
Kovove Mater. 60 2022 387–396
DOI: 10.31577/km.2022.6.387

387

Influence of heat treatments on microstructure and wear behavior
of AISI H13 tool steel

Melika Ozer

Metallurgical and Materials Engineering, Faculty of Technology, Gazi University, 06560 Ankara, Turkey

Received 5 March 2022, received in revised form 4 October 2022, accepted 21 October 2022

Abstract

The influence of quenching and tempering heat treatments on the microstructure and
wear behavior of AISI H13 tool steel was investigated. The austenitization was carried out
at 1050◦C. After austenitization, oil quenching, single tempering, and sequential double tem-
pering treatments were carried out. The microstructure, hardness, and wear behavior of the
samples were studied. Three different types of carbide particles, M23C6, MC, and M7C3, were
determined in the microstructure. The sample, subjected to quenching, gave the highest hard-
ness value. The double tempering process caused secondary hardening. After the abrasive
wear tests, the greatest volume loss was observed in the as-received sample. With quenching
and tempering heat treatments, the wear resistance of H13 steel increased significantly. The
lowest volume loss among the applied heat treatments was obtained by quenching + double
tempering.
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1. Introduction

AISI H13 is a tool steel with superior proper-
ties such as excellent toughness, high wear resistance,
hardenability, and high thermal shock resistance [1–4].
These superior properties and easy availability have
made H13 steel popular among H-series hot work tool
steels [4, 5]. It is widely preferred in casting, extrusion,
forging, and rolling [6, 7].
The heat treatment process significantly affects the

mechanical properties of the steel. Therefore, modify-
ing the microstructure by optimizing the heat treat-
ment steps is an effective way to increase the mechani-
cal properties of H13 steel. Recent research has shown
that different heat treatments can be applied to H13.
However, quenching + tempering heat treatment cy-
cles are conventionally applied to H13. After conven-
tional quenching + tempering, the microstructure of
H13 consists of tempered martensite, retained austen-
ite, and carbide particles [3, 7]. Due to the C, Cr, Mo,
and V content, there are M23C6, M7C3, M2C, M6C,
and MC types of carbides in the microstructure of H13
[8–11].
AISI H13 steel is generally preferred in die manu-
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facturing. When the application areas of H13 steel are
examined, there is intense friction between the prod-
uct and/or semi-product with the die surfaces. The die
surface/workpiece interaction causes abrasive wear on
the die surfaces. Although the mechanical properties
of H13 steel have been developed with various heat
treatment optimizations, wear of the die surfaces is
one of the main failure modes, significantly reducing
the working life of the die [12–14].
Studies on the wear behavior of H13 are gener-

ally related to oxidative-type wear that occurs at high
temperatures [14]. However, H13 is also widely used
in forming processes at room temperature because of
its high mechanical features. The morphology of the
martensite phase, the size and distribution of the car-
bides, and the secondary carbides precipitated from
the martensite significantly affect the performance of
H13 steel at room temperature. Secondary carbides
are considered the key strengthening step owing to
their fine particle size and homogeneous distribution
[15]. Therefore, in this study, the effects of heat treat-
ments applied to H13 steel on martensite phase mor-
phology, size and distribution of carbides, and thus
hardness and wear resistance were investigated.
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Ta b l e 1. Chemical composition of AISI H13 steel (wt.%)

C Si Mn P S Cr Mo V Fe

AISI H13 Nominal target 0.37–0.43 0.90–1.20 0.30–0.50 max. 0.025 max. 0.005 4.80–5.50 1.20–1.50 0.90–1.10
Bal.

Experimental 0.39 0.97 0,37 0.020 0.001 4.90 1.25 0.94

Ta b l e 2. The specimens notations and experimental plan

Sample notation Heat treatment Austenitization and
oil quenching

1. Tempering process 2. Tempering process

H As-received – – –

HQ Conventional quenching
1050◦C, 30 min

+
oil quenching

– –

HQ + T
Conventional quenching

+
single tempering

1050◦C, 30 min
+

oil quenching

530◦C
180 min

–

HQ + T + T
Conventional quenching

+
double tempering

1050◦C, 30 min
+

oil quenching

530◦C
180 min

530◦C
180 min

2. Materials and methods

Commercial AISI H13 tool steel was used as test
material. The chemical composition of H13 steel is
given in Table 1.
Conventional quenching and tempering heat treat-

ments were applied to the H13. Table 2 illustrates the
specimen notations and experimental plan, and the
heat treatment scheme is given in Fig. 1.
For the quenching process, austenitization was per-

