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EFFECT OF THERMAL TREATMENT ON THE PROPERTIES OF 
RAPIDLY SOLIDIFIED POWDER OF TOOL STEEL ALLOYED 
WITH NIOBIUM 

M. Pavlíčková, D. Vojtěch, P. Stolař, P. Jurči 

Abstract 
The work describes the influence of thermal treatment on the properties of 
rapidly solidified tool steel alloyed with 7.6% Cr, 4.7% Nb, 2.0% Mo and 
1.8% C. Powder alloy was prepared by pressure nitrogen atomisation. 
Variations of microstructure, phase composition and hardness as a 
function of annealing temperature and solidification rate were evaluated. 
Hypoeutectic microstructure consisting of primary solid solution and of 
carbide eutectic was observed in as-atomised powder. At annealing 
temperature about 600ºC the rapid precipitation of very fine carbides was 
detected in hypoeutectic microstructure. It results in an increase of 
hardness and in phase and structure transformation. Temperatures of 
annealing above 800ºC lead to austenitizing and martensite 
transformation.  
 Keywords: tool steel, powder metallurgy, niobium, rapid solidification, 
thermal treatment 

INTRODUCTION 
The main desired properties of high-speed steels are wear resistance, hardness, 

resistance to elevated temperatures and sufficient toughness [1-3]. The properties 
mentioned above are determined by blocks of carbides fixed in martensitic matrix 
strengthened by precipitation of very fine carbides during tempering [2]. The tungsten, 
molybdenum, chromium, vanadium and cobalt are the most important alloying elements, 
beside carbon. Because of high amounts of alloying elements and carbon and consequently 
relatively wide crystallization interval, these materials become difficult for casting. 
Alloying elements segregate during solidification, and then form the eutectic carbide cells 
or large carbide network in the end of solidification process. Segregations can be removed 
by forging only partially. The products of segregation phenomena cause a reduced 
toughness of steels, which can bring about failure in operation [4, 5].  

Powder metallurgy (PM) can eliminate this problem. The rapid solidification (the 
cooling rates of rapidly solidified particles as high as 104-106 K.s-1 were reported [7]) 
during atomisation results in a very fine microstructure of a high speed steel powder. 
Compaction has been mostly performed by HIP (hot isostatic pressing) and the compacted 
semiproducts are thus characterised by homogeneous, uniform and stringer-free distribution 
of carbides. This leads to considerable improvement of technological properties, notably 
toughness, shape stability during heat treatment, wear resistance and cutting performance 
[1, 6].  
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The presence of niobium causes the formation of primary MC carbides in the start 
of solidification, therefore, carbon content in the melt decreases. NbC particles can act as 
inoculants and refine the as-cast structure of a steel [8-10]. Niobium or titanium may be 
used as partial substitutions for relatively expensive alloying elements as tungsten, 
molybdenum and vanadium [6, 9, 10]. It was reported [5] that the replacement of a certain 
amount of V and W by Nb in cast tool steel AISI M7 resulted in a decrease of eutectic cell 
size and eutectic volume fraction. Another important feature is that the Nb-content up to 
1.8% increases the maximum secondary hardness [5]. In the as-cast structure the NbC-rich 
carbide particles dominate over the VC-rich ones. The fact that only a small portion of 
vanadium is fixed in stable NbC-rich carbide promotes an increased solubility of vanadium 
in the matrix during austenitisation [6].  

According to a number of papers [2, 4, 6, 11] the maximum recommended amount 
of niobium in cast tool steels is 1.5 wt.%. Because of wide crystallization interval of Nb-
containing steels, the niobium carbides coarsen rapidly, what results in a very low 
toughness [2]. PM technology is able to produce alloys with increased amounts of carbide 
forming elements, which cannot be produced through the classical ingot metallurgy [6]. In 
our work the content of niobium in the investigated steel powder is 4.7 wt.% hence 
considerably exceeding the maximum recommended value. In addition, the steel is alloyed 
with 7.6 wt.% of Cr and 2.0 wt.% of Mo. Carbon content is 1.8 wt.%. Such steel was 
designed for cold working tools. Since the powders are used as starting material for 
consolidation, it is very important to know their behaviour during thermal treatment [12]. 
The presented paper describes the influence of thermal treatment on the properties of the 
rapidly solidified (RS) powder. 

