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FOREWORD 

The economic necessity for the development of alternative uses 
for natural uranium in this country has resulted from the gradual decrease 
in demand for uranium metal and uranium compounds. In other countries 

• the growing'stoclis of uranium fluoride (UF4) from w.hich most of the , 
fissionable U235 has been removed, in gaseous diffusion operations, have 
also precipitated research into possible non-nuclear uses for these materials. 

Of the work done for Eldorado Mining and Refining Limited at the 
Physical Metallurgy Division, Mines Branch, Department of Mines and 
Technical Surveys, that on the effects of adding uranium to alloy steel 
was commenced in 1961, in two prc;jects: F-37, The Effect of Uranium 
on the Me7chanical and Elevated Temperature Properties of Alloy Steel; 
and È-47, The Electrolytic Extraction, Separation and Identification of 
Uranium Coinpounds in Alloy Steel. 

The present report is a summary of the results obtained in 
Project F-37. Further details of the procedures and results may be 
obtained from the various internal reports of the Physical Metallurgy 
Division which were issued periodically in the course of the work. 

John Convey, 

Director, Mines Branch 

Ottawa, July 31, 1964. 
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URANIUM IN ALLOY STEEL 

by 

Charles E. Makepeace* 

ABSTRACT 

The effect on the mechanical properties at room temperature 
and at elevated temperatures, of adding uranium to alloy  steel. in  
plate and sheet form, was investigated in thirty-two factorial experi-
ments ■ Statistically significant** results indicate that uranium form8 
a stable compound, probably uranium monocarbide, which is not 
affected by prior heat freatment. Adding less than orie-half per cent 
uranium was observed to result in an increase in the time to reach 
0.1% creep strain and a decrease in the susceptibility to hot cracking 
in alloy steel sheet. 

* Scientific Officer, Eldorado Mining and Refining Limited, seconded 

for experimental work to the Physical Metallurgy Division, Mines 

Branch, Department of Mines and Technical Surveys, Ottawa. 

** The meaning of the word "significant" used throughout this report 

is given on page 5 of reference (1). 
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L'URANIUM DANS L'ACIER ALLIÉ 

par. 

Charles E. Makepeace* 

RÉSUMÉ 

L'effet sur les propriétés mécaniques, à. la tempéra-

ture ambiante et aux températures élevées, de l'addition 

d'uranium à l'acier allié en plaque et en feuille, a fait l'objet • 

de trente-deux expériences factorielles. Des résultats statisti- 

quement significatifs** indiquent que l'uranium forme un composé 

stable, probablement du monocarbure d'uranium, que n'influence 

pas le chauffage antérieur. On a observé que l'addition de moins 

d'un demi pour cent d'uranium cause une augmentation du temps 

requis pour atteindre 0.1 p. 100 de déformation par fluage et 

une diminution de la tendance au fendillement h chaud des feuilles 

en acier allié. 

*Agent scientifique, Eldorado Mining and Refining Limited, qui poursuit des 
travaux de recherche à la division de métallurgie physique de la Direction 
des mines au ministère des Mines et des Relevés techniques à Ottawa. 

**Le sens du mot "significatif" utilisé dans ce rapport est donné h la page 
5 du renvoi (1). 
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- INTRODUCTION 

It has been shown by Rough and Chubb (2) that, under equilibrium 
conditions, uranium forms with iron and carbon two phases in the iron-
rich region of the uranium-iron-carbon ternary diagram which are 
particularly applicable to alloy steel. In the iron-rich, low carbon region 
at 1000 ° C (1832°F) (see Figure 1), the three phases UC, UFe2, and If Fe 
will occur at higher uranium contents. As the carbon content increases 
and carbon is made available to form UC, UFe2 disappears and uranium 
occurs as the monocarbide UC. It is evident that this condition will be 
strongly influenced by the presence, in alloy steel, of an element like 
titanium which has a stronger affinity for carbon than for uranium. Under 
these conditions the carbon available for the formation of UC is depleted 
and UFe2 is formed. 

Iron.o 

	 V  N. V 	 V 	Fe 
U Fee s3e.o 

Figure 1. Uranium-carbon-iron ternary section at 1000°C (1830°F). 
After Rough and Chubb (2). 

In the presence of other carbide-forming elements, however, the 

possibility of mutual solubility of these carbide compounds (3)  must  also 

receive consideration. As an example of this, the Hume-Rothery size factor 

rule predicts mutual solubility of UC and ZrC, UC and 	UC and NbC, and 

insolubility between UC and VC or TIC  (see Table 1). 
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TABLE 1 

Size Differences for the Atomic Diameters of-Groups 4a and 5a  
Transition Metals in Carbide Pairs (3)  

Carbide 	% Difference Smaller 	• % Difference Inirger 
• Pair 	 as Solvent 	 as Solvent 

UC ZrC 
•UC - HfC 
UC -.NbC - 
UC - TaC 
UC  -TIC 
UC - VC 

8.2 
10.3 
16.7 
17.1 
22.2 
30.0 

7.6 
9.4 

14.3 
14.6 
18.4 
23.1 

Furthermore, the reactions between uranium monocarbide and some 
of the metallic elements found in alloy steel, and the mutual solubility of 
uranium rnonocarbide and the alloy carbides, have been referred to by 
13, T. Frost (4). Table 2 summarizes his findings. 

In Table 2 it will be observed that uranium monocarbide can dissolve 
<2 mole % TIC  and 4 to 9 mole % VC, and that complete .  solubility of NbC 
and UC is possible. 

Since the monocarbide contains the highest concentration of uranium, 
and is the most stable of the three carbides, it is believe,d to be the carbide 
form most likely to be found in alloy steel. Uranium carbide (4.8 wt % carbon) 
has been shown by Hansen (5) to be stable under equilibrium conditions with 
a melting point of 2390°C (4334°F); (see Figure 2). Two other carbides, UC2 
(9 wt % carbon) and U2C3 (7 wt % carbon), havé also been shown to exist. . 

In the iron-rich region of the iron-uranium equilibrium diagram 
(Figure 3), the formation of an intermetallic compound UFez (the epsilon 
phase) with a melting point of 1233°C (2250°F) and a eutectic Fe-UFe2 with 
a melting point of 1080°C (1976°F) is shown. 

It is therefore desirable to limit the formation of the low-melting-
point epsilon phase in alloy steel by ensuring that sufficient carbon is 
available for the formation of the monocarbide. 

The scope of Project F-37 has been limited to investigations of the 
effects of uranium on the room-temperature and elevated-temperature 
properties of alloy steels. 
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TABLE 2 

Reactions Between UC and Meta4 and Alloys 
(According to B.R. T. Frost (4)) 

Al - UC reacts with Al to produce UA13 and UA14 (24 hr at 620°C). 

Co w. Possible pseudo-binary; little solubility. 

- U.C-Cr.pseudo-binary eutectic ate%1 1100"Ç.,_ No solubility 
between UC and Cr. 

Cu - UC-Cu pseudo-binary. 

Fe - Pseudo-binary UC-Fe eutectic at 1100°C. 

Hf - Complete solubility of H.f.C-UC; probable increase in melting 
_point (HfC mp, 3900°C). 

Mo  - UC + Mo -> Mo2C at 1000°C. 

Nb - Corn.plete solubility of NbC-UC; NbC melts af 3485°C. 
Nb-UC compatible. 

Ni - UC-UCNi pseudo-binary. 

Si - UC + 3Si 	> USi3 C at 1000°C. 

Ta - Continuous TaC-UC solid solution Ta + UC -> TaC + U. 

Th - UC dissolves < 2 mole % ThC. 

Ti - UC dissolves < 2 mole %  TIC.  

C - UC dissolves 4 to 9 mole % VC; VC dissolves no UC. 

W - UC dissolves rv 10 mole % W; W dissolves no UC. 

Zr - Continuous solid solution between UC and ZrC, rising to 
ZrC mp of 3500°C. 
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METALLOGRAPHY AND IDENTIFICATION OF URANIUM 
COMPOUNDS IN ALLOY STEEL 

Positive identification of the crystallographic structures of uranium  
compounds in alloy steels necessitates the use of X-ray diffraction analysis 
of electrolytic extraction residues obtained with non-aqueous electrolytes 
in_ an anhydrous organic solvent. However, some metallographic information 
is available in the literature (6) (7) (8) (9) and from similar studies made 
In connection with.this projeCt. 

