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High-speed steels (HSS) such as AISI M2 are generally used for cutting and forming tools or broaches with
the highest demands on load bearability and hot-hardness. The requirements for high-speed steels are,
on the one hand, extremely high hardnesses of over 800–900 HV and, on the other hand, the thermal sta-
bility of the microstructure up to 500 �C. This combination is achieved by complex precipitation-
hardenable iron-based alloys. Common heat treatment practices for high-speed steels use salt baths or
vacuum ovens, which are energetically unfavorable and require subsequent cleaning. The study consists
of short-time hardening and short-time tempering on a laboratory scale by means of dilatometry and
thereupon an implementation in an industrial induction hardening machine. The laboratory scale exper-
iments demonstrate the feasibility of bringing sufficient alloying elements into solution by means of sev-
eral heat treatment cycles despite short holding times of 1 s and less. Combined tests of short time
hardening and tempering show a hardness of up to 850 HV10 that are competitive with the conventional
heat treatment route. First attempts to transfer the process to an industrial setup exhibit some peculiar-
ities in the process control, but reveal promising results with a surface hardness of up to 750 HV10.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. Motivation

In order to achieve the best properties in heat treatable steels,
high demands are placed on the temperature control of the hard-
ening and tempering process. In the case of high-speed steels
(HSS) this applies to the austenitization step at high temperatures
above TA ¼ 1200 �C for several minutes in order to dissolve the
carbide-forming alloying elements in the austenitic phase [1].
The subsequent quenching rate must also be tightly controlled in
order to avoid cracking. After cooling, the supersaturated marten-
site is subjected to a multi-stage tempering heat treatment. Tem-
pering heat treatments at 500–650 �C leads to precipitation of
fine (Mo-; W-; V-) carbides with a hardness of 2500–3000 HV,
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increasing the overall materials hardness [2] while providing a
thermal stability of up to 600 �C [3]. Due to the high demands on
temperature control, these components are treated in a vacuum
furnaces or salt bath.

By means of induction hardening, heat treatment processes can
be carried out efficiently in a matter of seconds. Compared to salt
baths, the inductively heat treated parts do require significantly
less cleaning. The short-time process of induction hardening offers
the potential of processing the entire heat treatment procedure in
several seconds to minutes, while the conventional process usually
takes up to 6–8 h. While the advantages are evident regarding the
rapid and clean heat treatment, the short-term induction heat
treatment poses challenges for the adjustment of satisfactory hard-
ness depth profiles. Due to the high heating and quenching rates,
high thermal gradients and crack formation can occur [4]. In order
to be able to reproducibly adjust favourable hardness values via
short-time hardening, a detailed knowledge of the process-
structure-property relationship with respect to time and tempera-
ture is necessary.

Due to the short process times, homogenization by diffusion is
not given sufficient time, resulting in a heterogeneous matrix in
terms of element distribution [5] and thus, in the resulting proper-
ties after quenching and tempering. While process fluctuations of
seconds are negligible in the conventional process, they must be
precisely controlled in the case of short-term heat treatment. On
the other hand, short-term heat treatments also bring advantages
regarding materials engineering, which are characterized, for
example, by a graded microstructure (after short-term hardening)
with graded properties of a hard surface and a ductile core [6], or
also the avoidance of tempering brittleness through short-term
tempering [7]. In particular, the avoidance of blue brittleness dur-
ing tempering leads to an improved combination of hardness and
ductility and requires further research attention [8]. The question
also arises which time periods and temperatures are necessary to
bring a sufficient quantity of alloying elements into solution in
order to be able to achieve sufficient hardness in the subsequent
tempering process of high-strength steels.
1.2. Conventional heat treatment of HSS

The standard heat treatment for HSS (see Fig. 1) is carried out in
a sequence of single or multi-stage preheating steps, holding at
austenitization temperatures of 1180 to 1230 �C, quenching and
repeated tempering steps at 520 to 600 �C [9]. HSS achieve their
exceptionally high hardness from a fine and hard martensite on
the one hand and the formation of special carbides containing
tungsten and vanadium on the other. Fig. 1 visualises the standard
Fig. 1. Schematic time–temperature sequence for hardening and
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sequence. With increasing austenitization temperature, more car-
bides (W, V) are dissolved, which contribute to an increase in sec-
ondary hardening in the tempering step. The upper limit of the
austenitization temperature is specified as 1230 �C. At higher tem-
peratures (P1250 �C), local melting of carbides accompanied by
grain growth may occur [9] (Fig. 2). The tempering treatment is
carried out in three cycles with each cycle at the tempering tem-
perature for 1 h before they being quenched to room temperature.
The cyclic procedure causes carbon to be bound in precipitates at
the tempering temperature, which depletes the retained austenite.
Due to the depletion, a fraction of retained austenite transforms
into martensite on cooling, which in turn is tempered by the sec-
ond tempering cycle. The final cooling temperature of each tem-
pering step must fall below the martensite finish temperature,
since otherwise metastable retained austenite will remain, which
may lead to martensitic transformation and embrittlement [2] dur-
ing further processing or application. The cyclic tempering heat
treatment thus leads to a successive precipitation of carbides, a
tempering treatment of the newly formed martensite and a trans-
formation of retained austenite into martensite.

