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A novel austenite aging steel coating was prepared by laser cladding to improve the
elevated-temperature wear performance of AISI H13 steel. The wear tests at 400 �C to 600
�C were performed for the austenite aging steel coating and H13 steel. Their
elevated-temperature wear performances were comparatively studied; the wear mechanisms
under various loads at 400 �C to 600 �C were clarified. The novel austenite aging steel coating
possessed an excellent elevated-temperature wear resistance. Comparatively, H13 steel presented
an inferior wear resistance at 400 �C to 600 �C due to thermal softening, especially under a high
load of 150 N at 600 �C. During elevated-temperature wear, a synergy of tribo-oxide layers and
the subsurface matrix determined the wear behavior and mechanisms. Compared with H13
steel, higher resistance to thermal softening ensured a stable existence of the tribo-oxide layers
owing to the precipitation strengthening of intermetallic compounds, thus endowing the
austenite aging steel with the excellent elevated-temperature wear resistance. Consequently, for
the novel austenite aging steel coating, oxidative mild wear prevailed at 400 �C to 600�C without
the occurrence of the extrusive wear.
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I. INTRODUCTION

AISI H13 steel is widely used to make hot-working
dies due to its high hot strength, toughness and thermal
fatigue resistance.[1–4] One of its main failure modes is an
elevated-temperature wear because of long-playing
heating and sliding, which causes the variation of
dimension and shape of the dies. Therefore, the dies
fail prematurely, especially in severe working condi-
tions.[2–6] However, the elevated-temperature wear per-
formance (at 600�C or above) of H13 steel cannot be
improved by heat treatment or microstructure varia-
tions. Hence, surface treatment would be an effective
route to improve elevated-temperature wear perfor-
mance of H13 steel.[6–8]

Laser cladding (LC) has obvious advantages over
other surface treatment technologies: fine grains with
rapid solidification characteristics, low dilution rate,
small heat input and good metallurgical bond.[6,9,10] For
laser cladding, laser energy is absorbed to melt cladding
materials to form a coating on the surface of the

substrate to improve its surface performance.[9] Clearly,
the alloy composition of cladding materials is a key
factor deciding the performance of the coating. Cur-
rently, for cladding materials, Fe-, Co- and Ni-based
alloys were extensively studied and commercially
applied to fabricate laser cladding coatings.[10–15] Com-
pared with Co-based and Ni-based alloys,[11,12] Fe-based
alloys were reported to have many merits of low cost,
increased wear resistance and hardness.[10,13–15] There-
fore, Fe-based alloys are suitable for the surface
strengthening of ferrous alloys because of their full
mutual solubility.
For most of Fe-based alloys, carbides are usually used

as main strengthening phases to improve strength and
wear resistance.[6,13–15] However, carbides readily coar-
sen at high temperatures to lose their reinforcing effect.
Therefore, at high temperatures, Fe-based alloys would
be thermally softened not to provide high deformation
resistance and wear resistance. Rahmana et al. reported
that the laser cladding HSS alloys possessed higher wear
resistance at room temperature but experienced severe
wear at 500 �C.[16] It may be considered that the inferior
wear resistance of H13 steel is attributed to the
above-mentioned thermal softening caused by the
coarsening of carbides. Consequently, thermal softening
(plastic deformation) and elevated-temperature wear
might be a big obstacle for the application of hot-work-
ing dies made by H13 steel or Fe-based alloy coatings.
In order to avoid the failures resulted from thermal
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softening and elevated-temperature wear, the coarsening
of strengthening phases at high temperatures should be
retarded. Intermetallic compounds would be better
substitutes for carbides as strengthening phases, just
like maraging steel. Yin et al. found that the wear
resistance performance of a maraging steel (18Ni-300)
was improved after aging treatment because of precip-
itation strengthening.[17] Similarly for Stellite alloys, the
addition of molybdenum was noticed to promote the
precipitation of intermetallic compounds and improved
the hardness and wear resistance.[18] However, the
improvement of the precipitation of intermetallic com-
pounds on elevated-temperature wear performance has
been sparsely reported till now. For a Fe-based alloy,
during elevated-temperature wear, intermetallic com-
pounds as strengthening phases can enhance the hard-
ness and resist thermal softening because of low
diffusion coefficient. Hence, whether intermetallic com-
pounds are able to improve elevated-temperature wear
resistance needs to be further explored.

