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ethod of sacrificial anode dual transistor-driving in stray current field
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b s t r a c t

In order to control a magnesium anode in a stray current interference field, a dual transistor driving system has been proposed. It consisted of a combination of PNP
and NPN transistors. Dual transistor driven system and direct anode to cathode connection were electrochemically tested in 3% NaCl solution. The dual transistor
driven system increased the anode efficiency and reduced hydrogen evolution and the risk of embrittlement. Anode susceptibility to the cathodic and anodic stray
current interference was reduced.

Post-print of: Narożny M., Żakowski K., Darowicki K.: Method of sacrificial anode dual transistor-driving in stray current field. 
CORROSION SCIENCE. Vol. 98, (2015), p. 605-609. DOI: 10.1016/j.corsci.2015.06.006
Keywords: Carbon steel, Polarisation Weight, loss Cathodic, protection
. Introduction

Sacrificial anode cathodic protection system (CP) is the sim-
lest possible electrochemical corrosion protection system [1,2].

t is often referred to as a self-regulating system. It is only partially
rue. Cathodic protection current is proportional to the potential
ifference between the anode and the protected structure and is

nversely proportional to the ohmic resistance between the two
3]. In most cases, such a limited control of current is acceptable.
owever, in certain situations an anode driving system is needed,

or instance in zones of stray current interference [4–6]. Some-
imes a diode has been used in order to raise the potential of a
igh strength steels [7–9]. High strength steels are susceptible to
ydrogen embrittlement and cracking [10–12]. Thus their potential
as to be kept within a desired range.

In high specific resistance grounds [13,14], magnesium anodes
re often used due their high electronegative potential [16]. Ground
esistivity can vary greatly, for instance due to groundwater level
hanges or floods. If ground resistivity becomes too low, an

nhanced anode consumption might occur. If there is any additional
athodic polarisation of the protected structure caused by stray
urrents [17,18], overprotection, hydrogen evolution and cathodic

ttp://dx.doi.org/10.1016/j.corsci.2015.06.006
disbondment of coatings might occur [19–21]. Thus a driving sys-
tem would be beneficial. A proper one would remove the drawbacks
while providing complete cathodic protection.

In this paper a magnesium anode protection current regulation
system is proposed. It utilises two bipolar germanium transistors –
NPN and PNP ones. The proposed driving system is usable both in
earth and seawater. This work is a continuation of previous research
involving single transistor driving system for magnesium anodes
[22].

2. Materials and methods

In order to maintain benefits of a single PNP driving transistor
system and improve its performance under cathodic stray current
interference, a dual transistor driving system has been proposed.
It consists of two transistors – an NPN and PNP ones. Both of the
transistors should have as low base-emitter voltage as possible.
Thus germanium transistors are preferred. The system configura-
tion is presented in Fig. 1. Both of the transistors share the same base
and emitter. Emitters are connected to the protected structure and
bases to the auxiliary zinc driving electrode. Their collectors are
connected to the anode and anti-anode. Collector of the PNP tran-
sistor is connected to the magnesium anode and collector of the
NPN transistor is connected to the copper anti-anode. Anti-anode

can be made of any material which has a higher electropositive
potential than the cathodically overprotected structure. Its poten-
tial has to be high enough in order to let the NPN transistor conduct.
For instance it could be made of steel, cast iron etc.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2015.06.006&domain=pdf
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Fig. 2. Cathode potential vs Zn|ZnSO4(sat.) reference electrode and protection current
density curves for a non-driven driven circuit.
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Without any external interference only the PNP transistor con-
ucts current (negative potential at the base and positive at the
mitter) and the NPN transistor is blocked. If stray current interfer-
nce causes potential of the protected structure to drop below the
otential of the auxiliary electrode, the PNP transistor is blocked
nd the NPN transistor starts to conduct current (positive potential
t the base and negative at the emitter). The NPN transistor is con-
ected to the copper auxiliary electrode which promotes negative
harge transfer from the overprotected construction to the positive
opper electrode. Thus, the rate of depolarization is enhanced.

Experiments were performed in 3% NaCl water solution which
imulated a seawater environment. Cubic magnesium 1 × 1 × 1 inch
nodes were used. Electric connector of the anodes was made of
teel. It was sealed with silicon to prevent any galvanic coupling.
n electrochemical testing, an AD162 PNP transistor and GT4D NPN
ransistor were used. The driving system was tested in an arrange-

ent proposed by the NACE Standard TM0190: “Impressed Current
aboratory Testing of Aluminium Alloy Anodes”. The magnesium
node and copper anti-anode were placed along the axis of the
ylindrical steel mesh. The steel mesh cathode was made of S235JR
teel and its surface area equalled 750 cm2. 0.51 � shunt resistors
ere used to measure NPN and PNP collector currents. Auxiliary

aturated Zn|ZnSO4 electrode was used to monitor the construc-
ion potential. Furthermore, a reference sample was prepared. It
onsisted of a magnesium anode directly connected to the steel
esh cathode. Magnesium anodes were weighed before and after

he experiments. Expositions lasted a week.
Stray current interference and the driving system response were

nvestigated. The system was perturbed with an external power
ource. The voltage was applied between the construction and the
xially mounted auxiliary steel electrode. The behaviour under
ither cathodic or anodic stray current interference was tested.
oth NPN and PNP transistors’ collector currents and cathode
otential vs Zn|ZnSO4(sat.) were simultaneously measured. Stray
urrent signal was randomly generated using a laboratory class dc
ower supply.

