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Contribution to the knowledge of the relationship between the electrochemical
and corrosion behaviour and the structure of metallic materials subjected

to cold plastic deformation
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Introduction

The present investigation forms part of a systematic stu-
dy in the course of development at the Institute of Physical
Chemistry, Electrochemistry and Metallurgy of Milan Poly-
technic about the influence of cold plastic deformation on
the electrochemical and corrosion behaviour of metallic ma-
terials with the aim of determining and elucidating such as-
pects of their behaviour and correlating them with “micro-
structural” effects of the deformation, these being analysed
not only by metallographic and X-ray techniques but also
by transmission electron microscopy. :

From a general point of view there is an unanimous reco-
gnition that the thermodynamic-type influence exerted by
cold plastic deformation (which can be ascribed to variations
in the activity of atoms constituting the metallic material and
therefore in the equilibrium electrode potential), is very little
as compared with kinetic-type influence. Nevertheless, this
result accompanied on the one hand by the difficulty of es-
tablishing in the various cases the significance of the poten-
tials measured {frue equilibrium potentials or corrosion poten-
tials also determined by kinetic factors) and, on the other
hand, by the poor comparability of the working conditions,
makes the variation in the equilibrium potentials due to work-
hardening difficult and uncertain in its determination not
only as regards its value buteven its sign.

The interpretation, if not in fact the existence, of the in-
fluence of a state of deformation following a process of cold
working are also controversial so far as concerns the kinetic
aspects of the electrochemical and corrosion behaviour of
ferrous materials in the active region.

In general, with increasing degree of work-hardening the
rate of generalized corrosion under conditions of active ma-
terial increases, even though, as can be seen in Table 1, there
are also cases in which no effect of cold plastic deformation
is observed®) (1). Such discrepancies of the results may still
be ascribed to poor comparability of the working conditions,
especially as regards the type and the degree of the defor-
mation and the qualitative and also quantitative composi-
tion of the aggressive medium, apart from considering the
intrinsic lack of reproducibility in the behaviour of ferrous
materials used technically owing to the effect of uncontrol-
lable factors such as impurities or surface films.

Analysing corrosion resistance into its components, some
authors (Evans, Greene (1), Hoar et al. (2)) attribute the ob-
served increase in the corrosion rate with increasing degree
of work-hardening of the material to a decrease in the ano-
dic overvoltage due to a greater number of surface centres
with low activation energy for anodic dissolution (emerging
dislocations, pile-ups of dislocations and stacking faults),
while other authors (Foroulis, Uhlig, Trabanelli (1)) are of
the opinion that the acceleration of the corrosive pheno-
mena induced by cold plastic deformation is due only to a
decrease in cathodic overvoltage for hydrogen evolution in
consequence of an increase in the number of active centres
that catalyze it (such as impurity atoms, for example carbon,
concentrated in correspondence with the dislocations, to
form Cottrell atmospheres).

*) Obviously, in the absence of circumstances that could mask the
influence of the deformation, as for example when the corrosion
rate is controlled by the supply of dissolved oxygen by diffusion.

Table 1. Effect of cold plastic deformation on corrosion rate of metallic materials

‘Investigator (Ref. (1))

Metallic material

Deformation type

Environment (deaera-
ted solution)

Corrosion rate

Tammann and Neubert
Heyn and Bauer
Edwards, Phillips and
Thomas

Simnad and Evans
Greene and Saltzman

Foroulis and Uhlig

Foroulis

Zucchi, Zucchini, Traba-
nelli and Baldi

France

Franks

Copson

Trabanelli and Zucchi

Electrolytic iron
Carbon steel
Mild steel

Pure iron; mild steel
Zone-refined iron

Carbon steels

Zone-refined iron

Mild steel
Iron-carbon-silicon alloys
ARMCO iron

Rimmed steel

AISI 304, 316 and 347
austenitic stainless steels
Nickel

Nickel

Cold-rolling Sulphuric acid Increased
Cold-drawing Sulphuric acid Increased
Cold-rolling Sulphuric acid; citric Slightly increased
acid
Cold-rolling Hydrocloric acid Increased
Torsion Sulphuric acid; hydro- Increased
cloric acid
Torsion; cold-rolling Sulphuric acid; hydro- Increased
cloric acid
Cold-rolling Hydrocloric acid Unaffected
Cold-rolling Hydrocloric acid Increased
Cold-rolling Hydrocloric acid Increased
Cold-rolling Hydrocloric acid Increased
Torsion Ammonium nitrate Increased
Cold-rolling Nitric acid Unaffected
Unspecified cold-working Hydrocloric acid; sodium Unaffected
hydroxide
Sulphuric acid Unaffected

Cold-rolling

Werkstoffe und Korrosion 25. Jahrg. Heft 4/1974



240

Mazza, Pedeferri, Sinigaglia, Della Sala and Lazzari: Contribution to the knowledge of the relationship

In general, the possibility that the work-hardening pro-
cess enhances the causes of heterogeneity of the metallic
material (for example, through the precipitation of new phases,
phase transformations, segregation of impurities, formation
of substructures, preferred orientation of the crystal grains,
local variation in the surface chemical composition due to
appearance of segregates on the surface, etc.) with striking
consequences on the corrosion rate is also assumed (1, 3).

The considerations mentioned above relate to ferrous
materials with film-free surfaces. Otherwise one must ob-
viously take into account (and this is then probably the do-
minant influence on the corrosion rate) the degradation cau-
sed by cold plastic deformation in the protective characte-
ristics of the passivating films owing to the formation of fis-
sures, cracks, etc. (3).

The present study of the influence of cold plastic defor-
mation on the electrochemical and corrosion behaviour of
metallic materials relates above all to some of the principal
austenitic stainless steels in common use, because of the ab-
sence of information available in the literature on such ma-
terials and also in view of the possibility of drawing conclu-
sions of applicative nature from the consideration of pecu-
liar aspects of their corrosion behaviour, such as their sus-
ceptibility to pitting and to stress corrosion. In this spirit the
deformation process examined initially was cold drawing (4).

