
INTRODUCTION

Precipitates of interstitial phases, i.e. car-
bides, nitrides and the products of their mu-
tual solubility – carbonitrides, play an impor-
tant role in shaping mechanical properties of 
HSLA (High Strength Low Alloy) type micro-
alloyed steels. A stability of these phases de-
pends mainly on their chemical composition, 
while the temperature of their dissolution can 
vary over a wide range. In the technological 
process of steel products manufacturing, it al-
lows to obtain a variety of structural effects, 
such as: controlling austenite grain size at high 
temperature through undissolved particles of 
precipitates, changing the kinetics of recrystal-
lization and phase transitions induced by dis-
solved elements and precipitates, achieving the 
strengthening effect through fine-dispersive 
precipitates of carbonitrides formed at low 
temperature [8, 11, 23, 29].

A study of strengthening mechanisms in-
dicates that the most important are: strengthen-
ing from grain boundaries, solution hardening, 
strain hardening and precipitation strengthening 
[7, 35, 36]. In case of microalloyed steels, pre-
cipitation strengthening and strengthening from 
grain boundaries have the most significant influ-
ence on mechanical properties, yet it is difficult 
to unequivocally separate the effects deriving 
from individual strengthening mechanisms [6, 
31, 33]. Therefore, controlling the strengthening 
mechanisms requires a multi-scale analysis and 
computer-aided modelling. The effectiveness of 
individual strengthening mechanisms is deter-
mined by chemical composition of steel and the 
parameters of plastic working. High strength and 
plastic properties of steels with ferritic-pearlitic 
microstructure are achieved by grain refinement 
and precipitation strengthening. Whereas, me-
chanical properties of toughened steels depend on 
the strengthening coming from grain refinement 
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of austenite induced with precipitation of intersti-
tial phases, precipitation strengthening and from 
martensitic type phase transitions. Therefore, the 
knowledge of chemical constitution of austenite 
and the content of precipitates, controlling grain 
growth of this phase and influencing precipitation 
strengthening effect, has a very essential practical 
meaning. It makes possible to optimize the chem-
ical composition of steel allowing, at the lowest 
possible production costs, to attain appropriate 
microstructure, which determines acquiring de-
sired mechanical properties.

The production of metallurgical products with 
desired functional properties from HSLA type 
steel requires optimal selection of hot working 
parameters, taking into consideration the process 
of precipitation of carbides, nitrides and carboni-
trides of microadditions introduced into the steel 
in austenite [17, 30, 39]. Proper understanding of 
the impact of these phases on the processes tak-
ing place during hot working and during cooling 
of products from the end temperature of this treat-
ment, requires knowledge of the formation mecha-
nism of these phases and their stability in austenite. 
Thermodynamic models of precipitation of simple 
carbides and nitrides have been presented in the 
works of Lin and Melloy [21, 27], while thermo-
dynamic models concerning formation of complex 
carbonitrides were analyzed by Adrian et al. [1-3, 
18, 22, 25, 38, 40]. Solubility of carbide or nitride 
in austenite is determined by the logarithm of the 
solubility product expressed as [13]:
 

 1 

𝑙𝑙𝑙𝑙𝑙𝑙([𝑀𝑀] ⋅ [𝑋𝑋]) = 𝐵𝐵 − 𝐴𝐴/𝑇𝑇 

[𝑀𝑀] ⋅ [𝑋𝑋] = 𝑘𝑘𝑀𝑀𝑀𝑀 

𝑀𝑀 = [𝑀𝑀] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑀𝑀⟩ 

𝑋𝑋 = [𝑋𝑋] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑋𝑋⟩ 

[𝑀𝑀] ⋅ [𝑀𝑀] = 𝑘𝑘𝑀𝑀𝑀𝑀  

[𝑀𝑀] ⋅ [𝑁𝑁] = 𝑘𝑘𝑀𝑀𝑀𝑀  

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ + (𝑀𝑀)

(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ 

𝑁𝑁 = [𝑁𝑁] + (𝑁𝑁)
(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

[𝑀𝑀]2 + [𝑀𝑀] {(𝑀𝑀)
(𝑀𝑀) 𝑀𝑀 + (𝑀𝑀)

(𝑁𝑁) 𝑁𝑁 − 𝑀𝑀} − (𝑀𝑀)
(𝑀𝑀) 𝑘𝑘𝑀𝑀𝑀𝑀 −

(𝑀𝑀)
(𝑁𝑁) 𝑘𝑘𝑀𝑀𝑀𝑀 = 0 

  

  (1)

where: [M] and [X] – mass fraction (in weight %) 
of metallic microaddition and metalloid 
dissolved in austenite at temperature T 
(in K), respectively, A and B – constants 
connected to free enthalpy of MX phase 
formation.

