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ABSTRACT 

The present  inves t iga t ion  forms pa r t  of a sys temat ic  s tudy about  the  in-  
fluence of cold p las t ic  deformat ion  on the  electrochemical  and corrosion b e -  
hav ior  of meta l l ic  mater ials ,  wi th  the  aim of de te rmining  and e luc ida t ing  such 
aspects of the i r  behavior  and corre la t ing them wi th  the  micros t ruc tura l  effects 
of the  deformat ion,  these being analyzed  by  meta l lographic  and x - r a y  tech-  
niques and by  t ransmiss ion e lec t ron microscopy.  In this respect,  the  influence 
of cold plast ic  deformat ion  on the e lectrochemical  and corrosion behavior  of 
two stainless steels (AISI  304 L and 316 L) in different  aggressive media  (wi th  
and wi thout  chlor ide ions) has been s tudied wi th  reference  to the fol lowing 
points:  (i) de format ion  type,  i.e., tensi le  stress, cold drawing,  or cold roll ing,  
and  conditions, i.e., at  room t empera tu r e  and at  --196~ (ii) re la t ive  or ien ta -  
t ion of the  exposed surface wi th  the deformat ion  direction,  i.e., para l l e l  and  
perpendicu la r ;  (iii) texture ,  defects, and mar tens i t e  t ransformat ion.  

t ion of these mate r ia l s  which are  of ten used in  the 
w o r k - h a r d e n e d  state. The corre la t ion  be tween  the  elec-  
t rochemical  behavior  and the  s t ruc tura l  effects p ro -  
duced by  cold plast ic  deformat ion,  i.e., texture ,  surface 

Fig. 1. Test cell (cross section) 

The s tudy  of the  influence of cold plast ic  de fo rma-  
t ion on the e lect rochemical  and corrosion behavior  of 
austenit ic  s tainless steels was carr ied  out in our  In -  
s t i tu te  main ly  because of  the  need for  a sys temat ic  
collection of da ta  as a basis for a more  re l iab le  u t i l iza-  
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Fig. 2. Cathodic polarization curves for hydrogen evolution on 
AISI 304 L steel in deaerated 1M H2SO4 solution at 25~ for 
different values of the deformation degree (indicated as a per- 
centage). Deformation by rolling at both room and liquid N2 
temperature; long transversal (TL) section. Potential values are 
relative to a stonrdard mercury sulfate electrode (SSE). 
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Table I. Chemical composition and some structure characteristics of the studied stainless steels 
(in the as-received state, i.e., after solution heat-treatment) 

Austenit ic  
s tainless  

s tee l  

ASTM mi- 
crograin 

Subsequent Weight percent composition size Md3O �9 Ms b 5-s 
cold working C Si Mn P S Cr Ni Mo N number (~ (~ (%) 

Dislocation 
density 

( 10 ~ c m / c m  8) 

Tens ion  0.025 0.45 1.39 0.023 0,021 18,60 8.75 0,50 0.036 6 + 6.5 +22 < - 1 9 6  0.1 + 0.2 
AISI  304 L Roll ing 0.020 0.41 1.40 0.032 0.013 16.10 10.30 0.32 0.038 4 + 4.5 + 18 <- -196  0 

Tens ion  0.022 0.43 1.51 0.033 0.023 16.80 10.65 2.90 0.033 5 14 < - 1 9 6  0 
AISI  316 L D r a w i n g  0.023 0.40 1.45 0.034 0.023 16.60 10.90 3.00 0,037 5.5 --17 < - -196  0 

Roll ing 0.026 0.41 1,24 0,008 0.011 16.10 10.90 2.20 0.034 4 § 4.5 +7 < - 1 9 6  0 

�9 Md~o = t e m p e r a t u r e  a t  wh ich  50% of martensite is formed in tension a f t e r  a t r u e  s t ra in  of 0.30 [ca lcula ted  Ref. (3) ]. 
b Ms = m a r t e n s i t e  starting temperature. 

1.30 ----- 0.63 
0.96 ~ 0,21 
1,17 --+ 0.65 
1.02 "4- 0.28 
1.59 "~-- 0.76 

defectiveness, phase transitions, is undoubtedly im- 
portant from a basic standpoint as well. 

