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Our investigations show that electrochemical corrosion of copper is faster than electrochemical corrosion of
aluminium at temperatures below 180°C and electric current density 3,000 A/m? (or 30 A/dm?=3 mA/mm?). We
have obtained that aluminium anodes (cylindrical or spherical) dissolve into concentrated NaCl solution during
electrolysis more rapidly with temperature increasing while copper anodes (cylindrical or spherical) dissolve more
slowly with temperature increasing from room temperature to temperature 180°C. Electric current value also
increases with temperature increasing. Really, such result is unexpected. General quantity of the H* and CI- ions
decreases during electrolysis at all temperatures since the Hz and Cl2 gases are formed near electrodes. It decreases
electric current value on 1.3%. General quantity of the Cu* and Cu?* ions decreases with temperature increasing
too. We guess that one reason only should be for electric current value increasing: average charge of copper ions
increases from +1 at room temperature to +1.5 at 100°C and to +2 at 180°C while charge of aluminium ions remains
the same +3. Corresponding mathematical model is proposed for the analysis, and literature experimental data are

used too.
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Introduction

Copper (Cu) coatings on an aluminium (Al) wire, that
are widely used in the automobile and aerospace industries
to reduce of total weight of the electric wires, can be
quickly destroyed during working since they are heated up
to 200°C [1]. On the other hand, thin Al pad (=1 um
thickness) can prevent gold and copper corrosion, because
intermetallics formation rate in the Au-Al system is higher
than intermetallics formation rate in the Cu-Al system, so
it is possible to use Cu instead of gold (Au) for wire
bonding in microelectronics packaging [2]. In addition,
the container, which consists of an outer copper canister
and an inner carbon steel (Fe) tank, is used to dispose of
spent nuclear fuel [3-6]. Otherwise, corrosion of copper
(Cu) and its alloys is a problem due to their large-scale use
in drinking water pipelines, leading to premature failure of
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pipes and fittings, increased toxicity due to Cu release and
expensive costs associated with Cu removal in wastewater
[7, 8]. Moreover, an excess of dissolved copper causes
accelerated corrosion in iron pipelines, which are widely
used in the water distribution system [9]. Therefore, it is
important to compare the corrosion rates of Cu and Al at
different temperatures (from 5°C to 180°C) in solutions of
salts in water.

Electrochemical corrosion of Cu and Al was
investigated at constant temperatures 20°C and 100°C
during 5, 10, 15, and 20 min [10-14] and at
temperatures T1 = 175°C, T, = 200°C, and T3 =225°C
during 120, 240, 360, and 480 h (without applied external
voltage) [2].

We can find copper containing species in the copper-
chlorine-water system at temperatures 5 — 100°C in Table
4 in [3, 4]: CuCl(cr), CuCl(aq), CuCly, CuCls*, Cu,Cly?
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CuzCls*> for Cu* and CuCI*, CuCly(aq), CuCls, CuCls?, steam electrolysis in molten hydroxides via selection of
CuCl,3Cu(OH),(s) for Cu?*. non-precious metal electrodes was also described in [22 -
Diffusion Kinetics in solid state are different in planar, 23].
cylindrical, and spherical samples [15], so we planned to The corrosion resistance of the coated aluminium
analyse the electrochemical degradation of cylindrical and alloy in a 3.5 wt.% NaCl solution (pH 6.5-7.5) and the
spherical copper (Cu) and aluminium (Al) anodes in an influence of different surface treatment processes on the
electrolyte (concentrated aqueous NaCl solution) under corrosion resistance of different samples were studied by
different temperature conditions. scanning electron microscope (SEM) and electrochemical
Copper (Cu), iron (Fe), and aluminium (Al) anodes workstation in [24]. For this reason, we have planned to
and cathodes are used also for wastewater remediating by investigate copper and aluminium electrochemical