1.3. Short-time heat treatment and carbide precipitation kinetics of
HSS

In the pursuit of enabling comparability of varying tempering
temperatures and times, equivalent tempering parameters result-
ing in a correlation of the hardness were developed. A well-
known example is the approach by Hollomon and Jaffe [11] with
a tempering parameter definition

PHJ ¼ TðC þ logðtÞÞ; ð1Þ

including a material-dependent coefficient C, the tempering tem-
perature T in [�C] and the tempering time t in [h]. According to
ASM Handbook of Tool Steels [1], a coefficient of C ¼ 12:5 is feasible
to compare the tempering hardness of high-speed steels with the
tempering parameter PHJ , see Fig. 3. With decreasing tempering
time, the tempering temperature leading to a maximum hardness
is shifted to higher temperatures. Here, the tempering Parameter
PHJ results in a good correlation of tempering temperature and time.
A maximum hardness of approx. 850 HV can be achieved by carry-
ing out a tempering process which leads to a tempering parameter
of PHJ of 9000–9500. Fig. 3 indicates that the hardness curve after a
duration of 0.5 h is not completely coincident with the hardness test
series at longer times. Consequently, it can be assumed that a fur-
ther shift of the maximum hardness peak for shorter heat treatment
times to higher PHJ-values may occur, particularly with heat treat-
ment times in the time scale of seconds (See Fig. 4).
tempering of HSS steels (digitised according to Liedtke [9]).



Fig. 2. Phase diagram of M2 according to Halfa et al. [10].

Fig. 3. Hardness of M2 steel, austenitized at 1220 �C, after tempering. Top:
Hardness values after single-tempering in dependence of tempering time tT ,
bottom: Calculated tempering parameters PHJ vs. the resulting hardness. Data has
been digitized from [1] and recalculated to Vickers hardness HV. The tempering
parameter PHJ was calculated with temperature T in [�C] and time t in [s].

Fig. 4. Representation of the mounting situation of the component (rod) and the
induction coil and the quenching shower.
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Studies by Powers and Libsch in the 50s were already able to
show the feasibility of short-time induction tempering of conven-
tionally hardened M2 steel [12], but noted that the tempering
parameters determined from short-time heat treatment show no
correlation with the final hardness. Studies on laser-hardening of
M2 steel report a hardness of over 1100 HV and thus illustrate
the potential of short-term heat treatments [13]. Recent studies
of Sackl. et al. [14,15] reported the feasibility of ”short”-time hard-
ening and tempering via dilatometry, using a holding time of 18 s
at austenitization temperature. Here, an increase in MS tempera-
ture of 10K was reported, which was consistent with APT measure-
ment where the iron matrix had a reduced carbon content by
0.15wt.% in solution in comparison to the conventional heat treat-
ment state. While recent work on short-time tempering of low-
alloy steels often showed good agreement with the Hollomon
and Jaffe approach [16–18], the work of Furuhara et al. [19] indi-
cated a significant discrepancy between hardness and tempering
parameter for holding times of � 0 s at tempering temperature.
3

To counteract these discrepancy in the description of Hollomon
and Jaffe, various adaptations have been described in the literature
[17,20]. All of them have the formulation as an Arrhenius approach
in common, where only the proportional effect of time and tem-
perature is evaluated differently. Semiatin et al.[17] describe that
a description of the temperature in Rankine (TR ¼ 1:8 � TK) leads
to a better agreement of hardness and tempering parameter.

In order to find out the practical limits of induction hardening of
high-speed steels in terms of short-term heat treatment, the effect
of continuous temperature control (compared to isothermal steps)
at heating and cooling times of a few seconds has to be investi-
gated. To date, no work has systematically investigated the influ-
encing variables of short-time hardening as well as the short-
time tempering subsequent to it.
1.4. This work

Within the scope of the work, experiments are carried out on
laboratory level by means of dilatometric short-term heat treat-
ment and are characterized in terms of resulting hardness,
microstructure morphology and grain size. In addition, the work
combines transfer to the shop-floor at an industrial induction hard-
ening facility with component-like geometry. The work aims to
understand and optimize the interactions of short-time austeniti-
zation and short-time tempering treatment and to create a graded
surface layer with a hardness comparable to the conventional pro-
cess on component level. Finally, incremental Hollomon-Jaffe tem-
pering parameters are determined using the time–temperature
curves of the experiments and the resulting material states are
compared with the near-equilibrium reference states from the
literature.
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2. Material and methods

2.1. Material

The HS 6-5-2C high-speed steel (often known as M2) is one of
the most commonly used high-speed steels. Due to the compara-
tively low addition of costly elements (W, Mo, V), this steel is
cost-effective with excellent toughness and sufficient wear resis-
tance. It will be referred to the chemical composition of the Euro-
pean EN ISO standard as the range of alloying elements is more
precise. Table 1 reports the nominal and analysed compositions.
The chemical composition is generally within the tolerances, with
the exception of slightly reduced Cr contents. For the preliminary
tests on a laboratory scale, the wrought material was machined
to dilatometric hollow specimens (10 mm length, 4 mm and
3 mm outer/inner diameter). For the induction heat treatment on
component scale, rods were machined to a diameter of 21 mm
and a length of 200 mm.
2.2. Methods

The DIL 805 dilatometer from TA Instruments was used to
examine the short-term heat treatment processes on a laboratory
scale (see Section 3). The specimen is heated via induction and
the temperature is controlled by a thermocouple type S. The vac-
uum chamber is evacuated to a pressure of 10�4 mbar and flooded
with He (99.996% purity) to avoid decarburization or carburization
effects.