In the current research, a new-type austenite aging
steel coating was produced on H13 steel by laser
cladding. The austenite aging steel was developed based
on a new composition design. It presented c-(Fe, Ni)
and intermetallic compounds as the matrix and the
strengthening phases, respectively. The purpose of the
research is mainly to explore the elevated-temperature
wear resistance of this novel austenite aging steel
coating, compared with H13 steel. Through investigat-
ing the morphology, composition and phases of worn
surfaces and subsurfaces, the relationship of wear
resistance with tribo-layers and substrate microstruc-
tures, and wear mechanisms were explored.

II. EXPERIMENTAL PROCEDURES

Based on the improvement of elevated-temperature
wear performance, a novel austenite aging steel as the
coating material was developed. The compositions of
the novel Fe-based alloy coating are listed as follows (wt
pct): 18 Ni, 5 Mo, 2.5 Cr, 0.2 Al, 2 Ti, and bal. Fe.
Austenite-forming element Ni was used as main alloy
element to form c-(Fe, Ni) as matrix phase, and Ni, Mo,
Al, and Ti were added to form intermetallic compounds.
In addition, B and Si were used for deoxidation and slag
formation.

The novel austenite aging steel coating was fabricated
on the surface of the heat-treated H13 steel specimens
with the dimensions of 30 mm 9 30 mm 9 15 mm. The
multi-pass and multilayer methods were used to obtain
the laser cladding coating by Nd3+:YAG solid-state
laser with argon gas shielding. Through optimization,
the laser power and the scanning speed were selected to
be 400 W and 5 mm/s, respectively, with the overlapping
rate of 50 pct and the flow rate, 15 L/min of the
protective gas argon. Prior to laser cladding, various
raw powders were uniformly mixed by a planetary ball
mill. The mixed powders were pasted on the substrate to
form a preform of about 0.5 mm thick. During laser
cladding, the laser beam was directed onto the surface of
the preform to form a molten pool together with the

melted H13 steel along the direction of laser movement.
After the first layer was completed and cooled, a paste
preform as the same as the first layer was covered and
cladded to form the second layer in a vertical direction
with the same parameters.
The heat-treated H13 steel was used as the compar-

ative samples of wear tests and the laser cladding
substrate. Commercial H13 steel was austenitized at
1020 �C for 30 minutes and oil cooled to obtain
martensite and then was tempered at 600 �C for 2 hours
to achieve tempered martensite with a hardness of 43
HRC. After laser cladding, the coating samples were
treated by solid solution at 950 �C for 20 minutes and air
cooled, subsequently aged at 600 �C for 2 hours to reach
a hardness of 45 HRC. The heat-treated H13 steel and
the coating samples were cut into pins by a line cutting
with the sizes of 4.7 mm in diameter and 12.7 mm in
height. M2 steel as counterface disks was austenitized at
1180 �C for 30 minutes and oil cooled, and then
tempered three times at 540 �C for 2 hours, and air
cooled to obtain tempered martensite with a hardness of
63 HRC. The nominal compositions of AISI H13 and
M2 steels are listed in Table I. In order to evaluate the
thermal softening resistance of heat-treated H13 steel
and the coating, they were heated to 620 �C for 0.5, 1, 2,
5 and 8 hours, respectively, and then air cooled. The
thermal softening resistance of H13 steel and the coating
could be roughly estimated from the hardness variation
as a function of the holding time. An HRS150 Rockwell
hardness tester was used for Rockwell hardness mea-
surement, which was performed five times at different
positions on the sample surface to achieve the average
value.
High-temperature wear tests were performed on a