The constituents in the following photomicrographs (Figures 4-8) of 
consumable-arc vacuum-melted alloys of uranium are identified as follows: 

Figure 4. Iron 50 wt %uranium alloy containing 1% carbon. 

The white constituent at 3 o'clock is UFe2, the light grey 
constituent is UC, and the lamellar eutectic is Fe in UFez. 

The hardness indentations shown are: 

• UC 	- - 1176 Knoop scale (74 Rockweil 

	

UFe2 	- 842 	" 	" (65 Rockwell 
Eutectic Fe 

	

in UFe2 	- 210 " 	" (92 Rockwèll 

Figure 5. Iron 50 wt % uranium alloy. 

The white constituent is UFe2 and the dark lamellar constituent 

is the eutectic Fe in UFe2 (56 wt % uranium). 

Figure 6. Iron 12 wt % uranium alloy. 

The white constituent is Fe and the lamellar structure 

is the eutectic Fe in UFe2. 

Figure 7. Aluminum 12 wt % uranium alloy. 

The lamellar structure is the eutectic tIA14 (dark) and Al (light), 

and the massive white constituent is Al. 

Figure 8. Titanium 24 wt % uranium alloy. 

This is the eutectoid structure, T1U2 and OC Ti (Ti 17 at % U) 
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Figure 7. Aluminum 12 wt go uranium alloy 

Electrolytic etch 

Figure 8. Titanium 24 wt % uranium alloy. 
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The formation of UC and UFez in alloy steel (0.25% C, 1% Cr, 
1% Mo, 1% V) at higher levels of uranium content (2 wt % uranium) pre-
dicted by the uranium-carbon-iron equilibrium ternary diagram (18) is 
evident in Figures 9 to 13. These photomicrographs of plate hot-rolled 

at  1038°C  (1900°F), below the melting point of the epsilon phase UFej, 
indic  ate  the presence of the following uranium compounds: 

Figure 9. Intergranular UFez. 

Figure 10.- Grey constituent UC and white UFez. 

Figure 11. Same as Figure 12, showing relative hardness 
of the structures. 

Figures 12 and 13. The effect of etching the same constituent 
with Vilella's and Murakami's reagents. The latter 
is used to preferentially darken the carbide. 

Alloy steel (5% Cr, 1% Mo, 1% V) containing less than 1 wt % 
uranium revealed the presence of grey uranium particles not present in 

steels which do not contain uranium. See Figures 14 and 15. 
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Nital etch X750 

Figure 9. Alloy steel containing 2 wt % uranium (1% Cr, 
1% Mo, 1% V, and 0.25% C). 
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Etched in Vilella's reagent 	 X750 

Figure 10. Alloy steel containing 2 wt % uranium (1% Cr, 
1%Mo, 1% V, 0.25%C). 

r , 	• 	; 	, 	- 	":„ 

••.:1; 	 •1 	• 
• • 	 -"• " 
• ■ ''t ,-) •• • 	 ' . 	• . 1. 	̀1,e• • p 

%et> 

Nital etch 	 X750 

Figure 11. Alloy steel containing 2 wt % uranium (1% Cr, 
1% Mo, 1% V, 0.25% C). 
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Etched in Vilella's reagent 	 X750 

Figure 12. Alloy steel containing 2 wt % uranium (1% Cr, 
1% Mo, 1% V, 0.25% C). 
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Figure 14. Alloy steel containing 0.62 wt % uranium (0.50% C, 
5% Cr, 1% Mo, 1% V, 1.9% Si, 0.3% B). 

Figure 15. Alloy steel containing 0.77 wt % uranium (0.40% C, 
1% Mn, 1.50% Si, 5% Cr, 1% Mo, 1% V, 1.2% Nb). 



EXPERIMENTAL PROCEDURES 

Statistical Design of the Experiments  

Four-, five- and six-factor, two-level factorial experiments, using 
two or four replicates, were done during this project to reveal the effect 
of increasing the uranium content when other factors were varied at the 
same time. Specimens were selected from four different positions from 
top to bottom of the ingots, in order that each treatment combination should 
have equal opportunity, with every other treatment combination, of being 
selected from the upper or lower half of the ingots. The Latin Square design 
was used for the four-factor experiment and the method of analysis of 
variance was used for 3-3-6 factorial experiments. Examples of these 
designs, together with the m2thod of specimen identification, are shown in 
Figures 16 to 19. 

Melting, Forging, and Hot-  and 
Cold-Rolling Practice  

The 50-lb and 400-lb induction furnaces were used to cast twenty-
four melts of aluminum-killed, fine-grained alloy steel, seven of which 

were 50-lb and seventeen 400-lb heat lots. Three ingots were poured from 
the smaller melts; two of these ingots contained uranium in increasing 
amount. The eight ingots obtained from the larger melts were divided into 
two groups of four ingots, each group containing an element, other than 

uranium, at two levels. Uranium was added to two of the ingots of each 

group. 

The ingots were cast when the metal in the crucible was at 1600°C 

to I610°C (2910°F to 2930°F). Three minutes were allowed to ensure 

solution of the secondary additions to the crucible. 

Ingots were forged and rolled at 1038°C (1900 ° F) or 1066°C (1950°F) 

and then cooled in vermiculite. The plate for machining was full annealed 

at 899°C (1650°F) for 30 min and cooled in the furnace. Specimens were 

purposely machined 0.010 in. oversize and then machined to dimensions 

after heat treating. 

All heat treating was carried out in the same controlled-atmosphere 

furnace. All specimens for each treatment combination were heat-treated 

togethe  r. 
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Uranium Yield  

Uranium could not be economically added in the crucible in the 400-lb 
Induction furnace melts. This is shown in Table 3. When added to the ladle, 
however, the range for uranium yield was 74 to 84%. 

TABLE 3 

Uranium Yield Per Cent When Uranium Metal  
is Added to the Crucible  

Steel 	 Uranium Yield Per Cent  
Ingot Number 

3 	4 	5 	6 	7 	8 	9 	10  

1 	70 	66 	45 	47 	43 	43 	32 	32 
2 	93 	89 	43 	47 	40 	40 	35 	45 
3 	79 	79 	61 	61 	55 	55 	47 	56 
4 	89 	94 	73 	73 	49 	46 	36 	52 
5 	67 	59 	57 	55 	34 	34 	27 	39 

Forging Alloy Steel  

It was possible to forge alloy steel (0.44% C, 0 .  94% Mn, 0.24% Si, 
5% Cr, 1% Mo, 1% V, 1.3% Nb) containing up to 0.34 wt % uranium at 1230°C 

(2250°F); see Figures 20 and 21. However, upon being forged at 1150°C 
(2100°F), alloy steel containing titanium (0.3 wt To), or containing titanium 
(0.3 wt %) and boron (0.2 wt %), only fragmented when uranium was present. 

The presence of the strong carbide former, titanium, in the latter 

group of alloy steels, is thought to have depleted the austenite of carbon 

available for the formation of uranium carbide and thus to have resulted in 

the formation of the low-melting constituent UFe2. 



Figure 20. Forging test of specimens from alloy-steel ingot forged at 1230°C 
(2250°F), showing distortion without tearing of a hole previously 
drilled in the ingot. (Uranium content --- 0.24 wt %). Steel B. 

Figure 21. Forging test specimens from alloy-steel ingots. From left 

to right, the uranium concentrations are 0.007*, 0.18, 0.24, 

0.34 and 0.32 wt %, forged at 1230°C (2250°F). Steel B. 

* Residual uranium (uranium not added). 
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RESULTS 

1. High-Strength Alloy Steel Plate  

The chemical compoetions of the steels investigated, 15A and 15B, 
are presented in Table 4. 

The, room-temperature tensile properties of these two steels are 
presented in Table 5. 

The yield strength and the tensile strength for all of the four factors 
considered--austenitizing temperature, tempering temperature, copper 
content, and uranium content--were found to be statistically significant. 

2. Low-Alloy, Hardenable Steel Sheet 

, The chemical compositions of the two steels studied, 13  and. 14, are 
presented in Tables 6 and 7. These steels were investigated in sheet form. 
The tensile properties are presented in Tables 8 and 9. 

