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& 
Tests were made to determine the susceptibility of commercially pure

aluminium , and of high strength Al—Zn—Mg—Cu and Al—Cu alloys to embrittlement by

mercury . Commercially pure aluminium to BS L16 is not ernbrittled by mercury.

DTD 5050B (Al—Zn—Mg—Cu) is very susceptible to mercury embrittlement; cracking

occurred when the alloy was stressed in the short transverse direction at 5% of

the 0.2% proof stress. DTD 5020A (Al—Cu) is more resistant to mercury embrittle—

ment , although it cracked when stressed in the short transverse direction at 60%

of the 0.2% proof stress.

A chemical technique using silver nitrate was developed to immobilise and

render relatively harmless any elemental mercury accidentall y spilled in air-

craft. The corrosion and stress—corrosion hazards to alloys DTD 5020A and

DTD 50508, associated with silver nitrate and the products of its reaction with

mercury, have been investi gated.

I

Departmental Reference: Mat 313

Cop~’rig~zt
©

Controller HMSC London
19??



I

2

LIST OF CONTE~~S

Page

INTRODUCTION 3
2 THE EMBRITTLEME NT OF ALUMINIUM ALLOY S BY MERCU RY 4

2.1 The alloys and test pieces used 4

2.2 The amalgamation of aluminium and its alloys 4

2.3 The effects of stress 5

3 THE REACTION OF SILVER NITRATE WITH MERCURY 6

4 THE EFFECT OF SILVER NITRATE ON ALUMINIUM ALLOYS 7

4.1 The reaction of silver nitrate with aluminium alloys 7

4.2 The effects of stress 8

5 THE EFFECT OF SILVER NITRATE/MERCURY REACTION PRODUCTS ON
ALUMINIUM ALLOYS 8
5.1 The effect of mercuric nitrate 8

5.2 The effect of mercuric nitrate/silver nitrate mixtures 9

5.3 The effect of mercury/silver amalgam 10

6 DISCUSSION 10

7 CONCLUSIONS 1 2

Appendix Attempts to embrittle aluminium alloys with mercury and
its salts 13

Tables I and 2 17

References 19

Illustrations Figures 1—9

Repor t documentation page inside back cover

I



INTR ODU CT I ON

The natura l oxide film on aluminium ennobles the n~~t;i 1 , enabling it t j

exhibit good corrosion resistance. When ruptur ed t he t u r n  reforms rapidl y in the

prese nce of an oxygen source and the absencL of an aggressive electrol yte. The

thickness of the natural oxide fil m on aluminium and its alleys is usuall y between

3 and 5 urn, but on as—rolled material it can exceed 10 nm. For corrosion to take

place this film must be ruptured. When this occurs in the presence of elemental

mercury, amalgamation will occur. Ama lgamation will also occur in the presence

of aqueous solutions of mercuric compounds: aluminium will reduce mercuric ions

to the metal. The resulting amalgam will oxidise at the surface to produce

aluminium oxide , or hydroxide and hydrogen in the presence of water. Fine needles

of the hydrated oxide appear on the s u r f a c e  of t he  amalgam in the presence of

moist air , leaving elemental mercury free to amalgamate with more aluminium ’

The r a t e  of evaporation of mercury is so low (the vapour pressure being about

70 mPa or 5 x 10 t or r  at  20 C) t ha t  i t  can remain  in the v i c i n i t y  of the

a l u m i n i u m  s u r f ac e  f o r  long periods of t im e , t hus  r e p r e s e n t i n g  a c o n s i d e r a b l e

corros ion h a z a r d .

The emb r i t t l e t n e n t  of a l u m i n i u m  a l l o y s  by mercury is reported in a number

~— l 6
of papers  . These show tha t h i g h — s t r e n g t h  a l u m i n i u m  a l l o y s  in the AA 2000

and 7000 series are susceptible to mercu ry  em b r i t t l em en t . Crack  i n i t i a t i o n

occur s at  the li quid metal/solid metal interface . The presence of mercury lowers

the energy r equ i r ed  to i n i t i a t e  a crack , and once initiated the mercury causes

the crack to grow at f a s t e r  r a t e s  and at lowe r s t r e s s  levels , p r o v i d in g  m e r c u r y

is c o n t in u o u s l y  a v a i l a b l e  to the new s u r f a c e s . F r a c t u r e s  so produced are of a

b r i t t l e  na tu re , p ropaga t ing  e i t h e r  between or th roug h the grains
TM
. Crack

v e l o c i t i e s  are q u i t e  hi gh: rates in the region of 30 nun s 1 have been measur ed t °

compared w i t h  r a t e s  of 10~~ to l0~~ nun s
1 observed fo r  s t r e s s  cor ros ion  c rack ing

of a l u m i n i u m  a l l o y s  in the presence  of halide ions .

