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ABSTRACT

Copper nickel alloys which are able to harden by precipitation reactions involving aluminium
are described. The main precipitation species is NizAl present as 10 nm - 15 nm size particles, and
strengths above 750 N/mm” proof stress have been achieved. Two such alloys have been
commercialised and they demonstrate higher corrosion resistance to marine environments than
standard cupronickels, most probably due to the passivating influence of aluminium. The reaction of
one of these alloys with sodium chloride both with and without the presence of sulphides has been
studied, using weight loss, Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM) and these techniques indicate a greater degree of passivity for this alloy than for copper or
standard cupronickels in sulphide environments. The age-hardenable cupronickels also display
complete freedom from hydrogen embrittlement and resistance to biofouling. Service experience
with these high strength copper-nickel alloys for highly loaded critical components in naval
shipbuilding and offshore oil and gas application is discussed.
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INTRODUCTION

Copper and its alloys have an extensive history of successful applications in marine
environments, due to their low corrosion rates, excellent anti-fouling properties, mechanical
workability, good electrical and thermal conductivity and ease of brazing and soldering’. For
instance, cupronickels have been widely used for condensers, heat exchangers, desalination plants
and seawater pipework systems and aluminium bronzes have been favoured for marine propellers.
Offshore oil and gas structures have employed a number of copper alloys in their engineering and
functionality®.

The corrosion resistance of copper and its alloys in chloride environments is attributed to the
formation of a protective layer of cuprous oxide’. This behaviour has been attributed to the presence
of an unfilled d-band structure, favouring oxygen chemisorption®. The beneficial effect of nickel
alloyed to copper has been stated to be due to the occurrence of a critical electron to atom ratio at
which the d-shell becomes unfilled and this has been verified electrochemically”.

Cupronickel alloys are single phase, hardening principally through solid solution
strengthening. The addition of certain elements to produce higher mechanical properties has been the
subject of some investigations. In particular, aluminium and niobium have been considered and their
addition to cupronickels has led to considerable strengthening®. However, the detailed
microstructural effects which produce this result have only recently begun to be studied’. The
present paper describes two commercialised high strength cupronickels, HIDURON 191V and
MARINEL™, which have 0.2% proof stress figures of greater than 480 N/mm’ and greater than 750
N/mm? respectively. Their metallurgy and corrosion resistance has been investigated through the use
of electron microscopy and Atomic Force Microscopy (AFM), in order to gain a greater scientific
understanding of these alloy systems and to widen their application as engineering materials.

METALLURGY OF AGE HARDENABLE CUPRONICKELS

Figure 1 shows mechanical test data obtained when aluminium is added to a cupronickel of
approximately 85% copper, 15% nickel. The strength increases steadily over a range of aluminium
additions up to 2.5%, and the ductility falls somewhat over this range. The effect is to produce an
alloy of insufficient ductility and general workability at the high aluminium level for consideration as
a possible commercial product. However, from the within composition range given, two age-
hardenable cupronickels showing good overall properties have been chosen for commercialisation.
These are given codes of 19A and 21A respectively and their typical compositions are given in
Table 1. Alloy 21A also contains niobium which, like aluminium, reacts with nickel and forms
several different phases.

A typical transmission electron micrograph of 21A is shown in Figure 2. This demonstrates
that there are two groups of precipitates according to size, those of nanometre scale and those of
micron scale. The smaller precipitates are 10-15 nm in diameter. They have been analysed to be
based on NizAl and they are coherent with the matrix. Chromium and iron partition to these
precipitates and may alter the precipitate strengthening mechanism. The micron-scale precipitates

‘UHIDURON 191 and MARINEL are Registered Trade Marks of Langley Alloys Ltd
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have a size range between 0.1um and 3 pm diameter and they have been analysed to be of various
compositions, Ni;Al, Ni; Nb, Ni;s Nbs Sis and (more commonly) an orthorhombic Ni-Nb-Si-Fe
intermetallic phase®. The latter has been found to be identical to a phase given the identification &-
phase in certain nickel alloys’. It is unclear as yet what role these larger precipitates have in the
overall strengthening of the alloy, as it is felt that the major strengthening agents are the nanometre
Ni;Al particles.

