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Abstract 

Carbon diffusion was studied in temperature interval 573 - 1073 K in carbon-supersaturated surface layer of 
9Cr-1Mo steel P91 and in model Fe-15Cr binary alloy. Extremely low carbon diffusion coefficient D (by 3 orders 

of magnitude lower than the value Deq in material with equilibrium carbon concentration) was observed in 

carburized surface region of Fe-15Cr. Similar results were obtained for P91 above the temperature Tn ~ 800 

K. However, below Tn, the values of D measured in P91 increased and approached the value of Deq. It seems 

that the non-Arrhenius behaviour of P91 steel around Tn may be ascribed to the � 	 � + �’ phase 

decomposition. Possible effect of nitrogen upon the low-temperature increase in D in P91 steel was excluded. 

Keywords: Diffusion; Carbon; phase decomposition; Carbon-supersaturation, Cr-Mo steels

1.  INTRODUCTION 

The stability of structures involving carbon-supersaturated regions and their behaviour during thermal 

treatment is determined to a great extent by the carbon diffusivity, characterised quantitatively by the carbon 
diffusion coefficient D. However, reliable value of D is usually not at hand because it depends strongly on 

carbon concentration. Studies of carbon diffusion in carbon-supersaturated lattices are not too numerous in 

the literature and carbon diffusion characteristics in carbon-supersaturated matrices are not fully understood 

as yet. 

In our previous works [1-3], we studied carbon diffusion in carbon-supersaturated surface of chosen ferrite 

materials: model alloy Fe-15.17 Cr (hereafter referred to as Fe-Cr) and commercial steel P91 (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. %). In the latter case, we observed 
a significantly non-Arrhenius temperature dependence of D.  Whereas at higher temperatures (above about 

800 K), the measured values of D were close to those known for carbon diffusion in carbide phase, below 700 

K, D’s approached the higher values, Deq, reported for carbon diffusion in BCC lattice with equlibrium carbon 

concentration [4].  Between 700 and 800 K, the transition diffusion behavior was observed. Low values of D

were ascribed to carbon diffusion in supersaturated matrix [1-3,5], but the increase in D at low temperatures 

remained as an open question. It was presumed only that it originated in - at least local - lost of carbon 
supersaturation. Similar break in the Arrhenius dependence of D in Fe and in Fe-Cr was not observed in [1-3].  

In the present paper, we propose a possible explanation of anomalous carbon diffusion behavior in carbon 

supersaturated P91. We carried out supplementary carbon diffusion measurements at the temperature 673 K 

with P91 and with the binary ferrite alloy Fe-Cr as a reference material. 

2.  EXPERIMENTAL 

2.1  Verification of known results 

Repeated diffusion measurement with a new series of P91and Fe-Cr samples was carried out to verify the 
low-temperature difference in D reported earlier in the both materials [1-3]. The present measurement of D 

was conducted at temperature 673 K only, where the significant carbon diffusivity difference could be expected 
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and, at the same time, where the experiment can be performed in reasonably short time, because of not too 
low D’s. 

For details of experimental technique used to measurement of carbon concentration depth profiles c(x,t) (c, x, 

t -  carbon concentration, depth co-ordinate and diffusion time respectively) and procedure applied to D

evaluation, see in [1-3]. 

2.2  Nitrogenation 

An ad hoc hypothesis that the origins of non-Arrhenius diffusion behaviour might stem from different content 

of nitrogen (and/or from the presence of carbonitrides MX) in P91 and in Fe-Cr was tested. The test was 

conducted with two groups of Fe-Cr samples: The samples in the first group were nitrogenated, the other 

served as the reference samples. The nitrogenation was carried out from the pure N2 gas (purity of N2 was 4N) 

under condition 893 K/1 h/30 bar.   