The necessity to specify in the best possible way the
working conditions in order to avoid the scatter and even the
contradictory nature of the results found in the literature for
other materials, with consequent uncertainties of interpreta-
tion, forces us (supported in this respect by some preliminary
results) to consider as another possible factor of influence of
cold plastic deformation the orientation of the exposed sur-
face with respect to the deformation direction. According to
this idea and also in view of the correlation it was intended
to establish with the microstructural effects produced by
cold plastic deformation, the deformation by the application
of a tensile stress presented the following advantages as com-
pared with other types of deformation more significant from
a practical point of view, such as cold-drawing, rolling, or
pressing:

a) The advantage of leading in the course of the deformation
process to a better-defined situation so far as concerns the
distribution of stresses within the test-piece;

b) Consequently the advantage of relating the work to be
carried out to three significant orientations of the ex-
posed surface, namely, besides those perpendicular and
parallel to the axis of tension, that oriented at 45 © with
respect to it*), because of the predictable corresponding
marked effect of shear stress;

c) Finally the advantage of leading to a better-defined and
simpler situation from a microstructural point of view
as well, since it is possible to a first approximation to con-

X) Subsequently for the sake of brevity we shall use the following
abbreviations for the surface orientations: T for transverse, L for
longitudinal, and 45 ° I for the 45 ° inclined orientation.

Table 2. Chemical composition of metallic materials studied

sider as negligible, in comparison with the other effects

induced by cold plastic deformation, the effect of pre-

ferred orientation of the crystal grains (5) (a situation
confirmed by X-ray and metallographic analyses).

As regards the materials examined, in order to permit a
more complete phenomenological picture to be obtained,
and also with a view to achieving better interpretations, the
investigation was extended to two of the pri:icipal compo-
nents of austenitic stainless steels (easily susceptible to de-
formation), namely iron and nickel.

The electrochemical and corrosion behaviour of the me-
tallic materials considered in de-aerated sulphuric acid solu-
tion was recorded both in overall terms of corrosion poten-
tial and rate of generalized corrosion under conditions of
active material, determined by Stern and Geary’s electro-
chemical method (6), and in analytical terms of partial ano-
dic and cathodic processes, by determining the relative cha-
racteristic curves extended, on the anodic side, to consider
the passive region as well.

Finally, observations were made with the aid of transmis-
sion electron microscopy on deformed materials, in order to
determine the nature, the distribution, and the density of
structural defects present, and the various possible phases
differing from the matrix induced by the deformation.

Experimental Part
I. Materials investigated

The chemical compositions of the metallic materials stud-
ied are given in Table 2.

Such materials, initially in the form of hot-rolled rods
with a diameter of 25—35 mm, were subjected to the fol-
lowing operations:
la) For the austenitic stainless steels: solubilization of any

carbides present by heating to 1050 °C for about 20
min, with subsequent cooling in water;

1b) For the iron: annealing at 760 °C with cooling in air;

lc) For the nickel: annealing at about 850 °C with cooling
in air *);

2. Deformation by the application of a tensile stress **)
until the following reductions in the cross-sectional
area of the test-pieces had been achieved ***):

2a) S, 15, and 30% for the austenitic stainless steels;

2b) 5, 10, and 15% for the iron;

2¢) Also 5, 15, and 30% for the nickel;

3. Cutting, working on the lathe, and preliminary polishing
with dry papers to obtain the test specimens;

*) Operations la-c were performed at the works.

**)  So that the length of the standardized tensile test-pieces (UNI

551-69) used increased at a constant rate of ~ 0.5 mm/sec.
Only the central part of such test-pieces was used.

Values adopted to express the degree of work-hardening of
the material.

***)

Metallic material Weight % composition

Fe C Mn Si Cr Ni Mo Cu S P Other
AISI 304 bal. 0.055 1.45 0.68 18.70 8.91 0.146 0.094 0.014 0.036 -
AISI304 L bal. 0.025 1.44 0.47 19.11 9.64 — - 0.014 0.023 -
AISI 316 bal. 0.045 1.44 0.76 16.90 11.25 2.50 - 0.012, 0.040 -
ARMCO Iron bal. 0.017 - - - - - 0.03 0.005 0.012 -
Nickel L 0.06 0.023 026 <0.05 — bal. — <0.03 0.005 - Co 0.044
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4. Surface preparation of the samples by polishing with also complete and rigorous insulation of the electrical
wet papers with decreasing grain size (70, 35, 25 and contacts from the solution.
15 w); electrolytic polishing in a solution of ethanol and 3. A distance between the end of the capillary probe of the
perchloric acid followed again by wet polishing with Luggin-Haber type connected fo the reference electrode
15 u papers; polishing with diamond pastes (7, 3 and and the electrode surface of 1—-2 mm (adjustable by
1 ) and finally mixed mechanical and electrolytic po- means of a ball joint), which enables the error due to the
lishing (Relapol). ohmic drop and to the shielding effect in the measure-

ment of the overvoltages to be minimized;

4. Separation of the electrode compartment from the remain-
ing volume of the solution by means of a porous dia-
phragm which ensures the absence of interference with
the electrode processes under study due to a possible evo-

II. Electrochemical Measurements

All the electrochemical measurements were made with
the aid of a cell developed by the present authors (4), which
is shown in vertical section in Fig. 1 and which has the fol- lution of oxygen at the counterelectrode.
lowing main characteristics: A 1M solution of H,80, (Carlo Erba RP reagent), de-

1. Solution volume ~ 500 ml, with the ratio of the solution aerated and stirred by circulation of H, gas, at a temperatu-

o)
volume (cm?) to the exposed area of the sample (cm?) ~ re of 25 °C, was used for all the measurements.
500; As already stated, the generalized corrosion rate of the
2. Electrode-holder consisting of three parts (made of insu- various materials in the active region was determined by the

lating material) screwing into one another, which permits ~ method of Stern and Geary*) consisting in the recording of
precise delimitation of the exposed area of the sample

i A - ) *) Apart from measurements of the loss of weight in some cases for
without phenomena of localized crevice corrosion and,

checking purposes.
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Fig. 2. Corrosion rateg of AISI type 304 steel in deaerat_ed 1M
H,50, solution at 25 “C as a function of time, deformation degree
(indicated per cent and obtained by application of a tensile stress)
and orientation of the exposed surface to the deformation direction
(L, Tand 45 °I correspond to surfaces which are respectively parallel,
perpendicular and inclined at 45 © to the deformation ditection). .
i-values on the ordinate axis are the external current densities record-
ed in the Stern-Geary technique

AISI 304L

250 Deaerated
1MH, SG,
200 25°C

I
3 tmeth 4

Fig. 3. Corrosion rates of AISI type 304 L steel in deaerated 1M
H, S04 solution at 25 °C as a function of time, deformation degree
and orientation of the exposed surface
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Fig. 4. Corrosion rates of AISI type 316 steel in deaerated 1M

H, S0, solution at 25 °C as a function of time, deformation degree
and orientation of the exposed surface.

