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Extremely slow carbon diffusion in carbon-supersaturated surface
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Abstract

Carbon diffusion was studied in carbon-supersaturated surface layer of commercial ferrite-
-martensite Cr-Mo steel P91 and in two model ferrite materials: in pure α-Fe, and in ferrite
Fe-Cr alloy. The carbon surface layer, the thickness of which was about 40 nm, was physical-
-vapor-deposited and isothermal diffusion anneals were carried out at selected temperatures
between 573 K and 1073 K. The depth profiles of carbon were measured by SIMS. It was found
that the carbon diffusion proceeded much more slowly in carbon-supersaturated surfaces than
in matrices with equilibrium carbon concentration. The carbon diffusion coefficients obtained,
D, were close to literature values reported for C diffusion in carbide phase. Measured values
of D in pure α-Fe, α-Fe-Cr and P91 steel above 773 K were identical. However, significantly
higher values of D were measured in P91 below the temperature of 773 K, which was ascribed
to different mobility of substitution elements.

K e y w o r d s: carbon diffusion, carbon supersaturation, surface, diffusion barrier, ferrite,
P91

1. Introduction

Carbon supersaturation in iron-based matrices is
encountered in many advanced materials either in the
bulk or close to protective carbon-containing surface
layers. Small carbon atoms can occupy the tetragonal
or the octahedral interstitial sites in the lattice. It
was, however, shown that the octahedral sites are
much more preferred [1, 2]. It is known that C-C in-
teraction energy is positive. Its high value of about
150 kJmol−1 estimated in [3] indicates a strong repul-
sion of C-C nearest neighbors. This repulsion appar-
ently contradicts any clustering of C atoms that might
lead to carbon-supersaturation. However, relaxation
measurements and calculations [4, 5] have proved that
complexes or even clusters of carbon atoms must ex-
ist. It has been shown that relatively numerous va-
cancies or iron atom mediated di-carbon, tri-carbon
and more complex clusters can be sufficiently stable
[3, 6, 7]. Carbon-supersaturation has been observed
in an astonishingly large extent. The actual carbon-
-supersaturation attainable in BCC Fe can reach a
level of up to about 16 at.% [8].
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It can be intuitively expected that the carbon
atoms in clusters move by a co-ordinate collective
mechanism [3, 9] and that their mobility is lower
than the mobility of a single interstitial carbon atom.
This was confirmed by means of a computer simula-
tion [10–13]. In [11], it was shown that carbon diffu-
sion in ferrite decreases with increasing carbon con-
centration. The authors of [8] estimated the ratio of
the carbon diffusion coefficient in equilibrium and in
carbon-supersaturated lattice at room temperature of
as high as 106. Extended carbon clusters and transient
carbides were directly observed [14–18].
Another instance, in which the carbon diffuses in

a carbon-supersaturated matrix, can be encountered
during the decay of ferrite-martensite structures [19].
Details of the bainite reaction that involved the de-
cay of supersaturated bainitic ferrite were thoroughly
investigated in a number of studies [14, 19–24].
Carbon diffusion in carbon-supersaturated ferrite

(-martensite) lattice also governs the production of a
new type of bainite steels utilizing the quenching and
partitioning (Q&P) technique [25–27].
Carbon diffusion in ferrite Fe-Cr-X-C materials
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with equilibrium lattice carbon concentration (lower
than carbon solution limit), were studied, e. g., in
[28–34]. Majority of published data were obtained by
diffusion couple technique [28–30, 34]. Co-diffusion of
C and N was investigated in [31], the work [32] was
focused to redistribution of carbon and substitution
constituents close to the free surface.
It can be summarized that the carbon diffusion in

carbon-supersaturated ferrite matrices governs tech-
nologically important processes, but the carbon dif-
fusion itself in carbon-supersaturated matrices is not
fully understood. Up to the knowledge of the present
authors, the only rough estimation of the carbon dif-
fusion coefficient D at room temperature in carbon-
-supersaturated ferrite was published in [8].
In the present paper, carbon diffusion coefficients

were measured in the carbon super-saturated surface
layer on commercial steel P91 designed for applica-
tion in power engineering at temperatures up to 923K.
To separate the influence of its chemical composition,
the measurements were carried out also in two model
carbon-coated materials: in Fe and Fe-Cr alloy.