MMU-5GA friction and wear tester with the following
parameters: temperatures of 400 �C, 500 �C and 600 �C,
loads of 50, 100 and 150 N, sliding speed of 100 r/min,
and sliding time of 20 minutes. The end surfaces of the
pins and disks were polished by sandpapers to reach a
roughness of 0.38 and 0.30 lm, respectively. After each
wear test, the wear loss of each pin was measured by an
E180 electronic analytical balance with an accuracy of
0.01 mg. For each test point, the wear test was repeated
three times to obtain a mean value of wear loss. The
wear rate was calculated by the formula: W = DM/qL,
where DM is the wear loss of a pin, q is the density of
H13 steel and the coating material, respectively, and L is
the sliding distance. A KB30S-FA type Vickers micro-
hardness test system was used to determine the micro-
hardness of worn subsurfaces with a force of 100 g and a
dwell time of 15 seconds. The measurement for each
point was repeated five times to achieve an average value
and an error. The microstructure and phases of the
coating were examined by a FEI Nova Nano 450
scanning electron microscopy (SEM) and a D/
Max-2500/pc type XRD with Cu Ka radiation. A
Kratos Axis Ultra DLD X-ray photoelectron spec-
troscopy (XPS) was applied to identify trace intermetal-
lic compounds of the coating. For XPS analysis, a
charge calibration must be performed for the original
data according to the reference binding energy of C 1s
peak (284.8 eV). The binding energy of the C 1s peak in
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this experiment was noticed to be 284.9 eV, so the
original data should be reduced by 0.1 eV. The filtering
process was performed using Savitzky–Golay method.
Finally, the calibrated binding energy and filtered data
were used to fit in XPSpeak software. The morphology
and phases of the worn surfaces of pins were investi-
gated by using SEM and XRD, respectively. A DXR
type laser Raman spectrometer (Raman) was used to
detect trace oxides on worn surfaces with the laser
wavelength of 532 nm and the power of 2 mW. Before
the measure, the test sample was cleaned with acetone,
and then was stuck on a glass slide with the worn surface
facing up, and placed on an observation platform. In
order to further examine the tribo-layers, the cross-sec-
tional specimens of the worn surfaces for pins were
prepared by a standard procedure with etching by aqua
regia for 5 to 10 seconds. at room temperature.

III. RESULTS AND ANALYSIS

A. Characterization of the Austenite Aging Steel Coating

Figure 1 illustrates the microstructure of the austenite
aging steel coating. As shown in Figure 1(a), a contin-
uous and uniform coating was noticed to form on the
H13 steel. The coating presented no crack and pore, as
well as a good metallurgical bond with the H13 steel.
The coating comprised the first layer (formed after the
first laser cladding), the second layer (formed after the
second laser cladding) and the remelting zone between
the first and the second layers (Figures 1(b) and (c)). As
shown in Figures 1(d) and (e), from the bottom to the
top of the first layer, cellular crystals, columnar den-
drites, equiaxed crystals and steering dendrites formed
successively, as similar to the research.[19] The steering
dendrites could be considered to be some columnar
dendrites growing along the scanning direction.[15]

Different from the microstructure of the first layer, the
second layer almost presented columnar dendrites
(Figure 1(b)), and the remelting zone between the two
layers contained relatively coarse columnar dendrites
(Figure 1(c)).

Figure 2 shows the XRD patterns of the austenite
aging steel coating. The peaks of c-(Fe, Ni), a-Fe and
Ni3Fe were noticed. Clearly, the matrix phase of the
coating was c-(Fe, Ni) with a small amount of a-Fe. The
peaks of Ni3Fe might overlay the ones of c-(Fe, Ni).
Therefore, Ni3Fe could be considered to form in the
coating to strengthen the matrix of the coating. How-
ever, for other precipitated intermetallic compounds,
XRD could not identify their existence because of trace
amount. According to the composition of the coating,

intermetallic compounds of Ni-Al, Al-Fe etc. would be
formed. In the present study, XPS analysis was used to
identify trace intermetallic compounds (Figure 3). The
high-resolution spectroscopies of Ni and Al are illus-
trated in Figures 3(a) and (b), respectively. Ni 2p peak
consisted of one peak at the binding energy of 852.65
eV, corresponding to Al3Ni (Figure 3(a)).[20] The bind-
ing states of Al in the coating were AlNi and Fe3Al, the
corresponding peaks were at the binding energy of 67.67
and 74.6 eV, respectively.[20,21] Based on the analysis of
XRD and XPS patterns, intermetallic compounds
Ni3Fe, Al3Ni, AlNi and Fe3Al might precipitate in the
coating.

