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Influence of alloying elements silicon
and tungsten upon the formation of
chromium depleted zone in as-cast

refractory steels
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Martin d’Héres, France

Annealing of as-cast, high carbon, refractory alloys induces the formation of chromium-
depleted zones in the austenite near the carbide—austenite interface. This depletion is a
consequence of the drag of solute caused by the coarsening of the carbides. Micro-
analytical investigation has been carried out to illustrate the depletion profiles and to
obtain a semi-quantitative analysis of the tiny secondary precipitates. The equipment
used included an electron microprobe, a scanning transmission microscope equipped with
energy dispersive X-ray spectrometer (STEM/EDX)VG501, a transmission electron
microscope (JEM200CX), and a scanning electron microscope (JSM-35). Extrapolation
of the depletion curve gives the solute content in austenite at the interface. The values
were correlated with the available thermodynamic data.

1. Introduction

The development of chromium-depleted zones
surrounding the chromium carbides is often
invoked to explain the good corrosion resistance
of stainless steels. This chromium depletion of the
matrix occurs as a consequence of carbide forma-
tion. In 1933 Bain et al. [1] proposed a model
which assumes that when the chromium content
decreases in the depleted zone below a critical
value, this zone will lose its corrosion resistance.
An electrochemical interpretation was given by
Stickler and Vinkier [2]. Stawstrom and Hillert
[3] established a model involving a diffusion con-
trolled mechanism for the drag of solute. This
model has been applied to low carbon austenitic
stainless steels. These steels display M,3C¢ carbides
as secondary precipitates located at the grain
boundaries. Tedmon et al. [4] proposed a model
fairly similar to the preceding one. Moreover, they
assumed that the volume diffusion of chromium in
the matrix could be ignored, the grain boundary
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diffusion being the main mechanism. This drag of
solute does not occur only at grain boundaries but
also in the vicinity of the solidification carbides in
high carbon steels. In this case the formation of
the depleted zone may occur at a higher tempera-
ture. Consequently, this zone is larger since its
width depends on temperature allowing detection
by microprobe investigations [5].

More recently micro-analytical methods have
been available with sufficient spatial resolution
to resolve such narrow regions. Lackey and Hump-
hreys [6] and Thorvaldsson and Duntop [7],
studied chromium depletion profiles near the grain
boundaries using scanning transmission electron
microscopy with energy dispersive X-ray spectro-
metry (STEM/EDX). The latter authors have
shown that the formation of chromium-depleted
zones can occur at the grain boundaries of niob-
ium and titanium stabilized stainless steels.

Our purpose was to investigate AISI 310 stain-
less steels containing additions of silicon and
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TABLE I Composition of alloys (wt%), Al, A2, A3,
A4 are modified alloys, R, T, V, are commezcial alloys

Sample C Ct Ni S W Mn S P

Al* 04 249 21.0

A2* 04 236 196 2.0

A3t 0.4 23.0 205 2.8

A4t 04 229 205 2.8 1.0

RY 04 247 19.7 1.0 2.8 0.9 0.01 0.01
T* 0.4 245 195 2.0 28 09 0.01 0.01
VA 0.5 245 245 19 1.8 19 0.01 0.02

*Eutectic carbides are M,C,.
T Eutectic carbides are M,,C,.

tungsten. In a previous study [8] we established
that these additions promote, in high carbon steels,
the formation of either Ma3Cg or MgC eutectic
carbides. During the cooling process these carbides
act as collectors for chromium in the supersat-
urated matrix. According to the temperature a
thermodynamic equilibrium is established at the
interface between carbide and matrix. Carbon is
supposed to diffuse rapidly since its diffusion
coefficient is several orders of magnitude higher
than for other elements and’ its activity dictates
the chromium level. At first, our aim was to deter-
mine if there was any substantial difference in the
concentration profiles of each element in the
vicinity of the carbides. We then tried to observe
the evolution of secondary precipitates with ageing
time.

