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Abstract: High speed tool steels are materials that exhibit superior mechanical properties (e.g., high
hardness). They should also be resistant to thermal exposure to maintain high hardness during the
machining process. In this paper, a C-free tool steel formed of Fe matrix and a MogCoy intermetallic
phase was studied. This steel was compared to the well-known Vanadis 60 steel containing Fe matrix
and carbides. Microstructures were investigated by scanning (SEM) and transmission (TEM) electron
microscopy, and the mechanical properties and thermal stability of both materials were compared.
It was proven that the strengthening in the Vanadis 60 steel was mainly caused by the carbides, while
the C-free steel was strengthened by the MogCoy phase. The hardness values of both materials were
comparable in the utilization state (approx. 950 HV). The hardness of Vanadis 60 steel decreased after
several minutes of annealing at 650 °C under the value that enables material utilization. The hardness
value of the steel strengthened by the intermetallics also decreased but significantly slower. Based on
these results, the main finding of this study is that the C-free steel exhibited much better thermal
stability and may be utilized at higher temperatures for longer periods of time than Vanadis 60.

Keywords: tool steel; microscopy; thermal stability; hardness; annealing; wear resistance

1. Introduction

High-speed tool steels are materials used in cutting tools for the machining of other
materials. Due to this function, there are high demands on their mechanical properties. To
obtain these properties, the steels are also processed either by conventional ingot metallurgy
or modern materials by powder metallurgy [1]. The tool steels are delivered in a soft state
when they can be shaped by machining. After achieving the desired shape, the materials
are heat treated to obtain maximum hardness and wear resistance [1].

The traditional high speed tool steels contain a high amount of carbon and other
alloying elements with different functions: Cr is responsible for the formation of different
types of carbides depending on the exact processing temperature [2-5]. These phases
dissolve during austenitization in the sequence M»3C¢, M;C3, MgC, MC [6], or according
to [7] in the sequence M;C3, M3Cs, MC, MC, and/or MgC. These Cr and C containing
phases are responsible for the great hardenability of high speed steels [8] caused by the
formation of secondary carbides after the heat treatment. Mo and W lower the solidus
temperature and together with Fe form the M¢C carbides [9]. It has been described
that when these carbides are formed, they dissolve in a limited extent during the heat
treatment [2]. V addition reduces the grain size of the matrix and also leads to the formation
of the MC type of carbide that improves abrasion resistance due to its hardness [2]. Co does
not form any carbides in the matrix. Its addition shifts the solidus temperature up and so
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increases the effect of the heat treatment, which allows Co containing tool steel to have an
extremely high hardness (67-70 HRC). Addition of Co also increases the thermal stability
of the steel [2]. These were the reasons for the selection of Vanadis 60 steel for this study.
As it contains an increased amount of Co, it is dedicated for cold work tools, where the
highest possible wear resistance, and at the same time, the highest possible compressive
strength is required [10].

The high-end tool steel Vanadis 60 was compared with the carbon-free highly alloyed
tool steel (hereafter referred to as the PM+ steel in this study). This is a carbon-free steel
reinforced by intermetallics. The first article about this type of C-free tool material had
been published in 1932 by Kostner and Tonn [11] and the materials were found to be
very promising due to their high hardness and thermal stability during operation. The
increase in hardness connected with intermetallic precipitation was studied in numerous
works [12-16]. Additional works proved that the microstructure of a precipitation harden-
able alloy is formed by spinodal decomposition of austenite [17,18]. In the coarse-grained
materials, the areas rich in Mo are quite brittle. This problem can be solved by involve-
ment of powder metallurgy (PM) to the production [19]. As an example, the PM steel
(Fe-25 wt. %Co-25 wt. % Mo) was extremely hard (71 HRC) and its hardness did not de-
crease under 60 HRC during exposure at 700 °C [19]. Numerous works have been devoted
to the description of precipitation mechanisms [20-23], which included the formation of
various precipitates with the composition of (Fe, Co)7Mog [24].

The aim of this work was to compare the microstructure evolution and thermal
stability of the common Vanadis 60 tool steel and uncommon C-free highly alloyed PM+
tool steel.