B. Tribological Performance of the Coating and H13
Steel

Figure 4 illustrates the wear rates of H13 steel and the
austenite aging steel coating under various sliding
conditions. When the load increased at 400 �C, the
wear rate of H13 steel firstly increased from 5.2 9 10�6

to 8.1 9 10�6 mm3/mm, then decreased to 6 9 10�6

mm3/mm. Comparatively, the coating presented a
lower, slightly increased wear rate (less than 3 9 10�6

mm3/mm) with the increase of load. At 500 �C, the wear
rate of H13 steel abruptly decreased to less than 6 9
10�6 mm3/mm. On the contrary, the wear rate of the
coating slightly increased to 3.9 9 10�6 mm3/mm. As the
ambient temperature reached 600 �C, the coating
presented a slightly increased wear rate as a function
of load, which merely approached 5 9 10�6 mm3/mm
under 150 N. However, the wear rate of H13 steel
increased from 7.5910�6 to 9.2 9 10�6 mm3/mm with
the increase from 50 to 100 N, but substantially
increased to 33 9 10�6 mm3/mm under 150 N. Clearly,
at 400 to 600 �C, the coating presented a higher wear
resistance than H13 steel, especially at 600 �C and 150
N.
Table II summarizes the friction coefficients of H13

steel and the austenite aging steel coating under various
sliding conditions. At 400 �C and 500 �C, the average
friction coefficients of H13 steel and the coating
decreased with the increase of load. At 600 �C, the
average friction coefficient of the coating also decreased
with the increase of load, while that of H13 steel
absolutely increased. At 400 �C, H13 steel presented
lower average friction coefficients than the coating under
the corresponding loads. Conversely, at 500 �C and 600
�C, the coating possessed lower average friction coeffi-
cients than H13 steel. Overall, compared with H13 steel,
the coating presented excellent tribological performance
at elevated temperatures, especially at 500 �C and 600
�C.

Table I. Nominal Compositions of AISI H13 and M2 Steels (Wt Pct)

Steel C Mn Si Cr Mo V W S P Fe

H13 0.46 0.32 1.04 5.31 1.45 1.38 — £ 0.03 £ 0.03 bal.
M2 0.96 0.35 0.41 4.21 4.97 2.15 6.72 £ 0.03 £ 0.03 bal.
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C. Microscopic Analysis for Worn Surfaces

The XRD patterns and Raman curves of worn
surfaces of H13 steel and the coating are shown in
Figures 5 and 6, respectively. As shown in Figure 5, a
small amount of Fe2O3 and Fe3O4 were noticed to form
on worn surfaces of H13 steel at 400 �C. As the ambient
temperature reached 600 �C, a great amount of Fe2O3

and Fe3O4 with trace FeO (shown in Figure 6(a)) were
produced on the worn surfaces. However, at 400 �C, a
small amount of Fe3O4 were merely identified on worn
surfaces of the coating. As the ambient temperature
reached 600 �C, a great amount of Fe3O4 and a small
amount of Fe2O3 were distinguished to appear on the
worn surfaces of the coating. In addition, FeO and NiO
were also identified in the Raman curves, as shown in

Figure 6(b). Since the coating contained more anti-ox-
idation elements, such as Cr and Ni, its tribo-oxides
seemed to be much less than those of H13 steel.
Figure 7 illustrates SEM morphology of the worn

surfaces of H13 steel and the coating under various
sliding conditions. It was found in Figure 5 that
tribo-oxides started to appear on worn surfaces of
H13 steel at 400 �C. When the ambient temperature
reached 600 �C, the amount of tribo-oxides substantially
increased. At 400 �C, the worn surface of H13 steel
represented typical characteristics of oxidative wear with
smooth, black areas (tribo-oxide layers) and rough, gray
areas (delamination of tribo-oxide layers) (Figure 7(a)).
However, at 600 �C, the worn morphology became
different; smooth, black areas with cracks covered the

Fig. 1—SEM morphologies of the coating: the cross-sectional macro-morphology of the coating (a), the second layer (b), the remelting zone
between the first and the second layer (c), the middle region of the first layer (d), and the bottom region of the first layer (e).
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whole worn surface, as shown in Figure 7(b). It might be
estimated that tribo-oxide layers would totally peel off
for further sliding. For the coating at 400 �C to 600 �C,
smooth, black areas, some rough delaminated areas and
particles appeared on the worn surfaces (Figures 7(c)
and (d)). As the ambient temperature increased to 600
�C, more and more particles appeared on worn surfaces
(Figure 7(d)). Figure 8 illustrates the macro-morphol-
ogy of worn specimens of H13 steel and the coating
under 150 N at 600 �C. It was noticed that the pins of
H13 steel and the coating almost maintained their
original contours under most sliding conditions.
Figure 8(b) presented not only the macro-morphology
of the coating under 150 N at 600 �C, but also typical
one of the coating and H13 steel in other sliding
conditions. However, as H13 steel slid under 150 N at
600 �C, the worn specimen lost its original contour with
the appearance of a plastically extrusive lip on the worn
surface, as shown in Figure 8(a). It is clear that a severe

wear occurred for H13 steel under 150 N at 600 �C.
Conversely, the coating presented mild wear in the same
condition.

