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ABSTRACT

A pre01p1tatlon. hardened cupronickel has been developed to
provide 750 N/mm® typical proof stress, high resistance to marine
environments and complete freedom from hydrogen embrittlement. The
designing and development of the alloy are described and
laboratory and field testing and results discussed. Service
experience with the very high strength cupronickel is reviewed and
assessment of components which have seen long term service is
described. It 1is concluded that the developed alloy, applied
correctly, offers the opportunity to utilize the benefits of a
copper alloy for highly loaded critical components such as bolting
on Naval vessels and offshore structures.
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INTRODUCTION

It is well established that cupronickels offer outstanding

resistance to corrosion in seawater and marine environments. The
standard 90/10 and 70/30 cupronickels provide this corrosion
resistance but possess low mechanical strength - typically 150

N/mm’ proof stress for 70/30 cupronickel. This paper describes the
development of a very high strength cupronickel MARINEL" alloy
from high strength cupronickel HIDURON'Y’ 191, which provides an
alloy with B7 steel strength (700 N/mm’ minimum proof stress).

This level of strength allows the utilization of the excellent
seawater corrosion resistance of cupronickel for a variety of
highly 1loaded, and often safety critical, components such as
bolting on offshore 0il and gas on Naval vessels.

Copper base alloys resist hydrogen embrittlement very
successfully' and possess virtual immunity to this type of failure
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whereas i1ron-base®, nickel
some, and in certain cases high, propensity to failure due to
hydrogen ingress. Hydrogen is produced as the cathodic reaction
product when impressed current and sacrificial cathodic protection
is applied to low grade material structures subsea or it can be
formed as a result of bimetallic coupling. The high level of
strength of the developed alloy allows the benefit of freedom from
failure due to hydrogen embrittlement to be taken advantage of for
bolting and for other components required to operate at high
stress on cathodically protected structures.

ALLOY DEVELOPMENT

An early decision in the development phase® was that the very
high strength alloy should be copper-base to provide high
resistance to seawater corrosion and, where needed, to offer
complete freedom from hydrogen embrittlement. Two copper-base
alloy systems were considered - nickel aluminium bronze and copper-
nickel - as Dboth alloy types have a 1long history of good
performance 1n marine environments. However, high strength
cupronickel provides better toughness at a given strength when
compared with aluminium bronze (Figure 1). The decision was made
to develop the strength of a high strength (430 N/mm? min P.S.)
cupronickel (UK Naval Engineering Standard number (NES) 835/NAVSEA
Drg. No. 518-6015871) - which has been produced by the author's
company for 20 years and widely used offshore and in surface and
submarine Naval vessels.

“MARINEL and HIDURON are registered trademarks of Langley Alloys
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The means of development of this alloy was chosen to be by
alloy modification in order to enhance the precipitation hardening
reactions rather than by the alternative method of the application
of cold work. The former route was chosen for two important
reasons - firstly, for bolting where heads are required, volume
production involves hot forming. It is not possible to use a cold
worked alloy as this will lose strength due to heating and this
loss of strength not being recoverable. Secondly, a wide range of
components can be machined from bar and forgings as the properties
are consistent throughout a section.

The alloy was designed so that the general microstructure

consists of equiaxed grains of average size 40um. These are
composed of a copper matrix with dissolved manganese to achieve a
measure of solid solution strengthening. The main strengthening

agent is NisAl’, as also reported by Alexander®®, in studies of the
copper-nickel-aluminium system, present in fine precipitates
approximately 10 nm in size. These precipitates are coherent with
the copper matrix having a very similar lattice parameter of 0.356

nm {copper C.3¢0nm.). As with nickel superalloys, a number of
nickel-based sub-micron to micron sized particles are also present,
these act as dispersion-hardening agents. In the developed
cupronickel these have been identified as Z-phase (Fe-Ni-Nb-Si),
NisNb (present as ellipsoids and needles) Ni;¢NbgSis, and
precipitated niobium. Of all these particles the ZX-phase is the
most common. The iron and chromium present have been found to

modify the ZX-phase and ©Nis;Al precipitates such that their
strengthening ability increases, possibly by improving their
coherency with the copper matrix. The alloy contains typically 19%
nickel and 5% manganese, strengthened by additions of aluminium,
iron, chromium and niobium.

The typical chemical composition for the very high strength
cupronickel and the high strength cupronickel parent are given in
Table 1.

