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We have studied the transformation of carbides in AISI M42 high-speed steels in the temperature
window used for forging. The annealing was found to result in the partial transformation of the large,
metastable M,C carbides into small, more stable grains of MsC, with an associated change in the
crystal orientation. In addition, MC carbides form during the transformation of M,C to M¢C. From
the high-speed-steel production point of view, it is beneficial to have large, metastable carbides in
the cast structure, which later during annealing, before the forging, transform into a structure of
polycrystalline carbides. Such carbides can be easily decomposed into several small carbides, which
are then randomly distributed in the microstructure. The results also show an interesting difference
in the carbide-transformation reactions on the surface versus the bulk of the alloy, which has
implications for in-situ studies of bulk phenomena that are based on surface observations.

High-speed steel (HSS), which has been in use for almost 100 years, remains as one of the most impor-
tant of today’s tool materials and is employed in the manufacture of taps, dies, drills, saw blades and
other cutting equipment. The name “high-speed steel” derives from the fact that tools made from this
material are capable of cutting materials at much higher speeds than conventional carbon tool steel,
retaining their hardness and ability to cut even when the tip of the tool reaches low red heat'. In addition
to carbon, high-speed steels are usually alloyed with tungsten, molybdenum, vanadium and cobalt, all of
which are known for their ability to form carbides. In fact, it is these carbides that give high-speed steels
their high hardness and excellent wear resistance. However, these useful properties of high-speed steels
are very much dependent on the type, size, shape, amount and distribution of the carbides?”. As a con-
sequence, a detailed investigation and evaluation of the carbides that form in high-speed steel is crucial.

The AISI M42 super-high-speed steel is characterized by its high molybdenum content and belongs to
the ledeburitic group of steels, because the last transformation during solidification is eutectic. The cast
microstructure of these ledeburitic steels generally consists of dendrites surrounded by a more-or-less
connected network of eutectic carbides®; however, due to the wide solidification range and the complex
eutectic reaction it tends to segregate and form different types of carbides: either M,C or M,C in the
case of conventional high-speed steels. The final microstructure of the steel consists of ferrite with fine
carbide precipitates and ledeburite with primary carbides in between’.

During conventional tool-steel production, the steel is cast and then forged in the ideal temperature
window of 1100-1200°C. At these temperatures the metastable M,C carbide phase transforms into other,
more stable, carbides. The reports in the literature indicate that the M,C carbides transform to M,C and
MC carbides following the path M,C + matrix — MC + MC>>!%14_ These primary and eutectic carbides
can then be broken down into smaller carbides as a result of hot deformation (e.g., forging) or mechani-
cal fragmentation. Another possibility is to anneal the steel, so that the exchange of elements is driven by
diffusion processes. During annealing, the primary and eutectic carbides decompose, which means the
compositions of the carbides change. Furthermore, when held at an elevated temperature for sufficient
time, all types of carbides can agglomerate and spheroidize in order to decrease their surface energy and
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C Cr Mo w \' Co Fe

1.1% 3.8% 9.5% 1.5% 1.2% 8.0% balance

Table 1. Composition (wt%) of AISI M42 high speed steel used in the experiment.

achieve a more stable state'?. Thus, it is beneficial to optimize the heat treatment prior to forging in order
to obtain the desired size and distribution of the carbides.

Electron-backscatter diffraction (EBSD) is an excellent technique for characterising microstructures
and analysing carbide phases*!*>"'8. In recent years, in-situ EBSD analysis has attracted researchers wish-
ing to study the deformation of HSS' as well as grain growth and phase transformation by employing
a heating stage®®-?2 It is also possible to conduct a form of quasi-in-situ EBSD by marking the area of
interest on the sample, annealing/heating the sample, and then replacing it in the microscope and repeat-
ing the EBSD analysis at the same location on the sample?. In this way, changes to the microstructure,
especially the eutectic carbides, caused by the annealing, can be investigated and analysed.

The aim of our work was to investigate the cast microstructure of the super-high-speed steel AISI M42
and to examine the changes to the eutectic carbides during annealing at 1100°C for various times. We
wanted to test the hypothesis that the processes we observe on the surface are the same as the processes
taking place in the bulk of the material. In order to do this we performed quasi-in-situ studies of the
carbide transformations on the surface and in the bulk. We also wanted to determine whether the dif-
ferent conditions that necessarily occur at a free surface, compared to the bulk, during a heat treatment
can prevent us from obtaining truly representative results.

