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The effect of microalloying elements, niobium, tantalum and titanium on tempering, namely secondary hardening peaks 
was studied. The austenitisation temperatures, along with grain growth was studied. A high thermal conductivity hot-
work tool steel was studied, with the following modifications Nb+0,06 w/% Nb, Ta+0,03 w/% Ta, and Ti+0,006 w/% Ti) 
based on reference (sample 0). Thermodynamic calculations were used to investigate the influence of microalloying on 
the transformation temperatures and carbide formation. The austenitisation temperatures of 1030, 1060, 1080 and 1100 
°C were chosen and the samples were tempered at 540, 580, 600, 620 and 640 °C. The microstructure, hardness and 
grain size were investigated. The microalloying elements had a positive effect on grain size during austenitisation and on 
the increase of hardness during tempering. The microstructure was also investigated with electron microscopy. Mo-W 
carbides were dominant and showed coarsening and morphological changes, mainly rounding, during high temperature 
tempering. The secondary hardening peaks were reached at temperatures between 600 and 620 °C.
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INTRODUCTION
Hot-work tool steels are a superior grade of steel 
known for their outstanding mechanical properties at 
high temperatures, making them essential for various 
applications. They are commonly utilized in the production 
of dies for extrusion, forging, and die casting. These dies 
undergo rigorous cyclic mechanical and thermal stresses, 
as well as abrasion, and adhesion. Therefore, hot work tool 
steels need exhibit combination of strength, hardness, 
toughness, wear resistance, thermo-cyclic stability, 
and good thermal conductivity [1-6]. The damage to 
these steels is primarily caused by a combination of low 
cycle fatigue and thermal fatigue resulting from frequent 
temperature fluctuations during operation [7,8].
Controlled chemical composition and appropriate 
heat treatment are necessary to achieve the required 
mechanical properties of hot-work tool steel. The typical 
microstructure of these steels consists of tempered 
martensite and carbide precipitates [9-12]. The heat 
treatment process involves three stages: austenitizing, 
quenching, and tempering. In the austenitization process, 
undissolved carbides, nitrides, or carbonitrides inhibit the 
growth of austenite crystal grains, which is essential for 
achieving small crystal grains and adequate mechanical 
properties. Microalloying elements such as Nb, Ta, V, and 
Ti are added to suppress grain growth [5,12,18]. Carbide 
precipitates, however, play a crucial role in secondary 
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hardening during tempering, with different carbide types 
forming depending on the chemical composition and 
tempering temperatures. However, above the maximum 
temperature for secondary hardening, carbides coarsen 
leading to softening of the steel [7]. The coarsening of 
carbides can be delayed to slow down the deterioration of 
the martensitic microstructure, maintaining high hardness 
and fatigue strength at higher temperatures and times. 
Therefore, understanding the microstructure evolution 
during tempering and service is crucial for controlling the 
tool life [22].
Previous studies have examined the impact of microalloying 
elements (V, Nb, or Ti) on the quenching and tempering 
process of low-alloy steels, as well as the composition and 
distribution of microalloyed carbides during tempering 
[14,23-25]. However, they have not studied the effect 
of microalloying elements on the tempering process of 
higher alloy steels that exhibit a secondary hardening 
peak, particularly Mo-W tool steels with high thermal 
conductivity values of up to 60 W·mK-1 [6,26,27]. Therefore, 
this study aims to investigate the effect of microalloying 
elements (Nb, Ta, and Ti) on the tempering process of 
Mo-W hot-work steel. The research will examine the role 
of microalloying elements in microstructural evolution 

and the development of secondary hardening peaks during 
tempering.

MATERIALS AND METHODS
The experimental batches of the reference steel (0 – Tab. 
1) were remelted in a vacuum induction melting furnace 
under 300 mbar argon. A total of four ingot measuring 60 
x 60 x 400 mm and weighing 8 kg produced. The first batch 
of reference steel (0) was remelted without modification 
to the chemical composition. The second batch was 
remelted with the addition of 0.06 wt.% Nb (Nb – Tab. 
1), the third batch was remelted with the addition of 0.03 
wt.% Ta (Ta – Table 1) and the fourth charge was remelted 
with addition of 0.006 wt.% of Ti (Ti – Tab. 1). After casting, 
the ingots were cooled to room temperature in air. The 
microalloying additives were selected according to 
preliminary thermodynamic calculations. The aim was to 
form secondary carbides of the MC type in the austenite, 
but not primary MC carbides during solidification, as these 
can negatively influence the mechanical properties.
The chemical composition (Tab. 1) was measured by 
optical emission spectrometry with inductively coupled 
plasma ICP-OES Agilent 720 and infrared absorption after 
combustion with ELTRA CS-800.

