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Abstract. The mechanical properties, along with 
the corrosion and stress-corrosion cracking 
resistance of welded uranium-6 weight percent 

' 

niobium, were investigated. The mechanical 
properties were determined using tensile bars 
and Charpy impact specimens. The corrosion 
and stress-corrosion cracking investigation was 
conducted in oxygen-saturated water containing. ' 

50 parts per million chloride ions. The best 
mechanical properties were obtained from the 
underaged material.. The .enviyonmental tests 

, , 

sh.owed that although no evidence of stress- 
corrosion cracking was found, selective corrosion 
and pitting'were observed. Findings show that. 
vririations in postweld and preweld heat treatments 
and in welding parameters, also produced diverse 
corrosion resistances. 

INTRODUCTION 

A suhimary is given of the environmental and . . 

mechanical test results on welded uranium-6 
.weight percent niobium (U-6 wt O/n Nb) binary 
alloy. The work was performed at Rocky Flats 
Plant'for the Los Alamos Scientific Laboratory 
(LASL), Los Alamos, New Mexico. .' 

For this study, U-6 wt % Nb was welded using 
gas Lungsten arc (GTA) and electron-beam. (EB) 
welding processes. Uranium-6 .wt % Nb i s  
readily weldabIe; however, the different 
welding procedures used for this study could 
affect the mechanical properties of the material 
and make it unacceptable for some applications. 
The mechanical' .prope~ties, coupled with the - 
corrosion and stress-corrosiotl cracking (SCC) 
resistance of this binary alloy after preweld and 
postweld heat treatments,.are summarized. 

. . '  

Some. i~ranii.!m base alloys have been established 
as showing susceptibility to stress-corrosion 

cracking (SCC) (1 through 7).' In particular, 
for the uranium alloys of 2.3 wt % niobium; 
4.5'wt % niobium; and 7.5 wt % niobium and 

" 

2.5 wt % zirconium; the simultaneous presence 
of chloride ions, oxygen, and moixture will 
induce intergranular SCC (1, 2 ,3 ,5 ,6 ) .  The 
welding processes used in this study involved 
different preweld and .postweld heat treatments 
'that could; 'coupled with the welding stresses 
(8), &a<se varying amounts of residual stresses 
in the material.. These stresses may render this 
material susceptible to  SCC in environments 
containing ,chloride ions, moisture, and oxygen ' 

. 

(9). The welded. Material, because of.its welded 
microstructure, may also. be susceptible t o  " 

localized or selective corrosion. . . . 
. . 

, . 

DISCUSSION 

Experimental : 

The experimental work was divided into two . 

parts:' (1) environmental studics, and (2) ' 

mechanical testing; Specimens were obtained 
from welded cylinders of U-6 wt % Nb. Each . 
cylinder had a 6-inch outside diameter and a 
wall thickness of 0.100 inches. Two 2-inch 
long cylinders were.welded together using 
either full penetration.gas tungsten arc (GTA) 
or electron-beam (EB) welds forming a cylinder 
with a stack height of 4 inches. No filler wire 
was used for the square-grooved butt joints. 
Dimensional measureinents were taken before 
and after welding to.detennine both the : 

diametial. and stack-height shrinkage. Both 
GTA and EB welds were.analyzed for average 
Nb content in the weld zone and matrix. ' 

The preweld and postweld.heat treatments and 
surface treatments were selected in order tn 

' 

. , . . .  
' Numerals in parentheses relate to references at end of text. 



TABLE I. Binary Welding Matrix. 

Reweld Heat Treatment 
/m Quenched 

(P) Aged 4 hours at 250 O C  

/\ 
A None 

Welding Roces CTAW 
/ \  

Post-Weld Heat Treatment 
/ \  7\ 7\ /"\ 

7< /"\ Y?""\ /"\ None P None P 

Testing E M E M E M E M 
I 
M 

I 
M 

I 
M 

I 
M 

Specimen No. 