Experimental Details

Material and specimen preparation. The composition of the AISI M42 molybdenum super-high-
speed steel is listed in Table 1. This steel was delivered in the as-cast condition, without any additional
electro slag remelting. After casting, the steel ingot was cut in half, with the specimens being taken from
the middle section. Because the main goal of the experiment was to observe the transformation of the
carbides on the free surface and in the bulk during annealing, two sets of specimens were prepared. For
the observation of the processes on the free surface, a specimen was prepared for EBSD analysis—with
the final steps being diamond polishing and OPS (silica oxide colloidal suspension of 40 nm size) pol-
ishing for 5minutes—prior to annealing. In this way, the specimens could be observed immediately after
annealing, and no additional surface preparation was necessary. For the observation of the processes
in the bulk, the specimens were first annealed and then cut in half and prepared for an optimal EBDS
analysis (ground, polished, OPS).

Annealing. The specimens were annealed in a vacuum system using a stub-like heating stage in
an argon atmosphere at 100 mbar to ensure an optimally homogeneous heat distribution in the speci-
mens. The specimens were first stabilized in the vacuum system at 400 °C, followed by high-temperature
annealing, which was performed at 1100°C and 1150°C for 15 to 60 minutes, in order to follow the trans-
formation of the carbides. The temperature was monitored at all times using a thermocouple mounted
on the surface of the specimen. After the annealing step, the specimens were left to cool in the vacuum
chamber in the Ar atmosphere. Due to the small size of the specimens and the presence of Ar in the vac-
uum chamber, the cooling was quite rapid at around 10K/s, which effectively froze the microstructure.
The residual contents of oxygen and carbon in the chamber were negligible, so no oxidation or carbon
contamination was expected. In our previous experiments* a similar heating system and heating con-
ditions were employed. However, subsequent detailed analyses revealed that local short circuits caused
material melting, leading to an incorrect interpretation of the data. This melting results in the deposition
of material on the surface and in a different surface-carbide transformation than would be expected in
totally clean conditions. Here we must stress that the carbide transformation is extremely dependent on
the quality of the vacuum. Therefore, a heating-system modification involving high-temperature anneal-
ing in argon gas was introduced.

Analysis. The specimens in the first set, which were intended for an analysis of the carbides in the
bulk, were prepared as described above to ensure good-quality diffraction patterns. The specimens pre-
pared for the observation of carbide transformations on the free surface were immediately analysed after
annealing with no subsequent surface preparation. Due to the relatively large size of the carbides, the area
of interest on the specimen surface could be marked, and the same area could be subsequently analysed
after different annealing times.

The imaging and EBSD analyses were performed using a FEG SEM JEOL 6500F field-emission scan-
ning electron microscope with energy-dispersive spectroscopy (an INCA X-SIGHT LH2-type detector,
INCA ENERGY 450 software) and EBSD (HKL Nordlys II EBSD camera using Channel 5 software).
The instrument was operated at 15kV and a 1.3-nA current for the EBSD analysis, with a tilting angle
of 72 degrees. Individual diffraction patterns were obtained, as well as mapping of the areas of interest.
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Carbide Space group Laue group
M,C (Mo,C) 60, Pben 3mmm
M,C (Fe;W;C) 227, F d-3m 11m3m
MC (VC) 225, F m-3m 11m-3m
M,C; (Cr,Cy)* 62, P nma 3mmm

Table 2. EBSD “match units”. “This was not used as a “match unit”.
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Figure 1. Sketches of the microstructures during the solidification process with the microstructure legend
(a) microstructure at approximately 1300°C, (b) microstructure at approximately 1250 °C, (c¢) microstructure
at room temperature, (d) SE image of the microstructure with marked phases: A—M,C or M(C primary
carbides, B—ferrite and carbides precipitates, C—ledeburite (ferrite and M,C or M,C carbides).

