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Abstract. The paper represents a model for the tempering effects on quenched bainitic-
martensitic steels that describes both the recovery and precipitation phenomena. The latter 
involves various carbides (Fe3C, V4C3, Mo2C, Cr7C3) and particles of pure Cu. 
Thermodynamic driving forces in the nucleation of the considered particles have been 
calculated using empirical formulas obtained with the Thermo-Calc software. The predicted 
formation kinetics for the considered carbides and Cu particles complies well with relevant 
experimental data. 
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1. Introduction 
The decrease of the dislocation density in the tempering of Ni-Сr-Mo-V-Cu steels with 
martensitic and bainitic-martensitic structures is accompanied by complex multi-stage 
precipitation of various dispersed particles [1-6]. First, an excessive carbon fraction 
segregates on dislocations and metastable carbides of iron appear which subsequently 
transform into cementite particles. Dissolution of iron carbides at the later stage eventually 
results in a variety of more stable special carbides of Cr, V, and Mo. Apart from such 
processes, the additional alloying by copper leads to precipitation of its particles which can 
significantly harden the steel [7-13]. To get desired mechanical properties of the considered 
materials, quantitative models are required which would allow for the prediction of the 
microstructure evolution in steel cooling after its hot rolling and during the subsequent 
tempering. 

The paper represents a model for the tempering effects on quenched bainitic-martensitic 
steels that describes both the recovery and precipitation phenomena. The latter involves 
various carbides (Fe3C, V4C3, Mo2C, Cr7C3) and particles of pure Cu. Although related 
algorithms have been included in the previously developed computer model/program AusEvol 
Pro [14-15] integrating effects of successive processing stages, the tempering contribution 
will be described in detail for the first time. 
 
2. Overview of structural transformations in the tempering of investigated steels 
A lot of research works are devoted to the tempering of martensite [1-6] at various 
temperatures within the range of 150 to 650°С. When tempering martensite of simple carbon 
steels three stages are distinguished which are attributed to different temperature intervals. 
Thus, the tempering at 70÷150°С is mainly suggested [3] to form metastable ε−carbide 
(Fe2.4C). Next, ε−carbides dissolve whereas Fe3C (cementite) forms over 200°С. At somewhat 
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higher temperatures the retained austenite transforms producing the low bainite and 
cementite. 

At temperatures higher than 450ºС the steels alloyed by Cr, V, Mo and W undergo the 
fourth transformation stage where the cementite dissolves and is substituted by special 
carbides [1-3,6]. The latter normally appear at inter-lath boundaries of martensite and bainite 
or at dislocations within the laths. Besides, similar carbides may form at the cementite 
particles (nucleation "in situ") [6]. The transition of alloyed cementite into special carbides 
results from the lattice transformation after the parent phase is oversaturated by alloying 
elements. To this end, the latter should have sufficiently high solubility in cementite 
providing their specific amounts in special carbides. Since molybdenum and tungsten dissolve 
in cementite within about 0.1% whereas vanadium dissolves even worse, the "in situ" 
mechanism to form respective special carbides can be neglected in most cases. According to 
available data [6], such a mechanism remains actual for chromium carbides only. Avoiding a 
comprehensive consideration of special carbides, we will focus on the most stable types of 
them peculiar to steels alloyed by Cr, Mo и V [1-3]. Specifically, hexagonal Mo2C, cubic 
V4C3, and trigonal Cr7C3 are considered. 

Owing to notable quantities of copper (up to 0.5 mass.%) in the considered steels, its 
particles form in tempering along with various carbides and significantly contribute to the 
material strength. Thus, according to [7], in alloy Fe+1.5%Cu aged at 500°С, this contribution 
approaches 230 MPa. That is why the Cu precipitation in the matrix of α−iron and its 
influence on mechanical properties attract substantial interest [8-13]. The authors do not claim 
to thoroughly survey related literature data but focus on certain aspects significant in the 
model development as follows: 1) Cu particles are nearly spherical and mainly nucleate at 
dislocations; 2) their formation involves several stages; 3) initially, such particles have a BCC 
lattice (ε−Cu) and keep coherence with the α−iron matrix; 4) the maximum dispersion 
hardening by copper is attained in 1 h holding at 500°С where the particle size is about 
10 nm; 5) the main hardening effect due to the dislocation interaction (overcutting) with Cu 
particles is sometimes related to their lower elastic stiffness as compared to that of the matrix. 