LABORATORY AND FIELD TESTING

An exhaustive programme of testing has taken place over
several years to establish fully the properties of the developed
alloy, to demonstrate that it would offer specific features
required of the material, for example, hydrogen embrittlement
resistance and to define all the operating environments for which
the alloy was suitable.

The minimum mechanical properties of the cupronickel are shown
in Table 2. It was regarded as important to match B7 steel
strength and elongation with a minimum average notch ductility of
273. Typical mechanical properties for the precipitation hardening
cupronickel compared with other seawater resistant alloys are
quoted in Table 3.
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The maximum temperature for long term continuous exposure of
the alloy is 250°C with little change in tensile properties up to
200°C. The material behaves as a typical copper alloy with no
subzero phase transformation. No fall in notch ductility is found
at temperatures down to minus 196°C.

Fracture mechanics tests® carried out at 0°C have shown that a
notched specimen eventually fails in a ductile mode. CTOD tests
were conducted in accordance with BS 5762: 1879.

The corrosion resistance in seawater of the developed alloy is
even greater than that of the conventional low strength 90/10 and
70/30 cupronickels (Figure 2). The resistance to selective
corrosion, such as pitting and crevice corrosion in chloride media,
is high. Copper base alloys do not suffer corrosion in crevices,
although crevice effects can result in a small amount of metal loss
adjacent to the crevice due to the formation of copper ion
concentration cells.

C-ring test specimens of the high strength cupronickel alloy
(stressed to 140% P.S.) in saturated NaCl and natural seawater
(from Sola beach, Stavanger, Norway) at 80°C have shown no signs of
stress corrosion cracking after several thousand hours exposure.
Torsional fatigue tests’ in air and seawater have provided a
fatigue limit at 10° reversals of 305 N/mm? and 250 N/mm?
respectively on bar <25mm diameter.

Assessment of hydrogen embrittlement resistance has been
undertaken by a number of independent organisations. Slow strain
rate tests'? have shown complete freedom from embrittlement under an
imposed potential of minus 1.0V (SCE) in 3.5% NaCl and then tested
at a strain rate of 5 x 107%/s. The developed high strength
cupronickel is compared with the nickel-copper alloy K-500 and
ASTM A193 B7 steel in Table 4. The copper alloy demonstrated a
clear advantage since the other alloys suffered a marked diminution
in elongation, and fall in their reduction of area after exposure.
It is noteworthy that the high strength copper-nickel resists
embrittlement whereas the high strength nickel - copper 1is
susceptible demonstrating that the copper/nickel ratio 1is a
controlling factor in hydrogen embrittlement susceptibility.

Work by Pound™' has enabled a mathematical analysis of the
lattice diffusion and trapping of hydrogen in both nickel-copper K-
500 and the developed cupronickel to be carried out. This analysis
involves a model which has been used to evaluate the hydrogen
ingress kinetics of the nickel-copper and copper-nickel alloys.
Saturation of the above two alloys with gaseous hydrogen at 450°C
and fatigue test evaluation®® has demonstrated that the solubility
of hydrogen, the degree of dislocation - hydrogen interaction and
the ease of hydrogen trap formation were lower in the cupronickel
than in the nickel-copper alloy.
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Testing in other laboratories has confirmed the resistance to

hydrogen embrittlement - SINTEF, Norway'®, where samples were
galvanically coupled with steel and BNF - Fulmer, UK. The latter
charged specimens at minus 1.04V (SCE) for 70 days in a cell

through which flowed natural seawater at a temperature which
fluctuated between 0 and 12°C. Approximately 5 ppm of hydrogen
sulphide was added to the seawater and the test pleces were
maintained under an applied load of up to 110% of the 0.2%proof
stress. After precharging with hydrogen the samples were tensile
tested in air and the fracture faces examined by scanning electron
microscopy. Both with and without exposure to hydrogen the
reduction of area was over 30%. To simulate the effect of thread
rolling, tests were carried out on material given a 10% cold
reduction, with the same result - no detectable susceptibility to
hydrogen embrittlement.