T surfaces show the same behaviour as 45 °I surfaces

ARMED Iron
Deaerated

3 time (h} A

Fig. 5. Corrosion rates of ARMCO iron in deaerated 1M H, S804 so-
lution at 25 °C as a function of time, deformation degree and orien-
tation of the exposed surface

Nickel
Deaerated
1MH,S0,
25°C

ifiLA/cm?)

3 timelh) b

Fig. 6. Corrosion rates of nickel in deaerated 1M H, SO, solution
at 25 "C as a function of time, deformation degree and orientation
of the exposed surface

the circulating current (shown directly in the graphs of Figs.
2—6 and, as is well known, proportional to the corrosion
rate) after the application to the sample of a rectangular volt-
age pulse in the cathodic or anodic direction with an ampli-
tude sufficiently small to remain within the range of linear-
ity of the voltage-current characteristic. The currents due to
the application of rectangular voltage pulses in the cathodic
direction, with an amplitude of 10 mV and a duration of

1 min, were measured during the first 4 h every 1/2 h (and

in the first 1/2 h every 10 min).

At the end of each test (i. e. after 4 h) the curves of ca-
thodic overvoltage relative to the evolution of hydrogen
were recorded. The long immersion time guaranteed that
more reproducible results were obtained*) (7).

*) In particular, the polarization curves recorded immediately after
immersion of the sample in the solution showed no definite effect
of the degree of work-hardening, owing to the prevalence of irre-
producible effects due to variations in surface chemical composi-
tion. Moreover, in spite of the increase in the effective electrode
surface in relation to the apparent surface, especially in the case
of the more easily corroded materials (iron and AISI 304 L steel),
the errors in the current density values due to such long prelimi-
nary time of contact of the electrode with the solution do not
change the essence of the results obtained.

Werkstoffe und Korrosion 25. Jahrg, Heft 4/1974
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The cathodic overvoltage curves were recorded in tripli-
cate by three variants of the potentiostatic method;

1. Stepwise increase, in the cathodic direction, of the po-
tential of the electrode under measurement relative to
the reference electrode by an amount of 10 mV every
15 sec;

2. Application to the sample of rectangular voltage pulses
in the cathodic direction, lasting 15 sec and at intervals
of 1 min, with an amplitude increasing by 10 mV each
time, always in relation to the initial value of the corro-
sion potential;

3. Application to the sample of rectangular voltage pulses
in the cathodic direction, lasting 15 sec and at intervals
of 1 min, with an amplitude increasing each time by
10 mV with respect to the actual value of the corrosion
potential.

These three methods led to practically coincident results
(fig. 12).

The anodic polarization curves were recorded by the po-
tentiodynamic method, with a scanning rate of the electrode
potential of 20 mV/min. In the case of iron the anodic cha-
racteristics in the active region were also determined poten-
tiostatically by the method 2 described above for the cathodic
characteristics (the amplitude of the voltage pulses was in-
creased by 20 mV each time; the pulse lasted 5 sec and the
interval between two successive pulses was 1 min).

An AMEL Model 551/8SU apparatus was used for all the
electrochemical measurements.

The electrode potentials were always referred to the Hg,
Hg,S04/K,S804 (sat.) electrode (=SSE), the potential of
which relative to the standard hydrogen electrode at 25 °C
is + 642 mV*).

III. Microstructural Investigations

The electron-microscope investigation was performed for
all the materials in the two states of ““as received” (i. e. after
operations la, 1b, or 1c as listed earlier, p. 240) and of max-
imum deformation, on the surface perpendicular to the axis
of tension. For steel AISI 304 L the intermediate values of
the deformation degree and the surface orientations parallel
to and inclined at 45° to the axis of tension were also con-
sidered.

The samples for observation under the electron micros-
cope were in the form of discs 3 mm in diameter, obtained
by punching from sheets cut with the desired orientation
with respect to the deformation direction and polished to
a thickness of 200300 u. These discs were then thinned
down electrolytically in a Struers Tenupol apparatus, which
controls the final thickness of the central part of the disc
automatically by means of a source of light and a photocell.
The transparent zones of the sample, with a thickness of the -
order of 1000—2000 A, were examined in the Philips EM
300 electron microscope to 100 kV*¥*),

Results
I. Electrochemical Measurements

The results concerning the electrochemical and corrosion
behaviour of the metallic materials investigated are illustra-
ted in Figs. 2—19, and can be summarized as follows.

*) The contribution of the liquid junction potential was minimized
by connecting the reference electrode through an agar-agar bridge
with a saturated solution of KNO3.

*x) For the performance of the electron microscope observations we
are indebted to D1. D. Wenger of CISE, Segrate.
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With increasing deformation degree there was (Figs. 2—6)
an increase in the generalized corrosion rate in the active re-
gion on the exposed surfaces of the samples oriented perpen-
dicularly or at 45° to the axis of tension, while on the sur-
faces oriented parallel to this axis, except for the case of the
steel AISI 304 L, no definite tendency was found for a
change in the corrosion rate with increasing deformation de-
gree, the variation measured being within the range of scat-
ter of the experimental results. Furthermore, again with the
exception of AISI 304 L, on the surfaces considered last
(L surfaces) the corrosion rate was lower, for equal degree of
work-hardening, than on the former (T and 45° 1 surfaces).

Taking into account the intrinsic lack of reproducibility
in the behaviour of the materials investigated, the described
effects of the degree of work-hardening and of the orienta-
tion of the exposed surface with respect to the deformation
direction on the corrosion rate are rather weak from the
quantitative point of view (the maximum variations of the
corrosion rate being within a factor of 2—4), although when
such effects can be detected they indicate a definite tenden-
cy (confirmed, moreover, by weight loss measurements per-
formed for control purposes). Such considerations are parti-
cularly valid for the materials with the lowest corrosion ra-
tes : AISI 316 and nickel.

Again from a quantitative point of view, the influence of
the degree of work-hardening is shown to an appreciable ex-
tent above a critical threshold which in our case we can place
roughly (given the discrete series of degrees of work-harden-
ing that we considered) at about 10% for iron and nickel
and at 15% for the austenitic stainless steels. Among the lat-
ter, the susceptibility to the effect of cold plastic deforma-
tion increases in the sequence :

AISI 316 < AISI 304 < AISI 304 L.