Chemical composition of austenite, as well as 
the portion of undissolved <MX> compound can 
be determined using solubility product of the com-
pound and the mass balance of the elements includ-
ed in the reaction, wherein the product is the <MX> 
compound. A simplified thermodynamic model 
based on the laws of thermodynamic equilibrium, 
concerning precipitation of <MX> compound, is 
described by the system of equations [1, 2]:
 

 1 

𝑙𝑙𝑙𝑙𝑙𝑙([𝑀𝑀] ⋅ [𝑋𝑋]) = 𝐵𝐵 − 𝐴𝐴/𝑇𝑇 

[𝑀𝑀] ⋅ [𝑋𝑋] = 𝑘𝑘𝑀𝑀𝑀𝑀 

𝑀𝑀 = [𝑀𝑀] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑀𝑀⟩ 

𝑋𝑋 = [𝑋𝑋] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑋𝑋⟩ 

[𝑀𝑀] ⋅ [𝑀𝑀] = 𝑘𝑘𝑀𝑀𝑀𝑀  

[𝑀𝑀] ⋅ [𝑁𝑁] = 𝑘𝑘𝑀𝑀𝑀𝑀  

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ + (𝑀𝑀)

(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ 

𝑁𝑁 = [𝑁𝑁] + (𝑁𝑁)
(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

[𝑀𝑀]2 + [𝑀𝑀] {(𝑀𝑀)
(𝑀𝑀) 𝑀𝑀 + (𝑀𝑀)

(𝑁𝑁) 𝑁𝑁 − 𝑀𝑀} − (𝑀𝑀)
(𝑀𝑀) 𝑘𝑘𝑀𝑀𝑀𝑀 −

(𝑀𝑀)
(𝑁𝑁) 𝑘𝑘𝑀𝑀𝑀𝑀 = 0 

  

  (2)

 

 1 

𝑙𝑙𝑙𝑙𝑙𝑙([𝑀𝑀] ⋅ [𝑋𝑋]) = 𝐵𝐵 − 𝐴𝐴/𝑇𝑇 

[𝑀𝑀] ⋅ [𝑋𝑋] = 𝑘𝑘𝑀𝑀𝑀𝑀 

𝑀𝑀 = [𝑀𝑀] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑀𝑀⟩ 

𝑋𝑋 = [𝑋𝑋] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑋𝑋⟩ 

[𝑀𝑀] ⋅ [𝑀𝑀] = 𝑘𝑘𝑀𝑀𝑀𝑀  

[𝑀𝑀] ⋅ [𝑁𝑁] = 𝑘𝑘𝑀𝑀𝑀𝑀  

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ + (𝑀𝑀)

(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ 

𝑁𝑁 = [𝑁𝑁] + (𝑁𝑁)
(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

[𝑀𝑀]2 + [𝑀𝑀] {(𝑀𝑀)
(𝑀𝑀) 𝑀𝑀 + (𝑀𝑀)

(𝑁𝑁) 𝑁𝑁 − 𝑀𝑀} − (𝑀𝑀)
(𝑀𝑀) 𝑘𝑘𝑀𝑀𝑀𝑀 −

(𝑀𝑀)
(𝑁𝑁) 𝑘𝑘𝑀𝑀𝑀𝑀 = 0 

  

  (3)

 

 1 

𝑙𝑙𝑙𝑙𝑙𝑙([𝑀𝑀] ⋅ [𝑋𝑋]) = 𝐵𝐵 − 𝐴𝐴/𝑇𝑇 

[𝑀𝑀] ⋅ [𝑋𝑋] = 𝑘𝑘𝑀𝑀𝑀𝑀 

𝑀𝑀 = [𝑀𝑀] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑀𝑀⟩ 

𝑋𝑋 = [𝑋𝑋] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑋𝑋⟩ 

[𝑀𝑀] ⋅ [𝑀𝑀] = 𝑘𝑘𝑀𝑀𝑀𝑀  

[𝑀𝑀] ⋅ [𝑁𝑁] = 𝑘𝑘𝑀𝑀𝑀𝑀  

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ + (𝑀𝑀)

(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ 

𝑁𝑁 = [𝑁𝑁] + (𝑁𝑁)
(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

[𝑀𝑀]2 + [𝑀𝑀] {(𝑀𝑀)
(𝑀𝑀) 𝑀𝑀 + (𝑀𝑀)

(𝑁𝑁) 𝑁𝑁 − 𝑀𝑀} − (𝑀𝑀)
(𝑀𝑀) 𝑘𝑘𝑀𝑀𝑀𝑀 −

(𝑀𝑀)
(𝑁𝑁) 𝑘𝑘𝑀𝑀𝑀𝑀 = 0 

  

  (4)

where: kMX – product of the solubility compound 
MX, M and X – total contents of these el-
ements in steel in wt%, <MX> – content 
of undissolved compound MX in wt% 
while the atomic and molar weight of the 
elements and compounds is presented as 
symbols put in ( ) parentheses.

