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a b s t r a c t 

Secondary precipitation of Cr-rich carbides in heat resistant austenitic stainless steels has been investigated both 

experimentally and using finite element simulations. The microstructural evolutions in two commercial grades 

were characterized using electron microscopy. A special emphasis was given on the peculiar spatial distribution 

of M 23 C 6 secondary carbides exhibiting precipitate free zones surrounding primary carbides, and high density 

precipitate zones extending with longer aging times. Solidification induced chemical composition gradients were 

clearly exhibited in the as-cast alloys with significant chromium depletion in the vicinity of primary M 7 C 3 car- 

bides. It is then proposed that these gradients play a major role in the secondary precipitation mechanism. Clas- 

sical nucleation and growth theories have been adapted to account for (i) the flux of solutes with large difference 

in diffusion coefficients, (ii) the initial composition gradients in the matrix and, (iii) the chemical driving force 

for nucleation and growth of M 23 C 6 carbides. Within this framework, the whole kinetics has been reproduced. 

It clearly shows that the spatial distribution of secondary carbides that play a key role in the creep resistance 

of these alloys is the result of a complex interaction between initial composition gradients in as-cast alloys and 

solute flux resulting from phase transformation during aging. 
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. Introduction 

Heat resistant steels used in cracking or reforming furnaces have to

ace harsh service conditions including high temperatures (from 750 °C

p to 1100 °C), oxidizing environment on the external surface of pipes

nd in some cases carburizing on the inside [1–4] . Steels with high

hromium contents ( > 25 wt%) have been designed to resist against ox-

dation but, since a significant creep resistance is also required, a sig-

ificant amount of nickel has also been introduced to avoid the ferritic

tructure and to obtain fully austenitic steels [3] . Pipes of such FeNiCr

teels (known as HK or HP grades) are typically produced using cen-

rifugal casting. During solidification, large columnar grains with a den-

ritic structure are typically created. Dendrites from the fcc austenitic

hase are surrounded by micrometer scale eutectic carbides. These car-

ides, called primary carbides, are MC (Nb or Ti rich) or M 7 C 3 (Cr rich)

arbides [5] . It is important to note that these materials are often di-

ectly used in as-cast conditions but M 7 C 3 primary carbides are not

table in the temperature range of applications and transform into the

table M 23 C 6 [6] . This transformation is accompanied by the precipita-
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ion of secondary carbides which typically nucleate and grow within the

ustenitic matrix [7] . It has been demonstrated that secondary carbides

lay a very important role since they significantly improve the creep

esistance by hindering dislocations [8–12] . Therefore controlling the

umber density, the volume fraction and the size distribution of these

arbides is a key issue to improve the creep resistance. 

The transformation of M 7 C 3 in M 23 C 6 and the subsequent secondary

arbide precipitation within the austenitic matrix have been studied in

any systems like high Cr steels [13–16] , Ni superalloys [17,18] or

ustenitic stainless steels [5,7,19–21] . It is important to note that when

he primary M 7 C 3 carbides transform into M 23 C 6 , their carbon content is

ignificantly reduced. Even though after aging the original macrostruc-

ure looks relatively unchanged under the optical microscope where the

icrometer scale primary M 7 C 3 are transformed into M 23 C 6 , the carbon

xcess is released in the austenitic matrix giving rise to a homogeneous

ucleation and growth of submicrometer M 23 C 6 . These carbides exhibit

 crystallographic structure with a super lattice very close to the fcc

tructure of the austenitic matrix (with an average mismatch of only

.3% parallel to the {111} planes) and therefore grow with a cube on
ctober 2018 
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Table 1 

Nominal composition (wt%) of the two steels investi- 

gated in the present work (Fe and other minor elements 

balance). Other minor elements are: Mn, Si, P, S, Ti, Zr, 

Pb, Sn, Cu and Mo, with concentrations very close in both 

alloys. 