. Results and discussion

Typical experimental results are presented in Figs. 2 and 3 for
non-driven and transistor driven cells, respectively. A cathode

n the non-driven set up was excessively polarised. Its potential

as negative to the saturated Zn|ZnSO4(sat.) electrode. The con-

umption rate of the cathode equaled 6.3 kg/year for 1 A protection
urrent intensity. Hydrogen evolution was observed and calcare-
us cathodic protection sediments were formed on the surface of

Fig. 1. Scheme of circuit connection.
Fig. 3. Time function plots of cathode potential vs Zn|ZnSO4(sat.) reference electrode
and magnitude of protection current density for a dual transistor driven circuit.

the protected structure – Fig. 4. Potential of the cathode and pro-
tection current settled quickly with very high initial current and
potential values. Excessive protection is not undesirable, a great
part of the protection current is wasted for water decomposition
reaction resulting in uneconomical anode use. Experimental data

and derived anode properties are presented in Table 1.

A transistor driven circuit exhibited a high initial current
due to a voltage difference between the zinc driving electrode
and the steel mesh cathode – approximately |400 mV| which

Table 1
Weight loss measurement results and derived anode properties.

Direct
anode–cathode
connection

Dual transistor
driven

Initial weight [g] 49.90 48.38
Weight loss [g] 13.67 0.53
Estimated operating time of 1 kg

anode
1.4 years 35.7 years

Theoretical anode current output
[A h/kg]

2206

Real anode current output [A h/kg] 1382 1965
Consumption rate [kg/(A·year)] 6.3 4.5
Anode efficiency [%] 63% 89%

http://mostwiedzy.pl
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Fig. 6. Anodes after the exposition. Transistor driven one (left) and one without the
transistor driving system.

Table 2
Table of correlation coefficients of NPN/PNP transistors collector currents with cath-
ode potentials under either anodic or cathodic stray current influence.

Character of
stray current
interference

NPN transistor collector
current–cathode potential
correlation coefficient

PNP transistor collector
current–cathode potential
correlation coefficient

Anodic −0.038 0.954
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ig. 4. Calcareous cathodic protection sediments being formed during the experi-
ent.

llowed the PNP transistor to conduct current. Protection cur-
ent rapidly polarised the structure and after 12 h a potential
f 150 mV against Zn|ZnSO4(sat.) was reached. During further
xposition, the potential became stabilised at approximately
70 mV against Zn|ZnSO4(sat.), which corresponds to approximately
830 mV against Ag|AgCl|3%NaCl electrode.

The NPN transistor virtually did not conduct current due to the
egative potential at the base – zinc auxiliary electrode and posi-
ive at the emitter – cathode. The current plot against time for the
PN transistor is presented in Fig. 5 and it equalled approximately
.17 mA for the whole duration of the experiment. The NPN tran-
istor behaved as expected. Experimental data and derived anode
roperties are presented in Table 1. The anode efficiency increased
rom 63% (non-driven system) to 89% (driven system).

The NPN transistor collector current was marginal in compari-

on to the initial PNP transistor collector current – approximately
:250 ratio and to the final PNP transistor collector current –
pproximately 1:25 ratio. Thus, the transistor could be regarded

ig. 5. Time function plot of magnitude of NPN transistor anti-protector current
gainst time.
Cathodic −0.916 0.0152

as a non-conducting one.The derived anode parameters such as
IRAC – real anode current output [A h/kg], Cr – consumption rate
[kg/(A·year)] and EA – anode efficiency [%] were calculated from
the following relationships (Eq. (1)) and (Eq. (2)) respectively.

IRAC = Q

�m
, (1)

where: Q – total electric charge transferred [Q], �m – weight loss
[kg].

Cr = 8760
IRAC

(2)

EA = Q ∗ M

�m ∗ n ∗ F
∗ 100% (3)

where: M – molar mass [kg], n – number of electrons transferred,
F – Faraday constant [Q].

The estimated operating time of 1 kg anode was calculated
based on the weight loss of the tested samples. In real life, appli-
cations operating times are much lower due to higher current
demands. However, this parameter is proportional to the protec-
tion current demand and gives a good comparison between driven
and non-driven systems. The transistor driven system would last
approximately 25 times longer than the non-driven one. Transistor
driven and non-driven anodes after the exposition are presented in
Fig. 6.

The investigation of stray current interference proved that the
dual transistor driving system works in order to maintain the
potential of the cathode as close as possible to the driving elec-
trode potential. If anodic interference occurred the PNP transistor
conducted increased protection current and the NPN transistor was
blocked – Fig. 7. In the case of cathodic stray current interference
the NPN transistor conducted current and the PNP transistor was
blocked – Fig. 8. It was proved by determination of correlation

coefficients for both NPN and PNP collector currents and construc-
tion potential. The results are presented in Table 2.

http://mostwiedzy.pl


Fig. 7. Example potential, magnitudes of NPN and PNP collector current densities time plots (left) and their corresponding current–potential correlation dot diagrams for
anodic stray current interference.

Fig. 8. Example potential, magnitudes of NPN and PNP collector current densities time plots (left) and their corresponding current–potential correlation dot diagrams for
cathodic stray current interference.
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. Conclusions

Both dual transistor driven and single transistor driven sys-
ems proved to reduce the excessive protection current from the

agnesium anode in seawater or waterlogged environments [15].
he introduction of an NPN transistor and an anti-anode enhanced
he system resistance to cathodic stray current interference. The
riving system ‘tries’ to maintain the structure’s potential as close
s possible to the driving electrode potential. Mass examination
roved that an increase in the efficiency and operating time of
he magnesium anode were preserved while reducing the risk of
ydrogen evolution and embrittlement. The steel cathodic pro-
ection criterion of −0.8 V against the Ag|AgCl|3%NaCl reference
lectrode was met. Magnesium anodes are lightweight and have
high current capacity thus they are an attractive anode material.
he introduction of the driving system could allow for using them
n aqueous environments.
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