t h e  time of app l i ca t ion  of t h e  load. 
wi th  samples of both of t h e  a l l o y s  included i n  each test, were run 
f o r  each of a sequence of indenta t ion  times, t hese  were: 
four  hours, s ix t een  hours, and twenfy-eight hours, respec t ive ly .  

No tests were made t o  determine t h e  e f f e c t  of d i f f e r e n t  temperatures 

on indenta t ion  diameter.  However, samples from r e j e c t e d  t es t s  t h a t  
exceeded 405°C fo r  sho r t  per iods of t i m e  showed much l a rge r  indenta t ions  
ind ica t ing  a marked temperature dependence. 

The procedure of 

Two tests 

one minute, 

6. Indenta t ton  Measurement 

The indenta t ions  r e s u l t i n g  from t e s t s  with the  s p r i n g * t e s t e r  were 
photographed a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa magnif icat ion of 24.QX using a9 Bausch and Lomb Model L 
camera. A s l i g h t  po l i sh  was given t h e  samples before  photographing them 
using Linde B alumina suspended i n  d i s t i l l e d  water t o  remove oxidat ion 
on t h e  su r face  of t h e  sample and t o  d e l i n e a t e  t h e  edge of t h e  indenta t ions .  
A photograph of a r ep resen ta t ive  specimen is shown i n  Figure 17. The 
white r i m  around the  edge of t h e  indenta t ion  is a r idge  of metal  extruded 
from beneath t h e  indentor  b a l l  during t e s t i n g .  Eight measurements of t h e  
diameter between t h e  i n s i d e  edge of t h e  r i m  were made from the  photograph 
a t  increments of 45 degrees around the  circumference o f  t h e  sample and 
t h e  r e s u l t s  averaged as t h e  diameter bf indenta t ion  f 0.001 inch. 

In  t h e  process of examining the  indenta t ions  i n  t h i s  manner, some very 
i r r e g u l a r  indenta t ions  were observed. These i r r e g u l a r i t i e s  were due 
t o  deformation spo t s  on t h e  hardened steel b a l l s  formed during previous 
tests. The tests i n  which t h i s  i r r e g u l a r i t y  was observed were not 
included i n  the  results. 
tungsten carb ide  b a l l s  were used which avoided t h i s  problem. 

I n  the  l a t e r  tests using t h e  lever tester, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An ana lys i s  of s eve ra l  photographs taken of t h e  same indenta t ion  revealed 
a s l i g h t  but s t a t i s t i c a l l y  r e a l  d i f f e rence  in measurements made on d i f -  
f e r e n t  photographs due t o  s t r e t c h i n g  of t h e  paper, POP t h i s  reason, 
indenta t ions  r e s u l t i n g  from tests with t h e  lever  tester and from t h e  
scoping tests were measured using a f i l a r  eyepiece in 'conjunct ion  with 
t h e  o p t i c s  and microstage of a Tukon hardness tester. The measuring 
se tup  was ca l ib ra t ed  t o  wi th in  f Q,QOBI inch. 
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TEST RESULTS 

1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A 

Prolonged Hot Hardness T e s t  

The indenta t ions  fo r  the d i l u t e  uranium d h y s  i nves t iga t ed  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe 
prolonged hot hardness test using the  spr ing  t e s t e r  have been displayed 
i n  graphica l  form, with t h e  da t a  derived from water-quenched and o i l -  
quenched core  blanks presented i n  Figure 18 and t h e  r e s u l t s  f o r  air-  
cooled and salt-quenched cores  p lo t t ed  i n  Figure 19. I n  determining 
t h e  e f f e c t  of add i t ives  on the  r e s u l t s  of t h e  test ,  i t  was assumed t h a t  
t h e  hardening e f f e c t  of an add i t ive  was l imi t ed  t o  i ts  s o l u b i l i t y  i n  
b e t a  uranium a t  732"C.(the c o n t r o l  point  f o r  b e t a  heat  treatment), 
Larger concentrat ions would r e s u l t  i n  some of t h e  a d d i t i v e  remaining 
as p r e c i p i t a t e  during b e t a  treatment and thus be unavai lab le  fo r  s o l u t i o n  
hardening on quenching. Since d i f f u s i o n  is r a p i d  i n  t h e  b e t a  range, 
agglomeration of p r e c i p i t a t e s  not  taken i n t o  so lu t ion  would prevent 
s i g n i f i c a n t  p r e c i p i t a t e  hardening. 
d i f f u s i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis slow; t he re fo re  p r e c i p i t a t i o n  of t h e  add i t ives  quenched 
from a s o l u t i o n  t empera ture  should not take  p lace  to harden t h e  
material e 