Steel 1 Steel 2 

C 0.45– 0.5 0.4–0.5 

Ni 33.0–36.0 39.0– 42.0 

Cr 24.0–27.0 29.0–32.0 

Ta – 0.0–2.0 

Al – 0.0–2.2 

Nb 0.5–1.0 0.0–0.2 
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Fig. 1. Thermocalc prediction of equilibrium molar fractions of phases in steel 

1 (a) and steel 2 (b) as a function of temperature. M 7 C 3 corresponds to the Cr- 

rich primary carbides. M 23 C 6 corresponds to the Cr-rich secondary carbides. NbC 

corresponds to the Nb-rich primary carbides. 𝜎 corresponds to an Fe- and Cr-rich 

intermetallic phase. G corresponds to the G-phase, an intermetallic silicide. 
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2  
ube orientation. Due to the elastic distortions resulting from the mis-

t, it has been shown that the nucleation barrier could be reduced in

he vicinity of already existing carbides, leading to some typical rows of

arbides [7] . It has also been often reported that M 23 C 6 carbides easily

ucleate along dislocations where the elastic energy associated with the

attice distortion is reduced [19] . 

There are however few interesting and intriguing features about the

eculiar secondary carbide distribution and growth mechanisms that

as not been fully clarified yet. Indeed, despite the great variety of heat

esistant steels, aged microstructures often exhibit: (i) a precipitate free

one (PFZ) surrounding primary carbides, (ii) a high density precipitate

one (HPZ) few micrometers away from primary carbides, (iii) a low

ensity precipitate zone (LPZ) in the austenitic grain interior [22–26] .

he extension of these different zones depends on the alloy composition,

asting conditions and ageing conditions but they are always observed.

hus, the aim of the present work is to carefully examine the structure

f aged heat resistant steels to provide some input in a model that takes

nto account chemical gradients and diffusion fluxes (especially the flux

f carbon atoms released by the transformation of primary carbides) to

ccount for the complex microstructural evolution resulting from sec-

ndary precipitation in heat resistant steels. 

In this paper, we investigate the precipitation of M 23 C 6 secondary

arbides in the vicinity of existing primary carbides by Scanning Elec-

ron Microscopy (SEM) and Transmission Electron Microscopy (TEM).

 simple precipitation model based on classical nucleation and growth

heories is then proposed to analyze the precipitation kinetics of sec-

ndary carbides and to explore the role of solidification induced chem-

cal gradients revealed around primary carbides. 

. Experimental details 

Two different austenitic heat resistant steels produced by Manoir In-

ustries were investigated in the present study. Centrifugally cast tubes

ade of these materials are typically used in cracking furnaces [2] . The

ominal composition of these two commercial steels is given in Table 1 .

hey have been selected with similar carbon content but a significant

ifference in Ni/Cr ratio. It is also interesting to note that steel 1 con-

ains a small amount of Nb while steel 2 contains some Al and Ta. Nb

nd Ta are known to form MC carbides (M being Nb or Ta) and thus

lightly affect the volume fraction of M 7 C 3 and M 23 C 6 carbides, how-

ver the aim of the present study was to show that the detailed mech-

nisms of the secondary precipitation during aging could be captured

or most commercial grades and that it does not significantly depend on

mall variations of the volume fraction of carbides. Artificial aging ex-

eriments were carried out in furnaces with a natural air environment

t 750 °C. This temperature is lower than most of industrial applications,

ut it has been selected to slow down the kinetics and capture the dif-

erent stages of the secondary precipitation mechanism (observations

one after 16, 64 and 112 h of aging have been selected for the present

anuscript). Equilibrium phases and their temperature range of stability

ave been computed with Thermocalc software using the TCFe-6 data
332 
ase ( Fig. 1 ). In both alloys, the M 7 C 3 phase is stable only just below

he liquidus temperature, but at 750 °C the only stable Cr-rich carbide

s M 23 C 6 . It is important to note that below 800 °C a significant equi-

ibrium volume fraction of G phase and 𝜎 phase is exhibited for steel 1

nd steel 2, respectively. However, these phases nucleate only after very

ong aging time [20] and thus does not significantly affect the secondary

recipitation mechanisms. 