2. Materials and Methods

Two types of high speed tool steel were compared in this article: one was Vanadis 60
and the other was carbon-free steel PM+ (sometimes also labelled as MC90 [25]). Chemical
compositions of both steels are given in Table 1.

Table 1. Chemical composition of the studied steel given in wt. %.

Steel Fe C Cr Mo Vv W Co Si Mn
Vanadis 60 bal. 2.3 4.3 7.0 6.5 6.5 10.5 - -
PM+ bal. 0.03 0.0 15.0 0.0 0.0 25.0 0.6 0.2

Although the chemical compositions of both materials were quite different, they were
processed in the similar way. In the first step, the materials were produced by powder
metallurgy including the melt atomization forming the rapidly solidified powders. The
following step was hot isostatic pressing of powders to produce bulk semiproducts. After
the bulk material preparation, the steels were annealed with the aim to obtain a soft
state suitable for machining of the material. The steels were annealed at temperatures
of 850-900 °C for 3 h and subsequently furnace cooled to 700 °C with the cooling rate of
10 K/h. Subsequent cooling to room temperature was performed in an air atmosphere.
The material subjected to this process was called in the “soft state” in this paper. When the
desired size and shape of samples were obtained (for bending tests, a rod with diameter of
10 mm and length of 220 mm; for other test cylinders with diameter of 20 mm and high of
10 mm), the materials were heat treated with the aim to reach the maximum hardness. The
heat treatment consisted of (1) austenitization; (2) quenching; and (3) tempering. For the
Vanadis 60 steel, the austenitization process consisted of these heating steps: (1) heating
up to 650 °C with a dwell time of 20 min; (2) heating up to 830 °C with a dwell time
20 min; and (3) heating up to 1180 °C (austenitization temperature) with a dwell time of
2 min. Austenitization was followed by gas-quenching to the temperature of 540 °C and
subsequent air-quenching to room temperature. The third step, tempering, was conducted
at 540 °C for 1 h followed by air cooling. The tempering was repeated three times.



Metals 2021, 11, 1901

3of21

For the PM+ steel, the austenitization was performed at a temperature of 1190 °C with
the dwell time of 30 min. This was followed by oil quenching with subsequent tempering
at 509 °C for 3 h. The materials subjected to this heat treatment were labelled in the “heat
treated (HT) state”.

Microstructures of the steels were observed using scanning electron microscope (SEM)
TESCAN VEGA 3 LMU (TESCAN, Brno, Czech Republic, accelerating voltage of 20 kV)
equipped with an energy dispersive spectrometer (EDS, dwell time for point analysis of
60 ms of life time, and 10 ms for EDS mapping) by Oxford Instruments. The samples
were prepared by grinding and polishing followed by etching in a Nital 5 agent (5 vol. %
of HNOj solution in ethanol) for 3 s. Detailed observation was performed by means of
transmission electron microscope (TEM) Jeol 2200 FS equipped with an energy dispersive
spectrometer (EDS, dwell time for point analysis of 60 ms of life time, and 10 ms for EDS
mapping, spot size of 1 nm) made by Oxford Instruments and utilizing the in-column
energy filter. The EFTEM (energy filtered TEM) images were obtained by means of the
three windows method with a 20 eV energy slit using a TVIPS camera (TVIPS, Munich,
Germany) with software EM menu (for carbon, the three windows were at 250, 270 and
294 eV, and for iron, the three windows were 675, 695, and 718 eV). The TEM samples were
prepared by ion polishing using Gatan PIPs equipment (energy of beam of 5 keV, dual
rotation). Software Image]J 1.43 was used for image analysis of the micrographs. For each
average value, at least 100 actual values were measured. The experimental errors were
estimated as the standard deviations.

Phase composition was measured by X-ray diffraction (XRD) using a Bruker ASX
D8 spectrometer with Co anode with a PIXcel1D detector, 10 mm mask, voltage of 35 kV,
current of 35 mA, 0.016 mm Fe beta-filter, step of 0.0394°, and measuring time per step of
355 s.

Mechanical properties were characterized by means of Vickers hardness (HV30) and
by the three point bending test. For the bending test, the rod shaped samples had a diameter
of 10 mm and a length of 220 mm. The distance between bending points was 160 mm and
the deformation speed was 5 mm/min. These measurements were performed using the
universal testing device LabTest 5.2505P1-VM.