Legend 
P = Heat treatment of 4 hours at 250 OC. 
Q = Reaging of.the weld metal by use of lowet heat input on seoond pass. 
M = ~ec-iranical testing to determine ulrlmare tendc slrclglh, ybld atrangth, rtoqatbn, redrrrtinn of 

area, modulus of elasticity, and Charpy impact. 
E = Environmental testing in oxygen-saturated water conta- 50 parts per million chloride ions. . 

CTAW = Gas tungsten arc weld. 
EBW = Electron-beam weld. 

achieve the 120 thouend pounds per square inch The total duration of these tests was 9 0  days 
(ksi) and 10 percent elongation requirements estab- and was broken down irtto three 3 M a y  yeiiods. 
lished by LASL. Table I summarizes the various The solutions were changed for each of the three 
preweld and postweld heat treatments established periods and X-radiographs were taken after 30 
for this test. [For SI (metric) use: 1 ksi = 7 mega- and 90  days. 
pascals (MPa), and 1 inch = 25.4 millimetres.] 

Environmental Tests 

The SCC tests employed cylinders of U-6 wt % 
Nb that were welded after solution quenching 
and aging at 250 "C for 4 hours. SIX sets of 
cylinders were welded using full penetration 
GTA welds and six sets using full penetration 
EB welds; Three of the six cylinders which were 
GTA-welded and three of the six cylinders which 
were EB-welded experienced a reaging of the 
weld metal by lowering the heat input on a 
second weld pass (see Table I). 

All 12 cylinders were then tested for SCC by 
immersing them in oxygen-saturated water 
containing 50 parts per million (ppm) chloride 
ions. Sodium chloride was added to  distilled 
water to achieve the 50 k1 ppm chloride ion 
concentration, and an oxygen saturation of 8.2 
k0.3 ppm oxygen was obtained by bubbling 
oxygen through the solution during the entire 
test. These tests were conducted at room 
temperature (23 OC 22). 

Results 

Results of the environmental tests can be seen in 
Figures 1 through 1 62 which are photomicrographs 
of U-6 wt % Nb welds, heat affected zones (HAZ), 
a1111 Last ~irztal (BM). A welded cylinder after a 3G 
day exposure to oxygenated water with 50 ppm 
chloride ions can be seen in Figure 17. 

Figures 18, 19,20, and 2 1 show X-radiographs 
of the welded cylinders after testing. The light 
areas on the radiographs reveal regions of 
corrosion. These areas represent areas of either 
pitting or uniform corrosion. 

Figures 1 through 8 show GTA welds. Specimen 
10 1 (Figures 1 through 4) underwent the 
re-aging of the material with a second weld 
pass, while Specimen I 1 1 was welded with a 
single pass. Figure 5 shows selective corrosion 
similar to  knife-line attack (KLA) along the 
bond line of the weld. Figure 19 which is an 

alllustrations follow full text bqinnhrg on Page 6. 



X-radiograph of the cylinder, shows pitting 
corrosion and general corrosion of the weld 
metal, heat affected zone, and base metal. This 
was in addition to the KLA along the bond line. 
Figure 1, however, does show that nq corrosion 
occurred in the weld metal or heat affected 
zone. The X-radiographs of this cylinder 
revealed extensive pitting corrosion and general 
corrosion of the base metal. 

Figures 9 through 16 represent the EB welds. 
Specimen 1 18 (Figures 9 through 12) underwent . 
re-aging while Specimen 105 (Figures 13 through 
16) did not. Figure 9 shows the KLA along 
the bond line of the welds, whereas Figure 13 
did not show any such attack. Pitting corrosion 
and general corrosion were found in the base 
metal of the specimens; however, pitting 
corrosion and general corrosion were detected 
only in the weld metal and heat affected 
zone of the re-aged specimens (see Figures 20 
and 21). 

All environmental tests were in triplicate and 
the results were consistent among all those 
tested. 

Mechanical Tests 

Specimens for the mechanical testing were 
machined from welded cylinders. Three tensile 
bars, three Charpy impact and one metallographic 
specimen made from the cylinders are noted in 
Table I. Hardness traverses were made across 
each of the metallographic specimens in the base 
metal, heat affected zone, and weld metal. 