The induction hardening experiments on component level (see
Section 4) were carried out on the FIAND KHM 750 hardening sys-
tem using an IDEA SMS850 dual-frequency converter [21]. The
generator of the hardening system allows a simultaneous dual-
frequency inductive heat treatment with a maximum power out-
put of 850 kWwith frequency bands of 10–30 kHz for medium fre-
quency (MF) mode and 150–450 kHz for high-frequency (HF)
mode. The component surface temperature was recorded using a
type K thermocouple in preliminary tests. The repeatability of
the temperature curves as a function of the performance data of
the induction hardening system was confirmed by multiple tests.
The resulting time–temperature curves are shown in Fig. 19.

Microstructural evaluation has been carried out with optical
microscopy and scanning electron microscopy after samples were
ground and polished to 1 lm and etched with V2A etchant
(47.5% hydrochlocric acid, 47.5% water and 5% nitric acid) for 30s
at 60 �C, to reveal the microstructural features.

Vickers hardness tests (Qness Q20a+) were carried out with a
force of 10kg (HV10) in accordance with DIN EN ISO 6507–1 to
ensure a reliable analysis.

Phase analysis was carried out by X-ray diffraction (XRD) with a
Bruker D2 Phaser using CuKa radiation. The scans were done in a
2H range from 40� to 145� with a step size of 0.01� and a count
time of 2 s. The dilatometer specimens were ground on the circum-
ference to provide a flat surface for the X-ray analysis. However,
the small surface area leads to low intensities. The authors would
therefore like to point out that the analyses are used as a compar-
ison among each other and are qualitative in nature.
Table 1
Nominal chemical composition of M2 tool steel according to DIN EN ISO 4957 and presen

Element Fe C Si

HS6–5-2C Bal. 0:84� 0:92 60.45
Measured Bal. 0:86� 0:02 0:33� 0:03
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2.3. Heat treatment procedures: laboratory scale

2.3.1. Short time hardening
In the first step, the influence on the transformation during

hardening after short-term austenitization is analyzed. Since con-
stant, isothermal temperature steps can hardly be realized by
induction heating on a component scale, the process is carried
out by varying the austenitization temperature TA, heating time
tH to reach TA and quantity of hardening cycles. The scope of the
tests consists of a variation in the austenitization temperature TA

(1100 �C, 1180 �C, 1220 �C, 1250 �C, 1275 �C), the heating time
tH from room temperature to reaching TA (2s, 5s, 10s) and the
amount of hardening cycles (1, 3, 5). The holding time at TA was
set to 1 s, as this ensures a more stable process sequence. This
allows to avoid local overheating while ensuring a stable process
control for the tests on component scale. The combinations are
visualized in Table 2. The transformation kinetics during cooling
are investigated, which provides an indication of the alloy ele-
ments that have gone into solution in the austenitic phase. In addi-
tion, samples states are produced using conventional heat
treatment steps for comparison.

2.3.2. Short time tempering
Tests were carried out combining conventional and short time

heat treatment in order to investigate the potentials; Conventional
hardening (CH) with short time tempering (ST), as well as short
time hardening (SH) with conventional tempering (CT). Further-
more, promising short time hardening routes were chosen for fur-
ther investigation in combination with short time tempering.
Table 3 lists the procedures.

2.4. Heat treatment procedures: component scale

The thermal history of preliminary dilatometric tests of the
most promising states were used as a basis for the component tests
using the induction hardening system. Since the induction harden-
ing system can only be controlled by the process time and power,
preliminary studies were carried out on the influence of these pro-
cess parameters on the component surface temperature. The tem-
perature curves of the hardening and tempering tests are
addressed in Fig. 19.
3. Results: dilatometry

3.1. Initial material state

Since induction heat treatment processes involve short heating
and quenching cycles, the initial or as-delivered condition can have
significant effect on the properties after hardening. The as-
delivered microstructure of HSS is usually in a soft-annealed con-
dition with a combination of relatively coarse and finely dis-
tributed carbides and a resulting hardness of approx. 200-
300 HV. In the following Fig. 5(a), the microstructure is shown.
The microstructure consists of a ferritic matrix with coarse primary
carbides of several micrometers in size. Hardness measurements
confirmed a hardness of 220 HV10. The diffraction pattern shows
no traces of retained austenite, significant peaks of M6C-Carbides
(Fe3W3C) and peaks of MC-carbides (VC).
t material composition, determined by means of emission spectroscopy, in wt.%.

W Mo Cr V

5:9� 6:7 4:7� 5:2 3:8� 4:5 1:7� 2:1
6:46� 0:08 4:95� 0:10 3:6� 0:10 1:71� 0:03



Table 2
Short time hardening: Investigated process parameter combinations.

Austenitization temperature TA [�C] Heating time [s] 1 Cycle 3 Cycles 5 Cycles

1100, 1180 5
p

1200, 1225, 1250, 1275 2, 5, 10
p p p

Table 3
Short time hardening and tempering (SH + ST): Investigated tempering parameter
combinations with the respective tempering temperatures TT .