For t h e  a l l o y s  t e s t e d ,  except f o r  t h e  aluminum a l l o y s  containing more 
than 400 pprn, the  high s i l i c o n  a l loy ,  and the high molybdenum a l l o y s ,  
t h e  a d d i t i v e  l e v e l s  were with in  t h e i r  solubility l i m i t s  i n  be t a  uranium 
a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA732 QC 

A t  t h e  test temperature of 4OO0C, 

The s o l u b i l i t y  of aluminum i n  b e t a  uranium a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA750% has been found t o  be 
about 400 p ~ m . ' ~  
b i l i t y  l i m i t .  
examination of t he  micros t ruc ture  a s  shown i n  Figure 20 of s a l t - o i l  
hea t - t rea ted  Alloy D-16,  revealed f i n e  p r e c i p i t a t e s  i n  t h e  mat r ix  i n d i -  
ca t ing  t h a t  some of t h e  molybdenum was not  so lub i l i zed  during t h e  b e t a  
heat  treatment. The quan t i ty  of p r e c i p i t a t e  was small, however, and i t  
was assumed t h a t  almost a l l  of t h e  molybdenum w a s  in so lu t ion .  

An add i t iona l  e f f e c t  decreasing the  amount of an add i t ive  ava i l ab le  f o r  
s o l u t i o n  hardening takes place i n  t h e  high aluminum a l l o y s  containing 
i ron.  
MCW revealed a marked s o l u b i l i t y  of i r o n  i n  UAZp.35 
s o l u b i l i t y  of i r o n  i n  UA12 was found t o  be approximately i n  t h e  r a t i o  
of 2 rnols of Fe f o r  every 28 mols of A 1  eoneained i n  UA3.2. 

The 890 ppm s i l i c o n  a l l o y  i s  q u i t e  c l o s e  t o  i ts  solu-  
Although t h e  s o l u b i l i t y  of molybdenum is not  known, an 

Inves t iga t ions  of t he  uranium-iron-aluminum te rna ry  system t a t  

A t  750"C, t he  

With t h e  preceding d iscuss ion  i n  mind, an "adjusted t o t a l  a l l o y  content"  
ava i l ab le  f o r  s o l u t i o n  hardening w a s  ca l cu la t ed  f o r  t h e  d i f f e r e n t  a l l o y s  
using the  following c r i t e r i a :  

1. For Si, C r ,  and MQ, inc lude  ac tua l  a d d i t i v e  l eve l s .  

2 ,  For high A I  a l loys ,  exclude A l  grea te r  t h m  400 ppm from 
t h e  t o t a l  
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3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor high A 1  a l l o y s  containing Fe, exclude Fe i n  t h e  r a t i o  

of 3 ppm Fe f o r  every 16 ppm A 1  above an A1 l e v e l  of 400 ppm. 

The "adjusted t o t a l  a l l o y  content" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis included i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI11 and is p lo t t ed  
on the  log o rd ina te  of t h e  graphs of adjusted t o t a l  a l l o y  content  versus  
indenta t ion  diameter i n  Figures 18 and 19. 
seen t h a t  t h e  prolonged hot hardness indenta t ion  diameter f o r  severe ly  
quenched ma te r i a l  decreased a s  t h e  log of t h e  "adjusted t o t a l  a l l o y  content" 
increased.  
t rend  is t h e  same. Comparing t h e  two f igu res ,  i t  can be  seen t h a t  t h e  
more severe quenches, i n  general ,  r e s u l t e d  i n  smaller indenta t ions .  This 
is conceivable due t o  increased hardness of t he  uranium from p l a s t i c  
deformation of t he  g ra ins  during t h e  seve res t  quenches. There i s  no 
d i s c e r n i b l e  d i f f e rence  between alpha and g a m a  extruded a l l o y s  o r  between 
t h e  low carbon dingot a l l o y s  and the  high carbon ingot  a l loys .  