To follow the transformation of primary M 7 C 3 carbides and the re-

ulting precipitation of M 23 C 6 , microstructures were characterized by

EM and TEM. SEM observations were carried out with a ZEISS LEO

530 XB operating at 15 kV. Images were recorded using a secondary

lectron detector and a 60 μm aperture. Prior to SEM investigation sam-

les were mechanically polished with 1 4 μm diamond paste. In order

o image primary and secondary carbides, the samples were chemically

tched using either an oxalic acid solution (preferential etching of the

ustenitic matrix) or an A2 solution from Struers (preferential etching

f Cr-rich carbides). TEM observations were carried out with a probe

orrected JEOL ARM-200F operated at 200 kV. Analytical data were

ollected by scanning TEM (STEM) with a probe size of 0.2 nm and a

onvergence angle of 34 mrad. Elemental mapping was carried out us-

ng Energy Dispersive X-ray Spectroscopy (EDS) with an Oxford Instru-

ents X-max detector, which has a solid angle of 0.7 sr. TEM samples

ere prepared from 3 mm disks thinned down to electron transparency

ith a twin jet electropolisher (Tenupol 5 from Struers) using a solu-

ion of 10% perchloric acid - 90% acetic acid at + 14 °C and a voltage of

0 V. To obtain better quality samples, a final polishing was carried out
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Fig. 2. SEM images (secondary electron detector) showing the microstructure of steel 1 in the as-cast state (a) and after aging at 750 °C for 16 h (b), 64 h ((c) and 

(e)) and 112 h (d). Precipitation of M 23 C 6 secondary carbides in the vicinity of primary carbides is clearly exhibited for the early stage of aging, and it progressively 

extends in the matrix. The higher magnification image recorded in the austenitic matrix (e) reveals smaller secondary carbides and show that some of them nucleated 

along a linear defect (supposedly a dislocation). For images (a) and b) the samples were etched using A2 solution from Struers to brightly image the matrix and for 

images (c)–(e) the samples were etched using oxalic acid solution to brightly image the carbides). In Fig. 2 (a) the inset is a SAED pattern collected on a primary 

carbide and that demonstrates that these carbides exhibit a Cr 7 C 3 structure. 

b

i

3

 

t  

c  

d  

c  

u  

M  

l  

(  

a  

i  

c  

b  

e  

s  

e  

F  

r  

l  

a  

t  

t  

r  

o  

a

 

(  

z  

o  

t  

t  
y ion milling (Gatan PIPS II operated at 3 keV during 5 min with ± 3°

nclination angle). 

. Experimental results 

Microstructures of steel 1 and steel 2 after aging at high tempera-

ure are typical for such heat resistant steels with large primary eutectic

arbides (several micrometers in size) located between austenitic den-

rite arms (width ranging from 30 to 60 μm). The evolution of the mi-

rostructure near primary carbides is shown in Fig. 2 for aging times

p to 112 h at 750 °C. In the as-cast state, large and lamellar eutectic

 7 C 3 carbides are exhibited (darkly imaged on Fig. 2 (a) and crystal-

ographic structure confirmed using selected area electron diffraction

SAED) in the TEM) while the matrix is free of any precipitate. Then,

fter only 16 h at 750 °C ( Fig. 2 (b)), numerous small carbides nucleate

n the matrix within a distance of only a few microns from primary

arbides. The structure and the orientation relationship of these car-

ides has been checked using TEM ( Fig. 3 ), they are M 23 C 6 carbides as
333 
xpected. Further annealing, up to 64 h leads to an apparent growth of

econdary carbides (brightly imaged in Fig. 2 (c)) that have nucleated

arlier while new carbides seem to nucleate in the matrix (top left of

ig. 2 (c)). A closer look at higher magnification in such a region clearly

eveals that some of the secondary M 23 C 6 carbides have nucleated on

inear defects, supposedly dislocations ( Fig. 2 (e)) as reported by other

uthors for similar steels [19] . Then, further annealing ( Fig. 2 (d)) leads

o a significant extension of the secondary precipitation zone and also

o further growth of M 23 C 6 carbides. It is interesting to note that, as al-

eady reported by other authors [3] , secondary carbides do not nucleate

n primary carbides (which are carbon reservoirs) but in the matrix at

 short distance of a few micrometers, leaving a PFZ. 

A very similar microstructure evolution was observed for steel 2

 Fig. 4 ) with also a progressive growth of the secondary precipitation

one and a PFZ near primary carbides. The microstructural differences

f the two investigated steels as observed by SEM are quantitatively plot-

ed as a function of the annealing time in Fig. 5 . The mean thickness of

he PFZ is less than a micrometer in both alloys, while the size ( 𝜆) of
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Fig. 3. TEM images (Bright field, High resolution and SAED pattern in (001) zone axis) showing secondary M 23 C 6 carbides that have nucleated and grown during 

aging at 750 °C for 112 h in the austenitic matrix of steel 1 with a cube on cube orientation relationship. 