Steel AISI 304 L is still more sensitive to the effect of
variations in the degree of work-hardening with regard to
the corrosion rate when it is deformed by cold drawing rath-
er than by the application of a tensile stress (4).

Considering the anisotropy of the behaviour of surfaces
with different orientations in relation to the axis of tension,
it may be observed that this is manifested even for zero work-
hardening, i. €. in a material not deformed by tension. This
can obviously be explained only by an influence of the oper-
ations undergone by the test-pieces independently of defor-
mation by tension, an influence that is not cancelled out by
the solubilization or annealing treatments described above
(p. 240).

Finally, so far as concerns the time-dependence of the
corrosion rates, these increase with time in the case of iron*),
but decrease to reach steady values after 4 h in the case of
the AISI 304 and 304 L steels and in-the case of nickel, while
the corresponding corrosion potentials remain practically
constant within the limits of reproducibility of the measure-
ments (20—30 mV**) ). In the case of steel AISI 316 (fig. 4),
on the T and 45 ° I surfaces, after a rapid initial decrease the
corrosion rate begins to increase again, then to decrease once
more, finally reaching a steady value. Correspondingly, the
corrosion potential of AISI 316 becomes more noble to an
extent of ~ 100 mV in the course of 4 h (Fig. 7). The time

x) In this case, however, a non-negligible increase occurred in the
effective surface of the samples during the measurement, in rela-
tion to the initial apparent surface used for the calculation of the
current densities shown in Figs. 2—6.

xx) This erratic nature of the corrosion potentials is sufficient to
mask the effects of the deformation degree and of the orienta-
tion (L, T, 45°1) of the electrode surface.
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Fig. 7. Average values of cotrosion potentials (relative to a satura-
ted mercury sulphate electrode, SSE) of AISI type 316 steel in deae-
rated 1M H, S0, solution at 25 °C as a function of time, deformation
degree and orientation of the exposed surface

corresponding to the minimum and the maximum of the cor-
rosion rate curve increases when the material is strongly
work-hardened. On the L surface, on the other hand, the
corrosion rate decreases monotonically with time, as for the
other steels, always remaining lower than on the T and 45 °I
surfaces; the corresponding increase in the corrosion poten-
tial (which already starts from higher values) is ~ 50 mV in
4 h.

Analysis of the corrosion behaviour in terms of partial
anodic and cathodic processes has shown that, for all the
materials investigated, a decrease (within maximum timits
of some 20—-40 mV) in the overvoltage of the cathodic hy-
drogen evolution*) always corresponds to an increase in the
corrosion rate when the deformation degree or the orienta-
tion of the exposed surface are varied, and conversely, when
the influence of the above-mentioned factors on the corro-
sion rate cannot be definitely established, the effect on the
hydrogen overvoltage cannot be detected either (Figs. 8—-13).

The decrease in the hydrogen overvoltage with increasing
degree of work-hardening is shown by a displacement of Ta-
fel’s straight lines parallel to one another in the direction of
higher current densities, while the relative slopes remaining
unchanged**).

In conclusion, even in the case of cold plastic deforma-
tion obtained by tension (besides that obtained by drawing
(4) ), and with the materials and the conditions under which
we operated, it has been possible to establish the existence
of an anticorrelation between the results relating to the in-
fluence of the degree of work-hardening and of the orienta-
tion of the exposed surface with respect to the deformation
direction, on the hydrogen overvoltage on the one hand and on
the corrosion rate on the other hand; as a matter of fact,
this influence corresponds to changes in the two properties
(hydrogen overvoltage and corrosion rate) that are of op-
posite sign and of magnitude mutually correlatable in bi-
univocal fashion.

On the other hand, the anodic behaviour of the materials
considered in the active region (Figs. 14—19) is not apprecia-
bly affected by the degree of work-hardening***), with the ex-
ception of the case of iron, for which, with increasing degree

*)  Also in the case of titanium deformed by application of a ten-

sile stress equal to 90% of the yield strength the hydrogen over-

voltage in boiling 0.1 M H,SO,4 diminishes in comparison with

the undeformed material (private communication of G, Taccani

and B. Vicentini, Laboratorio Tecnologia Materiali non Tradizi-

onali del C. N. R, Ciniselio Balsamo).

With values between 80 and 100 mV for the various materials

considered.

**%) For the austenitic stainless steels studied the slopes of the anodic
Tafel lines are of the order of 40 mV.

**)
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Fig. 8. Cathodic polarization curves for hydrogen evolution on AISI
type 304 steel in deaerated 1M H;SO4 solution at 25 °C for different
degrees of deformation and orientations of the electrode surface
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Fig. 9. Cathodic polarization curves for hydrogen evolution on AISI
type 304 L steelin deaerated 1M H,SO, solution at 25 °C for dif-
ferent degrees of deformation and orientations of the electrode sur-
face
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Fig. 10. Cathodic polarization curves for hydrogen evolution on
AISI type 316 steel in deaerated 1M H, S0, solution at 25 °C for
different degrees of deformation and orientations of the electrode
surface
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Fig. 11. Cathodic polarization curves for hydrogen evolutlon on
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ARMCO iron in deaerated 1M H, S04 solution at 25 °C for different

degrees of deformation and orientations of the electrode surface
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Fig. 12. Cathodic polarization curves for hydrogen evolution on
ARMCO iron in deaerated 1 M H,SO4 solution at 25 °C, plotted
with the three methods described in the text (p. 243): ® method 1;
Omethod 2; Amethod 3.
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Fig. 14. Potentiodynamic anodic polarization curves of AISI type
304 steel in deaerated 1M H, S0, solution at 25 °C for different
degrees of deformation and two orientations (a and b) of the elec-
trode surface
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of work-hardening, besides a decrease in the cathodic over-
voltage, a decrease in the anodic overvoltage is also found.

Extending the investigation beyond the active range, the
greater work-hardening of the material in the case of the
austenitic stainless steels was accompanied by a well-defined
negative effect which is shown in the active to passive {ransi-
tion region of the anodic polarization curve in a retarded for-
mation of the passivating films (Figs. 14-—-16). No precise re-
lationship appears to exist in the passive region between the
degree of work-hardening and the stability and the protec-
tive characteristics of the passivating films. A more stable pas-
sivity is generally shown on the L surface than on the T and
45 °I surfaces (Figs. 14 and 15).

