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- In 1975-1977, under the Council of Mutual Economic Aid (COMECON), in a program of scien-
tific — technical cooperation on the problem of devising measures for protection of metals from
corrosion, there have been organized joint international tests of potentiostatic apparatus with
automatic compensation of the ohmic potential difference, developed and produced in Hungary

~ and the German Democratic Republic (GDR). The aim of the tests was to elucidate the special
features and optimal conditions for the use of these pleces of apparatus and to determline the
prospects for further developments. The tests were made in Hungary, the GDR, and the USSR,
and involved workers from institutes in these countries. ‘

Valid electrochemical investigations are, of course, possible only with correct registration of the poten-
tial of the test electrode. Errors are introduced by the ohmic potential difference (OPD) which arises when a
polarizing current flows (the IR error); the OPD is usually localized in the electrolyte between the tip of the
measurement capillary and the working electrolyte (WE) or In the surface layers of the electrode itself. The
IR error is marked when the current density is high, when the medium has a high resistivity, or when the
electrode is covered by a poorly conducting film (e.g., a salt or paint-and-varnish film). The rise in the IR
error with the density of the polarizing current leads to an increasing shift in the actual potential, and charac-
teristic distortions arise on an anodic potentiostatic curve recorded without taking account of the OPD (Fig. 1).

During registration of anodic potentiodynamic curves with a constant rate of change of the standard poten-
tial, the actual rate of shift of potential continuously changes; in sectlons AB and DE (Fig. 1) the IR error con-
tinuously increases, and (8¢/dT)pye < (9¢/3T)rec. In section BC,

(9¢/07) true > (09/07) rec; (39/07) true ~ (09/3%) fec
as IR = 0, '

The dynamic effect is especially marked when the behavior of the electrode depends on its history (the
mode of approach to the given potential). There may then be distortions in the characteristic values of both

it 4
deper
: Fig. 1. Schematic anodic potentiostatic
curve for passivated metal: 1) true;
2) distorted by uncompensated IR error.

Agey) distortion of critical passivation
potential.
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the potential and the current density. This can be illustrated by the characteristic curves of the cathodic re-
action of reduction of a depolarizer, measured with linear potential sweep or by cyclic voltamperometry. The
volt —ampere curves are characterized by the peak of the current Ip, which arises at some characteristic
potential gp. Near ¢p there Is a sharp rise In IpR, l.e., there is a marked OPD In the measurement cireuit,
which in turn causes a shift In ¢p toward more negative values. In general, ip rises in proportjon to the rise
In the depolarizer concentration Cy and the rate of shift of potentlal V¢ [1]. Consequently, the devliation of ¥p
from the true value Is the higher, the higher C; and the more rapid the potential sweep. Since the dependence
of ¢p on Cyand Vy is one of the main criteria of reverslbility of an electrochemical system and of the pres-
ence of chemical and adsorption stages in the overall cathode process [1-3], neglect of the distorting Influence
of OPD can lead to erroneous interpretations of these laws. ' ’

An OPD can also distort the actual value of ip. In the absence of an appreciable OPD, the electrode
potential, which is determined by the reaction of reversible reduction of the depolarizer, is a linear function
of time,

P=¢o— Vo1, S 1)

where ¢, I8 the potential at the start of the sweep. If there is an appreciable OPD, the time dependence of the
potential deviates from Eq. (1) [4]: : :

C o=@~ Vo'a._ ' @)

In general, the OPD iIs not a linear function of time. However, to a first approxlﬁxation we may assume
that in some interval A¢ near ¢p the value of ¢ohm varies linearly with 7. Then the time required to over-
come the interval A¢ in the absence of an OPD is -

T=AQ/V,, ‘ ' @)
and that with an appreciable OPD Is ' :
T.=(Agp+i,R)/V,, ‘ @)

where Ip Is the true current at the peak of the potentiodynamic curve corresponding to the rate of potential -

change V;,,. From Eqgs. (1)-() It follows that

2 Ve 5)
Vo' =7, 1-+Ri,/Ap . ¢
If there is a linear change of potentlal, Ip is proportional to the product (Vq,)‘/ 2Cy. From Eq. (5) it fol-
lows that owing to the OPD the dependence of the peak current on the potential sweep rate, which is the basis
for determination of the experimental kinetic parameters of the reaction of reduction of the depolarizer, will
deviate from the theoretical value. This deviation increases with the depolarizer concentration, with the rate

of change of potential, and with the electrolyte resistance.

