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The aim of this research was to determine the effect of vacuum-heat-treatment process
parameters on the material properties and their correlations for low-Si-content AISI H11-type
hot-work tool steel using a single Circumferentially Notched and fatigue Pre-cracked Tensile
Bar (CNPTB) test specimen. The work was also focused on the potential of the proposed
approach for designing advanced tempering diagrams and optimizing the vacuum heat
treatment and design of forming tools. The results show that the CNPTB specimen allows a
simultaneous determination and correlation of multiple properties for hot-work tool steels, with
the compression and bending strength both increasing with hardness, and the strain-hardening
exponent and bending strain increasing with the fracture toughness. On the other hand, the best
machinability and surface quality of the hardened hot-work tool steel are obtained for hardness
values between 46 and 50 HRC and a fracture toughness below 60 MPavVm.
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I. INTRODUCTION

IN hot metal-forming applications, like forging,
stamping, rolling, or die casting, the service life of the
tool is limited by the extreme working conditions,
including thermal, mechanical and impact loading, the
high contact pressures and the abrasive flow of the
work material.l"?) Under such complex working condi-
tions, which may vary significantly across the tool, the
tool surface is deteriorated and damaged through
different wear mechanisms and thermo-mechanical
fatigue processes. !

In recent years, the requirements for tool resistance
and performance have become increasingly demanding,
which is strongly related to tool design, material
selection, and heat treatment optlmlzatlon[ On one
hand, an increase in energy costs,!”! the competitiveness
of companies from emerging countries, and investments
in new technologies dictate the increased productwlty,
efficiency, and performance of existing tools.®) As die
costs represent between 15 and 30 pct of the total costs
of the forging process, producing more parts leads to d
sizeable cost reduction and increased profitability.["
Another major factor is coming from the automotive
sector. The automotive industry is continuously working
on reducing the weight of vehicles in order to lower fuel
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consumption and CO, emissions, while maintaining or
even improving the strength of the components in
accordance with increasing safety demands.!”! This
requires the introduction of low-weight high-strength
materials, which are very difficult and demanding to
form. [10.11) A high-strength work material combined
with the increased complexity of the formed parts results
in tools working under extreme stresses.

Increased tool demands mean tougher property
requirements for the tool material, including temper
resistance, yield and ultimate tensile strengths, wear
resistance, fatigue, and shock resistance, but mainly
ductility and fracture toughness, which are essential for
high-temperature forming applications.'>'3) The prop-
erties of tool steels depend on a balanced chemical
composition and the processing route, but mainly on the
heat treatment process, which defines the final
microstructure. In general, the required properties,
mainly the hardness and toughness are generated by a
controlled heat treatment process consisting of an
austenitization treatment with a subsequent hardening
and a multiple tempering procedure.'>'¥ Traditionally,
a trade-off between high hardness and sufficient tough-
ness is required, where the hardening and tempering
parameters have to be chosen from a relatively narrow
range.l'”” On the other hand, through an optimized
vacuum-heat-treatment  procedure, a fine-grained
microstructure with a homogeneous distribution of fine,
secondary carbides and a reduced retained austenite
content can be obtained,!'? thus satisfying ever greater
demands on tool properties in terms of a greater fracture
toughness and thermal fatigue re51stance while main-
taining a high hardness and strength.['®
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The most common properties used for optimizing the
heat treatment of tool steels are the hardness and the
fracture toughness. A high hardness (46 to 50 HRC) is
related to the resistance to plastic deformation and wear
resistance, and the toughness to the tool’s ability to
resist crack initiation and propagation.”'®’ However,
besides hardness and toughness there are also other
tool-steel properties, which depending on the applica-
tion are becoming important as we move towards
increasingly complex tools. These include thermal con-
ductivity, creep and wear resistance, compressive and
bending strengths, as well as machinability."! Although
different tool-steel properties can be determined using
standard test methods, each one requires specific and
often quite unique and demanding test specimens.
Furthermore, the different geometries of standard spec-
imens mean different heat treatment conditions, which
result in microstructure deviations,!'” making it practi-
cally impossible to directly correlate the properties after
a heat treatment. On the other hand, a circumferentially
notched and fatigue-precracked tensile bar (CNPTB)
specimen has been found to be the best alternative,
which after a fracture toughness measurement can be
used to determine many other properties.!'® The advan-
tage of the CNPTB specimen lies in its radial symmetry,
which makes the specimen particularly suitable for
studying the influence of tool-steel properties and to
optimize its heat treatment.!'"!