2. Experimental techniques

The chemical composition of the alloys which
have been studied is reported in Table I. Some of
them: Al; A2; A3; A4, have been prepared in the

laboratory with high purity metals. Others: R; T;
V, are plain commercial steels. All the alloys have
about the same carbon content which is 0.4 wt%.
As a consequence of this high carbon content, the
solidification finishes by forming an eutectic struc-
ture in the interdendritic groove. The eutectic
carbides are- of the M,;C; type for compositions
Al, A2, T, and V, and of M,5C¢ type for composi-
tions A3, A4, and R (Table II, [8]). Quenched-
interrupted directional solidification (QIDS) has
been performed on alloys R and V so as to obtain
coarser and more characteristic structures. Other
alloys have been solidified and cooled in differen-
tial thermal analysis apparatus at a controlled
cooling rate of 300° Ch™!. Some of those samples
have been heat-treated in a quartz, sealed tube at
750° C for different ageing times up to 1000h.

The metallographic examination was carried
out with an electron microprobe (MSE), a scan-
ning transmission electron microscope equipped
with an energy dispersive X-ray spectrometer
(STEM/EDX) VG501, a transmission electron
microscope (JEM 200 CX), and a scanning elec-
tron microscope (SEM, JSM-35). Analysis of the
finest regions, such as secondary carbides, was
performed on thin foils using STEM/EDX. Thin
foils were prepared by electropolishing in a 700 ml
ethyl alcohol, 100ml glycerol and 200 ml acetic
acid solution at 15° C under 10V,

Concentration profiles of chromium within the
matrix obtained by MSE are fairly coarse on a
macroscopic scale. More accurate investigation was
made on bulk samples with SEM/EDX. The speci-
mens must be carefully prepared, that is polished
with 1/4 yum diamond powder. Particular attention

TABLE II STEM/EDX analysis
Alloy Adjacent Carbide Cp ol Co = Gi 1(um)
b
A (25-20) M.C, 0.249 0.197 0.21 2.4
A (25-20 + Si) M,C, 0.238 0.167 0.30 2.6
A(25-20+W) M,.C, 0.230 0.147 0.36 2.5
A (2520 +Si+ W) M,C ©0.231 0.166 0.28 2.3
M,,C, 0.148 0.36
T (25-20 + Si+ W) M,C 0.246 0.178 0.28 4.7
enclosing
M,C,
V (2525 + Si + W) QIDS M.,C, 0.252 0.184 0.27 4.7
V(25-25+Si+W) M.C, 0.251 0.188 0.25 5.3

annealed 90h at 750°C

Cy, concentration of chromium in the bulk (atomic fraction).
Cj, extrapolated concentration of chromium at the interface (atomic fraction).

1, diffusion length.
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was given to control the reproductibility of the
experimental conditions. The values were obtained
using the ZAF method (Z = atomic number,
A = absorption, F = fluorescence). The nearest
point we can most reliably analyse is at 900 nm
from the interface. Assuming that equilibrium is
reached at the interface, the development of the
chromium profile is given by a solution of Fick’s
second law for diffusion:

CZ = C1+(Cb _Cl) eer/2(Dt)1/2 (1)

where: C;, C, are chromium concentrations res-
pectively at the interface and at a distance z from

the interface; Cy, is the chromium concentration in ,

the bulk; D is the diffusion coefficient of chrom-
ium; and £ is time.

The ultimate value at the interface is obtained
by fitting the experimental curve with the preced-
ing law. Profiles of concentration have been carried
out on a still finer scale using STEM/EDX analysis
on thin foils. The critical point is that this method
would require a constant thickness of the foil.
Relative proportions of the various elements are
determined by the ratios of the corresponding
areas on the energy spectrum.