The tensile strength of notch specimens was fonnd to be statistically 
highly significant for copper content and tempering temperature in Steel 14, 
and for uranium content, austenitizing temperature and tempering tempera-
ture  in Steel  13. In both Steels 13 and 14 the effect on the unnotched tensile 
properties of increasing the tempering temperature wafi found to be highly 
significant, but the effect of increasing the copper and uranium contents 
was significant only in the case of Steel 14. 



TABLE 4 

Chemical Composition of Steels Investigated (Steels 15A and 1513)' 

	

Steel 	Ingot 	 Per 	Cent  
No. 

C 	Mn 	P 	S 	Si, 	Al 	Ni 	Cr 	Mo 	U 	Cu  

	

15A 	1 and 2 	0.26 	0.88 	0.014 	0.029 	0.12 	<0.01 	1.78 	1.03 	0.23 	0.0002* 	0.12 
3 and 4 	0.24 	0.88 	0.012 	0.026 	0.11 	<0.01 	1.82 	1.03 	0.23 	0.32 	0. 12 
5 and 6 	0.26 	0.79 	0.018 	0.030 	0.09 	<0.01 	1.78 	1.00 	0.25 	0.0002* 	1.02 
7 and 8 	0.25 	0.77 	0.018 	0.026 	0.15 	<0.01 	1.78 	0.99 	0.25 	0.35 	1.02  

Average 	 0.25 	0.84 	0.016 	0.028 	0.09 	<0.01 	1.79 	1.01 	0.24 	0.0002* 	0.12 
0.34 	1.02 

	

15B 	1 and 2 	0.19 	0.94 	0.010 	0.022 	0.13 	0.04 	1.84 	1.06 	0.23 	0.0005* 	0.12 
3 and 4 	0.19 	0.95 	0.009 	0.022 	0.14 	0.04 	1.85 	1.06 	0.23 	0.41 	0.12 
5 and 6 	0.19 	0,91 	0.011 	0.024 	0.11 	0.04 	1.82 	1.06 	0.25 	0.0003* 	1.00 
7 and 8 	0.18 	0.91 	0.008 	0.023 	0.10 	0.04 	1.84 	1.06 	0.24 	0.36 	1.00 

Average 	• 	0.19 	0.93 	0.010 	0.023 	0.12 	0.04 	1.84 	1.06 	0.24 	0.0004* , 0.12 
0.39 	1.00 

* Residual uranium  (uranium,  not added). 



TABLE 5 

Arithmetic Averages of Tensile Properties for Steels Studied (15A and 15B) 

Identification of Treatment Combinations 	 Steel 15A 	 Steel 15B  
Austenitizing 	Tempering 	Copper 	Uranium 	 Tensile 	Yield 	 Tensile 	Yield 
Temperature 	Temperature 	Content, 	Content, 	Treatment 	Strength, 	Strength, 	Elongation, Strength, 	Strength, 	Elongation, 

	

ea 	 % 	Combination 	psi X10 -3 	psi X10 -3 	% in 2 in. 	psi X10-3 	psi X10 -3 	7e  in 2 in.  

807 °  C(1475 ° F) 	427•C(800 ° F) 	0,1 	0 	 (1) 	 181.7 	173.5 	10.0 	177.5 	170.1 	10.3 
807°C(1475 ° F) 	427°C(800°F) 	1.0 	0 	 a 	 183.3 	174.5 	10.0 	177.0 	168.4 	10.5 
807' C(1475°F) 	427°C(800*F) 	Ô.1 	0.3 	 b 	 182.1 	172.3 	10.0 	174.9 	166.5 	10.3 
807*C(147.5 ° F) 	427 ° C(800 ° F) 	1.0 	0.3 	 ab 	 183.4 	172.9 	10.0 	176.2 	168.9 	9.9 
857°C(1575*F) 	427°C(800°F) 	0.1 	0 	 c 	 180.3 	170.0 	10.1 	174.8 	169.4 	10.5 
857 ° C(1575 ° F) 	427°C(800°F) 	1.0 	0 	 ac 	 183.5 	171.4 	10.4 	174.4 	164.0 	10.4 
857°C(1575 ° F) 	427°C(800°F) 	0.1 	0.3 	 bc 	 181.0 	170.0 	9.6 	173.3 	161.4 	10.5 
857°C(1575 ° F) 	427*C(800°F) 	1.0 	0.3 	 abc. 	 182.2 	170.9 	9.8 	174.5 	165.1 	9.8 

807°C(1475°F) 	649 ° C(1200°F) 	0.1 	0 	 d 	 122.6 	107.9 	16.6 	114.6 	106.3 	18.5 
807°C(1475°F) 	649°C(1200°F) 	1.0 	0 	 ad 	 124.5 	111.5 	16.5 	118.7 	108.6 	17.6 
807C(1475°F) 	649 ° C(1200*F) 	0.1 	0.3 	 bd 	 119.9 	104.6 	17.6 	114.8 	103.9 	17.3 

807 ° C(1475 ° F) 	649•C(1200°F) 	1.0 	. 	0.3 	 abd 	 120.8 	106.8 	16.8 	115.9 	108.4 	16.9 

857°C(1575 ° F) 	649 ° C(1200F) 	0.1 	0 	 cd 	 121.3 	105.8 	17.4 	114.5 	102.6 	18.5 

857°C(1575°F) 	649*C(1200°F) 	1.0 	0 	 acd 	 123.,1 	108.4 	17.1 	118.1 	107.9 	17.3 

857°C(1575 ° F) 	649°C(1200°F) 	0.1 	0.3 	 bcd 	 119.6 	103.6 	17.3 	114.6 	104.4 	16.8 

857 ° C(1575 ° F) 	649 ° C(1200 ° F) 	1.0 	0.3 	 abcd 	120.4 	105.8 	18.0 	115.2 	105.5 	17.8 

Steel 15A - Deoxidized with silicon. 
Steel 15B - Deoxidized with silicon and aluminum. 



TABLE 6 

Chemical Composition of Steels Investigated (Steel 13). 

Steel 13 	 Per Cent  
Ingots  

Numb e r 	C 	Mn 	P 	S 	Si 	Al 	Cr 	Ni 	Mo 	Cu 	U  

1 and 2 	0.45 	0.94 	0.020 	0.027 	0.020 	0 ..04 	1.00 	1.78 	0.22 	0.12 	0.0008* 
I 

3 and 4 	0.48 	0.94 	0.020 	0.028 	0.020 	 1.00 	,1.78 	0.22 	0.12 	0.31 

5 and 6 	0.45 	0.93 	0.014 	0.028 	0.020 	 0.99 	1.78 	0.23 	0.96 	0.0017* 

7 and 8 	0.45 . 	0.93 	0.013 	0.027 	0.020 	 0.98 	1.76 	0.25 	0.98 	0.29 

Average 	0.46 	0.94 	0.017 	0.028 	0.020 	0.04 	0.99 	1.78 	0.23 	0.12 	0.0009* 

	

0.97 	0.30 
._ 	 . 

* Residual uranium (uranium not added). 



TABLE 7 
•I 

Chemical Composition of Steels Investigated (Steel 14) 

	

Steel 14 	 Per 	Cent  
Ingot 

	

nimber 	C 	Mn 	P 	S 	Si 	Al 	Cr 	Mo 	Ni 	Cu 	U  

	

land 2 	0.30 	0.98 	0.012 	0.023 	0.11 	0.05 	0.03 	0.23 	0.53 	0.12 	0.0004* 	' 

	

3 and 4 	0.34 	0.98 	0.011 	0.023 	0.12 	 0.04 	0.23 	0.51 	0.12 	0.47 

	

5 and 6 	'0.33 	0.98 	0.012 	0.023 	0.12 	 0.03 	0.23 	0.51 	0.96 	0.00008* 

	

7 and 8 	0.33 	0.97 	0.011 	0.023 	0.10 	 0.04 	0.23 	0.51 	0.96 	0.32 

0.12 	0.00 
Average 	0.33 	0.98 	0.012 	0.023 	0.11 	0.05 	0.04 	0.23 	0.52 	0.96 	0.40 

* Re sidual uranium (uranium not added). 
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TABLE 8 

Summary of Average Tensile Properties (Steel 13)  