The wear resistance testing was performed using a TRIBOtester made by TRIBOtech-
nik in the linear reciprocation ball-on-disc regime. The ball had a diameter of 6 mm and
was made from Al,Os. As a disc, the studied materials were used with a normal load N of
5N, sliding speed of 10 mm s~!, and sliding length of 20,000 mm with excentre of 5 mm.

The thermal stability of materials was tested by their annealing in the range of
600-800 °C and measuring of the Vickers hardness on the initial sample and samples
annealed for selected periods (each 1 h for temperature of 600, 650, and 700 °C and each
10 min for temperature of 800 °C). The setup for hardness measurement was a standard
one with a load of 30 kg and was performed using VEB Werkstoffpriifmaschinen Leipzig
equipment. The temperatures of annealing were chosen according to the assumed opera-
tion conditions: the temperatures of 600 and 650 °C should simulate non optimal cooling
during the utilization of tools manufactured from the studied materials. However, they
should not affect either the Vanadis 60 or MP+ steel. The temperature of 700 °C was too
high for the majority of high-speed tool steels, however, it may still be acceptable for PM+
steel. The temperature of 800 °C simulates the failure of a cooling system.

3. Results and Discussion
3.1. Microstructure
Figure 1 compares an overview of the microstructures of the Vanadis 60 steel in the

soft state and in the HT state. The contents of carbides determined by image analysis were
26.1 area % in the soft state and decreased to 14.9 area % in the HT state.
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Figure 1. Microstructure of Vanadis 60 steel (A) in the soft state and (B) in the HT state (SEM-BSE).

Detailed micrographs, presented in Figure 2, show that in the Vanadis 60 steel, there
were two types of carbides with different chemical compositions (labelled by red and
blue arrow in Figure 2). The size of these particles was too small to exactly measure their
composition by EDS in SEM. In the soft state (Figure 2A), it was also observed that there
were two sized groups of the carbides—large ones labelled by red and blue arrows and
small ones labelled by green arrows. The average sizes of the observed particles are given

in Table 2.

Figure 2. Detailed microstructure of the Vanadis 60 steel (A) in the soft state and (B) in the HT state

(SEM-BSE).

Table 2. Size of the carbide particles in Vanadis 60 steel.

Type of Particles Soft State HT State
Small dark 0.5+ 0.1 pm Not observed
Large dark 1.3+ 0.3 um 1.4 +04 um
Small bright 04+ 0.1 pm Not observed
Large bright 1.6 = 0.4 um 1.6 = 0.4 um

Based on the micrographs in Figure 2 and the results given in Table 2, the small
carbides dissolved during the heat treatment and the large carbides remained unaffected.
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The EDS mapping in the TEM was performed to distinguish those two types of
carbides and the results are given in Figures 3 and 4. In both states, the matrix was
composed of Fe and Co, the large bright carbides contained Mo and W, and the large dark
carbides contained mainly V and Mo, W, and Cr. The elemental distribution (mainly of Cr)
in the soft state indicated that the small carbides were formed predominantly by Cr-based
carbides (corresponding to the bright carbides observed in SEM-BSE and TEM-HAADF).
The discrepancy with thee observation in Figure 2A might be caused by limitations of the
SEM observation (bright appearance of some particles was caused not by chemical contrast,
but by edge contrast for conveniently oriented particles).

BF Fe Kal Ca Kal

HAADF

——ey ey ey
5000 nm

Mo Kol W Ll Cr Kal

_— _— e
2000 nm 2000 nm

Figure 3. TEM-EDS maps of the Vanadis 60 steel in the soft state.
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Figure 4. TEM-EDS maps of the Vanadis 60 steel in the HT state.
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The elemental distribution of the Vanadis 60 steel in the HT state shown in Figure 4
confirmed the dissolution of small Cr-rich particles into the matrix.

The average composition of both types of large carbides is given in Table 3. The
content of C was not quantified because of the limitation of the EDS method.

Table 3. Average composition of carbide particles in Vanadis 60 steel in the application state deter-
mined by TEM-EDS, given in wt. %.