The detection was set to 5-7 bands, 4 x 4 binning. The typical step size was 0.5pm and the indexing
rate was between 95% and 97%. Minimal post-processing was performed in the case of the mappings,
which was limited to removing the so-called “wild spikes”. A summary of the EBSD “match units” for the
individual carbides is given in Table 2. It is important to point out that the EBSD determination of the
carbides is based on their crystallography and not necessarily on their composition. Thus, the Fe;W,C
“match unit” is a representative of the M¢C carbide, but, for example, Mo, or other elements, could also
be present in this carbide type.

Results and Discussion

Starting material. The AISI M42 steel has a ledeburitic microstructure. It consists of a dendritic
matrix of a-ferrite and smaller carbides, mostly M C, M,Cs;, M,C, large primary M,C carbides and a
ledeburite of carbides and ferrite. This microstructure develops during the solidification process, which
is sketched in Fig. 1. First, a skeleton of the primary delta-ferrite dendrites is formed, with a progressive
enrichment of the remaining adjacent liquid®. As the temperature is reduced, a peritectic reaction occurs
and consumes the ferrite, forming a rim of austenite around the delta ferrite and the primary carbides.
The ledeburitic eutectic is a fine-grained mixture of eutectic carbides and austenite nucleates, and grows
in the remaining liquid phase in the interdendritic spaces. The final cast microstructure of AISI M42
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Figure 2. (a) BE image of the as-received specimen of AISI M42 steel without any annealing (b) BE
close-up image of matrix, which consists of ferrite and different carbides. In the image the spots of the
EBSD phase analysis are marked. (c) Solved Kikuchi pattern obtained at spot 1. (d) Solved Kikuchi pattern
obtained at spot 2. (e) Solved Kikuchi pattern obtained at spot 3.

ledeburitic steel is compounded by dendrites surrounded by a more-or-less connected net of eutectic
carbides. Depending on the chemical composition of the M42 steel and the solidification conditions,
either the eutectic metastable M,C or the stable M¢C phase forms®*.

A backscattered-electron (BE) image of the microstructure of the specimen is shown in Fig. 2(a),
where all the phases in the microstructure can be seen. A large number of small carbides are present in
the ferrite phase®. Figure 2(b) is a close-up of the ferrite phase, where the smaller carbides can be seen.
Due to the small size of these carbides and their overlapping Kikuchi patterns, it is rather difficult to
identify them. However, three different types of small carbides were successfully indexed in the matrix.
The brighter, spherical carbides were determined to be MC carbides (Fig. 2c), the needle-like carbides
were successfully identified as M,C carbides (Fig. 2d), and the darker, spherical carbides were determined
to be M,C;-type carbides (Fig. 2e). Most of the carbides are bound together and form clusters of two or
more different types of carbides. Carbides smaller than 100nm cannot be accurately analysed by EBSD
due to the presence of overlapping patterns. Hetzner and Van Geertruyden® reported that the AISI
M62 high-speed-steel matrix consists of martensite and a large volume fraction of carbides with two
morphologies, i.e., rods and globular. In their study, the rods were identified as M,C carbides, and the
globular-shaped carbides were determined to be MyC carbides. This is consistent with our experiment,
where the needle-shaped carbides were also determined to be M,C carbides with an orthorhombic sym-
metry, which is reflected in their form.

Figure 3 shows a typical example of a eutectic carbide that is present in the steel. These carbides are
in the form of M,C, with a small amount of the M C-type carbides, most likely not eutectic. The pres-
ence of MC carbides is not confirmed, blue spots in Fig. 3(c) are too small to be indexed in the EBSD
mapping, which means that the carbides are not present or too small for analysis. The carbide dendritic
shape, a result of the EBDS spot analysis, is a resolved Kikuchi pattern representing the M,C-type car-
bide, Fig. 3(a). The EBSD band-contrast image (Fig. 3b) reveals the details in the microstructure, espe-
cially the grain boundaries. From this it is clear that the M,C carbide is monocrystalline, as no grain
boundaries can be observed. The EBSD phase-map analysis, shown in Fig. 3(c), supports the idea that
the primary and eutectic carbides are homogeneous M,C. Although it is rather difficult to distinguish
any chemical inhomogeneity using the energy-dispersive spectroscopy (EDS) technique due to the large
analysis volume, the EDS spot line analysis performed across the matrix-carbide boundary indicates a
homogeneous composition throughout the carbide phase. As shown in Fig. 3d, the analysed M,C carbide
contains mainly Mo, with minor amounts of W, V, Cr, and Fe atoms.