3. Results concerning the chromium-

depleted zone
The microstructure of a unidirectionally solidified
rod of alloy V is illustrated in Fig. 1. We can dis-
tinguish two levels on the rod: level L represents
the part which has been quenched just at the end
of solidification; level M corresponds to a part
which has been kept at high temperatures for 45
min. The microprobe solute profiles have been
drawn at these two levels. At level L the profile
reveals two kinds of peaks. The peaks, indicating
a high chromium content and a low silicon con-
tent, correspond to the white phase on the micro-
graph which has been identified in a previous
study [8] as M,C; carbides. The peaks indicating
simultaneously a high tungsten and silicon content,
correspond to the black phase on the micrograph,
identified as M4C carbides. In addition, differences
of solute content in the matrix are noticeable,
they are due to segregation occurring during solidi-
fication. This segregation is rather severe for tung-
sten and silicon. At level M there occurs a chrom-
ium depletion adjacent to the M,C; carbides
(indicated by a couple of arrows), which is due to
the diffusion controlled growth of carbides.

Fig. 2 presents the STEM/EDX chromium

profiles in the vicinity of the M,C; carbide inter-
face for alloy V. The upper curve corresponds to
the alloy slowly cooled during unidirectional
solidification. The bottom curve corresponds to
the same alloy aged for 90h at 750°C. In this
case secondary precipitates have been observed on
the electron transmission micrographs as little as
5 um from the interface. As a consequence, an
increase of chromium is detected very locally but
cannot be taken into account as a measure of the
matrix content. However, a tendency can be
noted: long time ageing promotes a slight increase
of chromium concentration at the interface.

Table II summarizes all the results concerning
the profiles. For each composition we have indi-
cated the nature of the solidification carbides in
the neighbourhood of which the profile was
determined. C; and C,, represent the concentra-
tions respectively at the interface and in the
matrix analysed in the same conditions. Compared
to the initial compositions (Table I), it appears
that all the values are slightly overestimated on
account of the analysis method. AC represents the
gap caused by depletion, normalized in relation to
the bulk content. The diffusion distance, L, is
determined by drawing a tangent at the interface
on the depletion curve. This value, which is pro-
portional to (Dt)Y?, gives an estimate of the
diffusion time for a constant temperature. The
level of chromium content Cj is different for each
alloy, being lower when the alloy contains either
silicon, tungsten or both. The difference between
the bulk composition in the matrix and the con-
centration at the interface varies similarly: it
increases significantly with the addition of alloy-
ing elements.

Fig. 3 shows the micrograph of a thin foil of
Alloy A3 and the corresponding analysis with
STEM/EDX. The gap of depletion as previously
defined (Cp,—C;)/Cy, is 0.35, which is in perfect
agreement with the other value reported in Table I1
for the same alloy.

Complex MC carbides may occur at the end of
the solidification in the inter-dendritic groove in
the last liquid enriched in chromium, silicon and
tungsten on account of solidification segregation.
Alloy T, which has the highest content in alloying
elements, exhibits such a microstructure (Fig. 4).
Back-scattered electron and X-ray micrographs
show that all the M,C; carbides are enclosed in a
M C layer. In this case local equilibrium adjacent
to the M,C; carbides is to be compared to the
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Figure 1 Microstructures of a rod unidirectionally solidified then quenched, and the corresponding microprobe solute
profiles at levels L and M. The arrows indicate the chromium depleted zone.

1386



L2

Cm Cm
'
104 - 104 ® —-—
i » -
8-~ o e
n /,/‘ N P -
-7 .-~
08 o’, 08 -7
1.~ .
’// L~
0.6~ 0.6 =
g L 1 4 T ) E—— W] ¥ T T T . T T
1 2 3 4 5 6 7 am 1 2 3 4 5 6 7um

(a)

(b)

Figure 2 STEM/EDX analysis of chromium corncentration in the vicinity of M,C, eutectic carbides for alloy V. (a) At

level M on Fig. 1 (b) After 90 h annealing at 750° C.

equilibrium near M¢C in the alloy A4, for which
the values are reported in Table I1.

4. Results concerning secondary
precipitation

The alloys R and V have been annealed for 1000 h
at 750°C. Fig. 5 illustrates their microstructures
after ageing. Alloy V exhibits coarse M,3C4 precip-
itates, while alloy R contains smaller, coherent
M,3Ce precipitates. This precipitation may be
detected on the microprobe profiles since they
appear jagged. All the precipitates have been ident-
ified as M,3Cq. The experimental observations
made by TEM and STEM/EDX are reported in
Table II1.