From Figure 18, i t  can be 

In  Figure 19, t h e r e  is q u i t e  a b i t  of s c a t t e r ,  but t h e  genera l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2. Scoping Tests 

The results of the  room temperature hardness tests with d i f f e r e n t  hardness 
testers, loads, and indentors  are summarized i n  Figure 21. The indenta-  
t i o n  diameters and loads f o r  tests using indentors  smaller than 10 mm. 
were converted t o  values  t h a t  would have yielded equal hardness if zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 10 mm. 
diameter b a l l  had been used. The conversion was based on t h e  phys ica l  
p r i n c i p l e  of geometr ical ly  s i m i l a r  indenta t ions  and on t h e  empir ica l ly  
der ived hardness r e l a t i o n s h i p  known as Meyer ' s  Law,'' 

The physical  r e l a t i o n s h i p  of  geometr ical ly  similar indenta t ions  s t a t e s  

t h a t  hardness tests using sphe r i ca l  indentors  of d i f f e r e n t  diameters ( D )  
w i l l  y i e l d  t h e  same hardness value when t h e  indenta t ion  diameters (d)  
bear a common r e l a t i o n s h i p  t o  t h e  r e spec t ive  indentor  diameters ,  When 
t h i s  occurs,  condi t ions e x i s t  a s  i n  Equation 7. 

- = -  d l  d2 (7)  
Dl D2 

Meyer's Law predicted i n  1908 t h a t  i f  d i f f e r e n t  loads were used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  fo rce  
an indentor  i n t o  a ma te r i a l ,  a r e l a t i o n s h i p  would e x i s t  between the  load 
and indenta t ion  diameter a s  expressed i n  Equation 8. 

w =  

where W = 
d =  
K =  

n =  

Kdn 

Load i n  Kg 
Diameter of indenta t ion  i n  nun. 
A constant  of t h e  ma te r i a l  and is t he  load value 
a t  d = 1. 
Constant of t he  mater ia l  ( a c t u a l l y  by d e f i n i t i o n  
n is t h e s l o p e  of a log-log p l o t  of load versus. 
indenta t ion  d i ame te r ) ,  

Meyer's Law a l s o  s t a t e d  t h a t  i f  b a l l s  of d i f f e r e n t  diameters D1 and D 2  
were used, t h e  index n was almost independent of t h e  b a l l  diameter and 
only the  value of K var ied  so t h a t  a r e l a t i o n s h i p  ex i s t ed  a s  i n  Equation 9. 



where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= A constant  

From Equations 8 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 ,  w e  may write an expression r e l a t i n g  load, b a l l  
diameter,  and indenta t ion  diameter fo r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa p a r t i c u l a r  ma te r i a l ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

W 
F =  A 

From t h e  p r i n c i p l e  of geometr ical ly  s imi l a r  indenta t ions  as s t a t e d  i n  
Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 ,  i t  can be seen t h a t  t o  have equal hardness using b a l l s  of two 
diameters,  t h e  r a t i o  of load t o  b a l l  diameter squared must be constant  o r  

Using Meyer's ana lys i s ,  t h e  values  of K and n were determined f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt e s t s  
performed with tungsten carb ide  b a l l s  of less than lQ-m, diameter.  
These values  were used t o  compute t h e  constant  A and in t u r n  eva lua te  
t h e  diameters of i nden ta t ion  t h a t  would have been geometr ical ly  s imi l a r  
i f  a 10-m. b a l l  had been used, 
necessary t o  produce a geometr ical ly  similar indenta t ion  was ca lcu la t ed  

using Equation 11, 

Eikew$sa, t h e  load t h a t  would have been 

As can be seen i r ~  Figure 21, t h e  cor rec ted  values  of load and indenta t ion  
agree w e l l  with values  obtained wi th  a lO-~rm,-diameter indentor .  
Meyer's index n and t h e  parame-ter K f o r  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo a l l o y s  were as follows: 
f o r  D-1, n = 2,48 and K = 99.8 kg.; f o r  1-18, R = 2.31 and K = 145 kg. 
Comparing t h e  values  of n fo r  t h e  two a l loys ,  t h e  increase  i n  diameter 
of i nden ta t ion  with increas ing  load i s  g rea t e r  fo r  a l l o y  D - l .  Thus a t  
higher  l e v e l s  of load,  the d i f f e rence  between t h e  indenta t ion  diameters 
produced by a p a r t i c u l a r  load decreases  f o r  t he  two alloys t e s t e d .  