Fig. 4. SEM images (secondary electron detector) showing the microstructure of steel 2 (etched using oxalic acid solution to brightly image carbides) after aging at 

750 °C during 16 h (a), 64 h (b) and 112 h (c). Precipitation of M 23 C 6 secondary carbides in the vicinity of primary carbides is clearly exhibited for the early stage of 

aging, and it progressively extends in the matrix. 
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he observable secondary precipitation extension (or High Precipitation

one (HPZ)) toward the austenitic matrix is almost five times larger in

teel 2. This feature is also connected with an apparent volume frac-

ion of secondary carbides significantly higher in steel 2 comparing to

teel 1 after 112 h at 750 °C ( Figs. 2 (d) and 4 (d)). Such a difference in

olume fraction was not predicted by the TCFe-6 database with thermo-

alc ( Fig. 1 ) and is supposedly due to a faster growth and coalescence in
334 
teel 2. Indeed, as shown in Fig. 2 (e) there is also a large density of sec-

ndary M 23 C 6 carbides away from the HPZ in steel 1 but not exceeding

00 nm in size and thus hardly observable and quantifiable from low

agnification SEM (in the following it will be called the Low Precipita-

ion Zone (LPZ)). This fastest growth and coalescence in steel 2 is also

eading the formation of carbides with an elongated shape ( Fig. 4 (c)).

t has indeed been reported by other authors that M 23 C 6 carbides may
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Fig. 5. Mean thickness of the precipitate free zone (PFZ) around primary car- 

bides and mean distance ( 𝜆) of the observable secondary precipitation extension 

toward the austenitic matrix as a function of aging time at 750 °C for steel 1 and 

steel 2 (measured from SEM images). 
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Table 2 

Thermodynamic and kinetic parameters used for modeling of the precipitation 

with nodePreciSo. 

Parameter Value References 

S 12 ,S 23 ,S 34 , … 1m 

2 

S 01 1.5 ×10 − 6 m 

2 

X 1 , x 2 , x 3 , … 1 μm 

V 1 , V 2 , V 3 , … 10 − 6 m 

3 

M Fe 55.845 ×10 − 3 kg/mol [30] 

M Cr 51.996 ×10 − 3 kg/mol [30] 

M C 12 ×10 − 3 kg/mol [30] 

D Cr (750 °C) 1.4 ×10 − 17 m 

2 /s [31] 

D C (750 °C) 9.26 ×10 − 12 m 

2 /s [31] 

v matrix 1.664 ×10 − 29 m 

3 Thermo-Calc Software TCFE8 

𝑣 𝐶 𝑟 23 𝐶 6 5.2 ×10 − 30 m 

3 Thermo-Calc Software TCFE8 

𝛾𝐶 𝑟 23 𝐶 6 0.5 J/m 

2 Adjusted Parameter 

K S (750 °C) 6.77 ×10 − 18 Thermo-Calc Software TCFE8 
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ucleate aligned along some specific crystallographic directions due to

he lattice distortions resulting from the small misfit between their crys-

al structure and the fcc matrix [7] . Then, in SEM images, rows of pre-

ipitates appear as needles when they coarsen or eventually coalesce to

orm very elongated shape carbides. 

The transformation of primary M 7 C 3 carbides into M 23 C 6 with a

ower molar fraction of carbon triggers the secondary precipitation by

eleasing some carbon into the austenitic matrix. Then, if the solubil-

ty product 𝐾 𝑠 = [M] 23 [C] 6 is reached, secondary carbides may nucleate

f their radius is larger than the critical radius [3] . SEM observations

learly show that they do not nucleate at primary carbide / austenitic

atrix interfaces and that a PFZ appears instead. This means that the

olubility product is not reached in the PFZ. Since this solubility prod-

ct is a function of the local composition, this might indicate that there

s a composition gradient across primary carbide/matrix interfaces. To

easure the local composition of the matrix near primary carbides in

he as-cast material, analytical STEM analyses using EDS have been car-

ied out in both steels. As shown in Fig. 6 , a significant Cr gradient

ppears at such interfaces with a significant Cr depletion in the matrix.

his depletion is about 5 and 10 at% in steel 1 and steel 2, respectively,

from 30 at% down to 25 at% Cr in steel 1 ( Fig. 6 (a)) and from 32 at%

own to 20 at%Cr in steel 2 ( Fig. 6 (b))). These Cr gradients in the ma-

rix spread over about one and two micrometers in steel 1 and steel 2,

espectively. 