2. Experimental

2.1. Samples preparation

Commercial P91 ferrite-martensite chromium steel
(0.10 C, 0.40 Mn, 8.5 Cr, 0.10 Ni, 0.88 Mo, 0.23 V,
0.10 Nb, 0.045 N, bal. Fe, all in wt.%) was purchased,
model materials Fe and ferrite Fe-Cr binary alloy (Fe-
-15.17wt.%Cr) were prepared from pure elements by
induction melting in Ar (purity 6N) and casting in
a Cu mould. Purity of Fe and Cr was 99.995 % and
99.997 % (metal basis), respectively. The concentra-
tion of interstitials was following: C – 44 ppm (ob-
tained by C-IR analysis), O – 34 ppm (IGF-NDIR),
and N< 10 ppm, H< 5 ppm (IGF-TC). All the experi-
mental materials were annealed at 1423 K/20 h in pure
Ar before measurement. Diffusion samples (10mm in
diameter× 4mm in height) were machined from the
annealed ingots.
Carbon surface layers with a thickness of h∼ 40 nm

were deposited by physical vapor deposition (PVD)
technique. In order to increase the adherence of the
carbon layer to the substrate, prior to the PVD
the sample surface was etched in a mixture of
C2H6O : HNO3 = 98 : 2 for about 5 s at the room tem-
perature.

2.2. Diffusion anneals

In order to maintain the isothermal regime even
during short diffusion anneals, the samples were an-
nealed in a special vacuum furnace ULVAC RIKO
MILA-5000 with extremely intensive infra-red heat-

ing in a vacuum of about 5× 10−6 mbar. The diffusion
time, t, varied between a few minutes to hundreds of
hours. Both the heating and cooling were very rapid
(hundreds of Kelvins in the first few seconds at the
beginning and the end of the annealing). The t values
at the highest diffusion temperatures were corrected
to take into account the heating-up and cooling-down
times. Diffusion temperatures were chosen in the inter-
val between 573 and 1073K and were stabilized within
± 0.1 K.
During the diffusion anneals, a carbon-supersatu-

rated region was created in the vicinity of the ori-
ginal free surface. The annealing was conducted in
paraequilibrium [35] conditions. The substitution ele-
ments were frozen and no layer/substrate interface
reaction occurred and, therefore, no carbide phase
was present. Analogous situation (carbon supersatur-
ation without carbide precipitation) is known at so-
-called Low-Temperature Colossal Carbon Supersatur-
ated surfaces of austenitic steels investigated [36].

2.3. Measurement of relative carbon
concentration

Measurements were done utilizing SIMS technique
(MiniSIMS Millbrook equipped with depth profiling
module and with a quadrupole mass spectrometer). A
focused beam of accelerated Ga+ ions oriented per-
pendicular to the sample surface was used for the
sputtering-off in the selected square area of the surface
of the sample. The total number of charged sputtered-
-off carbon-containing fragments with the chosen ratio
of the mass to the charge (m/e) was registered dur-
ing sputtering-off scans, each of which removed one
plane parallel layer. This number of fragments were
taken for the relative carbon concentration, cC, in the
respective layer.
In Fig. 1, a section of mass spectra is plotted show-

ing the lines of lightest carbon-containing negative-
-charged secondary fragments. The figure illustrates
the difference between the spectra obtained with P91
sample without carbon layer and with the sample
covered by carbon layer in the state before anneal.
It is shown that there are five channels (m/e = 12,
13, 24, 25 and 26) that are suitable for carbon de-
tection. It is also evident that the signals at chan-
nels m/e = 13, 25, 26 are influenced by other in-
terstitials (H, N). It was found that also signal at
m/e = 24 was considerably influenced by oxygen
concentration, which might also negatively affect the
measurement of carbon concentration. Therefore, all
measurements in the present work were carried out
using the channel m/e = 12 despite the fact that
this channel is not the most intensive one. To avoid
the edge-effects, only counts recorded in the cent-
ral part 60× 60 µm2 of the crater area (total area
was 100× 100 µm2) were accepted as counts that con-
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Fig. 1. XRD pattern with the lightest carbon-containing
negative fragments. Measured with P91 without PVD car-
bon layer (dotted line) and after the carbon deposition