The HSLA microalloyed steels are widely 
used for highly loaded welded constructions, self-
propelled lifting and port devices, oil and gas pipe-
lines, drilling platforms, bridges, means of heavy 
transport, and recently, more and more often, for 
high-quality forgings [28, 34, 44-46]. Meeting the 
increasing demands of forgings customers, espe-
cially the requirements of the automotive indus-
try, connected with the increase in strength and 
maintaining required ductility and fracture tough-
ness, is believed to be possible through full use 
of microadditions. In case of HSLA-type steels, 
the increase in strength is related to grain refine-
ment and precipitation hardening by dispersive 
particles of carbides, nitrides and carbonitrides 
[9, 10, 41, 42]. The analysis of publications re-
lated to manufacturing of forgings with the use 
of thermomechanical treatment reveals that the 
studies conducted so far have been focused on in-
troducing V [15, 24, 32, 37] and Ti and V [4, 5, 
7, 39] microadditions into steel. Very few studies 
on combined application of Nb, Ti and V creates 
the necessity to perform more detailed analysis of 
understanding of the complex interaction of MX-
type interstitial phases containing Nb, Ti and V 
and the process of their precipitation.

The aim of the study is to analyze the pre-
cipitation process of MX-type interstitial phases 
in austenite in newly developed microalloyed 
HSLA-type steels. 

MATERIALS AND METHODS 

The subject of the research were newly 
elaborated microalloyed HSLA-type steels with 
chemical composition presented in Table 1. 
Chemical composition of examined steels was 
developed on the basis of detailed analysis of the 
literature [4, 5, 7, 15, 24, 32, 37, 39] in terms 
of the production of forgings using thermome-
chanical treatment method.
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The melts, made in the VSG-100S type labo-
ratory vacuum induction furnace, are character-
ized with low fraction of phosphorus and sulphur, 
i.e. 0.006% P and 0.004% S in steel A and 0.008 
% P and 0.004% S in steel B. Melted steels have 
similar concentration of C, Mn, Si, Mo, Cr and N. 
However, significant differences concern the con-
tent of metallic microadditions introduced into the 
steel. The purpose of introducing Ti and V micro-
additions into steel A, and in case of steel B also 
a microaddition of Nb, was to acquire MX-type 
interstitial phases (carbides, nitrides and carboni-
trides). Precipitation of these phases in austenite 
gives the opportunity to produce fine-grained mi-
crostructure of steel products, which is decisive 
for obtaining high strength properties and high 
crack toughness, also at reduced temperature.

Preliminary tests performed on a laboratory 
scale showed satisfactory results concerning me-
chanical properties. Steel A, hardened directly 
from forging finish temperature equal 900°C, sub-
sequently subjected to tempering at the tempera-
ture of 650°C, presents the following mechanical 
properties: YS0.2 ~ 880 MPa, UTS ~ 939 MPa, UEl 
~13% and KV-40 ~ 69 J. While steel B – obtained 
under similar conditions shows: YS0.2 ~ 920 MPa, 
UTS ~ 974 MPa, UEl ~15% and KV-40 ~ 83 J.

A thermodynamic analysis of the state of phase 
equilibrium of the structural constituents, taking 
into account the austenite of the investigated mi-
croalloyed steels, was mainly focused on analytic 
calculations of the chemical composition of aus-
tenite and the content and chemical composition of 
the potential MX-type interstitial phases of micro-
alloying elements as a function of the heating or 
cooling temperature. The analysis of the precipita-
tion process of carbides and nitrides in austenite, 
under conditions of thermodynamic equilibrium, 
was carried out using the simplified model pro-
posed by Adrian [2] (equations (2)÷(4)) and modi-
fied with an assumption, that carbides and nitrides 
precipitate simultaneously. The modified model is 
described by the following system of equations:
 

