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Abstract: In this work, the growth kinetics of MX (M = metal, X = C/N) nanoprecipitates in type 347H austenitic steel was systematically 
studied. To investigate the coarsening behavior and the growth mechanism of MX carbonitrides during long-term aging, experiments were 
performed at 700, 800, 850, and 900°C for different periods (1, 24, 70, and 100 h). The precipitation behavior of carbonitrides in specimens 
subjected to various aging conditions was explored using carbon replicas and transmission electron microscopy (TEM) observations. The 
corresponding sizes of MX carbonitrides were measured. The results demonstrates that MX carbonitrides precipitate in type 347H austenitic 
steel as Nb(C,N). The coarsening rate constant is time-independent; however, an increase in aging temperature results in an increase in 
coarsening rate of Nb(C,N). The coarsening process was analyzed according to the calculated diffusion activation energy of Nb(C,N). When 
the aging temperature was 800–900°C, the mean activation energy was 294 kJ·mol−1, and the coarsening behavior was controlled primarily 
by the diffusion of Nb atoms. 
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1. Introduction 

Austenitic heat-resistant steel is widely used in applica-
tions involving temperatures greater than 600°C because of 
its excellent corrosion resistance and mechanical properties 
at high temperatures. Type 347H austenitic steel, as one of 
the series of 18Cr–8Ni austenite stainless steels, is com-
monly used in thermal power plants and other industries. 
The important role of precipitation in achieving good creep 
properties of heat-resistant steels has long been recognized. 
One of the most effective ways to improve the creep proper-
ties is to attain fine precipitates with long-term stability at 
elevated temperatures [13]. 

M23C6 carbides and MX carbonitrides (i.e., M = metal 
and X = C/N) are two primary precipitates in type 347H 
austenitic steel. MX carbonitrides effectively strengthen 
boundaries because they can act as obstacles to migrating 
boundaries [4]. In addition, compared to Laves phase and 
M23C6 carbides in type 347H austenitic steel, the MX carbo-
nitrides exhibit the smallest size. The stability of MX nano-
precipitates is critical to retaining the high-temperature 

strength and creep resistance of austenitic heat-resistant 
steels [5].  

Considerable work exploring the coarsening behavior of 
carbonitrides in steels has been reported [69]. Research on 
austenitic stainless steels has focused on the size, micro-
structure, and precipitation sites of carbonitrides, whereas 
little attention has been devoted to the coarsening mecha-
nism of MX carbonitrides. For example, Gustafson and 
Hättestrand [10] investigated the coarsening of M23C6 pre-
cipitates in an Fe–Cr–C ternary alloy. Later, Gustafson [11] 
analyzed the carbides in 9% chromium steel using quantita-
tive microscopy and simulations and observed that the V/Nb 
ratio had almost no effect on the coarsening rate, whereas N 
exhibited a strong effect. Hong et al. [3] observed that 
M23C6 precipitates in a strained sample formed significantly 
earlier than those in an unstrained specimen. Tan et al. [7] 
explored the stability of MX-type strengthening nanopre-
cipitates in ferritic steels under thermal aging, stress, and ion 
irradiation. Because the sizes of MX carbonitrides are so 
small, previous investigations have been focused primarily 
on the coarsening behavior of M23C6 carbides. MX carboni-
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trides are clearly desirable for achieving and maintaining 
good high-temperature performance of type 347H austenitic 
steel. Therefore, exploring the coarsening behavior of MX 
carbonitrides is also important. 

In this paper, MX carbonitrides were investigated in 
terms of the coarsening behavior and microstructure evolu-
tion of type 347H austenitic steel. The microstructure of the 
steel under various aging conditions was analyzed using the 
carbon replica method. Furthermore, the size of the MX 
carbonitride precipitates was measured, and the correspond-
ing diffusion activation energy and coarsening rate were 
calculated to clarify the coarsening mechanism of MX car-
bonitrides. 

