Electrolytic Deposition of Nickel. A bent cathode used to determine internal stress in a deposit (via a
transducer) was being nickel plated in a standard electrolyte, Almost simultaneously with the onset of visible
deformation it began to emit signals similar to those shown in Fig. 1.

Thus, all the investigated metals in the usual as-receivedcondition emit ultrasonic signals during trans-
or intergranular cracking, pitting, cathodic hydrogen absorption or subsequent hydrogen evolution, and when
electroplated. Here, the intensity of the ultrasonic field generated is sometimes so great that there arises an
unavoidable question as to the possibility for the existence of a positive, inverse relation between these fields
and the intensity of the processes. Such a relation may be based on mechanisms such as a resonant inter-
action and mutual excitation of irradiated oscillators, and an ultrasonic intensification of diffusion or migra-
tion of reaction components (inter- and transgranular and along narrow cracks or pitting canals).

All this fully confirms the necessity for a broad microacoustic investigation of corrosion and electro-
chemical systems for developing a method to externally diagnose various types of corrosion or corrosion/
electrochemical weakening of materials, and to penetrate deeper into the mechanism of such phenomena.
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SELECTIVE IONIZATION OF THE NEGATIVE COMPONENT
IN THE DISSOLUTION OF A BINARY ALLOY (TIN—ZINC)

A, P. Pchel'nikov, A, D. Sitnikov, v , UDC 620.193.01
and V, V, Losev

The selective dissolution of Zn from a Sn, Zn (0,1 at. %) alloy in a solution of 3 M NH,CI + 0,01
M HC! was studied by a method of combining electrochemical and radiochemical measurements.
The use of a model of the process of selective dissolution of the negative component of a binary
alloy, based on the concept of nonequilibrium diffusion of this component in the volume of the
alloy, taking the continuous removal of the surface layers of the alloy as a result of their dis- -
solution into account, permitted a quantitative description of the process of selective dissolu~
tion of Zn. ‘ ‘ :

The dissolution of components of binary alloys may occur selectively or uniformly, depending on the
conditions of electrolysis, Selective dissolution (SD) may be observed both in anodic polarization and corrosion
and in cathodic polarization of the alloy. One of the possible mechanisms of SD is the mechanism of volume

L. Ya. Karpov Scientific-Research Physicochemical Institute. Translated from Zashchita Metallov,
Vol. 13, No. 3, pp. 288-296, May-June, 1977. Original article submitted December 31, 1975.
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Fig. 1. Change in the radioactivity of a solution
with time during cathodic polarization (a¢ = 100
mV) (1) and during anodic polarization of a Sn,
-Zn (0.1 at.%¢) alloy at i (Asem®): 2) 1-107%; 3)

5+ 10~ [the points on curves 2 and 3 correspond to
the experimental data; the curves were calculated
according to Eq. (2)]. ‘

diffusion of the components in the alloy. A theoretical consideration of this mechanism [1] shows that the
dissolution of the negative component should be limited by its nonequilibrium diffusion from the volume of the
alloy to the surface, while the following relationship should be observed between the partial current of dissolu-
tion of the negative component ij and the time t: :

i=K/Vt. : 1)

The correctness of Eq. (1) has been noted for Cu, Au (13-25 at. %) alloys [2], only for a period of several
dozen seconds after the beginning of dissolution. In the case of corrosion and anodic polarization of anIn, Zn
(0.1 at, %) alloy [3], function (1) is observed up to a current density of 1- 10! Asem®. In the case of a higher
density, some time after the imposition of anodic polarization, an equilibrium state is reached, characterized
by a uniform dissolution of the initial alloy. In general, in the presence of SD, the amount of the negative
component passing into solution is a complex function of the time, so that with time the rate of propagation of
the diffusion front of this component into the alloy slows down, while the rate of dissolution of the surtace
layers of the alloy remains constant [3]. In'[4] functions were obtained describing the dependence of the
integral flux and the value of the coefficient of selective dissolution Zia for the negative component of the alloy
on the time for the case when the rate of dissolution of this component is limited by volume dissolution in the
solid phase, while the alloy/solution boundary is displaced at a rate V (cm/sec) (let us consider the positive
flux from the depth of the alloy): »

