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Depending on the steel composition several types of carbides are precipitated in high-
speed steels: mainly MC, M,C, M¢C and some others with minor importance. During hot
working, the primary carbides formed during solidification change their as-cast structure
to a more spherical one. They have an incoherent interface to the matrix and are a few mi-
crometers in size. In the finished tool, the primary carbides together with the secondary,
and the high hardness of the matrix are responsible for the high wear resistance. For the
production of tools it is necessary that the steels can be machined, which is enabled by soft
annealing. During this heat treatment some additional carbides of 50 to 300nm in size are
precipitated as demonstrated by high-voltage electron microscopy (HVEM). After machin-
ing, the tools get their desired properties from hardening and tempering. The examination
under these conditions shows the existence of nanometer-sized secondary hardening car-
bides, precipitated during this heat treatment and consisting mainly of vanadium and carbon
as proven by energy filtered transmission electron microscopy (EFTEM). The high red hard-
ness up to temperatures of approximately 550°C is caused by these nanometer-sized carbides.
High resolution electron microscopy (HREM) revealed a completely coherent transition of
the lattice planes from these carbides to the matrix-, without any irregularities. © Elsevier Sci-
ence Inc., 1999. All rights reserved.

INTRODUCTION ents are adjusted in a very narrow range
and the melts are deoxidized. The stirring
High-speed steels are highly alloyed, lede-  of the melt with inert gas, i.e., nitrogen or
buritic iron alloys. In use, the special fea-  argon, assists the removal of the primary
tures of these steels are: high hardness,  non-metallic inclusions. The temperature is
strength and red hardness, combined witha  set in the ladle furnace and the melt is cast
correspondingly high toughness. These ex-  in ingots or in the continuous casting ma-
cellent properties result from a well-defined  chine. Whereas in the continuous casting
balance of the alloying elements carbon,  process additional cooling with a mixture
chromium, tungsten, molybdenum, vana-  of water and gas is applied, no such cooling
dium, and cobalt [1-4]. is sufficient in ingot casting. The cooling
The production of high speed steel starts ~ system in the continuous casting process
with the melting of pre-alloyed scrap and  increases the solidification rate and refines
additions in an electric arc furnace. In these  the microstructure of the material.

days the electric arc furnace is mainly a The solidified ingots are heated up in fur-

melting furnace. The treatment of the melt  naces to hot forming temperatures and de-

is carried out in the secondary metallurgi-  pending on the sizes and the grades are hot

cal ladle treatment. The alloying constitu-  forged in the long forging machine or
41
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rolled in the blooming mill down to a cross
section around 100mm in square. Further
down, the billets are hot formed in a con-
tinuous process to the final dimensions in a
multiline rolling mill. After hot rolling an
annealing process is carried out in an an-
nealing furnace which makes the material
soft enough for machining.

The material is used by tool makers to
produce twist drills, tops, milling cutters,
reamers, saws etc. In the soft annealed con-
dition the material is machined to the final
shape.

By the following heat treatment, that is,
hardening and tempering, the properties of
the material are adjusted to the specific ap-
plication. Sometimes the heat treatment is
done by the toolmakers, often it is per-
formed in well-equipped commercial heat
treatment centers [5]. Over the past decade,
hardening in vacuum furnaces has re-
placed the hardening in salt baths [6].

In a vacuum furnace the machined tools
are heated-up in vacuum at a pressure be-
low Imbar. This kind of heating relies upon
radiation for heat transfer. Such furnaces
are most efficient and more readily achieve
thermal uniformity at higher temperatures,
but there is relatively little radiation heat at
lower temperatures. In this range it is most
efficient to use re-circulated inert gas as a
means of heat transfer. Where a furnace has
a convection-assisted heating facility, it is
normal practice to heat the load to about
700°C in re-circulated nitrogen prior to
pumping a vacuum and so reducing the
heat-up time.

Quench rates are very important if the
optimum properties are to be achieved
from high speed steel. It is necessary to cool
the work at such a speed that the proeutec-
toid and pearlite precipitation zones are
avoided and the maximum volume of al-
loying elements is retained in solution in
the matrix [7]. Fast cooling is nowadays
achieved in vacuum furnaces by gas quench-
ing with nitrogen. In the future, the compe-
tition by other quenching media will be
strong with a new competition arising, e.g.,
mixtures of air and liquid media, the so
called dual phase quenching media [7]. Fig-
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ure 1 illustrates the production route of
high-speed steels.