E lem en t a l  m e r c u r y  can find its way into military aircraft structures in

several  ways , ~~ broken mercury vapuur l i g h t i n g ,  broken manometers  used i cr

c a l i b r a t i n g  i n s t r u m e n t s , and broken instruments carried as freight. Methods f o r

d e a l i n g  wi th such i n c i d e n t s  have been described
17 

and rely mainl y on seeing the

incr~- ury and phys ica l l y removing i t .  R a d i o g r a p h y  can hi’ used to loca te  mercury  i n

i n a c c e s s i b l e  p l a c e s .  M e r c u r y  f i n d i n g  its way i n t o  such p laces could remain there ,

and f l e x i n g  of the  a i r c r a f t  s t r u c t u r e  in the v i c i n i t y  of the m e r c u r y  could  cause

ama l g a m a t i o n  of the  s t r u c t u r a l  a l u m i n i u m  a l l o y s . Seve re cor r o s i o n  or e m b r i t t l e —

ment  cou ld  t h e n  o c c u r .  One ot  the  t e c h n i q u e s  recommended by the RAF tor dealing
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with mercury contamination is the copper brush collector. The multi copper wire

strand s are first cleaned in nitric acid and then dipped into mercury. Amalgama-

tion immediately occurs. The copper brush is then dipped into the spilled mercury

which is drawn up the wire by cap illary action. This use of copper indicated

that a newly formed metal surface could reac t rap idl y with mercury . The resulting

amalgam should be a lesser hazard than mercury . Fresh metal surfaces will result

from the reaction of mercury with salts of more noble metals,eg, copper , si lver ,
gold . Several such reactions of mercury were considered as methods of converting

it into compounds which would be less damaging to aircraft structures. The most

promising was the reaction , repor ted by 0gg 18 
in 1898, be tween merc ury and an

excess of s i lver  ni tra te , in which the latter was reduced and a silver/mercury

all oy was formed. This Report describes an initial assessment of the reaction

as a means of removing the potential hazard of elemental mercury spilled inside

an aircraft structure . It also evaluates the corrosion and stress—corrosion

of aluminium alloys in the presence of silver nitrate , and the mercuric salts and

amalgam formed .

2 THE EMBRITTLEMENT OF ALJJNIN IUN ALLOYS BY MERCURY

2 . 1  The a l loys  and test_p ieces used

The aluminium alloys chosen for this investigation were to the Specifica-

tions DTD 5020A and DTD 5050B for plate ma terial , referred to throughout this

Report as 5020 and 5050. They were used in the form of 3.125mm diameter tensile

test pieces cut so that stress could be applied in the short transverse direction

in a constant tensile strain rig
19

, simi lar to the Alcoa rig; 5050 was also

fabricated into short transverse sheet tensile ,’C’— type test pieces (Fig 1). Some

preliminary testing was done using aluminium and aluminium alloy sheet to the

British Standards Institution Specification BS LI6 , BS L71 and BS L88, the latter

cl ad al loy being used both as—received and with the cladding removed . These

materials are referred to throughout this Report as L16 , L7 1 , L88 and unclad L88.

They were used in the form of sheet tensile ‘C ’—type test pieces (Fig I),

machined so that the stress could be app lied in the long transverse direction .

The composition and tensile properties of the alloys are listed in Table I

2.2 The amalgamation of aluminium and its alloys

Four techniques were investigated .

2.2 .1 A small area in the centre of a sheet tensile test p iece was elec tro—

polished to remove the oxide , and on to this  sur f a ce a sm a l l  dr ople t of merc ury

was placed eithe r before or after stressing .

‘4  
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2.2.2 A small glass cylinde r filled with mercury was positioned in the

centre of the gauge length of a sheet tensile test p iece . An O.buun diameter

drill was used to drill into the me tal surface , through the pool of mercury.
8

This technique has been described by Ot to , et al. . In some cases experiments

were done wi th  mercury and water or 5% w/v sodium chloride solution in the
cy l inder .

2.2.3 Sheet tensile test pieces were coated wi th Forcolac , a protective

lacquer , leaving a bare area abou t 10 mm
2 

along the gauge length which was

flooded wi th a 2% w/v solution of mercuric chloride . Mercury salts react with

aluminium to give elemental mercury and amalgamation wi th the reactive aluminium

surface can be instantaneous.

2.2.4 Sheet tensile test pieces were immersed , through 20% w/v sodium

hydroxide solution at room temperature for I mm (to remove the oxide film),

into mercury (1 m m ) .  The 5020 and 5050 Alcoa—type constan t tensile strain test

pieces were stressed in thei r  frames using the techni que previ ously described ’9 .

They were protected , together  wi th  thei r  frame s , by immersion in Crocell PL4, a
t ransparent  hot di p—app lied coating conforming to CS 2486 , leaving onl y the

gauge length unpro tec ted .  Amal gamation of the t e s t  pieces was then achieved by

passing the assemblies through sodium hydroxide into mercury  (as fo r  the sheet

tens i le  tes t  pieces) .

2 . 3  The e f f e c t s  of s t ress

It was clear from the ou t se t  that  the main problem was to ensu re  t h a t  t he re

was w e t t i n g  of the tes t  pieces by the mercury .  This was necessary  b e f o r e

embrittlement could occur . Preliminary experiments were done using sheet tensile

test pieces of L16 , L71 and L88 both clad arid with the cladding removed . Details

are given in the Appendix and the results are summarised in Figs 2—4 . This work

indicated that  (a) commerc i a l ly  pure a luminium (L1 6)  was not e m b r i t t l e d  by

mercury, (b) the method , described in section 2.2.4, of passing the a l loys

through aqueous sodium hydroxide into mercury was the best me thod tried for

wetting the alloys with mercury, (c) stress must be app lied while the alloy is

wetted with mercury for embri ttlement to occur , (d) L88 was more susceptible to

mercury embrittlement than L71 , and (e) L88 was more susceptible when stressed in

the short transverse than in the long t r a n s v e rs e  d i r e c t i o n .