2. Experimental 

The chemical composition of the type 347H austenitic 
steel used in the experiments is listed in Table 1. The 
specimens with a size of 10 mm × 10 mm × 10 mm were 
austenitized at 1150°C for 30 min and then cooled in water. 
To eliminate the initial residual stress formed during the 
rolling process, long-term aging experiments were con-
ducted at 700, 800, 850, and 900°C for 1, 24, 70, and 100 h 
at each temperature. A schematic of the adopted heat treat-
ment process is given in Fig. 1.  

Table 1.  Chemical composition of the investigated type 347H 
austenitic steel                                     wt% 

C Cr Ni Nb N Mn P Mo S Fe

0.059 17.60 10.71 0.54 0.013 1.59 0.024 0.116 0.0008 Bal.

 

 
Fig. 1.  Schematic of the heat treatment process of type 347H 
austenitic steel. 

The thus-obtained specimens were etched with a mixed 
solution of CuCl2:HCl:CH3CH2OH (1:20:20, by volume). 
The microstructures of the specimens were examined and 
their phases were identified by X-ray diffraction, scanning 
electron microscopy (SEM) in combination with en-

ergy-dispersive X-ray spectroscopy (EDS), and transmission 
electron microscopy (TEM) operated at a voltage of 200 kV.  

The phase identification by X-ray diffraction was per-
formed using an extraction method. The samples under 
various aging conditions were cut into slice-like specimens 
with dimensions of 10 mm × 10 mm × 2 mm. After being 
etched in a solution of hydrochloric acid for several days, 
the specimens were extracted using a centrifuge. 

The precipitation behavior of carbonitrides in the type 
347H austenitic steel specimens subjected to various aging 
treatments was investigated using the carbon replica method. 
The specimens were slid into a corrosive solution, and the 
replicas were collected by copper nets and dried. This 
method is highly efficient for observing the microstructure 
of MX carbonitrides. There were 800–1000 particles meas-
ured for specimens aged under each set of aging conditions. 

3. Results and discussion 

In this work, type 347H austenitic steel was heat treated 
at 700, 800, 850, and 900°C for various periods. Many 
granules with a size of approximately 50 nm were observed 
in the austenite matrix of isothermally treated samples (see 
Fig. 2(a)). According to the results shown in Figs. 2(b)–2(f), 
block-shaped particles in type 347H austenitic steel are 
Nb(C,N). In addition, some line-like or rod-like particles 
were distributed in the matrix. Figs. 2(g)–2(h) illustrate that 
these particles are Nb-rich MX carbonitrides. More impor-
tantly, Fig. 2(f) shows the XRD patterns of the specimen 
aged at 700°C for 100 h. As shown in the figure, all of the 
precipitates observed under high magnification (10000×) are 
Nb(C,N) carbonitrides; i.e., all of the particles measured us-
ing the nano-measurer software are Nb(C,N). Thus, the MX 
carbonitrides in the microstructure of the type 347H austen-
itic steel exhibit two different morphologies: rod-like and 
block-like particles. 