Immediately after the hot rolling, steels micro-alloyed by Nb and Ti contain small 
dispersed particles of stable carbonitrides Nb(C,N) and carbides TiC, originated on 
dislocations of the deformed austenite. Since their volume densities are rather high, further 
nucleation of such particles is hardly probable. At the same time, while Nb and Ti remain in 
the solid solution, the considered particles may keep growing both in the steel cooling and the 
subsequent tempering. 
 
3. Model for precipitation of carbides and Cu particles in tempering 
To simplify the model, the following presumptions are employed. 

1. All particles have a spherical shape whereas critical radii of their embryos do not vary 
over the material that means homogeneity of its chemical composition. 

2. Heterogeneous nucleation of all particles takes place at dislocations; the effective 
density of the latter is averaged with allowance for volume fractions of bainite and 
martensite. 

3. The concentration of carbon dissolved in α−phase is evaluated with allowance for 
precipitation of Nb(C,N), TiC, and V(C,N) on dislocations of austenite deformed in 
hot rolling. This concentration is averaged over the material according to the volume 
fractions of bainite and martensite. 

4. Since diffusivity of substitution alloying elements (SAE) in α−phase is much lower as 
compared to carbon, the nucleation and growth kinetics for carbides of V, Cr, and Mo 
is controlled by the volume diffusion of such atoms. 
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The precipitation/dissolution kinetics of the considered carbides and Cu particles are 
treated as follows. 

Governing equations. Our model follows the general approach to the nucleation and 
growth of particles [16,17]. Specifically, the nucleation rate is expressed by equation 

exp c
c n с

g

GJ N Z
R T

 ∆
= β −  

 
, (1) 

where cJ  is a stationary nucleation rate of particles with critical radii, nN  is the volume 
density of potential nucleation sites, Z  is the Zeldovich factor admitting the fluctuation 
dissolution of the overcritical embryos, cβ is the rate of diffusion-controlled capture of SAE 
by the embryo, cG∆  is the thermodynamic barrier of the nucleation, T  is absolute 
temperature, gR  is the universal gas constant. Note that temperature dependences of 
parameters in Eq. (1) are omitted for brevity's sake. 

The thermodynamic barrier of the nucleation is 
3 2

/
4 4
3c c V c pG R G R α∆ = p ∆ + p γ , (2) 

where VG∆  is the driving force to form the considered particle, cR is its critical radius: 

/2 p
c

V

R
G

αγ
= −

∆
, (3) 

and /p αγ  is the specific interfacial energy.  
Factor  

2

4

4 c AE AE
c

R D X
aa

π
β = , (4) 

is expressed in terms of the bulk diffusion coefficient AED  for the considered SAE (Сr, Mo, 
V, Cu) in α−phase and the molar fraction AEX  of SAE in the solid solution, aa  is the lattice 
parameter. 

The Zeldovich factor in Eq. (1) is evaluated by  
1/ 2

23
c

B c

GZ
k T n

 ∆
=  π 

, (5) 

where 34 /
3

= π FU FU
c c a Pn R n V is the number of SAE atoms in the critical embryo, FU

PV  is the 

volume per formula unit (FU) of the considered precipitate, FU
an  is the number of SAE atoms 

per the same unit, Bk  is the Boltzmann constant. 
When determining the volume density of nucleation sites, we consider the particles 

formed at dislocations. Accordingly, this density evolving in time t is expressed by 
( )( ) d

n
tN t

aa

ρ
= , (6) 

where ( )d tρ  is the effective dislocation density. 
While the dislocation density decreases due to the recovery in the ferritic matrix, the 

number of nucleation sites also diminishes. This effect can be derived from the behavior of 
deforming stresses [18,19]: 
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64 exp sinh
9 ( )

a aD
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Q Vd
dt M E T R T k T

   DsDs nDs
= − −    a   

, (7) 

where ( )t∆σ ≡ ∆σ  is the dislocation hardening, aQ  and aV  are the activation energy and 
volume of the recovery, respectively (these parameters are presumed independent on 
temperature and the chemical composition), Dv  is the Debye frequency 12 -1(2 10  s )× , E  is 
the Young modulus and M is the Taylor factor suggested to be 2.7, rα =  0.33. Temperature 
dependence of Young's modulus 

11 300( ) 2.11 10 1
1989

TE T − = × −  
 (MPa), (9) 

is compiled from [20]. aQ  is assumed to be equal to the activation energy SDE  of self-
diffusion in α– iron: ( ) 236.5 ( )SD SDE T E T= + D (kJ/mol), where ( )SDE TD is the temperature-
dependent contribution of magnetic effects, -28 35.23 10  maV = × [19]. 