Identification ofTreatment Combinations 	 Estimated 	Notched to 
Treatment 	'Austenitizing Tempering 	Copper Content, Uranium Content, Yield Strene to 	Itc  Value,* 	Unnotched 	Unnotched Tensile thmnotched Yield Notched Ten- 
Cornbination Temperature 	Temperature 	go 	 % 	Tensile Strength psi X10 -3  in. Tensile Strength 	Strength, 	 Strength, 	sue  Strength, 

Ratio X100 	 Ratio X100 , 	Psi X10 -3 	nsi XI 0 -3 	psi X10 -3  

(1) 	 802°C 	427°C 	0.10 	 0.00 	 97.1 	 200.7 	 105.0 	 198.5 	 192.8 	 208.5 
a 	 (1475'F) 	(800 ° F) 	1.02 	 0.00 	 93.8 	 212.9 	 103.1 	 209.3 	 196.2 	 215.7 

n 	 , b0.10 	 0.29 	 95.7 	 175.9 	 94.6 	 215.5 	 206.2 	 203.8 
n ab If 	 1.02 	 0.29 	 92.9 	 178.4 	 94.8 	 211.5 	 196.5 	 200.5 

c 	 857C ' 	 0.00 	 91.6 	 227.6 	 105.9 	 197.2 	 180.7 	 208.9 

ac 	(1575'F) 	 " 	 1.02 	 0.00 	 94.7 	 203.9 	 102.3 	 207.0 	 196.0 	 211.8 

be n 	 n 	 0.10 	 0.29 	 94.0 	 211.2 	 104.8 	 198.9 	 186.9 	 208.4 
II abc Il 	 1.02 	 0.29 	 91.8 	 168.6 	 95.0 	 197.4 	 181.3 	 187.5 

d 	 802°C 	650 ° C 	0.10 	 0.00 	 à9.7 	 317.5 	 120.4 	 137.5 	 123.3 	 165.5 

ad 	(1475 ° F) 	(1200*I) 	1.02 	 0.00 	 89.9 	 180.6 	 107.7 	 143.9 	 129.4 	 155.0 

bd 	 II n 	 0.10 	 0.29 	 88.9 	 225.5 	 113.8 	 136.4 	 121.2 	 155.2 

abd n 	 n 	 1.02 	 0.29 	 87.1 	 193.4 	 108.2 	 139.1 	 121.2 	 150.5 

cd 	 857"C n 	 0.10 	 0.00 	 88.3 	 177.7 	 106.9 	 140.1 	 123.7 	 149.8 

acd 	(1575°C) n 	 1.02 	 0.00 	 86.4 	 154.2 	 101.4 	 139.5 	 120.5 	 141.5 
I 	 el bcd I 	 0.10 	 0.29 	 86.3 	 158.1 	 102.0 	 140.0 	 120.8 	 142.8 

abcd n 	 n 	 1.02 	 0.29 	 87.0 	'186.8 	 106.5 	 142.2 	 123.7 	 151.5 

• 

* This is an estimated value of K c  and does not conform strictly to ASTM Bulletins 243 and 244. (10) (11) 



TABLE 9 

8 
C., 
db, 

Summary of Average Tensile Properties Steel 14) 

Austenitizing 	Tempering 	Copper 	Uranium Treatment 	Notched 	Unrenched 	Unmotched Notchedto YieldStrength Estixnated 
Temperature 	Temperature 	Content 	Content, 	CombimMaon Tensile 	Tensile 	Yleld 	Unmcnched 	to Tensile 	Kc  Value,*  

Strength, 	Strength, 	Strength, 	Tensile 	Strength, 	psi X10-3  in. 
psi X10 -3 	psi X10 -3 	psi X10 -3  Strength, 	Ratio X100 

Ratio X100  

843*C(1550°F) 	427°C(800*F) 	0.12 	0 	(1) 	196.5 	172.5 	164.6 	113.9 	95.4 	177.1 
It 	 Il 	 0.96 	0 	a 	 201.5 	176.1 	171.0 	114.4 	97.1 	178.6 
tr 	 II 	 0.12 	0.40 	b 	 188.8 	171.7 	165.9 	110.0 	96.6 	154.9 
tt 	 it 	 0.96 	0.40 	ab 	194.0 	168.5 	162.1 	115.1 	96.2 	178.0 

899°C(1650F) 	It 	 0.12 	0 	 c 	 183.0 	166.9 	163.4 	109.6 	97.9 	146.0 
II 	 r, 	 0.96 	0 	ac 	201.0 	173.9 	168.5 	115.6 	96.8 	181.2 
It 	 tr 	 0.1 2 	0.40 	bc 	191.0 	162.2 	156.2 	117.8 	96.3 	185.4 
re 	 II 	 0.96 	0.40 	abc 	189.5 	169.3 	161.0 	111.9 	95.1 	167.9 

843°C(1550*F) 	650°C(1200F) 	0.12 	0 	d 	 121.0 	109.7 	99.5 	110.3 	90.7 	117.5 
II 	 /t 	 0.96 	0 	ad 	129.0 	112.4 	111.1 	114.7 	98.8 	100.7 
II 	 II 	 0.12 	0.40 	bd 	120.8 	107.5 	99.4 	112.4 	92.5 	117.3 
rg 	 It 	 0.96 	0.40 	abd 	125.8 	111.3 	105.9 	113.0 	95.1 	113.4 

899*C(1650°F) 	It 	 0.12 	0 	cd 	122.5 	109.0 	96.9 	112.4 	889 	133.0 
n 	 it 	 0.96 	0 	acd 	126.5 	110.2. 	103.3 	114.8 	93:7 	122.8 
11 	 tt 	 0.12 	0.40 	bcd 	121.0 	107.6 	95.6 	112.5 	88.8 	134.7 
It 	 tI 	 0.96 	0.40 	abcd 	129.0 	114.4 	104.2 	112.8 	91.1 	130.6 

*This is an estimated value of Kc  and does not conform strictly to .ASTM Bulletins - 243 and 244. (10) (11) 
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3. Medium-Alloy, Very-High-Strength Steel Shdet  

Three steels, 7, 12 and 55, were studied. The chemical composition 
of the ingots is shown in Table 10. 

The results of .three factorial experiments using specimens from the 
same melt, Steel 7, are found in Table 11, Three tensile properties, the 
corrosion weight loss, and the susceptibility to hot cracking can all be 
compared, in this table, for sixteen treatment combinations for specimens 
selected from the same position in the ingots. All of the factors studied 
were found to be significant at the 0.05 probability level. 

The results of two factorial experim.ents using specimens from another 
melt, steel 12, are shown in Table 12. In this table, five tensile properties 
and the corrosion weight loss may be compared for sixteen different treat-
ment combinations. 

In the investigation of the effect of uranium on the susceptibility to 
hot cracking, use was made of the method described by H.V. Huxley (12). 
When the chromium content was increased from 1.25% to 6.28%, both the 
crack length and the frequency of crack formation were increased. Increasing 
the uranium content ta 0.24 wt % resulted in a decrease.  in both the frequency 
and the length of the cracks formed. 

The interaction between chromium content and tempering temperature 
for the tensile strength of Steel 7, is shown in Figure 22. 

The effects of chromium, of uranium, and of austenitizing and tem-
pering temperatures on the corrosion weight losses (Steel 7) after sixteen 
hours at room temperature in an aqueous solution of 10 wt % HC1 are shown 

in Figures 23 to 27. The lowest weight losses occurred when the chromium.  

content was 1.25 wt %, the austenitizing temperature 1010°C (1850°F), the 

tempering temperature 650°C (1200 ° F), and uranium was absent. 

The effects of copper, uranium, and austenitizing and tempering 

temperatures on the corrosion weight losses for Steel 12 are shown in 

Figures 28 and 29. In addition, the effect of altering the chemical compo-

sition of Steel 7 by the addition of nickel and copper (Steel 12) is shown 

in Table 12. 

The tensile properties of hot- and cold-rolled alloy steel sheet, 

Steel S-5, are shown in Table 13. 