Co. y

D o
Nuoy=—t [reyertysoy+ ]—'ev] "
. r :t
Zr= St —t—aly, (3)
2¥xy 2 2

where N(t) is the number of g/cm? of the negative component that passed into solution in.’the time t (sec) after
the beginning of dissolution; D and C, are the diffusion coefficient of this component (cm®/sec) and its con-
centration in the alloy (g/cm?), respectively: y = (V/2)¥/D. :

At low y, the following equation is obtained from (2):
Dt
N(t) "ZC°VT’ _ ‘ (4)

which describes the passage of the negative component into solution under conditions of nonequilibrium dif-
tusion, undistorted by the effect of displacement of the alloy/solution boundary. Differentiating (4) with
respect to t and converting to electrical units, we obtain the well-known equation of nonequilibrium diffusion
(1) [1]. From Egs. (4) and (1) it follows that the presence of a linear portion on the curve of (N vsVt) and,
consequently, on the curves of (ij vs 1/V1) is acharacteristic of nonequilibrium diffusion. In the latter case, the
linear portion, extrapolatedtot ==, should pass through the origin. As can be seen from the expression for
y, a low value of y can be obtained at very high D, while at a given D, y will be smaller, the lower t and V.,
In the case of smallt, Eq. (4) is correct for any V. However, at sufficiently high V, the linear portiononthe curves
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Fig. 2. Dependences: a) of the radioactivity of the solution on
the time in cathodic polanzation (A = 100 mV)- (1) and in anodic
polarization at i (A/em?; 2) 1-1073;.3) 1-10~%; 4) 5- 1074; 5)

7. 10‘4 b) of the partial rate of dissolution of Zn from a Sn, Zn
alloy during cathodic polarization (A¢ = 100 mV) on the time on
a cleaned sample (1) and on a sample subJected to preliminary
anodic polarization ati=1- 10 A/cm for 1h-(2).

of (N vs \/'f) shouldbe comparatively short, and at low V more extended, Thus, nonequilibrium diffusion of the .
negative component of the alloy will be described by Egs. (1) and (4) at small t and low V for systems in which
D has a comparatively high value.

. In the case of large t, for any V differing from zero, Eq. (2) is simplified:
DC, o ) . .
N(t)= —— GVt , : L ()]

The first term in Eq. (5) expresses the amount of the substance M (g/ cm ) that passed into solutlon from a:
depleted zone with surface equal to 1 cm2 : g :

Dc . . B N .
M ol . : (6)

" The value of D can be calculated according to Eq. (2) from the slope of the curves of (N vs ﬂ:) attand
low V, while at large t, according to Eq. (6), it can be calculated from the value of M, determined by
extrapolation of the linear portion of the curve of (N vst), describedbyEq. (5), tot=0. In view of this, it
is of interest to obtain the experimental curves of (Nvs t), to describe them quantitatively using Eq. (2), and’
also to detect portions on these curves, described by Eqs. (4) and (5), and to use these portions for the cal-
culation of D. When a radioactive label is used for the negative component, the radioactivity I (counts,sec)
measured in solution will be proportional to N(t), and, consequently, the equations cited above for N(t) will
also be correct for I(t).

It should be noted that functions (4) and (5) describe the process of SD not only in the case of anodic
polarization, but also in the case of corrosion of an alloy, when displacement of the alloy/ solution’ boundary
occurs not on account of an external current, but as a result of the simultaneous occurrence of a coupled '
cathodic process of reduction of the depolarizer. '

In the anodic polarization of an alloy, if the position of the interface is practically unchanged, i.e.,
V ~ 0 (and at a low content of the negative component this is So), the general expression (2) is simplified, and
the process of SD for any t is described by the equation of nonequilibrium diffusion with a stationary boundary
[Eq. (4)] [5], which also follows from. (2). Therefore, the presence of a process of SD during cathodic polariza-~
tion is of interest from the standpoint of obtaining data on nonequilibrium diffusion of the negative component '
in an alloy, undistorted by displacement of the interface as a result of dissolution of the alloy

The purpose of this work was to study the principles of the removal of zinc from a Sn, Zn alloy ih: anodic
and cathodic polarization, as well as in the absence of external current s .
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Fig. 3. DependePce of Zz,a on the time in the dissolution of
alloy at i (Asem™): 1) 5- 107%; 2) 7-107%; 3) 1-107%; 4) 2- 107%
5) 5-10~%; 6) 1-107% 7) 2- 1072,