The growth/dissolution rate is expressed by 
0

0

exp

exp

eq
AE AE

AE

p eq
AE AE

RX X
DdR R

Rdt R X X
R

 −  
 =
 −  
 

, (10) 

where R  is the particle radius, AEX  and eq
AEX are the actual and equilibrium molar fractions of 

alloying element in solid solution, respectively, p
AEX  is the molar fraction of this element in 

the particle, 0 /2 /FU FU
p P g aR V R T na= g . 

Following the accumulation of secondary phases, amounts i
AEX  of related alloying 

elements in the solid solution gradually decrease approaching the equilibrium level at the 
current temperature. In calculating the current concentration of the elements, the balance of 
corresponding atoms in particles and the solid solution is kept so that 

0(1 )i i ip p pi i
AE AE AEX V X V X+ − = , (11) 

where 0i
AEX  is the total molar fraction of alloying element, ipV  is the current volume of the 

considered i–th type particles. With allowance for Eq. (11), the current i
AEX  in the solid 

solution takes on the form 
0

1

i i

i

p pi
i AE AE
AE p

X X VX
V

−
=

−
. (12) 

The molar fraction of the dissolved carbon is expressed by 
3 3 4 3 4 3 7 3 7 32 2

3 4 3 7 32

0

1

Fe C Fe C V C V C Cr C Cr CMo C Mo C
C C C C C

C Fe C V C Cr CMo C

X X V X V X V X VX
V V V V

− − − −
=

− − − −
, (13) 

where 0
CX  is carbon molar fraction in steel, ip

CX  is its molar fraction in particles of i–th type, 
and ipV  is the current volume fraction of them. 

Algorithm of modeling. To simulate the evolution of the investigated particles, short 
time steps ( k )tδ are considered one by one. Keeping in mind the current volume of each 
particle type (index i is further omitted for brevity's sake), calculations at any k–th step begins 
with the determination of average concentrations ( k )

AEX  for all dissolved AE. Next, the 
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distribution function is updated with allowance for nucleation of new particles and 
growth/dissolution of the preexisting ones. 

At step k with nucleation rate ( k )
cJ  according to Eq. (1), the number of freshly formed 

particles is ( k ) ( k )
cJ δt . These particles form a new class with a characteristic size 

( )1
c

( k )
c R cR R= +α , slightly exceeding the critical one ( 1

cRα <<  is the fitting parameter), to 

enable their growth during the next step. Besides, the size change due to the 
growth/dissolution is checked for the previously nucleated particles. To this end, Eq. (10) is 
applied. To admit the complete dissolution, the minimal radius minR of the persisting particles 
is introduced. We will use min cR R= (T = 20°C), where cR (T = 20°C) is the critical embryo 
size at room temperature. The proposed algorithm enables the satisfactorily accurate 
integration of the simultaneous differential equations describing concurrent phenomena of the 
particles nucleation, growth, and coalescence. 

To treat the precipitation phenomena at non-isothermal conditions, additive pseudo-
isothermal contributions are considered. The temperature of any step in this approximation is 
selected according to the given heating/cooling rate whereas all temperature-dependent 
parameters are updated at each next step. 

The performance of this algorithm significantly depends on the time step. To ensure 
accuracy and convergence of computations, this step should be appropriately short. We make 
use of the three constraints as follows. 

First, 
( k )

( k ) ( k 1 )AE
1 ( k ) ( k 1 )

AE AE

0.01 Xt t t
X X

δ δ δ −
−

< =
−

, (14) 

ensures negligible variations (less than 0.01) of alloying amounts in the solid solution relative 
to the current level. The second condition 

( k )
p( k ) ( k 1 )

2 ( k ) ( k 1 )
p p

0.01V
t t t

V V
δ δ δ −

−
< =

−
, (15) 

limits the relative change of particles volume to 0.01. The third constraint is imposed on the 
precipitation under non-isothermal conditions: 

( k )
( k )

3
T

Tt t
V

∆δ δ< = , (16) 

where ( k )T∆ is the temperature change during step k, TV  is the magnitude of the average 
cooling/heating rate. This condition limits the temperature variation that should not exceed 
one degree per one step i.e. maximum −= 1

3 Tt Vδ . Allowing for all three constraints, we select 
{ }( k )

1 2 3t min t ; t ; tδ δ δ δ= . 
 