TABLE 10 

Chemical Composition of Steels Investigated (Steels 7, 12 and S5)  

Per 	''Cent 
Steel 7 	

_ 
Ing ot Number 	C 	Mn _ 	P 	S 	Si 	' 	Al 	Cr 	Ni 	Mo 	V 	Cu 	U

1 and 2 	0.34 	1.00 	0.006 	0.026 	1.40 	0.06 	1.24 	0.97 	1.16 	0.0006* 

	

3 and 4 	0.31 	1.00 	0.005 	0.026 	1.40 	 1.25 	0.95 	1.17 	 0.23 
- 	5 and 6 	0.31 	0.97 	0.008 	0.025 	1.34 	6.28 	0.88 	1..1.1 	 0.0003* 

	

7 and 8 	0.30 	0.96 	0.008 	0.025 	1.32 	. 	6.27 	0.87 	1.12 	. 	i 0.25 

Average 	 0.32 	0.98 	0.007 	0.026 	1.37 	0.06 	L g 	0.92 	1.14 	0.0005* 
0.24 

- 	  

Steel 12 	 C 	Mn 	P 	S 	Si.. 	Al 	Cr 	Ni. 	 U  

	

1 and 2 	0.33 	1.00 	0.018 	0.024 	1.49 . 	0.06 	5.10 	1.03 	0.90 	1.06 	0.10 	0.0005* 

	

3 and 4 	0.35 	0.96 	0.017 	0.024 	1.52 	5.15 	1.04 	0.90 	1.12 	0.10 	0.27 

	

5 and 6 	0.34 	0.97 	trace 	0.024 	1.47 	5.15 	0.96 	0.88 	1.10 	1.02 	0.0008* 

	

7 and 8 	0.35 	0.98 	trace - 	0.024 	1.45 	5.10 	0.96 	0.90 	1.06 	1.02 	0.31 

Average 	 0.34 	0.97 	0.018 	0.024 	1.48 	0.06 	5.13 	1.00 	'0.90 	1.09 	0.10 	0.0007* , 

	

1.02 	0.29  

Steel S5 	 Si 	 U  

	

0.41 	1.03 	0.003 	0..029 	1.51 	0.12 	- 4.92 	0.84 	1.18 	1.23 	0.46 

* Re s'entai uranium (uranium not added). 



TABLE 11 

Comparison of the Tensile Properties, Corrosion Weight Los, and Susceptibility  
to Hot Cracking, of Alloy Steel Sheet - Steel 7' 

Tensile Properties" 	 SusceptibUityto 
Austenitizing 	Tempering 	Chromium Uranium 	Treatment 	Tensile 	Yield 	Elongation, 	Corrosion2 	Hot Cracking  

.Temperature 	Temperature 	Content 	Content Combination strength, 	strength, 	%in2 in. X10 	Weight Loss, Frequency total -  Length, 
% 	 % 	 psi X10-3 	psi X10 -3 	 'mg/crn2 	in4 specimens 	in-X1/64 

• 	  

1010C (1850 ° F) 	566*C (1050'F )* 	1.25 	0 	 (1) 	 222.5 	199.0 	45.0 	 4.7 	 3 	 1.75 
Il 	 Il 	 6.28 	0 	 a 	 248.3 	213.3 	73.8 	27.0 	 27 	 4.45 
"n 	 1.25 	0.24 	b 	 223.0 	202.3 	60.0 	 8.6 	 5 	 3.17 
If 11 	 6.28 	0.24 	ab 	245.0 	207.5 	63.8 	32.5 	 9 	 4.50 

	

1066C (1950'F) n 	 1.25 	0 	 c 	 274.8 	241.5 	63.8 	 5.5 	 9 	 3.72 
It te 	 6.28 	0 	 ac 	282.5 	231.5 	32.5 	33.3 	 19 	 5.00 
U 	 It 	 1.25 	0.24 	bc 	271.3 	• 	247.0 	37.5 	 8.8 	 1 	 0.75 
" 	 n 	 6.28 	0.24 	abc 	275.0 	221.0 	25.0 	36.8 	 15 	 2.80 

1010C (1850"F) 	650C (1200'F) 	1.25 	0 	 d 	 171.4 	159.8 	96.3 	 2.5 	 6 	 2.34 
n 	 II 	 6.28 	0 	 ad 	133.3 	107.1 	143.8 	 4.7 	 23 	 3.11 

re It 	 1.25 	0.24 	bd 	168.8 	157.9 	85.0 	 3.3 	 1 	 1.50 
re le 	 6.28 	0.24 	abd 	133.0 	105.5 	142.5 	 6.0 	 3 	 3.62 

	

1066C (1950'F) n 	 1.25 	0 	 cd 	200.0 	179.9 	92.5 	 3.4 	 5 	 2.17 
n 	 n 	 6.28 	0 	 acd 	143.2 	118.8 	108.8 	 6.8 	 20 	 . 2.60 
n 	 n 	 1.25 	0.24 	bcd 	187.9 	177.9 	90.0 	 2.9 	 0 	 0.00 

n n 	 6.28 	0.24 	abcd 	144.5 	114.1 	115.0 	 7.5 	 2 	 0.75 

1. At room temperature. 
2. In 10 wt % aqueous HC1 solution. 
* Specimens for suiceptibility to hot cracking 

were tempered at 538'C (1000°F). 



TABLE 12 

Comparison of the Tensile and Corrosion Properties of Alloy Steel Sheet - Steel 12  

.Austenitizing 	Tempering 	Copper 	Uranium Treatment 	Yielc1Strengthto Tensile 	Yield 	bkttched 	Notchedto 	Corrosion 
Temperature 	Temperature 	Content, Content, CombiluMlon 	Tensile Strength Strength, 	Strength, 	Tensile 	Unnotched 	Weight Loss, 

• % 	% 	 Ratio X100 	psi X10-3 	.i  X10 3  Strength, 	Tensile Strength 	mg/craZ 
pi  X10-3 	Ratio X100  

1010*C (185011 	566*C (1050'F) 	0.10 	0 	(1) 	 90.0 	229.2 	206.3 	224.8 	98.3 	 9.70 
tt 	 II 	 1.00 	0 	 a 	 91.9 	224.0 	205.8 	223.3 	99.7 	 3.42 
It 	 H 	0.10 	0.29 	b 	 89.2 	231.8 	206.8 	213.5 	92.2 	 11.15 
It 	

" 	 1.00 	0.29 	ab 	 90.4 	224.7 	203.0 	216.1 	96.3 	 3.45 
1066*C(1950°E) 	tt 	 0.10 	0 	 c 	 88.0 	241.2 	212.3 	226.7 	94.0 	 10.79 

II 	 It 	 1.00 	0 	 ac 	 88.4 	237.7 	210.2 	218.3 	92.0 	 3.93 
it 	 II 	 0.10 	0.29 	bc 	 87.4 	246.8 	215.8 	220.9 	89.5 	 11.89 
tt 	 tt 	 1.00 	0.29 	abc 	 89.1 	244.6 	218.0 	224.9 	92.0 	 4.53 

1010*C(1850I ) 	650C (12001 ) 	0.10 	0 	 d 	 83.7 	138.8 	116.2 	148.9 	107.3 	 3.27 
II 	 tt 	 1.00 	0 	 ad 	 85.7 	148.3 	127.0 	147.7 	99.6 	 2.02 
Ii 	 tI 	0.10 	0.29 	bd 	 83.2 	140.2 	116.7 	147.9 	105.6 	 4.05 

. 	It 	 It 	 1.00 	0.29 	abd 	 83.3 	139.2 	115.9 	154.2 	110.8 	 2.14 
1066*C (19501 ) 	It 	 0.10 	0 	 cd 	 89.4 	- 	144.9 	129.5 	153.3 	105.9 	 3.32 

It 	 It 	 1.00 	0 	 acd 	 88.2 	146.8 	129.4 	153.7 	104.7 	 1.84 
It 	 It 	 0.10 	0.29 	bcd 	 88.3 	146.3 	129.2 	156.9 	107.3 	 4.05 
It 	 It 	1.00 	0.29 	abcd 	 91.1 	148.2 	135.0 	157.6 	106.4 	 2.05 
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TABLE 13 

Tensile Strength of Sheet Steel Alloyed with 0.46 wt % Uranium - Steel S-5 

	

• 	, 

Tempering 	 Tensile Strength, psi X10 -3  

Temperature, °F 	 Steel S-5  

	

Cold Rolled 	 Hot Rolled  

As Quenched 	N* 	 148.0 	 132.5 
U 	 221.0 	 199.0 

	

800 	N 	 56.2 	 142.0 
U 	 212.0 	 207.0 

	

900 	N 	 1120 	 117.5 
U 	 234.0 	 255.5 

	

950 	. 	N 	 34.7 	 84.4 
U 	 243.0 	 ' 	270.0 

	

1000 	N 	 83.2 	 115.0 
U 	 215.0 	 223.0 

	

1050 	N 	 92.4 	 134.0 
U 	 184.0 	 137.0 

	

1100 	N 	 157.0 	 159.5 
U 	 195.0 	 181.0 

	

1200 	N 	 151.0 	 123.0 
U 	 140.0 	 146.5 

N - Notched 
U - Unnotched 
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4. Medium-Alloy  Steel Plate for Elevated-Temperature Service  (1% and 
5% Çhromium-Molybdenum-Vanadium Alloy and its Modifications) 

Three alloy steels, U, B and T, were used-to investigate the effect 
of uranium on the time to reach 0.1% creep strain, and a fourth alloy steel, 
3, was used in investigating the tensile properties at an élevated tempera-
ture, 566°C (1050°F). • 

Specimens austenitized at 1066°C (1950°F) for 30 min, air-cooled, 
and tempered 2 hr + 2 hr + 2 hr at 590°C (1100°F) were creep-tested for 
1000 hr at 530 ° C (984°F) and 24,600 psi. 