Correct measurement and regulation of the potential, especially in dynamic measurements, are far from
always possible by existing methods, which involve specially designed capillaries [5] and calculation of the IR
error by various methods [6-9].

The most promising method Involves potentiostatic apparatus with automatic compensation of the IR
error. Such units, based on the current-interruption method [10, 11] or measurement of R with high-frequency
ac [12, 13], permit us to take continuous account of the changes In both the resistance and the polarizing current
density, and glve more complete compensation of the IR error than potentiostats with manual IR compensation
In which resistance changes are not automatically compensated. :

In the International tests we worked with three types of potentiostatic units with automatic OPD compen-
sation (Table 1).

The Melnsberg Scientific-Research Institute (GDR) has developed a potentiostatic apparatus with auto-
matic IR compensation Including a PS-3 potentiostat, a PU-1 interrupter unit [13], a PV-1 programmer, the
PT-1 device for checking the potentlostats (equivalent circuit to an electrochemical cell), and a KMTs-1 cell
 for corroslon tests. Automatic IR compensation is effected with the aid of the PU-1 interrupter unit; Inter-
ruption Is effected by switching a controlled resistance in series with the working electrode. The design and
. operatlonal principles are described in [14].

At the Jozef Atllla University (Szeged, Hungary) a potentiostat has been developed, based on the principle
of interruption of the polarizing current (the AFKEL 407); It differs in design from the Melnsherg SRI

214



TABLE 1. Comparative Characteristics of Potentlostatic Units with Automatic IR Compensation

Parameter i SRI Meinsberg . AFKEL ON=405
Maximum output voltage, V %10 + 25 % 30
Maximum output current, A % 0.5 0 0.25 1
Maximum compensated voltage, V + 1.0 z 5.0 + 5.0
Potentiostatic range, V : C o+ 2.0 + 2.4 (with external con= | + 2.0
: : troller, + 10.0)
Compensation principle . . Interruption Interruption Ac measurement
‘ (4~5 kHz)

Interruption time, usec 10~1000 - -
Polarization time, msec Pulse duty factor 1:10 5=50 -
Measurement delay time, usec - ) 0.01-10 -
Measurement time, usec - 20 -
Programming in potentiometric conditions External PV-1 programmer AFKEL~1800 function Built=-in scanning unit,

" generator 5=600 mV/min
Addjtional equipment ' ' - Logarithmic amplifier -
Size, mm 540 x 290 x 155; interruptor 480 x 300 x 100 330 x 140 x 350

unit, 375 x 248 x 156 .

Mass, kg ) ’ 11 (interruptor unit, 7.0) 2 units 2 units, 8 and §

potentiostat, and is used in conjunction with the previously developed AFKEL 406 potentiostat, the AFKEL
1800 programmer, and the AFKEL 1001 logarithmic amplifier.

The University of the Chemical Industry, Veszprém, Hungary, has developed the ON-405 potentiostat
(produced commercially by the "Radelkis" factory), which operates on the principle of ac reslstance measure-
ment (4-5 kHz) [12, 13].

To test the potentiostats with IR compensation, identicai equivalent circuits (Fig. 2) were used in Hun-
gary, the GDR, and the USSR, differing only in the nominal characteristics of the resistors and capacitors
(Table 2),

Joint tests on the potentiostats were made with the. NIFKhI* and PT-1 equivalent circuits, which use
transistors to reproduce the characteristic changes in the polarization resistance of a passivated metal and
can model three main cases encountered in the practice of potentiostatic measurements — in a low-resistance
medium with high polarizing current densities of (1072-1,0) A/cm?; in a high-resistance medium (up to 10%-
10° ©); and in a low-resistance medium with electrodes coated with high-resistance films.

Nonlinear equivalent circuits also enable us to observe the influence of IR compensation on the shape of
the polarization curve of a passivated metal (Fig. 3). For comparison, the original curve (curve 1) was ob-
tained with Rk = O (in the absence of OPD). When Rk =0, we observe a shift of the curve toward positive
potentials (with constant height of the maximum), increasing with Rk (curves 4, 5, and 2). With an interrupter
unit, all the curves (6 and 3 in Fig. 3) are practically coincident with each other and with the original curve 1,

*The NIFKhI equivalent circuit was developed In collaboration with workers at the All-Unlon Sclentific-
Research Institute of Automation of Apparatus for Metrology (Tbilisi).

