JOURNAL OF MATERIALS SCIENCE 14 (1979) 22052214

Indirect detection of grain-boundary segregation
of carbon in iron- chromium alloys ( Cr 10%) by

electrochemical study
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Centre d’Orsay, 91405 Orsay Cedex, France

The electrochemical behaviour of ferritic iron—chromium alloys is strongly dependent on
the quantity (even in trace amounts), the localization in the microstructure and the
chemical state of impurities. By comparing the direct and reverse anodic curves of alloys
with different microstructures, it is possible to distinguish the respective influences of
carbon segregation and carbide precipitation on the formation and the destruction of
passive film. Reciprocally, in some cases, the anodic curves can be used to detect micro
segregations at grain boundaries whereas no microanalysis can yet achieve this. This
possibility is very interesting because many properties of alloys are largely determined

by the presence of grain-boundary segregation without precipitation.

1. Introduction

In his recent assessment of investigative techniques
of segregation Hondros pointed out the import-
ance of electrochemical properties of interfaces
compared with those of the bulk [1]. The aim of
this paper is to show an example of the possible
electrochemical approach of grain-boundary seg-
regation and to assess the advantages of proceeding
further in this direction. It is based on a better
understanding of the relation between the micro-
structure and the anodic polarization curves of
alloys.

2. Experimental procedures

2.1. Materials

The materials studied were iron—chromium alloys
with chromium contents less than 12% containing
traces of impurities, especially carbon and nitro-
gen. They were subjected to different heat-
treatments, in order to obtain variations in the
distribution of interstitials:

(1) the samples were annealed at 1200°C and
then quenched; under these circumstances, carbon
and nitrogen are completely in solid solution in
the ferrite;

(2) some of the previous alloys were strongly
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cold-worked, then recrystallized at 780°C for 3
days. This temperature was chosen because it is
situated in the high part of the « region of the
equilibrium diagram (Fig. 1} and it is likely to
obtain a well equilibrated ferrite structure. In this
ferrite, nitrogen is completely insoluble whereas
the solid solubility of Cis 15 ppm [2];

(3) the other alloys were annealed at 1000°C
and slowly cooled to room temperature. The
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Figure 1 Equilibrium diagram of iron—chromium alloys.
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ferrite obtained by the transformation 7y o
contains many precipitates surrounded by
depleted chromium areas.

For each chromium content and for each heat-
treatment, two degrees of purity of the alloys
were compared:

alloys E: %C <20 ppm
%N < 4ppm
alloys P: % C == 50 ppm
%N =2 50 ppm.

2.2. Potentiokinetic curves

The anodic curves of the alloys were determined
in 7N sulphuric acid with a polarization rate of
2VH?'. Before considering the electrochemical
behaviour of the alloys it is necessary to know that
of pure iron and pure chromium, which are quite
different.

For pure iron, three parts can be distinguished
on the anodic curve (Fig. 2a):

(1) active dissolution up to Eg; the Fe** ions
go into solution;

(2) pre-passivation between E¢ and Ey; a not
fully protective layer is formed on the surface.
Its nature depends on the electrolyte and on the
pH; it could be FeSO, and/or Fe(OH), [3,4];

(3) passivation then occurs: a really protective
amorphous layer is formed, seen by most electro-
chemists as the oxide Fe, 05 [5].

The behaviour of chromium is more simple.
The passive Cr, O3 film is formed directly, without
an intermediate state (Fig. 2b).
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It is well known that the passivation of the
alloys is improved as the chromium content
increases; inter alia, the pre-passivation stage
shortens. Initially, the alloys can be classified into
three groups:

0% < Cr<7.2%: the anodic behaviour is mostly
of the iron type. Thus the
pre-passivation stage presents
current oscillations character-
istic of FeSO, (Fig. 2a);
7.2<% Cr < 10%: the anodic curve presents two
peaks, Bl (activity peak) and
E2 (passivation peak) (Fig. 3);
the intensity of E, decreases
as the chromium content
increases;

the passivation is almost of
the chromium type.

