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ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Hot-rolled uranium plate exhibited a pronounced 
directionality in mechanical properties which was 
reduced but not eliminated by beta transformation. 

Results of tensile, bend, impact, and hardness 

tests made at room temperature are summarized for 

both hot-rolled and beta-transformed uranium plate. 

Significant differences in mechanical properties 

existed between ten lots zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof uranium plate processed 
under similar conditions. Composition and processing 

data were inadequate to assign causes f o r  the 
variations. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MECHANICAL PROPERTIES OF URANIUM PLATE 

INTRODUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mechanical t e s t s  a r e  commonly u t i l i z e d  t o  eva lua te  t h e  v a r i a b i l i t y  
between d i f f e r e n t  l o t s  of t h e  same m a t e r i a l  and thereby  serve  as a 
guide f o r  c o n t r o l  of qua l i t y .  
by Super ior  S t e e l  Corporat ion,  Carnegie, Pennsylvania, t o  provide 
co res  f o r  development of f a b r i c a t i o n  techniques f o r  p la te- type f u e l  
elements at  t he  Savannah River Laboratory. Evaluat ion of t he  uranium 
included mechanical t e s t s  of samples from each of t h e  t e n  l o t s .  

Ten zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlots of uranium p l a t e  were processed 

T h i s  repo r t  summarizes r e s u l t s  of t e n s i l e ,  bend, impact, and hardness 
tes ts  made a t  room temperature on samples of hot - ro l led  and be ta -  
transformed uranium. The t e n  l o t s  were compared by apply ing t h e  
c o n t r o l  c h a r t  method of a n a l y s i s  of data t o  t h e  u l t ima te  tens i . le  
s t reng th ,  d e f l e c t i o n  i n  bending, and hardness data. 

SUMMARY 

The mechanical p r o p e r t i e s  of ho t - ro l l ed  uranium p l a t e  a r e  similar t o  
those of uranium rod and sheet  r o l l e d  at  the same nominal temperature.  
There i s  a pronounced d i r e c t i o n a l i t y  i n  s t reng th ,  d u c t i l i t y ,  and 
impact p r o p e r t i e s  as a r e s u l t  of t h e  c r y s t a l l i n e  t e x t u r e  and mechanical 
f i b e r i n g  developed dur ing r o l l i n g .  The mechanical f i b e r i n g  is produced 
by elongated inc lus ions ,  s t r i n g s  o r  l aye rs  of gra ins  of varying s i z e ,  
and t h e  elongated shape of t h e  g ra ins  themselves. 

Beta-transformed uranium p l a t e  has lower t e n s i l e  s t r e n g t h  and hardness 
and g r e a t e r  d u c t i l i t y  and impact s t r e n g t h  than t h e  ho t - ro l l ed  p l a t e .  
Beta t rans format ion  reduces but  does not  e l im ina te  the  d i r e c t i o n a l i t y  
o f  t h e  mechanical p r o p e r t i e s  c h a r a c t e r i s t i c  of t h e  as - ro l l ed  p l a t e ;  
however, t h e  r e s i d u a l  d i r e c t i o n a l i t y  does not  s i g n i f i c a n t l y  a f f e c t  
t he  performance of  t h e  meta l  i n  t h e  reac to r .  The magnitudes and 
d i r e c t i o n s  of t h e  changes i n  t h e  measured va lues of the mechanical 
p r o p e r t i e s  vary f o r  t h e  d i f f e r e n t  p r o p e r t i e s  and specimen o r i e n t a t i o n s .  
Impact s t r e n g t h  and d u c t i l i t y  i n  the  t ransve rse  d i r e c t i o n  a r e  increased 
by be ta  t ransformat ion.  Tens i le  and y i e l d  s t reng ths ,  both l ong i tud ina l  
and t ransve rse ,  and hardness a r e  decreased. 