The 

Indenta t ion  diameters determined a t  400°C under d i f f e r e n t  loads f o r  m e  
minute are a l s o  included i n  Figure 21. The t a s t s  were made only in t h e  
lever  tester with  a 10-urma-dimeter tungsten carb ide  b a l l  so t h e r e  are 
t oo  few r e s u l t s  t o  perform an accu ra t e  Meyer's ana lys i s .  

The e f f e c t  of t i m e  under 600-pound load at 400°C using a PO-nun. tungsten 
carb ide  b a l l  as t h e  indentor  i s  shown i n  Figure 22. The po in t s  represent  
t h e  average of two tests f o r  each loading t i m e .  

The diameter of indenta t ion  increases  a t  a f a s t e r  r a t e  with loading t i m e  
f o r  Alloy D - l  than fo r  1-18. 
g r e a t e r  than  four  hours fo r  both the  a l loys .  
havior  is unknown. 

A r a p i d  i nc rease  i s  evident  above t i m e s  
The reason f o r  t h i s  be- 

n 
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Discussion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ 

The prolonged hot  hardness t e s t  a s  performed on seve ra l  d i l u t e  uranium 
a l l o y s  appears t o  be d i r e c t l y  r e l a t e d  t o  s s l i d  so lu t ion  hardening by the  
a d d i t i v e s ,  It is  not evident t h a t  t h e  test i s  a measurement of creep 
r e s i s t ance .  

The hazards of using a s ing led  valued r e s u l t  f o r  ranking many d i f f e r e n t  
a l l o y s  with d i f f e r e n t  h i s t o r i e s  may be  glimpsed i n  t h e  scoping t e s t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
performed on Alloys D-1 and 1-18, The two alloys show different responses 
t o  load and t i m e  under load. 
a l l o y s  as t o  t h e i r  r e s i s t a n c e  t o  indenta t ion  could be reversed by changing 
t h e  condi t ion  of t he  test. 

It l a  conceivable t h a t  t he  ranking of two 

The temperature chosen f o r  t h e  test  i s  wi th in  t h e  range f o r  c a v i t a t i o n a l  
swel l ing;  however, i n  order  t o  desc r ibe  f u l l y  t h e  behavior of  d i f f e r e n t  
a l loys ,  tests should be made over a range of  temperatures,  

Last ly ,  as t o  t he  hoped-for use  as a method of p red ic t ing  r e a c t o r  per- 
formance, the behavior of a l l o y s  during the prolonged hot  hardness test d i d  

not correspond t o  t h a t  observed i n  r eac to r  f u e l .  A s  has been noted, t h e  
r e s i s t a n c e  t o  indenta t ion  can be  d i r e c t l y  r e l a t e d  only t o  those  a d d i t i v e  
l e v e l s  t h a t  can solution-harden t h e  uranium. McDonnelll and Angerman i n  
t h e i r  report37 on t h e  e f f e c t  of add i t ives  on the  c a v i t a t i o n a l  swel l ing 
threshold of uranium observed ' that  under i r r a d i a t i o n  add i t ives  t h a t  had 
previously ex i s t ed  as p r e c i p i t a t e s  were taken i n t o  so lu t ion .  Thus, a l l o y s  
whose add i t ives  could be quenched i n t o  s o l u t i o n  performed no b e t t e r  than  
h igh- leve l -sa tura ted  d i l u t e  uranium a l loys ,  i nd ica t ing  t h a t  r e a c t o r  per-  
formance i s  c lose ly  r e l a t e d  t o  t o t a l  soluble a l l o y  content .  
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Figure 2 .  T h e  Support-Equipment Cabinet Containing Vacuum and Temperature Controls 

for the Elevated-Temperature T e n s i l e  T e s t i n g  Equipment. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 
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Figure 3. Dimensions of Shouldered-End TensiIe T e s t  Specimens for 

Elevated-Temperature Tensi le Test ing of Uranium. 
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F i g u r e  5. T h e  E f f e c t  of Tempera tu re  on t h e  P e r c e n t  Reduc t ion  in Area  of a 

Cent r i fuga l ly  C a s t ,  B e t a  H e a t - T r e a t e d ,  175-PPM-Fe, 340-PPM-Si  

Uranium Alloy.  