3.1. Coarsening behavior of MX carbonitrides 

3.1.1. TEM observations 
Fig. 3 shows the TEM images of the type 347H austenitic 

steel specimens aged at 700°C for various periods. In the 
specimen aged at 700°C for 1 h (Fig. 3(b)), fine, 
square-shaped Nb(C,N) carbonitrides were distributed along 
and within the dislocation lines. We also observed some 
particles distributed in a dislocation line, which is consistent 
with the hypothesis that nucleation at dislocations effec-
tively hinders the motion of dislocations and maintains the 
mechanical properties of steels at elevated temperatures 
[1213]. When the aging time was increased to 100 h (Figs. 
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Fig. 2. (a) TEM micrographs and (b) EDS
spectrum of MX carbonitrides; composition
distribution profiles of (c) Nb and (d) C; (e)
diffraction pattern of MX carbonitrides; (f)
X-ray diffraction pattern of MX carboni-
trides; and (g) linear profile for rodlike MX
carbonitrides (red and blue lines represent
Nb and C, respectively). 
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Fig. 3.  Typical TEM micrographs of extraction replicas in type 347H steel aged at 700°C for different periods: (a) 0 h, (b) 1 h, (c) 
24 h, (d) 70 h, (e) 100 h, (f) 500 h, (g) 1000 h, and (h) 2200 h. 
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3(b)–3(e)), the coarsening tendency of the original Nb(C,N) 
carbonitrides in the microstructure of the type 347H austen-
itic steel specimens was inconspicuous. After aging for 500 
h, the specimens contained numerous carbonitrides that had 
grown to approximately 200 nm. The size of the Nb(C,N) 
precipitates increased with increasing aging time. In addi-
tion, at aging times of 500 h or longer (Fig. 3(f)), additional 
Nb(C,N) precipitated in the austenite matrix. Many of the 
fine freshly formed carbonitrides are located at dislocations 
and beneficially affect the high-temperature properties of the 
steel. Because of the coarsening of Nb(C,N) carbonitrides, 
the dislocation movement and the growth of grains cannot 
be effectively retarded, which is detrimental to the proper-
ties of type 347H austenitic steel. However, the precipitation 
of secondary Nb(C,N) particles may substantially contribute 
to precipitation strengthening.  

Many nanosized Nb(C,N) particles were precipitated in 
the specimens isothermally aged at 700°C. To investigate 
the coarsening behavior of Nb(C,N) in austenitic steel at 
higher temperatures, we heat treated samples at 800, 850, 
and 900°C for 1, 24, 70, and 100 h, respectively. Fig. 4 
shows TEM micrographs of Nb(C,N) precipitates in various 
type 347H austenitic steel specimens aged at 800, 850, and 
900°C for different periods. The size of the Nb(C,N) pre-
cipitates clearly increased with increasing isothermal 
holding temperature. Moreover, in the case of the type 347H 
austenitic steel specimen aged at 700°C, secondary Nb(C,N) 
precipitated after 500 h, as illustrated in Figs. 3(a)–3(h). In 
contrast, in the case of the specimen aged at 800°C, secon-
dary particles formed after 24 h (see Fig. 4(d)). These results 
suggest that an increase in the isothermal holding tempera-
ture facilitates the formation of secondary Nb(C,N) precipi-
tates. 
3.1.2. Quantitative analysis 

Because a high-energy state of interfacial energy exists 
when numerous precipitates are distributed within an aus-
tenitic matrix, the phase interfaces exhibit an inevitable ten-
dency to reduce the interfacial energy. The coarsening be-
havior of Nb(C,N) carbonitrides clearly follows the Ostwald 
ripening mechanism, i.e., the solute concentration around 
small-sized particles is greater than that around large-sized 
particles. Solute atoms will diffuse from surrounding 
small-sized particles into large-sized particles. This diffu-
sion will not only disrupt the equilibrium state of solute 
concentration around the particles but also result in the 
dissolution of small particles and growth of large particles 
[14]. 

Quantification of the size distributions of the Nb(C,N) 
particles was conducted with various specimens of type 

347H austenitic steel. Fig. 5 presents the size distribution 
histogram of Nb(C,N) particles in the steel specimens, and 
the average size of particles in the samples aged for different 
periods at 700°C is presented in Table 2. Notably, the mean 
size of the initial Nb(C,N) precipitates is 18.7 nm. As evi-
dent from the statistical data for all specimens aged at 
700°C, the size of Nb(C,N) varies in the range from 20 to 
100 nm when the annealing time is less than 500 h. When 
aged for 500 h, the Nb(C,N) precipitates become larger, in 
the size range from 100 to 200 nm. Although the size of 
the Nb(C,N) precipitates increases with increasing duration 
of the annealing periods, the main part of the Nb(C,N) 
precipitates still falls within the 20–100 nm range during 
aging at 700°C because an increasing number of secondary 
fine Nb(C,N) carbonitrides precipitates within the austen-
itic matrix; these precipitates are responsible for 
high-temperature strengthening effects observed in such 
steels. The present experimental observations also support 
this strengthening effect.  