In the following, we present results on the
microstructure and nanochemistry of an S
6-5-2-5 steel with a qualitative description of
the distribution and composition of nano-
meter-sized carbide precipitates. The knowl-
edge of these features can be used for micro-
mechanical finite element (FEM) calculations,
leading to a better understanding of the
structure/property relations [8, 9], and to
improvements of the microstructure.

Such calculations are based on a three-level
hierarchical model, which is working on a
macro-, meso-, and micro-level. The macro-
level characterizes the geometry and the
stress distribution in a tool. The meso-level is
related to the cluster topology of carbide-rich
areas and their distribution in the steel,
whereas the micro-level describes the inner
structure of the mesophases, i.e., the interac-
tion between the carbides and the matrix.

Thin foils of high-speed steels have been
investigated down to atomic dimensions us-
ing high voltage (HVEM) and high resolu-
tion electron microscopy (HREM), including
energy filtered transmission electron micros-
copy (EFTEM). The latter enables the imag-
ing with inelastically scattered electrons of a
certain energy range. The combination with
appropriate computer equipment enables
the sensitive mapping of a specific element
with a high spatial resolution (about 2nm)
within a few seconds.

EXPERIMENTAL

High-speed steel S 6-5-2-5 is a complex al-
loyed material consisting of 0.92% C, 0.42%
Si, 0.27% Mn, 0.027% P, 3.93% Cr, 6.12% W,
4.77% Mo, 0.39% Ni, 1.74% V, 0.17% Cu,
4.59% Co, 0.018% Al, 0.018% N. During an-
nealing and tempering, especially V, Mo, W,
and Cr form a number of carbides of differ-
ent size and composition, which strongly in-
fluences the toughness and strength of the
resulting steel as described in more detail
in section 3. The investigated steel samples
were cast as slightly conical ingots with the
approximate dimensions of 300 X 300mm in
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the sectional area. The ingots were hot
formed in two heats down to 12.2 mm in di-
ameter. The investigation was performed on
material in two different fabrication stages:
(i) after annealing, and (ii) after hardening
and tempering.

For electron microscope investigations,
thin specimens were prepared by standard
techniques, i.e., cutting thin (<200um) slices,
dimple-grinding to about 10 um, and finally
Ar-ion milling down to electron transpar-
ency. This provides specimens for high reso-
lution and energy filtered imaging of only a
few nanometers in thickness and a tolerable
surface roughness.

Microstructure investigations followed us-
ing a high voltage electron microscope Jeol-
JEM 1000-06 run at 1000kV, and a high reso-
lution Philips CM 20 FEG field emission
electron microscope, run at 200kV. The latter
was equipped with a Gatan Imaging Filter
(GIF 200), mounted below the microscope
column. Besides electron energy loss spec-
troscopy (EELS), this filter enables element
or chemical-bond specific imaging (EFTEM).
Filtered images and some TEM bright-field
images were digitally recorded by a slow-
scan CCD camera within the GIF. Further
details concerning the proper operation con-
ditions of the GIF equipment are given in
[10]. For image processing and EEL spec-
trum treatment the Gatan Digital Micro-
graph and ELP software, resp., loaded on a
Power Macintosh 7200/75, were employed.

Contrary to the carbide extraction from
the steel, which allows a phase determina-
tion by diffraction methods and x-ray spec-
troscopy [11], our foil preparation tech-
nique preserves the exact three dimensional
distribution of the carbides and their inter-
face to the matrix.

MICROSTRUCTURE OF
HIGH-SPEED STEELS

STRUCTURE DEVELOPMENT DURING THE
PRODUCTION PROCESS

The achievable properties strongly depend
on the microstructure. In the solidified in-
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got of a S 6-5-2-6 steel the iron dendrites are
surrounded by a carbide network. The so-
lidification starts at about 1400°C with the
formation of low-alloyed bcc 8-Fe. The re-
maining melt is enriched with the alloying
elements, C, W, Mo, V, Cr, and Co. There-
fore, 70-100°C below the above tempera-
ture, the peritectic reaction starts, during
which 3-Fe, already formed, together with
the melt transforms into y-Fe. DT A-measure-
ments often show a strong undercooling of
this reaction. Nevertheless, the peritectic
reaction always starts before the eutectic
growth of the carbides. The eutectic tempera-
ture is as high as 1250°C. In the complex al-
loyed high-speed steel S 6-5-2-5, three types
of primary carbides may form: fcc MC, hcp
M,C, or fcc M¢C-carbides (M-metal), of a few
micrometers in size. The type of the growing
carbides depends on the fine adjustment of
the melt, the enrichment of the alloying ele-
ments and the solidification rate [4, 12, 13].