To ensure that longer term there was no degradation due to
hydrogen two high strength cupronickel studs of 25mm diameter were
tested for 6 months in a carbon steel riser pipe flange at 8 metres
depth in Bergen fjord'. The studs were stressed at 552 and 84% of
yield respectively. The riser pipe and flange were protected by an
Al/Zn anode with the potential at minus 950 to minus 1000 mV
(Ag/AgCl) . After the test period destructive examination of the
studs showed no signs of corrosion attack or degradation of
properties due to hydrogen effects.

Although the high strength cupronickel was not developed
specifically for sour conditions it must be assumed that external
bolting on an insulated flange may see sour service. Testing®® has
shown that the alloy performs well in the acidified hydrogen
sulphide environment defined by NACE TM0177. After the test period
of 720 hours no cracking was observed on specimens tested at 100
per cent of proof stress at the standard test temperature of 24 +
3°C and at temperatures up to 70°C. However, general surface
blackening and roughening occurred due to the formation of a film
of copper sulphide approximately 10 um thick composed of small
crystallites approximately 15um in diameter.

The developed alloy was intended for use in contact not only
with other copper alloys but also with less noble materials and
more electropositive materials. Cathodic protection, on, for
example, subsea structures would override the polarisation due to
the free potential of dissimilar metals. However, if such control
of potential was not applied it would be important to know that
bimetallic coupling would not lead to undue enhanced corrosion on
the less noble material. Testing at the LaQue Centre, USA has
demonstrated the compatibility of a high strength aluminium
containing cupronickel with 25 Cr duplex stainless steel (Table
5) .Particular care would need to be exercised if coupling of a high
strength cupronickel with an extremely electropositive material,
such as titanium, was to be contemplated. The area of the electro-
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positive material would generally need to be much smaller than that
of the anodic material. The effect of temperature on cathode
efficiency would also need to be taken into account and
consideration should be given to the particular nature of any
corrosion product formed in the crevice (which may enhance
corrosion of the more noble material in the couple).

Earlier work' had already shown that the high strength
cupronickel parent possesses superior Jjet impingement resistance
and general corrosion resistance in seawater compared with both
70/30 and 90/10 cupronickels, probably because of the beneficial
effect of the aluminium addition in increasing hardness and
promoting the formation of a passive surface layer. It was
therefore expected, that because of its higher aluminium content,
the new cupronickel should be at least as good as the present
cupronickel, and in practice cavitation erosion tests in high
velocity seawater gave the highest ranking to the very high
strength cupronickel compared with various other cupronickel
alloys®® (Table 6).

The sparking resistance of aluminium strengthened cupronickel
has been assessed? and compatibility with oxygen established.

An important consideration, particularly for an alloy which
will often be employed for bolting, is the resistance of galling or
seizure. Tests under dry conditions? have shown that there is a
relatively small build up of coefficient of friction for the
developed alloy using rotating discs of the same alloy in contact -
at applied loads up to 1500N - and that there is therefore a low
propensity to galling. Under the same test conditions a
precipitation hardening nickel-copper alloy showed higher rates of
coefficient of friction build up. Good galling resistance obviates
the need for lubricant during bolt make-up which results in a more
accurate torque/tension relationship, if nut torque is employed to

stress a Dbolt. The torque versus stress relationship for
unlubricated high strength cupronickel 22mm and 38mm diameter bolt
assemblies has been determined®®>. Figure 3 shows the relationship

for a 22mm diameter assembly with the nut collar bearing on 25 Cr
duplex stainless steel. A comparative test gave a slightly lower
stress level in the bolt when the same torque value was applied
with the nut collar bearing on 13Cr steel. Stress relaxation of
the developed alloy was found to be low.

SERVICE EXPERIENCE

The very high strength cupronickel has been applied for a
range of high loaded components in marine environments. These
applications include valve stems,drive shaft couplings, subsea
electrical connector components, Xmas tree valve actuator shafts,
towing components and bolting on UK submarines and subsea/splash
zone bolting on offshore oil and gas installations.
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Application of the alloy for splash zone bolting has resulted
from the combination of high strength and seawater corrosion
resistance. Cathodic protection is unlikely to be fully effective
in protecting low grade bolting material. If cathodic protection
is effective for some of the operating period of the structure then
the freedom from hydrogen embrittlement of the copper base alloy is
an advantage.

Many offshore developments have widely employed the high
strength cupronickel for subsea bolting with 13Cr steel, 22 Cr and
25 Cr duplex manifold, valve and choke flanges.