The aim of this research work was to determine the
effect of vacuum-heat-treatment conditions on different
properties and their correlations for a low-Si-content
AISI HI11-type hot-work tool steel using a single
CNPTB test specimen. Furthermore, this work is
intended to show the potential of the CNPTB test
specimen for property characterization, heat treatment
optimization, and the design of forming tools.

II. EXPERIMENTAL

A. Material and Heat Treatment

The material used in the investigation was low-Si-con-
tent AISI H11-type hot-work tool steel with the following
composition (wt pct): 0.36 pct C, 0.22 pct Si, 0.25 pct Mn,
5.02 pct Cr, 1.25 pct Mo, and 0.43 pct V. The material
was delivered in the form of forged and soft-annealed
blocks, from which the CNPTB specimens!"® (Figure 1)
were machined in the short transverse direction.

The specimens were heat treated in an Ipsen VTC
324-R horizontal vacuum furnace with a uniform
high-pressure gas-quenching system. The specimens
were first preheated to 850 °C, followed by progressive
heating at 10 °C/min to the austenitizing temperatures
of 990 °C and 1030 °C. After soaking for 20 minutes,
the specimens were quenched in N, gas at a quenching
speed of 3 °C/s and double tempered for 2 hours. For
each austenitizing temperature, the first tempering was
performed at 540 °C, followed by a second tempering
carried out at six different temperatures, varying
between 550 °C and 630 °C. In terms of the vac-
uum-heat-treatment conditions employed (austenitizing
and tempering temperatures), 12 sets of specimens, each
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Fig. 2—Extraction of the 4-point bending and compression test spec-
imens.

consisting of at least 12 samples were prepared in order
to obtain statistically relevant results. After the heat
treatment, the properties were evaluated, including
fracture toughness, hardness, compression strength
and strain-hardening exponent, bending strength, and
machinability, with the results presented in the form of
combined tempering diagrams.

B. Properties Measurement

Fracture toughness measurements were performed on
non-standard CNPTB specimens,'® with the fatigue
pre-crack of about 0.5 mm created prior to the final heat
treatment. The pre-cracking was done under a rotating
bending loading of 400 N for 4500 cycles. As shown in
Reference 20, the heat treatment has no negative effect on
the crack-tip blunting and the measured fracture toughness
values. After the heat treatment, the CNPTB specimens
were subjected to tensile loading until fracture, using an
Instron 1255 tensile-test machine, room temperature
conditions, and a cross-head speed of 1.0 mm/min. By
measuring the load at fracture (P), the diameter of the
brittle fractured area (d) and knowing the size of the
nominal non-notched specimen diameter (dy, = 10 mm

the fracture toughness can be calculated using Eq. [1]?!%:
P do
K. _F. (—1.27+ 1.72g>. [1]
0

The fracture toughness measurements were followed
by measurements of the Rockwell-C hardness, carried
out using a Wilson-Rockwell B2000 machine. The
hardness measurements were performed circumferen-
tially on both halves of each fractured CNPTB specimen
and the average value was calculated.
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From one half of the fractured CNPTB specimen, a ¢
10 x 12.5 mm cylinder was cut for compression testing
(Figure 2). The compression tests were carried out at
room temperature using an Instron 1255 machine
according to the ASTM E9-09 standard and a constant
cross-head speed of 2.0 mm/min. The compression test
results included the yield strength, maximum compres-
sion strength, and strain-hardening exponent, determined
on a log-log plot of true-stress—true-strain between the
yield and the maximum compression stresses. The other
half of the fractured CNPTB specimen was used to
machine a cylindrical 4-point bending test specimen, with
a diameter of 5 mm and a length of 60 mm (Figure 2).
After machining with high-speed turning, the bending
specimens were center-less ground in order to obtain the
required surface roughness of 0.2 um. Room-temperature
4-point bending tests were performed according to the
ASTM E290-09 standard using the Instron 1255 machine
and a cross-head speed of 2.0 mm/min. The support span
was 40 mm and the load span was 16 mm. During
testing, the maximum bending strength and the defor-
mation at a load of 3.5 kN were determined.

Finally, the effect of heat treatment on the machinabil-
ity of the hot-work tool steel was evaluated by analyzing
the surface roughness of the 4-point bending specimens
after the turning process. All the specimens were first
pre-machined using Sandvik-Coromant DNMGI11 R0.4
cutting inserts, a feed rate of 0.12 mm/rev, a depth of cut
of 0.3 mm, and a cutting speed of 100 m/min. The final
machining was done with VBMT 16 04 cutting inserts, a
feed rate of 0.08 mm/rev, a depth of cut of 0.2 mm, and
the same cutting speed of 100 m/min. For each specimen,
new cutting inserts were used and the surface roughness
was analyzed with an Alicona InfiniteFocus G4 system in
terms of the R,, R,, R,, R,, Ry, and Ry, roughness
parameters, as defined in the ISO 4287 standard.