For each material in every state of cold work the 
main aspects of the electrochemical and corrosion be- 
havior are delineated by the corrosion rates vs. time 
curves (determined, for example, by the Stern-Geary 
method), by the polarization curves of anodic dissolu- 
tion and cathodic hydrogen evolution, and by the pas- 
sivation and passivity parameters. Each state of cold 
work is characterized by the type of the deformation 
process and by the rate, temperature and degree of the 
deformation itself. The effect of the orientation of the 
specimen surface under study with respect to the 
deformation direction must be taken into account as 
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Fig. 3. Cathodic polarization curves for hydrogen evolution on 

AISI 316 L steel in deaerated ] M  H2S04 solution at  25~ for dif- 
ferent values of the deformation degree (indicated as a per- 
centage). DeformoHon by roll ing at  both ream and liquid N2 tem- 
perature; long transversal (TL) section. Potential values are 
relative to SSE. 

well. The development lines of our research and the 
principal results successively obtained are explained 
below (1). 

Regarding the phenomenological aspects of the elec- 
trochemical and corrosion behavior in deaerated sul- 
furic acid solution of the austenitic stainless steels 
AISI 304 L, 304, and 316 deformed by application of a 
tensile stress (AISI 304 L steel was deformed also by 
cold drawing), the following points came to light. 

(i) The cold working of the material leads to an in- 
crease in the generalized and uniform corrosion rate 
in the active region. This influence was observed on 
the surfaces orientated perpendicularly or at 45 ~ to 
the deformation direction, above a critical threshold 
of the deformation degree of roughly 15% for all the 
steels studied. The susceptibility to the effect of the 
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Fig. 4. Potentiodynarnie (30 mV/min) anodic polarization curves 
of AISI 304 L steel in deaerated 1M H2SO4 solution ot 25~ for 
different values of the deformation degree (indicated as a per- 
centage). Deformation by rolling at both room and liquid N2 
temperature; long transversal (TL) section. Potential values are 
relative to SSE. 
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cold working increases in  the sequence AISI 316 < 
AISI 304 < AISI  304 L. 

(ii) A decrease in  the overvoltage of the cathodic 
hydrogen evolut ion always corresponds to an  increase 
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Fig. 5. Potentiodynamic (25 mV/min) anodlc polarization curves 
of AISI 304 L steel in deaerafed 0.1M HCI solution at 25~ for 
different values of the deformation degree (indicated as a per- 
centage). Deformation by tension at both room and liquid N2 
temperature; transversal (T) section. Potential values are relative 
to SSE. 
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Fig. 6. Pofentiodynamlc (25 mV/min) anodic polarization curves 
of AISI 304 L steel in deaerafed 0.|M HCI solution at 25~ for 
different va{ues of the deformation degree (indicated as a per- 
centage). Deformation by tension at both room and liquid N2 
temperature; longitudinal (L) section. Potential values are relative 
to SSE. 
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Fig. 7. Critical pitting potential of AISI 316 L steel in the arti- 
flcial physiological solution of the composition given below, as a 
function of the deformation degree and the orientation of the 
exposed surface to the deformation direction, for the different 
types of cold working (at room temperature). Solution of 8.74 
g/liter NaCI, 0.35 g/liter NaHCO~, 0.06 g/liter Na.2HPO4, 0.06 
g/liter NaH2PO4, pH 7, in atmosphere of N~ gas, at 38~ L, T, 
Ts, and TL correspond to longitudinal, transversal, short or long 
transversal sections, respectively. Potential values are relative to 
SSE. 

in  the corrosion rate with the deformation degree, 
whereas the anodic behavior in  the active region of 
the considered materials is not appreciably affected. 

(iii) Extending the invest igat ion beyond the active 
region, a larger  work hardening  of the mater ia l  results 
in an unfavorable  effect, which is enhanced by the 
addition of chlorides, on the formation of the passivat-  
ing films and sometimes on their protective character-  
istics as well. The surfaces paral lel  to the deformation 
direction general ly exhibit  a more stable passivity. 

Regarding the s t ructural  effect of the cold plastic 
deformation, i.e,, texture, surface defectiveness, phase 
transitions, to which the decreases in  the hydrogen 
overvoltage (and the corresponding increases in  the 
corrosion rate)  can be ascribed, the following points 
may be underl ined.  