Table 1 Carbon diffusion coefficients D

Fe-Cr P91 Remark 

D D 

m2/s m2/s  

4.2 ´ 10-21 6.3 ´ 10-19  

7.9 ´ 10-22 6.4 ´ 10-19  

2.3 ´ 10-21  

1.8 ´ 10-20  

1.1 ´ 10-20  

5.8 ´ 10-21  with N2

3.3 ´ 10-21  with N2

6.5 ´ 10-22  with N2

2.2 ´ 10-20  with N2

3.  RESULTS AND DISCUSSION 

3.1  D’s measured at T=673 

Measured values of D are listed in Table 1 and plotted in Arrhenius diagram in Fig. 1 together with D’s obtained 

in [1-3] and with Deq’s for diffusion in carbide phase [6,7] and in P91[4]. The most probable value of the 

measured coefficients D lies typically in interval (½D; 2D). Bearing in mind this experimental uncertainty, it is 

obvious that the present measurements confirm the conclusions drawn in our preceding studies, namely that 
there is a break in temperature dependence of D in P91: At higher temperatures, the values of D are close to 

carbon diffusion in carbide phase, at low temperatures they tend to Deq (Fig. 1).  

3.2  Nitrogenated Fe-Cr 

Equilibrium nitrogen content in Fe-based ferrites may reach the solubility limit of about ~10-1 wt. % N2 [8, 9] 

and it forms nitrides .-M2-3N and/or #’-M4N [8]. After the nitriding of the present Fe-Cr samples, it may be 
expected that their surface was nitrided up to the nitrogen solubility limit down to the depth x of tens of 

micrometers [8]. In the Fig. 2, SIMS depth profiles are shown that document increased average of N 

concentration and its invariance with respect to x within the layer, which thickness was sufficient for the present 
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carbon diffusion measurements (tens of nm). The SIMS signal was registered at channel m/e = -14, i.e., where 

the negative nitrogen ions were detected. Rietveld analysis of XRD pattern obtained with nitrogenated Fe-Cr 

samples revealed, before all, ferrite (90.7%) and austenite (6.0 %) and traces of two minority phases - .-Fe2-

3N (0.6 %) and Fe3O4 (2.7 %).  

Nitrogen introduced into the lattice of Fe-Cr, however showed no significant effect upon the measured values 
of D (Table 1 and Fig. 1). It means that the different content of N2 in the P91 steel and Fe-Cr reference alloy 

cannot explain the carbon diffusion anomaly observed in P91. 

3.3  Influence of phase composition 

Another possible explanation of the C diffusion anomaly could be based on phase transformation of P91 at 
temperatures around Ttr ~ 750 K. The samples P91 were annealed before the diffusion measurement (for 

details of sample preparation - see in [1]). However, the MX carbonitrides (M = Nb, V; X = C, N) were not 

dissolved during this pre-treatment and were stable during the C diffusion measurement in the whole 

temperature interval 573 - 1073 K.  

Particles of Laves phase A2B (A = Fe, Cr; B = Mo) and low-temperature carbide M6C (M = Fe, Mo, Cr) that 
form (M6C) or increase (Laves phase) their volume fraction [9,10] around the temperature Ttr , were indicated 

neither in solution annealed P91 nor in Fe-Cr (by XRD and EBSD). It follows that also these phase reactions 

cannot explain the observed C diffusion anomaly. 

3.4  Alpha phase decomposition in P91 

The observed carbon diffusion anomaly invokes an idea that - at least in a certain volume fraction of P91 - 
domains without carbon super-saturation appear below Ttr. This is supported by comparison of D’s with Deq’s 

reported in [4]. It is clear from Fig. 1, that above Ttr, D’s are close to very low values known for C diffusion in 

Fig. 1 Arrhenius diagram of carbon diffusion coefficients 

in matrices with equilibrium carbon concentration (Deq) 

and in carbon super-saturated materials (D). 

Temperatures within shaded band comprise 
assessments of starting temperatures Ttr of the � 	 � + 

�’ decomposition [11-17]. 

Fig. 2 Concentration - depth profiles of 

nitrogen in nitrogenated and in non-

nitrogenated reference samples of Fe-Cr. 
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carbide phase [6,7], but below Ttr , they approach ‘common’ values Deq  measured for P91 with equilibrium C 

concentration [4]. 

Impressive connotation follow from Mössbauer study of P91 annealed above and below Ttr [3]. We obtained 

that next-neighbor sites of Fe atoms in P91 annealed above Ttr are populated almost exclusively by Fe atoms, 

but in P91 annealed below Ttr, these sites are occupied also by other atoms. These facts points to possible 

influence alpha phase decomposition � 	 � + �’. This reaction occurs close to Ttr  , but unfortunately, the 

location of the phase boundary �/(�+�’) is known exactly neither for Fe-Cr binary alloy [11-14] nor for P91 [15-
17], therefore, it is difficult to coincide convincingly its critical temperature with Ttr. Cr-rich precipitates of �’ are 

totally coherent [18,19]. It is easy to imagine that the (� + �’) structure undergoes an extensive atomic 

rearrangement, which may contain regions with lowered carbon concentration and, therefore, channels of rapid 

carbon diffusion (see the structures simulated in refs. [18,19]). 