Carbide transformation in the bulk during annealing. In our research the SEM-based EBSD
technique was applied to track the carbide transformation during the annealing at 1100°C ad 1150°C
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Figure 3. Microstructure of as-cast AISI M42 steel, (a) secondary-electron image, (b) EBSD band-contrast
image, (c) EBSD phase map with phase-colour legend, (d) EDS spot analysis along the line marked in (a).

for different annealing times. The microstructural changes taking place during the annealing are shown
in Fig. 4. The as-cast steel contains metastable M,C carbides (Fig. 4a), which transform mostly into
M,C carbides and a very small amount of MC during the high-temperature annealing. In the case of
AISI M42 the amount of MC depends on the vanadium concentration. The evidence from the EBSD
mapping shows that the transformation starts on the boundary between the carbide and the ferrite, and
then grows towards the inner region. Due to low vanadium concentration and consequent most probably
small amount of MC, during annealing for 15 minutes at 1100 °C the expected transformation: M,C + ma
trix — MyC + MC + matrix was not observed. A large specimen area was observed and no MC carbides
were found in the EBSD maps or observed as hills in the tilted secondary-electron (SE) image. However,
we did observe the M,C carbides. A longer annealing time (30 minutes) caused almost half of the met-
astable M,C carbides to transform to M,C carbides, which grew from all directions towards the centre
of the M,C carbide. The previously monocrystalline M,C carbide transforms to polycrystalline M(C car-
bides with different orientations (Fig. 4c). Again, no MC carbides were observed in the microstructure.
However, after annealing for an hour at the same temperature, the MC carbides were confirmed in the
microstructure. In addition most of MC carbides were observed in the ledeburitic areas at the M¢C grain
boundaries (Fig. 4d).

The results of the EBSD phase-map analysis of the specimen annealed at 1100°C for 60 minutes are
shown in Fig. 5. It appears that during annealing at 1100°C for 60 minutes part of the M,C carbides
transformed into the M(C carbide type, with some additional MC carbides (Fig. 5¢). The EDS analyses
of the individual carbides showed that the M(C carbides were rich in both iron and molybdenum, while
the M,C carbides were mostly molybdenum. However, some other carbide-forming elements can be
exchanged in the crystal structure. The EDS line profile across the M¢C carbide growth boundary, as
shown in Fig. 5d, clearly indicates that the transformation of the carbide is driven by the atomic diffusion
of molybdenum and iron. The M,C carbide transformation starts on the carbide surface, after which the
phase boundary moves towards the centre of the carbide. At the same time, the crystal structure trans-
forms from orthorhombic M,C to cubic M¢C. However, as long as the concentration of elements remains
below a certain level, the crystal transformation cannot occur. A comparison of the EBSD band-contrast
and phase maps for the as-cast and annealed specimens reveals a change in microstructure occurring
during the annealing (Fig. 5b). During annealing, the MC carbides form alongside the transformation of
the M,C carbides into M,C, with the large M,C carbides transforming mainly into a few, small-grained
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Figure 4. Microstructure changes during annealing at 1100°C for different times followed by EBSD point

analysis (secondary-electron images); (a) as cast, (b) 15-minutes annealing, (c) 30-minutes annealing, (d)
60-minutes annealing.

Distance [um]

Figure 5. Microstructure development during annealing at 1100°C for 60 minutes in ledeburitic phase; (a)
secondary-electron image with EBSD spot analysis and marked line of EDS analysis (b) EBSD band-contrast
image, (c) EBSD phase map with phase-colour legend, (d) EDS spot analysis in line marked in (a).

SCIENTIFIC REPORTS | 5:16202 | DOI: 10.1038/srep16202



www.nature.com/scientificreports/

Figure 6. Microstructure development during annealing at 1150 °C for 60 minutes. All M,C carbides
have transformed into M,C carbides and the MC carbide precipitates are mainly observed in the ledeburitic
phase.