Cr > 10%:

2.3. Complementary techniques
Simultaneous to the plotting of the anodic curves,
the following experiments were performed.

(1) Observation of the microstructure by
electron microscopy at 100 and 1000 kV. The
latter voltage was required because thicker foils
can more reliably be compared with the samples
used in the electrochemical study.

(2) Spectrographic analysis of carbon and
nitrogen.

(3) Microanalysis of chromium by STEM. The
spatial resolution can be evaluated at 500 A and
the level of detectability is about 0.5% Cr.
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Figure 2 Experimental anodic polarization curves: (a) of iron; (b) of chromium. Electrolyte 7N H,80,, V=2V h'.

2206



mA
1501

100}

? ngg‘r:’hw'qm'j','.fﬂ

-

m/SCE

7600 -500 -400 _ 250
<700

0 +100 +200

6.7 % Cr

mA

150+

100+

Ser

\__

mv/SCE

|
0!

i

‘ I R mv/SCE

0 e RS
=700 <Egp -500 -400 -300 -200-100 O +100.200 +300+400
-230
7.1% Cr

1 ma

i
150

\ my/SCE
. D _—

ol . AR R
_——600-500-400 -300 -200-100 0 +100 +200 +300
700 -240

7.3%Cr

600 -500 -400 300 -200-100 0 4100 +200 +300
700 -250

76 % Cr

Figure 3 Transition of iron type anodic behaviour to that of the chromium type for alloys containing from 6.7% to

7.6% Cr.

(4) Micromicrodiffraction by STEM to attempt
to detect microprecipitates.

(5) Observation by SEM or by TEM of replicas
of the etched surface of samples using a suitable
potential of attack.

(6) High-resolution autoradiography of *C to
obtain information on the localization of carbon
[6]. Before heat-treatment, about 20 ppm *C
were introduced into the sample by decomposition
of radioactive BaCO;. The surface was then coated
with a monogranular layer of a specific photo-
graphic emulsion sensitive to the § particles
emitted by the decay of *C. These experiments
were performed on thick samples with replicas, or
on thin foils. In the first case, the replica and the
photographic film were removed together from the
surface and observed in the electron microscope.
In the second case, the thin foils were first coated
with a collodion layer to avoid the interaction

between the photographic emulsion and the metal,
After developing, the microstructure displaying
carbon segregation could be observed much better
than previously.

The presence of carbon is established by the
observation of silver grains over the thin foil as a
result of the interaction of the 8 particles with the
photographic emulsion. The resolution, p, depends
on a geometrical parameter and on a photo-
graphical one. The latter is almost the same for
replica and thin foil but the geometrical resol-
ution is strongly enhanced in thin foil because the
range of § particles within the metal is shortened:
o = 1300 A.

Autoradiography on thin foil has better resol-
ution, but a statistical approach is necessary and
thus requires observation of replicas or, more
recently, autoradiography of the surface of thick
samples by SEM,
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3. Results and discussion

All the results are explained by considering three
basic notions: (1) the solid solubility of carbon
and nitrogen in alloys at the annealing temperature;
(2) the thermodynamic activity of chromium in
the ternary alloy Fe—Cr—C which is expected to
be strongly dependent on carbon content [7];
(3) the enrichment factor

_ Ccontent in the boundary
C content in the grain

The plan of the results is based on the metallur-
gical parameters which are classified into three
groups depending on their influence on the anodic
behaviour:

(1) difference in quantity of carbon (and/or
nitrogen) in solid solution in homogeneous alloys;

(2) grain-boundary segregation of carbon in
alloys which are still homogeneous in chromium;

(3) precipitation of carbides (and nitrides) sur-
rounded by depleted chromium areas.

