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Mo surface enrichment on a Fe—Cr alloy by electron
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Mo alloying has been carried out on a Fe—Cr alloy by electron beam irradiation. It is shown

that a Mo surface enrichment can be obtained in the range 2—8 at %. Scanning and

transmission electron microscopy, X ray microanalysis and electron energy loss

spectroscopy have been used to investigate the microstructures obtained after irradiation.

Mo—Cr carbide and intermetallic v phase have been identified after alloying. The

intermetallic phase is preferentially formed when the Mo content increases. It is concluded

from electrochemical studies and potentiostatic attacks that the active and transpassive

dissolution rates are closely related to the Cr content in the ferritic phase. This work must be

also regarded as a first step towards the surface preparation of 316 S. S. by Mo incorporation

to 304 S. S.
1. Introduction
The present paper concerns the electron beam
alloying of Mo on a substrate of Fe—Cr alloy. It is
known that the addition of Mo improves the resist-
ance to pitting of the Fe—Cr alloys in aqueous environ-
ments containing Cl~ ions [1].

The electron beam is widely recognized as a power-
ful tool to carry out thermal surface modification [2],
cladding and alloying of metallic substrates [3, 4]
and to consolidate metal coatings by surface melting
[5]. Rapid solidification processing has been also
investigated by means of electron beam treatment [6].
Controlled surface microstructures and chemical com-
positions of several alloys of technological interest
have been obtained by electron beam processing of
metallic bilayers [7, 8]. In this kind of treatment,
a sheet of overlayer material is clamped onto a sub-
strate and then submitted to electron beam irradia-
tion. The power and interaction time of the beam are
optimized to melt the overlayer together with a
controlled thickness of substrate. The chemical com-
position and microstructure of the alloyed zone is
determined essentially by the dilution of the alloy
elements of the overlayer in the molten pool and by
the diffusion of elements between overlayer and sub-
strate across the liquid—solid interface. The alloying
process is possible because the overlayer sheet melts
first and then wets the substrate, thus ensuring the
necessary thermal contact at the interface of the bi-
layer [9]. As a consequence, particular attention must
be payed to the surface compositions of substrate and
overlayer, because both affect that of the alloyed zone.
Indeed, it is known that the technological materials
have often different surface and bulk chemical com-
position not only because of the presence of oxides but

also as a result of thermodynamic equilibrium condi-
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tions or non-equilibrium phenomena [10]. Surface
segregation is widely reported [11]; moreover,
amongst the mechanisms contributing to a surface
chemical composition anomalous with respect to the
bulk composition include: (i) the depletion of some
elements, for instance Cr [12], and (ii) the surface
pollution: for instance, C enrichment at the surface of
steel sheets can be typically caused by the decomposi-
tion of lubricants adsorbed during hot rolling [13].
The local composition changes in materials at the
contact surface of the bilayer become particularly evi-
dent when the concerned elements have a strong tend-
ency to form compounds or precipitates. These can be
easily recognized in the microstructure with the usual
metallographic procedures. This is the case in the
electron beam alloying of Mo, owing to the tendency
of this element to form a variety of carbides in the
presence of C [14]. The present paper is aimed at
investigating the microstructure of the Fe—Cr alloy
after alloying treatment with particular regard to the
effects of the surface composition of the substrate.

2. Experimental procedure
2.1. Material elaboration
The substrate, Fe—Cr in the form of sheets 5 mm thick,
was provided by IRSID. Its chemical composition is
given in Table I. Thin sheets of molybdenum from
Goodfellow, (99.9% purity and 25—50 km thick), were
used.

The overlayer material is melted with a strong re-
mixing of the substrate. A new chemical composition
is obtained at the surface depending on the depth of
the substrate actually melted and on the thickness of
the Mo foil, mechanically clamped onto the surface to

be treated. The electron beam was monitored by an
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TABLE I Chemical analysis of the Fe—Cr substrate: (1) provided by IRSID; (2) control analysis of C and N

C N Mn Si S Pb Ni Cr Mo Cu Ti Nb Co

1 0.0210 — 0.5747 0.3468 0.0225 0.0210 0.4079 17.417 0.0818 0.0661 0.3400 0.0100 0.0236

2 0.0515 0.0450
TABLE II Electron beam processing parameters

Average Electron Mo foil Number
concen- beam energy thickness of passes
tration kV lm

Alloy-A 2 at % 50 25 2
Alloy-B 8 at % 40 50 1

Alcatel (CEA Licence) assembly whose maximum
power is 10 kW. The variable beam parameters are
tension, current, travel speed i.e. interaction time, and
number of passes. Table II presents the irradiation
conditions to obtain a low or a high surface Mo
content in the alloy, (respectively materials A and B).