electrocoagulation (EC) [16]. The EC process produces corrosion rate dependence on temperature and electric
ions (Cu*, Cu?*, Fe?*, Fe%* or AP*) during electrolysis that current density during electrolysis in concentrated sodium
capable of producing coagulants in water solutions. chloride solution in water during heating by electric
Aluminium undergoes dissolution to the AI* ions in current from 20°C to 180°C wusing mathematical
all types of electrodes at different temperatures [16]. Two modelling.
aluminium electrodes were used for the removal of
cadmium (Cd) from wastewater through the EC process
and various EC tests were conducted for the different I. Model
initial temperatures of 18, 30, 50 and 70°C [17]. Cadmium
(Cd) removal rate increased with temperature increasing Electric current heats electrolyte during electrolysis if
[17]. It is correlated with our investigations: rate of electrolyte volume is very small. We can calculate initial
aluminium anodes dissolving (Al— {electrolysis} AI**) heating coefficient (b>0):
increases with temperature increasing [10-14], so quantity
of coagulant AI(OH); also increases with temperature p=U [5] 1)
increasing, and, as result, the cadmium removal rate cpaVls
increases with temperature increasing too.
It was investigated the effect of various parameters
like much higher temperature (200-500 °C), applied
voltage (1.5-3.0 V), and feed gas (CO2/H20) composition

of 1, 9.2, and 15.6 in hydrocarbon fuel formation by S ;
electrolysis in molten carbonate (Li>COs-Na,COs— and cathode. Heat transfer coefficient to environment,

K,COs; 43.5:31.5:25mol%) and hydroxide (LiOH- a>0, is proportional to difference between the electrolyte
NZ\OHB;’ 27:7'3' arid. KOH-NaOH: 50:}570 mol%) salts in temperature (in °C), T(t), and the environment temperature

works [17-21]. Enhancing hydrogen production from To. Appropriate differential equation is as follows:

where V is the electrolyte (it is, commonly, concentrated
NaCl solution in water) volume, ¢ is the electrolyte
specific heat capacity, p1 is the electrolyte density, 7 is the
electric current value, U is applied voltage between anode

dz(tt) =b—a-(Tt)—T,); % =0;T(t = +0) = Ty; T(t = tyss) = Ty )
t=+o0

Copper and aluminium anodes dissolve into the
electrolyte with different rates at different temperatures a=-—2" ©)
[10-14], so we should assume that there is some external T2=To
heating source having capacity b after dissolving of the
anodes at tgiss (at T1). Equation (2) gives:

Integrating of equation (2) leads to:

btgiss

T =Tp = (T, =T exp (ML50) 250 = e o, (@
We can see that temperature T, depends on the heating dm _ MI. dm(t) = —pLm - d(R2(t)). (5)
coefficient b and T2 > T;. dat F

Here, m is anode mass dissolved into the electrolyte, t
11. Method is a time of the experiment, M is molar mass, I is the direct
electric current value, F is the Faraday constant
(F = 96,500 Cmol?), z is a charge of ions, R is anode
radius, L is anode length immersed into the electrolyte, p
is the anode density. Integrating of equation (5) gives at
constant temperature:

The rate of cylindrical anode dissolving into
electrolyte can be calculated using Faraday’s law of
electrolysis [9-14]:
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— |p2_1M pe M .. _zDRE
Reyi () = ’Ro o keyi -t keyr = i Ldiss = 7p) eyt (6)

Charge of the Al ions is constant (z=+3) while average to 1=3.15 A at T=100°C (and, theoretically, to 1=3.2A at
charge of the Cu ions increases with a complexing agent T=180°C) for the Al anodes [10]. An average charge of the
such as CI” [7] from z=+1 at T,=20°C to z=+1.5 at Cu ions increases in two times while electric current value
T=100°C [3, 4, 10, 13], and to z=+2 at T;=180°C [2]. The increases on 18%, so we can assume Ic,=<1>=3.05 A. It is
direct electric current value increased from 1=2.8 A at a multicriteria problem [25] but we can use only the first
To=20°C to 1=3.05 A at T=100°C (and, theoretically, to criteria or increasing of the Cu ions average charge from
1=3.3 A at T=180°C) for the Cu anodes while the direct +1 to +2 since it has the highest weight coefficient. We
electric current value increased from 1=3.1 A at To=20°C have obtained:

e - R(t t 14 (t)dt
Rz(t)lR((,c)u — _kg;lICu fo P Rz(t)lR(()A)l = —kéq;l fo _AIZAL . @)