formed at 1050◦C. The austenitization process was
carried out in a tube furnace with an argon shield
atmosphere. The heating rate was 25◦Cmin−1, and
it waited for 30 min at the austenitization tempera-
ture. After austenitization, oil quenching was applied
to the samples. Then, single tempering was applied to
one sample series, and double tempering was applied
to another. Tempering processes were performed at a
temperature of 530 ◦C and a waiting time of 180min,
and the cycle was completed with cooling in air.
After heat treatments, the samples were prepared

following metallographic methods and etched in a
2% nital (HNO3) solution. Microstructures of the
specimens were analyzed using Light Optical Micro-
scope (LOM), Scanning Electron Microscope (SEM),
and Field Emission-SEM (FESEM). Through the heat
treatments, carbides formed in the microstructure
were determined via X-ray Diffraction (XRD). Macro
hardness measurements of the samples were carried

Fig. 1. The schematic illustration of heat treatment.

out with the Brinell hardness test in accordance with
ASTM E 10-18. Abrasive wear tests were carried out
with a dry test type pin-on-disc tribometer according
to ASTM G99 standard. Samples for the tests were
prepared in ø 10 × 8mm dimensions. The tests were
carried out with 5, 10, and 15 N loads at different dis-
tances (500, 1000, and 1500m) at 1 m s−1 speed.
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Fig. 2. Micrographs of AISI H13 as-received: (a) LOM and
(b) SEM.

3. Results and discussion

3.1. Microstructure

LOM and SEM micrographs of the as-received
sample are given in Fig. 2. The micrographs show
that the microstructure consists of carbides precipi-
tated in the ferrite matrix. It can be said that parti-
cles of different shapes and sizes (black dots in LOM
images and white particles in SEM images) exhibit
a homogeneous distribution throughout the structure
(Figs. 2 and 3). In the literature, three different types
of carbide with different shapes and sizes are men-
tioned [9, 15–17]. Type A (Figs. 2b and 3, red arrow)
are strip-like carbides. They usually occur along grain
boundaries. This type has a high aspect ratio. They
are defined as chromium-rich M23C6-type carbides in
the literature. Type B are carbides that exist in mi-
crostructure in the form of fine granules. Vanadium-
(Figs. 2b and 3, black arrow) and molybdenum-rich
(Figs. 2b and 3, blue arrow) are MC-type carbides.
The V-rich carbides of the MC type have a finer size.

Fig. 3. SEM micrographs of samples: (a) HQ, (b) HQ +
T, (c) HQ + T + T.

Type C (Fig. 3c, yellow arrow) are ellipsoid (and/or
polygonized) coarse carbides. These are chromium-
rich M7C3-type carbides.
SEM micrographs of HQ, HQ + T, and HQ +

T + T samples are given in Fig. 3. Lath marten-
site was formed because AISI H13 contains 0.39 wt.%
carbon. With the tempering process, the martensite
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Fig. 4. The XRD patterns of samples: (a) As-received, (b) HQ, (c) HQ + T, and (d) HQ + T + T.

laths in the HQ + T and HQ + T + T samples ex-
panded, and the shape sharpness of the martensite
laths in the HQ sample decreased. It can be said that
in tempered samples, carbides precipitate preferably
at martensite lath boundaries due to low thermal ac-
tivation energy. Figure 3 shows that carbides precipi-
tate as granules (MC), ellipsoid (and/or polygonized)
(M7C3) and strip-like (M23C6). With the effect of sec-
ond tempering, the aspect ratio of strip-like carbides
(M23C6) decreased. This is seen in the micrograph of
the HQ + T + T sample given in Fig. 3c. Therefore, it
can be said that carbide type and size are relevant to
the number of tempering. In the literature, MC-type
carbides in the microstructure of AISI H13 have been
defined as primary carbides, while M7C3 and M23C6
type carbides have been defined as secondary carbides
[7, 17].
The temperature, duration and number of temper-

ing processes affect the type, shape, and size of the
carbides that will form in the microstructure of H13
[15, 18–21]. In this study, the tempering temperature
and time were fixed, and the number of tempering
processes was changed. The effect of the heat treat-
ment cycles applied to H13 steel on the carbide type
was investigated with the XRD graph given in Fig. 4.
When the XRD graphs given in Fig. 4 are examined
in terms of the type of carbides, information confirm-
ing the microstructure pictures given in Fig. 3 has
been obtained. Only the peaks of M23C6 and MC car-
bides were obtained in as-received and HQ samples.