Experimental Section and Discussion of Results

The Sn, Zn (0.1 at. %) alloy was investigated in a solution of 3M NH,Cl + 0.01 M HCl in an atmosphere
of N,, combining electrochemical and radiochemical measurements. The Zn in the alloy was labeled with the
radioactive isotope 67n, while melting the components at 250°C. The alloy was cooled at a rate of 1 deg/min,
rolled out, and exposed at room temperature before the experiment for no less than 24 h to remove cold
hardening, The rate of passage of Zn into solution was determined according to the slope of the curves of I vs
t, obtained by continuous recording of the radioactivity I of the solution during the dissolution of the alloy [6].
As was established by special experiments, in air there is a predominant oxidation of Zn on the surface of the
alloy, leading to a depletion of zinc in the surface layers. In view of this, directly before the experiment,
oxides and the zinc-depleted surface layer were removed by mechanical cleaning. Cathodic polarization was
conducted in a potentiostatic system, and anodic polarization in a galvanostatic system. In anodic polariza-
tion, the potential varied slightly with time. A stable value of the potential was achieved after ~ 5 min.

Figure 1 shows a gradual decrease in the slope of the curve of I vst, obtainedin cathodic polarization
(ap = 100 mV). Consequently, the partial rate of dissolution of Zn (iz,9), proportional to this slope [3], also
decreases with time. The linearization of the curveofIvs t in a plotofIvs \T (Fig. 2a, curve 1) is characteristic
of the case of nonequilibrium diffusion [Eq. {4)]. The experimental data obtained at other values of the cathodic
polarization (a¢ = 200 and 300 mV), in corrosion of the alloy with hydrogen depolarization, as well as low
anodic current densities (i < 1- 1074 A/cm?), lie on the same curve, From the results cited in it follows that,
both in the absence of displacement of the alloy/solution boundary and at a comparatively low rate of displace-

ment of this boundary, the kinetics of zinc removal remains unchanged.

In Fig. 2b, the curve of igpd vs 1/vt was constructed using the same data as curve 1 (Fig. 2a), cor-
responding to cathodic polarization. As can be seen, this dependence is linear; moreover, in the case of
extrapolation of the straight line obtained, it passes through the origin, i.e., the dissolution of Zn from the
alloy during cathodic polarization is described by the equation of nonequilibrium diffusion (1) [3]. The same
is correct for the process of zinc removal during corrosion and during anadic polarization at low i, since
the kinetics of zinc removal under these conditions is the same as in cathodic polarization. As a result, all
the curves for these conditions merge with the curve 1 cited in Fig. 2b, obtained for the case of cathodic
polarization.

Thus, the process of zinc removal ati < 1. 10-1 A/cmz, as well as in cathodic polarization, is entirely
described by Eq. (4), and, consequently, for this system at low V, at all the t studied, movement of the alloy/
solution boundary has no appreciable influence on the process of zinc removal.

It should be emphasized that the results described above are obtained only under the condition of a uni-
form distribution of both components in the initial alloy. If, however, we use samples, on the surface of
which there is a zinc-depleted zone as a result of oxidation in air or preliminary anodic polarization, then the

243



Zn Zn a b
4+ 7
|
: 3 | I
JF a5 I i :
| | .
| 1 | L4 | (4
2 g llbl l]{lz Jltz
a5 woons ias 275 265 ¢, min
V¢
]
’ ” .4 - -t
[ AN 1 16/ R

Ll
4 a0 [/ v/ Zﬂﬂ 250  J00 t,min

Fig. 4. Change in Zzpa with time in the dissolution of
the alloy ati = 1-10-3A/cm? andperiodic turn-on (arrows)
of a higher current density (i = 1- 10-2 A/em? ) at dif-
ferent moments of time after the establishment of an
equilibrium state at i = 1- 10~ A/em? a) 65; b) 115; c)
285 min, .

initial portion of the curve of izn2 vs 1/ vt has a reduced slope, and in extrapolation does not pass through the
origin (Fig. 2b, curve 2). As can be seen, in the case of sufficiently large t, a break appears on curve 2, :
and subsequently it merges with curve 1, recorded on a cleaned sample,, Consequently, the nonlinear
character of the curves of izpa vs 1/1Tand the presence of such breaks on them are evidence of the existence
of a zinc-depleted zone on the surface of the initial sample, , T