The elements V, C, and N promote the
formation of MC-carbides. More than 1% of
V is needed to form MC-carbides in high-
speed steels. Other MC-forming elements
are Ti and Nb, which are rarely used for
producing conventional high-speed steels.
M,C-carbides are favored by the presence
of Mo, while W and Si encourage the for-
mation of MgC. MC and M¢C are thermo-
dynamically stable carbides whereas M,C
is metastable and immediately formed
upon quick solidification. On slow cooling,
the more stable M¢C carbide is forming,
though owing to its complicated structure,
it is growing more slowly [14-16].

Figure 2 shows the as-cast structure of a
high-speed steel solidified by MyC-car-
bides. The dark areas are the iron dendrites
precipitated directly from the melt. The car-
bides appear as white phases within the in-
terdendritic areas.

During annealing at higher temperatures
for several hours the M,C-carbides decom-
pose by the following reaction [17]:

M,C+y ~ MgC+MC+a+C,

The metasabile M,C phase reacts with
the austenitic matrix and forms the car-
bides of the type M¢C and MC. Addition-
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FIG. 2. As-cast microstructure of high-speed steel S 6-5-2 (optical microscopy).

FIG. 3. Microstructure of the hot-deformed high-speed steel (optical microscopy).
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ally in S 6-5-2 during this reaction, ferrite
with a high content of W, Mo, and V is
formed and there is a flow of carbon from
the M,C into the austenite.

Moreover, the microstructure changes dur-
ing hot and cold forming. The carbides of the
high-speed steels are arranged within the so-
called carbide stringers.

Figure 3 shows the typical micrograph of
a longitudinal metallographic specimen of
the high-speed steel bar with a diameter of
12.2mm.

Depending on the reduction rate de-
formed carbide networks or carbide string-
ers occur. In small dimensioned steels with
a high reduction rate only isolated carbides
exist. Besides, the thermal and mechanical
treatments during hot forming change the
morphology of the carbides, i.e., rounding
the edges and spheroidizing the carbides to
minimize the surface energy.

E. Pippel et al.
STRUCTURE AFTER ANNEALING

Annealing is used to reduce the hardness of
the material to enhance the machinability of
high-speed steels. Temperatures are ap-
plied far below the hot forming tempera-
ture. During annealing the iron matrix re-
duces its alloying content, with annealing
carbides forming. After soft annealing, high-
speed steels contain a ferritic matrix with
primary and annealing carbides [1].

Figure 4 shows a HVEM image of the mi-
crostructure of an annealed steel at medium
magnification. In the middle, there is a pri-
mary carbide grain of about 2um in diameter.
The smaller dark-contrasted particles be-
tween 50nm and 300nm in diameter are the
carbides resulting from the annealing proce-
dure. Furthermore, the large number of dislo-
cations in the ferritic matrix indicates strong
residual plastic deformations in the material.

FIG. 4. Microstructure of the annealed steel (HVEM).
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FIG. 5. HREM image of the interface of a primary carbide (above) and the ferritic matrix (below).

The interface between a primary carbide
grain and the matrix is shown in the atomic
lattice resolution image of Fig. 5. This inter-
face seems to be free of other crystalline
phases. Because of the complicated image
formation conditions (both adjacent crys-
tals have to fulfil the Bragg diffraction con-
dition, and the interface has to be in paral-
lel orientation to the electron beam) the
existence of a 1-2-nm thin amorphous in-
terlayer cannot be excluded, however.

STRUCTURE AFTER HARDENING
AND TEMPERING

High-speed steel tools get their final shape
by machining. The properties desired are
achieved by a special heat treatment in two
steps: hardening and tempering. Figure 6
presents a time-temperature curve.

The different parameters, i.e., hardening
temperature, soaking time, tempering tem-
perature, number of tempering steps, etc.,
are adapted to the application of the tool.
Hardening should immediately be followed
by tempering at 540-560°C. The complete
transformation of the remaining austenite
into martensite and a homogeneous micro-
structure require tempering at least two or
three times.