M,C carbides with a different crystal orientation. This phenomenon has a beneficial effect on the final
microstructure of forged-and-annealed AISI M42 steel. During production, the AISI M42 high-speed
steel goes through a plastic deformation, which is the result of the forging process at high temperature.
During this plastic deformation the eutectic carbides transform to a more stable form and break into
smaller and more uniformly shaped carbides**?. Because the large monocrystal M,C carbides transform
into differently oriented MC carbides, they can be broken down more easily during forging. Due to the
carbide transformation, the final microstructure of the forged-and-annealed AISI M42 steel has smaller
M,C and MC carbides, the same as if the starting material already contained stable M C carbides.

Reports in the literature suggest that, in general, the M,C carbide transformation follows the path: M,
C+ matrix — MC + MC + matrix>>!-1, Figure 5d shows that the M,C carbide is richer in V than the
M,C carbide; therefore, it can be concluded that the content of vanadium controls the amount of MC
carbides formed. The vanadium has to diffuse out of M,C carbides in order to make way for the newly
formed M,C carbides that have decreased solubility of vanadium. This might provide an explanation as
to why the MC carbides are mostly formed at the M(C carbide grain boundaries.

To better understand the process of carbide transformation, let us take a look at what is happening
during the solidification. Based on our observations, we propose the following transformation. The met-
astable, primarily M,C monocrystalline carbide plus the matrix transform into stable polycrystalline M,C
carbides. The metastable ledeburitic M,C monocrystalline carbide plus the matrix transform into stable
polycrystalline M¢C and monocrystalline MC carbides. At higher temperatures, due to an increased
vanadium concentration more MC carbides form in the ledeburitic area. It is obvious that during the
solidification process a higher concentration of vanadium is present in the last solidified region, which
is the ledeburitic area.

Figure 6 shows ledeburite in the centre image and a larger primary carbide on the top-right of the
ledeburite. All the M,C carbides, both primary and those from the ledeburite, are transformed into the
M,C carbide. In the ledeburite region the MC carbides are easily observed. This is typical for most of
the observed microstructure. The other area where the MC carbides form is on the phase boundary of
the M¢C carbides transformed from the primary M,C carbide.

Carbide transformation during annealing on the free surface. From the in-situ-analysis point
of view it is very important to identify what is happening with the microstructure on the free surface
and compare it with the process in the bulk. Figure 7 shows the microstructure development of the free
surface during annealing at 1100°C for 30 minutes in a protective atmosphere of argon. As is clear from
the image, this process is not the same as that occurring in the bulk.

In comparison with the processes in the bulk, the surface is slightly different: many M,C carbides
were found on the top of the M,C carbides and in the matrix, and small MC carbides are also present
on the surface of the annealed specimen. Most probably, the M,C carbides start to form on the surface
in the matrix-M,C phase boundary. The EDS spot line analysis showed a similar composition for the
MC carbides formed in the bulk (Fig. 5d) and on the in-situ-annealed surface specimens (Fig. 7d), while
the M,C carbides had a higher concentration of Fe atoms in the case of the in-situ-annealed surface
specimens.

In an earlier investigation®* we looked at a different annealing set-up: the specimens were kept in a
vacuum on Mo boats and were heated by a large direct current sent through the specimens. However,
we discovered later that this set-up could introduce some Mo contamination on the surface of the
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Figure 7. Microstructure development during annealing at 1100°C for 30 minutes on the surface; (a)
secondary-electron image with EBSD spot analysis and marked line of EDS analysis (b) EBSD band-contrast
image, (c) EBSD phase map with phase-colour legend, (d) EDS spot analysis in line marked in (a).

specimens due to evaporation from the Mo boat. For this reason we introduced a completely different
vacuum-annealing procedure using a stub heater in a protective atmosphere of Ar to ensure that there
was no contamination from the heating element.

Discussion

Mechanism of carbide transformation in the bulk and on the free surface. Figure 8 shows a
sketch of the bulk-microstructure development process during annealing, while Fig. 9 is a sketch of the
process for the surface-microstructure development during annealing. In both cases the starting micro-
structure consists of unstable M,C eutectic carbides in a ferrite matrix. In the case of a bulk transforma-
tion during the annealing, the unstable M,C carbides transform into small, stable M4C and MC carbides
with a different crystal orientation.