IV. DISCUSSION

Mild and severe wear is a relative concept, which is
usually used to distinguish the wear severity.[22] Zhang
and Alpas suggested 5 9 10�6 mm3/mm as a critical
value for mild wear.[23] In our current research, 5 9 10�6

mm3/mm might as well use as a standard to evaluate the
wear resistance of H13 steel and the coating. Mild and
severe wear could be classified according to the wear
rates below and above 5 9 10�6 mm3/mm, respectively.
As shown in Figure 4, the wear rate of H13 steel was less
than 5 9 10�6 mm3/mm under 50 N at 400 �C. As the
load increased to 100 and 150 N, the wear rates
surpassed 5 9 10�6 mm3/mm. As the ambient temper-
ature reached 500 �C, the wear rates slightly decreased
to less than 5 9 10�6 mm3/mm under 50 and 100 N, but
surpassed 5 9 10�6 mm3/mm under 150 N. However, as
the ambient temperature reached 600 �C, the wear rates
substantially increased to 7.1 to 8.7 9 10�6 mm3/mm
under 50 to 100 N, especially reached 33 9 10�6 mm3/
mm under 150 N. This demonstrated that the wear
performance of H13 steel would be readily deteriorated
at 400 �C and 600 �C, especially at 600 �C and 150 N.
When H13 steel was applied at 400 �C to 600�C, the

wear rate readily surpassed the critical value of mild
wear to enter severe wear. Therefore, H13 steel pos-
sessed unstable, inferior elevated-temperature wear
resistance at 400 �C to 600 �C. It is unstandable that
the hot-working dies made of H13 steel usually present
normal or low life of wear. Furthermore, such dies
would fail immediately as the temperature and load
reached 600 �C and 150 N or above at local areas. By
contrast, the wear rates of the coating were less than 4 9
10�6 mm3/mm at 400 �C and 500 �C. Even at 600 �C and
150 N, the wear rate merely approached 5 9 10�6 mm3/
mm. Clearly, the coating invariably fell in mild wearFig. 2—XRD spectrum analysis of the cladding coating.

Fig. 3—XPS spectra of the coating surface : Ni 2p (a), and Al 2p (b).
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under 50 to 150 N at 400 �C to 600 �C. This
demonstrated that the austenite aging steel possessed
excellent wear resistance, and was qualified for the
coating on H13 steel. When this austenite aging steel
coating was produced on H13 steel, the corresponding
hot-working dies would be expected to possess a longer
life of wear than the original ones.

During elevated-temperature wear of metallic alloys,
tribo-oxides are unavoidably formed on worn surfaces.
Tribo-oxides as the third body are bound to affect wear
behavior and mechanism of metallic alloys.[24] Usually,
tribo-oxides are considered to protect metallic alloys to
reduce wear, while main wear mechanism is oxidative
mild wear.[25,26] However, a prerequisite for the
above-mentioned protection and oxidative mild wear
must be needed. Namely, the subsurface alloy possessed
enough thermal strength and stability to support
tribo-oxide layers.[22,25] In this case, the thermal soften-
ing did not occur in the subsurface matrix, so tribo-ox-
ide layer was strongly supported to take a protective

function. Otherwise, although tribo-oxides existed, their
protective function would be totally lost. Therefore,
oxidative mild wear could not be maintained but turned
into extrusive wear.[25]

Figure 9 illustrates the cross-sectional morphology of
worn surfaces of H13 steel and the coating under 150 N
at 600 �C. From the cross-sectional morphology of worn
surfaces, the tribo-oxide layers could be identified from
the matrix. Based on the characteristics of tribo-oxide
layers, the wear behavior and wear mechanism could be
estimated. At 600 �C and 150 N, the tribo-oxide layer of
the coating was noticed to stably exist with a thickness
of 26 lm, as shown in Figure 9(b). It was considered
that the tribo-oxide layer possessed the protective
function because of no plastic deformation of the
subsurface matrix and sound tribo-layer. In contrast,
the tribo-oxide layers of H13 steel were fractured to peel
off. In this case, the tribo-oxide layers did not provide
the protective function. This would be confirmed from
massively plastic deformation (plastic flow traces)