Tensile tests were made to determine the ultimate 
tensile stress (UTS), yield stress (YS), elongation 
(El), reduction of area (RIA), and modulus of 
elasticity.(E) of the welded material. All tensile 
tests were conducted in an Instron tensile machine 
at room temperature (23 "C +2), with a relative 
humidity of 34 % -+4 and a crosshead speed of 
0.02 inches per minute. 

Charpy impact tests (Cv) were conducted to 
determine the impact strength of the weld.metal. 
All the impact tests were conducted in a Sonntag 

Universal Charpy Tester at  room temperature 
and a relative humidity of 24 % +4. 

Results . 

'Diarnetral and stack-height shrinkage results are 
shown in Table 11. It was found that shrinkage 
was approximately two times greater with GTA 
welding than with EB welding. In samples sub- 
mitted for elemental analysis, specimens which 
were GTA-welded showed the same average Nb 
content (5.8 wt %) in both the matrix and the 
weld area. In the EB-welded samples, the average 
Nb content was lower (5.3 wt %) in the weld zone 
compared to  an average of 5.9 wt % found in the 
matrix. 'Results of hardness areas across the cross 
sections of the welds are shown in Table 111. 

Table IV showed. the results of the tensile and 
Charpy impact tests. All the values obtained 
are the average of either three or four coupons. 
None of the welding procedures produced a 
sample having the required 120-ksi yield stress 
criteria and only one welding procedure producd 
the 10 percent elongation specified by LASL. 

CONCLUSIONS 

No evidence of stress-corrosion cracking was detected 
on any of the environmentally tested welded cylin- 
ders. Examinations and X-radiographs did reveal 
selective corrosion and pitting. The best resistance 
from corrosion for the weld metal and HAZ occurred 
with garnmaquenched and underaged (250 "C for 4 
hours) material that was either EB-welded with a 
single weld pass or was GTA-welded with a single 
weld pass at a lower heat input to re-age the material. 

The gammaquenched and underaged material which 
was EB-welded exhibited the highest toughness in the 
weld metal. The gammaquenched GTA-welded and 
underaged material exhibited the highest ultimate 
tensile strength (UTS), yield strength (YS), and reduc- 
tion of area (RIA). The highest elongation (El)  
results occurred with the garnmaquenched and 
underaged material that was GTA-welded. Theleast 
amount of shrinkage occurred with the EB-welded 
material. 



TABLE 11. Shrinkage Due to Welding. 

'~iametral b ~ t a c k  1,Ieight 
a~e ld ing  Shrinkage Shrinkage 

Coupon Nos. R,ocess (inches) (inches) 

101,102,103,104 GTA 0.018' '0.035 " 

111.112,113,114 GTA 0.017 0.018 

123 ; GTA , 0.022..  , 0.0 17 

124 GTA 0.022 . 0.017 

a~~~ = Gas tungsten arc welding. 
EB = Electron-beam welding. ' 

b ~ l l  values are averages of the coupons listed. 

. TABLE 111. ~ardness Measurements across Welds. 

Hardness (Knoop, 500-gram load): 

Coupon Numbers 

Position 123 124 125 117 104 114 108 116 

HAZ 203 323 290 184 192 190 176 172 

HAZ 199 290 277 192 186 185 ' 1 7 7  169 

, . .. . . . . &., 
HAZ 199 3 2 3 .  290 188 232 208 218 ' 175 

. - 

a~~ =Base Metal. .fi 

b~~~ = Heat Affected Zone.. 
. 'WM =Weld Metal, , 



TABLE N. Mechanical Properties of Welded Uranium4 Weight Percent Niobium. 

Rings, 0.100 inches thick: 

Gamma Quenched 
+ 

Reweld Heat Treatment >I 4 hours Gamma Quenc 

Welding Process 

None (Q) hstweld Heat Treatment 

Coupon No. 