As a r e su l t  of the se p r e l im ina ry  expe r imen t s , t e s t s  were per formed on

short transverse tensile bar test pieces of 5020 and 5050 he ld  at constant strain

in Alcoa—type frames. When 5050 , s t ressed at 5% of the 0.27. proof stress (PS) ,

014 —
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was ama Igania ted by passing the test p ieee and stressing f r ame  t h r o u g h  aqueous

sod ium hydroxide i n t o  mercury (as described in sec t ion  2 .2 . 4 ) ,  failure occurred

within 10 mm in d u p l i c a t e  e x p e r i m e n t s .  I t  was not p o s s i b l e  to appl y a c c u r a t e l y

the minute strains to test at stresses below this fi gure . Similar experiments

with two 5020 test pieces , stressed at 90% of the 0.2% PS , resulted in failures

in less than 5 m m .  One of two test pieces stressed at 6O~ of the O .2~ PS

failed in less than 10 mi the other survived for 24 h; and two test p ieces

stressed at 30% of the 0.2% PS survived 24 Ii. As in the tests using sheet ten-

sile test pieces of L71 (see Appendix) , i t  appeared t ha t  the mercury was rejected

from the 5020 surface very rapidl y ,  leaving a dark , powdery surface .

3 THE REACTION OF SILVER NITRATE WITH MERCURY

Silver nitrate is reduced by mercury and the resulting metallic silver is

amalgamated . The stoichiometry of the reaction is not known but may approximate

to the equation:

3Hg + 2A gNO
3 

-* Hg(N 0
3
)
2 

+ 2AgHg

Thus 600 g of mercury  would r equ i re  about  340 g of s i l ve r  n i t r a t e  to convert  it

into its amalgam plus mercuric salts. The phase diagram for silver—inercury
0

indicates intertnetallic compounds containing 40 wt.% and 30 wt.% (55 and 45 molar

per cent ,respectivel y) of silver. Be tween these compositions no free mercury is

presen t be low 127 °C, and above 40 wt.% silver no free mercury is present below

27 6°C. Temperatures above 127 °C are un l ike l y inside an aircraft structure and ,

therefore , for most app lication s sufficient silver nitrate should be used to

ensure the formation of an alloy containing over 30 wt.% silver.

Accidental spillage of mercury in an aircraft could involve the contamina-

tion of a considerable area of the structure . If aqueous silver nitrate were to

be used , relativel y large volumes of solution would be required to convert it

into a silver amalgam and mercuric salts. As silver nitrate is an expensive ,

toxic material and a potential corrosion hazard , dilute solutions would be more

accep tab le  for  use in neutralising elemental mercury. Consequently, two concen-

trations were studied , name ly 2% and 5~ w/ v .

Droplets of mercury vary ing in mass from 172 to 178 mg were added to

100 cm3 
quantities of 2% and 5% silver nitra te solution and allowed to react for

times from 2 mm to 17 h , wi thout stirring, to simulate a practical situation

where a droplet of mercury is inaccessible. The silve r contents of the drops

were determined gravimetrica ll y during the experiment . The results are expressed

graphicall y in Fig 5; the silver contents , expressed as a percentage by we i ght ol