The case of AISI 316 deserves some additional considera-
tion relative to the anomalous shape of the corrosion curve
as a function of time on the T and 45 °I surfaces (Fig. 4). In
this case the anodic characteristic was recorded not only im-
mediately after immersion of the samples in the solution (t
= (), but also at times of the minimum (t = ty;,) and the
maximum (t = t;,x) of the corrosion curve. It is evident
from Fig. 16 that the behaviour of AISI 316 changes in the
period between t = O and t = ty, and subsequently t = thy,y,
in the sense of gradually assuming a greater practical nobili-
ty and a greater passivability.
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Fig. 17. Potentiodynamic anodic polarization curves of ARMCO
iron (horizontal, upwards-facing anodes) in deaerated 1 M H,S04
solution at 25 °C for different values of the deformation degree
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Fig. 18. Potentiodynamic anodic polarization curves of ARN{)CO
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for different values of the deformation degree
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In the case of iron, the shape of the anodic polarization
curves beyond the active range is strongly affected by the
surface position (horizontal facing upwards (Fig. 17) or ver-
tical (Fig. 18) ) of the electrode, while it does not depend
significantly either on the degree of work-hardening or on
the orientation (L, T, 45 °I) of the electrode surface with
respect to the axis of tension.

Also in the case of nickel the formation of protective
films is hindered by the work-hardening of the material, par-
ticularly on the L surfaces (Fig. 19). Moreover “as received”
nickel shows higher values of the principal peak current and
of the passive current than cold-deformed nickel, besides a
more narrow active-passive loop and a more marked pseudo-
passivation peak.

Both for the iron (in the two surface positions consider-
ed) and for the nickel the protective action of passivating
layers is rather poor, being the passive currents at least 10
times higher than for the austenitic stainless steels: (1072
—~1071) m A/em? instead of (107 ~ 107%) m A/cm?.

II. Microstructural Investigations

Comparative electron microscope examination of the var-
ious materials investigated has revealed the following points.

For the “as received” state, randomly-distributed disloca-
tions are observed on all the materials (with densities of the
order of 10®/cm?), sometimes piled up at the grain bound-
aries (especially in the case of the AISI 316, Fig. 20a) or
even concentrated around inclusions (which are often found
at the grain boundaries), or, in the case of the AISI 304 L,
around the ferrite present in small amounts. In particular,
the nickel showed, even for a zero degree of deformation,
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Fig. 20. Transmission electron micrographs (TEM) of different me-
tallic materials undeformed or deformed by application of a tensile
stress:

a) pile-up of dislocations at grain boundary on AISI type 316 steel
in the “as received” condition;

b) dislocations arranged in a “cell structure’ on nickel in the “as
received” condition;

¢) stacking faults and pile-ups of dislocations on AISI type 304 steel
in the “‘as received” condition;

d) *‘decorated” dislocations on ARMCQO iron in the “as received”
condition;

e) deformation bands on AISI type 304 steel deformed 30 per cent;

f) deformation bands, “cellular™ dislocations and tangled forests of
dislocations on AISI type 304 L steel deformed 30 per cent,

a) ...e): T surfaces; ): L surface
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a tendency for the dislocations to be arranged in a cell struc-
ture*) (Fig. 20b), tendency to which the absence of pile-
ups of dislocations corresponds. Stacking faults are present
in steel AISI 304 (Fig. 20c) and, to a smaller extent, in the
AlISI 304 L, while they have not been observed in AISI 316,
in nickel and in iron. In the iron the dislocations appear de-
corated, owing to the presence of precipitates or interstitial
atoms anchored there (Fig. 20d).

On materials work-hardened to the maximum extent and
examined on surfaces perpendicular to the deformation di-
rection both the appearance of new types of structural de-
fects and their increase in density is found. On the austeni-
tic stainless steels deformation bands parallel to the slip planes
are observed (Fig. 20e) in density decreasing on passing from
AISI 304 to 304 L and 316. While on the AISI 304 the band
structure is the only one that could be observed, on the 304
L and the 316 it is possible to detect the presence of a cell
structure superimposed on the band structure, besides tan-
gled forests of dislocations (Fig. 20f). In the case of the AISI
304 L it has been possible to establish by means of electron
diffraction that the deformation bands can be resolved either
as deformation twins (Fig. 21) or as &' cubic martensite (Fig.
22) produced by the phase transformation of austenite to
martensite in consequence of the deformation**). On work-

Fig. 21. TEM and selected-area electron diffraction pattern showing
the identification of deformation twins in some deformation bands
on AISI type 304 L steel deformed 30 per cent. L surface

*) In which the dislocations are concentrated in the boundaries of
zones that are relatively free of them.

**) Magnetic measurements have given for the quantity (w/o) of o
martensite in AISI 304 L deformed 30 per cent, values within the
range 2—-4%.
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Fig. 22. TEM and selected-area electron diffraction pattern showing
the identification of a-cubic martensite in some deformation bands
on AISI type 304 L steel deformed 30 per cent. T surface

hardened nickel only the cell structure is observed (Fig. 23),
no deformation bands appearing; again by electron diffrac-
tion it has been possible to show the disorientation that
exists among the cells within a single grain, In the case of
work-hardened iron the electron microscope examination
has not yet given significant results because of the perturba-
tion induced by the strong magnetic field set up by the sam-
ple in the magnetic field of the microscope objective,

The microstructural effect of varying the deformation de-
gree between 0% and the maximum value has been analyzed
in the case of the AISI 304 L: the density of the surface de-
fects does not increase progressively with the deformation de-
gree, for which, on the contrary, the existence of a critical
threshold of influence of about 15% is found.

Finally, so far as concerns the effect of orientation of the
surface examined with respect to the deformation direction,
for the steel AISI 304 L work-hardened to the extent of
30% no significant difference was found between the three
orientations T, L and 45 °1.