4. Equilibrium concentrations of dissolved alloying elements in α−phase and 
thermodynamic driving forces in the nucleation of dispersed particles 
Thermodynamic driving forces for precipitation of SAE carbides are derived from the 
temperature-dependent products of their and carbon solubility [21]. The formation of any 
carbide may be described by equation x yxMe yC Me C+ = . To evaluate the related driving 
force, we use the expression 

ln lnx y

x y

Me C g Me C
V Me C eq eq

Me Cm

R T X XG x y
X XV

 
∆ = − + 

 
, (17) 
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where =x y x yMe C Me C
m FU AV V N  is the molar volume of x yMe C , x yMe C

FUV is the corresponding FU 
volume, AN  is the Avogadro number. According to Eq. (17), driving forces to form the 
considered carbides are: 

Fe3C: 3

3

13ln ln
1

gFe C C C
V Fe C eq eq

m C C

R T X XG
V X X

 −
∆ = − + − 

, (18) 

V4C3: 4 3

4 3
4 ln 3lngV C V C

V V C eq eq
m V C

R T X XG
V X X

 
∆ = − + 

 
, (19) 

Mo2C: 2

2
2 ln lngMo C Mo C

V Mo C eq eq
m Mo C

R T X XG
V X X

 
∆ = − + 

 
, (20) 

Cr7C3: 7 3

7 3
7 ln 3lngCr C Cr C

V Cr C eq eq
m Cr C

R T X XG
V X X

 
∆ = − + 

 
. (21) 

Following [22], the equilibrium molar fraction of the dissolved carbon in α –phase takes 
on the form 

284000.01 expeq
C

g

X
R T

 
= × −  

 
. (22) 

To evaluate equilibrium amounts of V, Mo, and Cr, simultaneous equations for 
solubility products and the mass balance should be solved [21]. In the simple case of only one 
element (for example, V) these equations are reduced to  

( )
4 3

0 03
4

eq eq
V C V C

eq eq
V V C C

X X K

X X X X

=

− = −
, (23) 

where 
4 3V CK  is the solubility product for carbide V3C4. At high temperatures where 

4 3

0 0
V C V CX X K≤ (no particles), system (23) leads to 0eq

V VX X= , whereas at lower temperatures 
( 

4 3

0 0
V C V CX X K> ) 

4 3

4 3

2
0 0 0 01 3 3 3 ,

2 4 4

.

eq
C V C V C V C

V Ceq
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X X X X X K

K
X

X

     = − − + − +        

=

 (24) 

In a more complicated case of two SAE involved, e.g. V and Mo, the system of the 
equation takes on the form 

( ) ( )

4 3

2

0 0 0

,

,

3 1 .
4 2

eq eq
V C V C

eq eq
Mo C Mo C

eq eq eq
V V Mo Mo C C

X X K

X X K

X X X X X X

=

=

− + − = −

 (25) 

Accordingly, at high temperature (
4 3

0 0
V C V CX X K≤ and 

2

0 0
Mo C Mo CX X K≤ ) there is no 

precipitation and 0 0,eq eq
V V Mo MoX X X X= = , while whether 

4 3

0 0
V C V CX X K> or

2

0 0
Mo C Mo CX X K> at 

lower temperature leads to 
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If 
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When the temperature is further reduced so that 
4 3

0 0
V C V CX X K> , 

2

0 0 ,Mo C Mo CX X K>  and 

4 3

0 0
V C V CX X K approaches

2

0 0
Mo C Mo CX X K , the analysis is made as follows. The equilibrium 

molar fraction of carbon at
4 3 2

0 0 0 0 ,V C V C Mo C Mo CX X K X X K> is expressed by Eq. (25) and 
additional condition  

2

0 eq
Mo C Mo CX X K> , (28) 

is checked. If the latter is the case, both considered carbides coexist. Otherwise, only V4C3 is 
admitted. In case of 

2 4 3

0 0 0 0 ,Mo C Mo C V C V CX X K X X K> the carbon amount is expressed by Eq. (27) 
and another condition 

4 3

0 eq
V C V CX X K> , (29) 

is checked. When the latter is satisfied, the two carbides may coexist; otherwise, only Mo2C is 
admitted. In case of the coexistence 

4 3 2
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In the case of the reaction involving three elements the simultaneous equations  

( ) ( ) ( )

4 3

2

7 3

0 0 0 0

,

,

,

3 1 3 ,
4 2 7

eq eq
V C V C

eq eq
Mo C Mo C

eq eq
Cr C Cr C

eq eq eq eq
V V Mo Mo Cr Cr C C

X X K

X X K

X X K

X X X X X X X X

=

=

=

− + − + − = −

 (31) 

should be treated. Volume fractions of the carbides are then derived from equilibrium 
concentrations: 