RE
CWE
1l
L1}
RRE
o——1—
WE RWE R R AE

Fig. 2. .Equivalent linear circuit of electrochemi-
cal cell: WE) working electrode; AE) auxiliary
electrode; RE) reference electrode.
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TABLE 2. Principal Parameters of Equivalent Clrcuits of Electro-
chemical Cells ’

Type of R | me | Ry

equiva- | Ryp0 Cwp ¥
lent ' : : o
PT-1 2; 20; 200; 0:04;10; | 0,04;10; 0; 100; 0,7
- 105 50 ig; 0%)%0; 10003 103; 104 70; 700;
2000, 20000 | External 0~1000 10%; 10° 7000; 70 000
NIFKH . |6;600 0;0,4; 1,0 1;25;50; | = 0; 103 ; 2000
0; 4, 500 104; 107
’ 0~-1000 :
IATE 10; 100 01;1,0; 0; 1; - 0;100; . 70;
’ 10; 100 10; 20; - 408; 107
-AFKI 100 - 7000
0-200

Such tests not only permit us to monltor the correctness of the automatic compensator, but also to find its
best operating conditions (Interruption time) according to the parameters of the electrochemical cell.

With the equivalent clrcuits we also checked the dynamic characteristics of the potentiostats in the com-
pensation mode. WIith a linear equivalent circuit we recorded the potentlal — current dependences for auto-
matic linear rise and fall of the standard voltage with different fixed rates and compared them with the original
curve measured with Ry = 0 (without compensation).

In the course of the experiment we varled (RC)ywE- The agreement between the forward and reverse
curves over the whole working range of the equivalent-circuit parameters at maximum potential variation rate
shows that the action is sufflciently rapid for potentiodynamic measurements. For the PS-3 potentiostat with
the PU-1 unit good compensation is attained with maximum variation of the sweep rate 2 V in 3,33 min); the
ON-405 potentiostat gives satisfactory compensation for the maximum available sweep rate of 0,6 V/min. The
AFKEL set can be used for dynamic investigations up to 10 V/h,

Measurements on the equivalent circuits embraced the entire range of operation of the devices when the
various parameters are varled. In each series of measurements, at constant values of Ry, RRE, and RAE,
the interruption time t, and the preset potential, the capacitance of the working electrode, and the value of Rk
were varied. To keep the potential at a given level while the potentiostats are working with interruption, the

I,mA ~ .V (Hg/Hg,01,)
ot aer 7T
-
«2
20} '

1

- 1 1 . ) mY ! , 1 L 1 :
s00 1000 1500 ZMD' g 20 100 180 I, mA
Fig.3 Fig. 4

Fig. 3. Polarization curves (10 mV/sec) obtalned on PS-3 potentio-
stat with PU-1 interrupter unit and on PT-1 equivalent circuit
RAE=T7 Q, RRE =10 k2, interruption time 20 usec). 1, 2, 4, 5) No
compensation; 3, 6) withcompensation. Valuesof Cwg WF): 1-4) 50;
5, 6) 10. Values of R (®): 1) 0; 2, 3, 5, 6) 10; 4) 100.

Fig. 4. Cathodic polarization curves of platinum In 1 N H,SO,, re-
corded without compensation for ohmic potential difference (1, 3)
and with automatic compensation (2); 3) with Luggin capillary re-
moved about 10 mm from Pt surface; 4)ohmic resistance vs current
denslity. R '
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worklhg'/elec’:trode must have a sufficlently large time constant RC. It can be shown that in working with a

linear equivalent circuit, in the absence of an ohmic component (R = 0) the relative error of the potentiostat
Is A= t/(RC)WE. '

»Wh.en Rk #0, the error depends on many factors, including the preset potential. Both the potentiostats
(the PU-1 and the AFKEL) operate satisfactorily when (RC)yg =2+ 1072 sec. To reduce the error It Is neces-
sary to make an appropriate choice of the interruption time.