Discussion

As a whole, the results obtained on the electrochemical
and corrosion behaviour of the austenitic stainless steels ap-
pear to confirm the hypothesis put forward previously (4),
that the influence exerted on the resistance to generalized
corrosion in the active region by the degree of cold plastic
deformation of the material and by the orientation of the
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Fig. 23. TEM and selected-area electron diffraction pattem respecti-
vely showing the “cell structure” of the dislocations on nickel de-
formed 30 per cent and the disorientation among the cells. T surface

exposed surface with respect to the deformation direction
is explained essentially by a decrease in the overvoltage of
the cathodic hydrogen evolution, the anodic overvoltage of
the dissolution of the metallic material remaining practical-
ly unchanged under our conditions with variation in the
above-mentioned factors. The same considerations apply to
the case of nickel, while for iron also an influence by way
of the anodic process is certainly involved.

Passing now to a substantiation of this hypothesis in
terms of the structure of the materials as shown by our in-
vestigation, it is useful in the first place to remember that
a priori the “structural” effects induced by cold plastic de-
formation are dual: on the one hand, cold deformation pro-
duces preferred orientation of the crystal grains along the
deformation direction with the appearance of a fibrous tex-
ture and consequent anisotropy in the overvoltages; on the
other hand, it leads to an increase in the number of types,
an alteration in the distribution, and an increase in the den-
sity of lattice defects emerging on the electrode surface.
Hence the decreases in the hydrogen overvoltage that are
found for the deformed material, in dependence on the de-
formation degree and the orientation of the electrode surface
with respect to the deformation direction, could, a priori, be
derived from both these structural effects.

As has been observed above, the cold plastic deformation
of the materials by the application of a tensile stress has per-
mitted the first effect, i. e. that of preferred orientation of
the crystal grains, to be regarded as negligible. It is neverthe-
less significant in this connection to recall some of the previ-
ous results relating to the case of cold-drawing, in which the

material undoubtedly assumed a certain degree of fibrous
texture. As a matter of fact, X-ray investigations have indi-
cated (4) for drawn steel AISI 304 L a certain alignment of
the grains in the {111) direction, the direction to which the
highest values of the hydrogen overvoltage correspond, ac-
cording to measurements performed in this Institute on the
various faces of single-crystals of austenitic stainless alloy (7).
It may therefore be concluded that in any case the decrease
in the hydrogen overvoltage observed on the deformed ma-
terial (including material deformed by cold-drawing (4} )
must be ascribed to the increase in structural defects emerg-
ing on the electrode surface.

We must now examine this correlation from a quantita-
tive point of view and explain why anodic dissolution is not
affected by the state of high surface defectiveness brought
about by cold plastic deformation.

So far as concerns the first point, one may point out the
agreement (shown in particular for AISI 304 L) in the value
of the critical threshold of the influence of the degree of
work-hardening both as regards the corrosion rate (or the
hydrogen overvoltage) and the state of surface defectiveness,
and also the discrepancy that exists between the sequence
of increasing susceptibility of the various austenitic stainless
steels to the effect of deformation with respect to the cor-
rosion rate or the hydrogen overvoltage, i. e.

AISI 316 < AISI 304 < AISI 304 L

and, on the other hand, the sequence according to which,
for the same deformed materials, the density of the defor-
mation bands increases, i. e.

AISI 316 < AISI 304 L < AISI 304.

In our opinion, the inversion of the behaviour between
AISI 304 and 304 L must be ascribed not so much to a
quantitative question of densities of the deformation bands
but to a qualitatively different effect induced by the defor-
mation in the case of the AISI 304 L, i. e. to the phase trans-
formation of austenite to martensite (which is also shown by
our structural investigation). A confirmation and a more
complete delimitation of the validity of this hypothesis
could be derived from a broader study of the electrochemi-
cal behaviour (especially as concerns the hydrogen overvolt-
ages) of austenitic stainless steels containing controlled and
increasing quantities of martensite generated by tension at
room temperature (8). At the present time, however, in this
connection we may emphasize the importance of the influ-
ence exerted on the structural stability (or instability) of an
austenitic stainless steel, and hence on the extent of the mar-
tensitic transformation (with equal rates of deformation and
with the same nature of the deformation), by the composi-
tion of the steel itself, even within the range of a given type
(8). Consequently, a considerable lack of reproducibility of
the results for steels used technologically can be foreseen,

Going on to the other materials investigated, it may be
observed how the absence of deformation bands found on
the nickel even for high degrees of deformation (while the
effect of the deformation is shown in the distribution of
the dislocations, which are increased in number as well, ac-
cording to a cell structure) does in fact correlate with the
inconsiderable influence of the deformation degree on the
corrosion rate.

In the case of iron, the decoration of the dislocations ob-
served (for the present on non-work-hardened material) in-
dicates an important role played in the activation of the ca-
thodic process by possible precipitates (for example, ce-
mentite in a very finely divided form) or by interstitial
atoms (for example, carbon and/or nitrogen atoms) locali-
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zed in correspondence with the disiocations*). The litera-
ture contains extensive documentation on the decrease in
the hydrogen overvoltage on passing from iron to cementite
(9), or from highest-purity iron (zone-refined, C < 0.001%)
to iron in which 0.025% of carbon is present®**) (10).

Discussing the more strictly structural aspects, it can be
seen that the results of the comparative electron microscope
examination of the nature, density, and distribution of the
lattice defects for the various materials considered both in
the “‘as recejved” state®***), and in the deformed state***%*)
are not only in accord with the values reported in the litera-
ture for stacking fault energies (some 20 ergs/cm? for an
18—8 stainless steel and 150300 ergs/cm? for nickel, both
with an fcc lattice, while for iron, with a bcc lattice, this en-
ergy is still higher (11) but they also indicate, within the
three types of austenitic stainless steel, an increase in the
stacking fault energy in the sequence:

AISI 304 < AISI 304 L < AISI 316%).

As a matter of fact, in the case of low stacking fault ener-
gies cold plastic deformation leads to the appearance of
bands corresponding, for example, to a concentration of dis-
locations in the slip planes or to deformation twins formed
through a sequence of stacking faults in successive planes
and therefore associated with restricted slip, while when the
stacking fault energy is high one arrives at a cell structure
through cross slip processes of the screw dislocations (and
perhaps also climb processes of the edge dislocations) (12).

The described situation is also in harmony with the cor-
relation proposed by various authors (13) between the stack-
ing fault energy and the presence of restricted slip or cross
slip and the susceptibility to stress corrosion of metallic ma-
terials with an fcc lattice, in the sense that those materials
characterized by a high density of stacking faults, i. e. with
a correspondingly low stacking fault energy and therefore
with restricted slip, are subjected to this form of corrosion.