Fig. 5. Hardness graph of samples.

In HQ + T and HQ + T + T samples, in addition
to M23C6 and MC carbide peaks, peaks belonging to
M7C3 carbides were also obtained. In addition, larger
peaks were obtained in the tempered samples com-
pared to the HQ sample. This shows that after the
tempering process, the carbide variety and volume ra-
tio of the carbide particles increased in the samples.
The type, volume ratio, size, and shape of the carbides
in the microstructure significantly affect the mechani-
cal properties of the material, like hardness and wear
resistance.

3.2. Hardness

The macrohardness values of the samples are given
in Fig. 5. With the quenching process, a considerable
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Fig. 6. (a) Volume loss and SWR graph and (b) CoF graph.

increase in hardness was observed compared to the
as-received sample. The highest hardness value was
determined in the HQ sample with 119.5 HRB.
With the single annealing heat treatment applied

after the quenching process, a 4.5 HRB decrease was
detected in the hardness values of the samples. A sig-
nificant hardness decrease can be expected by trans-
forming the martensite phase into tempered marten-
site by tempering [4]. However, the formation of M7C3
type carbides in addition to the existing carbides in
the microstructure with the tempering process and
the presence of more homogeneously dispersed com-
plex carbides with the effect of tempering limited the
decrease in hardness to 4.5 HRB. Moreover, the double
tempering process caused secondary hardening. The
smaller size and more homogeneous distribution of the
carbides precipitated in the microstructure can be the
reason for the secondary hardening that occurs with
the second tempering. Prudente et al. [20] stated that
the homogeneous and fine distribution of carbides in
alloy steels causes secondary hardening.

3.3. Wear characteristics of heat-treated AISI
H13 steel

The average volume loss and specific wear rates
(SWR) of samples were determined and are presented
graphically in Fig. 6a as a function of applied load
for specimens with different heat-treated H13 and as-
received. As expected, the volume loss increased with
the increase of applied load in all samples. The great-
est volume loss was observed in the as-received sample
under all wear conditions. The wear resistance of H13
steel increased significantly with HQ, HQ + T, and
HQ + T + T heat treatments. M7C3-type carbide par-
ticles caused HQ + T and HQ + T + T specimens to
exhibit better tribological properties in wear tests. In
the literature, it has been stated that the M7C3 type
carbide particles that appear in the microstructure of
the steel by tempering have a favorable efficacy on
wear resistance [18, 20]. The lowest volume loss in the
samples was obtained with the HQ + T + T process.
The presence of secondary carbides in the HQ + T +
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Fig. 7. Worn surface FESEM micrographs: (a) as-received, (b) HQ, (c) HQ + T, and (d) HQ + T + T.

T sample, the decrease in the carbides in the aspect ra-
tio, and homogeneous and fine distribution improved
the tribological properties of the sample together with
secondary hardening. SWRs depend on mass, density,
load, and sliding distance. SWR accurately describes
the wear behavior, especially for metals, alloys, and
composites [22–24]. The lowest SWR in all experimen-
tal parameters was obtained in the HQ + T + T sam-
ple under a 10 N load. It was observed that the SWR
value decreased significantly with the increased ap-
plied load in the as-received and HQ specimens. This
result shows that for as-received and HQ samples, the
wear does not increase at the same rate as the applied
load increases. Other results are similar to volume loss
data. As a result, HQ + T + T heat treatment was
determined to be the most suitable heat treatment for
H13 in tribological systems.
Another important parameter for characterizing

the wear behavior is the friction coefficient. The co-
efficient of friction (CoF) provides significant infor-
mation about the tribological behavior of the sample
[25]. The CoF values obtained during the wear tests
under 15 N load are given in Fig. 6b. Since similar
graphs were created for other loads, CoF values at the

Ta b l e 3. Average CoF values of heat-treated H13

Sample As-received HQ HQ + T HQ + T + T

CoF 0.15 0.16 0.16 0.17

highest load value were used to avoid confusion. It is
seen that the CoF values are high at the beginning of
the test and then follow a smooth line. Although the
lowest CoF value was determined in the as-received
sample, it is seen that there is no significant difference
between it and the other samples. The average CoF
values given in Table 3 also confirm this. As a result, it
was determined that the applied heat treatments did
not significantly affect the CoF of the H13 tool steel.