(solid line).

tributed to the true value of cC in the respective
layer.

2.4. Calibration of the penetration depth

To calibrate the depth co-ordinate x of measured
depth profiles (DPs), relation between the serial num-
ber of each sputtered layer and the corresponding
depth x beneath the original surface was found. After
a known number of sputter scans the depth of the
sputter crater was measured using the con-focal micro-
scope Olympus LEXT OLS3100 with an AFM mod-
ule. The profile of the crater edge after 1000 sputter
scans is shown in Fig. 2, where x and y stand for the
depth and lateral co-ordinate parallel to the surface,
respectively. Repeated measurement of the profile of
the sputtered-off step at different selected positions
along the crater rim showed an average total difference
of ∆x = (2.86± 0.09)× 10−7m between the original
free surface and the crater bottom, which resulted in
a calibration factor of fx = (0.29± 0.08) nm per one
sputtered layer.

2.5. Measurement of carbon concentration
depth profiles

The DPs were measured both before (t = 0),
and after each diffusion anneal at six diffusion tem-
peratures T. Typical maximum sputtered depth was
100 nm. Repeating the sputtering scan (depth profil-
ing procedure) produced a depth dependence of cC.
In Figs. 3, 4, typical DPs are exemplified by profiles
obtained with a pure Fe sample. The curves cC(x ) in
Fig. 4 are plotted after the correction for the back-

Fig. 2. Profile of sputter crater measured by AFM using Fe
sample after 1000 sputter scans. x and y, the depth and the
lateral co-ordinate parallel with the surface, respectively.

ground. It can be seen that the depth dependence of
the carbon concentration showed well-defined surface
layer, the chemical composition of which at t = 0 ap-
proached 100 % C. The minimum quantity of cC(x)
observed at the very beginning of the sputter process
(at low values of x) is a consequence of the surface
contamination by adsorbed impurity atoms and the
transient regime at the commencement of the sputter
process [37]. Departure of cC(x ) from an ideal rect-
angular shape at t = 0 (i.e., constant carbon concen-
tration cC(x) = c0 within the deposited surface layer
of thickness h, and then the abrupt drop of cC(x) =
0 at x = h) is caused by non-stable PVD and by the
statistical character of sputtering process.

3. Results and discussion

3.1. Evaluation of data

The experimental arrangement of the current car-
bon diffusion study was chosen so that the observed
carbon concentration cC(x, t) could be described by
a known analytical solution derived for the case of
diffusion from the surface layer of thickness h into a
half-space [38].
The shaded area aexp beneath the DP curve (see

Fig. 3), proportional to the quantity of the carbon
atoms in the surface layer, decreased with increasing
diffusion time t as is obvious in Fig. 4. Since the car-
bon vapor pressure at diffusion temperatures [39] was
always much lower than the residual pressure in the
vacuum chamber during each anneal, the decrease in
aexp cannot be ascribed to carbon evaporation. Also
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Fig. 3. Example of measured DP measured using Fe sample
after diffusion annealing at 973 K/0.24 ks.

Fig. 4. Examples of measured DPs measured using Fe
sample after diffusion annealing at 973 K for diffusion
times up to tmax = 1.80 ks. DPs are corrected for back-

ground.

a decrease in aexp caused by a reaction of the carbon
deposited on the sample surface with the residual oxy-
gen in the chamber can be excluded. Repeating sim-
ilar diffusion experiments using copper samples (Cu
dissolves much less carbon than α-Fe does) resulted
in time-independent values of aexp. Hence, it can be
concluded that the rate of decrease of aexp(t) with in-
creasing t is exclusively due to carbon in-diffusion into
the samples.
For the carbon layer thickness, h = x2 – x1, the av-

erage width of layer depth profiles was taken measured
between the two inflection points of cC(x, t) (Fig. 3).

