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ABSTRACT 

The behavior of nickel-plated uranium upon exposure to moist 
nitrogen was evaluated. Plating thicknesses of 0* 051 mm {2 mi ls ) were 
adequate to prevent cor ros ion . Specimens with thinner coats showed some 
corros ion and some reduction in mechanical p roper t i es during subsequent 
testing- Plated samples exposed to dry a i r at ambient p r e s s u r e for 10 
y e a r s showed no corros ion and no degradation of mechanical p rope r t i e s . 

Surface and bulk hydrogen content, a s well a s free hydrogen generated 
during the tes t , were measured to determine the extent of co r ros ion . The 
r e su l t s support an ea r l i e r proposed mechanism for uranium cor ros ion at low 
humidit ies . 
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CORROSION BEHAVIOR, MECHANICAL PROPERTIES, AND 
LONG-TERM AGING OF NICKEL-PLATED URANIUM 

Introduction 

Since uranium is readily oxidized in a i r or by water even at room 
tempera ture , metal l ic coatings such a s nickel a r e used to provide corrosion 
res i s tance for uranium. The work descr ibed herein is a continuation of 
some e a r l i e r work undertaken by us . 1 Objectives included the following: 

L To evaluate the influence of nickel plating thickness on ihe 
corros ion protection of uranium. 

2. To measure the amount of hydrogen picked up by uranium as a 
result of corrosion. 

3. To determine the influence of corros ion of nickel-plated 
uranium on the mechanical proper t ies of uranium. 

4. To evaluate the long- term performance of nickel-plated 
uranium. 

Corrosion Reactions 

The rale or corrosion of unprotected uranium is very dependent on 
the presence of oxygen. In humid air the rate of oxidation is independent 
of wafer vapor pressure between the approximate limits 1-90% relat ive 
humidity, and the only major product is an oxygen-rich uranium dioxide 2 : 

U + 0 2 + H 2 0 - U 0 2 > 3 + H 2 0 

In pure water vapor, oxidation occurs at 30-100 t imes the rate 
observed in the presence of oxygen. The ra te of oxidation increases with 
increasing waler vapor p r e s s u r e , reaching a maximum in the region 
(}0-90':/fi relat ive humidity. The products of (he reaction are uranium 
dioxide, uranium hydride and hydrogen^: f 
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2U + 2 H 2 0 — U 0 2 + UH 3 + J / 2 H 

Once any free oxygen is consumed, (he available water then reacts 
as above* producing free hydrogen. F o r this reason, a sensi t ive test of 
uranium corros ion i s a determinat ion of the amount of hydrogen generated. 
Orman et al^ used this technique to study the corrosion behavior of nickel-
plated uranium* and Couch 3 used it for determining the porosity of 
nickei-plated uranium. The reaction of amounts of uranium as small as 
10~ 6 moles (0, 0002 g rams) may be detected in this manner . 

Test P rocedu re 

F o r our work, unalloyed uranium tensi le samples were etched, 
nickel plated, and sealed in g lass ampoules containing moist nitrogen for 
varying periods of t ime. After this they were removed from the ampoules, 
tensi le tested, and then sectioned for hydrogen analys is and metallography. 

Sample Prepara t ion 

Unalloyed uranium tensi le samples 6.25 mm (0, 25 inch) in diameter 
with a 25-mm (1-inch) gage length (per ASTM E8-69, 1972, Figure 8 and 
Federa l Standard 151) were used for this work. They were etched in 
1400 g/1 f e r r i c chloride solution and then nickel plated in sulfamate 
solution at 214 A/m2 (20 A/ft^) . Metal removed during etching ranged 
from 0.02 to 0.036 mm (0 .3 to 1.4 mil) on the d iameter . After plating, the 
ends of the specimens we re dipped in molten solder so that only the reduced 
gage length of Uie s amples was left with exposed nickel plating. A mildly 
activated flux. Alpha 611 ® , was used on the sect ions given the solder dip. 

Test Environment 

The specimens were sealed in glass ampoules about 100 ml in 
volume (Figure 1). The tubes were evacuated for at least 1 hour unde^ 
hard vacuun. (<0> 1 micron), backfilled with gas containing 2. 8% (volume) 
H 2 0 and 07. 2% (volume) N , sealed, and placed in an oven at 74&C. At 
this t empera ture , the r e l auve humidity inside the ampoules was 8.4%. 

The tubes had side arms with br*>ak sea l s for extracting gas samples 
for analys is . The hydrogen generated during the exposure was measured 
by a mass spec t rome te r if the volume percen t was g r e a t e r than 0.2 percent 
and by gas chromatography if the content was less than 0. 2 percent . 