S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rences  i n  t e n s i l e  s t reng th ,  d e f l e c t i o n  
i n  bending, and hardness ex i s ted  among t h e  t e n  l o t s  of p l a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor both 
t h e  ho t - ro l l ed  and beta-transformed cond i t ions .  These v a r i a t i o n s  
were probably caused by s m a l l  d i f f e rences  i n  composit ion, process 
cond i t ions  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, and g r a i n  s i z e .  Cor re la t ion  of mechanical p r o p e r t i e s  
w i t h  t hese  va r iab les  was hampered by l ack  of data on t h e  carbon 
content  of i nd i v idua l  ingo ts ,  lack  of accura te  g r a i n  s i z e  determina- 
t i o n s ,  and d i f f i c u l t i e s  i n  measurement of t h e  f i n i s h i n g  temperature of 
t h e  s t r i p  caused by v a r i a t i o n s  i n  t h e  oxide th ickness  on t h e  r o l l e d  
s t r i p .  
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DISCUSSION 

BACKGROUND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Rolling is the principal process zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o r  the conversion of uranium ingots 
to rod, plate, and sheet. Ingot breakdown, and frequently final 

rolling, is done in the high alpha region at temperatures of 1000 to 

1200'F. Ingots o r  slabs are commonly preheated in a bath of molten 
LiKCO3. The uranium may be finished at about 600°F if surface finish, 

gauge control, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor uniformity of mechanical properties is important. 
The uranium is usually annealed after warm rolling to recrystallize 

the cold-worked structure that results from rolling at temperatures 
below the recrystallization temperature. 

Measured values of the mechanical properties of uranium are dependent 
upon the processing history and the conditions of testing. Tensile 

strength of uranium rod decreas s as the rolling temperature is 
increased from 600 to 1100'F. 
elongation in tension. Uranium sheet annealed in vacuum has a greater 

ductility than sheet annealed in a salt bath; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( * )  this effect is 

presumed to be caused by the lower hydrogen content of the vacuum- 

annealed uranium. Uranium undergoes a transition from ductile to 

semib i t t l e  behavior  i n  tens ion  i n  t h e  v i c i n i t y  of' room tempera- 

residual strain, hydrogen content, and to a lesser extent, to heat 

treatment. 

The converse relation holds for 
(17 

The transition temperature is sensitive to strain rate, 
ture. L 4  1 

PROCESSING OF URANIUM PLATE 

Derbies and scrap of normal uranium were melted, cast, and rolled to 
slabs at the Feed Materials Process Center, Fernald, Ohio. After 

beta transformation and surface conditioning, the slabs were roll d 
to strip at Superior Steel Corporation, Carnegie, Pennsylvania. 

Rolling variables f o r  the ten lots of strip are listed in the following 
table. The hot-rolled strip was 0.190 inch thick, 10 inches wide, and 

50 feet long. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA57 

Sections of strip about 15 feet long were beta transformed at Atlas 
Steel Company, Welland, Ontario by heating in a LiKC03 salt bath f o r  
five minutes at a temperature of 1340'F. 
vertically in the salt bath. After cooling in air through the 

beta-to-alpha transformation, the sections were quenched in water. 

The sections were hung 

Uranium plates about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 inches wide were machined from the sections of 
strip. Both the machining of the plates and cutting of the sample 

sections f o r  mechanical testing were done at Superior Steel Corporation. 
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Rol l ing  Condit ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Super ior  S t e e l  Corporation 

Lot 

1 

- 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

5 

6 

7 

8 

9 
10 

Preheat Tem- 
pe ra tu re ,  F* 

1190 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

1150 

1150 

1150 

1150 

1130 

1150 

1200 

1200 

1200 

Number of Passes** 

Rough F i n i s h  Temperature , 'F*** 
F i n i s  h in  

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 1190 - 1255 
5 3 1190 - 1200 
5 3 

1180 - 1200 
1235 - 1250 

1225 - 1270 

1260 - 1270 
_ _ _  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*cy++* 

1175 - 1290 

1185 - 1235 

* Temperature of sal t  bath as measured wi th  thermocouple 
** Tota l  reduc t ion  i n  a l l  cases about 85$ 

*** Temperature of surface of s t r i p  as measured wi th  a "Radl.amatic" 
pyrometer 

**** Response of "Radiamatic" pyrometer e r r a t i c  

Densi ty of t he  uranium f o r  t h e  t e n  l o t s  of p l a t e  ranged from 18.88 t o  
19.04 grams/cc. Composition of t h e  uranium was wi th in  the  l i m i t s  
l i s t e d  below. 