3.4. Worn surface SEM and EDS analysis

Worn surface FESEM images of the samples are
given in Fig. 7 to characterize the wear conditions
and surface deformation effects. Figure 7a shows the
worn surface image of the as-received sample. Abra-
sive grooves formed by abrasion are located on the
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Fig. 8. As-received sample: (a) FESEM micrographs and element distribution spectrometry and (b) linear element distri-
bution graph.

Fig. 9. The worn surface FESEM image and regional EDS analysis data: (a) HQ sample and (b) HQ + T sample.

surface. The low hardness and high ductility of the
as-received sample caused plastic deformation on the

surface. Numerous deep abrasive grooves have formed
due to plastic deformation on the surface. Figure 7b
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Fig. 10. HQ + T + T sample: (a) FESEM micrographs, (b) overall MAP analysis, and (c) elemental MAP analyses.

shows the worn surface of the HQ sample. The quench-
ing treatment significantly increased the hardness and
decreased the ductility. Therefore, no obvious wear
grooves were observed on the wear surface. Local ad-
hesive wear was observed with a smooth surface. In
Fig. 7c, the wear surface of the HQ + T sample is
given. With the tempering process, the hardness of
the HQ + T specimen decreased, and its ductility in-
creased. Therefore, plastic deformation and abrasive
grooves at low penetration depth were observed on
the wear surface. Figure 7d shows the wear surface
FESEM micrograph of the HQ + T + T sample. No
obvious wear grooves were observed due to secondary
hardening by double tempering. In the wear tests of
all samples, the heat generated at the interface caused
a small number of oxide particles.
Figure 8 shows the EDS results of the as-received

sample, the worn surface FESEM image, and the lin-
ear element distribution graph of the line analysis. It
was determined that the most abundant elements on

the surface in wt.% were Fe, C, and O. O element has
shown its existence due to oxides formed on the open
surface by abrasion. The C content of the H13 sample
was 0.39 wt.%. The presence of 1.38 wt.% C was de-
termined on the sample surface. It is thought that C
is transferred from the wear disc surface to the sam-
ple surface by the effect of friction. In the studies, the
presence of O and C elements on the wear surface has
been mentioned. In particular, it was emphasized that
the O element directly affects the wear behavior with
the oxide layers formed on the surface [26–28].
The worn surface FESEM image for the HQ sam-

ple and the regional EDS analysis data are given in
Fig. 9a. Elements such as Fe, Cr, Mo, V, Si, and Mn,
which should be included in the structure, and the O
content due to the oxides formed on the surface were
determined. The secondary phases formed by elements
such as Cr, Mo, and V, determined on the sample sur-
face, positively affect the wear behavior. The worn
surface FESEM image of the HQ + T sample and
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the regional EDS analysis data are given in Fig. 9b.
When Fig. 9b is examined, the abrasive grooves and
deformation effects that occur after wear are clearly
seen. From the EDS data, the elements that should
be included in the structure and the presence of ele-
ment O due to the oxides formed on the surface were
determined.
Figure 10 shows the worn surface micrograph and

MAP images of the HQ + T + T sample. It can be said
that Fe, C, O, and Cr elements indicate homogeneous
distribution on the sample surface. Wear data and
MAP analyses were helpful in the evaluation.With the
applied second tempering process, the formation and
homogeneous distribution of M7C3 and M23C6 type
Cr-containing carbide precipitates in the microstruc-
ture were determined. These homogeneously dispersed
carbides contributed to the improvement of wear prop-
erties by playing an active role [29].

4. Conclusions

The main conclusions of this study are summarized
below:
– M23C6, MC, and M7C3 carbide particles were

determined in the microstructure of AISI H13 steel. It
was determined that the tempering process increased
the carbides diversity and the volume ratio of carbides.
– It was determined that carbides in tempered

samples precipitated preferentially at martensite lath
boundaries.
– The quenched sample gave the highest hardness

value. A slight decrease in the hardness values of the
samples was determined with the single tempering
process applied after the quenching process. The dou-
ble tempering process caused secondary hardening.
– After the abrasive wear tests, the greatest vol-

ume loss was observed in the as-received sample. With
the quenching and tempering processes, the wear re-
sistance of H13 steel increased significantly.
– Numerous deep abrasive grooves were detected

on the surface of the as-received sample. No wear
grooves were observed in the quenched sample. Abra-
sive grooves with less penetration depth were observed
on the surface of the sample that was quenched +
tempered. No wear grooves were observed due to sec-
ondary hardening in the quenched + double tempered
heat-treated sample.
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