III. RESULTS

A. Microstructure

After quenching from 990 °C and double tempering,
the microstructure of the investigated AISI H1l-type
hot-work tool steel consisted of some undissolved

primary MC, M¢C, and M,3Cg-type carbides and very
fine, Cr-rich M,C; secondary carbides uniformly dis-
tributed in the matrix of fine, needle-like tempered
martensite (Figure 3). The volume fraction of the
primary carbides was ~ 2 pct. By increasing the austen-
itizing temperature to 1030 °C, a negligible fraction of
bainite (< 1 pct) was observed, besides the typical
microstructure of tempered martensite, as well as the
pronounced dissolution of primary carbides in the
austenitic matrix (Figure 4). The volume fraction of
primary carbides was reduced to below 0.5 pct, with
only V-rich MC carbides remaining, while other types
were completely dissolved. Furthermore, higher austen-
itizing temperature also led to increased grain size and
the martensitic lath size, as well as to the higher number
of secondary carbides caused by increased quantit]y of
solute atoms in the austenite prior to quenching.**! An
increased tempering temperature, on the other hand,
resulted not only in a similar fine martensitic microstruc-
ture, but also in intensified precipitation!'” and up to 4
times more fine secondary carbides (Figures 3(b) and
4(b)). With the higher tempering temperature, also more
pronounced precipitation of carbides along martensitic
laths can be observed. The effect of the austenitizing and
tempering temperatures on the number of secondary
carbides as determined with a quantitative metallo-
graphic analysis performed using Imagel software on 10
randomly selected SEI visible fields at 5000 times
magnification is shown in Figure 5.

B. Hardness and Fracture Toughness

The tempering diagram showing the hardness and
fracture toughness of the investigated AISI H1l1-type
hot-work tool steel as a function of the austenitizing and
tempering temperatures can be seen in Figure 6. The
hardness obtained after quenching from 990 °C and
double tempering at 630 °C was 40 HRC, and this
increased to 49 HRC as the tempering temperature was
reduced to 550 °C. The fracture toughness, on the other
hand, dropped from 87 MPaVm to less than 30 MPa\m.
A further increase in hardness was obtained by increas-
ing the austenitizing temperature, with a temperature of
1030 °C resulting in a hardness increase of about 5 pct
and a maximum hardness of ~ 52 HRC. However, in

1;1m_ WD 10.0mm

Fig. 3—Miicrostructure of quenched and tempered hot-work tool steel, quenched from 990 °C and tempered at (a) 550 °C and (b) 630 °C.
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Fig. 4—Microstructure of quenched and tempered hot-work tool steel, quenched from 1030 °C and tempered at (a) 550 °C and (b) 630 °C.
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Fig. 5—Effect of the austenitizing and tempering temperatures on
the number of secondary carbides.

contrast to high-Si-content hot-work tool steels,** the
higher austenitizing temperature also resulted in an
elevated fracture toughness, ranging from 45 MPaVm
even up to 115 MPavm, as shown in Figure 6. Higher
austenitizing temperature enhances dissolution of pri-
mary carbides and allows more carbide-forming ele-
ments to dissolve in the ¢ phase, which then precipitate
during tempering in the form of small, nanometer-sized
secondary carbides and result in an increased hardness.
Almost complete dissolution of the coarser primary
carbides also reduces the risk of voids creation around
larger primary carbides due to plastic deformation,!
thus simultaneously improving the hardness and frac-
ture toughness. On the other hand, increasing the
tempering temperature although leading to increased
volume fraction of very fine secondary carbides also
results in a reduction of the alloying elements content in
the solid solution thus inducing a global softening of the
tempered martensite but with the higher toughness.!*”

C. Compression Test Results

The yield and maximum compression strengths of the
investigated hot-work tool steel range between 1200 and
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Fig. 6—Hardness and fracture toughness tempering diagram.