Average charge of the Cu ions value linearly depends on temperature:

z(T) = (T + 140) /160, (8)
but non-linearly depends on time (t<tgiss):
1 b(tgiss—t)
z(t) = E(TZ + 140 — (T, — Ty)e T2=To > 9)
First equation (7) gives for the Cu anodes:
160kcyilcu(T2—To) _bt . o Dlaiss g Dldiss
R(t) = \/Ré - % (In(eTeTo — Z20-eTaTo) — In(1 — Z22-eTeTo)). (10)

We have measured 1=5.5 A; U=6 V; V=210"*m?, used
] literature data [26] p=1172 kg/m?; ¢=3333 J/(kgK), and
I11. Experimental results calculated:

We have done an experiment to investigate rate of the b= 6V-5.54 = 0.042K/s. (11)
electrolyte heating by electric current during 20 min in 3333/ /(kg-K)-1172kg/m?-2:10~4m?

concentrated NaCl solution (5 mol/kg [4] or 23.1% [26])
in water (Fig. 1). Warm electrolyte layers went up from
the bottom to the surface. Temperature near the bottom ,
was about 20°C and temperature near the electrolyte
surface was increasing from 20°C to 60°C during 20 min.

D Re
l'>{ | | &
2R ~U=220V
O @ -
Al or Cu ~
cathode T™ o] AlorCu
A anode . —
Fig. 2. Copper and aluminium anodes before and after
D electrolysis during 20 min in concentrated NaCl solution
bt Dielectric in water. Temperature distribution is non-uniform within
y\J |~ layer the cylindrical anodes length.
— Al
Temperature distribution is non-uniform within the
Concentrated sodium chloride (NaCl) solution cylindrical anodes length, we can see that copper
(5 mol/kg or 23%) in water cylindrical anode dissolves and get cone shape with a top

near the glass bottom where temperature is much smaller

] . ] . . (Fig. 2). Such result shows that the rate of copper anode
Fig. 1. Scheme of experimental equipment: D is a diode,  gjssolving into the electrolyte decreases with temperature
Rei is an additional resistance (kettle), A is an ammeter,  increasing as we have noted earlier [10-14]. On the other
V is a voltmeter. hand, we have also noted that the rate of aluminium anode
dissolving into the electrolyte increases with temperature
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increasing as we have noted earlier [10-14]. The
electrolyte volume was more in 10 times earlier
(V=210°md [10], so we have done experiments at
constant temperatures.

IV. Analysis

4.1. Kinetics of the copper anode dissolving

R§

We can analyse our published experimental results
[10, 14]. We assume that temperature distribution is
uniform within length of the cylindrical anode. We can
find time of the copper anode dissolving at constant
temperatures (Ro=2.8 mm; L =5 cm):

2.8%2.107%m?