On the UK North Sea Lyell development over 10 tonnes of the
high strength copper alloy is employed for manifold bolting.
Sacrificial cathodic protection was applied to the subsea
structure. The alloy was chosen for its greater mechanical
strength and corrosion resistance compared with grade 660 stainless
steel. The bolting is used with 13 Cr steel and 22 Cr duplex
stainless steel flanges. A corrosion resistant material compatible
with stainless steel was required with freedom from hydrogen
embrittlement. The selection of a low grade material such as
carbon steel could result in anodic dissolution of the steel
adjacent to the more noble flange material if cathodic protection
was not fully effective in shrouded areas. Insulation, if fully
effective, between low grade bolting and a corrosion resistant
alloy flange would cut off the bolting from continuity with the
cathodic protection and corrosion attack would be likely to occur.
Bolt tensioning was employed (with no thread lubricant) to ensure
that, as is important with all materials, the correct tension was
put into the bolts and that the limit of proportionality was not
exceeded. Few materials exhibit a pronounced yield point and, in
common with most alloys, the limit of proportionality of the high
strength cupronickel is 75% of the measured 0.2% P.S. If bolt
tension 1s introduced by nut torque care must be exercised to
obviate overtensioning through lack of control of the coefficient
of friction. The fact that the high strength cupronickel can be
assembled without lubricant gives more reliable control of
tensioning. By contrast steels and nickel base alloys require
lubrication during make-up to counter the likelyhood of
galling/seizure.

Stud bolts from the Lyell development, available due to a
malfunction of a choke valve, have been subjected to a laboratory
examination® after 18 months service (12 months at operating
temperature) and, apart from the expected calcareous deposit,
appeared completely unaffected by service. The presence of a
calcareous deposit along the total length of the two bolts
demonstrated that the whole bolt has been operating under true
cathodic protection conditions and that it had been subjected to
cathodic polarisation and thus to hydrogen discharge conditions.
Dye penetrant and optical microscope (up to 200X) examination of
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all thread roots on longitudinally cut sections revealed no
cracking or discontinuities. Etching in ferric chloride showed an
etching pattern that is normally observed on a thread-rolled bolt.
A nut was also sectioned and dye penetrant examination carried out
- no cracking was observed. The nut collar still showed its
machining marks and there was no sign of galling or corrosion
where the cupronickel had been in contact with 22 Cr duplex
stainless steel. In order to determine whether there had been any
embrittlement during service a sawn bolt section was thoroughly
cleaned and bent to fracture using a tensile test machine set up in
bending mode, such that tensile stresses were imposed on the
threads in a longitudinal manner. The section flexed approximately
12% and then failed. The section was bent to cause full fracture
and one half was studied in a scanning electron microscope. Figure
4 shows the edge of the fracture in the foreground and micro-
dimples were found to be present over the entire fracture surface.
This indicated that the fracture was purely ductile, with no
evidence of a brittle rim which would have indicated the presence
of embrittlement caused by hydrogen ingress.

On the UK North Sea Strathspey development around 20 tonnes of
the high strength cupronickel 1is employed for subsea manifold
bolting. Bolt tensioning was used with no thread lubricant applied.
These bolts have now been successfully in service for 12 months (6
months at operating temperature). A choke wvalve malfunction
resulted in its removal and the nuts on the sixteen cupronickel
studs which held the valve in place were reported to be easily
removed, indicating that no galling or corrosion product was
present to hinder the free running of the nuts. No adverse effect
of the environment on the studs/nuts was reported after 12 months
service. These bolts are soon to be subjected to a full laboratory
examination as described above.

It has been shown®?® that a variety of alloy types can suffer
from cracking at high stress in the presence of the products of
hydrolysis of molybdenum disulphide, which is found in a number of
commercially available lubricants. This breakdown can occur at
temperatures down to 100°C and below. Several cap head screws in
the developed high strength cupronickel cracked in the thread form
when installed on a topside choke valve on the Maui B platform.
This occurrence was attributed to overstressing of the cap head
screws and anodic dissolution due to locally high concentration of
sulphide, formed by hydrolysis at an operating temperature of
around 80°C of a molybdenum disulphide containing lubricant. This
cracking has been replicated in the laboratory by a slow strain
rate test at 80°C in the lubricant used in service. However, it
was found that in a test conducted at 100 per cent of proof stress
in the same lubricant and the same temperature that no cracking
occurred, and this demonstrated the key role of overstressing and
the environment specific nature of the problem. It has already
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been noted that the copper alloy does not require the use of a
lubricant. This not only obviates the use of a potentially
problematic lubricant but reduces the likelihood of overstressing
through lack of coefficient of friction control, if nut torque is
used to create bolt tension.