Fig. 6 corresponds to the examination of a thin
foil by STEM/EDX for alloy V. Three kinds of
precipitates are shown on the micrograph: large
M,3C¢ carbides (about 2 um) with a high chrom-
ium ratio; smaller coherent M,3C¢ precipitates

iz
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Figure 3 STEM/EDX micrograph and analysis in the
vicinity of M,,C, eutectic carbide in alloy A.

(about 0.3 um) whose chromium ratio ranges
between 0.5 and 0.8; plate-shaped precipitates
with a very high tungsten content. One of these
latter precipitates has been extracted in order to
carry out a more accurate identification. Note that
the tungsten content is too high to correspond to a
MeC carbide. The diffraction pattern shows that
it can be indexed as Laves phases of (Cr, Fe, Ni),W
type with a hexagonal structure (¢ = 0.476 nm,
¢ = 0.77 nm) (Fig. 7). These lattice parameters are
very close to the ones of Fe,W (¢ = 0.473 nm
¢ = 0.70nm). In addition to the analysis of the
carbides we tried to establish the chromium con-
tent profiles near the secondary carbides. Close to
the largest chromium rich carbides the profile
exhibits the usual depleted zone. In contrast, near
the smallest carbide there is an enriched zone as
if the carbide was dissolving and losing its chrom-
ium (Fig. 8).

TABLE III  Recapitulation of results concerning
secondary precipitation
Alloy R Alloy V
Solidification M,,C,-M,C M.C,-M,C
carbides
Secondary M, C, M, C,
precipitates r~ 0.8 0.5<t<0.8
¢ =0.5um ¢ =0.3um
M23C6
r>~0.8
¢ = 2um

Laves phase
¢ =0.1lum

t indicates the chromium content and ¢ the mean diam-
eter of M,,C, precipitates.
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5. Discussion
It is a diffusional mechanism that controls the
whole precipitation reaction. The model proposed
by Stawstrom and Hillert [3] involves several
stages which are: an early stage during which the
depleted zone occurs and enlarges; then a stage of
self-healing. On prolonged annealing, as precipita-
tion of M,y3Ce carbides gradually increases, the
carbon activity decreases. The equilibrium changes
and the chromium content will thus set itself
higher. The situation at the M,;C¢ carbide—
austenite interface may be described by the tie-
lines in the phase diagram. Durand-Charre et al.
[5] proposed a similar explanation for alloys con-
taining eutectic carbides M,;C;. In this case the
carbon activity which defines the interface equili-
brium is maintained at a level compatible with the
equilibrium between M,C;, M;3Cs and austenite.
After a very long ageing time M,C; disappears
and the chromium content at the interface rises in
a self-healing process. Of course for more complex
alloys, containing more than three elements, a dis-
cussion based on a ternary phase diagram would
not be accurate any more, However, we can discuss
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Figure 4 Back-scattered electron and X-ray micrographs
of M,C, solidification carbides in alloy T. The carbides
appear enclosed in a tungsten-rich layer corresponding to
the identified M ,C carbides,

the influence of alloying elements on the inter-
facial chromium level considering the formation
of chromium carbide:

7 Cr (7y) + 3C(7) 2 Cr,C3(0)

1
Koz = o577 @)
7%X%727rX%r
AG = AG73-3RTIny,—3RTInX,
— TRT Inyg — TRT InX¢, 3)

where: 7y is the activity coefficient; X is molar
fraction; and AG = 0 for equilibrium. Some
assumptions have been made: as previously men-
tioned 7y, is a constant on account of high carbon
diffusivity. Moreover, ¢, is almost independent of
the composition for a constant content of chrom-
ium. The relation becomes:

AG53 —3RT Inyc —7RT InX¢, — constant = 0
d(AG'C;Q, /RT) + 3din Yc + 7d1nXCr =0
4

As the silicon in M,C; is very small, it can be
neglected and AG,3; remains unchanged. On
the contrary silicon modifies the carbon
activity coefficient. Scherbedisiskii [9] proposes a
value for the Wagner coefficient:

0 ]Il")’c
aXSi

Addition of 2wt% silicon (dx = 0.0383) in a
25Cr20Ni alloy increases g by an amount
dln v =0.207. Consequently, the chromium
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Figure 5 Back-scattered electron micrographs and microprobe analysis profiles for alloys V and R aged for 1000h

at 750° C.

equilibrium is lowered, dinyc, = —8.9 x 1072, The
comparison of this latter value with the AC
corresponding to alloys Al and A2 (Table II)
shows a good agreement between the thermo-
dynamic calculations and the experimental values.

We attempted to explain in the same manner
the influence of tungsten in austenite on the
austenite—carbide equilibrium. In this case the
thermodynamic calculations do not fit with
experimental results. Wagner’s interaction coeffi-
cient predicts an opposite effect. Moreover, as
M,3Cs contains tungsten, the thermodynamic
value for AG,3 ¢ is modified. Considering the
respective approximate formulae for carbides
(Cryy(Fe, Ni)sW Cq; Crey Fegs Woi C3) the
tungsten amount cannot be neglected as it was for
M,C; [8]. The calculation of a new AG,; ¢ from
an ideal model does not provide a good agreement.

We would need more thermodynamic data to
achieve a reliable prediction.

Hillert and Waldenstrom [10] determined
thermodynamic equilibrium in the Fe—Cr—Ni—
C—Mn system. A comparison may be made
between the influence of manganese and tungsten;
it is justified because in both cases Wagner’s inter-
action coefficients are negative [10, 11] and the
solute acts as a substitutional element within the
carbide. Their finding was that manganese lowers
the chromijum content in austenite for a given
carbon activity which is similar to our own experi-
mental results.

Another result that we cannot explain is that
the chromium depletion is not as severe in the
vicinity of M4C carbides as it is in the vicinity of
the other carbides (Table II). This result is import-
ant considering that a higher chromium level
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Figure 6 (a) STEM micrograph illustrating the different kinds of precipitates for alloy V aged for 1000 h at 750° C and
the corresponding energy dispersion X-ray spectra for: (b) large secondary carbide, (c) small carbide, (d) Laves phase.
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Figure 7 Identification of Laves phases in alloy V, (a) STEM micrograph, (b) energy dispersion X-ray spectra, (c) dif-
fraction pattern and key diagram.
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Figure 8 STEM/EDX analysis of solute concentration in
the vicinity of small secondary M,,C, carbides.

involves a better resistance to localized corrosion
[12]. Gribaudo and Rameau [13] have established
an order of nobility for the matrix and the differ-
ent carbides which predict whether localized cor-
rosion occurs in the depleted zone or not.

It is only recently [14] that the evolution of the
composition of secondary precipitates has been
investigated. Boeuf er al. [15], and Thorvaldsson
et al. [16] found an enrichment of chromium
against iron when ageing time increases. After a
long annealing time near 800° C, the more stable
carbides are the chromjum richer ones. Conse-
quently the less chromium-rich carbides are
unstable; they dissolve, providing carbon and
chromium which facilitates the coarsening of the
other carbides. This explanation fits with the
two kinds of chromium profiles which have been
found (Fig. 8).

6. Conclusion

The chromium depletion in the vicinity of the
carbides is a consequence of the drag of solute
occurring during the growth of carbides upon
annealing. The chromium content in the austenite
at the interface depends upon the thermodynamic
equilibrium. By examination of chromium profiles
we have shown that solute elements such as silicon
and tungsten influence the equilibrium. They
both lower the chromium content in the depleted
zone.

The use of recent microanalytical methods
enables us to give evidence of the evolution of
secondary carbides. As the final equilibrium
involves chromium-rich carbides, previously
formed and less-rich secondary carbides dissolve
while chromium-rich carbides coarsen.
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