MECHANICAL AND CORROSION PROPERTIES
OF AGE-HARDENABLE CUPRONICKELS

Comparison of mechanical properties and corrosion resistance of 19A age-hardenable
cupronickels with respect to other copper alloys, two nickel-copper alloys and 316 stainless steel is
given in Table 2. The age-hardenable cupronickel 19A has superior general corrosion resistance and
crevice corrosion resistance in natural seawater' relative to the other alloys and possesses higher
mechanical properties than the cupronickels, aluminium bronzes and 316. The higher strength, age-
hardenable cupronickel alloy 21A (not shown on the table) has mechanical properties comparable to
Cu-Be and BS 3076 NA18. Exposure of specimens of alloy 21A in natural seawater (Langstone
Harbour, U.K.) for 113 days has demonstrated complete freedom of this alloy from marine fouling
and a corrosion rate at least as good as those of standard binary cupronickels''. However, the exact
quantitative data for corrosion behaviour is not available at this stage of the seawater corrosion
trials. Figure 3 shows micrographs generated using AFM after polished copper has been exposed to
aerated 3.5% sodium chloride. It is apparent that the original polishing marks cease to be apparent
before an exposure time of 1 hour, after which time the surface morphology becomes roughened in
the form of scallops of approximately 1 um diameter. For the case of alloy 21A, given a similar
exposure to 3.5% sodium chloride, the corresponding set of AFM micrographs is shown in Figure 4.
These demonstrate a much lower rate of surface reactivity, with the scratch marks remaining beyond
1 hour of exposure. It is likely that the presence of aluminium in alloy 21A assists passivity through
the production of a more protective oxide film.

- Corrosion/erosion testing, carried out in natural seawater at 15°C for 100 h employing
cavitation velocity of 10 m.s” and a cavitation number of 0.08, has resulted in the data shown in
Table 3'2. It is apparent that the age-hardenable cupronickels 19A and 21A in wrought condition
show lower rates of metal loss than 70/30. It is likely that the greater degree of segregation present
in the cast 19A contributes to its higher corrosion/erosion rate than that of wrought 19A.

Galvanic compatibility of 19A with duplex stainless steels has been demonstrated in natural
seawater", with results of coupling various alloys to UNS $32550 duplex stainless steel (specimens
of equivalent area) being shown in Table 4. 19A exhibited comparatively superior galvanic
behaviour to the other alloys, which has significance for its applications in bolting subsea duplex
stainless steel flanges and fittings.

HYDROGEN EMBRITTLEMENT AND SULPHIDE STRESS CORROSION TESTING
OF AGE-HARDENABLE CUPRONICKELS

A considerable number of tests have been carried out on 19A and 21A age-hardenable
cupronickels, in order to assess their resistance to hydrogen embrittlement. Table S lists the results
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of several experimental programmes, using slow strain rate testing'*'®. Comparisons of 19A and

21A have been made with B7 carbon steel and the age-hardenable nickel-copper alloy NA18. Pre-
exposure to a cathodic hydrogen charge before standard strain rate tensile testing has also been
included, as have the effects of cold work, thread rolling and the presence of hydrogen sulphide.
Indication of embrittlement susceptibility given by comparison of ductility and reduction of fracture
surface area, has shown that 19A and 21A exhibit negligible differences in these properties between
samples not exposed to hydrogen or hydrogen sulphide and those exposed to such environments.
Testing of 21A under the stricter hydrogen sulphide stress corrosion test NACE TM-01-77 (720 h
exposure) has also shown a negative response to the presence of hydrogen sulphide when samples
are stressed to 100% of the 0.2% proof stress. The overall result of the mechanical testing pro-
grammes has been that the age-hardenable cupronickels do not show any evidence of susceptibility to
hydro-gen embrittlement or hydrogen sulphide stress-corrosion cracking, unlike B7 or NA18.