The elevated-temperature tensile properties were obtained before 
and after aging of heat-treated specimens. 

The chemical compositions of these steels are shoven in Table 14. 

The effect of uranium on the time to reach 0.1% creep strain is 
shown in Figure 30, and the effects of uranium on the elevated-temperature 
tensile properties are shown in Figures 31 to 34. 

The creep-strain-versus-time curves (for 1000 hr at 530°C (984°F) 
and 24,600 psi stres s ).  are the average of the results from two specimens 
at each level of uranium. From these data, the time in .hours to reach 
0.1% creep strain was plotted against uranium content. 

There is statistically significant evidence to show that uranium 

content of the order of 0.5 wt % improves creep in alloy steel of the 1% 
and 5% Cr, 1% Mo, 1% V type (see Figure 30). 

The effect upon the tensile properties of Steel 3 at 566°C (1050"F), 

of increasing the chromium content from 1 to 5 wt %, is certainly evident 
in the material before aging. After aging for 1000 hr at 538°C (1000°F), 

the tensile properties are depressed in spite of the fact that the material 
was previously tempered at the higher tempering temperature 650°C (1200°F). 

Increasing the chromium content under these conditions produced a decrease 
In  these tensile properties (see Figures 31-34). 

Uranium compounds, however, did not respond in this manner. On 

the contrary, the stable uranium carbide or uranium compound remained 
unresponsive to either short-term tempering heat . treatment or long-term 
aging treatment--further evidence that the uranium compound is not 
amenable to change during heat treatment. 



Cs. 

TABLE 14 

Chemical Composition of Steels Investigated (Steels U, B, T and 3) 

Per 	Cent,  
C 	Mn 	P 	S 	Si 	Al 	Cr 	Mo 	V 	Nb. 	Ti 	B 	U  

Steel 
U 	0.25 	0.75 	0.005 	0.025 	0.09 	0.03 	1.39 	0.98 	1.07 	 0.0008* 

0.11 
0.51 

Steel 
B 	0.44 	0.94 	0.005 	0.022 	0.24 	0.07 	5.33 	0.99 	1.16 	1.33 	 0.0071e  

0.18 
0.23 
0.34 

Steel 
T 	0.44 	1.01 	0.009 	0.022 	0.31 	- 	5.26 	0.98 	1.00 	- 	0.29 	0.22 	O. 007x 

0.23 
0.37 

- 	

. 

Steel 	 t. 

3 	0.34 	1.02 	0.003 	0.027 	1.58 	0.05 	1.04 	0.93 	1.05 	- 	i 	- 	--' 	0.0004* 
, 5.40 	 0.32 

* - Residual uranium (uranium not added). 
x Deoxidized with Al 12 wt % U alloy. 
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Figure 30. The effect of uranium on the time to reach 0.1% 
creep strain at 530°C (984°F) and 24,600 psi. 
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5. Medium-Alloy, Very-High-Strength Steel Plate  (1% and 5% 
Chromium-Molybdenum-Vanadium Alloy and its Modifications) 

The chemical compositions of the steels-  -investigated for mechanical 
properties at room temperature are found in Table 15. 

- . 
Graphs showing the effect of uranium on the hardness and tensile 

properties of heat-treated alloy steel are shown in Figures 35 to 44. 

The tensile prOperties are also shown in Table 16. 

An investigation of the effect of nitriding alloy steel containing' 
uranium was carefully studied. Typical graphs for the stress versus the 
log of the number of cycles to failure are shown in Figures 45, 46, and 50. 
The effects of nitriding, aluminum content, uranium content, and tempering 
temperature are shown in Figures 47, 48, and 49. 

As was to be expected from previous studies of harcine.ss versus 
tempering temperature data, the depletion of carbon  in  austenite by a stable, 
unreeponiive uranium carbide resulted in a general decrease in the  tensile 
strength throughout the range 427 ° C (800°F) to 650°C (1200°F); see Figure 37. 
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TABLE 15 

Chemical Composition of Steels Investigated for MeChanical Properties 
at Room Temperature  

Weiglit 	Per Cent 	 

Identification 	C 	Mn 	P 	S 	Si 	Al 	Cr 	Mo 	V 	B 	Ti 	Nb 	U 

Steel 9 	0.41 	1.06 	0.007 	0.029 	1.34 	0.07 	4.98 	0.87 	1.11 	 0.0003* 
0.75 	 0.39 

Steel 5A 	0.27 	0.93 	0.003 	0.026 	0.27 	0.06 	1.23 	1.07 	1.11 	 0.079 
0.110 
1.111 

Steel 5B 	0.37 	1.03 	0.004 	0.027 	1.74 	0.06 	4.73 	0.92 	0.98 	 0.007* 
0.085 
0.712 

Steel 4 	0.37 	1.16 	0.003 	0.027 	1.93 	0.07 	1.11 	1.02 	1.15 	 0.0006* 

	

5.69 	 0.43 

Steel X 	0.45 	1.02 	0.010 	0.021 	1.52 	0.11 	5.07 	0.98 	1.04 	 0.002* 
0.31 
0.50 
0.69 

Steel Y 	0.54 	1.21 	0.007 	0.022 	1.95 	 5.15 	0.96 	1.05 	 0.96 	0.002* 
0.33 
0.48 
0.70 

Steel M 0.50 0.91 0.004.  0.016 1.91 0.06 4.79 1.04 1.07 0.32 0.003* 
0.29 
0.4 ./ - 

 0.62 

Steel L 	0.51 	1.27 	0.004 	0.018 	1.72 	0.10 	4.84 	0.96 	1.03 	 0.55 	 0.002* 
0.29 
0.47 
0.63 

Steel S 	0.41 	1.01 	0.003 	0.028 	1.51 	0.12 	4.94 	0.84 	1.12 	 1.24 	0.007* 
0.30 
0.46 
0.64 
0.77 

* Residual uranium (uranium not added). 



01 

04 

53 

52 

51 

80 

40 	430 	450 	• 80 
TEMPERING T EMPERATURE 

AO 	800 	830 	900 	950 1000 1030 

TEMPERWO TEMPERATURE 

u •6 

45 

44 

1.0 
* 43 

€_3 42 
0 
CC •1 

40 
1/1 
034 
1341 
OZ 38 

CC « 37 

X'311 

SS 

54 

33 
510 	540 	570 240 120 650 

noo 
■■•■•••■ 

S c  

1100 	1150 

• F 

• 
— 0—  0.00074. 
- 0. 0304. 
— 0--- 1.1 1  0•44%- 077% 

53 
22 

z 21 
'a 20 

19 
10 

fr 17 
le 11 416  

310 

300 

1190 

In 280 

0 270 

260 

25 , 

— 0-- U-0 007 4. 
- te-o. 30% 
—0— 0-0 49% - 0 77 4. 

- 	Ar1114weIle 4v5*e9e 

240 

 230 

220 

1 210 

200 

e ,,,, 

0 
'a 190 

1- 170 
I1) 

16 

o 1501- 

113400 [ 

120 

110 

100 A17)  
510 	540 	570 

TEMPERATURE 
950 	1000 1050 
TEMPERATURE 

120 
• e 

1100 	1150 
• F 

	

430 	430 	480 
TEMPERING 

	

AO 900 	eso 	900 
TEMPER ING ■■■■■ 

590 650 

MOO 

- 42 

Figure 35. Hardness vs. tempering 
temperature curves for 
Steel S. 
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Figure 41. Hardness vs. tempering tem- Figure 42. Hardness vs. 
perature curves, Steel M. 	 ture curves, 

tempering tempera-
Steel X. 