Modeling of carbides and copper particles precipitation during tempering of bainitic-martensitic Cr-Mo-V-Cu steels 549



4 3 4 3

2 2

7 3 7 3

0

0

0

,

,

.

eq
V V

V C V C eq
V V

eq
Mo Mo

Mo C Mo C eq
Mo Mo

eq
Cr Cr

Cr C Cr C eq
Cr Cr

X Xf
X X
X Xf

X X
X Xf

X X

−
=

−

−
=

−

−
=

−

 (32) 

To determine the corresponding solubility products, the following expressions are used: 
0.73

4 3
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4

7500 3700[ ] 85[ ] 120[ ]3.6
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4

10 ,
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10 ,
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10 ,
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Fe T

V C
C V

C Mn Si
Fe T

Mo C
C Mo

C
Fe T

Cr C
C Cr

MK
M M

MK
M M

MK
M M

− − +
−

− − +
−

−
−

=

=

=

 (33) 

where , , , ,Fe C V Mo CrM M M M M  are atomic masses of related elements, [C], [Mn] and [Si] are 
corresponding concentrations (mass.%). Formulas (33) for solubility products of all 
considered carbides have been obtained with the Thermo-Calc software [23]. 

Table 1 represents the chemical compositions of 8 bainitic-martensitic steels. 
Respective calculations of temperature-dependent equilibrium volume fractions of carbides 
have been implemented according to both Thermo-Calc and the previously represented 
empirical expressions. As shown in Fig. 1, respective results do not significantly differ 
although our formulas are relatively simple and hence provide quick calculations. 
 
Table 1. Chemical compositions (mass.%) of the investigated steels 
Steel С Mn Si Cr Ni Cu Mo Nb V Ti 
S1 0.21 0.56 0.25 0.75 0.10 0.14 0.02 0.002 0.003 0.002 
S2  0.11 0.54 0.85 0.75 0.66 0.42 0.02 0.002 0.005 0.005 
S3  0.10 1.57 0.27 0.02 0.01 0.02 - 0.036 0.039 0.014 
S4  0.12 0.45 0.25 0.59 0.06 0.12 - 0.024 0.053 0.003 
S5  0.10 1.56 0.29 0.12 0.13 0.13 0.01 0.044 0.066 0.005 
S6  0.12 1.01 0.24 1.14 0.19 0.17 0.41 0.031 0.005 0.003 
S7 0.27 0.58 1.09 0.85 1.42 0.06 0.23 0.023 0.007 0.045 
S8  0.10 0.34 0.22 0.41 1.91 0.52 0.26 0.003 0.032 0.002 
 

As to the thermodynamic driving force for the origination of Cu particles, this is 
expressed by  

lngCu Cu
V Cu eq

m Cu

R T XG
V X

∆ = − , (34) 

where Cu
mV  is the molar volume of Cu. Expressed in mass.%, its equilibrium amount eq

Cuw  at 
temperature T (оС) corresponds to  

7574ln 7.35eq
Cuw

T
  = −  . (35) 
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Fig. 1. Temperature dependences of equilibrium volume fractions calculated for the 
considered carbides by means of the present model and by Thermo-Calc. The results are 
shown for bainitic-martensitic steels: a) S1; b) S2; c) S3; d) S4; e) S5; f) S6; g) S7; h) S8 
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Constants in this formula have been derived by means of Thermo-Calc from a set of 
solvus temperatures Cu

ST of Cu particles at various amounts of this element in alloy α−Fe-Cu. 
It follows from Eq. (35) that 

7574
7.35 ln

Cu
S

Cu

T
w

=
 −  

. (36) 

where the solvus temperature is expressed in K. As evident from Fig. 2, the latter expression 
provides quite satisfactory accuracy over a wide range of Cu amount dissolved in α−iron. 
 