Exposure t imes -aried from 8 days to 37 weeks. 

A Alpha Meta ls , Inc . , J e r sey City, N. J . 
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Figure 1. Glass Tube With Break Seals Used 
for Corrosion Study 

Pos t -Tes t Analysis 

The tes t specimens were removed from the ampoules, and tensile 
t e s t ! were performed in vacuum at 10"° t o r r at 22°C, Crosshead speed 
was 1. 3 m m / m i n (0. 050 inch/min). 

The specimens were then sectioned for hydrogen analysis and meta l 
lography. Both surface and bulk hydrogen analysis were performed by 
G. L, Powell, using the technique he described ea r l i e r , 4 This consists of 
mass s p e c t r o g r a p h ^ determination of the instantaneous rate at which hy­
drogen is thermally evolved from a sample* thus allowing the hydrogen 
produced by the decomposition of surface contaminate .J to be distinguished 
from the hydrogen evolved from the sample bulk. 

13 



Test Resul t s 

C o r r o s i o n Tes t Resul t s 

Inc reas ing the nickel p la t ing th ickness reduced the amount of c o r r o s i o n 
and, concur ren t ly , the amount, of hydrogen genera ted {Table I). An uncoated 
s a m p l e gene ra t ed 180,000 ppm of hydrogen during 6 weeks of tes t ing . By com­
parison* a sample plated with 0 . 0 1 3 m m of nickel genera ted 35,000 ppm of 
hydrogen and one p la ted with O.D25inm of nickel genera ted only 15 ppm of hy­
drogen during a s i m i l a r 6 week exposu re . Use of th icker nickel '^ - 076 mm) 
r e su l t ed in no hydrogen genera t ion during 30 weeks of exposu re . 

Table I 

C o r r o s i o n of N i c k e l - P l a t e d a 

Uranium in Mois t Ni t rogen" 

Thi ickne s s of Length of Hydrogen 
P la t ; 'ng Tes t Evolved (ppm) 

(mm) (nu l s ) 

Mo PI; ating 6 Weeks 180,000 

0 .013 0. 5 S Days 7, 000 

0 .013 o . : 6 Weeks 35, OC0 

0 .025 1 ; 6 Weeks 15 

0 .025 1.0 24 Weeks 29 

0. D5j 2 .0 6 Weeks 10 

0. 051 2 .0 37 Weeks 10 

U\ 076 3.0 7 Weeks 0 

0.076 3.0 30 Weeks 0 

a. Specimens w e r e plated in n ickel su l famate solut ion af te r etching 
in f e r r i c chlor ide solution* Surface a r e a of each spec imen was 
approx imate ly 3370 m m 2 (6 i n 2 ) . 

b . The n i t rogen contained 2. B% H O , 97 .2% N : t e m p e r a t u r e was 
74C* The s p e c i m e n s w e r e sea led in g l a s s tub^s , evacuated for at 
l e a s t one hour under h a r d vacuum (<0, 1 micri..*), backfilled with 
.he d e s i r e d gas m i x t u r e , s ea l ed off and then placed in the oven for 
tc-jt. Relat ive humidity ins ide the ampou les a t tes t conditions was 8*4%, 
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Uata showing surface and bulk hydrogen content after corrosion testing. 
as well as the amount of hydrogen generated during testing, a re included 
in Table II. 

F o r the 0 ,013-mm 10. 5-null coatings, hydrogen generation cata 
indicate thai considerable corrosion had taken place. This is confirmed 
by the noticeable increase in surface hydrogen of these samples . 

F o r *he O.Q51-mm I2t0 mil) coatings, hydrogen generation during 
testing was minimal* and there was no increase in surface hydrogen 
after completion of testing. The resu l t s show that in the duration of this 
test (37 weeks for the 0, 051-mm samples) , corrosion did not occur . 

For the 0 .025-mm (1 ,0-mi l ) coatings, the resu l t s were contradictory. 
Measurement of the hydrogen generated in the ampoules during test ing indi­
cated that a ve ry slight amount of corrosion was occurring- For example, 
th ree of the four specimens showed 29 ppm of hydrogen, most likely due to 
a defect on one end of the sample which ruptured near the end of the test 
period. Discounting this resul t because of the location of the failure, ve ry 
lit t le indication of corros ion was obtained for the <h025-mm spec imens . Vet 
when these samples were analyzed for surface hydrogen, they showed a s 
much hydrogen a s the 0 ,013-mm samples . 