Fig. 5. Example of time dependence of a measured using
Fe sample. Annealed at 973 K for times up to tmax = 1.80
ks. Full points – experimental values of aexp, solid line (see

Eq. (2).)

The decrease in aexp was the only significant and
well defined change of DPs with increasing t observed,
because concentration tails of cC(x, t) measured in
greater depths x > h, were too flat to be used for
reliable evaluation of D using SIMS. As an analogy
to Borisov’s surface-decay method [40], an analytical
expression describing the relation between a and t can
be obtained. Assuming that the concentration of dif-
fusing species from the surface layer of thickness h into
a half-space is defined by the equation [38]:

cC =
1
2
c0

{
erf

(
h − x

2
√

Dt

)
+ erf

(
h+ x

2
√

Dt

)}
, (1)

the total amount of carbon in the surface layer, a, can
be obtained by its integration with respect to x within
the layer of thickness h. The result reads:

a =

x2∫
x1
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= c0

{
h erf

(
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Dt

)
+

√
Dt

π

[
exp

(
− h2

Dt

)
− 1

]}
.

Equation (2) was fitted to experimental values of
aexp(t) and D’s were obtained as fitting parameters.
For the value of aexp, shaded area beneath the cC
curve was calculated by numerical integration as il-
lustrated in Fig. 3, and value of h was considered as
known parameter for the optimization carried out with
the help of TableCurve 2D SW package [41]. An illus-
trative example of time dependence aexp(t) is shown
in Fig. 5.
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Ta b l e 1. Carbon diffusion coefficients D obtained for diffusion times from 0 to tmax

Material

Fe Fe electropolished Fe-Cr P91

T D tmax D tmax D tmax D tmax
(K) (m2 s−1) (ks) (m2 s−1) (ks) (m2 s−1) (ks) (m2 s−1) (ks)

1073 1.5×10−16 0.180 9.8×10−17 0.840 1.0×10−16 0.180 1.9×10−16 0.240
973 4.9×10−17 1.80 3.8×10−17 0.960 2.4×10−17 0.600 2.1×10−17 1.32
873 1.7×10−18 2.88 3.8×10−18 1.44 3.2×10−18 0.900 3.2×10−18 1.80

3.2×10−18 3.4×10−18
773 8.2×10−20 3.54 1.3×10−19 68.4 6.5×10−20 10.8 6.5×10−19 3.60
673 7.1×10−21 205 4.3×10−21 436 3.6×10−21 540 4.1×10−19 72.0

9.5×10−19
573 2.6×10−21 403

1.4×10−21

Fig. 6. Carbon diffusion coefficients D in carbon-super-
saturated ferrite matrix. Dotted lines – prediction limits
at level 95 % confidence, solid line – Arrhenius equation.

3.2. Carbon diffusion coefficients and
comparison with literature

All the calculated values of D are listed in Table 1.
Their numerical uncertainty originates from the loc-
ation of the crater on the sample surface and from
the fitting errors. Interval (D× 1/2; D× 2) can be
taken as the most likely interval of calculated values
of D that reasonably counts for the disturbing factors.
This estimation of the experimental error of D com-
plies well with the observed differences in D obtained
when some of the experiments were repeated (see, e.g.,
Fe at 873K, alloy P91 below 773 K).