Scanning electron microscopy has been carried out on a 21A specimen, following the com-
pletion of a NACE TM-01-77 test. The specimen had been exposed for 720 h in deaerated sodium
chloride (50 g/l) acidified with acetic acid (5 g/l) and saturated with hydrogen sulphide. Figure 5
shows the general surface morphology, exhibiting the presence of crystals identified as almost pure
copper sulphide by X-ray Energy Dispersive Spectroscopy (EDS). A cross-sectional view, giving
cross-sectioned information, was also obtained and this is shown in Figure 6. It is apparent that the
copper sulphide crystals are resting on a general surface film, which has a thickness of approximately
5 um. EDS analysis of this film revealed that it contained nickel, niobium and aluminium, indicating
that it probably resulted from general corrosion and leaking of copper ions from 21A in the sulphide
environment. It is probable that the copper sulphide crystals on the surface are the result of re-
precipitation of copper ions dissolved from the alloy'”.

Weight loss corrosion testing comparing the corrosion rate of standard cupronickels (90/10
and 70/30) to alloy 21A in distilled water continually saturated with hydrogen sulphide at 19°C has
been carried out for 30 days, with results being shown in Table 6. For both aerated and deaerated
solutions, 21A showed significant resistance to corrosion, when compared to the weight loss data of
90/10 and 70/30.

AFM carried out in sulphide-contaminated aerated 3.5% sodium chloride has also revealed
less surface corrosion in the case of 21A - in comparison with copper corroding in the same environ-
ment. Figure 7 shows a micrograph of copper, which had been initially polished with aluminia and
then subsequently exposed for Sh to aerated 3.5% sodium chloride containing 0.5 ppm sulphide, to-
gether with the associated surface roughness trace. The surface roughness of the pure copper is
shown to be greater than that of alloy 21A given a similar exposure after initially polishing in alum-
ina, as seen in Figure 8. Exposed copper shows a roughness range in the region of 250 nm, whereas
corroded 21A shows a surface roughness spanning 45 nm. It is probable that the aluminium content
of 21A gives it added corrosion resistance to hydrogen sulphide, as well as to general chloride corro-
sion attack

PERFORMANCE HISTORY

An extensive range of highly loaded components in marine environments has been produced
from the two high strength cupronickels 19A and 21A.
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Alloy 19A (480 N/mm’ yield strength) has been successfully employed for 25 years in the
production of critical components for service on British and U.S. naval vessels. Full advantage has
been taken of the combination of high strength/ductility and seawater corrosion resistance in design-
ing submar-ine flexible pipe systems, bow plane controls and weapons handling launch systems.
Valve bodies and stems, mechanical seals, pipework connectors, pump shafts and flowmeters have
been frequently produced in the alloy. The low magnetic permeability of the material results in appli-
cations on mine hunting vessels. High resistance to galling/seizure has made the material an ideal
choice for naval vessel bolting. The properties of this cupronickel have been commonly recognised
for applications in commercial/leisure submarines and for components such as propeller shafis in
luxury marine craft.

In the offshore oil and gas industry, alloy 19A has often been specified for bolting on cupro-
nickel topside piping systems and for the attachment of anti-fouling collars. Components in diverless
deep water oil production equipment benefit from the consideration of the properties offered by the
material.

Alloy 21A, the 750 N/mm’ yield strength cupronickel, developed in the late 1980°s by the
authors’ company, has provided a material with greater mechanical strength than Alloy 19A for mar-
ine environment service. Many offshore developments have widely employed the alloy for subsea
bolting with 13 Cr steel, 22 Cr and 25 Cr duplex stainless steel manifold, valve and choke flanges
with excellent galvanic compatibility being reported. Bolting in copper base alloys provides com-
plete freedom from hydrogen embrittlement which may occur with iron and nickel base alloys, and
good performance after installation for over three years on a U.K. sector North Sea development has
been reported for alloy 21A. In addition, bolting for risers and ladders has often been produced in
the 19A and 21A alloys. Other applications on offshore equipment have involved Xmas Tree valve
actuator shafts, valve stems, subsea electrical connector components, driven shaft couplings and
ROV mating components. The superior crevice corrosion resistance and easier machining character-
istics of alloy 21A relative to the nickel-copper alloy K-500 has led to a number of the latter appli-
cations.

On naval vessels, alloy 21A is currently employed for sonar dome bolting and has recently
been specified for periscope components.