Carbide Fe Cr Mo Vv W Co

Dark 34+£31 5609 216+ 1.6 43.7 £2.2 26.3 £2.0 01+ 04
Bright 263+ 0.7 32+04 245+ 1.6 27+02 38.6 £2.7 4.6 £2.0
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The phase composition of Vanadis 60 steel was determined by XRD and the results are
shown in Figure 5. It was confirmed that two types of carbides were present in the material.
The carbides that appeared dark in the SEM-BSE (back scattered electrons) micrographs
due to their high V content were assigned to the MC type and the powder diffraction card
used in the XRD for their identification was 01-073-0476. The bright carbides were MgC
type (pdf card 01-089-7205). The My3Cq type was also detected in a small amount and
the 01-089-2724 pdf card was used for XRD identification. Presence of the expected M7Cs
carbide was not detected. It is slightly surprising as it is referred to as being present in
similar material [26,27]. On the other hand, it was already observed that the M;C3 carbide
was not present in the material while the M»3C¢ carbide was detected [28,29]. The type of
formed carbides is strongly dependent on conditions of heat treatment. No change in the
composition was observed between the soft state (black curve, SS) and the HT state (red
curve, AS), which is in agreement with SEM observations in Figures 1 and 2, because the
small particles are not detectable by XRD.

1

XRD —ss

) — AS
Vanadis 60 Steel AS +600° 110 h

—— AS +650°/10 h
AS +700°/10 h
—— AS+800°/1h
1
» 238 3

P,

Relative Intensity

40 50 60 70 80 90 100
Position/2 &

Figure 5. XRD patterns of Vanadis 60 steel, SS—soft state, AS—HT state, 1—Fe matrix, 2—M;C,
3—MC, 4—M3Cs.

TEM observation was conducted to particularly compare the matrix in the soft and
the HT state. In the soft state, the small particles of carbides (labelled by red arrows) were
found in the matrix, as shown in Figure 6. Such particles were not visible in the HT state
(Figure 7), but on the other hand, in the matrix, there was twinned martensite (labelled by
green arrows) present as a residue of the heat treatment [30].

To verify the presence of nanosized carbides in the matrix in the HT state, the EDS
mapping was not sufficient due to spatial resolution of EDS (the spot size was 1 nm).
Because of this reason, EFTEM imaging was performed to obtain better resolution (full
resolution of the camera, 4K). In Figure 8A, the microstructure of Vanadis 60 steel in the
HT state is shown. Figure 8B shows the EFTEM image of the same area with the energy
shift of 284 eV corresponding to the K edge of carbon. The bright area in the left upper
corner (labelled by the blue arrow) is a large carbide particle. The dark line (labelled by
the red arrow) is a depleted zone and in the middle of the micrograph, there is the matrix
with small carbon containing particles appearing bright (labelled by green arrows). These
particles can be considered as secondary M»3Cg carbides with the role of strengthening
precipitates [2].
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Figure 6. TEM micrograph of Vanadis 60 in the soft state (red arrows—carbides).

200 nm |

Figure 8. Micrograph of Vanadis 60 steel in the HT state: (A) TEM and (B) EFTEM with an energy
shift of 284 eV (carbon, K edge).
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The other material described in this paper is a carbon-free steel PM+ that is reported
to be strengthened by rhombohedral intermetallic phase MogCoy, labelled also as the
1 phase [20]. The microstructure of PM+ steel is shown in Figure 9. The area fraction of
intermetallic particles was 24.7% in the soft state (Figure 9A) and only 5.1% in the HT state

(Figure 9B).

Figure 9. Microstructure of the PM+ steel (A) in the soft state and (B) in the HT state (SEM-BSE).

Detailed observation of the PM+ steel is shown in Figure 10. In the soft state (Figure 10A),
binodal distribution of particle sizes was observed. The large particles had a size of
2.2 + 0.5 um and irregular or ragged shape. The small particles had a size of 0.7 &= 0.3 um.
The microstructure of PM+ steel in the HT state (Figure 10B) contained only particles with
a size of 1.4 & 0.5 um and their shape was almost spheroidized with elongation along the
grain boundaries.