2.2. Structural study
The structure of the surface layer was analysed on the
Fe—Cr alloy as-received i.e. without any heat treat-
ment, after melting with low or high Mo content and,
for comparison purposes, after melting but without
any elemental addition.

The first characterization was performed by
scanning electron microscopy (SEM) observations
(LEICA-440) on cross-sections of the melted zone. The
secondary electron signal is used as the probe after the
sample is chemically etched in a Kalling bath and the
backscattered electron signal after a careful 3 km dia-
mond paste polishing. These observations are com-
pleted by X-ray analysis which investigates a sample
size of a minimum of a few km3. In most cases this
poor spatial resolution was not sufficient and the
experiments were completed by nanoanalysis on thin
foils by transmission electron microscopy (TEM) (Jeol
model 2000 FX) with a LINK EDX system and
a Gatan PEELS (Parallel Electron Energy Loss Spec-
troscopy) analyser. The PEELS spectroscopy is very
sensitive thus allowing the detection of low atomic
number elements such as C or N which are present in
some particular types of precipitates. Due to the pres-
ence of intermetallics in the explored structures the ion
milling technique (Gatan-Duo mill) was mandatory
for thin foil preparation.

2.3. Electrochemical study
Electrochemical investigations were performed in
a 0.5 M H

2
SO

4
solution at 25°C. Potentiostatic at-

tacks, either in the active or transpassive range, fol-
lowed by SEM observations, evidenced selective
dissolution or preferential intergranular corrosion.
Electrochemical measurements were carried out on

rotating disc electrodes prepared from short rods,
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5 mm in diameter, cut out normal to the surface in the
central part of the melted zone. Linear sweep poten-
tiodynamic current—voltage curves were recorded and
the rate of iron dissolution as Fe2` was monitored
with a rotating ring disc arrangement.

3. Results
3.1. Structural study
3.1.1. Low molybdenum content alloy (A)
The microstructure and the a grain size of the low
molybdenum content alloy (called A) is evidenced
after microetching in a Kalling bath. Fig. 1, obtained
with secondary electrons, shows an unknown phase at
the border-lines of the grain boundaries. The chemical
composition of this phase, across a width of a few
microns, does not differ from that of the bulk when it
is measured, with poor spatial resolution, techniques
such as EDX on MEB. A careful search on the thin
foils was necessary in order to resolve the true fine
structure of such an intragranular micro-precipita-
tion. Electron diffraction patterns revealed the exist-
ence of a lamellar structure with alternated a and
c needles. Fig. 2, obtained with a 200 kV TEM, shows
this a—c alternance. The chemical composition of the
a matrix grains and of some needles are reported in
Table III. It appears that the chromium content of the
parent metal is conserved in the coarse grains of the
superficial layers where the molybdenum content is
close to 2 at %. On the contrary the ferritic and
austenitic needles are very rich in molybdenum (23—31
at %) but poor in chromium (10—12 at %). One can
expect different electrochemical behaviours on these
different parts of the electrode.

Figs 3 and 4 show the presence of many precipi-
tates located specifically at the phase boundaries.
Fig. 5 is an example of an electron diffraction pattern
of one of these precipitates; it corresponds to a F.C.C
(1 1 1) plane. The structure of all the precipitates ob-
served in this alloy has been associated with a F.C.C.
lattice with a 1.06 nm lattice parameter which may be
compared to the known structure of M

23
C

6
type

carbides. The electron energy loss spectrum, Fig. 6,
presents a well-defined carbon-K edge and this
spectroscopy confirms the presence of carbon in
all the precipitates. A specimen holder cooled
with liquid nitrogen has been used in order to hinder
contamination and avoid any confusion between
a compositional carbon element and a contaminating
one.