Hardening process Heating time
[s]

3 Cycles to TT

[�C]
5 Cycles to TT

[�C]

3 Cycles to
TA ¼ 1225�C

tH ¼ 5s 560/600/640/680/720/760

5 Cycles to
TA ¼ 1225�C

tH ¼ 5s 560/600/640/680/720/760

Fig. 6. Hardness vs. Tempering temperature in dependence of the heat treatment
process. The maximum of hardness shifts to higher temperatures with less
tempering time, while comparable maximum hardness is achieved. Grey area
corresponds to the confidence interval of hardness after CH + CT for different
batches, according to [9]. For further work, a minimum hardness of 800HV is
defined as benchmark, see gray dashed line.
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3.2. Hardness of conventionally hardened conditions

In this section, the hardness resulting from the conventional
heat treatment process will be determined, which will serve as a
benchmark for the analysis of the resulting hardnesses of the
short-time heat treatment. The literature survey indicates that
the desired hardness after heat treatment for HS6–5-2C is 65HRC
(� 830 HV). Depending on the requirements in combination of
toughness and hardness, a value of 62HRC (� 750 HV) can be also
be desireable. Samples are subjected to conventional heat treat-
ment at the austenitization temperatures of TA ¼ 1180�C and
1225�C in order to represent the upper and lower limits of com-
mon austenitization temperatures. Those samples will be referred
to as CH + CT (conventional hardening + conventional tempering).
The purpose of this is to elaborate the extent to which short-time
tempering is competitive to conventional tempering. Preliminary
work by Powers and Libsch [12] has already shown promising
results, which will be reproduced in the following in our own ser-
ies of tests. Conventionally hardened and short-time tempered (2 s
to TT , 1 s at TT , 2 s quenching) conditions are analysed (and will be
referred as conv. hardening and short-time tempering (CH + ST)).
Additionally, the range of hardness from literature ([9]) is visual-
ized in Fig. 6 as grey area. While the CH + CT states (full symbols)
lead to the expected hardness with respect to the tempering tem-
perature TT , the maximum hardness of the short-time tempered
CH + ST states (open symbols) is reached at temperatures of 650-
700 �C with 850 HV. It can be seen that at high austenitization tem-
Fig. 5. Characterization of the delivered and initial, so
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peratures (TA = 1225 �C), sufficient elements have gone into solu-
tion to provide a promising hardness even after heat treatment
cycles of a few seconds. Also, under the condition that sufficient
alloying elements are brought into solution (by conventional hard-
ening), the short-time tempering can provide promising hardness
values. Thus, it can be stated that the major aspect of new investi-
gation should be committed to short-time hardening. In a first step,
the mechanisms of short-term hardening on the material state
must be understood with respect to conventional hardening.
ft annealed material state of M2 high speed steel.
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3.3. Analysis of the short-time hardened condition (SH)

3.3.1. Dilatometric analysis
Based on the previous section, the focus is now on clarifying the

question as to which means can be used to determine a sufficient
amount of elements brought into solution after short-term harden-
ing. In order to reduce the optimization effort, a suitable measure
for evaluating the elements that have gone into solution must be
determined. Dilatometric screening tests are an excellent method
to rapidly analyze heat treatment procedures. As a commonly used
evaluation approach, the martensite start temperature can be cho-
sen as a reference, which directly correlates to the alloying ele-
ments that have gone into solution. Fig. 7 shows the dilatation
curves of the quenching procedure after a CH (conventional hard-
ening) treatment (2 min at TA = 1180–1225 �C, grey) as well as five
cycles of the short-term hardening procedures (red). The local min-
ima of the dilatation curves indicate the beginning of the austenite
transformation to martensite. Due to the inhomogeneous nature of
the microstructure, high fluctuations of MS values are given even
for the CH states. In the case of conventional heat treatment, the
martensite transformation starts at approx.
M1180�C

S ¼ 197�C� 26�C for the lowest austenitization temperature

of 1180 �C and reduces to M1225�C
S ¼ 143�C� 24�C for TA ¼ 1225�C

and M1250�C
S ¼ 120�C� 16�C for TA ¼ 1250�C when increasing the

austenitization temperature, accordingly (see Fig. 7 grey line).
The dilatation curve of the conventional hardening shows a lin-

ear shape during cooling, which corresponds to the thermal con-
traction of the austenitic phase. Deviations from the linear line
usually correspond to a phase transformation (to bcc phase) and
an associated increase in volume. The conventionally heat-
treated specimens report a straight line (hence no martensitic
transformation) before reaching MS. This can be understood as an
indicator of how homogeneously the alloying elements are dis-
tributed in the microstructure. In contrast, the short-time austen-
itized curves show an early deviation already at temperatures
near 400 �C, indicating an inhomogeneous distribution of alloying
elements. For a simplified comparability, the martensite start tem-
perature MS will be evaluated as the minimum of the dilatation
curve. This corresponds to the temperature at which the majority
of the microstructure converts to martensite with further under-
cooling. As the number of cycles increases, the austenitic transfor-
mation kinetics approaches the reference. Despite the short time
intervals of a few seconds, successively more alloying elements
are brought into solution. In the following, multiple combinations
Fig. 7. Quenching dilatation curves in dependence of the heat treatment.
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of maximum austenitization temperature TA, heating time tH and
number of cycles will be evaluated in terms of their martensite
start temperature.