Figure 2 shows c ros s sect ions of samples of all three coating 
th icknesses . Definite cor ros ive attack is seen for both the 0. 012-mm and 
0 .025-mm samples . The sample with 0.053 mm of nickel shows no signs 
of attack* which is in agreement with the hydrogen analysis data* Figure 3 
is a plot of the surface hydrogen versus nickel plating thickness, c lear ly 
showing the beneficial effect obtained with the 0.051 -mm coating. 

Use of an electrolytic oxalic acid etch, per J a c k s o n 5 , revealed 
uranium hydride platelets heneath the 0. 013-mm and 0. 025-mm coatings, 
as shown in Figure 4, These platelets a r e conte s imi la r to those seen by 
Bovvers and Newman** and by Adamson et a l ' with thermally or cathodically 
charged uranium. 

The significance of this work is twofold: (1) it confirms the 
mechanism proposed by Orman et a l . 2 on corros ion of uranium at low 
humidit ies , and (2) it shows that surface and bulk hydrogen ana lyses , used 
in conjunction with hydrogen generation data obtained during corros ion t e s t ­
ing* provides a m o r e complete picture of the corros ion react ion. 
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tr* fable If 

Resul t s of Hydrogen Analysis of Nicke l -P la ted U r a n n : m a 

Thickness of Length of 
P la t ing Tes t (We<;ks) b 

mm m i l s 

0 .011 0 .44 C o n t r o l 0 

0.012 0 .48 a 
0.012 0.47 13 
0 .011 0 .44 13 
0.009 0.37 24 

0.022 0.87 C o n t r o l 0 

0.030 1.2 24 
0. 02.1 0 .98 24 
0.024 0.06 24 
0. 023 0.9 24 

0. 046 1. 81 C o n t r o l 0 

0. 061 2.4 C o n t r o l 0 

0. 053 2. ] 3? 
0. 053 2. 1 5 
0. 058 2 . 3 37 

Hydrogen Genera t ed 
in Ampoule (ppm) 

30, 000 
17,800 

1,700 
6 

500 
3 

20 
-J 

3 
10 
10 

a. Sec Table T for information on etching and plating. 

b , Exposed to mois t ni trogen in sea led g l a s s ampoules , 

c- The control s a m p l e s w e r e not subjected to the mois t ni t rogen. 

Hydrogen Content of 
Sample ( p p m ) d 

Surface Bulk 

0.99 0.69 
7.57 0 .81 

18.0 1. 3 
5 .85 0.82 

10.0 1.9 

1. 11 0 .81 
15.5 2. 1 
18 .0 3. 74 
15.05 1. 00 

6. 98 1.98 

1. 10 0. 62 
1.20 0 .38 
0.94 0. 48 
1.31 0.67 
0 .52 0 .90 

d. Determined by lechnique of Powel l , Reference 4, 
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With regard to the former, Orman et a l . observed that uranium 
hydride could form at the nickel-uranium surface, and that this could account 
for the apparent cessation of hydrogen evolution. They postulated that the 
hydride can be formed as a result of hydrogen diffusion through the nickel 
film and/or along the interface between the uranium and nickel, resulting 
in interface bond rupture at sites remote from the original pores . 

Mechanical Propert ies Test Results 

Data included in Table m show that nickel plating did not adversely 
affect the tensile properties of plated uranium when testing was performed 
in vacuum. Thinly-plated specimens subjected to corrosion in moist 
nitrogen did exhibit less elongation and reduction in area than unexposed, 
unplated specimens. This was probably due to porosity in vhe coatings 
leading to increased corrosion at pore s i tes , & However* specimens coated 
with at least 0. 051 mm (2 mils) of nickel did not exhibit these reductions, 
even though they were subjected to moist nitrogen for much longer t imes. 
This observation is in accord with the surface hydrogen analysis data, which 
showed that samples with at least 0.051 mm of nickel were not picking up 
hydrogen as a result of exposure to the corrodant. 

Long-Term Exposure Tests 

Samples plated approximately ten years ago and subjected to dry 
air at ambient pressure (relative humidity < 10%) were also evaluated. The 
samples were in a closed container, i< e . , they did not have opportunity to 
breathe, and therefore they retained their original atmospnere. Hydrogen 
analyses, metallography* and electrochemical porosity** data were 
obtained on this material , which had been etched in ferric chloride solu­
tion and plated with 0, 025 mm (1.0 mil) of nickel. In addition, some 
mechanical property data were obtained. 

