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Abstract:   A series of laboratory tests, and trials at 150m water depth, have been carried out 
to investigate thoroughly the electrochemical effects resulting from the use of titanium 
repeater and BU housings, with titanium bend-limiters, in close proximity to steel couplings 
and armour wires. The titanium oxidises preferentially but at a rate slow enough to be 
negligible well beyond the system lifetime. Additionally, the presence of titanium actually 
inhibits the natural corrosion of steel that would otherwise occur, resulting in a very effective 
design of submerged plant which easily meets the reliability criteria for submarine networks. 
  
1. INTRODUCTION 

From the earliest telegraph cables to the 
latest optical networks, electrochemical 
effects in submerged plant and cable have 
always presented possible risks to the 
essential high reliability of submarine 
telecommunication systems, sometimes 
resulting in costly marine repair 
operations. Consequently, the qualification 
of any new designs of submerged plant 
needs to take these effects properly into 
account, to ensure that they do not 
adversely impact on system reliability and 
lifetime. 
 
Titanium, with its combination of light 
weight, high strength and natural corrosion 
resistance is in many respects an ideal 
material for submerged housings and bend-
limiters, but the potential electrochemical 
effects of its use in close proximity to steel 
joint housings and armour wires needed to 
be thoroughly assessed and evaluated 
before any designs incorporating these two 
metals could be finalised and implemented. 
 
This paper describes the work carried out 
to perform that evaluation, which involved 
a long-term trial in 150m water depth, as 
well as laboratory measurements to 
quantify the degree of corrosion and the 
effect of temperature.   

 
2. CONNECTION BETWEEN BEND-

LIMITER AND COUPLING 

The coated steel housing of the cable 
coupling is attached as shown in the 
photograph below to a collar made from a 
combination of the high-performance 
polymer PEEK and polyacetal. 
 

 
 
The titanium bend-limiter at the end of the 
repeater or BU housing is then bolted into 
this collar using titanium bolts, leaving a 
gap of about 3mm between the titanium 
and steel, as shown in the next photograph. 
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The coating on the steel does little more 
than prevent it from tarnishing during 
handling prior to installation, and does not 
provide significant electrical insulation 
between the steel and sea water. Therefore, 
both the steel and titanium are in direct 
contact with the sea when the assembly is 
submerged, but the insulating collar 
prevents them from being in direct 
electrical contact with each other. 
 
This means that the two metals form an 
electrolytic cell within the sea-water 
electrolyte. This electrolytic cell effect is 
likely to have a significant impact on the 
natural corrosion that would occur in either 
of the metals in the absence of the other. 
 
Some tests were therefore set up and 
carried out to establish and measure this 
effect on a full bend-limiter/coupling 
assembly. 
 
3. 40-DAY CORROSION TEST IN 

THE LABORATORY 

The whole assembly was immersed in a 
90-litre tank of sea water, as shown in the 
photograph below, and insulated electrical 
connections were made to the steel and 
titanium. 

 
 
With this arrangement, voltage 
measurements, and intermittent current 
measurements could be made between the 
two metals: a continuous current 

measurement would effectively short-
circuit the two metals and so would not be 
representative of conditions in service. 
  
The titanium was found to be positive with 
respect to the steel, as would be expected 
since iron is more electronegative than 
titanium. Over a period of 40 days of 
measurement, the open-circuit voltage of 
the arrangement was found to be 
consistently 0.65V, and intermittent 
measurements of short-circuit current gave 
a figure of around 6mA, which reduced 
within a short timescale. 
 
There was no visual sign of any significant 
corrosion of either the steel or titanium 
throughout this 40-day period. If the steel 
alone had been present in the sea-water, 
some visual corrosion would certainly have 
been expected, but the corrosion of the 
steel was being inhibited by the presence 
of the other metal. In effect, it was being 
cathodically protected by the electrons 
preferentially injected into the sea-water by 
the titanium. The titanium itself also 
showed no visible sign of corrosion, 
although the current and voltage results 
indicated that some electrochemical 
reaction was taking place. This was 
therefore investigated further. 
 