EXPERIMENTAL PROCEDURE 
RS powder was prepared by nitrogen atomisation of the melt under gas pressure 

400 – 600 kPa. The composition of the steel is given in Tab.1. The RS powders were sieved 
in order to obtain different powder fractions.  

Tab.1. Chemical composition of the investigated powder steel. 

 

 C Mn Si P S Cr Mo V Nb W Co N O 

[wt.%] 1.80 0.27 1.40 0.03 0.02 7.60 2.00 0.10 4.70 0.03 0.01 0.04 0.10 

The separated granulometric fractions of powder were placed into steel capsules 
(length 2 cm and diameter 1 cm) to minimize oxidation and then annealed at temperatures 
ranging from 150 to 1100 °C for one hour. Annealing was performed in resistance furnace. 
After this procedure, the capsules with powders were cooled in air to the room temperature. 

In order to compare the RS structure to that of the same material but slowly 
solidified, we melted a small volume of powder, which was then cooled at a rate of approx. 
7 K/min. 

For X-ray diffraction (XRD) phase analysis, hardness measurements and 
microstructure examination the powders were mounted, grounded and polished. For 
microstructure analysis the samples were etched by solution of picric acid. XRD was 
measured using diffractometer Dron with Co-radiation and digital data record. The Vickers 
tester Zwick was used for hardness measuring (load 0.1 kg). 
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RESULTS 

Sieve analysis 
Distribution of particle size is shown in Fig.1. Particles with diameter > 63 μm 

comprise over 90 wt.% of powder. Granulometric fraction 125 - 180 μm is contained in 
about 30 wt.% of the whole powder amount. 
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Fig.1. Distribution of particle size in as-atomised powder. 

 The reason for so relatively high portion of coarser fractions can be found in high 
surface tension of melt containing reactive niobium. Despite of inert nitrogen, which was 
used for atomisation, we were not able to eliminate the surface reaction of melt with 
surrounding gas. This fact corresponds to the results of chemical analysis in Tab.1 where 
relatively high content of oxygen unacceptable for further compaction can be seen. The 
main conclusion is that any alloy containing enhanced amount of Nb should be melted with 
great care and atomised in inert gas. In our case the protection during melting was probably 
insufficient what led to the oxygen contamination.  

For further experiments the powder fractions 63-100 μm, 100-125μm and 125-
180 μm were separated.  

Properties of the as-atomised powder 
The as-atomised powders were of spherical shape. The cooling rates in the range 

of 104 - 106 K.s-1 for steel powder particles have been already reported [7]. The 
solidification velocity depends mainly on the particle size [13], therefore, the influence of 
particle size on structure, phase composition and hardness was studied in this part of our 
investigation.  

A typical as-atomised powder microstructure is shown in Fig.2. Dendritic 
morphology of primary solid solution phase and eutectic phase in interdendritic regions can 
be seen. Such microstructure is typical for all evaluated powder fractions. We observed the 
microstructure of more than 100 particles and did not find any other microstructural type. In 
some particles the coarse primary carbides were found, see Fig.2. 

However, these carbides are not formed during rapid solidification, more likely 
they remained undissolved during melting of the alloy. The presence of primary carbides 
has detrimental effect on mechanical properties of HIPed compacts what confirms the 
necessity of careful melting and melt processing. 
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Fig.2. Structure of as-atomised powder (fraction 100-125 μm) (LOM). 

Phase composition of as-atomised RS powders is also independent on the particle 
size. The main component of powder steel is austenite with lattice spacing d (111) γ-
Fe = 2.0876*10 –10 m, see Fig.3. In addition to austenite, X-ray diffraction pattern in Fig.3 
contains further peaks that are too low to be exactly identified. According to the X-ray 
diffraction database used the peak marked A can be identified as carbides (Cr,Fe)7C3 or 
bcc-Fe phase or both phases together. In the case of bcc-phase its volume fraction would be 
less than 7 vol.%. The peaks marked B can imply the presence of FeO or NbC or both in 
the structure. Taking into consideration the presence of Nb in the steel, as well as oxygen 
content in the powder, neither FeO nor NbC can be excluded. 