Const i tuent  Analysis , ppm Const i tuent  Analysis , ppm 

Boron 0.1 - 0.18 I ron  20 - 150 
Cadmium 0.2 Magne s i um 1 -. 6 

Carbon 

Chlor ide 

Chromium 

Hydrogen 

400 - 800 

5 - 10 

1 - 30 

2 - 6  

Manganese 

Nickel  

Ni t rogen 

S i l i c a  

4 - 12 

15 -' 75 

15 - io0 

io -, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 
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Metallographic examination of specimens from each lot showed typical 

grain sizes for both hot-rolled and beta-transformed plat 

inclusion contents were normal for reactor-grade uranium. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI%) 

Grain Size of Uranium Plate 

Grain Size, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmm 

Condition Average Range 

Hot -rolled 0.030 0.020 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 0.050 

Beta-transformed 0.300 0.180 - 0.700 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MECHANICAL TESTING 

Samples for mechanical test specimens were obtained from the hot-rolled 

and beta-transformed strip as shown in Figure 1. 

Front Crop - 
Somple for As-rolled Specimens zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I \ 
1 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
I 
I 
i 
I 
I 

AS-ROLLED S T R I P  

\ 
\ 
\ 
\ 

Sample for Beto-transformed Specimens 

BETA-TRANSFORMED S T R I P  

FIGURE 1 - SAMPLING PLAN FOR URANIUM STRIP 
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Specimens as i l l u s t r a t e d  i n  Figure 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor t e n s i l e ,  bend, and impact 
t e s t s  were machined from t h e  sample sec t i ons  taken i n  both the 
l ong i tud ina l  and t ransve rse  d i rec t i ons .  
a d i r e c t i o n  normal t o  the  plane of r o l l i n g  on 1-inch-wide s t r i p s  
ground on one face.  

Hardness t e s t s  were made i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f t t T - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1- 

16 
_ _ _ _  Y-W-Y-- + 

0.500~0.010" 

0.163 k0.005" 

I P  

Note: Y dimensions are to be from 0.003 to 0.005" larger 
than the final value of W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a. TENSILE SPECIMEN 

0.163 -+0.005" 

0.500f 0.0 10" 

b. BEND SPECIMEN 

L0.360 f0.005" 
0.040~0.001" 

I "7 I 

C. IMPACT SPECIMEN 

FIGURE 2 - MECHANICAL TEST SPECIMENS 
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Mechanical t e s t s  were made a t  room temperature wi th  commercial t e s t i n g  
equipment. 

Tens i le  and bend t e s t s :  Baldwin-Lima-Hamilton 
Universa l  Test ing Machine 
120,000-lb capac i ty  

Impact zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: Sonntag Universal  Impact Machine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
120 f t - l b  capac i t y  

Hardne 8s : Rockwell Hardness Tes ter  - "B" s c a l e  

Conventional techniques were employed i n  t e n s i l e  t e s t i n g .  The i n i t i a l  
po r t i on  of t he  load-extension curve was obtained w i t h  an e l e c t r i c  s t r a i n  
gauge w i t h  a 1-inch gauge length.  To ta l  e longat ion was measured by use 
of  gauge marks. Test r e s u l t s  were d iscarded i f  t h e  specimen broke ou t -  
s i d e  t h e  gauge marks. Specimens were loaded a t  a r a t e  of 6000 lb/min. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MECHANICAL PROPERTIES 

Mechanical p r o p e r t i e s  o f  ho t - ro l l ed  uranium p l a t e  a r e  about t h e  same as 
f o r  rod and sheet  r o l l e d  a t  t he  same nominal temperature.  A s  shown i n  
the t a b l e ,  measured va lues of t h e  mechanical p r o p e r t i e s  i n  t h e  long i tu -  
d i n a l  d i r e c t i o n  a r e  genera l l y  g r e a t e r  than i n  t h e  t ransve rse  d i r e c t i o n .  