1780, and 1450 and 2050, respectively. Analogously to
the hardness, the yield and maximum compression
strengths increase with the austenitizing temperature
(by ~ 5 pct) as a consequence of a greater number of
carbides being present in the microstructure, but
decrease with the tempering temperature, as shown by
the tempering diagram in Figure 7. During tempering,
growth and dissolution combined with transition of
different types of carbides and global softening of the
tempered martensite take place,”* resulting in a
decreased strength of the material. In terms of the
strain-hardening exponent, representing a measure of
the material’s ductility, it was found to be more-or-less
independent of the heat treatment conditions. For the
low and high austenitizing temperatures and tempering
temperatures between 550 °C and 600 °C where marten-
site softening is compensated by an increased number of
secondary carbides, the strain-hardening exponent
shows a constant value of about 0.45. However, as the
tempering  temperature  exceeded 610 °C, the
strain-hardening exponent for the investigated hot-work
tool steel increased to about 0.6 (Figure 7). As
reported,” coalescence of carbides and the decrease
of the density of dislocations above 600 °C to 610 °C
will induce further softening of the material which then
results in an increased strain-hardening exponent.
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D. Bending Strength

In the case of the 4-point bending test, the yield and
maximum strengths for the investigated steel quenched
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7—Tempering diagram displaying compression test results.
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8—Tempering diagram for 4-point bending test.

from 990 °C increased from 1860 and 3260 to 2600 and
4550 MPa, respectively, as the tempering temperature
was lowered from 630 °C to 550 °C. By increasing the
austenitizing temperature to 1030 °C, the yield and
maximum bending strengths also increased, reaching
peak values of 2700 and 4780 MPa at the tempering
temperature of 550 °C (Figure 8). Like with the fracture
toughness, the bending strain at the preset stress of
3500 MPa increased with the tempering temperature,
especially at the temperatures above 600 °C, showing
values between 3 and 10 pct. Furthermore, by increasing
the austenitizing temperature, the resistance of the
investigated steel to bending deformation was improved,
with the deformation being reduced by about 20 pct, as
shown in Figure 8. A synergistic effect of the increased
hardness and the fracture toughness, obtained through
increased precipitation of very fine secondary carbides is
also manifested in an improved bending resistance.

E. Machinability

The results of the surface-roughness measurements,
performed on machined 4-point bending specimens to
evaluate hot-work tool steel’s machinability, are shown
in Figure 9. Figure 9(a) shows the surface-roughness
parameters, including the average surface roughness R,,
the maximum peak-to-valley height R,, the maximum
profile peak height R,, and the maximum profile valley
depth R,. They all increase with an increased tempering,
as well as the austenitizing temperature. This indicates
an increased tearing component and worse machinabil-
ity, caused mainly by an increased toughness and
deformability of the material. For the machining con-
ditions used and the applied austenitizing and tempering
temperatures, the R, value increased from 0.4 to 0.8 um,
and the R, value from 2.5 to 4.5 um (Figure 9(a)).
Furthermore, the skewness (Rgy), being a measure of the
surface profile asymmetry, was reduced with a higher
tempering temperature from ~0 to — 0.5, and the
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Fig. 9—Surface-roughness analysis of the machined hot-work tool steel; () standard roughness parameters, (b) kurtosis and skewness.
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Fig. 10—Correlation between the compression and bending strengths and (a) the hardness and (b) the fracture toughness of the hot-work tool

2500 +
R?=0,9297
2000 + G B H B
g N R?=0,9454
1500 + o~ =h
[ ]
1000 : : : : : : :
37 39 a1 43 45 47 49 51
Hardness, HRC
(a)
steel.
0.60 ® 12
R?=0.5001
0.50 + . @ I 10
o ® ) [}

0.40 +
R?=0.5432

0.30 +

Strain hardening exponent, n [/]
Bending strain @ 3500 MPa, € [%]

0.20 + -4
o ®
0.10 + F2
® Compression - n
@ Bending - € @ 3500 MPa
0.00 } t t t t + 0
0 20 40 60 80 100 120 140

Fracture toughness, K, [MPavm]

Fig. 11—Correlation between the fracture toughness and the
strain-hardening exponent and the bending strain of the hot-work
tool steel.

kurtosis (Ry,), displaying the sharpness of the surface
profile increased from 2.5 to above 3. The austenitizing
temperature, on the other hand, had only a marginal
effect on the skewness and kurtosis values, as shown in
Figure 9(b). A kurtosis above 3 characterizes the sur-
faces with sharp peaks and a negative skewness
plateau-like topography.*® As shown by the sur-
face-roughness analysis, the machinability and the
surface quality of the hot-work tool steel improved by
lowering the tempering temperature and/or the austen-
itizing temperature (Figure 9) and increasing hardness.