(i) In the case of deformation by application of a 
tensile stress, the preferred orientat ion of the crystal 
grains is negligible. On the other hand, the drawn steel 
AISI  304 L assumes a certain degree of fibrous texture  
in the [111] direction. The measurements  performed in  
our Inst i tute  on the various faces of single crystals of 
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Fig. 8. Critical pitting potential of AISI 316 L steel in the arti- 
ficial physiological solution of the composition given in Fig. 7 as a 
function of the deformation degree and the orientation of the 
exposed surface to the deformation direction. Deformation by 
tension at both room and liquid N9 temperature. Potential values 
are relative to SSE. 
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Fig. 9. Critical pitting potential of AISI 304 L steel in the 
artificial physiological solution of the composition given in Fig. 7 
as a function of the deformation degree and the orientation of the 
exposed surface to the deformation direction. Deformation by 
tension at both room and liquid N2 temperature. Potential values 
are relative to SSE. 
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t ransformation of austenite  to martensi te  as a con- 
sequence of the deformation itself was detected. 

The inversion noted be tween the AISI 304 and AISI 
304 L in  the relationship between the "structure" 
(density of the deformation bands higher in  the AISI 
304) and the electrochemical and corrosion behavior 
(susceptibility to the effect of cold plastic deformation 
higher for AISI 304 L) must, in our opinion, be ascribed 
to the presence of d -mar tens i t e  in  the AISI 304 L. 
The research subsequent ly  developed toward isolating 
the effect exerted on the electrochemical and corro- 
sion behavior of the AISI 304 L and 316 L steels by the 
phase t ransformat ion of austenite  to martensi te  from 
the one due to the presence of defects. 

The choice of these steels was determined not only 
by their intr insic s t ructural  instabi l i ty  which makes 
them par t icular ly  suitable for the purpose, but  also 
by their  importance in technologically advanced fields. 
In  particular,  the AISI 316 L is practically insusceptible 
to in te rgranular  corrosion and is resistant to pit t ing;  its 
behavior in  the work-hardened  state is especially in-  
teresting in view of its application as a mater ial  for 
surgical plants in the h u m a n  body. 

Experimental  
In order to separate and compare the effect of both 

the martensi te  and that  due to the defects, cold plastic 
deformation of the AISI 304 L and 316 L steels 2 was 
carried out by either tension, drawing, or rol l ing at 
room tempera ture  as well as at l iquid ni t rogen tem- 
perature  (--196~ so as to obtain significant amounts  
of martensite.  

Details of the material  working schedule (solution 
heat- t reatment ,  deformation, 3 cutting, surface prepara-  
t ion),  of the microstructural  analysis, and of the 
electrochemical exper imental  techniques, polarization 
cell, and electrode assembly have already been de-  
scribed elsewhere (1, 4). 

Cathodic polarization curves relat ive to the hydro-  
gen evolution on the considered steels were recorded 

Chemical composit ions  and some structure  characterist ics  of 
the considered steels are given in Table  I. 

3 Reductions in the cross-sectional  area w e r e  a lways  adopted to 
express  the deformat ion  degree .  

austenitic stainless alloy have shown, moreover, that 
the highest hydrogen overvoltage values correspond 
exactly to this direction (2). 

The cold plastic deformation which, as already seen, 
causes the hydrogen overvoltage to decrease must  
therefore act through the other s t ructural  effects (that 
is, through the increase in  s t ructural  defects emerging 
on the specimen surface and /or  the occurrence of phase 
t ransi t ions) .  

(it) The density of the s t ructural  defects does not 
increase progressively with the deformation degree, 
but  shows a steep rise for a deformation value of about 
15%. Above this value, the density of the observed de- 
formation bands increases according to the sequence 
AISI 316 < AISI 304 L < AISI 304. It was found that 
these bands are also composed of deformation twins, 
while in the case of the strongly deformed steel 304 L 
the presence of d -mar t ens i t e  generated by the phase 

Fig. 10. Vickers hardness of AISI 304 I_ and 316 L steels as a 
function of the deformation degree and the orientation of the 
specimen surface to the deformation direction. Deformation by 
rolling at both room and liquid N2 temperature. 
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Fig. 11. Deformation twins in AISI 316 L steel deformed 15% by 
tensile stress at room temperature: (a) brightJield image; (b) elec- 
tron diffraction pattern, [101]~, zone axis; (c) dark-field image 
obtained by 020 ~,-twin reflection. 

in a 1M H2SO4 solution, deaerated and st irred by cir-  
culation of N2 gas, at a t empera tu re  of 25~ Anodic 
polarizat ion curves were  recorded in both a 1M H2SO4 
and a 0.1M HC1 (5) solution in an a tmosphere  of N2 
gas at 25~ 