 
Fig.3. XRD-pattern of RS powder in as-atomised state (particle size 63-100 μm). 

Hardness of particles > 63μm was measured 100 times for each investigated 
powder fraction. The obtained values range from 321 to 363 HV0.1 for various powder 
fractions. However, any dependence of hardness on particle size was not found. 
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It can be concluded from the results given above that the influence of cooling rate 
on the phase composition, hardness and microstructure of as-atomised powder is not 
significant. These properties are mainly determined by chemical composition of the 
investigated steel. 

Microstructure of the slowly solidified sample 
X-ray diffraction analysis revealed that the slowly solidified sample is composed 

mainly of α-Fe phase, γ-Fe phase (retained austenite), and MC carbides. Amounts of α-Fe and 
γ-Fe phases and their lattice spacing are given in Tab.2. 

Tab.2. Amounts of γ-Fe and α-Fe (carbides neglected) and their lattice spacing in slowly 
solidified sample. 

 Amount [vol.%] Lattice spacing [10-10m] 
γ-Fe 19 d(111) γ-Fe =2.083±0.002 
α-Fe 81 d(110) α-Fe =2.043±0.003 

 
Regarding the lattice spacing d(111) γ-Fe we found lower value than in the RS 

powder, what implies a higher supersaturation of austenite with carbon and alloying elements. 
Microstructure of the slowly solidified sample, see Fig.4, is composed of dendrites of solid 
solution and carbides. The carbides are located both in the eutectic network in interdendritic 
regions and inside grains. 

 

Fig.4. Structure of slowly solidified sample (LOM). 

Properties of the annealed powder 
The powder fractions 63-100 μm, 100-125 μm and 125-180 μm were annealed at 

temperatures ranging from 150 to 1100 °C. The behaviour of all fractions was very similar so 
the results given later represent all examined fractions. 

Microstructure 
Any deviations of the microstructure from that of the RS powder were not observed 

up to annealing temperature of 550 °C. After annealing at this temperature the microstructure 
was still formed by dendrites of solid solution and carbide eutectic, similar to that in Fig.2.  
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Phase transformation occurring at higher temperature and subsequent cooling can 
be detected in Fig.5 showing the microstructure of powder after annealing at 600 °C. 

  
Fig.5. Structure of powder annealed at 
600°C (fraction 100-125 μm) (LOM). 

Fig.6. Structure of powder annealed at 
700°C (fraction 100-125 μm) (LOM). 

 
Fig.7. Structure of powder annealed at 900°C (fraction 100-125 μm) (LOM). 

 Now the primary solid solution appears dark, due to fine carbide precipitation, 
and the eutectic network in interdendritic regions appears bright. Microstructure of powder 
annealed at 700ºC is shown in Fig.6. 

This microstructure contains dark primary phases and discontinuous bright 
network of carbide eutectic. The carbide particles are coarser than these in Fig.5. Further 
increase of annealing temperature results mainly in coarsening of microstructural 
components.  

The first indication of changes, which accompany austenitizing, can be observed 
in powders annealed at 900ºC, see Fig.7. This microstructure contains martensite plus 
retained austenite matrix (bright) and undissolved carbide particles. The brightness of 
matrix corresponds to a partial dissolution of fine carbides during annealing. 
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Phase composition 
The influence of annealing temperature on the content of austenite in powder 

fraction 100-125 μm is shown in Fig.8 (volume fraction of carbides is neglected). This 
fraction was chosen for illustration of the phase transformation occurring in the powder due 
to annealing. The behaviour of other powder fractions is very similar. Regarding Fig.8, any 
change of the phase composition was not monitored up to annealing temperature of 550 °C. 
The transformation of austenite to α-Fe was observed at temperatures around 600 °C. The 
reduction of austenite volume fraction with annealing temperature is rapid; it is lower than 
5% after annealing at 650ºC.  