Figure 10. Detailed microstructure of PM+ steel (A) in the soft state and (B) in the HT state (SEM-BSE).

The distribution of elements measured by TEM-EDS is shown in Figure 11. The
particles (both small and large ones) contained Co, Mo, and Si, while the matrix was

formed by Fe and Co.
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Figure 11. TEM-EDS maps of the PM+ steel in the soft state, green arrow—matrix, red arrow—MogCoy
phase.

The results of TEM-EDS given in Figure 12 mapping the PM+ steel in the HT state
proved the observations of the SEM in Figure 10B. The small particles dissolved in the
matrix and the large particles had a spherodized roundish shape with elongation in the
direction of the grain boundaries.

HAADF BF Fe Kal

—
2000 nm
Co Kal Si Kal Mo Kal

Figure 12. TEM-EDS maps of the PM+ steel in the HT state, green arrow—matrix, red arrow—MogCoy

— A —
2000 nm ‘Jﬂﬂﬂ nm

phase.

The average composition of the matrix and particles is given in Table 4. The theoretical
composition of the MogCoy phase was 58 wt. % of Mo and 42 wt. % of Co. Increased
content of Mo was observed in the particles, but the content of Co in them was lower
than the nominal composition shown in Table 1. This explanation might be the partial
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substitution of Co by Fe. The other reason that would also explain the lower content of Mo
in particles is overlapping of the particles with the matrix.

Table 4. Average composition of matrix and intermetallic particles in PM+ steel in the application
state determined by TEM-EDS, given in wt. %.

Area Fe Co Mo Si
Particle 37.3+0.3 16.6 0.2 443 + 0.5 1.8 +0.1
Matrix 624+ 1.2 25.1+0.2 1224+1.2 0.5+ 0.3

According to the results of the XRD, the particles were indeed formed by the MogCoy
phase, where part of Co was substituted by Fe. In the case of PM+ steel, the diffraction
pattern of the material in the soft state (black curve in Figure 13) exhibited a significantly
higher amount of the MogCo; phase than the material in the HT state (red curve in
Figure 13). This is in agreement with the SEM observations in Figures 9 and 10 where a
decreased amount of intermetallic particles was observed due to their dissolution.

XRD — 85

PM+ Steel — AS
—— AS +600°/10 h
—— AS +650°/10 h

= AS +700°/10 h
% —— AS +800°/1h
£ 122 .
e A A
© A
o ot
o A A\
. A |
1 1 1 1 L 1
40 50 60 70 g0 90 100
Position/2 ®

Figure 13. XRD patterns of MP+ steel, SS—soft state, AS—HT state, 1—Fe matrix, 2—MosCoy.

Increased amount of intermetallic phase precipitates in the matrix was also observed
by the TEM, as shown in Figures 14 and 15.

Figure 14. TEM micrograph of PM+ in the soft state, green arrow—matrix, red arrow—MogzCoy
precipitate.
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Figure 15. TEM micrograph of PM+ in the HT state, green arrow—matrix, red arrow—MogzCoy
precipitate.

To prove that the observed features were nanosized particles of the MogCoy phase,
EFTEM imaging was performed. In Figure 16A, the microstructure of PM+ steel in the HT
state is shown. Figure 16B shows the EFTEM image of the same area with the energy shift of
708 eV corresponding to the L3 edge of Fe. Areas with a size about 5-10 nm depleted in Fe
appeared as dark places in Figure 16B. These results correspond to the 3DAP measurements
presented in [23].

Figure 16. Micrograph of PM+ steel in the HT state: (A) TEM and (B) EFTEM with an energy shift of 708 eV (iron, L3 edge),
green arrow—matrix, red arrow—MogzCoy precipitate.

3.2. Mechanical Properties

The bending test was chosen for the description of mechanical properties as it com-
bines tensile and compression stress and because of this, it is close to the real stresses
in material during its utilization. Typical bending curves of the materials are shown in
Figure 17. Both materials in the soft state exhibited similar mechanical behavior consisting
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Stress / MPa

4000

3000

2000

1000

from the elastic region and plastic region. The flexural strength of Vanadis 60 steel reached
values of 1993 £ 19 MPa and the value of PM+ steel was 2346 + 17 MPa.