Fig. 8 reports the evolution of MS in dependence of austenitiza-
tion temperature TA (1200-1275 �C) and heating time tH (2-10 s).
The holding time of 1 s at TA is held constant, as the temperature
control in the further induction heating process is usually not con-
trolled (and hence, cannot achieve an isothermal holding
temperature).

The evolution of MS temperatures with respect to hardening
cycles indicate an exponential decay trend, with high changes of
MS in between the first cycles, approaching a plateau after five
cycles. The martensite start temperatures after short-time austen-
itization at TA ¼ 1200�C reveal differences between samples in the
first hardening cycles depending on their heating time, which
remains constant with increasing number of hardening cycles.
The short-time tests are close to the martensite start temperature
of conventional hardening (TA ¼ 1180�C, yellow horizontal line)
after five cycles, with variations between samples of up to 25 K.
Here, varying the heating time (tH = 2 s, 5 s, 10 s, see symbols)
shows no significant change in MS.

In contrast, dilatation curves after heat treatment at 1225 �C
indicate excellent reproducibility irrespective of heating time tH
(2 s, 5 s, 10 s). MS temperatures are reproducible at about 180 �C,
but are 35K higher (MS = 145 �C) compared to conventional heat
treatment at TA ¼ 1225�C (see orange data in Fig. 8).

A second aspect of the study addresses the possibility of pro-
voking overheating by short-term heat treatment and thus, accel-
erating diffusivity, possibly bringing more alloying elements into
solution. The restriction here is to ensure that no melting of car-
bides occurs. By further increasing the austenitization temperature
TA beyond 1225 �C, even lower MS values and thus, presumably
even higher secondary hardnesses can be achieved after temper-
ing. Heat treating at 1250 and 1275 �C for a heating time of
tH ¼ 5s does lead to slight reductions of MS values than the mate-
rial states heat treated at 1225 �C.
3.3.2. Microstructure after short-time hardening
Fig. 9 depicts the resulting microstructure after five cycles

heated in tH ¼ 2s in dependence of the austenitization temperature
TA. Metallographic analysis reveals that the former primary car-
bides are partially melted with an eutectic structure (see Fig. 9
(d) and 9(e) between the grains). According to the phase diagram
Fig. 8. Evolution of martensite start temperatures MS with increasing number of
cycles, in dependence of austenitization temperature TA ¼ 1200� 1275 �C and
heating time tH = 2–10 s.



Fig. 9. Overlayed micrographs of short-time hardened (SH) samples, in dependence of heating time and austenitization temperature. The grain boundaries and molten ares
are highlighted in red.

Fig. 10. Final austenite grain size with respect to austenitization temperature,
heating times and cycles. Literature data digitized from ASM Handbook Heat
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(Fig. 2), MC and M6C-Carbides form a liquid phase at temperatures
beyond 1245 �C. However, rapid heating procedures with only a
few seconds at TA seem to be sufficient to cause significant melting
in the microstructure. With a further increase in temperature, the
carbides are successively melted until the phase boundary temper-
ature of 1280 �C is exceeded, where only ferrite, austenite and liq-
uid phase are present. The material state heat treated at 1275 �C
(see Fig. 9(e)) shows hardly any remaining primary carbides but
eutectical, formerly molten areas between the grains. At austeniti-
zation temperatures of 1250 �C and beyond, imperfections in the
form of pores/voids can be identified, which are presumably the
cause of melting, which will likely have a negative effect on the
structural integrity of the components. To limit the scope of the
study, the authors chose not to pursue these states further, as on
one hand the geometric stability cannot be ensured, and on the
other hand the sharp-edged morphology of the remelted carbides
could reduce the toughness of the material state.
treating of iron and steels [1].
3.3.3. Prior austenite grain analysis
Fine austenite grains are known to lead to an increase in overall

hardness and usually improve the load bearability of components.
To investigate the influence of short-term austenitization on grain
size, several optical micrographs (see Fig. 9) were analyzed for each
condition. The resulting grain sizes are shown in Fig. 10. With
increasing austenitization temperature, the grain size increases
from about 8–9 lm to 12 lm. The grain sizes are within expected
size of conventionally heat treated samples at the same tempera-
ture. Thus, it can be stated that short-time hardening (holding time
7

of 1 s at TA) for 3–5 cycles leads to a near-equilibrium state of the
austenite grain size. The austenite grain size is limited by the pres-
ence of MC and M6C, which impedes grain growth and thus leads
to a fine microstructure. As addressed in the microstructural anal-
ysis, melting of the MC/M6C carbides takes place at temperatures
of 1245 �C and higher, leading to a successive coarsening of the
austenite grains. However, even at temperatures TA ¼ 1275 �C
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(above the solidus line of VC-eutectic) a comparatively fine mean
grain size of 12 lm remains.