Metallographic inspection revealed no signs of corrosion products 
nor any type of degradation at the nickel-uranium interface. Figure 5 
shows representative photomicrographs of the material . Electrochemical 
porosity tests^ performed after masking the edges of the samples with 
stop-off lacquer revealed an exposed uranium area fraction below 10" l " . 
This indicates that for all practical purposes, the plating was pore free. 

Tensile properties were obtained from sheet tensile specimens, and 
s t ress intensity at fracture and delayed failure results were obtained 
using precracked mini-Charpy specimens, 10 No unplated material of the 
original heat was available to include in these tests , .so some current 
unalloyed uranium was used for control properties. 
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T a b l o TIT 

Mechan i ca l fProperty Data F o r N i r k o N P l a t e d U r a n i u m 1 

. . . . , - t 

Nickel IMalinp K v p o s u r e l i m e Yie ld T e n s i l e E longa t ion Keriui l ion in 
ThtrknrwB ( W e e k s ) d S t r e n g t h " 

M N / m 2 KSI 

S i n 1 

M N / m * 

>ngt]i_ 

KSI 

< % ) C A r e a C\.) 

m m m i l 

S t r e n g t h " 

M N / m 2 KSI 

S i n 1 

M N / m * 

>ngt]i_ 

KSI 

NOIK* Noi cxpoa ed io 807 117 1069 154 10. 5 3 0 . 0 
No no nioiHt nili rogt-rt 807 117 1076 156 1 1 . 6 16 .0 
0. DM 0 . 4 4 676 98 10G0 154 2 1 . 5 2 4 , 0 
0 . 0 2 2 0 . 8 7 731 106 1069 155 - - 2 1 . 6 
0 . 0 4 6 1. 8) 745 108 1034 150 17. 3 2 1 . 2 
o.oci 2-4 724 105 1034 150 1 8 . 0 21). 4 

Nntic 0 800 116 1117 162 13. 6 IG. 0 
0 . 0 1 2 0 . 4 3 G 814 118 1028 149 7 . 6 14. 2 
0 . 0 1 2 0 . 4 7 u 697 101 1028 149 8 .4 13.7 
0. OH 0. 44 u 717 104 1000 145 a. i 15. 7 
0 , 0 0 9 0 . 3 7 24 786 114 1014 147 5 .4 9 . 4 

0. DID L 2 24 814 118 1020 148 4 . 8 9. 7 
0. D2-S 0, 9B 24 759 110 1014 147 5. 4 !>, 4 
0 h 024 o. nn 24 828 120 1020 1 -111 8. 2 LG. 3 
0 . 0 2 3 O.'H 24 814 118 1020 148 5 , 0 \.2. 4 
0 . 0 5 3 2. 1 37 828 120 1028 1 45* 12 .6 12. 5 
o. ofi:i 2. i 6 752 109 H);i:t 150 10. 0 19 .0 
0. 0511 2, :i :] 17 686 100 1028 149 13- 5 Hi. 9 

h. 
c. 
rj. 

t<3 

5n* sr< lion MM prrpnr;iTli>n of sample*, for d e t a i l s nn s p e c i m e n ronfif turnl ion ami leslintf. T e n s i l e I r s i s w e r e 
p e r f o r m e d ai 22 C in v;ieuum f 10"° (U[ t } , C ' ross l iead s p e e d wa« I. 'A n i i n / m i n (0 , 050 ineh/ imi i ) -
D r t e r m i n e d by im ing 0. 2 pereent <»ff>>i'!, 
In 2ft, 4 nun (1 in. Ii). 
Sea led m p l a s s a M p o u l c s eoniaimnjr j , n*t n ^ o , 97, 2^. N,,, and kept ;K 74C for d u r a t i o n c»f ii*su 

• £ .'L-



* - * . V* - " . -

*••..*_*.V*\ ?**v- . -*-

* * l 

300X 

r fc 

— ^ 

300X 

Figure 5- Cross Sections of Nickel-Plated 
Uranium Subjected to Long-Term 
Exposure 

22 



7 

No effect of plating on mechanical proper t ies was noted. The 
average tensile proper t ies Tor six specimens in each condition are in­
cluded in Table IV. Much more sca t te r exists in the data for unplated 
than for plated mater ia l , for which we have no explanation. Nevertheless , 
there is no stat is t ical ly significant difference in yield strength, ult imate 
strength, or elongation between plated and unplated mate r ia l . 