3.2.1. Carbon diffusion in Fe

The results obtained with the mechanically pol-
ished samples of α-Fe (careful mechanical polishing
finished with a fine diamond paste) are plotted in
Arrhenius diagram in Fig. 6 – see full points. Depth
profiles cC(x, t) were measured from the surface down
to a typical depth of xmax∼ 100 nm. This is a re-
gion that may be influenced by metallographic pol-
ishing. For this reason, the measurement of D was
repeated with Fe samples finished by electrolytic
polishing in a mixture CH3COOH : HClO4 = 9 : 1,
40 V 1−1 min−1. In this manner, the surface layer with
a thickness of about 25 µm was removed that might
be influenced by mechanical treatment (the Beilby
layer [42]). Repeated measurement using samples that
have been electrolytically polished prior to PVD of
carbon provided values of D that are also plotted in
Fig. 6 (the open points). It is clear that the results
are identical with those obtained using mechanically
finished samples. After this test that revealed inde-
pendence of D on the type of surface finishing, ex-
periments with other materials were carried out solely
using mechanically finished samples.

3.2.2. Carbon diffusion in Fe-Cr

It is known that there is a strong affinity between
carbon and chromium that leads to the formation of
stable chromium carbides [43]. Therefore, Fe-Cr alloy
was prepared to test the influence of Cr on carbon dif-
fusion in supersaturated ferrite matrix. Carbon con-
tent in the alloy in as-prepared state was negligible
(see the purity of starting materials given above) and
the measurement of DPs in a carbon-supersaturated
state was carried out during very early stages of car-
bon in-diffusion from the surface layer into the bulk
of the substrate. Under such conditions, the atoms of
the substitution elements cannot respond to the car-
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bon atoms flooding the subsurface region. They are
effectively frozen and no carbide phase can be present
in the diffusion zone to a considerable extent.
These results can be seen in Fig. 6 (open squares).

It is obvious that the carbon diffusion coefficients are
equal to the values obtained for pure Fe – no retard-
ing effect of Cr was observed. It seems that carbon
in carbon-supersaturated ferrite matrix of a Fe-based
alloy does not depend on the presence of the strong
carbide former substitution atoms.
In Fig. 6 it can be seen that the temperature de-

pendence of D is linear – within the frame of exper-
imental error estimated – in coordinates log D vs.
1/T, which enables one to evaluate parameters in the
Arrhenius equation D = D0 exp(−∆H/RT ) (R is gas
constant). The enthalpy ∆H = (158± 5) kJmol−1 and
frequency factor D0 = 10−(8.11±0.30)m2 s−1 obtained
by fitting Arrhenius equation to the entire data set
(mechanically and electrolytically finished Fe samples
and Fe-Cr samples) adequately describe carbon dif-
fusion in supersaturated surface. The dotted lines in
Fig. 6 show the prediction limits of D at a 95 % prob-
ability level.

3.2.3. Carbon diffusion in P91

Prior to the diffusion measurement, the alloy P1
was austenitized by annealing at 1423K for 20 h in
silica tube filled with pure Ar (5N6) and then air
cooled. Original structure [44, 45] changed after this
thermal pre-treatment to ferrite (martensite with a
very low degree of tetragonality [46]). XRD and EBSD
analyses showed that the content of carbides was neg-
ligible: traces of Cr7C3 and Hägg carbide Fe5C2 were
revealed by XRD only. The presence of carbide M23C6
was excluded. The content of retained austenite was
very low, about 0.3–0.5 wt.%.
The Arrhenius diagram of carbon diffusion coef-

ficients is plotted in Fig. 7 (the full points). It can
be seen that the temperature dependence of D breaks
down into two distinct branches (see solid lines in
Fig. 7). At temperatures above 800K, D’s were very
low, below the temperature of about 700K, the ob-
tained values of D were significantly higher than the
extrapolation of high temperature data.
We propose the following explanation of different

temperature dependence of the carbon diffusion coef-
ficient in ferrite materials Fe and Fe-Cr on one hand,
and P91 with the break between temperatures 700K
and 800K on the other. It is based on different mo-
bility of substitution elements in both temperature
regions and on different carbon concentration, which
makes as much as two orders of magnitude (about 44
ppm C in Fe and Fe-Cr and about 0.4 at.% C in P91 –
see paragraph 2.1). At higher temperatures, the mobil-
ity of substitution elements is higher and hence, there
is a great number of the carbon Fe-M-C clusters (pre-

Fig. 7. Carbon diffusion coefficients D in carbon-super-
saturated matrix of P91. Full points and solid lines –
present work, open points – literature data [34], dashed
line – low temperature extrapolation of data from [34].