3.3.4. Conclusion of short-time hardening (SH)
By means of varying the austenitization temperature and the

heating time, extensive studies were carried out to determine the
MS-temperature. The study shows that with increasing number
of cycles at TA ¼ 1225�C, a plateau of MS-temperature comparable
to a conventional heat treatment of 1180 �C persists, indicating
that a similar amount of alloy elements is brought into solution.
With austenitization temperatures of 1250–1275 �C, comparable
MS-temperatures to conventional hardening can be achieved, but
at the expense of the remelting of the MC/M6C carbides. Conse-
quently, for the following short-term annealing tests, austenitiza-
tion is performed at 1225 �C for 3–5 cycles, resulting in a MS-
temperature of 180–200 �C, being comparable to a conventional
hardening treatment at TA ¼ 1180�C.

3.4. Analysis of the short-time hardened and short-time tempered
condition (SHST)

In the following, the resulting hardnesses after multiple harden-
ing of 3 or 5 cycles at 1225 �C and a subsequent short-time temper-
ing heat treatment are shown (see Fig. 11). The material states
after triple hardening lead to a hardness of about 750HV after tem-
pering, regardless of the tempering temperature. Even though one
test appears to have reached 800 HV, it can be seen from the
repeated tests that there are fundamental fluctuations and that
the specified target of 800 HV cannot be achieved reproducibly
by triple hardening. In contrast, a hardness of over 800 HV can
be reproducibly achieved in the conditions that were hardened five
times and tempered three times (5xH + 3xT) (see Fig. 11b).

Compared to conventional hardening, the hardness maxima are
shifted to a temperature of 680-720 �C. The benchmark of over
800 HV is also achieved in repeated tests. By further increasing
the tempering temperature, the hardness reduces to less than
750 HV, revealing an optimum at temperatures between 650 to
750 �C. Comparing the two plots, the tests with fivefold hardening
offer the potential to set competitive hardnesses by inductive
short-term heat treatments.

According to the phase diagram (Fig. 2), MC carbides dissolve at
1245 �C, while M6C are only completely dissolved at temperatures
Fig. 11. Hardness in dependence of tempering temperature of short time hardened and
sufficient to lead to a hardness after tempering of 800 HV, while five hardening cycles w
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above 1280 �C. Due to the short-term austenitization, the question
arises to what extent the dissolution of MC takes place in compar-
ison to M6C. The evaluation of diffractograms can provide informa-
tion about the volumetric amount of phases present. In the
following diagram (Fig. 12), the diffractograms of the states of a
conventional heat treatment are compared with those of short-
time heat-treated states. The diffractograms show a similar pattern
across the states, with the majority of the peaks explainable by the
phases of a-iron and Fe3W3C carbide. Some isolated c-iron peaks
can be identified at 49� and 74� and 93� angles, and for the VC at
37� and 69�. In addition, overlapping peaks of the c-iron and VC
exist at 42� close to the a-iron reflex, which are therefore difficult
to assign qualitatively. Of particular note are the austenite peaks at
49 and 74�, which appear to occur in isolated states. However, the
occurrence of small amounts of residual austenite could not be cor-
related with an effect on hardness. Accordingly, a statement of the
quantitative phase quantities does not seem to be purposeful,
which is why reference is made to the results only for reasons of
completeness.

In summary, it can be stated that short-term heat treatment
only leads to optimum component conditions by precise tempera-
ture control. Competitive microstructural hardness compared to
conventional heat treatment can be achieved utilizing a short-
term heat treatment of five cycles carried out at a austenitization
temperature TA ¼ 1225�C and subsequent triple tempering in the
temperature interval between 650-750 �C.

4. Results: induction hardening on component level

4.1. Short time hardening

To test the feasibility on an industrial induction hardening sys-
tem, rods of 20 mm diameter were heat treated using medium fre-
quency (MF) at 10–35 kHz and high frequency (HF) at 100–
450 kHz induction hardening procedures. The rods where heated
to the maximum temperature in 5s with a constant power setting.
Different cooling strategies (water, compressed air + water, com-
pressed air) were investigated to assess crack susceptibility for
the induction hardening process routes (Fig. 13). Due to the
changes during the heating and the subsequent cooling process
(compared to the conventional process route) a holistic approach
with multiple cooling rates was used. Route 1 corresponds to a fast
tempered conditions, left: 3 Cycles, right: 5 Cycles. Three Hardening cycles are not
ith high tempering temperatures of 680–720 �C lead to hardnesses over 800 HV.



Fig. 12. Heat treatment states analysed by XRD patterns of CH + CT state in
comparison to SH + ST state.

Fig. 13. Experimental temperature profiles.
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water quenching with high temperature gradients. In Route 2,
compressed air is used for cooling and will be switched to water
quenching before reaching MS at approx. 260 �C. The aim here
was to achieve the most homogeneous cooling possible in the com-
ponent and thus low thermal stress until the martensitic transfor-
mation was reached. Route 3 corresponds to the mildest cooling
with compressed air until room temperature is reached. Here,
the thermal conductivity in the component is high enough to result
in a homogeneous temperature across the cross-section during
cooling. The comparison of routes 2 and 3 can provide information
about the susceptibility to cracking as a function of the martensitic
transformation of high speed steels. Conditions following Route 1
(quenched with water) show far-reaching cracks over the entire
specimen cross-section in centimeter size (Fig. 14(a)). In a total
of four hardening tests (2x MF, 2x HF) all specimens are subject
to cracks. The combined air + water quenching (Route 2) also
shows cracks in cross-section in all four tested conditions, how-
ever, are more isolated and of smaller size (Fig. 14(b)). The sample
states of Route 3 (after air quenching) show no signs of cracks
(Fig. 14(c)). These are crack-free even after five hardening cycles.
The time to cool to room temperature in this case is approx 300 s.

