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This paper deals with the comparison of two tool steels M390 and M398 produced by powder metallurgy 
of the MICROCLEAN type. The primary use of steel is in the plastics industry to produce screws for 
injection molding machines. The main purpose of the paper is to analyze the hardness after different 
stages of heat treatment. The first part of the article evaluates the hardness of steels after hardening, 
which was performed using a hardening dilatometer DIL805A. A total of 8 different controlled cooling 
measurements were performed, for both types of powdered tool steels, from a maximum rate of 100 °C/s 
to a minimum of 0.01 ° C/s. Based on the results of the first set of samples from the hardening dilatom-
eter, the optimal cooling time is evaluated to achieve the highest hardness of both materials. This rate 
was used to heat treat a second set of samples that had undergone a quenching process from which a 
selected group was quenched to -78 °C. Freezing was performed to reduce the amount of residual aus-
tenite. Before measuring the hardness, the samples were tempered at temperatures of 200, 400, 600 °C for 
2x2h. The measured hardness values were then compared with data from the manufacturer BÖHLER.
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Introduction 

Most high-quality tool steels are produced by the 
traditional process of melting the base metal, additive 
elements, and subsequent casting into ingots, which 
can result in segregation of the additive elements due 
to slow cooling rate. This can lead to a reduction in 
the quality of the resulting steel. Bohler therefore uses 
a powder metallurgy process to produce M390 and 
M398 powder steels, which makes it possible to create 
steel with a very fine distribution of carbides and al-
loying elements.[1] The production process begins by 
melting the base material in an induction furnace. A 
sample is taken from the material for chemical com-
position analysis. Subsequently, the material is melted 
again in an arc furnace. To ensure high homogeneity, 
the metal is mixed by electromagnetic stirring. Unlike 
ingot casting, molten metal is sprayed into a chamber 
with a protective nitrogen atmosphere which allows 
the formation of a very fine metal powder.[2] Rapid 
cooling will allow the formation of a powder having a 
high homogeneity with a fine dispersion of several 
types of carbides. Subsequently, the powder is placed 
in thin-walled cylindrical containers and, by welding, 
the containers are closed and placed in an isostatic 
press. In the press itself, the individual powder parti-
cles are sintered under a pressure of 1000bar and a 
temperature of 1150 ° C. The combination of high 
pressure and temperature will allow the particles to 
bond completely without additional porosity. Investi-
gating the porosity of steels and the effect on their 

properties is addressed by Amini et al. and Warke et 
al. in [3,4]. After cooling, a reduction in the height and 
diameter of the containers is roughly 10%. The result 
of powder metallurgy is a special tool steel. The result-
ing microstructure consist of very fine carbides evenly 
distributed throughout the volume of the material. 
The whole production process of the investigated 
powdered tool steels M390 and M398 is shown in Fig. 
1, after which we obtain a homogeneous tool steel 
without segregation with practically isotropic proper-
ties.

Powder metallurgy is currently considered as a pro-
gressive method of steel production that can produce 
tool steel with higher amount of alloying elements 
than conventional metallurgy.[5] From an energy 
point of view, this process is several times more de-
manding than conventional foundry technologies, in 
which energy consumption is in principle limited to 
melting the base materials and cast into ingots. How-
ever, the resulting steel formed by powder metallurgy 
may have properties far superior to conventionally 
produced steels in terms of hardness, strength, and 
corrosion resistance.

The investigated steels that we will deal with in this 
article are Böhler M390 and M398. Both steels are 
chromium martensitic steels produced by the process 
of powder metallurgy. A potential use of M398 steel is 
to replace the older M390 steel in the plastics industry, 
specifically as a material to produce screw conveyors. 
The screws are exposed to elevated temperatures, me-
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chanical stress as well as aggressive chemical environ-
ments during operation. For this reason, increased re-
quirements are placed on the material of the screws. 
The implementation of M398 steel in the production 
of screws is expected to have an effect in the form of 
increased operational capability as well as production 
in terms of the use of plastics with a higher glass con-
tent.