Tab.1 - The chemical composition of the samples is given in percent by weight.

Sample C Si Ni Mo W Nb Ta Ti Fe

0 0.32 0.04 0.03 3.2 1.7 / / / balance

Nb 0.32 0.05 0.03 3.2 1.7 0.06 / / balance

Ta 0.32 0.05 0.03 3.2 1.7 / 0.03 / balance

Ti 0.32 0.04 0.03 3.2 1.7 / / 0.006 balance

The ingots were annealed at 720 °C to relieve stress, then 
homogenized at 1200 °C for 1 h and hot rolled into 40 x 
40 mm billets. After hot rolling, the billets air cooled. The 
billets were then additionally heated to 1100 °C and hot 
forged into 18 x 18 mm square bars. The bars were also air 
cooled. After cooling to room temperature, samples were 
soft annealed for 1.5 h at 770 °C. 
Then the samples were cut to the dimensions 18 x 18 x 60 
mm. The hardening process was carried out in an electric 
resistance laboratory furnace with air atmosphere followed 
by oil quenching. The samples were placed in a furnace 
at room temperature, heated to 650 °C in 1 h and held for 
20 min, then heated to 850 °C in 30 min and held again for 
20 min and then heated to the quenching temperature in 

45 min and held for 20 min. The quenching temperatures 
were 1030, 1060, 1080 and 1100 °C. The oil temperature 
was 60 °C. After oil quenching, the samples were tempered 
in a vacuum hardening furnace (Ipsen Turbo XL) under a 
protective atmosphere at temperatures of 540, 580, 600, 
620 and 640 °C with a holding time of 2.5 h. The 2 mm of 
the surface layer were removed to avoid the influence of 
decarburisation.
The metallographic samples were ground, polished and 
etched with Nital 5%. The microstructure was analysed 
with an Olympus DP70 light microscope and a Thermo 
Scientific Quattro S field-emission scanning electron 
microscope with electron dispersive x-ray spectroscopy 
(EDS). Hardness values were measured on all investigated 
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samples using Vickers hardness method, HV10. 
The commercial software Thermo-Calc version 2022b was 
used for the CALPHAD calculations. The Thermo-Calc 
Software TCFE10 Steels/Fe-alloys database was selected 
to obtain the thermodynamic data for the calculations. We 
used the Equilibrium Calculator and selected the Property 
Diagram calculation type, from which we obtained diagrams 
showing the amount of thermodynamically stable phases 
in the samples studied.

RESULTS AND DISCUSSION
The results of CALPHAD calculations are summarized in 
Tab. 2. Thermodynamically stable phases of the investigated 
samples were calculated in the temperature range between 
500 and 1300 °C. The Thermo-Calc designations are 
given with the corresponding phase and precipitation or 

transformation temperatures. It is evident that the addition 
of microalloying elements (Nb, Ta and Ti) has no effect 
on the transformation temperature between ferrite and 
austenite (Ae3 and Ae1). It also has no influence on the 
precipitation temperature MC (WC), which is basically the 
same for all the samples studied. A slight influence on 
the precipitation temperature of the M6C carbides can be 
seen, with the addition of Nb increasing the temperature 
by 9 °C. The addition of Ti and Ta, on the other hand, 
has no influence on the precipitation temperature of the 
M6C carbides. The main difference is the precipitation of 
additional carbides based on the microalloying elements. 
In the Nb sample, there is additional precipitation of MC 
(NbC) carbides, which start to precipitate at 1253 °C. The 
same happens with the Ta and Ti samples, where TaC 
carbides start to precipitate at 1172 °C and TiC at 1057 °C.

Tab.1 - The chemical composition of the samples is given in percent by weight.