4. VOLTAGE/CURRENT 

CHARACTERISTIC OF CELL 

To quantify the degree of electrolytic 
reaction taking place, the following 
procedure was carried out. A range of 
small external voltages were applied to the 
assembly, positive to the titanium, and the 
corresponding currents through the circuit 
were measured. The current/voltage graph 
obtained from these measurements gave 
the two key characteristics of the titanium-
steel cell: the voltage at zero current was 
the accurate open-circuit voltage of the 
cell, and the slope of this graph around the 
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zero-current point gave its internal 
resistance. 
 
At the ambient temperature of 18°C at 
which these measurements were first 
made, the open-circuit voltage was 0.70V, 
and the internal resistance was 400ohms. 
 
The ‘Corrosion current’ of the assembly is 
simply the open-circuit voltage divided by 
the internal resistance, and so for this case 
the corrosion current is 1.75mA. 
 
5. EFFECT OF TEMPERATURE ON 

CORROSION RATE 

As with virtually all chemical and electro-
chemical reactions, the corrosion current 
can be expected to be strongly affected by 
temperature. To estimate this temperature 
dependence, an electric heater was placed 
in the 90L tank and the whole assembly 
was heated to reach a steady temperature 
of 41°C. 
 
The voltage/current measurements 
described in the last section were then 
repeated at this elevated temperature. The 
open-circuit voltage was unchanged at 
0.70V, but the internal resistance had now 
dropped to 65ohms. This therefore gave a 
corresponding corrosion current of 
10.77mA, compared with the 1.75mA at 
18°C.  
 
The corrosion current Ic will vary 
according to the Arrhenius relationship: 
 

Ic = I0.exp(T0/T) 
 
Where the pre-exponential factor I0 is 
constant and independent of temperature 
over the range of interest (0°C to 50°C), T 
is the absolute temperature and T0 is the 
activation energy of the electrochemical 
reaction at molecular level, divided by 
Boltzmann’s constant. 

Since the magnitude of the corrosion 
current has been deduced from 
measurements made at two different 
temperatures, it is possible to calculate the 
values of I0 and T0 in the equation, and 
thereby to estimate the electrochemical 
corrosion current at any temperature of 
interest. 
 
From the two calculated values of current, 
the value of I0 is 1.05X108A, and the value 
of T0 is 7226°K. Using these figures, the 
corrosion current at the normal sea-bottom 
temperature of 4°C is 0.50mA.  
 
To relate the corrosion rates in terms of 
current to changes in mass of material, 
some further tests needed to be carried out 
on the titanium, as described next.  
 
6. MEASUREMENT OF VALENCY 

OF TITANIUM  

Titanium, like iron, is a transition element 
and it can exhibit a valency of 2, 3 or 4 
depending on the particular chemical 
reaction taking place. To confirm what 
applies for this particular situation of 
corrosion in sea water, some electrolysis 
experiments were carried out on small 
(~20gm) samples of titanium at two 
applied currents, and the weight losses 
were measured after specific times.  
 
The current density at the surface of these 
samples was set to be sufficiently high to 
ensure that any anodic corrosion products 
of the titanium were absorbed into the 
electrolyte rather than be deposited on the 
titanium surface. There was certainly no 
visual indication of any corrosion or 
deposits on the titanium surface, and the 
valency results would be an additional 
check on this. 
 
The results are shown in the following 
table. 
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Current 
(mA) 

Time 
(hours) 

Reduction in 
mass (gm) 

560 5 1.3+0.1 
163 24 1.7+0.1 

  
Taking the Faraday electrolysis constant as 
96,400 coulombs/mole and the atomic 
weight of titanium as 47.9, we calculate the 
following figures from the above results. 
 