'The ON-405 potentiostat operates satisfactorily at low values of Cywg; at high values of CwEg (e.g., for
electrodes with coatings or surface films) the ON-405 potentiostat cannot be used.

“Together with the measurements based on equivalent circuits, the effectiveness of the automatic compen-
sation was checked by determining the statlonary and potentiodynamic characteristics of the reaction of cathodic
reduction of hydrogen ions and water and anodic solutlon of nickel in aqueous, water —dimethylsulfoxide, and
dimethylsulfoxide (DMSO) media.

In aqueous media with high electrical conductivity 1 N H,S0,), the influence of OPD on the stationary
curves of discharge of ions with maximum approach of the Luggin caplllary to the electrode surface is mani-
fested only with currents of the order of 30 mA (¢ohm =10 mV), and is 41 mV when Iy =100 mA (Fig. 4,
curves 1 and 2). The ohmic resistances of the system, calculated from the cathodic polarization curves mea-
sured in the usual way and with automatic OPD compensation, are practically independent of the cathodic cur-
rent density and do not exceed 0.5 € (Fig. 4, curve 4). Withdrawal of the Luggin capillary from the electrode
surface leads to a marked distortion of the curves owing to a rise in the IR error in the measurement circuit
(Fig. 4, curve 3). In the automatic compensation mode, polarization curve 3 coincldes with curve 2. In the
graph of ¢ vs log ik the slope of the linear section of the corrected polarization curve in the region of high
cathodic current densities (i > 50 mA/cm?) is 0.06 + 0,005 V, in agreement with the results of the polarization
measurements at low overvoltages and with the data in [15] on.the kinetics of reduction of hydrogen on a plati-
num electrode.* The anodic polarization curves of a nickel electrode in aqueous media have active solution
and passivation sections (Fig. 5, curve 1). In this case, Imposition of automatic compensation has no appre-
ciable influence on the results of the polarization measurements, apparently owing to the relatively low passi-
vation current density and the high electrical conductivity of the electrolyte and the passivating layers' on the
nickel electrode. '

A change from aqueous solutions to H;O - DMSO mixtures is accompanied by a change in the shape of the
anodic polarization curve of nickel (Fig. 5, curve 2): The passivation region disappears. At the same time
the influence of OPD becomes more marked.{ With automatic OPD compensation, the polarization curve shifts
toward higher current densitles, and is linear when plotted in logarithmic coordinates. The principal differ-
ence between the behavior of a nickel anode in these solutlons and that in aqueous solutions conslsts in a marked
increase in the ohmlc resistance of the system with Iz; In aqueous medla it is independent of the current den-
sity, just as In the case of discharge of H' ions (Fig. 4, curve 4).

*The slope of the Tafel section depends on the previous treatment of the Pt. In our work, as also in [15], the
electrode was subjected to preliminary cathodic polarization for 20 min with a current denslty of 1073 A/em?.
1 The potentials are given without allowance for the diffusion potential at the DMSO — H,O phase Interface.

i, mA fem®

Flg. 5. Anodic polarization curves of Ni
in 1 N H,SO, solution in H,O (1, 1') and
50% H,O + 50% DMSO (2, 2'); 3, 3')in
0.1 M HCl (DMSO); 1-3) without compen-
sation; 1'-3') with automatic compensa-
tion of ohmic potential difference,
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Fig. 6. Cathodlc volt —ampere curves of platinum
In solution In DMSO + 0,01 HCl + 1 M LICl + 0,04%
H,0 with potentlial shift rate of 20mV/sec: 1) with-
out compensation; 2) with automatic compensatlon_
_of ohmie potentlal difference.

The influence of the OPD s particularly marked In an anhydrous solution in DMSO (Fig. 5, curve 3)
Here the ohmic resistance of the system reaches high values even at low current densities and rises appre-
clably with the anodic polarization. Apparently when nickel Interacts with organic molecules, layers form on
its surface with low electrical resistance. :

As remarked above, the distorting lnfluence of the IR error is partlcularly marked when volt -~ ampere
characteristics are measured by the linear potential variation method. Figure 6 shows potentlodynamlc curves
for the reaction of reduction of water from DMSO solutions [16], measured by the usual method (Fig. 6, curve
1) and with automatic potential compensation (Fig. 6, curve 2), We see that in conformlty with the above theo-
retical analysis, the OPD has a twofold influence on the measurement results — it shifts @p toward the negative

and slightly reduces the value of Ipe

The PU-1 interrupter unit was tested with the PI-50-1 and P-5827TM potentlostats (made In.USSR) and was
found to operate stably over a wide range of potentials and currents. It Is desirable to augment the potentlo—-
stats with units of similar type, extending the possibilities for lnvestlgation. ,

The use of potentiostats with automatic OPD compensation enables us to make reliable polarization mea-
surements when the contribution made by the OPD is appreclable and can dlstort the given potential.