4000 F
3 Point Bending 3 Point Bending
Vanadis 60 Steel PM+ Steel
— 55 3000 — ss§
— AS © — AS
o
=
; 2000
o
e
0
1000 |
| L 1 L 0 | 1 L | 1 L
10 15 20 25 30 0 5 10 15 20 25 30
Strain / mm Strain / mm

Figure 17. Three point bending curves of (A) Vanadis 60 steel and (B) PM+ steel in the soft state (SS) and in the HT state (AS).

Both materials in the HT state exhibited the change in mechanical properties toward
brittle behavior compared to the soft state. In the case of Vanadis 60 steel, the heat treatment
led to significant increase in flexural strength (3922 £ 58 MPa). Precipitation of secondary
Mjp3Cq carbides is supposed to be responsible for this change. The flexural strength of
PM-+ steel in the HT state (2162 & 98 MPa) did not increase compared to the soft state,
but the mechanism of deformation was different due to the shape of the bending curve.
This change in mechanical properties was already observed for the materials with similar
compositions as the PM+ steel [19], although the heat treatment process that the material
underwent was slightly different (e.g., quenching into oil bath). The explanation for the
change in deformation mechanism is the precipitation of the MosCoy intermetallic phase.
The strength of material in the soft state is derived mainly from solid solution strengthening,
while in the HT state, the main strengthening factor is precipitates. These two mechanisms
are contradictory.

The fracture surfaces of Vanadis 60 steel are shown in Figure 18. Although the behavior
of the material in the soft state and in the HT state was different, the fracture surfaces
looked similar and only a limited plastic deformation was observed in the soft state. The
main difference was that in the HT state, some of the M,3Cq carbides were cracked (labelled
by red arrow in Figure 18D) and some carbide particles were ribbed out (labelled by blue
arrow in Figure 18D).

Figure 18. Cont.
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1 §
20 pm

Figure 18. Fracture surface of the Vanadis 60 steel: (A) in the soft state (SEM-SE), (B) in the soft state
(SEM-BSE), (C) in the HT state (SEM-SE), (D) in the HT state (SEM-BSE).

In the case of PM+ steel, the morphology was cleavage type. The fracture surfaces did
not exhibit signs of plastic deformation and the cracks were located in the matrix in both
states of material, as documented in Figure 19. The intermetallic particles (labelled by red
arrows) may have stopped the progress of the cracks or were circumvented by the cracks.

Figure 19. Fracture surface of the PM+ steel: (A) in the soft state (SEM-SE), (B) in the soft state
(SEM-BSE), (C) in the HT state (SEM-SE), (D) in the HT state (SEM-BSE).
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3.3. Thermal Stability

To prove the thermal stability, both steels were annealed at 600, 650, 700, and 800 °C for
different periods of time and hardness was measured. Results are plotted in Figure 20. At
all temperatures, the thermal stability of PM+ steel was significantly better because the hard-
ness values after annealing decreased much more slowly than in the case of Vanadis 60 steel.
The minimum hardness for utilization of high speed tool steels is about 64 HRC [31], which
approximately corresponds to 850 HV30 [32]. As illustrated in Figure 20A, both steels
may be exposed to the temperature of 600 °C for a few hours without losing their func-
tionality. In addition, the PM+ steel may survive even at temperatures of 650 and 700 °C
(Figure 20B,C) for several minutes. In contrast, the Vanadis 60 steel lost its hardness
quickly at these temperatures. Exposure at 800 °C (Figure 20D) is harmful for both studied

materials.
Hardness after Annealing at 600°C Hardness after Annealing at 650°C
1000 1000w
L]
LR
¢ T T = a ¥ " PM+
o .
. - + * Vanadis 60
2 . . - a -
2 goof - 2 oo
= . - 2 T,
] ] L] -
z . : . - e
@ T . - ©
> > .
I 600 T 800 .
LY
" PM+ e e L.
= Vanadis 60
a00 Lo . . . 400 Lo . . .
0 2 4 6 8 10 0 2 4 6 8 10
Annealing Time / h Annealing Time / h
Hardness after Annealing at 700°C Hardness after Annealing at 800°C
000w 000F &
" PMs * " PM+
" * Vanadis 60 " ¢ Vanadis 60
w 0
¢ go0 x o goo |
=) k=i
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o 3 u o
@ - w (5]
> L] >
I 800 - = T BOOL »
- - - o - . .
- . - ]
L]
T .t . . - . - . -
400 1 . . . . 1 400 1 . . . . 1
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0

Annealing Time / h Annealing Time / h

Figure 20. Dependence of hardness HV30 on annealing time at (A) 600 °C, (B) 650 °C, (C) 700 °C, (D) 800 °C.