Mechanical ProDert ies of Hot-rol led Uranium 

Longi tud ina l  

Average Range 

Tens i le  

U l t  i m a t  e 
s t reng th ,  p s i  104,000 ll3,0OO-g9,000 

Yield s t reng th ,  p s i  44,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA58,000-36,000 
(0.2$ o f f s e t )  

Elongat ion,  $ 10.2 20-5 

Bend 

Maximum load, l b  880 1,200 -600 

Def lect ion,  degrees 41.4 71-16 

Elongat ion,  $ 6.2 17.2-1.6 

Impact 

S t rength ,  f t - l b  1.74 2.4-0.75 

Hardne s s * 

Roc kw e 11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI' B" 96.1 103-93 

Transverse 

Average zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
85,000 

66,000 

3.4 

750 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.3 

9.0 

1.08 

Ranae 

103,000-68,000 

83,000-41,000 

7 -7 

1,025-560 

4.4-1.2 

20-6 

1 5-0.75 

* I n  d i r e c t i o n  normal t o  plane o f  r o l l i n g  
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Directionality of properties zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis common in wrought metals and is caused 

by the crystalline texture and the mechanical fibering developed 

during mechanical working. The amount of directionality is influenced 

by the total reduction during rolling and the temperature anti reduction 

during each pass. 

Beta transformation causes a significant alteration in the mechanical 

properties. 

strength is lowered. 

of as-rolled plate is reduced, but not entirely eliminated, as indicated 

in the following table. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mechanical f iber ing which is not affected by heat treatment, though 
there is probably a residual texture present also. 

Impact strength and ductility are raised, and tensile 

The large directionality in properties typical 

The residual effect is due principally to the 

Mechanical Properties of Beta-transformed Uranium 

Tensile 

Ultimate strength, 

Yield strength, psi 

Elongat ion, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$ 

Bend 

Maximum load, lb 

Elongat ion , $ 

Deflection, degrees 

Impact 

Strength, ft -1b 

Hardne zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs s * 
Rockwell "B" 

Psi 

(0.2$ offset) 

Longitudinal 

Average 

81 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA000 

39 , 000 

7.0 

770 

7.2 

31.2 

2-75 

93.6 

* In direction normal to plane 

Range 

88,000-74,000 

50,000-26,OOO 

11-2 

890-680 

19-2.4 

50-18 

3.6-2.1 

98-86 

of rolling 

Transverse 

Range Average 

79,000 88 , 000-69 , 000 
42 , 000 62,000-35,000 

5.7 12.5-2.1 

750 890-600 

6.0 18.5-1.6 

24.0 50 - 10 

2.45 3.4-0.9 

Data for ultimate tensile strength, hardness, and deflection i ending 

were analyzed by the Control Chart Method of Analysis of Data. 

Average and range charts were prepared according to the techniques for 

small samples of unequal size with no standard given. The Appendix 

contains a summary of the principal features of the statistical 
techniques that were employed and the control charts used in analysis 

of data. The solid horizontal lines through the charts are the 

weighted averages of the sample averages or ranges, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
777 

and E, 
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respectively. The two dashed lines are the upper (UCL) and lower (LCL) 

control limits. These limits vary with sample size and sample average 

or range. Points outside the control limits are significantly different 

from the weighted average zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  range. Thus, they represent samples from 
a different population than the samples inside the control limits. As 

shown by the charts, there are significant differences in mechanical 

properties among the ten lots of uranium plate. 
observed differences is not known, but zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis probably due to differences 

in composition and process conditions among the ten lots of plate. 

The cause of the 

Correlation of mechanical properties with composition, grain size, 

and process conditions was attempted. Results were inconclusive 

because of several factors. Carbon content of individual ingots was 

unknown, since samples from several ingots were batched before analysis. 