The sketch of the surface-microstructure development shows a different route for the carbide trans-
formation due to the effect of the free surface and, consequently, the different diffusion processes.
High-temperature annealing leads to all of the M,C carbides being covered with a thin layer of M,C
carbides. At higher temperatures the matrix surface becomes covered with M4C carbides.

This difference seems to be due to the migration of carbide forming atoms on the surface as a result
of the surface diffusion, which is much faster than the bulk diffusion?, and is very likely the reason for
the different carbide-transformation phenomena. in-situ and quasi-in-situ studies of the phase transfor-
mations might not always give results that are representative of the actual processes taking place in the
bulk of the material, which could be attributed to completely different diffusion conditions in the bulk
and on the free surface, but also the temperature variations within the specimen and the compositional
inhomogeneity could play a role. Nonetheless, it is important to note that the results obtained when using
the in-situ studies on surfaces need to be interpreted carefully when referring to the material properties.

Conclusions

In summary, the microstructure development of the as-cast, molybdenum-containing, super-high-speed
steel AISI M42 was studied in order to clarify the carbide-transformation phenomena and to show that
in-situ observations do not always accurately represent the transformation phenomena taking place in
the bulk of the material. An as-cast microstructure was chosen with unstable primary and eutectic M,C
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Figure 8. Sketch of microstructure development in bulk during specimen annealing; (a) as-cast starting
microstructure (b) annealed at 1100 °C for 15-30 minutes, (c¢) annealed at 1100°C for 60 minutes, (d)
annealed at 1150 °C for 60 minutes.

[ ] Fe

B Mo, C
B FeW,C
Il VC

Figure 9. Sketch of microstructure development on the surface during specimen annealing; (a) as-cast
starting microstructure (b) annealed at 1100°C for 15-30 minutes, (c) annealed at 1100°C for 60 minutes,
(d) annealed at 1150°C for 60 minutes.
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carbides in the ferrite matrix. Annealing resulted in a partial transformation of the large M,C carbides
into several small and more stable grains of M,C and small MC carbides, with an associated change in
the crystal orientation. This carbide transformation phenomenon has a beneficial effect during forging,
and therefore it can contribute to the design of future thermo-mechanical processes for high-speed steels.

The results have also shown an interesting difference in the carbide-transformation reactions on the
surface versus the bulk of the alloy, presumably due to the operation of different diffusion processes. An
in-situ study of surface-driven phenomena during the annealing of AISI M42 super-high-speed steel was
found to give different results compared to the bulk. In the case of the bulk, the M,C-to-MC transforma-
tion starts at the M,C/matrix boundary and uniformly propagates inwards. However, on the free-surface,
although starting at the M,C/matrix boundary, the transformation kinetics are non-uniform. Due to
faster surface diffusion the atoms tend to migrate on top of the existing carbide and form a new, stable
carbide. Similar processes can also be observed in the matrix, where the stable carbides precipitate and
form a new carbide layer.

This study shows that special attention should be paid during the in-situ studies of diffusion-driven
transformations where the phenomena observed on the free surface are not necessarily the same as those
observed in the bulk. This was demonstrated in the case of carbide transformations, and it is reasonable
to expect that there are other, similar examples.