-nucleation carbide centers) that act as effective traps
for carbon atoms. At lower temperatures, on the other
hand, the carbon atoms in P91 move as almost free
interstitials through the matrix with not so numer-
ous effective traps. Different low-temperature carbon
diffusivity in P91 compared to that in other ferrite
materials (Fe and Fe-Cr) (cf. Figs. 6 and 7) is caused
most likely by different carbon atom concentration in
the lattice of materials under study, since relatively
high carbon concentration in P91 saturates partly the
carbon traps and, in average, decreases their efficiency.
This is not the case of other ferrite materials, where
the pre-nucleation centers are not so saturated and,
therefore, their stopping efficiency for carbon atoms
diffusing from the surface is higher.
This explanation can be confirmed by comparing

the current results with literature data obtained using
samples containing equilibrium carbon concentration
in the lattice. If we plot the literature values of Deq
from [34] obtained for P91 at much higher temperat-
ures and after much longer diffusion times (10–5000 h)
– i.e., in non-supersaturated state – we can see that
the current low-temperature values of D are reason-
ably consistent with the low-temperature extrapola-
tion of literature values of Deq from [34] (dashed line
in Fig. 7).

3.2.4. Comparison with literature

The current results are plotted in Fig. 8 together
with the literature data reported for C diffusion
in α-Fe (for review of these, see, e.g., in [47]), in
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Fig. 8. Arrhenius diagram of carbon diffusion coefficients.
Literature data: ferrite (for review – see in [47], carbides

[48–56], graphite [57–62], P91 [34]).

carbides [48–56], in P91 [34] and in graphite [57–
62].
It is obvious that the present values of D are much

lower than the D’s reported in the literature for an
equilibrium carbon concentration in matrix and higher
than the C diffusion in graphite. They are close to
the carbon diffusion coefficients reported for carbide
phases (in Fe3C [48–56] and in Hägg carbide Fe5C2
[56]) even if no carbide phase in significant amount
was present in the materials under study (tested by
XRD and EBSD). This may be caused by the fact
that carbon atoms in a supersaturated ferrite matrix
are strongly influenced by pre-carbide coupling with
their neighbors and their collective movement is con-
siderably constrained.

4. Conclusions

In the present work, the carbon diffusion coeffi-
cient, D, in carbon-supersaturated surface of ferrite
lattice of P91 was measured. Measurement was car-
ried out in the temperature interval between 573K
and 1073K by depth profiling using Ga+ sputtering-
-off. Secondary mass spectroscopy was utilized as ana-
lytical method for carbon concentration measurement.
It was found that:
(i) The carbon diffusion rate in a carbon-super-

saturated state is very slow as compared to carbon
diffusion in non-supersaturated matrix. This exper-
imental fact supports previous estimates of D [8].
It was found that the carbon diffusion in carbon-
-supersaturated ferrite can be described by Arrhe-

nius equation D = 10−(8.11±0.30) × exp[−(158 ± 5)
kJmol−1/RT ] m2 s−1.
(ii) The values of D obtained in the present work

above 800K are close to the values published in the
literature for the carbon diffusion coefficient in carbide
phase.
(iii) It follows from items (i and ii) that the car-

bon atoms in carbon-supersaturated state diffuse in
relatively ordered structures. The ordered formations,
however, are not carbide nuclei, because
(iv) the values of D in the carbon-supersaturated

ferrite matrix are not dependent on the presence of
chromium atoms that act as strong carbide formers.
(v) Above 800K, D’s in P91 are close to values

obtained in Fe and Fe-Cr and are much lower than
Deq. Below the temperature 700K, the values of D
approach Deq.
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