Sustained loading tes ts were performed on precracked, reduced-
thickness Charpy spec imens . 1° Plated and unplated specimens were loaded 
in tension in dry a i r at 75-80% of the s t r e s s intensity required for instan­
taneous fracture to determine if delayed f racture would occur in long 
testing l imes . Overload controls were essent ia l ly the same for both 
types of specimens at approximately 37 MN-m 3 / 2 (34 KSI-in */2), Four 
unplated specimens loaded at 75-80% of this value for 5200 hours did not 
fail and showed no evidence of crack propagation. Two plated specimens 
loaded at approximately 80% of the overload va lu r did not fail in 3800 hours ; 
however, there was some evidence of slow c rack growth. A third specimen 
loaded at g r ea t e r than 90% of the overload failed almost instantly, indi­
cating that this was most probably a mechanical overload. 

These data showed that both plated a.id unplated uranium were able 
to sustain a very high load for long periods of time in dry a i r without 
failure. However, because the plated specimens indicated that slow growth 
was occurring which would lead to failure given enough t ime, it does not 
appear advisable to subject this ma te r i a l to high sustained loads for very 
Jong periods of t ime. 

Summary 

increasing the nickel plating thickness reduces the amount of 
corrosion of uranium and, concurrently, the amount of hydrogen generated. 
This was confirmed by utilizing surface and bulk hydrogen analyses , in 
conjunction with hydrogen generation measurements obtained during 
corrosion testing. The resu l t s confirmed those of O m a n el a l* who 
showed that at low humidit ies , a plateau is obtained in the hydrogen 
generation curve . 

Mechanical property t e s t s showed that nickel plating caused no 
degradation. Plated specimens subjected to corrosion in moist nitrogen 
did exhibit l ess elongation and reduction in a rea than unexposed, 
unplated specimens. However, when the plating was at least 0,051 mm 
thick, these reductions were not obtained even though the specimens were 
subjected to the moist nitrogen corrodant for relatively long t imes. 

Long-term exposure (10 y e a r s ) in a relatively non-corrosive 
atmosphere (dry a i r at ambient p r e s su re ) showed no degradation of the 
plated bond nor any harmful effects on mechanical p roper t ies . 
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Table TV 

Mechanical P r o p e r l y Data Fo r Aged Nicke l -P la ted Uranium ab 

Condi t ion 

Plated c 

UnpLated 

Yield Strength' 

M N / m " psi Deviation 

Tens i l e Strength 

MN/m ps i 
224 

224 

35,500 0,04 

32, 500 2. I 

587 

fi04 

Deviation 
87, 100 0 .04 

87,600 2.5 

% 

Elongation 

Deviation 
5.5 

8,7 

0.2 

1.7 

a, 

b. 

d. 

Data of Rohde and Magnoni, Reference 10. 

Subjected to dry a i r at ambient p r e s s u r e ( r e l a t ive humidity l e s s than 10%) for 10 yea rn . 

Plate th ickness 0, 025 m m (U 0 mi l ) ; e tched in f e r r i c ch lor ide solut ion before plat ing. 

Dete rmined by using 0. 2 pe rcen t offset. 

In 50. 8 mm (2 inches) . 

h , ^ 



References 

H. R, Johnson, J, W. Dini and S. W. Zehr , "On the Embri t t lement 
of Uranium and U-O, 8Ti Alloy by Hydrogen and Water", ASM/CMU 
Conference on Hydrogen in Metals , Seven Springs, PA, Sept- 22-27, 
1973 

S. Orman, L . W, Owen, and G. Picton, Corrosion Science* 12t 35 
(1972) 

D. E. Couch, Plating, 49, 363 (1962) 

G, L, Powell, "A Method for Measuring the Hydrogen Content of 
Metals"* ASM/CMU C o h e r e n c e on Hydrogen in Metals, Seven 
Springs, PA> Sept, 22-27, 1973 

R. J* Jackson, private communication 

C- J, Beevers and G, T. Newman, Jour, of Nuclear Mate r i a l s , 
23, 10 (1967) 

P . Adamson, S. Orman, and G. Picton, Jour* of Nuclear Mate r i a l s , 
33, 215 (1969) 

L, J . Weirick and D. L. Douglass, ''The Effect of Tiiin E l e c t r o -
deposited Nickel Coatings on the Corrosion Behavior of U-0, 75 Ti, " 
Sandia Labora tor ies , L ive rmore , SLL-74-5010, June 1974, 

L. J , Weirick, E l e c t r o c h e m i c a l Determination of Porosity in 
Nickel Elect ropla tes on a Uranium Alloy, " Sandia Labora to r i e s , 
L ive rmore , SLL-73-5316, October 1973. 

R. W. Rohde and N. J . Magnani* pr ivate communication, January 
21 , 1974. 

25/2G 