The chemical composition of these carbides was
evaluated by EDX and the results are reported in
Table III. However it is worth noting that the de-
tector, a silicon—lithium crystal with an ultrathin win-

dow, is sensitive to the presence of both compositional



and contaminating carbon at room temperature car-
bon and thus values calculated by the ZAF quantita-
tive program must be considered as only qualitative.
The most important evidence is the high chromium
content and a molybdenum level higher than the
matrix one. Three EDX spectra are presented in
Fig. 7. They show the chromium content (a) in the
matrix, (b) within a carbide precipitate and (c) nearby
it. The quantitative treatment of these spectra allowed
us to observe a Cr depleted zone (10 at % instead of 18
at % in the matrix) in the proximity of the carbide
precipitates. Close to each Cr—Mo carbide, in fact, there
is a gradient of chromium concentration. The effect of
this concentration gradient on electrochemical proper-
ties will be discussed in a later section of this paper.

3.1.2. Fe—Cr alloy as-received
The microstructure of the substrate has been investi-
gated before any heat treatment. Kalling microetching

Figure 1 Kalling microetching observed by SEM — 2 at % Mo
Chromium—molybdenum carbide
showed a normal grain structure without lamellar a—c
needles. The thin foil observations exhibited precip-
itates whose electron diffraction pattern differs from
that of the carbides identified previously. The electron
energy loss study confirmed the absence of C but
evidenced the presence of the nitrogen-K edge as is
shown in the spectrum presented in Fig. 8. All precip-
itates analysed in this as-received alloy are of nitride
type.

3.1.3. Substrate melted without any
addition

The same beam conditions as previously described
were used to heat-treat the Fe—Cr alloy substrate.
Kalling microetching shows the same type of micro-
structure as observed with a Mo sheet (see Fig. 1) with
micro-intragranular precipitation of a c phase at the

Figure 2 a—c needles identified by TEM diffraction — 2 at % Mo
TABLE III EDX nanoanalysis on thin foils

Mo Cr Fe Si

at % wt % at % wt % at % wt % at % wt %

2 at % Mo alloy.
Bulk 1.7 2.9 18 17 80 80 0.1 0.5
Ferritic needles 31 42 12 10 55 47 2.3 1
Austenitic needles 23 35 14 11 60 52 3.2 1.5

8 at % Mo alloy
Bulk 7 12 14 12 79 76 0.5 0.2
Intermetallic 20 30 18 14 62 55 0.9 0.4
dendrites

Precipitates
As received: 0 0 90 90 10 10 0 0
Chromium nitride

Melted without Mo: 0 0 60 60 40 40 0 0
Chromium carbide

2 at % Mo alloy: 5 10 55 50 40 40 0 0

alloy. alloy.
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Figure 3 Interphase microprecipitates observed by TEM — 2 at
% Mo alloy.

Figure 4 Chromium carbides observed by TEM — 2 at % Mo alloy.

Figure 5 Electron diffraction pattern of an interphase precipitate
— F.C.C. (111) plane — 2 at % Mo alloy.

Figure 6 Electron energy loss spectrum of a precipitate — 2 at

% Mo alloy.

3616
Figure 7 EDX spectra: (a) The bulk (18 at % Cr); (b) A precipitate
(40 at % Cr); (c) Chromium depleted zone nearby this precipitate (10
at % Cr). 2 at % Mo alloy.

border-line of a boundaries. However all the precip-
itates analysed are carbides instead of nitrides in the
as-received alloy.

This result allows us to conclude that this type of

microstructure is induced by the beam melting and



Figure 8 Electron energy loss spectrum of a precipitate — as-
received alloy.

does not depend on any elemental addition. The
quenching effects will be discussed in a later section of
this paper. Molybdenum is not necessary but if added
would favour this type of precipitation due to ultra
rapid quenching.

The nominal carbon content of the substrate,
210 ppm, does not account for the presence of numer-
ous carbide inclusions observed after electron-beam
heat treatment. This is why we have carried out a new
control analysis for C and N. These results are re-
ported in the second line of Table I.

3.1.4. High molybdenum content (B)
The microstructure of the surface layers heat-treated
with the beam conditions described above (Table I)
was observed using SEM, with the backscattered elec-
tron detector. A phase, rich with a high atomic num-
ber element, presents a high white contrast as shown
in Fig. 9 where a Mo rich dendritic structure is clearly
identified.