3.1. Electrochemical behaviour of
homogeneous alloys

Whatever the purity E or P of the alloys, carbon
and nitrogen are completely in solid solution after
annealing the samples at 1200°C and quenching.
In this case, for each chromium content other than
0% F.g <FEip by about 40mV. Because the
activity peak of pure iron is not dependent on the
purity, the reason for the difference in the alloys
ought to be sought in the high binding energy of
chromium and carbon (and/or nitrogen). However,
the pre-passivation stage is not modified. This
means that the impurities in the solid solution
influence the active dissolution of the naked
surface of the metal and their action is impeded
when a layer is formed.

It is possible to explain why carbon is able to
promote a large shift in the activity potential in
the positive direction by considering the thermo-
dynamic activity of chromium in relation, to the
chromium content on one hand and, the carbon
content on the other. Fig. 4 shows plots of two
types of curve, based on recent data [2]: a. in
relation to the chromium content (Fig. 4a) and
a. in relation to the carbon content (Fig. 4b).
Comparison of two curves shows that a, undergoes
the same modification by a decrease of chromium
content from 9% to 4% or an increase of carbon
content from 50 to 62 ppm. The chromium

2208

activity is deduced from the carbon activity by
considering the following thermodynamic hypoth-
esis: in a ternary alloy as Fe—Cr—C in which the
interaction between Cr and C is very strong com-
pared with that between Fe and Cr or Fe and C
[7] we can apply the Gibbs—Duhem formalism:

Xerdlogag, = —xcdloge,
dacr = __'Ycr d(lc
Tc

Yer/Yc can be evaluated from 1 to 3 [8].

For our present purpose, this means that ac,
decreases by the the same amount as (1) the chro-
mium content decreases by 5%, or (2) the carbon
content increases by only 12 ppm; and for a long
time, it has been well known that a decrease in
ac, involves a positive shift of the anodic curve.
Thus, a few ppm of carbon are able to promote a
large shift in the activity peak £,. On the other
hand, variation of chromium content affects the
active dissolution £, only slightly but has a great
effect on the pre-passivation stage (Fig. 3).

3.2. Effect of segregation on anodic curves
By comparing the solid solubility of carbon at
780°C, ie. 15 ppm [2], with the carbon content
of alloys E and P, it seems likely that segregation
occurs mostly for P alloys after recrystallization.

3.2.1. Microstructural study
The examination of thin foils in the electron
microscope shows:

(1) for alloys E, all the boundaries were well
equilibrated. They were perpendicular to the free
surface of the foil, even in thicker parts and, by
tilting, only thickness fringes were revealed;

(2) for impure alloys P, although the isothermal
holding time at 780°C was very long, the samples
were not completely recrystallized. Many bound-
aries presented particular structural features which
looked like extrinsic defects [9—11] (Figs. 5 and
6). Along these boundaries a white zone was often
present, and sometimes nitrides or oxides were
embedded at their interface with the bulk (Fig. 7a
and b). These boundaries called “interfaces with
extrinsic structure” (ISE) [12].

Sometimes the width of these interfaces was
very large (Fig. 8) and it seemed necessary to
prove that they were really interfaces; this verifi-
cation could be done by tilting the specimen in the
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Figure 4 Variation in the activity of carbon at 800°C in relation to (a) the chromium content (the alloys contain,
respectively, 20 and 50 ppm carbon; (b) the carbon content (the alloys contain, respectively, 3 and 9% chromium).

Figure 6 Interface with extrinsic defects observed at
Figure 5 Extrinsic defects in grain boundaries (100 kV). 1000 kV.
2209



Figure 7 Presence of white areas along the ISE and nitrides at its limit with the bulk. (a) Bright-field image; (b) dark-

field image obtained from a double diffraction spot.

Figure 8 Very “broad” interface in a sample recrystallized
for 10 min at 780° C.

electron microscope or by comparing the STEM
with the SEM images (Fig. 9).

By probing the chromium content in the STEM,
no difference between the boundaries, the white
areas along them, and the bulk could be found. All
attempts to detect microprecipitates in these inter-
faces were unsuccessful.