Figure 43. Hardness vs. tempering tem- Figure 44. Hardness vs. tempering temper a .  
ture curves, Steel L. perature curves, Steel Y. 



TABLE 16 

Tensile Properties at Room Temperature of Heat-treated Alloy Steels  

Position 
in 

 igot 	
Uranium 	Content * 	"Tensile 

n 
U1 	 Uz 	 U3 	 U4 	 Properties 

Top 	 L206.8 	Y216.3 	X213.0 	M210.0 	Y.S.,psi X10-3  
1 	 L226.0 	Y244.3 	X238.0 	M226.0 	T.S.,,psi X10 -3  

L 	7.5 	Y 	4.0 	X 	5.5 	M 	3.0 	Elong.,% 2 in. 

	

L 15.0 	Y 	6.7 	X 	9.0 	M 	3.7 	R.A., % 

Middle 	Y219.3 	X215.8 	M213.0 	L207.0 	Y.S.,psi X10-3  

2 	 Y241.0 	X245.0 	M231.0 	L227.3 	T.S., psi X10-3  
.Y 	5.5 	X 	5.8 	M 	2.5 	L 	6.0 	Elong.,% 2 in. 

	

Y 13.8 	X 12.0 • 	M 	0.9 	L 13.7  

Middle 	X209.8 	M215.3 	L197.3 	Y220.0 	Y.S., psi X10 -3  

3 	 X242.3 	M229.5 	L219.3 	Y245.5 	T.S., psi X10 -3  • 
X 	7.3 	M 	2.0 	L 	6.5 	Y 	5.5 	Elong.,% 2 in. 

	

. X 20.2 	M 	1.0 	L 11.8 	Y 12.9  

	

. 	 , 

Bottom 	M216.5 	L198.6 	Y216.5. 	X213.0 	Y.S., psi X10-3  

4 	 M233.3 	L222.8 	Y245.3 	X239.8 	T.S., psi X10 -3  

M 	2.3 	L 	7.0 	Y 	5.0 	X 	6.0 	Elong., %2  in- 
M 	2.2 	L 11.5 	Y 10.3 	X11.7  

* See Table 15. 
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Figure 45. Stress vs. log cycles to failure after nitrogen case-
hardening, aluminum 0.07%, tempered at 56.6°C 
(1050°F), and air-cooled. Steel 9. 

Figure 46. Stress vs. log cycles to failure after nitrogen case-
hardening, aluminum 0.75%, tempered at 566°C (1050°F), 

and air-cooled. Steel 9. 
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DISCUSSION OF THE RESULTS 

Corrosion of Uranium Compounds  

In the table of standard electrode potentials or electromotive series 
(see Table 17, below), uranium is found to have a higher negative standard 
potential than the element zinc. 

TABLE 17 

Excerpt from Electromotive Series  (13) 

Electrode reaction 

Mg = Mg++ 
Al = Al+++ 
U = U++ 
Mn = Mn++ 
Zn = Zn++ 
Fe = Fe++ 
H2 = 2H+ 
Cu = Cu++ 

Atorn to ion 	Potential, volts  

+ 2e 	 -2.34  
+ 3e 	 -1.67  
+ 2e 	 - 1.40 
+ 2e 	 -1.05  
+ 2e 	 -0.76  
+ 2e 	 -0.44  
+ 2e 	 -0.00  
+ 2e 	 +0.34  

Since metals with a higher negative standard potential have a greater 
tendency to pass into solution as ions than is possessed by those metals 
having a smaller numerical value for their negative potential, uranium should 

act as a sacrificial anode relative to iron. Although this is the case in 
practice (13) when uranium metal is used as an external sacrificial anode 
for iron or steel, the question to be answered when uranium additions to 

alloy steels are considered is not the position of uranium metal in the 
electromotive series but, rather, the position of UC or UFe2. 

It would appear, from the work done in this project (F-37), that the 

presence of UFe2 in alloy steel containing 2 wt % uranium results in uniform 

corrosion rather than corrosion of the pitting type (14); see Figures 51 and 52. 

On the other hand, in two alloy steels studied, in which uranium was found 

metallographically to be in the form of the compound UC, the presence of 

uranium increased the corrosion weight loss. 
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0.06 wt % U 	2.11 wt % U 0.0003 wt % U 

Figure 51. The effect of uranium on the surface appearance of alloy 
steel after corrosion in 14 wt % aqueous hydrochloric 
acid solution at  50° C (120°F). 

2.11 wt % U 

0.06 wt % u 

0. 0003  wt % U 

Figure 52. The effect of uranium on the severity of pitting-type 

corrosion of the alloy steel shown in Figure 51. 
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When a large number of small particles of a constituent like UFe2 
are embedded in steel, they behave individually as sacrificial anodes, 
assuming, of course, that UFe2 is electronegative to iron. When these 
small UFe2 particles have passed into solution as ions, the iron atoms in 
the steel then leave the surface, exposing more UFe2 particles. This 
mechanism is suggested to explain the uniform corrosion experienced when 
steel containing UFe2 was immersed in an aqueous solution of hydrochlôric 
acid. 

When UC is present, in the absence of UFe2, in steel immersed in 

aqueous hydrochloric acid solution at room temperature, hydrolysis of the 

UC occurs (15) to form uranium oxide according to the following reaction: 

UC + (2 + x) H20 ---> UO2 x H20+ CH4 

Significant àrnounts of C2- and C7- hydrocarbons are also produced. In 

addition, some free hydrogen may be produced, as follows: 

U + (2 + y) H20 —> UO2 y H20+ 2H2 

The reaction rate of UC and aqueous hydrochloric acid being high, it is 

understandable that the presence of uranium carbide in these two steels 

increased the corrosion weight loss during the experiments. 

Corrosion of Alloy Steel  (Weight loss in aqueous 10 wt % 
HCI solution at room temperature) 

The strong influence of copper on the corrosion weight loss of Steel 12 

(page 23) is shown in Figures 28 and 29 (page 33). In both cases, however, 

0.3 wt % uranium is found to be detrimental. The coalescence of carbides 

at 650 ° C (1200°F), reducing the surface area of total alloy carbides exposed 

to the corrosion medium, is also reflected in reduced corrosion weight losses: 

Increasing the chromium content in martensitic stainless steel 

(Steel 7) (page 27) was found te increase the corrosion weight loss (see 

Figures 25 and 26 on page 31). This weight loss was more pronounced at 

566°C (1050°F) than at 650°C (1200°F). At the higher tempering tempera- 

ture the frequency of alloy carbides present is much lower, due to coalescence, 

and the surface area exposed to the medium is considerably reduced. This 

phenomenon results in a reduction in the corrosion rate at 650°C (1200 ° F) 

(Figure 23). The effect of uranium and tempering temperature on corrosion 

weight loss is shown in Figure 24, and the combined effects of chromium 

and austenitizing temperature are shown in Figure 27. 
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Hardness.  (Rockwell 'C' scale at room temperature) 

The very stable character of the uranium.  dompound forrned In the 
alloy steels studied was revealed when the effect, on hardness, of increasing 
the tempering temperature at 50°F intervals was found to be not significant 
throughout the range 427°C (800°F) to 593°C (1100 0 F). The sudden facrease 
in the significance of the F statistic (Figure 53), commencing at approximately 
438°C (820°F) when the hardness curve decreases below approximately 
55 RockWell 'C' scale, and again at approximately 538°C (1000°F) when the 
curve decreases below the same hardness value, is attributed to nothing 
more than the effect on hardness of the presence of a relatively hard stable 
uranium particle. The presence of this particle was revealed by hardness 
studies only when the matrix in which it is embedded was rendered soft 
enough during heat treatment to permit the added hardnesses of the uranium 
particles to affect the total hardness. 