Comparison of the characteristics of the tested instruments reveals that there 1s still an urgent require-
ment to design a potentlostat with automatic OPD compensation and high output voltage (at least 100 V).

The authors thank the staff of the Coordination Center of the Council for Mutual Ald for the Problem of
Developing Measures for Protection of Metals from Corrosion for assistance In the organlzation of the joint
tests, and are much obliged to J. Devay, Ya. Kolotyrkin, and K. Schwabe for their cooperatlon and helpful

advice in dlscusslng the test results.
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THE PRESEN.T STATE 'O.F RESEARCH INTO ATMOSPHERIC
CORROSION IN THE MEMBER-NATIONS OF THE COUNCIL

OF MUTUAL ECONOMIC AID (COMECON)*

M. Czerny | ~ UDC 620.193.21

This report contains a survey of information on the forms, directlons, and certaln results of the
cooperation of the member-nations of COMECON in research on atmospheric corrosion. Thelr
collaboration embraces practically all the aspects which are at present considered important
everywhere in the world. :

In the member-nations of the Council of Mutual Economic Aid (COMECON), as indeed everywhere in the
world, much attention is being paid to research on atmospheric corrosion, and much money is being spent on
this work. Owing to the rapid expansion of large-scale construction work and the development of machine-
building, the number of objects requiring protection from atmospheric corrosion has Increased by an order of
magnitude since World War Two. The aggressiveness of the atmosphere has also increased sharply. At the
same time, the continual tendency toward rise in the quality, cost, and reliability of machine parts means that
the severity of the requirements for corrosion protection is always Increasing.

This problem Is especlally important when we are dealing with export of products to the world market,
in which it Is sometimes corrosion protection quality which determines the competitiveness of the goods. A
considerable proportion of the exports of machine parts and equipment from the COMECON countries Is sent
to the developing countries, in which the climates are far different from those in central Europe. Thus, it Is
necessary to find new ways of protecting export goods.

‘However, even for the climatic conditions of the COMECON countries an important limiting factor in the
improvement of anticorrosion methods 1s the manpower needed to deposit and particularly to repair certain
protective coatings as the protected areas continually grow. Analyses made In Czechoslovakla have revealed
that even now it ls difficult to obtain enough men to protect all the existing steel structures with paint, and in

the near future it will become altogether impossible.

Research on atmospheric corrosion in the COMECON countries has a long tradition and a solid sclentific
basis. A number of theoretical researches, mainly by Soviet and Czechoslovaklan research Institutes, have
made a recognized contribution to world knowledge of the causes, mechanism, and kinetics of corroslon of
metals by the atmosphere. The plans for further work in this direction should in many ways become deflnitive
outside the COMECON countries. The prospective expansion of theoretical knowledge in the program of re-
search into atmospheric corrosion Is not regarded as an end In itself, but is coordinated with the tasks of
technical innovation as a whole in conformity with the requirements of the national economy, Including the
development of common COMECON standard in the field of corrosion protection.

This conception of research work can be successfully realized only given maximum utilization of all
forms of cooperation iIn COMECON. Immediately after World War Two there arose working contacts between
institutes in the soclalist countries, and in time these led to the signing of an agreement for scientific — techai-
cal cooperation on the problem of development of measures to protect metals from corrosion. Research on
atmospheric corrosion is Included in Project VI of this program, "Corrosion in Natural Conditions."

* Report to symposium of speclalists of COMECON countries and Mexico on Devising Measures to Protect
Metals from Corrosion.’ '

G. V. Akimov State Scientific-Research Institute for Protectlion of Metals, Prague, Czechoslovakla.
Translated from Zashchita Metaltov, Vol. 15, No. 3, pp. 275-280, May-June, 1979. Origlnal article submitted
May 10, 1978.

219