In the case of higher V, .e.g., wheni=1- 10'3 Asem? (Fig. 1, curve 2), the slope of the curve of Ivst
(and, consequently, the value of izn2) decreases with time only at the very initial period of dissolution, and
then becomes constant. In this case, on the correspondmg curve of I vs +T t (Fig. 2a,curve?2), the linear
portion corresponding to nonequilibrium diffusion is observed only for the initial time interval. Analogous
curves were obtained for other i. From a comparison of the curves of I vs Vi, taken at i = 1°10~¢ A/cm?
(Fig. 2a, curves 3-5),- it can be seen that the extent of the linear portion is decreased with increasing i, in
view of which the quantitative treatment of these portions becomes difficult,” The deviation from linearity on
curves of I ve +T at high 1 shows that in this case the patterns of nonequilibrium diffusion described by Eq. (4)

and function (1) are disrupted,

Thus, in the dissolution of a Sn, Zn alloy, several portions may be observed on curves I vs t, cor-
responding to different patterns of passage of Zn into solution. In the case of small t (first portion), even at
high i (Fig. 1, curves 2 and 3), the curves of Ivs t coincide with the analogous curve (Fig. 1, curve 1) obtainedin
cathodic polarization and corresponding to the case of nonequilibrium diffusion of Zn from the depth of the
alloy to the surface of the electrode. In the case of large t (second portion), a linear portion appears oI curves
of I va t (Fig. 1, curves 2 and 3). In this case izn? depends only on i (or V), and, consequently, the curve of
Ivstis described by Eq. (5). As will be shown below, this equilibrium portion of the curve of I vs t cor-
responds to uniform dissolution of the alloy. In'the region of transition between the first and second portions,
there is also SD of zinc; in this case i zn® depends both on t and oni. From a comparison of curves 2 and 3
(Fig. 1), it follows that the transition from conditions of nonequihbrlum diffusion to uniform dissolution occurs
earlier, the higher i, . o

Hence, the experimental results confirm the conclusion. drawn on the basis of an analysis of expression
(2), that nonequilibrium diffusion of the negative component can be observed at low V and small t. -

Using equations describing different portions on the curves of I vs t, we can calculate D by two methods,
When the first portion appears on the curve of I vs t, while the process of SD is described by Eq. (4), D is’
determined from the slope of the curves of I vs v, This method was used in cathodic polarization, in anodic
polarization at low i, and in the case of corrosion of the alloy. At highi, for the calculation of D according to
Eq. (6), we determined M according to the radioacuvity, obtained by extrapolating the linear portion of the ‘
curve of I vs t, the slope of which corresponds to uniform dissolution of the alloy at set i,.tot = 0 (Fig. 1,
curves 2 and 3). . , :
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TABLE 1, Dependence of the Values of D for Zn in a Sn, Zn (0.1
at. %) Alloy and Ogff on the Conditions of Polarization

D (10U cm*/sec),
¢, V(normal . {calculated Bag-100,
Exptl.conditions bydrogen | A/°M’  |icoordingiaccording %fm
. electrode) to Eq. (4)to Eq.(5)
Cathodic polarfzation -0,670 1,6
. —g..:ﬁg 1,6
: ~0,47 1,5
Conditions of self- ~0,370 7
dissolution b
Anodic polarization -0,355 3-10-3 1,6
S ~0,340 1.40~4 18
~0,328 3.10~¢ 1.8 19 76
-0.320 510-2 1.5 16 39
=-0,315 7.10-4 19 1,65 28
-0312 1.1y=? 1.7 21
0,305 2:40-3 28 17
-0.295 5-40-3 38 - 8.7
-0.280 {-10-2 3.6 43
-0,250 2.10-2 33 2

The values of D. calculated by the indicated methods are cited in Table 1. As can be seen, both
methods of calculation, corresponding to the two limiting cases [Egs. (4) and (5)] of the general equation (2),
give practically coinciding values of D. Moreover, the values of D found from experiments with cathodic
polarization at ..¢ = 100-300 mV do not depend on the value and duration of the polarization (Fig. 2a, curve 1);
in this case the average value of D (D) is (1.57 = 0.05) - 10~ em? sec. The values of D obtained from experi-
ments under conditions of corrosion, as well as in the case of an anodic current density all the way up to
i=1.10" A/cmz,‘ differ little from D. As can be seen from these results, D does not depend on the condi-
tions of polarization. In the case of higher i, an increase in D is noted, evidently due to an increase in the
roughness of the surface of the alloy.