CONCLUSIONS

Addition of aluminium to copper nickel alloys produced a strengthening mechanism largely
due to nanometre-scale (10-15 nm) Ni; Al precipitation.

Age-hardenable cupronickel alloys have been developed showing mechanical properties
similar to carbon steel and age-hardenable nickel alloys.

High strength cupronickel alloys containing aluminium show resistance to hydrogen
embrittlement, biofouling, general marine corrosion and hydrogen sulphide corrosion/cracking
phenomena.

Atomic force microscopy shows a marked roughening of the surface of copper in sodium
chloride after minutes of exposure. An age-hardenable cupronickel containing aluminium does not
show roughening to the same degree as copper, even in the presence of sulphide, probably indicating

the passivating influence of aluminium.
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Long term performance histories of two developed age-hardenable cupronickels have shown

that, when applied in a correct manner, these materials satisfy the needs of successful materials’
selection in marine environments.
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TABLE 1

TYPICAL COMPOSITIONS OF TWO COMMERCIAL
AGE-HARDENABLE CUPRONICKELS (wt %)

Alloy Code Ni Al Cu Cr Mn Fe Nb
19A 14 1.5 Bal 04 4.5 1.0 -
21A 19 1.9 Bal 0.4 45 1.0 0.6
TABLE 2
MECHANICAL PROPERTIES AND SEAWATER CORROSION RESISTANCE
OF VARIOUS MARINE ALLOYS
CORROSION RESISTANCE
MECHANICAL PROPERTIES (mm.y?)
ALLOY
UTS(N/mm®)  0.2% Proof Stress Elongation General Crevice
(N/mm?’) (%)
Cu-Be 950 700 15 0.04 <0.04
Nickel Aluminium 650 300 15 0.075 <0.05
Bronze
Aluminium Silicon
Bronze 500 250 20 0.06 <0.075
70/30 Cu Ni 300 110 30 0.025 <0.025
90/10 Cu Ni 250 80 27 0.04 <0.04
19A Cu Ni Al 750 480 20 0.02 <0.02
316 Stainless Steel 550 220 40 0.025 0.13
BS 3071 NA1 600 300 40 0.025 0.5
(Ni Cu)
Pit depth 0.86mm after 3 years

BS 3076 NA13 1000 750 25 in stagnant seawater
(Ni Cu Al)
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TABLE 3

COMPARISON OF CORROSION/EROSION RATES
OF VARIOUS MARINE ALLOYS!?

ALLOY CORROSION/EROSION RATE
(mm’ h™)
90/10 Cu Ni 1.5
70/30 Cu Ni 1.9
316 Stainless Steel 1.7
BS 3576 NA18 (Ni Cu Al) [aged] 1.2
19A (Cu Ni Al) [wrought] 1.8
19A (Cu Ni Al) [cast] 2.3
21A (Cu Ni Al Nb) 1.0
TABLE 4

GALVANIC COMPATIBILITY OF VARIOUS MARINE ALLOYS
COUPLED TO UNS S$32550 DUPLEX STAINLESS STEEL®™

(Natural recirculating seawater at 30°C for 6 months)

Rest DEPTH OF | ATTACK (mm)
Potential Uncoupled Coupled
ALLOY (uncoupled)
[mV vs SCE]
Nickel aluminium bronze -180 0.02 0.12
BS 3071 NA1 (Ni Cu) -140 >0.13 >{).26
90/10 (Cu Ni) -250 0.03 0.44
316 Stainless Steel -450 >0.20 >0.74
19A (Cu Ni AD) -100 0.02 0.04
UNS §32550 + 50 Not applicable Not applicable
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TABLE 5