L .
~~~~~
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the :>i lvnr-mcrcury alloy, are plotted ,asainst the time of exposure in minutes. 

It can be seen that the'uptake of silver in the case of the 5% solution was much 

faster and that the quantity of silver in the alloy had reached 30 wt.% after 

30 r1in and 40 wt .i. After ·17 h, despite the absence of stirring, whereas in the 

2% solution of silver nitrate the silver content of the mercury drops had only 

reached 30 wt.7. after 17 h. A 57. silver nitrate solution was,therefore,chosen 

for this investigntion to ensure rapid transformation of mercury to an alloy free 

from elemental mercury, 

The extent to which 5% silver nitrate would react with mercury under con

ditions likely after spillage inside an aircraft structure was investigated. 

Two situations were envisaged. One where a mercury drop had lodged in a crevice 

and the other whe!"e small droplets of mercury lay dispersed over an extensive 

area on a flat surface. Two experiments were carried out to simulate these 

situations . 

In the first experiment, a chemically-clean glass tube of Smm internal 

diameter was drawn down to a fine capillary point and closed at that point. 

276 mg of mercury was placed into the capillary and 25 cm3 of 5% silver nitrate 

added above the mercury (about an eight-fold excess of silver nitrate). This was 

allowed to stand for 24 h and the amalgam then analysed for silver content, The 

second experiment involved a chemically-clean glass tray over which 400 mg of 

mercury was spread in the form of droplets of less than O.Smm diameter. These 

droplets were covered with a lmm layer of 57. silver nitrate (40 cm3; about an 

eight-fold excess of silver nitrate). The system was left static and after 

30 min and 24 h had elapsed, micro samples of the amalgam were analysed for silver 

content. The results of these _two experiments were simil~_r: the reaction of the 

f . h d 11 h 1 f 1 • 20 h 1 .. h . 28"' b 1rst a gone we over a way to camp et1on , t e ama gam av1ng a h y 

weight silver content which indicated a molar ratio of 0.72:t of Ag:Hg; and 

that of the second about 707. to completion, the amalgam having silver contents of 

33.7 and 35.2% by weight after 30 min and 24 h exposure respectively, or approxi

mately equimolar amounts of silver and mercury. When mercury and an excess of 

silver nitrate (eight-fold) Wt!re stirred together for 24 h, the amalgam obtained 

was 4H7. by wt>ight of silver, a molar ratio of I. 71: I of silver:mercury. 

4 TilE EFFECT OF SILVER NITRATE ON ALUMINIUM ALLOYS 

4.1 The reacti.on of silver nitrnte with aluminium alloys 

The rcnction between silver nitrate and aluminium should rl!sult in the 

reduction of the silver nitrate to silver with the formation of aluminium 

nttrate: 
BEST AVAILABLE COPY 
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3AgNO 3 + Al -P A l ( N 0
3
)
3 

+ 3Ag

Ln it i a l l y ,  two m a t e r i a l s  were exam i ne d , L 16 and 7 178—T b a l l o y  in sheet

form , the l at t e r  in the anodised cond i t i on  and a l so  w i t h  the anodic  f i l m  removed.

Coupons of the mater ials were placed into test tubes containing 100 cm 3 of 57.

silver nitrate and left static for times up to 8 days  at ambien t  t empera tu re .

The coupons were weighed at the outset and the n at intL~ vals I , 2 , 4 and 8 days

after they had been washed with distilled water and dried. The silver nitrate

solutions were analysed at the end of the test period for a l umi n ium in the case
of L16 , and magnesium , zinc and copper in the COse of 7178—T6 alloy. The LI6

sheet lost weight at a sensibly constant rate of about 8 g m d
1
, whereas the

anod ised 7178—16 lost only about 1.5 g m 2 d 
I
, both over a period of 8 days .

The 7178—Tb alloy from which the anodic film had been removed lost just under

I I  g m 2 
d

t over 4 days which was similar to the rate of weight loss of the L16

test coupon during the first 4 days exposure (see Fig 6). The metal ions in

solution were present in about the same ratios as the me tals in the parent alloys

(see Table 2).

Unstressed short transverse Alcoa—type test pieces of 5020 and 5050 were

subjected to alternate immersion , each in a 1dm 3 bath of 5% silver nitrate at

27°C ± 0.5°C, the immersion time being for 10 mm in every hour with 50 mm drying

time in air , for 28 days . In this time th ~y suffered a weight loss of 77.,

equivalent to an average decrease in diameter of about 2.7%. Subsequent

measurement of the mechanical propertie s showed no loss either in tensile

strength (TS) or in elongation .

4 . 2  The e f fe c t s  of stress

Alcoa—type shor t  transverse test pieces of 5020 and 5050 stressed to 90% of

the 0 .2 %  PS were subjected to a 28 day per iod of alternate immersion , each in a

1dm 3 bath  of 5% s i l v e r  n i t r a t e , as ou t l i ned  in s ec t i on  4 . 1 . Both a l l o y s  survived

this period unbroken in tri plicate tests . Typical section s of test p ieces after

such treatment are shown, both etched and unetched , in Fig 7 at x55 magnification .

No evidenc e of microcracks was seen in any of the test pieces at x500 magnifica-

tion , although quite deep pits were present .

5 THE EFFECT OF SILVER NITRATE /MERCURY REACTION PRODUCTS ON ALUMIN iUM ALLOYS

5. 1 The e f f e c t  of mercur ic  n i t r a t e

Mercu r i c  n i t r a t e  is formed f rom the r e a c t i o n  b etween s i l v e r  n i tr a t e  and