The investigated steel has a high chromium con-
tent, which contributes not only to increased hardness 
and abrasion ability but also to corrosion resistance.

Fig. 1 The process of production of steel produced by powder 
metallurgy [6]

Dilatometric analysis is an experimental method 
used to study the phase transformations of metals and 
their alloys. The method uses volume changes associ-
ated with phase changes and is based on recording the 
change in the length of the experimental sample due 
to the temperature during its heating and cooling [7]. 
We will use the DIL805A/D hardening dilatometer 
for the physical simulation of heat treatment. Dilato-
metric device is a laboratory device that is used either 

to measure and record expansion curves or measure 
hot deformation resistances. It is intended for physical 
modeling of heat treatment processes (805A) or hot 
metal forming processes (805D) [8,9]. An experimen-
tal sample of the prescribed shape and dimensions is 
placed in the working chamber between Al2O3 rods. 
The rods are connected to a precision extensometer, 
which thus records changes in length during the 
execution of the set temperature cycle. 

Materials and methods

M390 and M398 steels are chromium martensitic 
tool steels. The production process is powder metal-
lurgy of the MICROCLEAN type. The main essence 
of powder steel production is the sintering of metal 
powders in order to form a compact non-porous steel. 
The reason for using the powder metallurgy process is 
the high proportion of alloying elements that make it 
impossible to produce steel by conventional casting. 
The main alloying element is chromium in amounts up 
to 20%, thanks to chromium content the steel has a 
high strength, resistance to abrasive wear and re-
sistance to corrosion. The total chemical composition 
can be seen in Table 1, where the data provided by the 
manufacturer are compared with the result of the 
spectral analysis performed on the SPECTROLAB Jr. 
instrument. These properties predetermine M390 steel 
to produce screws for injection molding machines, 
which are stressed thermally and mechanically in a 
chemically aggressive environment during their oper-
ation. M398 steel is a potential replacement for M390 
steel. 

Tab. 1 Chemical composition of the M390 and M398 steel (wt. %)

C Si Mn Cr Mo V W

BOHLER M390 1.90 0.70 0.30 20.00 1.00 4.00 0.60

BOHLER M398 2.70 0.50 0.50 20.00 1.00 7.20 0.70

SPECTROLAB Jr. M390 1.98 1.19 0.38 20.37 0.85 4.02 0.33

SPECTROLAB Jr. M398 2.65 0.55 0.51 20.09 1.00 7.1 0.43

a)
b)

Fig. 2 Microstructure of M390 and M398 [10]
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The high chromium content results in the for-
mation of carbides, primarily chromium based M7C3 
type carbides and MC carbides. BÖHLER reports a 
percentage of ~25% M7C3 and ~2.5% MC. 

The diagram of the phase fractions for steel M390 
can be seen in Fig.3 a) and for steel M398 in Fig.3 b). 
The diagrams were created using THERMOCALC 
software. For carbon content up to 3%. Created 
thereby are diagrams useful tool in analyzing the dila-
tometric curve for the assessment of the formation of 
the phase. 

 

a) 

 

b) 

Fig. 3 Phase fraction of M390 and M398 
 

In the first part of the experiment, the first set of 
samples was prepared according to Fig.4. With the 
help of a dilatometric device, a simulation of heat 
treatment was performed according to defined param-
eters, the result of dilatometric analysis are dilatation 
curves and heat-treated samples. Those heat-treated 
samples of steel samples m398 and M390 were further 
evaluated in terms of the resulting hardness. The total 

number of samples is 16, for each selected steel 8. 