tdiSS(T =20°C,1 =238 A) = E = m = 6,272s; (128)
2.82:107%m?
taiss(T = 100°C,1 =3.054) = & = m = 6,794s. (12b)
Results (12a) and (12b) are experimental. Theoretical results are comparable (equation (6)):
=21 = 63.55.10 7kg /mol = 471-10710 ™, (13)
cy FpLm  96,500C/mol-8900kg/m3-m-0.05m As
theor ( _ _z(M) R§ _ .
(T (T =20°0) =1 R0 = 5,945s; (14a)
theor ( _ _ 15 R§ _
ESRET (T = 100°C) = = a0 8,186s. (14b)
We assume that T;=180°C and get (0" iteration):
In(Z=0) (T, — To) = bt{ie?™ (T = 20°C) = 250K;  T,” = 280°C. (15)
2= 11
Equation (10) gives:
5.473(TyTo) 0.042t oo 20%2Ldiss g 20%2ldiss
R(t) = |7.84 —=—2"%(In(eT2To ——2—2¢ T2-To ) —In(1—-2—2e T2-To )) mm =
140+T, 140+T, 140+T,
= /7.84 — 3.388(In( 000162t — (,623) + 0.975) mm; too’ (T = 20 - 180°C) = 9,200s. (16)
1% iteration:
ln(;z:;j)(Tz —To) = bt (T = 20 - 180°C) = 386K; TV = 202°C. (15a)
R(t) = /7.84 — 3.04(In( 00021t — 0.56) + 0.83) mm; tore’" (T = 20 - 180°C) = 8,770s. (16a)
2" jteration:
ln(;z:;‘l’)(Tz —Ty) = bt (T = 20 > 180°C) = 368K; T,? = 205°C. (15h)
R(t) = \/7.84 — 2.935(In(e%0%9227¢ — 0.535) + 0.767)mm; to’ P (T =20 - 180°C) = 8,720s.  (16b)
34 jteration:
ln(;z:;j)(Tz —Ty) = bt" (T = 20 - 180°C) = 366K; T = 206°C. (15¢)
R(t) = /7.84 — 2.942(In(e%0%9226 —(538) + 0.771) mm; toe"®(T = 20 » 180°C) = 8,724s.  (16¢)

We have calculated: T, = 206°C if heating coefficient
is constant b =0.042 K/s during electrolysis and after
dissolving of the copper anode (Fig. 3).

Result (16c) allows us to calculate average dissolving
coefficient of the copper cylindrical anode:

< ko S= R _ 2.8%2107°m?
Cu ttheor(S) 8,724s

=9-10"1%m?/s. (17)

diss

Such average coefficient is less than experimental
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150]

100]

1%

0

is

0 2x10° 4x10° 6x10° 8x10° 1x10*
Fig.3. Temperature increasing during electrolysis
with constant heating coefficient b=0.042 K/s.

coefficients (1.2510° m?/s at 20°C and 1.154:10° m?/s at
100°C). Increasing temperature leads to the anode
dissolution rate value decreasing while electric current
value increasing since average charge of the Cu ions
increasing.

We can compare function (6)

Reyi(t) = JR§—< k¢, > t and function (16¢) (Fig. 4).

. . dR(t
The dissolving rate value, |% decreases

approximately in 4 times until t = 6,700 s (T = 160°C) due
to the temperature-increasing-effect in case a) while the
dissolving rate value increases all the time

(W = —o0) due to the cylindrical-shape-effect in

0 1 ) 1 1
0 210° 4x10° 6x10° 8x10° 1x10*

Fig.4. Kinetics of the copper anode dissolving: a)
dissolving coefficient of the copper cylindrical anode is
variable and depends on temperature; b) dissolving
coefficient of the copper cylindrical anode is constant
and does not depend on temperature.

case b). Other mathematical methods without iterations
were used for copper cylindrical anode degradation
describing in [27, 30]. The methods give the same result,
so we can conclude that they are correct. Similar methods
were used for degradation rates calculations of Fe and Al
anodes in [31].