Then, if such experimental data give some qualitative explanation of

he observed PFZ, it does explain why some secondary M 23 C 6 carbides

ontinuously grow further and further away from primary carbides. This

s obviously linked to matrix composition changes during the carbide

rowth which affects the solubility product. Besides, the diffusivity of

arbon at 750 °C in the austenitic matrix is relatively high. The equiva-

ent diffusion distance estimated as ≈
√
6 𝐷 𝑐 𝑡 where D c is the carbon dif-

usion coefficient given in Table 2 and t the time, is indeed about 1 mm

n only 16 h. Then, it is hard to understand why M 23 C 6 does not homoge-

eously nucleate in the austenitic matrix since the carbon concentration

hould be quite homogenous in the austenite. Therefore, to account for

hese complex phenomena (initial composition gradient, local solubility

roduct evolution and carbon flux), the coupled diffusion/precipitation

odel described below has been developed. 
335 
. Modeling of the secondary precipitation of M 23 C 6 carbides 

Classical nucleation and growth theories have been extensively used

o model precipitation in isothermal and/or non-isothermal condition

or steels [32] , aluminium alloys [33] and superalloys [34] . From the

ioneering contribution of Böhm et al. [35] , H.P. Van Landeghem

37] modeled the precipitation of CrN in an evolving N chemical gradi-

nt and Rougier et al. [36] reported precipitation of 𝛾 ’ precipitates in a

i-based superalloy. However, modeling precipitation kinetics in a con-

entration gradient has been seldom reported in the literature (see the

ecent contribution of [36] ). 

.1. Fundamental basis of the modeling approach 

The purpose is here to model the precipitation of the secondary car-

ides, supposedly driven by the carbon release from the primary M 7 C 3 to

 23 C 6 transformation, and within an initial chromium gradient result-

ng from the precipitation of former M 7 C 3 . Therefore, a model coupling

recipitation and one-dimensional diffusion is designed. 

The model developed for the present study is based on the software

reciSo developed by Perez et al., which is described in [27] . PreciSo

ses classical nucleation theory, growth and coarsening in order to pre-

ict the size distribution of precipitates in multicomponent systems. For

he sake of simplicity, complex M 23 C 6 carbides are assumed to be spher-

cal with Cr 23 C 6 chemistry. The description for a multi-component sys-

em can be found in reference [28] . At each time step of the simulation,

hen nucleation occurs, a new precipitate class is created. Its radius

orresponds to the critical radius 𝑅 

∗ 
𝑘 𝐵 𝑇 

calculated as follow: 

 

∗ 
𝑘 𝐵 𝑇 

= 𝑅 

∗ + 

1 
2 

√ 

𝑘 𝐵 𝑇 

𝜋𝛾
(1)

here k B is the Boltzmann constant, 𝛾 is the precipitate/matrix inter-

acial energy. R 

∗ is the classical critical radius above which nuclei are

table. It is the solution of d ΔG(R 

∗ )/dR = 0 , where the energy change

G(R) is given by: 

𝐺( 𝑅 ) = 

4 
3 
𝜋𝑅 

3 Δ𝑔 + 4 𝜋𝑅 

2 𝛾 (2)

here Δg is the driving force for precipitation. The number of precip-

tates in the newly created class is determined by the nucleation rate:

𝑑𝑁 

𝑑𝑡 
= 𝑁 0 𝛽

∗ 𝑍 exp 
[ 
− 

Δ𝐺( 𝑅 

∗ ) 
𝑘 𝐵 𝑇 

] [
1 − exp 

(
− 

𝑡 

𝜏

)]
(3) 

here N 0 is the number of nucleation sites per unit volume, 𝛽∗ is the

ondensation rate of solute atoms in a critical cluster and Z the Zeldovich

actor. 
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Fig. 6. (a) STEM-EDS line profile analysis measured perpendicular to the interface of a primary carbide towards the matrix in steel 1 in the as-cast state. It clearly 

exhibits a Cr depletion and a Ni enrichment at the carbide interface. (b) STEM-EDS line profile recorded in similar way in steel 2 in the as-cast state. A chemical 

gradient is also exhibited at the interface between primary carbides and the matrix. One should note that the carbon quantification is not accurate using EDS, 

especially because of contamination, however the level being relatively constant in the matrix, it does not affect the Cr gradients. 
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Fig. 7. Result of the modeling for a steel having a Cr content representative of 

steel 2 and exhibiting chemical gradients across the interface between primary 

carbides and matrix. The volume fraction of precipitates (a) and the Cr content 

of the matrix (b) are plotted as a function of time in nodes 1–20. 