Crit ical  pi t t ing potentials  of the considered steels 4 
were  de termined  in an artificial "physiological" solu- 

4 A passivation pretreatment  was  carried out  by  dipping the  
spec imens  in 30% HNO~ solut ion at 55~ for  30 rain. 

Fig. 12. e-hexagonal martensite bands in AISI 304 L steel de- 
formed 15% by tensile stress at room temperature: (a) bright-field 
image; (b) electron diffraction pattern, [011]~, and [101lie zone 
axes; (c) dark-field image obtained by 10il e-reflection. 

tion, s imulat ing the aggressiveness of the human body, 
of the fol lowing composition: 8.74 g / l i t e r  NaC1, 0.35 
g / l i t e r  NaHCO3, 0.06 g / l i t e r  Na2HPO4, 0.06 g / l i t e r  
NaH2PO4, pH 7, in a tmosphere  of N2 gas, at 38~ (4). 
These measurements  were  performed by applying the 
"scratching" technique introduced by Pessall  and Liu 
(6). The electrode potential  was mainta ined constant 
with the potentiostat  at a selected value below the e x -  
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Fig. 13. e'-cubic martensite 
plates in deformation twins in 
AISI 304 L steel deformed 15% 
by tensile stress at room tempera- 
ture: (a) bright-field image; (b) 
electron diffraction pattern, 
[~1]~  and [411] "y-twin zone 
axes; (c) dark-field image ob- 
tained by 131 ~,-twin reflection; 
(d) dark-field image obtained by 
112 a'-reflection. 

pected pit t ing potential  and then the specimen surface 
was scratched with a tungsten  point (Fig. 1). The cur-  
ren t / t ime  relationship was recorded for a few minutes  
unt i l  the specimen repassivated. This procedure was 
continued with the electrode potential  adjusted by 25 
mV steps to more and more noble values, unt i l  the 
scratch failed to repassivate, a failure which was in-  
dicated by a gradual  current  rise in time; the presence 
of Pits developed at the scratched site was verified 
microscopically. The electrode potentials were always 
referred to the Hg, Hg2SO4/K2SO4 (saturated) elec- 
trode (SSE) whose potential  relat ive to the s tandard 
hydrogen electrode at 25~ is +642 inV. 

ResMts and Discussion 
Some results of the electrochemical measurements 

are given in Fig. 2 to 9. The lowering effect on the hy- 
drogen overvoltage produced by increasing the de- 
formation degree is higher when the cold working of 
the considered steels is carried out at the liquid nitro- 
gen temperature; at room temperature the influence of 
the cold plastic deformation is much more notable for 
the AISI 304 L than for the AISI 316 L steel (Fig. 2 
and 3). 

On the anodic side, the change from sulfuric acid 
(Fig. 4) to hydrochloric acid (Fig. 5 and 6) solution 
magnifies the unfavorable effects of the degree of 
work hardening on the occurrence of the passivation 
phenomena and on the protective characteristics of the 
passivating films to an extent which depends on the 
orientation of the specimen surface with respect to the 
deformation direction and on the temperature at which 
the cold plastic deformation is carried out. 

All the types of cold plastic deformation by either 
tension, drawing, or rolling--cause the critical pitting 
potential of the considered steels to diminish as shown 
in Fig. 7-9. Again, a considerable anisotropy of this 
property was observed; for example, for the rolling the 
critical pitting potential decreases, the degree of work 
hardening remaining unchanged, from the longitudinal 
(L) section to the short transversal (Ts) one and from 
the latter to the long transversal (TL) section. An 
influence of the cold working temperature again came 
to light (Fig. 8). For the AISI 304 L steel (Fig. 9) the 
susceptibility to the pitting corrosion is greater (as is 
well known), but it appears to be less affected by the 
deformation degree than for the AISI 316 L steel. 

The relationship between the previously described 
aspects of the electrochemical behavior of the con- 
sidered steels and the structural effects of the cold 
plastic deformation would need a complete, systematic, 
and quantitative study of these latter, whereas only 
some qualitative "flashes" will be shown here. All the 
same, we think they are already sufficiently meaningful. 

First of all, a general idea of the work-hardening 
effects of the materials is given by the Vickers hardness 
diagrams of the type in Fig. i0, which, at least in the 
case of cold rolling at the liquid nitrogen tempera- 
ture, exhibits an anisotropy of this property. 