800 900 	950 	1000 	1090 	1100 

TEMPERING TEMPERATURE, • F 
1150 	noo 	1290 

Figure 53. Comparison of the significance of the F statistic with the 

hardness vs. tempering temperature curve. Steel 4. 
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The Uranium-Carbon-Iron Equilibria 

When the ternary diagram shown in Figure 1 is replotted on a wt % 
basis (Figure 54), a more practical visual interpretation may be made 
regarding the uranium and carbon contents required to eliminate the 
formation of UFez. It will be observed that any element capable of ieductng 
the carbon content available for the formation of the monocarbide of uranium 
will tend to produce conditions favourable to UFez formation, and that this 
will  also  occur when the uranium content of alloy steel is increased to say 
2 wt % and the carbon content available is less than approximately 0.10 wt % 
The epsilon' phase (UFez) was prochiced in alloy steel,- using both of these 
methods (by increasing the uranium to 2 wt %). The presence of UFez, 
although evident during forging experiments, was determined by the 
metallographic identification of the incipient fusion temperature of specimens 
heated in vacuum in quartz envelopes and water-quenched. In the absence 
of the epsilon phase it was found possible to forge alloy steel containing 
0.3 wt % uranium at 1288°C (2250°F). 

Further evidence of the effect of uranium as a carbide former is 
shown in Figure 55. In the absence of titanium and uraniuml or in the 
absence of titanium but with uranium at the 0.1 wt % level, the upper 
family of curves is the result. When 0.4 wt % titanium.is  added,the 
austenite is depleted of carbon and the hardness is reduced throughout 
the tem?ering temperature range 427°C (800°F) to 650°C (1200°F). However, 
this effect is also evident when the uranium content is increased to 2 wt % 
in the absence of titanium. 

Effect of Uranium on the Endurance 
of Nitrided Alloy Steel  

Improved wear resistance, an improvement in endurance or fatigue; 
retention of hardness at elevated temperature, and resistance to certain 
types of corrosion are desirable properties imparted to alloy steel by the 
nitrogen case-hardening process. 

The effect of uranium on the endurance of nitrided alloy steel having 
produced negligible results, it was felt that the formation of the stable 
uranium nitride might impart a harder surface than when conventional alloy 
steels containing aluminum are subjected to nitrogen case-hardening. 

The results of chemical and X-ray diffraction studies (16) of the 
uranium-nitrogen system have revealed the uranium nitrides UN, U21\13 
and UNz 

Neither the conventional stress versus log cycles to failure, nor 
the use of an endurance index sensitive to significant changes in the 
endurance of the material, revealed any improvement due to the presence 
of 0.40 wt % uranium in any of the four factors studied. These factors were: 
nitrogen case-hardening,  tempe ring  temperature, aluminum content, and 
uranium content. 
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Figure 54. The iron-rich region of the uranium-carbon-iron 
equilibrium diagram. Composition in wt %. 

o-basyttiol 
o. 114% Litz) 

• .000r•u. 

11 4a 	N - `- 	---- , 	.4•* 
1 '••. : ... **1‘....... i 	i ,•.:ey 

. 	 ....• 	
, 	. 	_ , ,, 	. 

• t 1

011 

! 

O r 	■ 	• •il....'•' 

.4e- 	 . 	 • 	'. - • o.09 -V/4) 

lit.\  

	

, 	 1 	.• 	• 
! 	 • 

	

. 	
. 

CC 	
, 

	

, 	1 	, 	..411•/ 	C4) 

• ' -[--- 	. 	; 
• I it..., 	

' 	' - - 	— tit,-  •-- 	..-- 2.11%tà 

4/17•-• 	! • -• 	, - 	: 	. 	.11”..• ........-....../.8:  
• i ‘..1./... i 	) 

	

- ..' - 
. 	..• 	 %111,,;•"°17%1À  

t 

C at %.,‘ ‘ I •••••.. 	! 

•..„.• 	

..e. 	. 	e 

! 	
_., 	■ - 1:339% Tr 

, 

141 " .. l'  ...r.  Is. 	..•• ; 	.0 	 .• 	. 	, ••••* •••,„4...  .1.w. ' : 	el 	i 	e 
..,.... et '' 	• 

	

, 	• .... -..... 	i 	e, . 1 	(4) 	• i 	• , 
• 

Figure 55. The effect of 2 wt % uranium and 0.4 wt %uranium 
and 0.1 wt % uranium on the hardness vs. tempering 
temperature curves of alloy steel (C-0.25%, Mn-0.92%, 
Si-0.11%, Cr-1.0%, Mo-1.0%, v-1.25%). 

	

, 	 I 
I 	I 

	

eoo 	poo {0 50 1100 	 1i00 
q -rem perat u 	 F 



- 54 - 

Effect of Uranium on the Susceptibility 
to Hot Cracking in Alloy Steel  

The mechanism which results in the improvement in the frequency 
and the length of hot cracks formed due to the addition of 0.2 wt % uranium 
to alloy steel is not known. The detrimental effect of chromium may be 
attributed to the composition of the liquidus phase. The effect of chtomium 
on the composition of liquidus phases in 0.4 wt % carbon steel was studied 
by Tofaute (17) and referred to in Heyer (18). A reproduction of the binary 
diagram temperature versus chromium content at 0.4 wt % carbon is shown 
in Figure 56. 
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Figure 56. Temperature vs. chromium equilibrium diagram 
0.40 wt % carbon. After Tofaute, Sponheuer and 
Bennek (17) 4, 

It will be noticed that two liquidus  phases  occur at 6.28 wt % chromium 

and that only one liquidus phase is present at  1. 25 wt % chromium. This 
seems to suggest that the presence of the second liquidus phase at the higher 

chromium composition decreases the strength at elevated temperature of 
the material and promotes the formation of hot cracks. The fact that 

uranium significantly decreases the susceptibility to hot cracking in the 

presence of 6.28 wt % chromium may possibly be related to the effect of 

uranium on the liquidus phases in the iron-carbon-chromium ternary. 
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SUMMARY 

In vacuum-melted iron 50 vit trio   uranium containing approximately 
1 wt cito carbon, uranium forms with iron and carbon the compounds UFez 
and UC. 

When uranium vas  added to alloy steel containing 0.25 wt % C, the 
compound UFez was found when the uranium content was 2 wt % or when the 
uranium content was 0.1 wt % in the presence of 0.4 wt % titanium. These 
results are in agreement with the predictions of the iron-carbon-uranium 
ternary equilibria as referred to by Rough and Chubb (2). 

However, in an alloy steel containing 0.40 to 0.50 wt % C and in which 
the uranium content is less than 0.5 wt % after having been deoxidized with 
both aluminum and aluminum 12 wt % uranium, the uranium was found 
metallographically to occur entirely in the form of the monocarbide UC. 

To  identify UC positively and determine possible mutual solubility 
of UC with other alloy carbide compounds will require the use of X-ray 
diffraction after a prior electrolytic extraction of these compounds, using 
a non-aqueous electrolyte in an anhydrous solvent. 

There is statistically highly significant evidence to support the 
contention that uranium forms in alloy steel a stable compound which is 
not affected by heat treatment. 

Uranium additions of less than 0,5 wt % were found to have decreased 

the susceptibility of very- -high-strength alloy steel sheet to hot cracking, 

and to have extended the time to reach 0.1% creep strain at 530 ° C (984 ° F) 

and 24,600 psi. 

No change that could be attributed to uranium additions was observed 

in the following mechanical properties! 

Endurance 
'I'ensile properties of sheet and plate 

Hardness 
Toughness 

There was no improvement in the elevated-temperature tensile 

properties, at 566"C (1050"F), of alloy steel plate before and after sub-

critical a;_,Ting at.538°C (1000°F) for 1000 hr. 
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A uranium content of 0.40 wt % was foun.  d to have decreased the 
endurance of nitrided alloy steel. 

Although uranium may react with FeO to . farm a stable oxide, UO2, 
which settles to the bottom third of the ingot, there was no quantitative or
qualitative evidence to show that any statistically significant difference 
existed between the upper and lower halves of 40-1b-  alloy steel ingotit for 
any of the metallurgical attributes studied. 

In spite of the fact that 2 wt % uranium was found to reduce the 
severity of pitting in alloy steel during exposure to an aqueous hydrochloric 
acid solution at room temperature, .there was no evidence of this effect _ 
when the uranium content was reduced to less than 0.5 wt %. In the latter 
case, the weight loss after exposure for seventeen hours was increased. 
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APPENDIX A 

DIMENSIONS OF TEST SPECIMENS 

(Figure e A-1 to A-6) 
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