References
1. Llewellyn, D. T. & Hudd, R. C. In Steels: Metallurgy and Applications 3rd edn, Ch. 3, 199-290 (Butterworth-Heinemann, Oxford
1998).
2. Pan, E S. et al. Phase transformation refinement of coarse primary carbides in M2 high speed steel. Prog Nat Sci: Mater Int 21,
180-186 (2011).
3. Hwang, K. C,, Lee, S. & Lee, H. C. Effects of alloying elements on microstructure and fracture properties of cast high speed steel
rolls: Part I: Microstructural analysis. Mat Sci Eng A-Struct 254, 282-296 (1998).
4. Godec, M. et al. Characterization of the carbides and the martensite phase in powder-metallurgy high-speed steel. Mater Charact
61, 452-458 (2010).
5. Colago, R., Gordo, E., Ruiz-Navas, E. M., Otasevic, M. & Vilar, R. A comparative study of the wear behaviour of sintered and
laser surface melted AISI M42 high speed steel diluted with iron. Wear 260, 949-956 (2006).
6. Zhang, X, Liu, W. L,, Sun, D. & Li, Y. The transformation of carbides during austenization and its effect ion the wear resistance
of high speed steel rolls. Metall Mater Trans A, 38A, 499-505 (2007).
7. Ding, P, Shi, G. & Zhou, S. As-Cast Carbides in High-Speed Steels. Metall Mater Trans A, 24, 1265-1272 (1993).
. Hoyle, G. High Speed Steels. Butterworth-Heinemann, Oxford 1988.
9. Guo, J. et al. Characterization on carbide of a novel steel for cold work roll during solidification process. Mater Charact 79,
100-109 (2013).
10. Karagoz, S., Liem, 1., Bischoff, E. & Fischmeister, H. F. Determination of carbide and matrix compositions in high-speed steels
by analytical electron microscopy. Metall Mater Trans A 20, 2695-2701 (1989).
11. Ghomashchi, M. R. Quantitative microstructural analysis of M2 grade high speed steel during high temperature treatment. Acta
Mater 46, 5207-5220 (1998).
12. Fischmeister, H. F, Riedl, R. & Karagoz, S. Solidification of high-speed tool steels. Metall Mater Trans A 20, 2133-2148 (1989).
13. Zhou, B, Shen, Y., Chen, J. & Cui, Z. S. Breakdown Behavior of Eutectic Carbide in High Speed Steel During Hot Compression.
] Iron Steel Res Int 18, 41-48 (2011).
14. Lee, E. S., Park, W. J,, Jung, J. Y. & Ahn, S. Solidification microstructure and M2C carbide decomposition in a spray-formed
high-speed steel. Metall Mater Trans A 29, 1395-1404 (1998).
15. Morris, R. A., Wang, B., Matson, L. E. & Thompson, G. B. Microstructural formations and phase transformation pathways in hot
isostatically pressed tantalum carbides. Acta Mater 60, 139-148 (2012).
16. Borgh, L et al. On the three-dimensional structure of WC grains in cemented carbides. Acta Mater 61, 4726-4733 (2013).
17. Laigo, J., Christien, E, Le Gall, R., Tancret, E & Furtado, J. SEM, EDS, EPMA-WDS and EBSD characterization of carbides in
HP type heat resistant alloys. Mater Charact 59, 1580-1586 (2008).
18. Godec, M., Kocjan, A. & Jenko, M. Characterization of the carbides in a Ni-Ti shape-memory alloy wire. Mater Tehnol 1, 61-65
(2011).
19. Park, K. K. et al. In situ deformation behavior of retained austenite in TRIP steel. Mater Sci Forum 408-412, 571-576 (2002).
20. Seward, G. G. E., Celotto, S., Prior, D. J., Wheeler, ]. & Pond, R. C. In situ SEM-EBSD observations of the hcp to bcc phase
transformation in commercially pure titanium. Acta Mater 52, 821-832 (2004).
21. Hurley, P. J. & Humphreys, E. J. A study of recrystallization in single-phase aluminium using in-situ annealing in the scanning
electron microscope. | Microsc 213, 225-234 (2004).
22. Guo, L. Q. et al. Annealing effects on the microstructure and magnetic domain structures of duplex stainless steel studied by
in situ technique, Appl Surf Sci 259, 213-218 (2012).
23. Huang, Y. M., Fu, Q. & Pan, C. X. In Situ-Tracking Observation of Stainless Steel Microstructural Development during Elevated
Service Using EBSD and SEM, Mater Sci Forum 561-565, 2087-2090 (2007).
24, Godec, M., Setina Bati¢, B. & Vecko Pirtoviek, T. In Characterization of Minerals, Metals, and Materials (eds Carpenter J. S.et
al.) in-situ EBSD investigation of carbides during annealing of AISI M42 steel, 187-190 (TMS, 2014).
25. Vecko Pirtovsek, T., Kugler, G. & Ter¢elj, M. The behaviour of the carbides of ledeburitic AISI D2 tool steel during multiple hot
deformation cycles. Mater Charact 83, 97-108 (2013).
26. Hetzner, D. W. & Van Geertruyden, W. Crystallography and metallography of carbides in high alloy steels.. Mater Charact 59,
825-841 (2008).
27. Cahn, R. W. & Haasen, P,, Physical Metallugy, 4th Edition, Elsevier Science B.V., Amsterdam, 1996.