IV. DISCUSSION

In the present case and for the heat treatment
conditions applied, a strong correlation (R*> 0.92)
between the investigated hot-work tool steel’s hardness
and the compression and bending strengths was
observed. As shown in Figure 10, the compression and
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bending strengths increase linearly with the material’s
hardness and are reduced with the fracture toughness.
Based on strong correlations, the yield and maximum
compression strengths of the investigated hot-work tool
steel can be expressed by hardness as 33.5 HRC and 38.6
HRC, respectively, and the bending yield and maximum
stress as 51.0 HRC and 88.3 HRC, respectively. On the
other hand, although the strain-hardening exponent and
the bending strain show a correlation with the fracture
toughness, both of them increasing with an improved
fracture toughness of the material, the correlation factor
R? is rather weak, being only about 0.5 (Figure 11).

In terms of surface quality and machinability, things
are not so straight-forward. As shown in Figure 12(a),
the roughness parameters (R,, R,, Ry, Ryy.), indicating
improved machinability of the hot-work tool steel,
improve with the increased hardness obtained through
the increased austenitizing temperature and/or the
reduced tempering temperature (Figure 6), resulting in
an increased dissolution of the primary carbides and the
martensite strengthening. However, if the material is too
hard, above 50 HRC, the surface quality starts to
deteriorate again, displaying sharp asperities and
emphasized valleys. The same is true for the fracture
toughness, with the surface quality and the machinabil-
ity being deteriorated with the increased toughness of
the material (Figure 12(b)). High toughness is an
essential material characteristic for the hot-work tool
steels, with brittle material absorbing less energy than a
tough one before it fractures. Therefore, the higher the
toughness of the material, the higher is the force needed
to break it down. However, this also relates to the chip
formation and material removal during machining. By
reducing the hardness and increasing the toughness of
the material to be machined, we are moving from
cutting and chip breaking toward plastic deformation
and material tearing and pull out within the cutting
zone. Furthermore, materials with the higher toughness
also show higher tendency to adhesion to the cutting
tool and accelerated tool wear,”” thus resulting in poor

METALLURGICAL AND MATERIALS TRANSACTIONS A



5.0
®Ra[um] MRsk @Rku
3 4.0+ ©
o
3
o 3.0+
of * .. C
5 20+ ¢
=
Q
£
© 10+
g N\_._‘_Qr_',\'
A L]
Q 0.0+
£ [ [
[

3 -1.0+ =
<

-2.0 : . : : : | :

38 40 42 44 46 48 50 52
Hardness, HRC
(@)

Roughness parameter, R,, Ry, Ry,

5.0

@ Rku

®Ra [um]
4.0 + *

M Rsk

3.0 +

10 +

0.0 +

N
o
I
T

»
o

N
o

40 60 80 100
Fracture toughness, K. [MPavm]

(b)

120

Fig. 12—Effect of («) hardness and (b) fracture toughness on the surface roughness and quality.

quality of the machined surface. However, when mate-
rial becomes too hard it accelerates tool wear and loss of
cutting edge sharpness, again resulting in material
deformation and pull out rather than in material
cutting. In general, for the investigated AISI H11-type
hot-work tool steel, the best machinability and surface
quality are obtained when the material hardness is
between 46 and 50 HRC and the fracture toughness is
below 60 MPavm, as shown in Figure 12.

V. CONCLUSIONS

The results of the research work performed can be
summarized with the following conclusions:

1. A CNPTB specimen allows a simultaneous deter-
mination and correlation for multiple properties
of hot-work tool steels, including the hardness,
the compression and bending strengths, the
fracture toughness and the strain-hardening
exponent, the wear resistance and the machin-
ability, which can all be directly correlated with
the microstructure and used to design advanced
tempering diagrams.

2. In the case of AISI H1l-type hot-work tool steel
with a low Si content, the hardness, the strength,
and the fracture toughness increase with a higher
austenitizing temperature, providing increased dis-
solution of primary carbides and intensified precip-
itation. On the other hand, the hardness and
strength are reduced with tempering temperature,
which although leading to increased volume frac-
tion of secondary carbides results in the reduction
of the alloying elements content in the solid solution
and global softening of the material.

3. The yield and maximum compression and bending
strengths show direct and very strong correlations
with the increased hardness and reduced fracture

METALLURGICAL AND MATERIALS TRANSACTIONS A

toughness. Also the strain-hardening exponent and
the bending strain increase with fracture toughness,
although the correlation is rather weak.

4. The surface quality and the machinability of the
heat-treated hot-work tool steel strongly depend not
only on the hardness, but also on the fracture
toughness, with the increased toughness leading to
pronounced plastic deformation and tearing of the
material. The best results are obtained when the
hardness is between 46 and 50 HRC and the
fracture toughness is below 60 MPaVm.
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