Mechanical Properties: 

Ultimate Tensile Strength (ksi) 

Yield Strength (ksi) 

Elongation (El) (percent in one inch) 

Reduction of Area (percent) 

Modulus of Elasticity (E) (X lo6 psi) 

Location 

Failure 

148 

41 

8 

8.8 

BM 

HAZ 

HAZ 

129 

35 

9 

7 

8.9 

HAZ 

HA2 

HAZ 

131 134 

40 41 

7 6 

4 " 

9.2 10 

HAZ WM 

H AZ WM 

HAZ WM 

152 

103 

7 

4 

9.4 

HAZ 

HAZ 

BM 

BM 

Charpy Test (C,J 

(foot-pounds) 

(foot-pounds per square inches) 

- Postweld heat treated by making a second weld&! pass at a lower heat input. 
- Postweld heat treated at 250 "C for 4 hours. 
- Electron-bsam welding. 
- Gas tungsten arc welding. 
- Base Metal. 
- Weld Metal. 
- Heat Affected Zone. 
- Pounds per square inch (7 kilopa&). 
- Thousand pounds per aquare inch (7 megapascals). 

Q 
P 

EBW 
GTAW 

BM 
WM 

HAZ 

ksi 

Values are average of 3 or 4 coupons. 
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FIGURE 1 .  Specimen No. 101. Gamma-Quenched, Underaged, and Gas Tungsten Arc Welded with Two 
Passes. (Note the lack of corrosion in either the weld metal or heat affected zone.) Magnification 15X. 

- - - -.  - 



f low 2. Weld Metal Wcrchstnrcture of 
Spwizaen No. 101. MagnEicatian 40f)X. 

FIGURE 3. Heat-Affected-Zone Microstructure 
of Specimen No. 101. Magnification 400X. 

FIGURE 4. Base Metal Microstructure 
of Specimen No. 101. Magnification 400X. 



FIGURE 5. Specimen No. 1 1 1 .  Gamma-Quenched, 
Underaged, and Gas Tungsten Arc Welded with 
a Single Pass. (Note the selective corrosion or 
knife-line attack along the bond line and pit- 
ting in the weld metal.) Magnification 15X. 



FIGURE o. Weld M a i u  mic;rouirur;rum WI 

Specimen No. 1 1 1.  Magnification 400X. 

FIGURE 7. Heat-Affected-Zone Microstructurer 
of Specimen No. 1 1 1.  Madcation 400X. 

FIGURE 8. Base Metal Microstructure of 
Specimen No. 1 11 .  Magnification 400X. 



FIGURE 9. Specimen No. 1 18. Gamrtia-Quenched, 
Underaged, and Electron-Beam Welded with Two 
Passes. (Note the selective corrosion or knife- 
line attack along the bond line and the loss of 
metal due to corrosion.) Magnification 15X. 



FIGURE 10. Weld Metal Microstructure of 
Specimen No. 118. Magnification 400X. 

FIGURE 1 1. Heat-Affected-Zone Microstructure FIGURE 12: Base Metal Microstructure of 
of Specimen No. 118. Magnification 400X. - , Specimen No. 1 18. Magnification 400X. 



FIGURE 13. Specimen No. 105. Gamma- 
Quenched, Underaged, and Electron-Beam 
Welded with a Single Pass. (Note the lack 
of attack in hoth the weld metal and heat 
affected zone .) Magd?cation 1 SX. 



FXXJJXE 14. Weld Metal h a r u c t u r e  of 
Specimen No. 105. -cation 400X 

HGURE 15. Heat-Affected-Zone Microstructure 
of Specimen No. 105. Magniilcation 400X. 

FIGURE 16. Base Metal Microstructure of 
Specimen No. 105. Magnification 400X. 



HGURE 17. Welded Cylinder after 30 Days of Exposure in 
Saturated Water with 50 Parts per Million Chloride Ions. 
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FIGURE 1 8. The X-Radiograph of Specimen 101. FJGURE 19. The X-Radiograph of S~ecimen 1 11. 

FIGURE 20. The X-Radiograph of Specimen 118. FIGURE 2 1. The X-Radiograph of Specimen 105. 