Moles of 
Charge 

Moles of Ti 
lost 

Deduced 
Valency 

0.105 0.027 3.9+0.3 
0.146 0.035 4.1+0.3 

 
It can be seen that, to well within the 
measurement accuracy, the titanium is 
exhibiting a valency of 4. This is consistent 
with the formation of its commonest oxide, 
TiO2. 
 
7. CORROSION OF TITANIUM AT 

TEMPERATURES OF INTEREST 

Having deduced that titanium is tetravalent 
for these reactions in sea water, it is 
possible to relate the corrosion currents 
described in sections 4 and 5 to masses of 
titanium oxidised at any temperature of 
interest. This is done in the following table. 
 
Temperature Corrosion 

Current 
Mass lost in 

25 years 
4°C 0.50mA 49gm 
18°C 1.75mA 172gm 
41°C 10.77mA 1055gm 

 
The mass of titanium oxidised over the 
entire 25-year lifetime of a system can be 
seen from these figures to be entirely 
negligible. Even at temperatures of 18°C 
or over, which are extremely rare in 
submarine networks, the masses of metal 
lost are insignificant, and actually less than 
the amount of corrosion that would be 

expected to occur in steel alone in the 
absence of any other metal. 
 
The very positive performance of this 
steel/titanium combination found from 
these laboratory tests was further 
confirmed by a long-term trial, as 
described in the following sections. 
 
8. SAMPLE TRIALLED IN 150M 

WATER DEPTH  

As reported in a separate paper at this 
conference [1], a branching unit trial in 
150m water depth indicated that there was 
negligible hydrogen evolved in a steel-
housed coupling unit when linked as 
described in section 2 to a titanium bend-
limiter and housing. 
 
It was therefore decided as part of this trial 
to carry out some measurements to 
compare the armoured coupling unit linked 
to a titanium bend-limiter, with a standard 
armoured hydrogen-managed cable joint, 
in terms of the hydrogen evolved. The 
sample built for this part of the trial is 
shown in the following photograph.  
 

 
 
The Titanium bend-limiter and steel-
encased coupling unit can be seen in the 
centre-right part of the photograph. This is 
then connected via 10m of armoured cable 
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to a standard hydrogen-managed armoured 
joint. There was a further 10m of armoured 
cable on the other side of this joint, and 
beyond that the armouring was feathered 
off to leave the lightweight cable.  
 
The sample was installed in 150m water 
depth with the lightweight cable tail on the 
sample jointed to a further 2km of 
lightweight cable. This enabled optical 
measurements to be made on fibre sensor 
coils in the joint and coupling, as detailed 
in ref [1], 
 
From a mechanical and sealing 
perspective, the only difference between 
the coupling and the standard cable joint 
was that the coupling was linked to the 
bend-limiter, whereas the joint was simply 
in armoured cable. Each of them contained 
a 1.8km-long coil of sensor fibre, spliced 
to the main cable fibres, so that hydrogen 
levels within the joint and the coupling 
could be measured with a resolution of 
down to 0.1mBar. 
 
Some corrosion of steel casings and 
armour wires in sea water can always be 
expected to occur. This corrosion, which is 
simply the oxidation of the metal, will be 
accompanied by some generation of 
molecular hydrogen. No joint or coupling 
is perfectly hermetic to hydrogen and so 
some hydrogen will penetrate into it, and 
will therefore be measurable by the optical 
sensor coils. The level of hydrogen within 
the joint or coupling therefore gives a 
direct indication of the degree of corrosion 
of the steel or any other metal. 
 
The sample was installed into the 150m 
water depth in May 2014 and optical 
monitoring of the sensor coils started at 
that point, using the automatic optical 
spectral equipment with remote computer 
access described in ref [1]. The results 

obtained over the following 13 months are 
summarised in the next section. 
 