Of course, it could be objected that the Fe/Cr de-mixing reaction � 	 � + �’ runs very slowly [18, 19] and that 

it may not proceed to a significant volume fraction of �’ during the present diffusion measurement. On the other 

hand, the characteristics of carbon diffusion may be very sensitive to very beginning stages of the 
transformation, similarly as, e.g., the heat capacity cp measured as low as at the room temperature with 

quenched Fe-Cr samples [20]. The measurement of cp was carried out after a relatively short delay following 

the quenching. Despite this fact, the obtained values of cp show distinct irregularities at Fe-Cr composition that 

can be coincided with �/(� + �’) or (� + �’)/� phase boundary. 

Interpretation of the carbon diffusion anomaly in C super-saturated P91 in terms of � 	 � + �’ decomposition 

leads to a question, why a similar anomaly was not observed also in Fe-Cr reference alloy that should also 
decompose into (� + �’) phase mixture [21]. Present results of repeated measurement with Fe-Cr alloy at T = 

673 K (Table 1, Fig. 1) have shown that resulting D values were scattered in a wide interval that was much 

broader than the experimental error of a single measurement. Hence, it is most likely that the scatter of D’s at 

T = 673 resulted from an instability just in the close vicinity of the �/(� + �’) phase boundary. The possible shift 

of the transformation temperature Ttr in Fe-Cr compared to that in P91 may consist in the influence of alloying 

elements [15, 22]. Comparison of low-temperature decomposition in Fe-Cr model binary alloy and relevant 

complex commercial Cr steel was made also in ref. [23], where the variation of characteristics depending on 

the decomposition extent on chemical composition were reported.   

It is obvious that the proposed explanation of carbon diffusion anomaly in terms of Fe/Cr demixing could be 
verified by carbon diffusion measurement with Fe-Cr alloy at temperatures T < 673 K. However, this remains 

for the further study.  

CONCLUSION 

Carbon diffusion anomaly in P91 is most likely caused by the � 	 � + �’ decomposition. It was deduced that 

the anomaly is induced or controlled neither by the presence of nitrogen nor by any nitride/carbonitride 

reaction. 

ACKNOWLEDGEMENTS 

This work was supported by the Czech Science Foundation - project number GACR P108/11/0148 and 

by CEITEC CZ.1.05/1.1.00/02.0068. The authors would like to express their thanks to Dr. P. Roupcova 

for the XRD measurements and to Dr. O. Schneeweiss for discussions and the Mössbauer study. 



����(.�����()���(-./+���
�+�����	�"�#$%��+� ��

�

�

638 

REFERENCES 

[1] CERMAK, J. KRAL, L. Carbon diffusion in carbon-supersaturated ferrite and austenite. J. Alloys Compd., 586, 
2014, 129-135. 

[2] CERMAK, J. KRAL, L. Effect of carbon-supersaturation upon the carbon diffusion in 9Cr-1Mo ferrite steel. Mater. 

Letters, 116, 2014, 402-404. 

[3] CERMAK, J. KRAL, L. Extremely slow carbon diffusion in carbon-suipersaturated surface of ferrite. Kovove 

Materialy - Metall. Materials, 2014, accepted. 

[4] FORET, R., MILLION, B., SVOBODA, M., STRANSKY, K. Structural stability of dissimilar weld joints of steel P91. 
Sci. and Technol. of Welding and Joints, 6, 6, 2001, 405-411. 

[5] KABIR, M., LAU, T.T., LIN, X., YIP, S., vanVliet, K.J. Effects of vacansy-solute clusters on diffusivity in metastable 
Fe-C alloys. Phys. Rev. B, 82, 2010, art. n. 134112-8. 

[6] OZTURK, B., FEARING, V.L., RUTH, J.A., SIMKOVICH, G. Self - diffusion coefficients of carbon in Fe3C at 723-
K via the kinetics of formation of this compound-reply. Metall. Trans., A15, 1, 1984, 245-245. 