A 
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 0 0  200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300 400 500 600 
TEMPERATURE, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure  6. T h e  Ef fec t  of Tempera ture  on the  Pe rcen t  Elongat ion  of a 

Centr i fuga l ly  C a s t ,  B e t a  Heat -Trea ted ,  175-PPM-Fe, 340-PPM-Si 

Uranium Alloy. 
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I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P 

RECIPROCAL Oe TLYP€RATURE,%'s 

Figure  8. T h e  Effec t  of Tempera ture  on the  F low S t r e s s  N e c e s s a r y  to P roduce  a Par t i cu la r  Leve l  

of Strain in a Centr i fuga l ly  C a s t ,  B e t a  Heat -Trea ted ,  175-PPM-Fe,  340-PPM-Si Uranium Alloy. 



Figure 9. Fractured T e n s i l e  Samples of t he  Dilute Uranium zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAl loy Investigated 

after T e n s i l e  Tes t ing  a t  Various Alpha Temperatures.  
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(a )  L o n g i t u d i n a l  S e c t i o n  - c a s t i n g  in-ga te  to r igh t .  

( b )  T r a n s v e r s e  S e c t i o n s  - u p p e r  l e f t  c o r n e r  s e c t i o n  i s  from t o p  of t h e  t u b e  c r o s s - s e c t i o n ;  

s u c c e e d i n g  s e c t i o n s  t a k e n  1/2  i n c h  a p a r t  a r e  s h o w n  l e f t  to  r i g h t  w i t h  t h e  t u b e  

bot tom s e c t i o n  a t  l o w e r  r i g h t  h a n d  i n  t h e  f igure .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 

F i g u r e  10. T h e  Macro G r a i n  S t r u c t u r e  of t h e  C e n t r i f u g a l l y  C a s t  T u b e  from 

w h i c h  t h e  T e n s i l e  S a m p l e s  w e r e  Machined .  F E D C  G r a i n  S i z e  No. D6.  3X.  



F i g u r e  11. Dis t r ibu t ion  of P r e c i p i t a t e s  and  Inc lus ions  in  the Cent r i fuga l ly  C a s t  Tube .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
500X. Uranium hydr ides  appea r  as long, thin pa r t i c l e s ;  

angu la r  pa r t i c l e s  a r e  uranium ca rb ides .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n 

Q 
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(c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT e s t e d  a t  100°C. 

( d )  T e s t e d  a t  2OO0C. 

F i g u r e  12  (Cont inued) .  
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(e )  T e s t e d  at  300'C. 

( f )  T e s t e d  at 4OO0C. 

F i g u r e  12 (Cont inued) .  



(9) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT e s t e d  at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500'C. 

(h )  T e s t e d  at 600OC. 

F i g u r e  12 (Cont inued) .  



( a )  T e s t e d  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25'C 

( b )  T e s t e d  a t  100'C. 

F i g u r e  13. Micro-Cracks Genera t ed  a t  I n c l u s i o n s  dur ing  T e n s i l e  

T e s t i n g .  T e n s i l e  a x i s  i s  ho r i zon ta l  and  f r ac tu re  i s  a t  l e f t .  

750X. 
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(c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT e s t e d  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20OoC. 

(d )  T e s t e d  at  300OC. 

Figure 13  (Continued).  
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(e) T e s t e d  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400OC. 

( f )  T e s t e d  a t  5OO0C. 

F i g u r e  13 (Cont inued) .  
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(9) T e s t e d  a t  600OC. 

Figure 13 (Continued). 
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(e) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT e s t e d  a t  300°C. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( f )  T e s t e d  a t  400°C. 

F i g u r e  1 4  (Cont inued) .  



( g )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT e s t e d  a t  500°C. 