Passing now to the correlation between the structural ef-
fects of cold plastic deformation and anodic behaviour in
the active region, the results obtained enable us to state that,
for the materials considered”®), any influence of even a high
degree of surface defectiveness is substantially masked by
their electrochemical ““inertia”’. In other words in the “inert”
metals according to Piontelli’s classification (14) the struc-
tural factors on atomic and molecular scale, and therefore
the nature of the bonds which, on the basis of the particular
electronic configuration of these metals (incomplete electron
subshells) bind the ions to be exchanged with the solution,
appear to overcome the structural factors on the lattice
scale, i. . the nature, distribution, and density of the lattice

*) See Foroulis in ref, (1).

#%)  See the footnote ™) on this page

**x)  Stacking faults, which decrease in density from AISI 304 to
304 L; absence of this type of defect in steel AISI 316, nickel
and iron, absence to which a tendency of the dislocations to
become grouped into cells is opposed in the case of the nickel.

#xxx) Deformation bands also consisting of deformation twins, the
density of which decreases from AISI 304 to 304 L and 316,
with corresponding superposition of a cell structure, which
is the only one that exists in the case of nickel.

X) This increase can be related to the rise in the nickel content on
passing from steel AISI 304 to 304 L and 316 (see Table 2 and
Swann in ref. (13), in spite of the decrease in the stacking fault

energy caused by the molibdenum addition in steel AISI 316 (see

the first and second paper in ref, (13) ).

XX)

With the exception of iron, in which case the difficulties of exam-
ination in an electron-microscope for the present preclude any at- ++++)

tempt at explaining on a microstructural basis the decrease in the
anodic overvoltage observed at higher degrees of work-hardening.
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defects emerging on the electrode surface and the crystallo-
graphic orientation. It is appropriate to mention in this con-
nection how the extensive research work performed at this
Institute on the electrochemical behaviour of metal single-
crystals with oriented surface (15) shows that, in the case of
the ““inert” metals, the influence of crystallographic orien-
tation on the ion-exchange overvoltage is slight or negligible,
while on the corresponding hydrogen overvoltages it is high-
er. It therefore seems possible to conclude that an influence
of the structural factors on the lattice scale mentioned above
can be shown only on the process of hydrogen evolution, for
which the “inert” metals, because of their very nature, al-
ready appear as “activators”*).

What has been said with reference to pure metals may be
regarded as also referring to the alloys that we have consid-
ered, as is confirmed by the very small variations in the lat-
tice parameters on passing from the former to the latter**),
or even directly be the values of the kinetic €lectrochemical
parameters given in the literature***),

The conclusions drawn concerning the correlation between
structural effects of cold plastic deformation and anodic be-
haviour in the active region obviously relate to our working
conditions in which the samples were first deformed and sub-
sequently subjected to the electrochemical measurements,
during the performance of which the state of surface defec-
tiveness could therefore remain constant. In contrast, the
conditions in which the deformation is applied with a con-
stant rate of increase up to the fracture of the test-piece si-
multaneously with the performance of the electrochemical
measurements****} (conditions under which the dislocations
multiply and move during the measurements until they ap-
pear on the anode surface, with a consequent continuous
increase in the state of defectiveness of the surface) are rad-
ically different. Nevertheless, it seems to us that, taken as
a whole, the results of our electrochemical measurements
and microstructural investigations can support those authors
who advocate a reconsideration of the role of hydrogen evo-
lution in stress corrosion cracking even in the case of some
austenitic stainless steels (18).

The influence of the degree of work-hardening on the
anodic behaviour of the materials considered outside the ac-

+) Apart from the possible causes of heterogeneity brought into
play by the process of deformation, such as precipitation of
new phases, phase transformations, segregation of impurities,
local variations in surface chemical composition due to the
appearance of segregates on the surface, etc., with the possible
formation of more active anodic areas.

++)  For example, for the alloy with the composition Fe 71%, Cr

15%, Ni 14%, C ~ 100 ppm, single-crystals of which (fcc)

have been prepared in this Institute, we have a = 3.57 A,

as compared with a = 3.564 A for y-Fe.

For example, Greene and Saltzman (1) report the following

values of exchange current density at 25 °C for a carbon steel

(C 0.08%):

ioFe= 0.0015 pA/em?, igpy,= 0.43 pA/em?.

According to the results of Bockris and Drazic (10), on passing
from zone-refined iron (C < 0.001%, total impurities <<0.01%),
to iron containing 0.025 % of C (total impurities 0.2 %) the
metal ion-exchange current density at 25 °C remains practically
unchanged: ipe ~0.02 u.A/cml, while for the hydrogen evo-
lution process there is an increase in ioH, from 0.8 to 8 ,U.A/cm2.

+H)

For the above-mentioned alloy with the composition Fe 71%,
Cr 15%, Ni 14%, C ~ 100 ppm, Peraldo Bicelli and Romagnani
(17)report the values igh,, = 0.87—4.2 HA/cm?.

See, for example, the investigations of Hogr and his co-workers
and of other authors cited in (2) on the so-called “mechano-
electrochemical effect’; see also Hoar in (13).
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tive region is in agreement with the results of other au-
thors*).

In the case of iron the influence of the position of the
electrode surface in the solution and the particular shape
of the anodic polarization curves beyond the active region,
suggest the presence of an initial ““sulphation” process which
involves formation of a supersaturated solution leading to
crystallization of ferrous sulphates**) in form of a porous
layer (20), with subsequent true passivation at mozre noble
values of the electrode potential***), owing to formation of
more protective films of oxides or hydroxides of the me-
tallic form of higher valence, The difference in shape *)
between the two curves relating to the two positions of the
electrode surface (horizontal facing upwards and vertical) is
then due to stratification of the corrosion products on the
electrode, which is easier in the first position, with a conse-
quent more effective initial covering.

On the other hand, in the case of nickel the shape of the
polarization curves with the appearance of a pseudo-passiva-
tion peak, according to several other authors (21) suggests
the presence of a first stage of pseudo-passivation, owing to
electrochemical formation of a porous non-protective film
of NiO, followed by a stage of true passivation at more no-
ble values of the electrode potential, owing to formation of
protective films of oxides of the metallic forms of higher
valence. Contrary to all expectation, the passivating films
formed on work-hardened material (at higher potential val-
ues and therefore with greater difficulty, especially for the
L surfaces) are more protective than the ones formed on
“as received” material, as indicated by the passive currents
which are smaller in the former case, in spite of larger width
of the passive region in the latter.