Simultaneously, the value of lattice spacing d(111)γ-Fe reduces due to the 
observed phase transformation, as it is shown in Fig.9. The precipitation of carbides (Fig.5) 
leads to a decrease of carbon and carbide forming elements in supersaturated austenite. As a 
result the MS temperature increases sufficiently for martensitic transformation to proceed 
during cooling in the air. 

Further increase of annealing temperature causes a growth both of the austenite 
volume fraction in powder and of the lattice spacing d(111)γ-Fe, see Figs. 8 and 9. The 
reason is that at these temperatures the austenitization occurs and carbides partially dissolve 
in the austenite. After cooling the structure is composed of martenzite and retained 
austenite. The higher the annealing temperature, the higher the supersaturation of both solid 
solutions. The lattice spacing d(110)α-Fe, which also grew due to annealing at temperatures 
above 600°C, is shown in Fig.10. 
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Fig.8. Effect of annealing temperature on 
the content of austenite in powder fraction 
100-125 μm. 

Fig.9. Effect of annealing temperature on 
d(111) γ-Fe lattice spacing in powder 
fraction 100-125 μm. 
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Fig.10. Effect of annealing temperature on d(110) α-Fe lattice spacing in powder fraction 

100-125 μm 
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The niobium carbides were identified at temperatures higher than 800ºC. It is 
likely that they are also present in samples annealed at lower temperatures, but their size or 
amount is too small to be distinguished by X-ray diffraction analysis. Their identification at 
higher temperatures indicates coarsening. 

Hardness 
As it was already mentioned, hardness of as-atomised RS-powder ranged from 

321 to 362 HV0.1. The shapes of curves showing hardness versus annealing temperature 
are similar for all examined fractions. Fig.11 illustrates such curve for the fraction 100-
125 μm. At first sight we can identify two significant maxima on this curve: first at 
annealing temperature of about 600°C and second at above 900°C.  
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Fig.11. Effect of annealing temperature on hardness HV0.1 of powder fraction 100-

125 μm. 

The first maximum is the attribute of precipitation of carbides from supersaturated 
solid solution, as it was already monitored by the variations of microstructure, phase 
composition and lattice spacing. After this maximum, a reduction of hardness at about 650-
700°C, due to coarsening of carbides, was measured.  

The second maximum corresponds to the annealing temperatures above 800°C. At 
this annealing temperature the austenitizing occurs and martensite arises during cooling. 
This was also confirmed by x-ray diffraction analysis and microstructure investigation. 
Annealing at temperatures above 1000ºC leads again to a hardness reduction what is a 
result of carbide dissolution in austenite and subsequent growth of the content of retained 
austenite after cooling.  

CONCLUSIONS 
Powder tool steel alloyed with 7,6% Cr, 2.0% Mo, 0,1% V, 4.7% Nb and 1.8%C, 

which was prepared by atomisation, does not contain segregations or coarse carbide 
particles that would be present in tool steel produced by classical ingot casting. High 
reactivity of Nb led to the oxygen contamination of the powder. Therefore, it is necessary to 
performe melting and atomization of the investigated steel in inert gas and very carefully.  

RS powders contain very fine and uniformly distributed phases. Microstructure of 
examined steel powder is formed by dendrites of supersaturated austenite and carbide 
eutectic in interdendritic regions. The primary carbides are also present in the 
microstructure. Structure, phase constitution and hardness do not depend very much on 
particle size and these properties are mainly determined by chemical composition.  

 After thermal treatment two regions of temperatures were identified, 
where the fundamental changes of properties occurred. 
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Annealing at temperatures about 600ºC: In this range the precipitation of carbides 
from supersaturated solid solution predominates. This results in increasing hardness, 
transformation γ-Fe to α-Fe and microstructure variation. The value of lattice spacing 
d(111) γ-Fe also reduces due to the decrease of contents of carbon and alloying elements in 
austenite. 

Annealing at temperatures above 800°C: Those temperatures are higher than 
critical value for austenitizing. The martensite forms during cooling and this transformation 
is accompanied with increasing hardness. Microstructure is composed of martensite, 
retained austenite and carbide particles. Dissolution of the carbides in solid solution and an 
increased amount of retained austenite at temperatures above 1000oC result in the growth of 
lattice spacing of both martensite and austenite and also in hardness reduction. 
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