( h )  T e s t e d  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60OoC. 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14 (Con t inued) .  
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ARGON zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
INLET zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

ACTUATOR 
GUIDE ROD i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 - LOAD 
ACTUATOR 

LOADING SPRING 

WELL COVER 

XESTER WELL LOADING\ 
ROD HERMOUPLE TUBE 

and ARGON OUTLET 

SAMPLE HOL NWLATOR PLATES 
ASSEMBLY 

LES 
3/8"THICK) 

'IO-mm SPHERICAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I NDE N TO R 

F i g u r e  15. Des ign  of a Spr ing-Loaded  T e s t e r  for Pro longed  

Hot -Hardness  T e s t s  of Di Iu te  Uranium Al loys .  
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LEVER ARM7 

WEIWT 

I I 

,L€VER 

FLOADIN8 
FRAME zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 16. D e s i g n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a Lever-Loaded T e s t e r  for Prolonged Hot-Hardness 

T e s t s  of Di lu te Uranium A l l o y s .  
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17. A p p e a r a n c e  of a R e p r e s e n t a t i v e  I n d e n t a t i o n  P r o d u c e d  b y  t h e  

Prolonged  Hot -Hardness  T e s t .  
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62‘ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E 

k- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
CL 

1000--- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
00 800- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 900- z 

100 - > 
0 
J 600- 
A 
a 

600 .- 
J 
a 

b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 400- 

n 

: 500- 
u) 
3 

U 
8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

‘“t 

I I 1 1 I 

OS-S HEAT TREATMEN 
QS-W HEAT TREATMEN1 
FILLED IN POINTS- 

GAMMA EXTRUDED 
OPEN POINTS - AL PHA 

EXTRUDED. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

IO0 
0.010 0.080 0.090 0. loo 0.110 

IWWNTATION DIAMETER, INCHES 

Figure  18. “Adjusted To ta l  Alloy Content”  for Severely Quenched Uranium Alloys Versus 

the  Diameter of Indentation Resu l t ing  from the  Prolonged Hot-Hardness T e s t .  



FILLED IN POINTS- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
GAMMA EXTRUDED 

- 
- 
- 

- 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOD9 010 0.11 

INDENTATDN DIAMETER, in. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 19. "Adjusted Tota l  A l l o y  Content" for Slack-Quenched Uranium 

A l l o y s  vs. the Diameter of Indentation Resu l t i ng  from the 

Prolonged Hot Hardness T e s t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 



F i g u r e  20. T h e  Micros t ruc ture  of the  High-Molybdenum Al loy  D-16 

a f t e r  a B e t a  Sal t -Oil  H e a t  Trea tment .  F i n e  p r e c i p i t a t e s  a r e  

v i s i b l e  i n  t h e  micros t ruc ture .  P o l a r i z e d  l i gh t  

i I lumina t ion .  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOOX. 
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10na IIDENTOU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 LEVER YESYER 

DOmn IPbMWTOR 
flLLED IN POIWTS- 
GAMMA E X T R U M D  
WEH POlrn-AALPMA 
EXTWUQED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F i g u r e  21 .  T h e  E f f e c t  of L o a d  on I n d e n t a t i o n  D i a m e t e r  f o r  A l l o y s  D-1 a n d  1-18; T e s t e d  a t  25OC 

a n d  4OO0C w i t h  a 10-mm T u n g s t e n  C a r b i d e  B a l l .  ( D a t a  from b a l l s  o t h e r  t h a n  10-mm h a v e  
j .  

b e e n  c o n v e r t e d  to  e q u i v a l e n t  v a l u e s  of l o a d  a n d  i n d e n t a t i o n  for  a 10-mm indentor . )  
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APPENDIX I 

FUNCTIONS FOR CALCULATING TRUE STRESS AND 
TRUE STRAIN FROM LOAD ELONGATION DATA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Engineer strain is defined as the change in length over an original gage 
length zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Lf - Lo 
Lo 

e =  

where e = engineering strain 

Lf = final length 
= original gage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl e n g t h  

True strain is defined in terms of the instantaneous gage length. 

Restating Equation 1 

Thus, true strain may be related to engineering strain by Equation 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E = In (e + 1) (4) 

Engineering stress is defined in terms of load distributed over the 
original cross-sectional area. 

P u = -  
A0 

( 5 )  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 = engineering stress 
P = load 
A. = original cross-sectional area 

True stress is defined in terms of the instantaneous cross-sectional area. 

P aT = - 
Ai 

where GT = true stress 
A i  = instantaneous cross section 
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By assuming a constancy of volume relationship between cross sectional 
area and length obtained: 

we may rewrite Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6) as 

p Lf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A0 Lo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGI'f = - e -  

and from Equations (3) and (7 ) ,  the true stress may be related to 
engineering strain by 

A 