 

s

𝑋  
At each time step, the radius of each class is updated. The new radius

s calculated using a classical growth equation: 

𝑑𝑅 

𝑑𝑡 
= 

𝐷 𝐶 

𝑅 

𝑋 

0 
𝐶 
− 𝑋 

𝑖 
𝐶 
( 𝑅 ) 

𝛼𝑋 

𝑝 

𝐶 
− 𝑋 

𝑖 
𝐶 
( 𝑅 ) 

= 

𝐷 𝐶𝑟 

𝑅 

𝑋 

0 
𝐶𝑟 

− 𝑋 

𝑖 
𝐶𝑟 
( 𝑅 ) 

𝛼𝑋 

𝑝 

𝐶𝑟 
− 𝑋 

𝑖 
𝐶𝑟 
( 𝑅 ) 

(4)

here D j are the diffusion coefficients ( j stands for either Cr or C), 𝑋 

0 
𝑗 

re the initial compositions of the matrix (updated according to solute

toms diffusion, see next paragraph), 𝑋 

𝑝 

𝑗 
are the compositions of the

recipitate and 𝛼 = 𝑣 𝑀 

𝑎𝑡 
∕ 𝑣 𝑃 

𝑎𝑡 
is the matrix to precipitate atomic volume

atio. 

Eq. (4) implicitly takes into account the Gibbs-Thomson effect and

herefore Ostwald Ripening since the composition of the matrix at the

recipitate interface 𝑋 

𝑝 

𝑗 
( 𝑅 ) depends on its radius. In a Cr 23 C 6 phase, the

omposition is modified as follows: 

 

𝑖 
𝐶𝑟 
( 𝑅 ) 23 𝑋 

𝑖 
𝐶 
( 𝑅 ) 6 = 𝐾 𝑆 exp 

( 

58 𝛾𝑣 𝑃 
𝑎𝑡 

𝑅 𝑘 𝐵 𝑇 

) 

(5)

here K S is the solubility product of Cr 23 C 6 in austenite. 

In its most recent version called nodePreciso [29] , the software is

ble to simulate precipitation in different “nodes ” experiencing differ-

nt thermal history. The precipitation software has been improved here

o be able to model the precipitation within a chemical gradient of dif-

using solute atoms. At the beginning of the simulation a mesh is defined.

ach node i of the mesh has a given volume V 

i , a given solute content

 

0 𝑖 
𝑗 

composition and is connected to neighboring nodes k via surfaces

 

ik . Each time step of the simulation starts with a diffusion step during

hich a node can exchange atoms with its neighbors. Fluxes of atoms

hrough the defined surfaces are given by Fick’s law. At each time step,

he solute contents 𝑋 

0 𝑖 
𝑗 

of each node i and for each atom species j are

pdated according to: 

 

0 𝑖 
𝑗 

← 𝑋 

0 𝑖 
𝑗 
+ 

𝐷 𝑗 

𝑉 𝑖 
Δ𝑡 

∑
𝑘 ( 𝑛𝑒𝑖𝑔ℎ 𝑜𝑓 𝑖 ) 

𝑋 

𝑘 
𝑗 
− 𝑋 

𝑖 
𝑗 ||𝑥 𝑘 − 𝑥 𝑖 ||𝑆 𝑖𝑘 (6)

here V 

i is the volume of node i, Δt is the time step, x i,k is the posi-

ion of node i, k and S ik is the surface of ik interface. The summation is

erformed on all nodes k neighbors of node i . 
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This diffusion step is followed by performing the mass balance of all

olute atoms in each node i according to: 

 

𝑖 
𝑗 
= 

𝑋 

0 
𝑗 

𝑖 − 𝑋 

𝑝 

𝑗 

𝑖 
𝛼𝑓 𝑖 

1 − 𝛼𝑓 𝑖 
(7)
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Fig. 8. Visualization of the secondary carbide distribution at 750 °C after 10 4 s (a), 10 5 s (b) and 10 6 s (c). Both the precipitate free zone and the evolution of the 

size distribution as a function of time is clearly exhibited. Images were produced on the basis of the modelling results with a random distribution of carbides in each 

node. 
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here f i is the precipitate volume fraction in node i and 𝛼
∑
𝑡 

𝑋 

𝑖 
𝑗 

is the

et balance of solute atoms that entered node i since the beginning of

he simulation. 