 

Fig. 4 DIL 805A sample dimensions 
 
The DIL 805A dilatometer was used to simulate 

the heat treatment, which allows to accurately simulate 
the heat treatment according to the specified parame-
ters. The experimental sample is placed in the working 
chamber Fig.5 between the Al2O3 rods. The rods are 
connected to a precision extensometer, which thus 
records changes in length during the execution of the 
set temperature cycle. [9] The heating of the sample is 
provided by induction heating, the advantage of which 
is the possibility of precise power control to achieve 
the optimal heating rate.[11,12,13] 

 

Fig. 5 chamber of DIL 805A  
 
The heat treatment of the first set of samples will 

consist of heating the sample from room temperature 
up to 1150 °C. Subsequently, a temperature holding 
time occur, which allows the temperature gradient to 
be reduced over the entire cross-section of the sample. 
After holding time stage, the cooling of the sample oc-
curs in the selected mode. We heated all examined 
samples with the same parameters. The cooling was 
rapid from 100°C/s to slow 0.01C/s. The exact pa-
rameters of heat treatment are given in Table 2. The 
hardening process is identical for both investigated 
steels and its graphical course is shown in Fig. 6. 

The hardness was measured on an INSTRON 
WOLPERT TESTOR. It is a hardness tester using 
Vickers HV10 method. The tip of the measuring in-
strument was pressed into the measured sample with 
a force of 98.07N for 10s. The aim of the measure-
ment is to find out which of the selected cooling 
modes during heat treatment allows to achieve the 
highest hardness of the sample. 
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Tab. 2 Input cooling parameters for selected temperature modes of dilatometric analysis of M390 and M398 steel

Cooling time 
Tmax to Tmin

Cooling rate
Tmax

[°C]

Tmin

[°C]
t [s] t [min] t [hr.] v [°C/s]

1 11 0.18 0 100 1150 50

2 110 1.83 0 10 1150 50

3 220 3.67 0 5 1150 50

4 1100 18.33 0.31 1 1150 50
5 2200 36.67 0.61 0.5 1150 50
6 11000 183.33 3.06 0.1 1150 50
7 22000 366.67 6.11 0.05 1150 50
8 110000 1833.33 30.56 0.01 1150 50

Fig. 6 graphical representation of the cooling process of steel 
m390 and M398

In the second part of the experiment, we prepared 
6 samples for each of the examined tool steels. The 
samples were heated to 1150°C and then quenched 
into oil. Oil as a cooling medium was chosen based on 
the results of previous experiments, which confirmed 
the increase in hardness with increasing cooling rate. 6 
samples were prepared for each steel, of which 3 
samples were quenched and subsequently tempered to 
a temperature of 200, 400, 600°C fig7 a). The remai-
ning 3 samples were quenched followed by subzero 
cooling at -78°C after which tempering occurred simi-
larly to the previous samples. Graphical course of har-
dening with freezing is shown in fig.7 b).

a)

b)

Fig. 7 graphical representation of the tempering process of steel 
m390 and M398

Fig. 8 Theoretical amount of retained austenite after tempering of M390 and M398 steel 
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The purpose of subzero cooling after quenching is 
to reduce the amount of residual austenite. Another 
possibility to reduce the amount of residual austenite 
is by tempering. [14] The theoretical decrease in the 
amount of residual austenite after tempering can be 
seen in Fig.8.

Results a discussion 

The hardness results of the first series of samples 
for steel M390 and M398 are given in Table XZ, which 
is the average value of hardness from a total of three 
measurements for each sample. As we can see, M398 
steel achieves greater hardness at cooling rates at 

which a primarily martensitic structure is formed. The 
presence of a martensitic structure can be demon-
strated based on the dilatation curve Fig. 9 a) where 
the step change at 246 °C indicates the beginning of 
martensite formation. For steel M390, the formation 
of martensite begins at a temperature Ms=413 °C ac-
cording to the curve Fig.10 a). With decreasing cooling 
rate, there is a slight change in the trend where the 
hardness of steel m398 decreases to 669.3 HV while 
the hardness of steel M390 is 724.3HV. The hardness 
of steels continues to decrease with decreasing cooling 
rate. At slow cooling rates, M398 steel again achieves 
a higher hardness than M390 steel.