=

Acknowledgements

This work was financially supported by the Ministry of Education, Science and Sport of the Republic
of Slovenia as part of the Research program P2-0132 Physics and Chemistry of Surfaces of Metallic
Materials and the Research program P2-0056 Vacuum Science and Materials for Electronics. The authors
would like to thank dr. Crtomir Donik for his help with the analytical equipment.

SCIENTIFIC REPORTS | 5:16202 | DOI: 10.1038/srep16202 10



www.nature.com/scientificreports/

Author Contributions

M.G. performed electron microscopy EDS/EBSD studies and wrote the paper. B.S.B. carried out
annealing experiments. All authors assisted with interpreting the data. All authors discussed the results
and commented on the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Godec, M. et al. Surface and Bulk Carbide Transformations in High-Speed
Steel. Sci. Rep. 5, 16202; doi: 10.1038/srep16202 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16202 | DOI: 10.1038/srep16202 11


http://creativecommons.org/licenses/by/4.0/

	Surface and Bulk Carbide Transformations in High-Speed Steel

	Experimental Details

	Material and specimen preparation. 
	Annealing. 
	Analysis. 

	Results and Discussion

	Starting material. 
	Carbide transformation in the bulk during annealing. 
	Carbide transformation during annealing on the free surface. 

	Discussion

	Mechanism of carbide transformation in the bulk and on the free surface. 

	Conclusions

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿  Sketches of the microstructures during the solidification process with the microstructure legend (a) microstructure at approximately 1300 °C, (b) microstructure at approximately 1250 °C, (c) microstructure at room temperature, (d) SE ima
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) BE image of the as-received specimen of AISI M42 steel without any annealing (b) BE close-up image of matrix, which consists of ferrite and different carbides.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Microstructure of as-cast AISI M42 steel, (a) secondary-electron image, (b) EBSD band-contrast image, (c) EBSD phase map with phase-colour legend, (d) EDS spot analysis along the line marked in (a).
	﻿Figure 4﻿﻿.﻿﻿ ﻿  Microstructure changes during annealing at 1100 °C for different times followed by EBSD point analysis (secondary-electron images) (a) as cast, (b) 15-minutes annealing, (c) 30-minutes annealing, (d) 60-minutes annealing.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Microstructure development during annealing at 1100 °C for 60 minutes in ledeburitic phase (a) secondary-electron image with EBSD spot analysis and marked line of EDS analysis (b) EBSD band-contrast image, (c) EBSD phase map with phase-co
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Microstructure development during annealing at 1150 °C for 60 minutes.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Microstructure development during annealing at 1100 °C for 30 minutes on the surface (a) secondary-electron image with EBSD spot analysis and marked line of EDS analysis (b) EBSD band-contrast image, (c) EBSD phase map with phase-colour l
	﻿Figure 8﻿﻿.﻿﻿ ﻿  Sketch of microstructure development in bulk during specimen annealing (a) as-cast starting microstructure (b) annealed at 1100 °C for 15–30 minutes, (c) annealed at 1100 °C for 60 minutes, (d) annealed at 1150 °C for 60 minutes.
	﻿Figure 9﻿﻿.﻿﻿ ﻿  Sketch of microstructure development on the surface during specimen annealing (a) as-cast starting microstructure (b) annealed at 1100 °C for 15–30 minutes, (c) annealed at 1100 °C for 60 minutes, (d) annealed at 1150 °C for 60 minutes.
	﻿Table 1﻿﻿. ﻿  Composition (wt%) of AISI M42 high speed steel used in the experiment.
	﻿Table 2﻿﻿. ﻿  EBSD “match units”.



 
    
       
          application/pdf
          
             
                Surface and Bulk Carbide Transformations in High-Speed Steel
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16202
            
         
          
             
                M. Godec
                T. Večko Pirtovšek
                B. Šetina Batič
                P. McGuiness
                J. Burja
                B. Podgornik
            
         
          doi:10.1038/srep16202
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16202
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16202
            
         
      
       
          
          
          
             
                doi:10.1038/srep16202
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16202
            
         
          
          
      
       
       
          True
      
   