9. HYDROGEN PERFORMANCE 

OVER A PERIOD OF 400 DAYS 

After the settling period of around 25 days, 
which is the characteristic time for 
molecular hydrogen to be absorbed by the 
silica lattice at the water temperature of 
about 7°C, a hydrogen peak in the highly 
sensitive 1244nm region began to appear 
in the fibre coil in the joint, with nothing 
comparable appearing in the coupling. 
After 60 days, the optical spectrals were as 
shown below. 
 

 
 
As well as measurements with the 
automatic equipment, site visits were made 
to carry out more sensitive measurements 
with a manual white-light set. After 127 
days the spectrals were as shown below. 
 

 
 
The rate of hydrogen build-up in the joint 
continued at to rise for a few months and 
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then after about 150 days it appeared to 
flatten off. But after approximately a 
further 70 days it started to rise again, and 
continued to rise at a roughly linear rate for 
the remaining 150 days of the trial. The 
hydrogen level in the joint against time is 
plotted in the following graph. 
 

 
 
A number of explanations can be 
postulated for the temporary flattening-off 
of the hydrogen level before it continued 
its rise again, it occurred in winter and 
could have been related to some extent to 
both temperature and salinity of the 
environment. But the key result is simply 
the significant level of hydrogen in the 
joint compared to the unmeasurably low 
(<0.1mBar) level in the coupling. 
 
It should be noted that this level of 
hydrogen, even if it were to build up at its 
maximum rate for the entire system 
lifetime, does not in itself constitute a risk 
to system reliability. The build-up rate 
corresponds to an external partial pressure 
of hydrogen of no more than about 3Bar: 
significantly less than the local hydrostatic 
pressure of 15Bar and so this effect is 
corrosion-rate limited rather than pressure-
limited. This degree of corrosion, and 
resultant hydrogen generation and ingress, 
is likely to take place in all steel-encased 
cable joints and couplings throughout the 
world, and with modern well-blocked 

cables and repeater sealing systems it will 
not cause any problems. 
 
Nevertheless, the presence of titanium 
clearly reduced the corrosion rate of the 
steel in the vicinity of the coupling to an 
unmeasurably low level over the 400-day 
trial period, and this must be seen as 
another advantage in the use of titanium in 
submerged housings and bend-limiters  
 
This result is the final confirmation that the 
presence of titanium does indeed inhibit 
the corrosion of any steel in its vicinity that 
would otherwise occur. 
 
10. SUMMARY, COMMENTS AND 

CONCLUSIONS 

The laboratory tests and 150m water-depth 
trials reported here have demonstrated 
clearly the electrochemical advantages of 
the use of titanium submerged plant 
components in close proximity to the 
normal steel coupling cases and armour 
wires. 
 
It should be noted that the titanium and 
steel should not be in direct electrical 
contact; that would result in preferential 
corrosion of the steel. But, with a 
separation of just a few mm in sea water, 
the presence of the titanium inhibits very 
significantly the corrosion of steel that 
would otherwise occur. 
 
The titanium itself corrodes preferentially, 
but at an extremely slow rate that would 
have no negative effect on system 
performance over the working lifetime. At 
4°C this corrosion rate would be no more 
than 2gm/year from an entire bend-limiter, 
and even at a temperature of 40°C 
(extremely rare in any submarine network) 
it would be no more than about 40gm/year, 
still a perfectly acceptable corrosion rate. 
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The low corrosion rate of titanium is due to 
the relatively high internal resistance of the 
titanium/steel cell formed in the sea-water 
electrolyte. This may in turn be due to the 
formation of a thin insulating oxide layer 
of the surface of the titanium. If so, that 
may mean that the corrosion rate may fall 
with time to an even lower level and the 
influence on the steel from the titanium 
may reduce with time, though no evidence 
of such a reduction was found during the 
400-day trial period.  
 
In conclusion, it has been demonstrated 
that the combination of steel and titanium 
extensively tested and trialled in the work 
reported here delivers an ideal solution for 
the long-term electrochemical and 
mechanical reliability of modern 
submerged plant.  
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