The inaccuracies of the usual comparison method for grain size 

measurement, combined with the ill-defined grain boundaries in beta- 

transformed uranium, did not provide grain size measurements of 

sufficient accuracy o r  precision for correlation with mechanical 
properties. Rolling conditions were controlled and adjusted to obtain 

strip of uniform thickness that was free of surface defects, and to 

obtain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas nearly uniform a temperature as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApO38ible in the uranium 
during rolling. Measurement of the finishing temperature was 

inaccurate because variations in the oxide thickness of the rolled 

strip altered the emissivity of the surface, which in turn affected 
the indicated temperature on the "Radiamatic" pyrometer. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

* f  G. R. Caskey J 

Pile MateriaYs Division 
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APPENDIX 

CONTROL CHART METHOD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF ANALYSIS OF DATA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The control charts were constructed by the procedures presented in 

ASTM Manual on Quality Control of Materials, Part 3, "Control Chart 
Method of Analysis and Presentation of Data". 

this procedure, the observations are divided into subgroups according 

to any consideration that provides a basis of classification that 

may be of significance. The technical basis for classification is 

chosen so that the variations within each subgroup may be considered 

to be due to chance causes only and the differences between subgroups 

may be considered to be due to assignable causes. The mechanical 

property data were classified according to the lot from which the 

test samples were obtained. Within each lot, the rolling 

conditions - total reduction, preheat temperature, number of passes, 
reduction per pass, and timing of the rolling - were maintained as 
nearly constant as possible. Changes were made, however, in the 

rolling conditions between lots in order to improve the uniformity of 

the product. 

In the application of 

The criterion of the control chart is derived from laws zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof chance 
variations for random samples from a homogeneous material. Failure 

to satisfy this criterion is evidence of the presence of an assignable 
cause of variation. If a point lies outside of the upper or lower 

control limits, the property for that lot is significantly different 

in a statistical sense from the average for all lots. Some factor 

or combination o f  factors including composition and rolling conditions 
exerted a significant influence on the property in question. 

Data on tensile strength, deflection in bending, and hardness were 

analyzed with average and range charts by the techniques for small 
samples of unequal size with no standard given. These three 

properties were chosen for analysis because the data were more 
extensive and considered to be more precise than the data on any of 

the other properties that were measured. Range rather than standard 

deviation was taken as a measure of dispersion of the data, since 
range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis simpler to compute and with small samples there is little 

l oss  of effectiveness in detecting the assignable cause of variation 
if range rather than standard deviation is used. Where no standard 

values exist for the data, the techniques for "no standard given" are 

employed to detect assignable causes of variation among the subgroups. 

The control charts for average and range for the hardness of hot-rolled 

plate are derived on the following pages to illustrate the method of 

construction of the charts. Values for the parameters dp, A,, D4, 
and DJ for the different sample sizes were obtained from Table 11, 
p. 63, in ASTM Manual on Quality Control of Materials. 
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The r e l a t i o n s  f o r  these f a c t o r s  a r e  given below and a r e  based on 
sampling from a universe wi th  a normal d i s t r i b u t i o n .  For p r a c t i c a l  
use i n  c o n t r o l  c h a r t s  they  a r e  usua l l y  s a t i s f a c t o r y  even i f  the 
universe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis not  normal. The f a c t o r s  Az, D3,  and D4 f o r  c a l c u l a t i n g  
t h e  c o n t r o l  l i m i t s  are func t ions  of d2 o r  d2 and d3. The f a c t o r  
d2 is a func t ion  of t h e  sample s i z e  n and expresses the  r a t i o  between 
the  expected value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE f o r  a l a rge  number of samples of s i z e  n and 
the  t r u e  s tandard dev ia t i on  of t h e  universe sampled. The r e l a t i o n s  
f o r  t h e  f a c t o r s  a re :  

D3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 - 3d3/dz 

D4 = 1 + 3d3/d2 

d2 = j+m [l - (1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa l )  n - a l n ] d x l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-m 