4.2.  Kinetics of the aluminium anode dissolving

We can analyse our published experimental results
[10, 13]. We assume that temperature distribution is
uniform within length of the cylindrical anode. We can
find time of the aluminium anode dissolving at constant
temperatures (Ro= 2.8 mm; L = 4.5 cm):

tgise (T = 20°C, 1 = 3.14) = :_,i - % = 10,754s; (182)
tuiss(T = 100°C, I = 3.154) = K6 = 2810°m2__ 319 (18)
kai  842:10710m2/s
Results (18a) and (18b) are experimental. Theoretical results are comparable (equation (6)):
kﬁ}il = # = 96,500c/rrZLZ:207_03oklfg//mn:3l-n-0.045m =732-1071 T_j; (19)
gEheor (T = 200() = %WEZO%) = 10,365s; (20a)
¢heor (T = 100°C) = ﬁm = 10,200s. (20b)
We assume that the electric current value linearly depends on temperature:
Ly (T) = (T + 4940) /1600, (21)
but non-linearly depends on time (t<tgiss; T2=206°C; T¢=20°C):
btgiss—t) 1 bltaisst)
T(t) =206 —26e 186 ,; Iy(t)= ﬁ(5146 —26e T27To ) (22)

Second equation (7) gives for the Al anodes (0™ iteration):
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btgiss

bt

Al
R(t) = \/RS — % (3.216t — 72eT2"To(1 — e T27To)){tyiss=10,754 s}=

=+/8.04 — 0.000785t — 0.2¢-0000226¢ ypyp. ¢

1titeration:

theor(0)
diss

=10,217s. (23)

R(t) = V8.017 — 0.000785¢ — 0.177e-0000226F ;¢

theor(1)
diss

=10,189s. (23a)

2" jteration gives the same result. Result (23a) allows us to calculate average dissolving coefficient of the aluminium

cylindrical anode:

R _ 2.82107%m?

< kAl >= ttheor(l) -

diss

Such average coefficient is greater than initial
coefficient (7.29:10°° m?/s). Increasing temperature leads
to the anode dissolution rate value increasing and electric
current value increasing as we expected.

Treatment of landfill leachate wastewater by
electrocoagulation process using an aluminium electrode
was investigated in [28]. It was obtained that the optimum
conditions of current density (X1) of
5.25 A/dm? = 525 A/m?, inter-electrode distance (X2) of
1 cm and initial effluent pH of 7.83 lead to the maximum
% colour removal, % total organic carbon (TOC) removal
and minimum of power consumption. Such conditions
should lead to enormous heating of the wastewater
between the anode and cathode. Average temperature of
the wastewater increased from 20 to 33°C. The authors did
not measure temperature of the wastewater between the
electrodes.

4.3. Kinetics of spherical anode dissolving
Let us assume that the anodes have a spherical shape

(Fig. 5).

Applied voltage

Dielectric
layers
, Degradation
Var iRL directions Vpr= 4/31R*

Fig. 5. Schemes of experiments. Cylindrical anode
degrades to thin rod and spherical anode degrades to small
ball.

We obtained in this case:

am _ MIT) _ 4 __dR3@)

dt ~ z(T)F 3 dt

s R(0) = Ry;

10,189s

=7,7-10"1%m?/s. (24)
dR3(t) _ _ 3MI(T) . _ 3MI(T)
dt  4z(T)Fpm’ R(0) = Ro; ksph " 4z(T)Fpr’
R(t t de .
R3(t)|R(()C)u = —knleu J, reu
R(t) _ t 14 (D)dt,
RS(t)lRoAl - —k;quh 0 AlZAl '

Repn(t) = 3/R3 — kgpnt. (25)

Dissolving time, tsn, is calculated:

_ R§ _ 4R3z()Fpm
tspn = ksph  3MI(T) (26)

We can compare (the spherical shape must be equal in
volume to the rod shape):

teyl _ REz(T)FplLm
MI(T)

BMICT) ¢y _4p q_
4R3z(T)Fpmr {L= 3 Ro}=1,

tsph -
so the dissolving time of spherical anode equals the
dissolving time of cylindrical anode.
44. Amount of aluminium loss due to
electrolysis per unit time calculation
Dependence of corrosion rate (CR), or weight-loss of
aluminium per unit time, on temperature could be
expressed in the form of the Arrhenius equation as [29]:

EAl

CAUT) = Aye 7T = kyy(T)mLpay. 27)