Finally, in each node, the nucleation and growth stages ( Eqs. (3) –( 5 ))

re calculated. 

This new implementation will be used in order to simulate the pre-

ipitation of M 23 C 6 secondary carbides in a chromium composition gra-

ient. The chosen thermodynamic and kinetic parameters for such sim-

lations are reported in Table 2 . 

The simulations focus on understanding how a composition gradient

an influence nucleation, growth and coarsening. Therefore, the studied

ystem is simplified with respect to the rather complex alloys studied

xperimentally and the following model was build: 

i) the M 23 C 6 phase is the only phase precipitating; 

ii) each simulation consists of 21 nodes and the name of a node corre-

sponds to its position along the x axis; 

ii) node 0 represents the primary carbide that releases C from its trans-

formation from M 7 C 3 to M 23 C 6 (the transformation itself is not mod-

eled – precipitation is inhibited in this node); 

v) node 0 initially contains 18 wt% Cr and 12 wt% C (in order to take

into account the fact that the transformation of the primary carbide

is driven by Cr diffusion, the exchange surface between node 0 and

node 1 has been reduced to 1.5 ×10 − 6 m 

2 which corresponds to the

ratio D Cr / D C ); 

v) nodes 1–20 represent the surrounding austenitic matrix; 

i) each node is 1 μm thick and is connected to its two neighbors by a

unit surface of 1 m 

2 (the problem is 1D); 

ii) node 20 is 20 μm away from the primary carbide interface and rep-

resents the center of a dendrite (the boundary condition applied at

node 20 outer interface is that there is no flux); 

ii) the initial Cr and C compositions of all nodes are fixed at the begin-

ning of a simulation (initial C concentrations have been set to zero

for all nodes, whereas various initial Cr gradients have been tested).

In short, this model represents a situation where C is released from

he transformation of M 7 C 3 into M 23 C 6 , within a pre-existing Cr gradi-

nt. In this paper we will present three different cases: (i) no Cr gradient;

ii) sharp Cr gradient; (iii) smooth Cr gradient. 
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.2. Modeling results 

Fig. 7 shows the evolution of the precipitate volume fraction and the

r content in nodes 1–20 in the case of the smooth composition gradient

it corresponds to gradient 3 in Fig. 9 ). The initial Cr content can be

een at the origin of the diagram. Shortly after 2000 s, a small amount

f M 23 C 6 precipitates starts to appear in nodes 9–20 quickly followed by

odes 8 and 7, and later on by nodes 6, 5 and 4. At the beginning of the

imulation, the volume fraction of precipitates is higher in nodes further

way from the primary carbide. After 5 ×10 4 s though, nodes 7 and 8

ecome the more populated nodes. Nodes 1–3 remain precipitate-free

or the whole simulation time. 

Even if it seems surprising at first, the evolution of the volume frac-

ion can be understood as follows. First, it is important to consider all

arameters of the simulation: not only the volume fraction, but also the

ize distribution of the precipitates, their number density and the matrix

omposition. Since it is hard to follow all these parameters at once, typ-

cal simulated volumes have been represented in Fig. 8 . These volumes

ave been generated by taking into account the aforementioned param-

ters. A cross section has been randomly cut through these volumes in

rder to provide a view of the microstructure that could be compared

ualitatively with SEM observations. 

Thanks to this representation, the precipitation sequence becomes

lear. In the first steps of the simulation, the Cr content is highest in

odes 9–20. Since carbon diffuses much faster than chromium, all nodes

ee their C content increasing before nucleation even starts. Carbon

ows out from the primary carbide (node 0) and meets nodes in which

he Cr content is low. In these nodes, the Cr content is not high enough to

each the solubility limit for nucleation. Hence, nodes 1–3 correspond to

he experimentally observed PFZ. In the following nodes (4–20), where

he product [Cr] 23 [C] 6 is high enough, nucleation starts. Nodes 9–20

ontain a lot of small precipitates. Nodes 4–8 contain much less precip-

tates, but these precipitates are larger. During the following time steps,

hese larger precipitates coarsen faster at the expense of the other ones

ue to the Gibbs-Thomson effect. With time, the difference between the

arge precipitates and the smaller distant ones is amplified. This explains

he observation of a HPZ and the presence of small secondary carbides

ar from the transforming M 7 C 3 carbides as can be seen in Fig. 2 . Even

f the Cr content increases through time in nodes 1–3, the conditions for

ucleation in these nodes is never met. 
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Fig. 9. Result of the modeling (750 °C for 10 6 s) showing the influence of the 