The following image (Fig. 15) depicts the hardness depth pro-
files up to the center (10 mm) of the threefold and fivefold hard-
ened conditions. In comparison, fivefold hardened rods result in a
higher hardening depth after induction hardening with MF (red
compared to black) and HF (green compared to blue). The HF con-
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ditions show a penetration effect up to 5 mm at which the base
material hardness of 230 HV is reached. The MF states show a
hardness of about 600 HV in the center, indicating significant pen-
etrating austenitization and solution annealing. At the periphery,
the states exhibit hardnesses of 750-825 HV and are thus compa-
rable to the dilatometric hardness results. In the transition region
of the HF states, the inhomogeneous microstructure is indicated
by the comparatively high standard deviations. It should be noted
that the hardness of the hardened-only states offers little informa-
tion, as hardened states with high proportions of alloying elements
contain high proportions of retained austenite and thus, will
develop their superior hardness only after tempering.

In addition, the hardness depth curves of the water-quenched
variant (W) and the compressed air-quenched variants are shown,
even though the water-quenched conditions show strong cracking
and are therefore not suitable for further investigation. The hard-
ness depth profiles of air- and water-quenched are near-
identical, indicating that the hardness is independent of the
selected cooling strategy. Since only the air-quenched samples
are crack-free, this cooling strategy will be used for the following
tests.
4.2. Short time hardening and tempering of rods

In the following, the feasibility of an combined short-time hard-
ening and tempering procedure on an industrial two-frequency
system is examined. The states are short-time hardened five times
at TA ¼ 1225 �C, each with MF or HF. The number of tempering
cycles (3xST/ 5xST) and tempering temperatures TT are examined
as further influencial factors. The resulting surface layer hard-
nesses are shown in Fig. 16. The depth profiles are similar to the
profiles of the hardened states reported in the previous section.
Conditions after high-frequency (HF) heat treatment show a
graded surface layer condition until they settle into the base hard-
ness of 230 HV at approx. 6 mm. In comparison, the medium-
frequency excited states show through hardening with core hard-
nesses of up to 650 HV. The hardness achieved on the surface are
between 675-750 HV for all states and are therefore slightly below
the target value of 800 HV.

By variation of the excitation frequency, graded boundary layer
states can be produced in the component, which are not feasible by
means of conventional heat treatment. This could open up the pos-
sibility of defining an optimum which enables optimum wear
resistance with high ductility at the same time. In Fig. 17 the
microstructure of the HF 5xSH + 3xST 640 �C state is shown. The
surface-near region reveals dissolved carbides or remnants of for-
mer carbides in form of eutectically solidified areas, which indicate
a significant overheating of the surface. In the transition zone (2–
6 mm), the primary carbides were partly dissolved, with re-
molten primary carbides at the grain boundaries with eutectic
appearance. Correspondingly, the grain sizes are also significantly
increased. In the transition area of the hardness (between 2–
6 mm) a combination of molten primary carbides as well as round,
remaining primary carbides can be seen. It can be concluded that
the adjusted temperature control led to an unplanned overheating
and finally to a coarsening of the microstructure and to a deterio-
ration of the properties.
5. Discussion

5.1. Relationship of temperature and time: The Hollomon Jaffe
approach

To better understand the mechanisms of precipitate formation
during tempering, the short-term heat treatment results of this



Fig. 14. Segmented metallographic cross sections after different cooling routes: Quenching routes with water quenching will ultimately lead to cracks in the bars. Air cooling
led to crack free samples.

Fig. 15. Hardness depth profile of the induction hardened cylindrical specimens
(10 mm = center), induction heated with medium frequency (45–100 kHz) and high
frequency (100–450 kHz), quenched with compressed air.

Fig. 16. Hardness depth profiles of induction hardened and tempered bars, in dependenc
were carried out at a maximum temperature of TA ¼ 1225�C. Left: Fivefold hardening a
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work are compared with literature values. To determine the effec-
tive tempering parameter, the non-isothermal temperature curves
were approximated using a numerical staircase function. The first
step is to analyze the results on a laboratory scale, which are sub-
ject to very precise temperature control due to the heat treatment
by means of dilatometry. In Fig. 18, the digitized results from the
ASM Handbook [1] are compared to the short-time heat treated
sample states of this work. The data points of CH + CT are validated
by the overall course of the hardness curve in literature (CH + CT
(ASM)), that reveals an optimum at a PHJ ¼ 9000 with a hardness
of 850 HV and more.

In contrast, the states after conventional hardening and short-
time tempering treatment show their optimum at values of 8000.
Since the short-time annealed curves were heat treated at temper-
atures up to 680 �C, the effect of temperature on hardness seems to
be underestimated by the PHJ . The SH + ST states are difficult to
assess due to their uncertain reproducibility in terms of tempera-
ture control as well as chemical inhomogeneity, nevertheless, seem
to follow a generalized description by the Hollomon-Jaffe-
Parameter PHJ .