We can calculate the aluminium weight-loss per unit time
using our experimental results [10, 14]:

CAL(20°C) = kny(20°C)TLpy = 2.78-107kg - s 1;
Kai(T1=20°C)=7.29-10"° m?/s ; (28a)
CAL(100°C) = kyy(100°C)Lp,, = 2.86-107kg - st
Kai(T2=100°C)=8.42-1020 m?/s . (28b)

Here, Aal is the pre-exponential factor, E{! is the
activation energy of corrosion, R is the gas constant, T is
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absolute temperature, ka [m?s] is the aluminium Ef = IR 1y CRT2) _ 399 1 mol=1 = 0.003 eV ;

cylindrical anode radius-decreasing rate constant [10, 14], =Ty CR(T)
and L is anode length immersed into the electrolyte at Ll
temperature of the experiment (L(20°C)=45 mm; Ay = CR(T)eﬁ =317-10"7 kg -s~? (29)

L(100°C)=40 mm). We can calculate the aluminium
activation energy of corrosion and the pre-exponential
factor using experimental results during electrolysis at
room temperature and 100°C:

We can calculate the aluminium corrosion rate at
temperature 180°C during electrolysis into concentrated
NaCl solution:

cAl(1809)
mLpal

CA1(180°C) = 2.91-10"7kg - s71; k4, (180°C) = =8.58-10710m? - s71, (28c)
Electric current value increases due to the AP* ions quantity increasing with temperature increasing, so we can

propose such equation:
E4! 322 Jmol~1

144(T) = 1§t -e‘R—Ar; I8t =3.5384; I*Y(T) =3.538-¢~ &rT ., (30)
Eg. 30 gives:
144(20°C) = 3.1 4; 141(100°C) = 3.19 4; 141(180°C) = 3.25 A. (31)

Measured values equal [10, 14]: 14/,(20°C) = 3.1 4; 14},(100°C) = 3.15 A.
General quantity of the H* and CI" ions decreases during electrolysis at all temperatures since the H, and Cl, gases
are formed near electrodes. We can calculate:

Al
144,(100°C)

Al = I8%,,(100°C) — IA,(100°C) = 0.04 4 ; =0.013 = 1.3%, (32)

so electric current value decreases on 1.3 %. Dissolving time of spherical anode equals dissolving
time of cylindrical anode if spherical shape is equal in
) volume to the rod shape.
Conclusions The spherical shape effect is less than the cylindrical
shape effect until t ~ 0.9t4iss, but enormously greater from
Increasing temperature leads to dissolution rate value t = 0.9tgiss t0 t = tgiss:
of the copper anodes decreasing while electric current

value increases since average charge of the Cu ions arspH ~Ro<key;>
increases too. Such result can be called as “inverse dat s t<aiss.

.3
. 3 \/(RS’—RO<I<C 1>t)?2
Arrhenius law”, so we can recommend to clear wastewater Y

by electrocoagulation of Cu cathodes and anodes at lower . L ) )
temperature (20°C). Future investigations should include measuring of a

Increasing temperature leads to dissolution rate value wastewater temperature between electrodes during of EC

of the aluminium anodes increasing and electric current Processes. ) . N
value increases too. Such result agrees with Arrhenius ‘General quantity of the H" and CI" ions decreases
law, so we can recommend to clear wastewater by during electrolysis at all temperatures since the H, and Cl,
electrocoagulation of Al cathodes and anodes at higher gases are formed near electrodes. It decreases electric
temperature (100°C). current value on 1.3 %.

The dissolving rate value of the copper anodes

decreases approximately in 4 times due to the temperature - - -
increasing effect, while the dissolving rate value of the ~ Yarmolenko M.V. — Doctor of Philosophy in Physics and
aluminium anodes increases all the time due to the Mathematics, Associate Professor, Full Professor at Rauf

cylindrical shape effect: Ablyazov East European University, Leading researcher
of Scientific Research Institute of Armament and Military
aR! ~<key> Equipm_ent Testing and Certificatipn; _ _
e ; I<tdiss, Mogilei S.0. — Doctor of Philosophy in Technical
ZJR0‘<"CJ'1>'t Sciences, Associate Professor at Rauf Ablyazov East
European University.

where tgiss is dissolving time of an anode.
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M. B. SIpmonenko’ 2, C. O. Morineii?