Wear resistance was measured on the steels in the HT state and after annealing at 600
and 650 °C and the results are given in Table 5.

Table 5. Wear rate of Vanadis 60 and PM+ steels in the HT state and after annealing.

Material Sample Wear Rate/10~¢ mm3/N/m

Vanadis 60 in the HT state 1.815
Vanadis 60 in the HT state after annealing at 600 °C/10h  4.01
Vanadis 60 in the HT state after annealing at 650 °C/10h  2.19
PM+ steel in the HT state 54
PM+ steel in the HT state after annealing at 600 °C/10h 7.1
PM+ steel in the HT state after annealing at 650 °C/10h  11.0
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The values in Table 5 imply that the Vanadis 60 steel had surprisingly higher wear re-
sistance than the PM+ steel and its values do not depend on temperature. This discrepancy
can be explained when wear tracks are observed, as shown in Figure 21. The wear tracks
of Vanadis 60 contain a high amount of oxide particles (appearing dark in Figure 21), not
allowing for an accurate estimation of the wear rates.

| S —
S0pm

Figure 21. SEM-BSE micrograph of (A) Vanadis 60 steel in the HT state, (B) Vanadis 60 steel in
the HT state after annealing at 600 °C/10 h, (C) Vanadis 60 steel in the HT state after annealing
at 650 °C/10 h, (D) PM+ steel in the HT state, (E) PM+ steel in the HT state after annealing at
600 °C/10 h, (F) PM+ steel in the HT state after annealing at 650 °C/10 h.

The microstructure evolution after annealing of Vanadis 60 steel is illustrated in
Figure 22. The microstructure after annealing at 600 °C for 10 h (Figure 22C) did not
exhibit any change compared to the microstructure in the HT state (Figure 22B), although
the hardness of this material had already decreased. In the microstructures of materials
annealed at 650 °C and 700 °C for 10 h and at 800 °C for 1 h, small carbide particles
(Figure 22D,E) were evident. Compared to the microstructure of the soft state (Figure 22A),
these secondary carbides were finer and more frequent.

The detailed observation of Vanadis 60 steel after annealing at 800 °C for 1 h, as shown
in Figure 23, revealed the presence of carbide particles of different sizes (about hundreds
nm, dark areas) located in the matrix and some at the grain boundaries.

The elemental distribution visualized by TEM-EDS mapping (Figure 24) confirmed
the previous results. The small carbide particles were, according to their composition and
XRD pattern in Figure 5, mainly formed by the MgC and M3Cgy phases. The material
almost returned to its equilibrium state during annealing, which is close to the soft state
discussed previously. The hardness of Vanadis 60 steel in the soft state is 35 HRC [33],
corresponding to 340 HV30 [32]. The hardness value of the material after annealing at
800 °C/1 h presented in this paper was approximately 450 HV30 (see Figure 20), which
approached the soft state.
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Figure 22. SEM micrograph of Vanadis 60 steel (A) in the soft state, (B) in the HT state, (C) in the HT
state after annealing at 600 °C/10 h, (D) in the HT state after annealing at 650 °C/10 h, (E) in the HT
state after annealing at 700 °C/10 h, (F) in the HT state after annealing at 800 °C/1 h.

Figure 23. TEM micrograph of the Vanadis 60 steel in the HT state after annealing at 800 °C/1 h,
green arrow—matrix, red arrow—Mj3Cg carbide.
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Figure 24. TEM-EDS maps of the Vanadis 60 steel after annealing at 800 °C for 1 h.