The typical microstructure of the material
hardened at 1200°C and tempered three
times at 560°C for one hour is shown in the
HVEM image of Fig. 7. Because of the fine
martensitic structure of the matrix (plates,
needles) there is almost no mesoscopic
grain structure. Within the matrix there are
again round primary carbides of some mi-
crometers in diameter (dark contrast) clearly
showing contours of mechanical strain.

At higher magnification (see Fig. 8), the
matrix reveals a large number of almost
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FIG. 6. Heat treatment sequence of high-speed steels.

regularly distributed dark spots (or small
areas) of diameters between 3 and 10 nano-
meters. On the left of Fig. 8 there are verti-
cally oriented elongated line structures

(possibly resulting from plate-shaped areas
in perpendicular orientation to the speci-
men surface) of only 2-3nm in thickness.
As will be shown by the chemical analysis

FIG. 7. Microstructure of steel after hardening and tempering (HVEM).
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FIG. 8. Strain contrast of secondary carbides.

in our Results section, both these features
exhibit a strain contrast of secondary vana-
dium carbide precipitates. Possibly, the lat-
ter have formed in regions of the material
where the vanadium concentration is high.

Even for the highest possible resolution
(see Fig. 9), the course of the lattice planes
does not indicate any irregularities or other
phases within the dark areas. There is also
no indication of misfit dislocations, which
would be typical of the accommodation of
lattices of different effective lattice parame-
ters. Hence, the precipitates are supposed
to be completely coherent. The same also
holds for the thin line-shaped structures.
(The disturbances of the lattice planes in
Fig. 9 are mainly caused by the prepara-
tion-induced surface roughness.)

The finely dispersed precipitates having
only a very small misfit to the matrix con-
tribute to the secondary hardening at ele-
vated temperatures [1].

CHEMISTRY AND STRUCTURE OF
SECONDARY CARBIDE PRECIPITATES

EFTEM ANALYSIS

The chemical composition and the lateral
distribution of the small nanometer-sized
carbide precipitates cannot be imaged suffi-
ciently well by the method of X-ray mi-
croanalysis: The spatial resolution, on the
one hand, is limited by the fluorescence
phenomena in adjoining matrix areas. On
the other hand, the recording of appropri-
ate X-ray maps take too much time. There-
fore, the carbides were analyzed and im-
aged by the electron energy filter technique
(EFTEM) yielding a two-dimensional ele-
ment distribution.

This new favorable method in materials
science is based on the spectroscopy of in-
elastically scattered electrons (EELS): first,
an energy window (AE = 10. . .30eV) is in-
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FIG. 9. HREM image of secondary carbides in steel.

serted in the Gatan imaging filter (GIF) be-
hind the characteristic energy loss edge of
interest in the EEL spectrum. With the se-
lected electrons, a subsequent electron-opti-
cal system forms an image, which is digi-
tized by a slow scan CCD camera. Because
of the low specific signal in the EEL spec-
trum, the background has to be removed
by recording one or two additional images
using the same energy window in positions
directly in front of the edge onset. The cal-
culation of an element specific image is
now possible by dividing the image behind
the ionization edge by one image in front of
it (ratio map), or by subtracting the back-
ground, modelled with the two pre-edge
images based on an exponential law, from
the post-edge image (elemental map). While
the latter method results in a true element
distribution the former leads to an im-
proved signal-to-noise ratio and is only lit-
tle affected by varying specimen thickness
and diffraction contrast [18]. Qualitatively,
both methods should yield similar results,
however.

RESULTS

Because of the low energy loss intensity
obtained from the extremely small precipi-
tates we first employed the ratio map tech-
nique using the low energy region (M-edges)
of the EEL spectrum. The positions of the
respective energy windows (AE = 10eV) in
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FIG. 10. Position of the energy windows in the EEL
spectrum for recording the pre- and post-edge images.



Carbide Precipitates in High-Speed Steel S 6-5-2-5

the spectrum are given in Fig. 10. For imag-
ing the matrix (iron, Mj-edge onset at
54eV), windows No.3 (post-edge, at 60eV)
and No.2 (pre-edge, at 47eV) were used. As
it is assumed that the coherent secondary
precipitates mostly contain vanadium [19]
(V-Mys-edge onset at 38eV), windows No.2
(post-edge) and No.l (pre-edge, at 34eV)
were used to detect the carbides. Unfortu-

b)

51

nately, however, a certain chromium con-
tent in the carbide cannot be excluded as
the Cr-Mys-edge at 42eV overlaps with that
of V in window No.2.