Similar size measurements of the Nb(C,N) carbonitrides 
were also performed for the type 347H austenitic steel 
specimens aged at 800, 850, and 900°C for different periods. 
Table 3 summarizes the average measured diameter of 
Nb(C,N) carbonitrides, and Fig. 6 illustrates the corre-
sponding size distribution of Nb(C,N) carbonitrides in the 
type 347H austenitic steel samples aged at 800, 850, and 
900°C for 24–100 h. In the case of specimens aged at 700°C, 
the size of the Nb(C,N) precipitates varies in the range from 
20 to 40 nm, and the mean size is approximately 33.5 nm. In 
the case of the specimens aged at 900°C, more Nb(C,N) 
particles with sizes greater than 100 nm precipitate, and the 
mean size is approximately 56.4 nm. Although the measured 
average size of Nb(C,N) precipitates in the specimens aged 
at 900°C does not substantially differ from that of the pre-
cipitates in the specimens aged at 700°C, the kinetic coars-
ening process varies substantially among specimens iso-
thermally annealed at temperatures ranging from 800°C to 
900°C. 

Here, the mean size of the Nb(C,N) precipitates was di-
rectly compared for the steel specimens annealed at tem-
peratures ranging from 800°C to 900°C (see Table 3). 
Compared with the mean size of the Nb(C,N) precipitates 
in the steel specimen not subjected to an aging treatment, 
the size of the Nb(C,N) precipitates in the steel specimens 
aged for 100 h at 800, 850, and 900°C was 2.8, 5.2, and 
9.4 times larger, respectively. That is, the coarsening be-
havior of Nb(C,N) carbonitrides is distinct, and the coars-
ening rate is accelerated when the isothermal treatment 
temperature is increased. 
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Fig. 4.  Typical TEM micrographs of extraction replicas in type 347H steel aged at (a) 800°C for 1 h, (b) 850°C for 1 h, (c) 900°C for 
1 h, (d) 800°C for 24 h, (e) 850°C for 24 h, (f) 900°C for 24 h, (g) 800°C for 70 h, (h) 850°C for 70 h, (i) 900°C for 70 h, (j) 800°C for 
100 h, (k) 850°C for 100 h, and (l) 900°C for 100 h. 
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Fig. 5.  Measured size distributions of MX carbonitrides in specimens aged at 700°C for different periods: (a) 0 h, (b) 1 h, (c) 24 h, 
(d) 70 h, (e) 100 h, (f) 500 h, (g) 1000 h, and (h) 2200 h. 
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Table 2.  Measured size of MX carbonitrides in the investi-
gated type 347H austenitic steel specimens aged at 700°C for 
different periods                                     nm 

Aging time / h Maximum size Minimum size Mean size

   0  76.5 11.3 18.7 

   1  86.5 12.1 23.7 

  24  90.9 13.6 33.5 

  70 105.8 10.4 42.9 

 100 106.7 13.5 46.1 

 350 112.0 16.9 54.4 

 500 140.3 17.9 58.7 

1000 137.7 21.3 65.4 

2200 254.3 11.9 85.8 

Table 3.  Measured mean size of investigated MX carboni-
trides in type 347H austenitic steel subjected to different iso-
thermal conditions                             nm 

Mean size Aging 
time / h 700°C 800°C 850°C 900°C 

  1 23.7 25.5 37.1  40.5 

 24 33.5 37.1 51.9 107.0 

 70 42.9 47.6 79.2 154.3 

100 46.1 52.7 96.5 175.4 

Although the size of Nb(C,N) carbonitrides is increased 
and the coarsening rate is expedited with increasing iso-
thermal holding temperature, such conditions also facilitate 
the formation of secondary Nb(C,N) precipitates. These 
small particles maintain the properties of type 347H austen-
itic steel at high temperatures. According to the reference 
[15], diffusion distance is directly proportional to the square 
root of time; thus, the size variation of Nb(C,N) carboni-
trides with aging time exhibits a parabola behavior (see Fig. 
7(a)). Fig. 7(b) shows the frequency that the coarsening rate 
of Nb(C,N) is time-independent. 