The observations of high-resolution autoradio-
graphy of *C on replicas of samples containing a
little more carbon revealed a higher concentration

of silver filament detecting an over-concentration
of carbon in broad boundaries (Fig. 10a). On thin
foils, the interfaces with defects and nitrides seem
to gather silver grains (Fig. 10b).

Thus, from a microstructural point of view, the
greatest difference between alloys E and P was the
presence of interfaces containing many defects,
most probably carbon segregation and, sometimes,
precipitates.

3.2.2. Electrochemical study
The anodic behaviour of both alloys was then
compared. For pure alloys E, the anodic curve
remained identical to that of homogenous alloys
previously studied. However, for impure alloys P,
the anodic curve of recrystallized samples pres-
ented a new fact, that is, the appearance of an
intermediate peak between F; and F, (Fig. 11).

The obvious idea is to relate this peak to the
boundaries with defects (carbides and nitrides) and
to attempt to distinguish between these par-
ameters, to this purpose, the following exper-
ments were carried out.

(1) taking the pure alloys, either 50 ppm car-
bon or 50 ppm nitrogen were added. In the case of

Figure 9 Observation of an ISE: (a) in STEM; (b) in SEM (the second limit, see arrow, is very weak.)
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Figure 10 Autoradiography HPR of '*C showing an overconcentration of silver filaments on some boundaries:

(a) observation on replica; (b) observations on thin foil.

carbon, the observations showed the appearance of
complex interfaces and, at the same time, the
appearance of an intermediate peak on the anodic
curve. In the case of nitrogen, no special features
appeared in boundaries apart from nitrides at
higher concentrations, and there was no inter-
mediate peak on the anodic curve. Thus nitrogen
plays no role.

(2) Different isothermal holding times at 780° C
were performed: 10min, 3h, 3 and 22 days.
Even after 22 days, the presence of ISEs could not
be avoided but their density decreased slowly with
time. Simultaneously, the intensity of the inter-
mediate peak decreased. (Fig. 12). On the reverse
curve, plotting with decreasing potential from the
passivation step, it must be pointed out that the
intermediate peak never appeared.

(3) By etching the samples at the suitable inter-
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Figure 11 Anodic curve of an Fe 9% Cr alloy P, recrystal-
lized 3 days at 780°C.

mediate peak, the ISEs were preferentially
attacked (Fig. 13).

(4) The anodic curves of pure carbides and pure
nitrides showed that they cannot influence the
activity region of these curves [12].

3.2.3. Interpretation

All the results emphasize the relation between
Eii and special features in grain boundaries
including carbon segregation. The appearance of
the intermediate peak can be interpreted on the
basis of the previous result concerning the role of
carbon in solid solution. Indeed, despite the low
carbon content in alloys P (50 ppm), the high
value of the § enrichment factor recently calcu-
lated by Hondros and found to be of the order of
300 at 800°C [13] car explain a large amount of
carbon in grain boundaries and, more probably, in
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Figure 12 Variation of the intensity of the intermediate
peak with different holding times at 780°C.
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Figure 13 Observation of the selective attack of the ISE at the intermediate peak: (a) on replica by STEM; (b) on

thick sample by SEM.

complex boundaries, as recent studies led to the
trend of trapping interstitials by extrinsic defects
[14]. Thus carbon very localized in the ISE
involves a positive shift of the activity peak
of these areas; the potential £, remains the
activity peak of the bulk, the intermediate peak
is the activity peak of the interfaces with carbon
segregation.

However, when the protective layer is formed
at higher potentials, its coating is not affected by
these very small areas (10A about the grain-
boundary plane). This is the reason why, on the
reverse curve, the passive layer is not destroyed
until the £, of the bulk is reached, and there is
no intermediate peak [15].