1 n n +m x 1  
1 - a1 - (1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan) + ( a i  - an)n] dxldxl? - d Z 2  

X 
and 

I n  the above r e l a t i o n s ,  

x1 = sma l les t  value i n  sample of s i z e  n 

x = l a r g e s t  value i n  sample of s i z e  n n 
From t h e  data on the  fo l lowing pages, Control  Chart zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 was const ructed.  
The range c h a r t  shows that  i n  a l l  but  t h e  last  r o l l i n g  t h e  ranges of 
t he  hardness readings were w i th in  t h e  a n t i c i p a t e d  l i m i t s .  Six  of t h e  
averages on the  o the r  hand were ou ts ide  of  t h e  l i m i t s  ca lcu la ted  from 
the  data. I n  a l l  cases ,  data outs ide  of t h e  c o n t r o l  l i m i t s  i nd i ca te  
tha t  some f a c t o r  i n  t h e  h i s t o r y  of that  r o l l i n g  o r  i n  the material is 
d i f f e r e n t  from t h e  o the r  r o l l i n g s .  



Hardness Data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Hot-rolled Uranium Plate 

Lot 
No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

2 

4 

5 

6 

7 

8 

9 

10 

No. of 
Tests 

13 

2 

8 

2 

5 

6 

5 

6 

4 

- 
Total 51 

Range ( R )  

n=2 n=4 n=5 n=6 n=8 n=l3 
Average - 

- - - - - -  Test Values X 

94.5, 95.5, 94.5, 95.5, 95.3 2.0 

96.0, 95.0, 95.0, 94.5, 
96.0, 96-09 96.5, 95.0 

93.0, 94.0 93.5 1.0 

2.0 

1.8 

2.7 

2.8 

95.9, 97.6, 98.0, 97.7 97.5 2.2 

102.4, 97.6, 100.8, 100.9 5.0 
102.6 

~ - - - - -  
1.1 5.0 4.6 4.9 2.0 2.0 C R n  = 

- 
weighted average = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 96.8 

Central Lines 

For Average Chart: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 = 96.8 

nl i i l  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnaxa + -.- + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn X 
k k  

where n = nl + n2 + + nk 

For Range Chart: n = 2 = d26, = (1.128)(0.957) = 1.08 

n = 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = d26 = (2.059)(0.957) = 1.97 

n = 5 = d26 = (2.326)(0.957) = 2.22 

n = 6 f i  = d26 = (2.534)(0.957) = 2.42 

n = 8 5 = d26 = (2.847)(0.957) = 2.72 

n = 13 5 = d26 = (3.336)(0.957) = 3.19 

e 

e 

e 

e 

e 

where 

5.0 4.6 + - 4.9 + - 2.0 + -) 2 0  
+ 2.059' 2.;j26 2.534 2.847 3.336 
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For A v e r a g e  C h a r t :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2 

n = 4  

n = 5  

n = 6  

n = 8  

n = 13 

For Range C h a r t :  n = 2  

n = 4  

n = 5  

n = 6  

n = 8  

n = 13 

C o n t r o l  Lines 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 f A 2 E  = 96.8 +(1.880)(1.08) = 96.8 rt2.03 

UCL = 98.8 L C L  = 94.8 

- 
2 +A2E = 96.8 &(0.729)(1.97) = 96.8 k1.44 

UCL = 98.2 LCL = 95.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf A z R  = 96.8 +(0.577)(2.22) = 96.8 k1.28 

UCL = 98.1 L C L  = 95.5 

- - 
x +AZR = 96.8 +(0.483)(2.42) = 96.8 k1.17 

U C L  = 98.0 L C L  = 95.6 

- - 
x +AzR = 96.8 f(0.373)(2.72) = 96.8 k1.02 

U C L  = 97.8 LCL = 95.8 

- - 
x +AZG = 96.8 +(0.249)(3.19) = 96.8 k0.79 

U C L  = 97.6 L C L  = 96.0 

D4R = (2.004)(2.42) = 4.85 

DSR = (0)(2.42) = o  

D 4 g  = (1.864)(2.72) = 5.07 

D3R = (0.136)(2.72) = 0.37 

D4R = (1.642)(3.19) = 5.4 

D3G = (0.308)(3.19) = 0.98 

- 16 - 



CONTROL CHART 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 1 2 5 r  

r - - - i  r - - - i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr--- UCL I I ! I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 