Copper alloys are known to have a propensity to stress
corrosion crack at high levels of stress and in the presence of
mercury, ammonium compounds and amine derivatives. It is essential
therefore that a copper alloy such as the developed cupronickel
should not be used with the species above. Many epoxy paint
systems and PTFE coatings rely on amines for curing and should not
be employed with a copper alloy. The inherent resistance to marine
corrosion attack of the cupronickel renders the use of painting or
other coating completely unnecessary. In addition, PTFE coating to
reduce the likelihood of galling or seizure is not needed with the
high strength copper alloy.

CONCLUSIONS

By careful alloy design it has been possible to develop a 750
N/mm® proof stress cupronickel offering a unique combination of
strength, high marine corrosion resistance, complete freedom from
hydrogen embrittlement and other valuable properties.

Laboratory and field testing have established the wide range
of operating parameters for which the developed cupronickel is
suitable.

With proper installation practise the developed alloy has

performed well for up to two years in service when employed for
subsea bolting.
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TABLE 1
TYPICAL CHEMICAL COMPOSITIONS

Ni Al Mn Fe Nb Cr Cu

THE DEVELOPED 18 1.8 5 1.0 0.7. 0.4 Bal
CUPRONICKEL
PARENT HIGH STRENGTH 15 1.4 5 1.0 - - Bal
CUPRONICKEL

TABLE 2

MINIMUM MECHANICAL PROPERTIES OF DEVELOPED CUPRONICKEL

Bars Bars >75mm
< 75mm <125mm
Tensile Strength N/mm’ 870 840
0.2% P.S. N/mm’ 700 650
Elongation, % on G.L. 5.65 15 15
Vso
TABLE 3

TYPICAL MECHANICAL PROPERTY COMPARISON

0.2% PROOF TENSILE ELONGATION %
STRESS N/mm? STRENGTH ON 5.65 Vso
N/mm?
The developed
cupronickel 750 930 18
70/30
cupronickel 150 350 42
Alloy 625 590 _ 940 40
Alloy K-500 (BS
3076 NA1S8)
(annealed and
aged) 720 990 20

Nickel aluminium

bronze to NES

833 (DGS 1043) 310 710 28
Nickel aluminium

bronze to BS

2874 CA104 and

DTD 1S7A 460 750 18
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TABLE 4
SLOW STRAIN RATE TEST RESULTS

U.T.s % Elong. % Reduction
N/mm’ of area
The developed
cupronickel
Before exposure 947 18 30
After exposure (1500h) 943 15 28
ALIOY K-500
(BS3076:NA18)
Before exposure 1015 24 37
After exposure (915h) 986 15 17
ASTM Al193 B7 Alloy
(Q & T)
Before exposur 1078 19 62
After Expcosure (2000h) 1031 12 18
TABLE 5

GALVANIC COUPLING WITH 25 Cr DUPLEX STAINLESS STEEL -
COMPARATIVE RESULTS

Depth of attack Depth of attack
(mm) Uncoupled (mm) Coupled
High strength cupronickel 0.02 0.04
Nickel aluminium bronze 0.02 0.12
Alloy 400 - Nickel Copper 0.13+ 0.26+
c70600 0.08 0.44
Type 316 stainless steel 0.20+ 0.74+

+ attack under crevice

Multiple crevice assemblies coupled to 25 Cr duplex stainless
steel. Recirculating seawater at 30°C - test duration 6 months.

The copper alloys exhibit corrosion in the bold face adjacent
to the crevice.
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TABLE 6
CAVITATION EROSION RESISTANCE IN HIGH VELOCITY SEAWATER

Typical Hardness Volume Erosion

HB Rate, mm’h™

The developed 280 1.0
cupronickel

Parent high strength 210 1.8
cupronickel

70Cu-30Ni cupronickel 110 1.9
Cast high strength 170 2.3
cupronickel*

*Cast cupronickel containing approximately 15% Ni, 10% Mn,
1% Fe, and 1.4% Al.
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FIGURE 4 - Micrograph showing the
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the specimen surface after full
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