 1 

𝑙𝑙𝑙𝑙𝑙𝑙([𝑀𝑀] ⋅ [𝑋𝑋]) = 𝐵𝐵 − 𝐴𝐴/𝑇𝑇 

[𝑀𝑀] ⋅ [𝑋𝑋] = 𝑘𝑘𝑀𝑀𝑀𝑀 

𝑀𝑀 = [𝑀𝑀] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑀𝑀⟩ 

𝑋𝑋 = [𝑋𝑋] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑋𝑋⟩ 

[𝑀𝑀] ⋅ [𝑀𝑀] = 𝑘𝑘𝑀𝑀𝑀𝑀  

[𝑀𝑀] ⋅ [𝑁𝑁] = 𝑘𝑘𝑀𝑀𝑀𝑀  

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ + (𝑀𝑀)

(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ 

𝑁𝑁 = [𝑁𝑁] + (𝑁𝑁)
(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

[𝑀𝑀]2 + [𝑀𝑀] {(𝑀𝑀)
(𝑀𝑀) 𝑀𝑀 + (𝑀𝑀)

(𝑁𝑁) 𝑁𝑁 − 𝑀𝑀} − (𝑀𝑀)
(𝑀𝑀) 𝑘𝑘𝑀𝑀𝑀𝑀 −

(𝑀𝑀)
(𝑁𝑁) 𝑘𝑘𝑀𝑀𝑀𝑀 = 0 

  

  (5)

 

 1 

𝑙𝑙𝑙𝑙𝑙𝑙([𝑀𝑀] ⋅ [𝑋𝑋]) = 𝐵𝐵 − 𝐴𝐴/𝑇𝑇 

[𝑀𝑀] ⋅ [𝑋𝑋] = 𝑘𝑘𝑀𝑀𝑀𝑀 

𝑀𝑀 = [𝑀𝑀] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑀𝑀⟩ 

𝑋𝑋 = [𝑋𝑋] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑋𝑋⟩ 

[𝑀𝑀] ⋅ [𝑀𝑀] = 𝑘𝑘𝑀𝑀𝑀𝑀  

[𝑀𝑀] ⋅ [𝑁𝑁] = 𝑘𝑘𝑀𝑀𝑀𝑀  

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ + (𝑀𝑀)

(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

𝑀𝑀 = [𝑀𝑀] + (𝑀𝑀)
(𝑀𝑀𝑀𝑀) ⟨𝑀𝑀𝑀𝑀⟩ 

𝑁𝑁 = [𝑁𝑁] + (𝑁𝑁)
(𝑀𝑀𝑁𝑁) ⟨𝑀𝑀𝑁𝑁⟩ 

[𝑀𝑀]2 + [𝑀𝑀] {(𝑀𝑀)
(𝑀𝑀) 𝑀𝑀 + (𝑀𝑀)

(𝑁𝑁) 𝑁𝑁 − 𝑀𝑀} − (𝑀𝑀)
(𝑀𝑀) 𝑘𝑘𝑀𝑀𝑀𝑀 −

(𝑀𝑀)
(𝑁𝑁) 𝑘𝑘𝑀𝑀𝑀𝑀 = 0 

  

  (6)

 

 1 

𝑙𝑙𝑙𝑙𝑙𝑙([𝑀𝑀] ⋅ [𝑋𝑋]) = 𝐵𝐵 − 𝐴𝐴/𝑇𝑇 

[𝑀𝑀] ⋅ [𝑋𝑋] = 𝑘𝑘𝑀𝑀𝑀𝑀 

𝑀𝑀 = [𝑀𝑀] + [
(𝑀𝑀)
(𝑀𝑀𝑋𝑋)] ⟨𝑀𝑀𝑀𝑀⟩ 

𝑋𝑋 = [𝑋𝑋] + [
(𝑀𝑀)
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The solution of the system of equations has 
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Calculations of the simultaneous precipitation 
of carbide, MC, and nitride, MN, was carried out 
for the steel A only. This steel contains 0.033% Ti 
and a low content of V (0.008%), which can be 
omitted because of low content and lower chemi-
cal affinity to interstitials compared to Ti. This 
element may form VC carbide in ferrite during 
cooling from the austenite temperature range.