The evolution of the microstructure of PM+ steel with annealing temperature is shown
in Figure 25. The samples after annealing at 600 and 650 °C for 10 h (Figure 25C,D) did
not exhibit any changes in the microstructure compared to the material in the HT state
(Figure 25B). After annealing at 700 °C for 10 h, small intermetallic particles emerged in
the material—some of them randomly, but a part of them were interconnected in small
chains marked by red ellipses in Figure 25E. This observation is in contradiction with [19],
where the stability of this type of material at 700 °C was claimed. The amount of fine
secondary intermetallic particles observed in PM+ steel after annealing at 800 °C/1 h
was high, as visible in Figure 25F. Unlike the Vanadis 60 steel, the microstructure of PM+
steel did not return to its initial (soft) state (Figure 25A). The large intermetallic particles
almost preserved their regular shape, and the small particles were significantly finer
(Figure 25AF).

The TEM micrographs in Figures 26 and 27 present the microstructure of PM+ steel
after annealing at 800 °C for 1 h. The occurrence of fine intermetallic particles is obvious in
Figure 26. The coarsening of the precipitates is shown in Figure 27. The finest precipitates
in this case were about 50 nm, while in the application state (Figure 16), they were less than
10 nm.

Figure 25. Cont.
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Figure 25. SEM micrograph of PM+ steel (A) in the soft state, (B) in the HT state, (C) in the HT state
after annealing at 600 °C/10 h, (D) in the HT state after annealing at 650 °C/10 h, (E) in the HT state
after annealing at 700 °C/10 h, red ellipses—chains of carbides, (F) in the HT state after annealing at
800 °C/1h.

Figure 26. TEM micrograph of the PM+ steel in the HT state after annealing at 800 °C/1 h, green
arrow—matrix, red arrow—MogCoy precipitates.

Figure 27. Detailed TEM micrograph of the PM+ steel in the HT state after annealing at 800 °C/1 h,
green arrow—matrix, red arrow—MogCoy precipitate.
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The TEM-EDS mapping of annealed PM+ steel, given in Figure 28, confirmed the
previously shown results. The fine intermetallic particles were large enough to be distin-
guishable by EDS analysis, but their size and shape did not achieve the situation in the soft
state as in the case of Vanadis 60 steel.

HAADF
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Figure 28. TEM-EDS maps of the PM+ steel after annealing at 800 °C for 1 h.

The difference in high temperature behavior between the two studied materials may
lie in the different diffusion coefficients of individual elements in the iron matrix. It has
already been proven that the precipitation of the MogCo7 phase is driven by the diffusion
of Mo in the Fe matrix [19]. The diffusion rate of Mo in the Fe matrix was even lower than
the Fe self-diffusion [34], while the diffusion coefficient of C in the Fe matrix (driving force
for carbide precipitation) was significantly higher [35].

4. Conclusions

Two high speed steels were compared in this paper. Both materials had very fine mi-
crostructure originating from their processing by powder metallurgy. The Vanadis 60 steel
was formed by the Fe matrix and three types of carbides—MC phase formed predomi-
nantly by C, V, Wo, and Mo; MgC phase containing C, W, Mo, and Fe; and the secondary
My3C¢ phase formed during heat treatment. The microstructural changes during heat
treatment (from the soft state to the HT state) and during subsequent annealing were
connected mainly with the Mp3Cg phase. The PM+ steel was composed by the Fe matrix
and intermetallic MogCoy phase that is dissolving and precipitating according to the heat
treatment of the material.

Both steels exhibited plastic deformation in the soft state with the flexural strength
of approximately 2000 MPs. In the HT state, both steels exhibited brittle behavior, but
the values of flexural strength differed—the value for the PM+ steel was comparable with
the soft state, but the value for Vanadis 60 almost doubled. These results prove that the
strengthening function of carbide particles is more efficient that the one of intermetallics.

On the other hand, measurement of hardness after annealing proved that the strength-
ening effect of intermetallic particles of the MogCo7 phase retained higher temperatures
and for a longer time. As a result, significantly higher thermal stability was observed for
the PM+ steel.
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The obtained results show that neither of the studied materials can be replaced by
the other. The more traditional Vanadis 60 steel exhibited excellent properties during low
temperature utilization while the PM+ steel was more suitable for elevated temperatures.
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