As an example, Fig. 11 shows EFTEM im-
ages of the typical distribution and composi-
tion of nanometer-sized carbides. Most of
the dark structures in the TEM bright-field
image (a) (see Fig. 8) appear in bright con-

c)

FIG. 11. Nanometer-sized carbide precipitates: (a) TEM bright field, (b) and (c) EFTEM ratio maps of V and Fe, re-

spectively.
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trast in the V ratio map (b), i.e., they are rich
in this element. Contrary to that, in the Fe
ratio map (c) corresponding areas appear
dark, i.e., there is no iron, and both images
complement each other. It can be concluded
that in the investigated steel most of the sec-
ondary carbides appear as adjoining precipi-
tates (rods or plates) having a length of 10
nm and a width of only 2nm. Remarkably, it

E. Pippel et al.

turns out that few dark structures in the
TEM bright-field image of Fig. 11a (for ex-
ample, the parallel stripes in the lower right)
do not correspond to carbides. They are
rather caused by simple diffraction contrast.
Besides, the latter results demonstrate that
in materials research EFTEM is a powerful
tool of characterizing the nature of smallest
TEM contrast phenomena.

FIG. 12. Rod-shaped carbide precipitates: (a) TEM bright-field, (b) and (c) EFTEM ratio maps of V and Fe, respec-

tively.
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Similarly, the more extended line-(plate-)
shaped precipitates (see Fig. 8, lower part)
are characterized. Figure 12 shows an ex-
ample of these structures 1-2-nm wide, but
some 10 nanometres long. Again, the ele-
ment specific ratio maps of V (b) and Fe (c)
complement each other.

To prove the elongated precipitates to be
mainly composed of vanadium and carbon,

c)
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3-window elemental maps were addition-
ally achieved. Figure 13 shows that carbon
(K-edge at 282eV) (c) occurs in the same
places where also vanadium (c) appears but
not iron (b). It should be noted that in Fig.
13, the elemental maps are recorded with
the V-Lys-edge at 513 eV and the Fe-Lys-edge
at 708 eV. In this energy range, the intensity
of the EEL spectrum is usually small, the im-

FIG. 13 Rod-shaped carbide precipitates: (a) TEM bright-field, (b), (c), and (d) EFTEM 3 window elemental maps

of Fe, V, and C, respectively.
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ages become noisy, and nanometre struc-
tures will not be resolved. Moreover, in this
energy range there is no overlap between V
and Cr as in the case of M-edges, ie., the
precipitates definitely contain V and C.

The observed high vanadium content of
both types of secondary precipitates suggests
them to be carbides of the MC-type [19].

SUMMARY

The production of high-speed steels starts
in an electric arc furnace and includes hot
forming, annealing, machining, and heat
treatment until the tool is accomplished.
The material undergoes a number of me-
chanical and thermal treatments, which in-
fluence its macroscopic shape as well as its
microscopic structure.

The microstructure was characterized
down to atomic dimensions by high voltage
(HVEM) and high resolution electron mi-
croscopy (HREM) including energy-filtered
transmission electron microscopy (EFTEM)
for nanochemical analyses. Primary carbides
forming during solidification and assuming
a more spherical morphology during hot
forming, show an incoherent interface to the
matrix.

The primary carbides and their distribution
have a major influence on the wear resistance
and the toughness of the material. During
soft annealing in the high-speed steels, addi-
tionally annealing carbides 50-300nm in size
have precipitated in a ferritic matrix.

After hardening and during tempering,
secondary carbides grow, revealing differ-
ent morphologies. In some regions they
appear as regularly distributed dark spots
3-10 nanometers in diameter. In others,
rods or plates occur 2-3nm in thickness.
HREM investigations revealed a coherent
transition to the matrix.

Elemental maps on a nanometer scale
were achieved by EFTEM, showing an en-
richment with vanadium and carbon and a
depletion of iron in the namometer-sized
MC-type carbides.

The knowledge of the microstructure of
the different phases and their interfaces is

E. Pippel et al.

needed for micromechanical finite element
(FEM) calculations of the structure-prop-
erty relations. These calculations shall give
hints for improving the production route
and a better understanding of its effects.
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