The analysis of precipitation of complex 
carbonitrides under conditions of thermody-
namic equilibrium, was performed with the 
use of the thermodynamic model of Adrian [1] 
based on Hillert and Staffansson model [16]. 
The CarbNit computer program was used to 
evaluate the precipitation process of complex 
carbonitrides [19]. The program allows to cal-
culate the chemical composition of austenite of 
the examined microalloyed steels and, in par-
ticular, to define the relationships between con-
tents of elements dissolved in austenite, [M], 
[X] and temperature, [M] = f(T) and [X] = f 
(T). It also allows to determine the chemical 
constitution of complex phases of carbonitrides 
and to define their volume fraction as a func-
tion of temperature, VV = f(T) based on the im-
plemented thermodynamic model. For steel B, 
containing simultaneous additions of three mi-
croalloying elements (0.028% Ti, 0.027% Nb 
and 0.019% V) calculations was performed us-
ing the thermodynamic model for carbonitrides 
precipitates. Physical data for thermodynamic 

Table 1. Chemical composition of investigation steels [4, 5, 7, 15, 24, 32, 37, 39]

Steel
Mass contents, wt %

C Mn Si Mo Cr Nb Ti V N

A 0.31 1.45 0.30 0.22 0.26 – 0.033 0.008 0.0043

B 0.28 1.41 0.29 0.22 0.26 0.027 0.028 0.019 0.0039
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calculation (solubility products constants, A, 
B and densities of binary compounds, ρMX) are 
given in Table 2. In this table solubility temper-
atures in austenite for considered binary com-
pounds assuming only one interstitial element, 
(C or N is present) are presented. Atomic mass-
es of Ti, Nb, V, C, N are presented in Table 3. 

Chemical composition of MX-type interstitial 
phases, revealed in the examined steels, was as-
sessed using the TITAN80-300 transmission elec-
tron microscope equipped with the EDS energy 
dispersion spectrometer.

In order to verify the applied model, studies 
were carried out on the influence of the tempera-
ture, increasing programmatically, on mean diam-
eter of austenite grains. Specimens with a diam-
eter of 10 mm were austenitized in a temperature 
range from 900°C to 1200°C, with gradation of 
50°C for 15 minutes, and then quenched in water. 
Prepared metallographic specimens were etched 
in an aqueous solution of picric acid at the tem-
perature of 50°C. The average grain diameter was 
determined on the basis of the standard [48] us-
ing Leica Qwin software, cooperating with Leica 
MEF 4A light microscope.

RESULTS

The analysis of the presence of MX-type sin-
gle interstitial phases in solid solution does not 
reflect the real situation satisfactorily, as all of 
the discussed phases exhibit mutual solubility in 
a solid state and typically precipitate as complex 
carbonitrides [3]. As a consequence, both the start 
and finish temperature of their precipitation un-
dergo a change.

Comparison of analysis results of chemical 
constitution of austenite and concentration of 
undissolved Ti compounds, using the simplified 
model of independent precipitation of TiN nitride 
and TiC carbide and the model of precipitation of 
TiCyN1-y carbonitride, is presented in Fig. 1. Anal-
ysis results of the content of double compounds 
formed in steel A, TiN and TiC, which precipi-
tate independently as a function of temperature, 
are shown in Fig. 1a. In a temperature range of 
1441÷1150°C, only TiN nitride can precipitate. 
Its volume fraction, Vv, increases with a tem-
perature decrease to approximately 0.027%. At 
the temperature of TiC carbide precipitation start 
and almost does not change with further decrease 
of temperature. As shown in Fig. 1b, at the tem-
perature of 1150°C almost all nitrogen is bound 
into TiN. Remaining dissolved Ti (approximately 
0.019%) reacts with C forming TiC carbide upon 
further decrease of temperature. The volume 
fraction Vv of this compound increases to about 
0.037% at 800°C. At this temperature, microaddi-
tion of Ti is practically bound in precipitates (Fig. 
1c), and the content of carbon in the solution re-
mains at the level of 0.0305% (Fig. 1d). 

In case of the further temperature decrease, 
dissolved carbon may react with Fe and other mi-
croadditions (e.g. V) present in steel, especially in 
the temperature range of austenite transformation 
into ferrite or pearlite, since solubility of inter-
stitial elements (and microadditions) in ferrite is 
much lower than in austenite.

Precipitates formed in ferrite are much small-
er in size, compared to precipitates formed in 
austenite, and cause the effect of precipitation 
strengthening. Comparing temperature-depen-
dent total volume fraction of TiC carbide and TiN 

Table 2. A summary of physical data and solubility temperatures of individual interstitial phases