 
Fig. 2. Comparison of solvus temperature of Cu particles dependences on amount of this 
element in alloy α−Fe-Cu expressed by Eq. (36) and determined with Thermo-Calc with 

corresponding experimental data [12] 
 
5. Comparison of modeling results to experimental data 
When modeling precipitation of various particles, the diffusivity of involved elements has 
been treated as follows. To allow for the influence of main SAE (Mn, Ni, Cr, Mo, Si) on the 
carbon diffusion coefficient in the α−phase of steel, the authors’ formula obtained in [24] is 
employed. Such coefficients for SAE themselves are expressed according to [3] and [25]: 

4 2 12390003.05 10 exp ( )V
g

D m s
R T

− −
 

= × −  
 

, (37) 

4 2 12390002.29 10 exp ( )Mo
g

D m s
R T

− −
 

= × −  
 

, (38) 

4 2 12504008.52 10 exp ( )Cr
g

D m s
R T

− −
 

= × −  
 

. (39) 

As to Cu, its diffusion coefficients proposed in the literature suggest rather different 
activation energies (130 to 250 kJ/mol) [17,26-29]. As often remarked, evaluation of this 
coefficient for equilibrium conditions fails to describe the real precipitation kinetics of Cu in 
the quenched state or under irradiation [29]. Owing to significant oversaturation by vacancies 
in such non-equilibrium conditions, the effective activation energy proves to be much lesser. 
That is why, according to [17], the present model employs 
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8 2 11664006 10 exp ( )Cu
g

D m s
R T

− −
 

= × −  
 

. (40) 

Values of other parameters of our model are represented in Table 2. Note that values of 
/p αγ  (specific interfacial energies of particles in α−phase) have been determined in the model 

calibration as will be considered below. 
 

Table 2. Model parameters for various particle types 

Volume per FU of phase particle, m3 

Parameter Value 2910×  
3Fe C

FUV  3.80  
4 3V C

FUV  7.41  
2Mo C

FUV  3.68  
7 3Cr C

FUV  7.91 
Cu

FUV  1.18  

Specific interfacial energies, J/m2 

3 /Fe C αγ  0.174  
4 3 /V C αγ  0.25  

2 /Mo C αγ  0.25  
7 3 /Cr C αγ  0.25  

/Cu αγ  0.35  

Molar fractions of alloying elements in particles 

3Fe C
CX  0.25  

4 3V C
CX  0.429  

2Mo C
CX  0.333 

7 3Cr C
CX  0.3  

4 3V C
VX  0.571 

2Mo C
MoX  0.667  

7 3Cr C
CrX  0.7  

Cu
CuX  1 

 
Figures 3,4 provide a comparison of the predicted and experimental kinetics of Cu 

precipitation in alloy α−Fe+1.34Cu (mass.%) [9] that evidence for satisfactory performance of 
the model at practically important temperatures. 
 

  
Fig. 3. Model (curves) and experimental (dots, [9]) time dependences of the volume fraction 
(a) and the average size (b) of Cu particles in aging of alloy α−Fe+1.34Cu (mass.%) at 500°С  
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Fig. 4. Model (curves) and experimental (dots, [9]) time dependences of the Cu molar fraction 

in the solid solution in aging of alloy α−Fe+1.34Cu (mass.%) at various temperatures 
 

Figures 5,6 represent results of the modeling of precipitation kinetics for V and Mo 
carbides during tempering of steels A and B [3] whose compositions are given in Table 3. 

To sum up, the above-considered results support good correspondence of the present 
model with experimental data (volume fractions and average sizes) on Mo2C and V4C3 
precipitation when tempering investigated steels at the typical temperature of 600°С. 
 
Table 3. Chemical composition (mass.%) of investigated steels 
Steel С Si Mn Mo V Al N 
А 0.1 <0.005 1.99 1.6 - 0.03 0.0049 
Б 0.1 <0.005 1.95 - 0.57 0.03 0.0043 
 

  
Fig. 5. Model (curves) and experimental (dots, [3]) time dependences of volume fraction (a) 

and the average size (b) of Mo2C particles in tempering steel A at 600°С 

  
Fig. 6. Model (curves) and experimental (dots, [3]) time dependences of the volume fraction 

(a) and the average size (b) of V4C3 particles in tempering steel B at 600°С 
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4. Conclusions 
The model is developed to predict the kinetics of the recovery and the precipitation of various 
particles (Fe3C, V4C3, Mo2C, Cr7C3, and pure Cu) in Ni-Сr-Mo-V-Cu bainitic-martensitic 
steels during their cooling after hot rolling and under the subsequent tempering. To evaluate 
thermodynamic driving forces in the nucleation of the considered particles, equilibrium 
amounts of SAE (Сr, Mo, V, Cu) dissolved in the ferrite matrix have been calculated using 
empirical formulas obtained with the Thermo-Calc software. The predicted formation kinetics 
for the considered carbides and copper particles complies well with relevant experimental 
data. 
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