JocainxeHHs1 eJIeKTPOXiMiYHOI KOPO3il Miai Ta aJOMiHIIO Mg yac
eJleKTpoJi3y Ta HarpiBanus Bix 20°C g0 180°C 3 10moMorow MmaTeMaTH4HOIO
MO/1eJII0BAHHS

LCxionoceponeiicoxuii ynieepcumem imeni Paygpa Abnazoea, Yepracu, Yipaina, yarmolenko@suem.edu.ua
2[lepoicasnuii naykoo-0ocionuii incmumym sunpodyeans i cepmuixayii 036poennsa ma éilicokogoi mexuixu, Yepxacu, Yxpaina

Hami  jmocmimkeHHS TIOKa3yloTh, IO €JNEKTPOXiMi4HA KOpo3isi Mini BigOyBaeTbcs MIBHALIE, HDK
eNEeKTPOXiMiYHA KOpO3is alOMIHII0 MpU Temmeparypax; Hkuux 180°C Ta TYCTHHI ENEeKTPUYHOIO CTPYMY
3,000 A/m? (a6o 30 A/mv?=3 MA/MM?). Mu oTpuMaiH: amoMiHieBi aHomM (UMIHApHYHI abo cdepuuni)
PO3YHHSAIOTHCS B KOHIEHTpoBaHOMY po3unti NaCl mix uac enextpostisy MmBHALIE 3 MiABUIICHHSIM TEMIIEPATypH, a
MigHI aHoOmu (UWWIiHIpHYHI ab0 cdepryHi) PO3UMHSIOTHCS MOBUIBHINIE 3 IMIABUIICHHSAM TEMIIEPATypH Big
kiMHaTHOT 10 180°C. BenmunHa eneKTpUYHOro CTpyMy TaKoX 3pocTae 3 MiABUINEHHSIM TeMmepatypu. JlificHo,
TaKui pe3yabTaT € HeOUiKyBaHUM. 3araibHa KibKicTh HOHIB H* 1 Cl 3MeHuIyeThest 1mij 4ac enekTpotisy npH BCix
TeMmreparypax, ockinbku ra3u Hz i Clz yrBoproroThcst moomnusy enekrpois. Lle 3MeHIIye BeMMYnHy eIeKTPUIHOTO
cTpymy Ha 1.3%. 3aransHa KigbkicTs ioHis CU* i CU?* TakoX 3MEHIIYeThes 3 TiBUILEHHAM TeMIepaTypu. Mu
MIPHITYCKAEMO, IO IS 301IbIICHHS 3HAUYCHHS €JIEKTPHYHOTO CTPyMy Ma€ OyTH TIIBKM OTHA NMPUYMHA: CepemHii
3apsi i0HIB Mifi 30ibIIyeThes Bi +1 npu KiMHaTHIHA Temnepatypi 1o +1,5 npu 100°C i mo +2 npu 180°C, a 3apsin
HOHIB aJIFOMIHIiIO 3aJMIIAEThCS He3MIHHUM +3. J[J1s aHai3y NPOMOHYETHCS BiANOBIAHA MaTeMaTHYHA MOJEINb, a
TaKO)X BUKOPHCTOBYIOTHCS JTITEPaTypHi eKCIIEpUMEHTANBHI JaHi.

KurouoBi cjioBa: ejekTpoxiMiuHa KOpO3is, eJICKTPOIi3, eNeKTPOKOATYIIAIIS, Mib, AIFOMiHIl, MATEMaTHIHE
MOJICITIOBaHHS, METaJIEB] TOKPHTTS.
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