chemical gradient at the primary carbide / austenitic matrix interface. (a) Rep- 

resentation of the three different initial gradients (labelled 1: no gradient, 2: 

sharp gradient, 3: smooth gradient) used in the modeling, (b) corresponding 

visualization of the secondary carbide distribution showing a PFZ and a larger 

size distribution for the largest gradient. 
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These simulations reproduce features observed during SEM investi-

ation qualitatively. The first nodes are precipitate-free. This PFZ is fol-

owed by a zone where the volume fraction of precipitates is the highest

nd contains large precipitates. The more distant nodes, corresponding

o the center of a dendrite, contain a lot of smaller precipitates. In addi-

ion, it helps understanding the reasons for such a peculiar distribution

f precipitates and how exactly a composition gradient can influence

recipitation. The results show how thermodynamic and kinetics consid-

rations have to be taken into account in order to understand the precip-

tation sequence, and that the interplay between composition gradients,

he solubility product and diffusion coefficients is the key controlling

he whole phenomena. 

In the literature, typical features such as the size distribution of pre-

ipitates, the PFZ, HPZ and LPZ vary a lot depending on aging conditions

nd alloy composition. This variability can be explained using our dif-

usion/precipitation model. For instance, simulations have been used in

rder to predict the precipitate distribution in the case of three differ-

nt composition gradients. These gradients and the associated simulated

olumes are represented in Fig. 9 . In case 1 (no initial composition gra-

ient), precipitation occurs everywhere. Even if the volume fraction is

lightly higher in the nodes closer to the primary carbide / matrix in-

erface (not shown here for the sake of simplicity), there is no striking

ifference between node 1 and 20. This shows clearly that an initial com-

osition gradient is the necessary condition leading to a PFZ, HPZ and

PZ. Moreover, by comparing cases 2 (sharp gradient) and 3 (smooth
338 
radient) it clearly appears that the spatial extent of the gradient signif-

cantly affects the distribution of precipitates. In the case of a sharper

radient, the size of the PFZ is reduced. In addition, a smaller difference

n precipitate size is observed between the nodes closer to the primary

arbides and these ate the dendrite centre. 

. Conclusions 

i) Heat resistant austenitic stainless steels exhibit secondary carbide

precipitation as a result of the transformation of M 7 C 3 primary car-

bides into M 23 C 6 leading to some carbon release into the austenitic

matrix. 

ii) Secondary M 23 C 6 carbides start nucleating at a short distance of pri-

mary carbides, leaving a PFZ of one micrometer or more. 

ii) Nanoscaled secondary M 23 C 6 carbides nucleate in the whole

austenitic matrix (excepted in the PFZ), but those near the carbon

source (primary carbides) grow quickly and are the only ones visible

by SEM for the early stage of aging (HPZ). 

v) In as-cast alloys, some chemical gradients exist within the structure,

and especially a Cr depletion in the vicinity of M 7 C 3 primary car-

bides has been observed. 

v) The Cr gradients near the carbon source for secondary precipitation

affect the local driving force for nucleation and give rise to a PFZ.

This has been confirmed using coupled diffusion/precipitation simu-

lations. Theses simulations take into account the flux of solutes with

large difference in diffusion coefficients, the initial composition gra-

dients in the matrix and the chemical driving force for nucleation

and growth of M 23 C 6 carbides. 

i) The simulations also predict that the extent and the amplitude of the

Cr depletion zone affect the final spatial distribution of secondary

carbides. This might explain the tremendous variations of the PFZ,

and HPZ reported in the literature for commercial heat resistant

steels. 

ii) The secondary precipitation of M 23 C 6 carbides can also be af-

fected by crystalline defects like dislocations or the strain field near

MC carbides. Such features were beyond the scope of the present

work but should be addressed in the future to capture the whole

mechanisms. 
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