mercury, possibl y according to the equation:

~
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2AgN0
3 

+ 31lg 

!t this react:inn represents the stoichiometry of the reaction, tlum a 5% silver 

tlitraLv t~cluti1'!1 HC'\lld rosult in the formut:ion of Ll 1+,78% mercuric nitratu 

:-:,•lut:Lcm in n rC'actLon to completion. A mercuric nitrate solution so produced 

~.-.,uld repret-Jl't1t the extreme situation likely to occur when a deficiency of silver 

:ti.trat(' \.Jas used to treat a mercury spi~lagc. Nercuric nitrate at this conccn

trdtiPn \vas uset.l for nlternate innucrsion t(!Sts, done in tripli.·ate each in a 
J !Jrn bath, on stressed short transverse 5020 and 5050 Alcoa-type test pieces. 

Both alh1ys failed at 307. of the 0.2% PS and the failures were of a brittle 

nature. Fi.g 8 shows typical fractures of both alloys) Fig Sa heing the 5020 

st1rfacc nnd Fig Sb the 5050 surface both having the characteristic 'sugary' 

:1ppcarance of :1 brittle fracture. Fig 8c shows the 5020 fractured test piece ,18 

cmc unit anJ no reduction in diameter at the fracture is apparent, again demon

str~ting brittle fracture. Fig Bd shows one half of the 5050 test piece with no 

noticeable reduction in diameter, but ;;ith some attack of the fractured end 

itself. It was not possible to note the time to failure as both alloys were 

covered with a thick layer of orange mercury snlt (possibly mercurous nitrate) 

whicl1 completely obscured the gauge length. The reduction in the diameter of the 

gauge length of unstressed short transverse test pieces of 5020 and 5050 over this 

period was 4~~. Subsequent measurement of their mechanical properties showed a 

reduction in the TS of about 32% and in the elongation of so:. 

5.2 The efL~ct of mercuric nitrnte/silver nitrate mixtures 

Stressed short transverse Alcoa-typ8 test pieces of 5020 and 5050 were 

subjected to nlternnte immersion in a solution made by the addition of 30 g dru-J 

l't silver nitrate to a solution obtained from the reaction to completion of an 

excess of mercury \vith 5% silver nitrate solution. It was consider~d that this 

environment corresponded to on intnrmedinte procticnl situation. The results 

\''''r<.! the same for both nlloys. 'l'ltrce test pieces of each alloy survived 

unbroken wh('ll stressed at 90 .. ; d!. the 0.2% PS for 28 d; typicul snctions, etched 

nncl unctcllcd, ,Jre shor..:n in Fig 1 at x55 mngnification. No evidence of micro·· 

,~racks was !WLm nt higher magnifications, Unstressed teAt pil!ces at the end of 

sucl1 treatment had lost about 2% of the diameter of their gauge length but th~ir 

meclwnicnl properties showad no deterioration ci thcr in TS or in elongation, 

similnr to the results obtained in 5% silver nitrnte (sl:'ction 4.1). 

BEST AVAILABLE COPY 
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5 . 3  T Im e e t f e c t  of mi r cu r y/ s i l v e r amalgam

Tlic o t l i t  r ex t r eme  s i t u a t i o n  e n v i s a ged  was out  in w h ich a q u a n t i t y  of the

si l v e r  ana l gam was in c o n t a c t  w i t h  an a l u m i n i u m  a l l o y . C o n s e q u e n t l y  the  gauge

l e n g t h s  ot s t r e s sed  shor t  t r an s v e r s e  A l c o a — t y p e  t e s t  p ieces  of 5050 and 5020
alloy w e r e  su r rounded  w i t h  10 g quan t i t  i . s  of the  s i l v e r/ m e r c u ry  a l l o y  made b y

the reaction o~ mercury with an e xc e s s  of s i l v e r n i t r a t e . The ama l gam

was moistened with I cm
3 

of 5% silver nitr i te solution and the mixture h e r m e t i c a l l y

sealed to prevent  d r y i n g  o u t .  T h r e e  5020 t e s t  p ieces  surv ived  u n b r o k e n  fo r  18 d

when s t r e s s e d  to 90% of the 0 . 2 %  PS.  Three  5050 t e s t  p ieces survived f o r  28 d

when s t r e s s e d  to 30% of the 0.2% PS; one ~f two s u r v i v e d  when stressed to h O % and

those stressed to ~~~ of the 0.2% PS both failed . Typical sections (x76) of

etched and unetched unbroken test pieces are ohown in Fig 9.

6 DISCUSSION

For a lumin ium a l l o y s  to be e m b r i t t le d  by m e r c u ry  or i t s  s a l t s  th e alloy

s u r f a c e  must first undergo amalgamation . This is also true for accelerated

cor ros ion  of a lumin ium and its a l loys  which  occurs  in the presence of mercur y .

Var ious  t e c h n i q u e s were i nves t i ga t ed  to achieve the i n t i m a t e  con t ac t  of mercu ry

and all oy surfaces which would lead to amalgamation ; but the only one to give

consistent results was passing the alloy through sodium hydroxide into mercury .

Others
8 

have been successful in using physical methods to remove the protective

film from alloys in the presenc e of mercury  in order to achieve amalgamation and ,

when the alloy was stressed , rapid embrittlement. However , in many experiments

in which pre—stressed test pieces of L71 were slowly drill ed through whi l e

immersed in mercury , ie conditions which should have continuously exposed fresh

alloy surfaces to mercury, no evidence of ~mb rit tlem ent was obtained. Similarly,

the action of mercuric chlor ide on pre—stressed test pieces of either L71 or L88

did not cause brittle failure . However , after exposure to mercuric chloride both

a l loys  did show large but variable losses in mechanical properties whe .i

dynamica l ly  t e s t ed .