The electron diffraction pattern shown in Fig. 10
was obtained on the crystal presented in Fig. 11. This
diagram corresponds to a B.C.C. (1 1 3) plane. Several
measurements on various crystals of this type allowed
us to identify a B.C.C. structure with a 0.902 nm lattice
parameter. The EDX nanoanalysis of these dendrites
confirms the high molybdenum content. The results
are reported in Table III. The mean Cr value is similar
to the parent one, 18 at %, though the interdendritic
zones are poorer in this element, 14 at %. The Mo
content is 20 at % which is to be compared to the 7 at
% Mo in the bulk. The dendritic structure can be
compared to the s phase structure described in the
literature by Takeda and Yukawa [15] who studied
the ternary system Cr—Fe—Mo and found for the
chemical composition 50 wt % Fe, 20 wt % Cr, 30 wt
% Mo a B.C.C. lattice parameter a"0.899 nm. We
have to note that such a dendritic structure has already
been found in the case of Mo alloying on Fe—Cr—Ni

alloy [16], with two types of Mo-rich intermetallic
Figure 9 Microstructure observed by SEM backscattering — 8 at
% Mo alloy.

Figure 10 Electron diffraction pattern of a dendritic crystal — 8 at
% Mo alloy — B.C.C. (113) plane.

Figure 11 Intermetallic crystal observed by TEM — 8 at % Mo thin
foil.

dendrites being observed, one of them being similar to
the v phase. Though the Ni element is present in that
case, no difference in the lattice parameter value was

detected within the electron diffraction precision.
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3.2. Electrochemical study
The potentiodynamic current—voltage curves re-
corded with a 33 mV s~1 sweeping rate are presented
in Fig. 12. They deal with (a) the as-received Fe—Cr
alloy (broken line); (b) the electron beam melted alloy
without any addition (dash-dotted line); (c) the low
molybdenum surface alloying (dotted line) and (d) the
high molybdenum surface alloying (solid line).

We have to note the absence of an active peak in
two cases: (a) as-received and (d) high molybdenum
alloying. The presence of two peaks instead of
one active peak in the two cases (b) and (c) is rather
significant.

The transpassivity range begins at more anodic
potentials in the three cases (b), (c), and (d) i.e. after
beam processing under any conditions. The element
Fe without chromium would present a high active
peak together with a crystallographic attack though in
the transpassive range the metal does not dissolve;
only an oxygen evolution current may be observed.
The chromium addition leads to a transpassive dis-
solution of the alloy. Chromium depleted areas de-
scribed above may explain the presence of the two-
peak active range registered in cases (b) and (c); such
a feature is associated with chromium contents below
10 at % in the bulk Fe—Cr alloys [17].

3.2.1. Low molybdenum content alloy (A)
After a potentiostatic attack at a potential in the active
range (!850 mV/SSE) some of the needles exhibited
a preferential dissolution as demonstrated in Fig. 13
obtained by SEM. It clearly shows a—c needles with
deep grooves corresponding to chromium depleted
areas.

In the transpassive range, a potentiostatic attack
reveals a general corrosion in all the a grains although
the microprecipitates of a—c phase are free of cor-
rosion, as is shown in Fig. 14.

The result of RRDE (Rotating Ring Disc Electrode)
experiments carried out on a 2 at % Mo alloy is
shown in Fig. 15. The current—voltage curve of the

Figure 12 Current-voltage curves of Fe—Cr alloys: (-----), As-
received alloy; (— .— .) Melted without any addition; (· · · · ·) Low Mo

surface alloying; (——) High Mo surface alloying. 0.5 M H

2
SO

4
.
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Figure 13 Potentiostatic attack, observed by SEM — 2 at % Mo
alloy. (!850 mV/SSE) 0.5 M H

2
SO

4
.

Figure 14 Potentiostatic attack, observed by SEM — 2 at % Mo
alloy. Transpassivity — 0.5 M H

2
SO

4
.