Sample Thermo-Calc designation Phase Precipitation or transformation
temperature (°C)

0

FCC_A1#2 / /

M6C_E93 (Mo, Fe, W)6C 1087

MC_SHP WC 810

BCC_A2 ferrite (α) 858 – Ae3

FCC_A1 austenite (γ) 797 – Ae1

Nb

FCC_A1#2 NbC 1253

M6C_E93 (Mo, Fe, W, Nb)6C 1096

MC_SHP WC 809

BCC_A2 ferrite (α) 860 – Ae3

FCC_A1 austenite (γ) 797– Ae1

Ta

FCC_A1#2 TaC 1172

M6C_E93 (Mo, Fe, W, Ta)6C 1087

MC_SHP WC 810

BCC_A2 ferrite (α) 859 – Ae3

FCC_A1 austenite (γ) 797 – Ae1

Ti

M6C_E93 (Mo, Fe, W, Ti)6C 1087

FCC_A1#2 TiC 1057

MC_SHP WC 810

BCC_A2 ferrite (α) 859 – Ae3

FCC_A1 austenite (γ) 797 – Ae1

The quenched and tempered samples exhibit a bainitic-
martensitic microstructure. Furthermore, all samples were 
free of primary carbides. 
The hardness of the steel generally increases with higher 

austenitisation temperatures (as shown in Fig. 1). At an 
austenitisation temperature of 1030°C, the steel without 
microalloying elements (0) exhibits an average hardness 
of 425 HV10. The addition of Nb and Ta did not affect 
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Fig. 1 - a) Hardness as a function of austenitisation temperature, b) grain size as a function of austenitisation 
temperature.

The increase in the austenitisation temperature affected the 
increase in the size of the primary austenite crystal grains, 
especially of the reference sample (0) and the titanium-
alloyed sample (Ti). Samples alloyed with niobium (Nb) 
and with tantalum (Ta) had a lesser effect on growth. At the 
highest austenitisation temperature of 1100 °C, all samples 
developed a coarse-grained microstructure. The hardness 
is most influenced by the change in the chemistry of the 

austenite matrix before quenching, the resulting bainite/
martensite ration and the grain size.  Examples of fine and 
coarse grained microstructures are presented in Fig. 2. 
The addition of niobium (Nb) and tantalum (Ta) had a large 
influence on the size of the crystal grains, which is also 
consistent with findings from literature sources [28,29]. A 
more detailed discussion on the grain growth mechanism 
in the samples is available in our previous work [5]. 

Fig. 2 - Representative microstructures of a) fine grain sample Ta – 1060 °C and b) coarse grain sample 0 – 1100 °C.

the increase in hardness at the given austenitisation 
temperature. However, the addition of titanium (Ti) was 
effective in increasing the hardness of the steel even at a 

lower temperature, resulting in an average value of 446 
HV10 after quenching. 

The samples were hardened at austenitising temperatures 
of 1030, 1060, 1080 and 1100 °C and tempered at 
temperatures of 540, 580, 600, 620 and 640 °C, which are 
most commonly used to temper tools to the required 
hardness. As mentioned before, the tempering times were 
2.5 h after reaching temperature. With increasing tempering 

temperature, a secondary hardness peak was reached in all 
samples. With increasing austenitisation temperature, the 
hardness after tempering and the value of the secondary 
peak hardness also increased. The highest secondary 
peak hardness values were achieved in the austenitisation 
temperature interval between 1080 and 1100 °C. The 
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Fig. 3 - Tempering diagram for all the samples at different austenitisation temperatures a) 1030 °C, b) 1060 °C, c) 
1080 °C, d) 1100 °C.

CONCLUSIONS
The following conclusions can be drawn from the paper:
•	 The microalloying elements, especially Nb and Ta 

were effective at pinning grain boundaries during au-
stenitisation, up to 1100 °C.

•	 The secondary hardening peak for Mo-W high ther-
mal conductivity steel is between 600 and 620 °C, for 
all the investigated heat treatment regimes.

•	 The microalloying elements influenced the hardness 
after tempering, mostly by increasing it, especially at 
the lowest 1030 °C and the highest 1080 °C austeniti-
sation temperatures.

alloying elements niobium, tantalum and titanium had 
an influence on the increase of the strength properties 
in the temperature range between 540 and 640 °C. At an 
austenitisation temperature of 1030 °C (Fig. 3a), the Ti 
sample exhibits the maximum secondary peak hardness 
of 506 HV10. At the austenitisation temperature of 1060 °C 

(Fig. 3b), the maximum secondary peak hardness of the 
Nb sample is 533 HV10. At an austenitisation temperature 
of 1080 °C (Fig. 3c), the maximum secondary peak 
hardness of Ti sample is 540 HV10. At an austenitisation 
temperature of 1100 °C (Fig. 3d), the maximum secondary 
peak hardness of Nb and Ti samples is 542 HV.
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