The u n s u c c e s s f u l  a t t e m p t s  to ama lgami~~e and e m b r i t t l e  the  a l l o ys  by p hy s i c a l

mean s i n d i c a t e d  how u n l i k e l y i t  would  be fo r  sp i l l e d  m e r c u r y  or m e r c u r y  s a l t s  to

cause brittle failure of aluminium alloys in an aircraft structure under static

load conditions . However , the possibility of flit ~~ir ’ salts causing embrittlement

cou ld be much greater in a situation where stresses were fluctuating . Even w i h

the potent and reproducible method of  ama l gamat ing  th rough  sodium h droxide i t

was a l so  r e a s s u r i n g  to observe that the a l l o y  had to be p r o— s t r e s s e d , or the

c t r e s s  app l ied w i t h i n  m i n u t e s  of ama l g a m a t i o n  for b r i t t l e  f r a c t u r e  t o  occur .
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The ama lgamated surfaces on the Al—Cu and Al—Zn—Mg—C u alloys rap idly rejected the

mercury and thus removed the risk of local embrittlement. The Al—Cu alloys L71

and 5020 were also quite difficult to ‘wet ’ with mercury after alka line cleaning ,

and rejected mercury much, more rapidly than did the Al—Zn—M g—Cu alloys L88 and

5050 which were more readi l y ‘w e t t e d ’ by mercury . The observa t ions  now reported

are not the only  ones which are re levant . A f a r  more dangerous s i tua t ion  could

arise if chemically compounded mercury came in contact with a fatigue crack. It

has been shown 1 1 
tha t low stress intensity factor fatigue cracks can pr opaga te

very rap idl y through 7075—T6 and 2024—T3 alloys when contacted with mercury .
Th us , even though the rapid rejection of mercury from al loy sur faces  in some
circumstances is reassuring , the rejected mercury may still be available for

further and possibly catastrophic attack if fatigue cracks are present .

Cle arl y, it is important that the last traces of mercury should be removed
fo l lowing any sp illage within an aircraft structure . Physical me thods are

available for removing the greater part of any elemental sp i l lage , ar1d flushing
wi th water wi l l  remove mos t , if not all , of any mercury compound s spilled . The

removal of the last traces of these mercury sources can probably be achieved

by using solutions of silver nitrate . The rate of reaction of mercury with silver

nitrate is favourably high , even of mercury trapped in crevices , and the reaction

produces a s o l u t i o n  con ta in ing  mercury sa l t s  and s i lver  ama l gam . The t es t s  now

reported on the corrosion of a luminium alloys by silver n i t r a t e  showed tha t  the

ra t e  of corr osion , measured as a weight—loss rate , was on ly slightly greater than

that observed in the presenc e of ha l ide salt  solutions . There was no observ able
s t r e s s  corrosion hazard , in c o n t r a s t  to the we l l—known dangers involved in

exposure of s tressed a luminium a l loys  to sa l t  so lu t ion . However , the mercur ic

s a l t s  formed by the react ion of mercury  and the  s t o i ch iome t r i c  amount of s i lver

n i t r a t e  caused a marked loss in mechanical  p roper t i es  of 5020 and 5050 a l loy  t e s t

p ieces , subjec ted  to a l t e r n a t e  immers ion  in the unstressed condition . Cracking

of tes t  pieces of both a l loys  s t ressed  to 30% of the 0 . 2 %  PS , in the shor t  trans-

verse direction , occurred during this test. However , mercuric salts in the

presence of an excess of s i lver  n i t r a t e  d i d  not cause any loss in mechanica l

p roper t ies  of uns t r e s sed  m a t e r i a l , nor any f r a c t u r e  of m a t e r i a l  s t ressed  at 90%

of the 0 .2 %  PS in the shor t  t ransverse  d i re c t i o n . T h i r d l y ,  the s i l ve r  amalgam

caused cracking  of 5050 a l l o y  s t r e s sed  at 60% of the 0. 2% PS , but  not  of 5020

a l loy  s t r e s sed  at 90% of  the 0 .2 %  PS , bo th in the short transverse direction .

Th us , the u se fu lnes s  of s i lve r  n i t r a t e  as a means of c h e m i c a l l y n e u t r a l i s i n g

m e r c u r y  was d e m o n s t r a t e d  bu t  also some d a n g e r s  were i n d i c a t e d .  Should  such a
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method be adop ted , it would be necessary to take note of the possible dangers in

any particular situation and adopt suitable safeguards. For examp le , to i nsure

that no danger of stress cracking would arise from the mer .uric sa lt tu r n ed ,

an excess of silver nitrate should be present at all locations where mercury or

its salts were found or even suspected . This would necessitate a reasonably

accurate estimate of the maximum quantity of mercury present and its di stribution .

The use of more tha n a dm3 of 5% silv er nitrat e per cm 3 ci mer ury is necessary

to neutralize safely the effects of the mercuric salts generated. Even this ratio

is only app licable if the distributions ot the mercury and of the silver nitrat e

are such that the proportion of silver nitrate to mercury is not locall y less  than

that suggested . The hazard of the silver amal gam is less than that ot mercury or

mercuric salt s, and in the presence ot large quantities of silve r nitrate is

probably negli gible. However , any residua l amalgam should be phy s i ca l l y removed .

a This should be far easier than the physical removal of the mercury because the

amalgam is in the form of a powdery solid which would readily be flushed away