Figure 15 Current—voltage curve of the disc electrode (———), of
the ring electrode (-----) 2 at % Mo alloy. 0.5 M H

2
SO

4
.

disc electrode (material under investigation) displays
a dissolution behaviour on the forward anodic scan
successively in the active, passive and transpassive
regions. The backward scan shows only a fully passive
state of the alloy. The potential of the ring electrode
was held at 0.8 V/SSE so that only divalent iron
cations released by the disc dissolution are detected by

their oxidation current to trivalent species. However



at the cathodic end of the potential domain the oxida-
tion current at the ring electrode is due to the evolu-
tion of molecular hydrogen on the disc. On the
forward scan the collection efficiency (ring cur-
rent/disc current) is steadily decreasing from the active
to the transpassive range. Taking into account the
intrinsic collection efficiency of the device , 0.24, and
the number of elementary charges exchanged at the
disc and ring it can be concluded that at !0.5V/SSE
the collection efficiency (0.095) of Fe2` is in reason-
able agreement with an homogeneous dissolution of
the alloy. Dissolution in the passive domain gives rise
to a slight maximum of the flux of Fe2` associated to
a much lower collection efficiency (0.025). Finally no
increase at all of the ring current above the back-
ground is detected in the transpassive range in spite of
a sharp rise of the alloy dissolution. An attempt to
detect iron cations in the form of ferric species at
a cathodic ring potential was totally unsuccessful. On
the reverse scan a clear maximum of the Fe2` flux is
seen and is attributed to the reductive-dissolution of
the passive film.

The potential dependence of the collection effici-
ency strongly supports the existence of various dis-
solution mechanisms depending upon the potential
and the alloy composition. In the presence of low Mo
content, active dissolution of the alloys takes place
through a pure iron-like reaction path already estab-
lished for Fe—Cr [18]. On the contrary, in the passive
and even more clearly in the transpassive ranges the
dissolution is entirely controlled by the presence of
chromium. Iron oxidation products are not detected
due to either selective dissolution of Cr or formation
of highly stable Cr(VI)-bonded iron cations (poly
chromates). These conclusions are in agreement with
the relation put forward in the foregoing sections
between phase composition and structural attacks at
controlled potentials.

3.2.2. High molybdenum content alloy (B)
No corrosion can be detected in the active range as
expected from the absence of an active peak. In trans-
passivity, we checked that the selective attack con-
cerns the high molybdenum v phase, present as
dendrites or as a continuous path along grain bound-
aries (see Fig. 16).

Figure 16 Potentiostatic attack, observed by SEM — 8 at % Mo

alloy — Transpassivity — 0.5 M H

2
SO

4
.

4. Discussion
It can seem rather contradictory that in the transpas-
sive range, Mo-rich dendrites are attacked though the
Mo-rich a—c needles do not corrode. In fact it is
necessary to consider the Cr content of those different
elements. The Mo-rich a—c needles have a rather low
chromium content (below 12 at %) though the den-
dritic intermetallic phase has a 18 at % Cr content like
the parent alloy. It seems that chromium is the pre-
dominant element which governs the dissolution rate
in activity and also in transpassivity: in the latter case
chromium enhances the dissolution current though in
the first case at a level larger than 12 wt % it inhibits
the active current as seen previously.

In activity, the microprecipitates of a—c phase are
areas of lower corrosion resistance, due to a lower Cr
content as described in [19]. This low Cr level can be
explained by the numerous Cr carbides observed par-
ticularly in the a—c phase boundaries. The carbon
content of the bulk Fe—Cr, as verified by a second
chemical analysis, is lower than 500 ppm and cannot
explain such carbide precipitations. It was necessary
to pay attention to the surface state of the different
materials entering into the alloying process. SEM ob-
servations combined with X-ray analysis showed a C-
rich surface layer which could be explained by the
decomposition of lubricants deposited during Fe—Cr
hot rolling.

5. Conclusion
The experimental results have shown that it is possible
to obtain Mo enrichment at the surface of a Fe—Cr
alloy by electron beam irradiation; the Mo content
was found to range between 2—8 at %. Neither cracks
nor pores have been observed in the alloyed zone
within this range of composition. The anomalous
C content at the surface of the Fe—Cr alloy (presum-
ably due to cracking or decomposition of rolling oils
during manufacturing) critically affects the micro-
structure after irradiation when the surface content of
Mo is about 2 at %: carbide precipitation produces
the Cr depletion seen in the alloyed samples. When the
Mo concentration increases to average values of the
order of 8 at %, the presence of zones with a local
composition consistent with that of the intermetallic
compound: 50 wt % Fe, 20 wt % Cr, 30 wt % Mo (s
phase) becomes more probable; this phase is preferen-
tially formed with respect to the carbide. In this case,
then, the role of carbon is less critical on the micro-
structure; in fact, under our experimental conditions,
the formation of the intermetallic phase prevails over
the formation of carbides even in the presence of an
anomalous concentration of C at the surface of the
substrate.
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