No Type of
MX phase

Density
g/cm3

Solubility product constants Solubility temperature, °C

A B steel A steel B

1. TiN 5.43 15490 5.19 1440.9 1419.6

2. TiC 4.94 10745 5.33 1194.9 1172.1

3. NbC 7.79 7900 3.42 – 1152.6

4. NbN 7.30 10800 3.70 – 1133.7

5. VC 5.65 9500 6.72 745.7 783.2

6. VN 6.10 7840 3.02 801.9 848.1

Table 3. Atomic masses of elements
Ti Nb V C N

47.9 92.9 50.94 12.01 14.008
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nitride as well as Ti(C,N) carbonitride in Fig. 1a, 
it can be observed that formation of carbonitride, 
as an effect of mutual dissolution of compounds 
of double precipitates, results in the increase in 
their content, when compared to the state of in-
dependent precipitation of TiN and TiC. Hence, 
lower concentration of elements dissolved in 
austenite, [Ti], [N] and [C], calculated accord-
ing to the model of carbonitride precipitation, in 
comparison with the simplified model for inde-
pendent precipitation of double compounds. The 
dependence of chemical constitution of TiCyN1-y 
carbonitride on temperature is shown in Fig. 1e. 
As it can be noted, the content of nitrogen in 

carbonitride increases along with the increase in 
austenitizing temperature, while concentration of 
carbon decreases.

The results of thermodynamic analysis of car-
bonitride precipitation in steel B are presented in 
Fig. 2. The effect of austenitizing temperature on 
chemical composition of formed TixNbvV1-x-vCyN1-

y carbonitride is presented in Fig. 2a. It can be ob-
served, that the content of Ti and N increases in 
the carbonitride with the increase of temperature, 
while concentration of carbon and other metallic 
elements decreases. Along with increase of tem-
perature, (Ti,Nb,V)(C,N) carbonitride transits suc-
cessively into (Ti,Nb)(C,N) and TiN. Calculated 

Figure 1. The results of thermodynamic analysis of the Ti compounds precipitates 
in steel A; relationships of: a) Vv=f(T), b) [N]=f(T), c) [Ti]=f(T), d) [C]=f(T), 

e) atomic fraction C and N in TiCyN1-y carbonitride, as a function of temperature
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stoichiometric composition of the complex car-
bonitride at the temperature of 850°C is equal Ti
0.600Nb0.293V0.107C0.745N0.255 and changes into car-
bonitride Ti0.794Nb0.202V0.004C0.478N0.522 at 1150°C. 
Microaddition of V is completely dissolved in 
austenite at the temperature of 1200°C with the 
following calculated stoichiometric composition 
of the carbonitride: Ti0.858Nb0.142C0.344N0.656. Dis-
solution temperature of Ti0.928Nb0.072C0.122N0.878 
complex carbonitride is equal 1366°C. The ef-
fect of temperature on volume fraction of the car-
bonitride is shown in Fig. 2b. The diagram also 
presents a change in volume fractions of double 
compounds, TiC, NbC and VC carbides and TiN, 
NbN, and VN nitrides, dissolved in carbonitride, 
depending on temperature. At temperatures above 
1150°C, TiN nitride predominates in the carboni-
tride, while at the temperature of 800°C the con-
centration of TiC prevails. 

The influence of austenitizing temperature on 
chemical composition of austenite is presented 
in Figures 2c, d. Along with the temperature de-
crease, concentration of Ti, Nb and V metallic 
elements and C and N interstitial elements dis-
solved in austenite decreases. The rate of these 
changes depends on the type of the element. Con-
centration of Ti and Nb as well as N decreases 
faster, while in case of V and C – the slowest.

Changes in concentration of carbon do not 
exceed 0.01% in a considered temperature range. 
It can be observed that at 900°C, concentration of 
Ti and N dissolved elements practically decreas-
es to 0. There are mainly V and C remaining in the 
solution. During further cooling, these elements 
form a fine-grained VC carbide, which causes the 
effect of precipitation strengthening.

The process of precipitation of interstitial 
phases in a matrix was examined in transmission 
electron microscope on water-hardened samples. 
The effects of precipitation in the austenite, in-
herited in martensite, were analyzed by means 
of electron diffraction, X-ray microanalysis and 
verified during dark-field observations. These 
techniques were used complementarily to the 
analysis of matrix microstructure as well as to the 
identification and determination of morphology 
of observed precipitates of nitrides, carbides and 
carbonitrides of Ti, Nb and V microadditions.

Investigation of microstructure of thin foils 
taken from the water-hardened steel A, revealed in 
the microstructure of lath martensite matrix pre-
cipitates, mainly TiN nitrides, TiC carbides and 
Ti(C,N) carbonitrides, undissolved during aus-
tenitizing, located mainly inside martensite laths 
(Fig. 3). The presence of these phases in the ma-
trix was found primarily using energy dispersion 

Figure 2. The results of thermodynamic analysis of TixNbvV1-x-vCyN1-y carbonitride precipitation in steel 
B; dependence of: a) carbonitride chemical constitution, b) carbonitride concentration, c) metallic ele-
ments dissolved in austenite, d) interstitial elements dissolved in austenite, as a function of temperature
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spectroscopy and micro-diffraction methods from 
micro-region of precipitates.