with running water or removed , whe n d r y , by vacuum cleaning . Finall y, s i l v er

nitrate itself is a corrodent which mus t be removed , by washi ng , after the silver

nitrate/mercury reaction is judged to be comp lete , which  may be as short as an

hour or as long as 24 hours.

7 CONCLUSIONS

( 1 )  High—s trength Al—Zn—Mg-Cu alloy to DTD 5O50B was very prone to mercury

embrittlement and rapid failure occurred when exposed short trans\ rse test

pieces were stressed at 5% of the 0.2% PS.

(2) High—s trength Al-Cu alloy to DTD 5020A was embrittled by merc ury , rap id

failure occurring when short transverse test pieces were stressed at 60% of the

0.2% PS. However , brittle fracture was not observed in short transverse test

pieces wetted with mercury and stressed at 30% of the 0.2% PS.

(3) A chemical neutralising technique using 5% silver nitrate has been evolved

to immobilise and render compara tively harml ess elemen tal mercury sp illed in air-

craft. The method shows promise for the removal of small quantities of mercury .

(4) Furthe r assessment is necessary to ensure that no other long—term corrosion

hazard remains after such treatment .



Appe nd ix

ATTEMPT S TO EMBR ITTLE A L U M I N I U M  ALLOYS WITH MB RCURY AND ITS SALTS
(see section 2.3)

The ini tial experiments were done in tri p licate in a Hounsfield Ti nsometer

using transverse L71 sheet tensile test pieces , pre—s tressed at 80% of the

0.2% PS. The techni que described in section 2 .2 . 2 was used , drilli ng through

mercury into the alloy while stressed. This did not produce failures within 18 h

when the test pieces were stressed at 80% of the 0.2% PS , nor did the presenc e of

water ur of 5% sodium chloride around the mercury pooi affect the results.

Af ter the period of sustained load the test pieces were strained to failure ,

which occurred between 89 and 96% of the 0.2% PS (see Fig 2). Attempts were then

made t~ cucourage the wetting of the test pieces , stressed to 80% of the 0.2% PS

as before , using the technique describe d in section 2.2. 1 , electropolishing of

the alloy Defore the application of elemental or comb ined mercury . No failures

occurred in time s up to 16 h. Similar results were obtained by drilling through

the mercury pool in the presence of water or 5% sodium chloride . Subsequent

testing to failure revealed a slight variation in the residual streng +h. For

those test pieces drilled through mercury in the presence of 57. sodium chloride

failure occurred at 82% of the 0.2% PS, whereas those drilled through mercury

alone , i’~~ with mercury plus water , f a i l ed  at 94 and 9~,% of the 0.2% PS
respec t ive ly. When drilling was done through a solution of 2% mercuric chloride

into three test pieces pre—s tressed at 80% of the 0.2% PS, failure did not occur

in up to 18 h. Subsequent testing to failure produced residual strengths of 87%

of the 0.2% PS (see Fig 2).

As controls , t r i p l icate  ‘as— received ’ tes t  pieces stressed to 807. of the

0.2% PS, were drilled through in the absence of mercury or mercuric chloride

solution . Subsequent tensile testing resulted in failure at 94% of t h e  0. 2 % PS

of an p a — r eceived tes t  piece (see Fig 2 ) .  Thus it is h i g h l y  p robab le  t h a t  t he

reduction in residua l s rength of the test pieces which had been drilled t h r o u g h

a po~ i of corrodent was almost entirel y c aused by the loss of metal , and tha t

corrosion had a very minor effect.

Tri pli cate transverse test pieces of Lu in the as—received condition were

exposed to mercury drop le ts , wi thout drilling and while stressed to 80% of the

0.27. PS. No fail ures occurred in time s up to 65 h , and str~~.ning to tailure

indicated a residual stre ngth of 109% of the 0.2% PS. A ttempts were made , in

trip licate , to encourage the wetting by mercury of the test p ieces by Ci cc tro—

polishing a small ‘re m (see section 2.2.1) onto which the mercury was p l o ed

0 14
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while the test pieces were stressed to 60% of the 0 .27 .  PS .  No f a i l u r e s  occ urred
within similar times but some variations occurred in the residual strength: test

pieces failed between 82 and 109% of the 0.2% PS. This variation disappeared when

similarl y treated test pieces were left for the same time , rinsed with 5% s i l v er

nitrate and tested to failure : the residual strength was 103% of the 0.2% PS.

No failures occurred in times up to 70 h when 2% mercuric chloride was substituted

for mercury on as—received pre—s tressed test pieces. Variations in the residual

strength were noted , depending on the pre—stress value . A test piece stressed

for 70 h at 40% of the 0.2% PS in the presence of 2% mercuric chloride , subse-

quentl y failed at abou t 45% of the 0.2% PS. Others pre—s tressed at 60%, 70% and

two a t 80% , subseq uen t l y failed at 64%, 82% , 97% and 104% of the 0.2% PS.

The differenc e between the residual strengths of the as—received test pieces

treated with mercury alone (109% of the 0.2% PS), and those electropolished prior

to exposure to mercury (80—109% of the 0.2% PS) may be related to the pre—

st ressing value of 80% of the 0.2% PS for the former and 60% for the latter. This

suggests that attack was accelerated by the exposure of fresh surfaces of metal

during testing to failure . This effec t is also evident with as—received test