I I I I I I I I I I 
0 1 2  3 4 5 6 7 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 10 

30 r 
20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc r - - -  r - - 1  

I I 

r---ucL 
I 

I I I I I LCL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr i  - -  -- 

0 1 2  3 4 5 6 7 8 9 10 

r--- r--1 
100 

9o 

- 
I 
I 

I I 
I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA--a 

-1 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L-- - 

-- 

I 

80 - 

70 I I I I 

0 1 2  3 4 5 6 7 8 9 10 

30 

0 2 0  
P 

r--- r - - 1  r - --UCL 

I I I - - -A 
! ! L---. Q 

I I I 
E 

-- -J II: 

n P 15 

I I I L CL 

0 1 2  3 4 5 6 7 8 9 10 

Lot Number 

ULTIMATE TENSILE STRENGTH OF HOT- ROLLED URANIUM PLATE 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17 - 



CONTROL CHART 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I 1 I I 
0 1 2  3 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 7 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 10 

V 
n ii 

20- - 

n I I L c:L 
-- - 

1 

0 1 2  3 4 5 6 7 8 9 10 

60 

0 40 
0)  
c 

2 2 0  
UCL 

0 1 2 3 4 5 6 7 8 9 1 0 L C L  

0 w 

Lot Number 

DEFLECTION IN BENDING OF HOT- ROLLED URANIUM PLATE 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18 - 



CONTROL CHART 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a? 
- 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'02 r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

loo - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
98 - 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f 9 6  

- 

- o h  

c;l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
94 - m 

I 

P 

" 
o 1 2  3 4 5 6 7 a 9 IO 

Lot Number 

HARDNESS OF HOT- ROLLED URANIUM PLATE 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19 - 



100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

al zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
80 

h 
70 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

% 60 
c .- 
cn 

'Or 

CONTROL CHART 4 

r--1 
I I 
I 

UCL 

L CL 
X 

I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 
1 2  3 4 5 6 7 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 10 

0 1 2  3 4 5 6 7 8 9 10 

al 
cn 

E 
h 

0 
2 

E 

> 
E 

t- 

30 r r--1 

80 

70 

r--1 
I I 
I I 
I I I---- 

60 I I I I I I I I 1 I 
0 1 2  3 4 5 6 7 8 9 10 

I I I I I I LCL 
r--7 - 

O l ' I ' I  
0 1 2  3 4 5 6 7 8 9 10 

Lot Number 

ULTIMATE TENSILE STRENGTH OF BETA- TRANSFORMED URANIUM PLATE 
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CONTROL CHART 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r--1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A I I  

I 
I 

30 

10 
2o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

I -  

I r--' 

0 1  I I I I I I I I I I 
0 1 2  3 4 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 7 8 9 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

50- 

r--1 
I 

~ - -- UCL 

I I LCL 

25 ---A r---L--,--J L---L--,--,-- 

0 -+,- 

- 
A c - & K  #- 

0 1 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 6 7 8 9 10 

I I 

0 I 1 I I ] I f l  I I I I 
0 1 2  3 4 5 6 7 8 9 10 

r - -1 

- 0  1 2  3 4 5 6 7 8 9 10 

Lot Number 

DEFLECTION IN BENDING OF BETA- TRANSFORMED URANIUM PLATE 
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CONTROL CHART 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
98 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
96 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
94 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
92 

90 

88 

? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 

' 

r--7 
I I 
I I 
I I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 I I I I I - 86 I 
0 1 2  3 4 5 6 7 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 10 

UCL 

k 

LCL 

0 1 2  3 4 5 6 7 8 9 10 

Lot Number 

HARDNESS OF BETA- TRANSFORMED URANIUM PLATE 
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