A final point to be discussed relates to the effect of varia-
tions in surface chemical composition on the course of the
corrosion phenomena of the materials studied before the
achievement of steady conditions, effect that can already be
deduced from the decrease in time shown by the corrosion
rate in the active region in the case of nickel and AISI 304
and 304 L, but which is shown most strikingly in the ano-
malous curves of the corrosion rate vs. time in the case of
the AISI 316 (T and 45 °I surfaces).

In our opinion the principle of the surface enrichment
in the most noble element, which is at the basis of the theo-
ry of the anodic dissolution of homogeneous alloys (22),
must be connected (and this also for understanding the be-
haviour of the AISI 316) with the consideration that even
in the initial condition it is possible that the surface concen-
trations of alloy elements present in small amounts or of
impurities are greatly superior to the corresponding bulk con-
centrations following the thermal or mechanical treatments

" that the material hasundergone. For example, for an AISI316
rolled into sheets with a thickness of 1.25 mm a surface con-
centration of molybdenum of the order of 14%, as com-
pared with a bulk value of 1.95%, has been found by Auger
electron spectroscopy (23)>). The play in the changes of sur-
face chemical composition during the anodic dissolution of
AISI 316 (deformed cold and/or hot), which is capable of
observable effect on the electrochemical behaviour of the
steel and, in addition, is dependent on the deformation de-

*) See France in (1) for rimmed steel AISI type 1008 and Di
Bari and Petrocelli (19) for nickel.

**)  Crystallization which, in the case of the iron work-hardened

to the maximum extent, begins at slightly less noble poten-

tials because of the lower value of the anodic overvoltage.

In the range from -100 to 0 mV vs. SSE. )

] Before the range of potentials mentioned above (-100 to 0
mV vs. SSE).

Xy Similarly, for an AISI 304 containing 0.45% of molybdenum the

surface concentration was found to be 3%.

***)

gree and the orientation of the exposed relative to the de-
formation direction, may therefore also be due to a consi-
derable extent to such an element, (i. e. molybdenum), be-
sides, of course, to chromium, nickel and iron.

It is obvious that only further direct and indirect obser-
vations can contribute to the elucidation of these last points.

(Eingegangen: 16. 11. 1973)
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Anodische Polarisationskurven von Messinglegierungen

in Ammoniumchloridlosungen

Von R. Bartonitek

G. V. Akimov, Staatliches Forschungsinstitut fiir Materialschutz, Prag

Die anodische Auflosung von Messinglegierungen ist be-
reits mehrfach untersucht worden (1—8). Das Verhalten ei-
ner Legierung ist abhéngig von ihrer Zusammensetzung, wo-
bei sich kupferreiche Legierung dhnlich wie Kupfer verhal-
ten. In Chloridldsungen, in denen eine Schicht festen Kup-
ferchlorids entsteht, verschiebt sich das Potential des Be-
ginns der anodischen Aufldsung der Legierung mit deren ab-
nehmendem Kupfergehalt zu negativen Werten. Aber das
Potential der Passivierung erhdht sich, und gleichzeitig da-
mit nimmt auch der fiir die Passivierung erforderliche Strom
zu (2, 4). Die Beziehung zwischen diesen Werten und der
Zusammensetzung der Legierung und ihrer Struktur ist je-
doch bis jetzt noch nicht geklirt worden.

Experimenteller Teil

Fiir die Messungen wurden Proben gegossener Messing-
legierungen verwendet, die aus Elektrolytkupfer und Zink
(Eisengehalt unter 0,01%, Manganspuren) hergestellt wor- -
den waren. Die gegossenen Proben wurden wirmebehandelt,
dann in Giefharz eingebettet, so da} Elektroden mit einer
Oberfliche von 0,3 cm? erhalten wurden. Angaben iiber
Kupfergehalt, Wirmebehandlung und Struktur der Proben
zeigt die nachstehende Tabelle.

Alle Proben hatten grobes Korn. Ihre Oberfliche wurde
mit feinem Korund (K&rnung 600) geschliffen, in Benzol
und Athanol gereinigt und nach Verdunsten der Lisungs-
mittel in den mit Argon gesittigten Elektrolyten getaucht.

Der Elektrolyt wurde aus zweifach destilliertem Wasser -
und chemisch reinen Chemikalien hergestellt. Die Priiflosung
wurde auf 25 °C £ 0,1 °C gehalten und hatte zur vertikal an-
gebrachten Kupferfliche freien Zutritt.

Die potentiodynamische Polarisation wurde mit einem
elektronischen Potentiostaten Type SVUOM Ple-05%) mit

*) SVUOM - Staatl. Forschungsinstitut fir Materialschutz.
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Kupfer- Wirme-

Bezeichnung gehalt behandlung Struktur
%
1 2 3 4
Cu 99,99 rekristallisierte
Struktur
Cu87Zn13 87,1 800°C,1h/ «
Cu79Zn21 79,4 luft- «
Cu69Zn31 69,4 gekiihlt a
Cu62Zn38 62,1 o geringe Menge f§
Cu54Zn46 53,9 B
Cud49Zns51 494 f mit fein ausgeschie-
dener 7y-Phase in
Kormnern
Cu40Zn60 40,5 700 °C, 11/
Cu30Zn70 304 luft- 7 und darin abgeschie-
gekiihit dene ¢-Phase
Cu26Zn74 26,4 . ¥ und darin eine
grofere Menge
€-Phase abgeschie-
den
Cu8Zn92 8,3 350 °C €und darin dendri-
1 hfluft- tisch abgeschiedene
gekiihlt N-Phase
Zn 99,9 rekristallisierte Struktur

Sigezahngenerator Type SVUOM G-01 vorgenommen, bei
dem die Geschwindigkeit des linearen Anstiegs der Polari-
sationsspannung eingestellt werden konnte und eine rever-
sible Polarisation bei jedem beliebigen Potential méglich ist.
Das Potential wurde gegen eine gesittigte Kalomelelekirode
gemessen, die mit der Losung durch eine mit gesdttigter Ka-
liumchloridlésung gefiillte elektrodische Briicke verbunden
war. Im Text und auf den Abbildungen sind die Potentiale
in der Wasserstoffskala angefiihrt. Der Strom wurde mit ei-.
nem Milliamperemeter (Type Vareg) gemessen. Aufgezeich-