Equations (4) and (5) describe only the limiting cases of the process of SD of the negative component,
correspondihg to relatively small and large t. It is of interest to describe the experimental curves of I vs t
using Eq. (2) within a broad range of values of t at various i (or V). Using the value of D obtained in cathodic
polarization, we calculated the theoretical curves of Ivs tati=5-10"" and 1-107° A/cm® (Fig. 1). Ascan
be seen, good agreement of these curves with the experimental points is observed, An analogous coincidence
was obtained for lower i,

Thus, ' Eq. (2) entirely describes the process of zinc removal both during anodic and during cathodic
polarization of the alloy, as well as in the case of its corrosion,

A graphic idea of the nature of SD during anodic polarization and corrosion* of the alloy can be obtained
by studying the dependence of ZZna on the time [3, 7, 8]. The differential value of Zgn® determined in our

experiments was calculated according to the Eq.: (3)

(0CZn/at)gom [ Cza iza’nsn , (Cun
(aCsn/at)soln.( Csn )31 80Nz ( Csn )al’ ™

Zzn® ==

where o .
8a . Nsp

at )soln. s

N v a aczn nlnF
s =( at )som T
iZna and iSna are the anodic partial rates of dissolution 5f Zn and Sn at the moment of time t; ngzy, und ng, are
the valences of Zn and Sn ions passing into solution; Czy and Cgy, are the concentrations of the componer;ts
of the alloy, expressed for the solution in M and for the alloy in at.'; S is the area of the electrode, cm”; and
F is the Faraday number. The value of iSna in Eq. (7) was determined from the function

tsnt=i—{za". ‘ (8)

and lg,” o= (

Figure 3 presents the experimental dependences of Zz, 2 ont (points), obtained at various i and the cor-
responding curves for i = 5-107%, 7-107%, and 1- 10-3 A/em?, calculated according to Eq. (3) (solid lines).

* To obtain curves of Zzn2vs t in the corrosion of a Sn, Zn alloy, it is necessary to label both components
with the corresponding radioactive isotopes and use continuous recording of the I vs t curves of both isotopes

simultaneously.
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D were used for the calculation, As can be seen, the experimental data fit well on the cal-
::rx:llzt‘«l::il‘::ii:efsl.) Moreover, in the initial period of dissolution, at alliuptoi=2- 10'“2_ Asem?, Zg,® ap-
preciably exceeds 1, which is evidence of the presence of SD of zinc from the alloy even at a high rate of
displacement of the alloy/solution boundary. After some time inberval,. atalli, Zzpa=1 is reached, .e., an
equilibrium state with uniform passage of the components of the alloy into solution is established. * ’Ihis
result agrees with Eq. (3), from which it follows that in the dissolution of the alloy, Zg,? decreases mono-
tonically and approaches 1 at large t. As can be seen from Fig. 3, an equilibrium state is reached more

rapidly, the higher i.

The establishment of
follows. In the initial period of dissoluti

an equilibrium in the process of dissolution of an alloy may be represented as
on, the rate of movement of the diffusion front V; exceeds the rate

of displacement of the alloy/solution boundary V. In this case ZZna >1. However, since the thickness of the
zinc~depleted zone, according to the principles of nonequilibrium diffusion, is proportional to vt, and the value
of the displacement of the alloy, solution boundary is proportional to t, in time the condition V = V,, cor-
responding to the equilibrium state, will be reached [3, 9]. According to Eq. (7), the presence of a relation-
ship ZZna > 118 an indication of SD of zinc, Therefore, observance of this ratio in the initial period of dis~-
solution at all i (Fig. 3) indicates that by the time of establishment of the equilibrium state, a zinc-depleted
sone should be established on the surface of the electrode. The conservation of a ratio Zzna = 1 for a long
period of time is a sign that the thickness of this zone should pot change with time, and, consequently, the
dissolution of Zn in the equilibrium state will be described by the principles of equilibrium diffusion. .