The previous explanation of the appearance
of the intermediate peak relies upon the elemental
form of carbon (or clusters). However, so far there
is no direct proof of the chemical state of
carbon. Because of the shortcomings of the
techniques, it is not possible to avoid the presence
of depleted chromium microareas surrounding
microprecipitates not detectable by STEM. The
aim of the last part of this paper is to answer this
‘question by purposefully making samples with
precipitates and dechromized areas and looking at
their anodic behaviour.

3.3. Anodic behaviour of dechromized
areas surrounding precipitates

3.3.1. Structural observations

The ferrite obtained by slowly cooling the
alloys from 1000°C to room temperature contains
many inter and intra-granular carbides and nitrides
and complex interfaces (Fig. 14). The diffusion
coefficient of chromium in alloys is too small to
2212

avoid depletions around these precipitates, which
have been detected by STEM microanalysis (Fig.
15).

The presence of ISEs can be understood,
because the phase transformation vy — a, requires
the mobility of interfaces which is impeded by
carbon. This possibility is enhanced for afy
boundaries as a result of the great difference
of the limit solubility of carbon in the two phases.
It is well known that carbon is ejected from the
new phase a to the a/y boundary during the
transformation [16].

To compares with the previous microstructure,
sensitized alloys without ISEs were prepared by
holding quenched samples at 550° C for 15 min.

3.3.2. Electrochemical behaviour

The anodic behaviour of these alloys is compared
with that of the homogeneous and recrystallized
samples P (Fig. 16a). For alloys displaying ISEs
and depleted chromium areas (treatment C), the

Vg s

Figure 14 Precipitates and ISE in an alloy slowly cooled
from 1000° C.
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curve still presents an intermediate peak but there
is a new factor: the intensity of £, very weak for
homogeneous alloys is now relatively high. It
seems likely that E, can be attributed to the
depleted chromium areas. This hypothesis is
confirmed by looking at the curve of the sensitized
alloys: only £, is present.

According to the role of the chromium content,
it is not surprising that the dechromized areas
affect the passivation stage much more than the
active dissolution. The pre-passive and passive
layers are modified; this fact can be seen more
clearly on the reverse curves (Fig. 16b): the de-
struction of the passive and the pre-passive layers
needs high intensity [17]. This phenomenon is
well known as “reactivation” [18].

Taking into account the comparative effects of
chromium and carbon described previously, it is to
be expected that the shift of £; due to a depletion
of chromium must be less important than its shift
due to an enrichment of carbon. In point of fact,
the £, of samples containing dechromized areas is
only slightly more positive than £, of the bulk;
the difference is clearly revealed on the reverse
curve when this peak is reactivated.

Figure 15 Depletion of chromium around
carbides detected by microanalysis by
STEM. (The results are given in Cr/Fe X
10; the analysed points can be seen on the
micrograph.)

4. Conclusion
From a structural point of view, this work shows
that a thorough electro-chemical study of some
alloys could be a possible means of detecting grain-
boundary segregation of carbon, whereas no
microanalysis can yet achieve this. Providing the
possibility to separate the effects of a segregation
on the formation and the destruction of passive
film from those of a precipitation, the results
strongly suggest that the chemical state of carbon
in interfaces with extrinsic structure (ISE) ought
to be an elemental form (or cluster). In contradic-
tion to the observations of other authors [19] the
high stability of the extrinsic defects in grain
boundaries, even after long recrystallization treat-
ment, can be interpreted as the result of a strong
interaction between interstitials and these defects,
as pointed out by Li [20] and Varin et al. {10].
From a corrosion point of view, it seems highly
likely that some boundaries displaying carbon
segregation could be microareas in which the
chromium activity, depending on the carbon
content, is very low compared with that of the
bulk. Their corrosion rate is higher; despite the
absence of precipitates, they constitute very active
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Figure 16 Anodic curves of Fe 9% Cr (a) direct curves; (b) reverse curves. A, homogeneous; B, ISE + segregations;
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ISE + depleted chromium areas; D, sensitized.

micropiles at the surface and can give rise to
sharp intergranular corrosion.
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