However, in the microstructure of hardened 
steel B, containing Ti, Nb and V microadditions, 
mainly (Ti,Nb,V)(C,N) complex carbonitrides 
were revealed – Figure 4. In microstructure of 
specimens austenitized at higher temperature, the 
presence of TiN nitrides and (Ti,Nb)(C,N) type 
carbonitrides was also found. The microstructure 

observations in transmission electron microscope 
fully correspond with the analysis results of inter-
stitial phases precipitation in investigated micro-
alloyed HSLA-type steels.

Testing results of the influence of austenitizing 
temperature on grain size of primary austenite are 
presented in Figure 5. As shown in the data pre-
sented in this figure, examined steels retain fine-
grained microstructure in the lower austenitizing 

Figure 3. Titanium carbonitride Ti(C,N) in the martensite of steel A (a), microdiffrac-
tion of the precipitate (b), EDS spectrum (c); austenitizing temperature of 900°C

Figure 4. Carbonitride (Ti,Nb,V) (C,N) in the martensite of steel B (a), 
EDS spectrum (b); austenitizing temperature of 900°C



97

Advances in Science and Technology Research Journal 2021, 15(2), 90–100

temperature range. Steel A, after austenitizing 
at the temperature of 900°C, reveals an average 
austenite grain diameter of approx. 12 mm, and 
after austenitizing at the temperature of 1050°C 
– approx. 26 mm. In the same temperature range, 
the mean diameter of primary austenite grains of 
steel B varies from 8 mm to 17 mm. More distinct 
growth of austenite grains was observed after ex-
ceeding the temperature of 1050°C, more intense 
in case of steel A.

DISCUSSION

The analysis conducted here allowed to de-
termine the type and temperature range of the 
precipitation of interstitial phases in steel A and 
B. Taking into account the temperature factor of 
solubility products of the analyzed phases which 
can potentially be formed in the investigated mi-
croalloyed steels, it can be stated that TiN-, TiC- 
and VC, VN-type phases precipitate in steel A, 
and in steel B also NbC and NbN. The analysis of 
the presence of single MX-type interstitial phases 
(Table 2) in solid solution does not satisfactorily 
present the actual situation, as all of the individ-
ual phases reveal partially mutual solubility, and 
therefore an additional analysis of the precipita-
tion of complex carbonitrides which can poten-
tially precipitate in the examined steels under 
conditions of thermodynamic equilibrium was 
carried out. The analysis was carried out using 
the thermodynamic model developed by Adrian 
[1] based on Hillert and Staffansson [16]. In steel 
containing microadditions of Ti and V, a complex 
(Ti,V)(C,N)-type carbonitride can be formed un-
der conditions of thermodynamic equilibrium, and 

in steel additionally containing the microaddition 
of Nb – (Ti,Nb,V)(C,N)-type complex carboni-
tride. It is necessary to emphasize that a cooling 
rate may affect a type of compound precipitated in 
austenite with decreasing temperature. With the 
higher cooling rate precipitation of binary com-
pounds, carbides and nitrides, is preferred and a 
simplified model for independent carbides, MC, 
and nitrides, MN, precipitation may be a useful 
tool to predict chemical composition of austenite 
and undissolved compound contents. But at lower 
cooling rates or holding material at constant aus-
tenitizing temperature, the model of carbonitrides 
precipitation is more suitable.

Similar issues, concerning the process of pre-
cipitation of MX-type interstitial phases in high 
strength low alloy steels, as well as those related 
to modelling and kinetics of this process, were 
analyzed in the works [1-3, 10, 12, 14, 18, 43, 
46, 47]. Chen et al. [10] investigated the harden-
ing process of HSLA steel containing 0.1% C, 
1.5% Mn, 0.2% Mo, 0.2% Ti and 0.04% Nb by 
complex (Ti, Mo)C and (Ti, Nb)C type carbides. 
Thermodynamic analysis of the precipitation pro-
cess of niobium carbonitrides in austenite, ferrite 
and at the boundaries of these phases was carried 
out in [18]. The work consisted in examination of 
the thermodynamics and kinetics of niobium car-
bonitrides precipitations, as well as the influence 
of plastic deformation and the temperature on the 
kinetics of precipitations with the aim to deter-
mine the amount of niobium in a solid solution.