NORMAL STRAIN RATE & SLOW STRAIN RATE(10°°S.") TENSILE TEST RESULTS (**'®

Metallurgical Tensile Properties
Alloy Condition Environment
UTS Elongation(%) Rof A
Air 980 25 67
B7 Carbon As-rolled -1V vs SCE in 3.5%
Steel NaCl (4°C) 65h prior 1050 17 40
to test and during test
Air 1015 24 37
BS 3076 Aged -1Vvs SCE in 3.5%
NA18 NaCl (4°C) 915h 986 15 17
(Ni Cu Al) prior to test and
during test
Aged 800 24 59
Aged+15% cold Air
work 789 23 51
Aged -1V vs SCE in 3.5%
194 | e -- | NaCl (4°C) 2000h 812 24 61
(Cu Ni Al) Aged+15% cold prior to test and
work during test 771 24 61
Aged -1V vs SCE for
1680h in natural 792* 22% 47
seawater +5ppm H,S,
(20°C)
Aged 1014 15 332
Aged +10% Air
cold work 1012 7.6 20.0
-1V vs SCE for
1850h in natural
seawater +5Sppm H,S,
(20°C) held at 75% 1017* 14%* 32.7%
21A of 0.2% Proof Stress
(Cu Ni Al Nb) Aged
-1V vs SCE for
1440h natural
seawater at Sppm
H.S, 20°C, held at
110% of 0.2% Proof 1028* 11* 32.8%
Stress
-1V vs SCE for
Aged + 10% 1440h in 3.5% NaCl,
cold work (20°C) 1004 7.1 20.5
Aged + thread -1V vs SCE for
rolled 1534h in 3.5%,
NaCl, (20°C) 923 16.2 34.0

*Tensile tested at normal cross head speeds in air after exposure to environment
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TABLE 6
CORROSION RATES OF CUPRONICKEL ALLOYS

IN DISTILLED WATER SATURATED WITH HYDROGEN SULPHIDE
(DEAERATED AND AERATED)

ALLOY DEAERATED AERATED
gm. 2d’ mm.yr’ gm > 4! mm.yr’
90/10 Cu Ni 1.53 0.062 0.61 0.024
70/30 Cu Ni 1.58 0.065 041 0.016
21A Cu Ni AINb 0.30 0.012 0.27 0.011
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0-2%

Proof Ductitity
Stress O 0'2% ‘Proof Stress o
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1200 ~ 30
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800 - 20
600 - 415
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FIGURE 1 - Graph showing the relationship of mechanical properties of age-hardenable cupronickels
with aluminium content

I um
o

FIGURE 2 - Transmission electron micrograph showing the micron-scale and nanometre-scale
precipitates in Alloy 21A

518/11



3.5 um 3.5umq{

@ ®

(© @

FIGURE 3 - Atomic Force Micrographs showing the surface of polished copper exposed
to aerated sodium chloride solution (3.5%, pH 7) for various time invervals.
(a) 1 min (b) Smin (c) 1h (d) 5h
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FIGURE 4 - Atomic Force Micrographs showing the surface of polished 21A

cupronickel exposed to aerated sodium chloride solution (3.5%, pH 7) for various time
intervals.

(a) Imin (b) Smin (c) 1h (d) Sh
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FIGURE 5 - Scanning electron micrograph of the surface of 21A cupronickel alloy after
720h exposure in a NACE TM-01-77 test.

FIGURE 6 - Scanning electron micrograph showing a cross-sectional view of 21A
cupronickel alloy after 720 exposure in a NACE TM-01-77 Test

518/14



6.98 ym

4.19

279

1.40

0.00

s g ge)
1,83 § T
59 aR u = 2 9L ge
Oanﬂdj ) Y O 8~ A o
o o Y g ! G HE o v m
9 2% o0 | TR A-BESICE ]
EessdE H Ezsf3g s
2886 o gy : SEEIRE 4
Ahtr - : o> Ahﬁeron
) SEER=IR : 3 o 3
pvamO.l ....... [t w .pSkamg.m
~ & @0 159 ; ® 8 A@F ~ 0O
AL S | S YEREE
5.0 Fasm e _ 58 PECEEEL
. x ) — f - St p—
ES 2 5cm&3 | ES2383887%F
" [*2]
xxxxxxx ”. - --\nyl;,M
i
: 3
, f s
. \
, @
_ a
i ,
,,,,,, SR UL I
0 1 ~
1 ]
1 ]
] t
N o g g
i 1
; ! X 3
o e ke P e | O
& 3 q 8 -
~ o~ (o3
= ¥ F

289.68 nm

eleqg z

5.59

Distance

518/15