3.2. Coarsening rate and activation energy of MX car-
bonitrides 

3.2.1. Coarsening rate 
Studies have shown that precipitation strengthening can 

substantially improve the mechanical properties of steels. 
The equation describing the kinetics of isothermal treatment 
was derived by Lifshita, Slyozov, and Wagner and is known 
as the LSW equation. This equation has been widely used to 
calculate the particle coarsening kinetics [1620]. The fol-
lowing assumptions were considered in the derivation of the 
LSW equation: (i) all particles are spherical, with a radius of 
r; (ii) all particles are much smaller than the average 

  

Fig. 6.  Measured size distributions of
MX carbonitrides in the steel aged at
800°C, 850°C, and 900°C for (a) 24 h, (b)
70 h, and (c) 100 h. 
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Fig. 7.  (a) Measured average size of MX carbonitrides in the type 347H austenitic steel specimens aged at 700, 800, 850, and 900°C; 
(b) the calculated coarsening rate of MX carbonitrides during aging. 

distance between particles; and (iii) particles do not interact. 
The third power of the particle radius r exhibits a linear rela-
tionship with time t. For a spherical particle, the coarsening 
kinetics governed by the diffusion of atoms is calculated 
according to Eq. (1): 

2
3 3 e m

0

8

9

C V D
r r Kt

RT
  


          (1) 

To extend this model to cubic particles, Refs. [2021] re-
vised and reformulated Eq. (1) as 

2
3 3 e m

0

8

9

C V D
a a K t

RT
   


                  (2) 

where a is the half-length of the particle in nm, a0 is the ini-
tial half-length of the particle in nm, r is the radius of the 
particle in nm, r0 is original radius of the particle in nm, Vm 
is the molar volume, D is the diffusivity coefficient, Γ is the 
interfacial energy between the particle and the matrix, Ce is 
the equilibrium solute concentration, R is the gas constant, T 
the thermodynamic temperature, and K′ is the coarsening 
rate in nm3·s−1 with time t.  

As indicated in Eq. (2), the coarsening rate of Nb(C,N) 
can be calculated when the size of the Nb(C,N) precipitates 
is known. Hence, the coarsening rates of Nb(C,N) carboni-
trides in the type 347H austenitic steel samples under vari-
ous aging conditions were obtained using Eq. (2) in conjunc-
tion with the measured size of Nb(C,N) precipitates listed in 
Table 2. The results reveal that the coarsening rate increases 
with increasing annealing temperature. Fig. 7(b) illustrates the 
thus-obtained coarsening rates as a function of the isothermal 
holding period. The coarsening rate of Nb(C,N) carbonitrides 
clearly increases with increasing annealing temperature and 
decreases with increasing annealing time. Because of the high 
isothermal annealing temperature, the fast diffusion rate of 
atoms leads to not only a decrease of the number of carboni-
tride particles but also a decrease of the mutual distance 

among the growing particles. At the same time, the solute 
concentration and matrix concentration decrease gradually, 
which greatly reduces the driving force for the diffusion of 
interfacial solute atoms [2223]. Thus, the coarsening rate of 
Nb(C,N) carbonitrides is reduced accordingly. 
3.2.2. Diffusion activation energy 

In general, the diffusion coefficient is expressed as  

0 exp
Q

D D
RT

   
 

      (3) 

where D is the diffusion coefficient in the austenite, D0 is 
the original diffusion coefficient in the austenite, R is the gas 
constant, T is the thermodynamic temperature, and Q is the 
diffusion activation energy. 