pieces treated wich 2% mercuric chloride when stressed between 40% and 80% of the

0.2% PS for several hours , af ter which they failed ultimately at stress levels

between 452 and 972 of the 0.2% PS (Fig 2).

In all of the above tests in which mercury or mercuric chloride was used ,

wetting (if at all) of the test piece by elemental mercury was of very short

duration indeed . The mercury was rap idly repelled from the surface fo rmin g

spheres of about 0.5mm diameter or less , some of which actually ‘jumped ’ from

the surface which quickly became dark and powdery in appearance ; this surface

presumabl y consis ted of the a l l oy ing e lement s which do not ama lgama te wi th
12

mercury

The results of a few tests made u s i n g  L 16 , e i t h e r  as—received or after

electropolishing as in section 2.2.1 , were in marked c o n t r a s t  to those obtained

for L71 . L16 test p ieces which were subjec ted to strai gh t tens i l e  t es t s , or

l e f t  at st resse s up to 100% of the 0.2% PS , were rap id ly  we tt ed by the mercury and

the cha r a c t e m i s t i c  ‘t rees ’ of hydra ted  al u m i n i u m  oxide grew on the mercury .

Desp ite this , af ter 18h exposure both the elongation and the TS of the LI6 were

unaffected , th us confirming earlier work which showe d that  commercia l  purity

aluminium is not embrittled by mercury
8
.

At th is stage of the work it was I&’ cjdt d to ~ook an all oy more susceptible

to mercury em brit m l emnent and also to try to i nip rttve the ama l gama t ion  techni que.



Appendix

It had been reported 8’13 ’14 that aluminium casting alloys containing zinc and

magn esium were much less r e s i s t an t  to mercury corrosion than those containing

coppe r and silicon . Al—Zn—Mg —Cu alloys in sheet and plate form were therefore

investiga ted to see whether they were more susceptible to mercury attack than

Al—Cu alloys . Pre l iminary work was done using L88 both as—received (clad) and

with the cladding removed . Clad transverse sheet tensile test pieces were amal-

gamated usir.g the sodium hydroxide/mercury technique (see section 2.2.4), and

mechanically tested. For L ive test pieces failure occurred between 60% and 74%

of the 0.2% PS (see Fig 3). During this series of tests it was noted that the

mercury attack took place at the edges of the test pieces more than on the

cladding . Furthermore , mercury attack was much more evident at the interface

between the cladding and the Al—Zn—Mg—Cu alloy . This effect was probably due to

the tunnelling effect of the mercury at this interface , the diameter of the

tunnel being small enough to retain the mercury and thus inhibit any self—healing

which otherwise could have occurred. Similar test pieces , with the cladding

removed , were amalgamated using 2% mercuric chloride while stressed at 10% of

the 0.2% PS. In all of the five tests the stress was raised by 10% increments to

100% of the 0.2% PS, mercuric chloride being replenished on the surface of the

test piece after each increase in stress. They were then stressed to fracture

after I and 20h exposures and failed at between 1 01,7. and 109%, and 77% and 91%

of the 0.2% PS, respectively. The results are shown in Fig 3 where it can be

seen that the test pieces held at 100% of the 0.2% PS for 20 1- failed before

that figure on mechanical testing . This again suggests that, during straining

to failure , the fresh metal surfaces exposed as the oxide fractures can react

mere readily wi th mercury .

~techanical tes t ing of short transverse sheet tensile test pieces of 5050,
leso than 1 mm after being amalgamated while unstressed by mercury after electro—

pol ish ing , led to fa i lure  at stresse s varying frc ’m 76% to 120% of the 0 .2% PS

in ~ix experiments (see Fi g 4L Test pieces p re—s t r e s sed  to 707. of the 0.22 PS
and then amalgamated with mercury after electropolishir ig failed either wi thin

JO s to 6 mirm , or su rv ived  unbroken for 22 H. Test pieces amalgamated using the

sodium hydroxide/mercury technique (see section 2.2.4) and stressed for I h at

values betwee n 3% and 6% of the 0.2% PS failed on subsequent mechanical testing

between 78% and 115% of the 0.2% PS. Those tested immediatel y after amalgamation

failed at values be tween 8% and 13% of the 0.2% PS and others , flooded with

silver nitrate after stressing comtn~nced , failed at similar values. However,

test  p i e c e s  s i m i l a r l y amal gama ted and sub jec ted  to the 5% s i lver  n i t r a t e  wash

0 14
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fol lowed by an alcohol rinse before stress ~~s applied , failed at be tween 94%

aixl 115 % of the 0.2% PS. Fig 4 summarizes all of the results obtained on short

transverse sheet tensile test pieces of 5050, five of which were used in each

experiment.
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Fig 7 Test pieces st ressed at 90% of 0.2% PS exposed for 28 days to alternate immersion in
silver nitrate , and in mixed silver and mercuric nitrate solutions. L/ST sections
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Fig 8 Fractured test pieces of 5020 and 5050 after exposure to AI m a solution of 4,78% mercuric
nitrate for 28d showing a and b fracture surfac es: c and d surface appearance of test pieces
after crac king had occurred
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Fig 9 28 day ex posure to moist silver mercury alloy. L/ST sections