Tab. 3 Hardness after quenching of the first set of samples

Cooling speed [°C/s]

100 10 5 1 0.5 0.1 0.05 0.01

Hardness 
[HV]

M390 792 780.3 774.7 724.3 679 267 261.3 239

M398 846 823.6 786.6 669.3 584 333.3 340.6 284.5

a)

b)

Fig. 9 Dilatation curve and microstructure of M398 steel

a)

b)

Fig. 10 Dilatation curve and microstructure of M390 steel
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We can say that the highest hardness for both types 
of steel were achieved at a maximum cooling rate of 
100°C/s. Therefore, the pair of samples were ground 
and etched to observe the microstructure. In addition 
to martensite, the microstructure also contains resid-
ual austenite that the exact amount has not been eval-
uated. A detailed examination of the microstructure of 
both steels confirmed the presence of carbides M7C3

and MC based on Cr and V.
We used two methods to reduce the amount of re-

sidual austenite, the first was to use subzero cooling 

after quenching to -78°C and then the samples were 
tempered [13]. In the second case, the amount of re-
sidual austenite decreases during the tempering itself. 
Measurements have shown that M398 steel achieves 
higher hardness than M398 even without the use of 
hardening to negative temperatures. On average, the 
hardness decreased by 2.08% when subzero cooling 
was performed. The hardness of M390 steel increased 
by 7.76%. This results in the fact that M398 steel is a 
more suitable choice for applications where it is not 
possible to apply freezing hardening.

Tab. 4 Hardness after tempering second set of samples

M390 M398

200 °C 400 °C 600 °C 200 °C 400 °C 600 °C

Quenching 735 717.5 455 806.5 815 506

Quenching with 
subzero cooling

758 833 486 785 830 480.5

Like M398 steel, M390 steel retains high tempering 
strength at temperatures up to 500°C. subsequently, at 
temperatures of 600°C, a significant decrease in hard-
ness occurs. The area of consumption of the final 
component must be considered to select the correct 
tempering temperature, as M390 and 398 powder 
steels can be heat treated for increased corrosion re-
sistance or abrasion resistance. According to 
BÖHLER claim the highest resistance to corrosion is 
achieved at tempering temperatures in the range of 
200-300°C and the highest resistance to abrasive wear 
in the range of tempering temperatures 510-560°C.

Conclusion

This work deals with the simulation of heat treat-
ment of tool steels produced by powder metallurgy. 
The theoretical part of the work describes the me-
chanical-chemical properties of steels together with 
phase diagrams created using TERMOCALC soft-
ware. Subsequently, the first series of heat treatment 
simulations was performed using a dilatometric de-
vice, which resulted in not only heat-treated samples 
but also dilatation curves that demonstrated the for-
mation of a martensitic phase at high cooling rates. 
Conclusions made based on dilatometric curves are 
also supported by metallographic analysis. The second 
series of samples was quenched in oil, optionally with 
additional freezing at -78°C. The samples were further 
tempered according to the given temperature regimes. 
The following conclusions can be drawn from this 
work:

· In steel M390 and M398 there is a demonstra-

ble transformation of austenite to martensite 

at speeds of 100°C/s. The martensitic matrix 
contains two types of carbides of type M7C3 

and MC, which are based on Cr and V.

· Relevantly high strength is achieved at a coo-

ling rate from 100°C/s to 5°C/s, at this speed 
M390 steel reaches a hardness of 774.7HV 

and M398 steel a hardness of 786.6HV, which 

is caused by the so-called Homogeneous mar-

tensitic structure.

· As the cooling rate decreases, the hardness of 

both steels also decreases significantly, due to 

the conversion of austenite to bainite and per-

lite, which causes a softer heterogeneous 

structure.

· The inclusion of hardening with subzero coo-

ling is of significant technological importance 

only for M390 steel, as it is possible to achieve 

an increase in hardness of 7.76% after tempe-

ring.

· M398 steel is a suitable choice for applications 

where subzero cooling after quenching is not 

technologically possible.
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