Investigations by transmission electron microscopy, 
electron diffraction, and x-ray diffraction enabled us to 
get a qualitative picture of the structure of the AISI 
304 L and 316 L steels deformed by tension at both 
room and liquid nitrogen temperature. This picture 
includes dislocations density, presence and nature of 
the deformation bands [i.e., deformation twins (Fig. 
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Table IL Results of the observation under the electron microscope of AISI 304 L and 316 L 
steels deformed by tensile stress 

Dislo- 
Austenitie Deformation cations Bands nature 
stainless Degree density Deformation e-mar- 
steel Temperature (%) (cm/em s) bands Twins tensite a'-martensite  Austeni te  

AISI 304 L Room temper-  
ature  

Liquid N2 tem- 
perature  

AISI 316 L Room temper- 
ature 

Liquid N2 tem- 
perature  

0 1.3 x 18= No 
10 ~1.5 x i0 m Few 

15 >2 x I0 Io Medium quantity 
30 :>2 x I0 ~~ Many 

9 ~ Many 

13 ~ Largely prevai l ing 
19 ~ Scarcely  discernible  
0 1.17 • I0 ~ No 
10 --~1 x 10 ~o Probably not pres- 
15 ~2 x 10 m ent 

Few 
30 ~>2 x I0 ~o Medium quantity 

9 ~ Many 

13 ~ Prevailing 
19 ~ Yet discernible 

No No No ~I00% 
Yes Not ob- No ~I00% 

served 
Yes Yes Little Largely prevail- 

ing 
Yes Not oh- Medium amount Prevailing 

served 
Yes Not oh- Much Much 

served 
-- -- Very much Little 
-- -- Largely prevail- Not observed 

ing 
No No No 100% 
No No No 100% 
Yes Not ob- No 2100% 

served 
Yes Not ob- Not observed Largely prevail- 

served ing 
Not ob- Yes Medium amount  Prevailing 

served  
- -  ~ Much Medium amount  
--  -- Prevailing Little 

Table IlL Qualitative results of the x-ray diffraction measurements 
for AISI 304 L and 316 L steels deformed by tensile stress 

Deformat ion  
Degree  

Temperature  ( % ) 

AISI 304 L AISI  316 L 

(lll)v (ll0)a. (10~l)e (lll)v (ll0)a' (10fl)t 

10 
Room temper- 15 

ature 30 
9 

Liquid N~ tem. 13 
perature 19 

S VW w S ~ 
S VW w S ~ 
S W S ~ 
S W+M VW S W VW 
M M VW M + S W VW 
W M + S VW M M VW 

s = strong; M = medium; W = weak; VW = very weak. 

11), e-hexagonal  mar tens i te  (Fig. 12), or slip bands 
which cannot be morphological ly  dist inguished f rom 
each other],  presence of a ' -cubic mar tens i te  (Fig. 13), 
and residual austenite. The results are summarized in 
Tables II and III. 

In the case of deformat ion at room temperature ,  the 
behavior  of the considered steels is qui te  different;  the 
dislocations density as wel l  as the density of the de-  
format ion bands is always h igher  in the AISI  304 L 
than  in the 316 L steel. Moreover,  in the s t rongly de- 
formed 304 L steel, d -mar t ens i t e  is present  in amounts  
increasing with  the deformat ion  degree, whereas  the 
316 L steel does not exhibit  any phase transi t ion even 
in the state of m a x i m u m  deformat ion  (in accordance 
with  the Mds0 values g iven in Table  I).  

In the  case of deformat ion  at the l iquid ni t rogen 
temperature ,  the behavior  of the considered steels be-  
comes essentially the same for both of them in that  the 
phase t ransi t ion of austeni te  to mar tens i te  is always 
notable or even prevai l ing;  never theless  a greater  
s t ructura l  instabil i ty of the AISI  304 L steel compared 
with  the 316 L is confirmed. 

Much more research work  must  be carr ied out on the 
s t ructural  aspects, also as regards the spatial dis tr ibu-  
tion and orientat ion of the formed mar tens i te  and the 
influence on the passivat ing films, in  order  to explaih 

the previously described anisotropy effects on the 
electrochemical  behavior  of the deformed steels. 

Manuscript  submit ted Feb. 17, 1976; revised manu-  
script received March 31, 1976. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1977 JOURNAL. 
All discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs o] this article were assisted by the 
Politecnico di Milano. 
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