Evaluated course of changes in the size of 
austenite grains as a function of austenitizing 
temperature is typical for HSLA-type steels, 
austenitized under similar conditions [20, 26]. 
Conducted studies of the impact of austenitizing 
temperature on the grain size of primary austen-
ite revealed that steels retain fine-grained micro-
structure in a temperature range from 900°C to 
1050°C. The reason for maintaining fine-grained 
microstructure of austenite in this temperature 
range is the presence of a significant portion of 
undissolved TiN, Ti(C,N) particles in steel A and 
B and partially undissolved (Ti,V)(C,N) particles 
in steel A, and also (Ti, Nb, V)(C,N) in steel B. 
The presence of these phases in the microstruc-
ture contributes to the effective inhibition of 
austenite grain growth. Increase of austenitizing 
temperature causes grain growth of austenite, yet 
the growth is significantly lower in steel contain-
ing Nb microaddition. The course of the curve in 
Fig. 5, obtained for steel with microaddition of 

Figure 5. Influence of the austenitizing tem-
perature on the austenite grain size
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Nb, is more characteristic for microalloyed steels, 
and the growth of austenite grains in the steel 
should be connected with dissolution of complex 
carbides and carbonitrides (Fig. 2). Austenitizing 
specimens at the temperature of 1200°C results 
in formation of microstructure with an average 
diameter of austenite grains equal 68 µm and 62 
µm – for steel A and B, respectively. At this tem-
perature, the fraction of particles in both steels is 
comparable and consists only of phases rich in 
Ti, which leads to obtaining similar grain size. It 
should be pointed out that acquired values of the 
mean diameter of the g phase grains, after aus-
tenitizing at the temperature of 1200°C, are sev-
eral times lower when comparing to conventional 
C-Mn steels, where the average diameter of aus-
tenite is within the range of 150 to 300 µm [13, 
20]. The research carried out on the influence of 
the austenitizing temperature on the grain size of 
the g phase correlates well with analysis results of 
the MX-type interstitial phase precipitation pro-
cess, according to the model proposed by Adrian.

Dong L. et al. [12] have obtained comparable 
results of the impact of austenitizing temperature 
on the austenite grain size of steel with chemical 
composition similar to the examined steels. In the 
work, the evolution of the size of carbonitrides 
and their influence on the size of primary austen-
ite grains in ultra-high strength microalloyed steel 
were studied. It was revealed that the average size 
of austenite grains slowly increased along with 
the temperature increase in the lower austenitiz-
ing temperature range. Rapid growth of austen-
ite grains – very similar to the results presented 
in the paper – was observed after exceeding the 
temperature of approx. 1050°C. Moreover, it was 
demonstrated that fine Nb-rich precipitations 
have the greatest effect on the delay of the austen-
ite grain growth process. 

CONCLUSIONS

The paper presents an thermodynamic analy-
sis of the precipitation of MX-type phases in high 
strength low alloy steels under equilibrium con-
ditions. Performed research allowed to formulate 
the following conclusions:
1. The analysis of the presence of MX-type single 

interstitial phases in solid solution does not re-
flect the real situation satisfactorily, as all of 
the discussed phases exhibit mutual solubil-
ity in a solid state and typically precipitate as 

complex carbonitrides. As a consequence, both 
the start and finish temperature of their precipi-
tation undergo a change,

2. In steel containing microadditions of Ti and V 
(steel A), a complex (Ti,V)(C,N)-type carboni-
tride can be formed under conditions of thermo-
dynamic equilibrium, and in steel additionally 
containing the microaddition of Nb (steel B) – 
(Ti,Nb,V)(C,N)-type complex carbonitride,

3. Examined steels retain fine-grained microstruc-
ture of austenite after austenitizing in a tempera-
ture range from 900°C to 1050°C. The average 
diameter of austenite grains increases in the men-
tioned temperature range from 12 mm to 26 mm 
for steel A and from 8 mm to 17 mm for steel B,

4. The result of maintaining fine-grained micro-
structure of austenite in this temperature range 
is the presence of a significant portion of undis-
solved TiN, Ti(C,N) particles in steel A and B 
and partially undissolved (Ti,V)(C,N) particles 
in steel A, and also (Ti, Nb, V)(C,N) in steel B,

5. Determined average diameter of austenite grains 
in examined steels is comparable to the mean di-
ameter of the phase in Ti-V and Ti-Nb-V steels, 
after austenitizing under the same conditions.

The results of performed investigation can 
be used to develop the appropriate parameters 
of thermomechanical treatment of metallurgical 
products from the tested HSLA-type steels.
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