To characterize the depleted zone; it is convenient to use its effective thickness éeff. The quantity = ,
he thickness of the imaginary layer of the alloy, in the case of complete removal of the |

beff is'defined ast 2 o
s component AP (g/cm? passes into solution as from

negative component from which the same amount of thi
the real depleted zone [1]: -

s - | R
Sesr=C, . ' @

Co= NuznAZn/v%}, where N2 is the mole fraction of Zn in the alloy; Ay is the atomic weight

is the molar volume of the alloy (cms), which differs negligibly from the molar volume of Sn (vy, )
it is easy to calculate Seff from radiochemical data [3}): - ,

Considerinf
of Zn; vy 2
at a low content of zinc in the alloy,
| vat*povAlay
O eff = AN 0ol | (10)
where p, and I; are the mass (g) and radioactivity (counts/sec) of the calibration solution for Zn, respectively;
v, and v are the volume (ml) of the corresponding calibration solution and that of the solution in the cell; Alyy
is the excess amount of radioactivity of the negative component that passed into solution from the depleted'
zone, related to the total amount of radioactivity of this component that passed into solution, Al, by the func-
tion Alyy = Al—alyd, in which Al yq is the amount of radioactivity of the negative component that should have .
passed into solution in the same time in the case of uniform dissolution of the alloy.t It should be noted that
in the case of cathodic polarization, alyy = AL Under equilibrium conditions of dissolution, alyy becomes ‘
constant, and, consequently, deff does not change with time. ) '

Table 1 presents the values of ¢ ¢ for various i, calculated for equilibrium conditions of dissolution.
As can be seen, the value oi veff decreases with increasing i, which agrees with Eq. (6). -

For the detection of a zinc-depleted zone in the equilibrium state, we conducted the following experi-
ment. At various time intervals after. the reaching of an equilibrium state at { = 1- 10~3 A/cm?, a higher
i(1+107* Asem?, Fig. 4) was periodically imposed upon the electrode, In this case, imme'diatzely after the .
imposition of a higher i, the value of Z; ® drops sharply to 0.4; this is evidence of the presence of a zinc-
depleted zone in the equilibrium state at 1= 1. 10~ A7cm® "When the thickness of this zone is reduced, as a
;fes;tltofda the imposition of a higher 1, Zy 2 subsequently rises to Zzy? = 1, which provides for the establish-
e to tmsn:wﬁ;q;:ﬂibmum state and a decrease in the thickness of the ziric-depleted zone to a value correspond-
e oatl qf . um_sztate. g/loreover, it follows from Fig. 4 that the time interval from the moment of

PP or} of i=1-10"°A/cm® (t,9) until the establishment of a new equilibrium state (tzq), in this case i does

* . ’ ' i . : .
Let us consider that the equilibrium state #s reached when the value of Zyn? differs from 1 by not more than

10%. .
T In [3] Peff was calculated according to a somewhat different formula, using Al and the anodic current density.
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not depend on the time of exposure of the alloy in the equilibrium state at i = 1+ 10~3 A/em®, This result indi-
cates that the thickness of the layer removed from the electrode during the establishment of the new equilib-
rium: state does not depend on the time of stay of the alloy in the equilibrium state, i = 1* 10~% A/em?, and,

consequently, the quantity degf actually is unchanged with time, which is a characteristic of equilibrium dif-
fusion of the negative components in the alloy.

The results cited are evidence that the process of dissolution of a solid solution of Sn—Zn is accompanied
by a substantial change in the composition of its surface.

CONCLUSIONS

1, The principles of the removal of zinc from a Sn, Zn (0.1 at. ¢ ) alloy in a solution of 3M NH,C] + 0.01
M HCI were studied. It was shown that in the case of anodic polarization ati = 1.10"% A/cm®, in the case of
cathodic polarization (4 = 20C and 360 mV), as well as in the case of corrosion with hydrogen depolarization,
the kinetics of the dissolution of Zn remains unchanged and is described by the principles of nonequilibrium

diffusion of Zn in the alloy. -In the case of higher i, a disruption of this pattern is noted, followed by transition
to an equilibrium state providing for uniform dissolution of the alloy.

2. In the equilibrium state, a zinc-depleted zone was detected directly.

3, The diffusion coefficient of Zn in the alloy was calculated,

Let us express our gratitude to Academician Ya, M. Kolotyrkin and Ya, B. Skuratnik for their valuable
‘udvice in the discussion of the results of this work.
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