Substituting Eq. (3) into Eq. (2) and assigning 
2

e m
0

8 C V
M D

R T


  (Ce is assumed to be constant), we 

obtain a relation between 1/T and R ln(K′t); furthermore, the 
diffusion activation energy Q can be determined by the 
slope of the linear region [2427]:  

  1
ln ' lnR K t Q R M

T
                        (4) 

Adopting the measured sizes of the precipitates presented 
in Table 4, we obtained the corresponding diffusion activa-
tion energies, as reported in Table 5. The best-fit straight 
lines of these points are shown in Fig. 8. The variation of the 
slope of the best-fit straight lines is large in the case of the 
specimens annealed in the temperature range from 800°C to 
900°C. Furthermore, the slope of these best-fit straight lines 
for samples treated using different annealing periods exhib-
its a similar tendency. The slope of the best-fit straight lines 
is the diffusion activation energy of the Nb(C,N) carbonitrid-
es. According to the references [2831], the diffusion acti-
vation energies of C atoms, N atoms, and Nb atoms in γ-Fe 
are 85 kJ·mol−1, 72 kJ·mol−1, and 286·kJ mol−1, respectively.  



292 Int. J. Miner. Metall. Mater., Vol. 23, No. 3, Mar. 2016 

 

Table 4.  Calculated coarsening rate of MX-type carbonitrides 
in type 347H austenitic steel subjected to different aging treat-
ments                                         (nm3·s−1) 

Coarsening rate 
Aging temperature / °C 

1 h 24 h 70 h 100 h 

700 0.37 0.05 0.04 0.03 
800 0.36 0.07 0.05 0.05 
850 0.52 0.19 0.24 0.31 
900 2.03 1.76 1.82 1.87 

 
Table 6 shows the calculated diffusion activation energies of 
the MX carbonitrides. When the isothermal temperature is 
800–900°C, the mean diffusion activation energy of the 
Nb(C,N) carbonitrides is 294 kJ·mol−1. The calculated diffu-

sion activation energy is similar to the diffusion activation 
energy of Nb atoms in γ-Fe, which suggests that the pre-
cipitation of Nb(C,N) carbonitrides is governed by the dif-
fusion of Nb atoms at 800–900°C. 

Table 5.  Data used for the calculation of the diffusion activation 
energy of MX-type carbonitrides in type 347H austenitic steel 

(1/T) /  
10−4 K−1 

ln(K × 
3600) 

ln(K × 24 × 
3600) 

ln(K × 70 × 
3600) 

ln(K × 100 × 
3600) 

9.32 (800°C) 59.38 71.78  78.50  81.63 
8.90 (850°C) 62.63 80.83  91.64  96.63 
8.52 (900°C) 73.98 99.21 108.39 111.58 

Note: The unit of K is nm3/s. 

 
Fig. 8.  (a) Measured scattergram and (b) regression curves for diffusion activation energy determination during the coarsening of 
MX carbonnitrides. 

Table 6.  Calculated diffusion activation energy (Q) during 
the coarsening of MX carbonitrides in type 347H austenitic 
steel 

Temperature / °C Time / h Q / (kJ·mol−1) 
Mean value of Q / 

(kJ·mol−1) 

  1 325 
 24 262 
 70 250 

800–900 

100 337 

294 

 

4. Conclusions 

The coarsening behavior of MX carbonitrides in type 
347H heat-resistant austenitic steel during thermal aging 
was investigated. The results are summarized as follows: 

(1) MX carbonitrides, identified as Nb(C,N), were ob-
served to be the primary precipitating phase in type 347H 
austenitic steel. The coarsening rate of Nb(C,N) carboni-
trides was observed to increase with increasing isothermal 
holding temperature, whereas it was independent of the iso-
thermal holding period. 

(2) After measuring the size of the Nb(C,N) carbonitrides 
in the type 347H austenitic steel specimens, we calculated a 
diffusion activation energy for the growth of Nb(C,N) car-
bonitrides of 294 kJ·mol−1 at 800–900°C, which suggests 
that the growth mechanism of Nb(C,N) carbonitrides is con-
trolled by the diffusion of Nb atoms in this temperature 
range. 
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