Within the scope of short time tempering of steels, further
approaches of calculating the tempering parameter from the liter-
ature (see [17]) were analysed, however, did not lead to an increase
e of frequency (MF/HF) and maximum tempering temperature. The hardening cycles
nd threefold tempering (5xSH + 3xST), right: (5xSH + 5xST).



Fig. 17. SEM images of sample HF 5xSH + 3xST tempered at maximum temperature of 640 �C.

Fig. 18. Calculated Tempering Parameters PHJ vs. the resulting hardness for
multiple heat treatment procedures. CH: Conventional hardening, SH: short-time
hardening, CT: conventional tempering, ST: short-time tempering.
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prediction quality (and hence are not presented here). Further-
more, it should be mentioned that an inhomogeneous microstruc-
ture state exists due to the short-term hardening. Here, Sackl et al.
[15] reported by means of APT that already by an austenitizing
time of 18 s the proportion of dissolved carbon in austenite is
reduced by 0.15 wt.% compared to the conventional heat treat-
ment. Therefore, further in-depth studies of the feasibility of
short-time hardening for high speed steels must be carried out.
11
5.2. Resulting hardness on component scale

Due to the transient temperature control in induction harden-
ing operations, precise temperature control (compared to dilatom-
etry) is difficult to realize. Consequently, the temperature control
could have a significant influence on the resulting hardness. In
Fig. 19, the temperature curves of the bars close to the component
in the induction hardening system are compared with the temper-
ature curves of the dilatometric tests. As the induction hardening
machine for these experiments was operated by a constant power
over time, a perfect temperature control up to 1225 �C can hardly
be achieved. Overall, the MF tests reveal a slower cooling rate in
comparison to the HF tests, since the component has experienced
through heating (as can be seen by the hardness measurements,
see Fig. 15). In contrast, the holding time in dilatometric tests of
1 s at TA is assumed to have a significant impact on the enabled dif-
fusion. After 5 s, the power of the system is switched off and an
immediate self-cooling of the component occurs. Hence it can be
assumed that during induction hardening, the relevant tempera-
ture range of over 1200 �C is only reached for a very short time
in order to achieve a suitable uptake of carbide-building elements.
Due to the highly complex processes involved in the dissolution of
carbides, efforts should be made to develop a time- and
temperature-dependent parameter similar to a Hollomon-Jaffe
PHJ approach being able to provide a correlation of temperature,
time and the quantity of dissolved elements. In addition, future
work using dilatometry should analyze a heat treatment that cor-
responds to the possibilities of induction hardening systems, so
that transferability can be made more easily.
6. Summary

In this work, the feasibility of short-time hardening followed by
short-time tempering of M2 high-speed steel was investigated on
the one hand at laboratory scale (dilatometric) and on the other



Fig. 19. Temperature profiles of industrial induction hardening plant vs. dilatometrical temperature control. Left: Hardening cycles, right: tempering cycles.
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hand at component scale (industrial setup). Through dilatometry,
optical microscopy as well as phase and hardness measurements
a possible short-time heat treatment strategy for an optimal heat
treatment of high speed steels could be developed at laboratory
scale. By means of an induction hardening system, repetitive heat-
ing and cooling routes were investigated which lead to crack-free
specimens and to high hardness, showing the feasibility of induc-
tion hardening and tempering even at component scale. This work
further reveals:

� Short-time hardening of few seconds is feasible as a solution
heat treatment of highly alloyed high-speed steels. With
increasing amount of hardening cycles, sufficient alloy elements
are brought into solution in order to achieve competitive values
of hardness (65 HRC), even with holding times of 1 s and less.

� On laboratory scale (dilatometry), it could be proven that five
hardening cycles to 1225 �C and holding for 1 s is sufficient to
result in a reproducible hardness of over 800 HV after temper-
ing. Short-time heating to temperatures to 1250–1275 �C for
several seconds resulted in molten carbides and grain coarsen-
ing, limiting the applicable maximum austenitization tempera-
ture to 1225 �C to achieve this level of hardness.

� The tempering parameter according to Holomon and Jaffe can
provide a correlation of time and temperature even for rapid
tests of several seconds. However, some peculiarities arise with
decreased tempering times. The shorter the isothermal treat-
ment becomes, the more the Hollomon-Jaffe approach deviates
from isothermal tests.

� Due to the rapid hardening, it can be assumed that an inhomo-
geneously enriched austenite leads to an inhomogeneous hard-
ness distribution after quenching and tempering. A detailed
investigation of the dissolution of elements in HSS with respect
to time and temperature seems to be necessary to achieve sig-
nificant progress in this field.

The transfer of the results to the component level could be
demonstrated in the form of crack-free heat-treated rods (similar
to broaches), resulting in a surface layer hardness close to
800 HV. SEM results revealed an overheating of the near-surface
microstructure of the hardened rods, thus, a highly precise temper-
ature feedback-control on component scale will be necessary to
apply the insights from the time–temperature-relationship of
microstructures to the industrial application. Nonetheless, by
selecting the excitation frequency and heating/cooling rates, it will
12
be possible in the future to control graded surface layer states for
high-speed steels, which on the one hand can exhibit extremely
high wear resistance and at the same time retain ductility in the
component core.
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