[7] OZTURK, B., FEARING, V.L., RUTH, J.A., SIMKOVICH, G. Self - diffusion coefficients of carbon in Fe3C at 723-
K via the kinetics of formation of this compound. Solid State Ionics, 12, 1984, 145- 145. 

[8] KEDDAM, M., DJEGHLAL, M.E., BARRALLIER, L. A simple diffusion model for the growth kinetics of #’ iron 
nitride on the pure iron substrate. Appl. Surf. Sci., 242, 2005, 369-374. 

[9] SOPOUSEK, J., VRESTAL, J., BROZ, P., SVOBODA, M. Experimental and predicted phase equilibria in Fe-Cr-
Mn-Ni-N alloys. Z. Metallkde., 91, 2000, 607-612. 

[10] HODIS, Z., SOPOUSEK, J. Carbon and nitrogen activities of materials of weld joints. Defect and Diffusion Forum, 
263, 2007, 225-230. 

[11] HEDSTRÖM, P., BAGHSHEIKHI, S, LIU, P., ODQVIST, J.   A phase field and electron microscopy study of phase 
separation in Fe-Cr alloys. Mater. Sci. Eng., A 534, 2012, 552-556. 

[12] BONNY, G., TERENTYEV, D., MALERBA, L. Identification and characterization of Cr-rich precipitates in FeCr 
alloys: An atomistic study. Comp. Mater. Sci., 42, 2008, 107-112. 

[13] MALERBA, L., CARO, A., WALLENIUS, J. Multiscale modelling of radiation damage and phase transformations: 
The challenge of FeCr alloys. J. Nucl. Mater., 382, 2008, 112-125. 

[14] MATHON, M. H., CARLAN, Y., GEOFFROY, G., AVERTY, X., ALAMO, A., NOVION, C.H. A SANS investigation 
of the irradiation-enhanced �-�’ phases separation in 7-12 Cr martensitic steels. J. Nucl. Mater.,312, 2003, 236-
248. 

[15] ZUCATO, I., MOREIRA, M. C., MACHADO, I. F., LEBRAO, S. M. G.    Microstructural characterization and the 
effect of phase transformations on toughness of the UNS S31803 duplex stainless steel aged treated at 850 °C. 
Mater. Res., 5, 2002, 385-389.  

[16] VIHERKOSKI, M. Sigma-phase formation in heat-resistant cast stainless steel. Master of Sci. Thesis, Tampere 
Uni. Technol., 2002, Tampere, Finland. 

[17] CHUNG, H. M., CHOPRA, O. K. Kinetics and mechanism of thermal aging embrittlement of duplex stainless 
steels. Proc. Conf. 3. internat. symp. sn envir. degrade. of mater. in nucl. power systems, Travers City, MI (USA), 
30 Aug 1987. 

[18] WALLENIUS, J., OLSSON, P., LAGERSTEDT, C., SANDBERG, N., CHAKAROVA, R., PONTIKIS, V. Modeling 
of chromium precipitation in Fe-Cr alloys. Phys Rev., B 69, 2004, art. n. 094103. 

[19] NOVY, S., PAREIGE, P., PAREIGE, C. Atomic scale analysis and phase separation understanding in a thermally 
aged Fe-20at.%Cr alloy. J. Nucl. Mater., 384, 2009, 96-102. 

[20] HULTGREN, R. (Ed. in chief) Selected values of the thermodynamic properties of binary alloys. 1. ed. Metalls 
Park OH: ASM, 1973. p. 699.  

[21] KUBASCHEWSKI, O., Iron-binary phase diagrams. 1. ed. Berlin-Heidelberg-New York: Springer-Verlag/Verlag 
Stahleisen m.b.H. D�sseldorf, 1982. p. 31. 

[22] MEYER, N. MANTEL, M., GAUTHIER, A., Bourgin, C. Long term aging of various duplex stainless steels between 
250°C and 400°C-relationship between toughness measurements and  metallurgical parameters. Rev. Métall., 
108, 2011, 213-223. 

[23] MILLER, M. K., HYDE, J. M., CEREZO, A., Smith, G. D. W. Comparison of low temperature decomposition in Fe-
Cr and duplex stainless Steels. Appl. Surf. Sci., 87/88, 1995, 323-328. 