Fig. 4—Wear rates of H13 steel and the coating under various sliding conditions: 400 �C (a), 500 �C (b) and 600 �C (c).
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Table II. Friction Coefficients of H13 Steel and the Austenite Aging Steel Coating Under Various Sliding Conditions (�l-Average
Friction Coefficient, r-Standard Deviation)

Temperature (�C)
400 500 600

Load (N) 50 100 150 50 100 150 50 100 150

H13
�l 0.93 0.51 0.39 0.86 0.59 0.48 0.48 0.62 0.73
r 0.18 0.15 0.14 0.16 0.14 0.15 0.11 0.10 0.26

Coating
�l 0.96 0.70 0.64 0.64 0.58 0.37 0.47 0.40 0.29
r 0.20 0.16 0.16 0.14 0.17 0.14 0.16 0.09 0.11

Fig. 5—XRD patterns of worn surfaces of H13 steel (a) and the coating (b).

Fig. 6—Raman spectrum of worn surfaces for H13 steel (a) and the coating (b) at 600 �C.
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occurred at subsurfaces, broken tribo-oxide layers and
even the appearance of their double-layer structure
(Figure 9(a)).

The protective function of tribo-oxide layers
depended on the thermal strength and thermal stability
of subsurface matrix. When subsurface matrix had
enough thermal strength and thermal stability, tribo-ox-
ide layers would be firmly supported to take a protection
action. Conversely, as thermal strength and thermal
stability of subsurface matrix were substantially
reduced, tribo-oxide layers would lose the firm support
not to take a protection action. In this case, massively
plastic deformation occurred at subsurface matrix on

account of no protection from tribo-oxide layers, thus
resulting in their substantial delamination. The thermal
strength and stability could be estimated by the resis-
tance to thermal softening, i.e., the hardness and its
variation at an high ambient temperature. The resistance
to thermal softening was considered to decide the
elevated-temperature wear resistance.
For a hot-working die steel, thermal softening usually

causes massively plastic deformation in elevated-tem-
perature applications. More importantly, it severely
damages elevated-temperature wear resistance.[25–27] In
the present research, thermal softening extent would be
roughly estimated by measuring the hardness variation

Fig. 7—SEM morphology of worn surfaces of H13 steel and the coating under various sliding conditions: H13 at 400 �C and 150 N (a), H13 at
600 �C and 150 N (b), the coating at 400 �C and 150 N (c), and the coating at 600 �C and 150 N (d).

Fig. 8—Macro-morphology of worn specimens of H13 steel (a) and the coating (b) under 150 N at 600 �C.
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after some durations at certain a high temperature.
Figure 10 illustrates the hardness variation of H13 steel
and the austenite aging steel coating after the same
isothermal process at 620 �C. Because of the existence of
intermetallic compounds, the austenite aging steel coat-
ing was hardened to reach 625 HV. With an increase of
the holding time at 620 �C, the hardness of the austenite
aging steel coating substantially increased to 800 HV
after 5 hours, and then slightly decreased to 700 HV
after 8 hours. Clearly, during elevated-temperature, the
austenite aging steel coating was further strengthened by
the continuous precipitation of intermetallic com-
pounds. Conversely, H13 steel would be further tem-
pered and carbides readily coarsened in the same
condition, thus its hardness was markedly reduced from
450 HV to 300 HV after 2 hours, and slightly decreased
to 250 HV after 8 hours at 620 �C with the increase of
the holding time. The above experimental result demon-
strated that the austenite aging steel coating had higher
thermal strength and stability than H13 steel. The higher
thermal strength and stability endowed the coating with
the higher elevated-temperature wear resistance.

During sliding of metal alloys at elevated-tempera-
ture, more tribo-oxides were formed on worn surfaces.
During sliding at 400 �C to 600 �C, Fe2O3, Fe3O4, and
FeO were noticed to exist on worn surfaces of H13 steel.
This is agreement with Godet’s research.[24] For the
coating, because of high content of Cr and Ni, relatively
less tribo-oxides of Fe2O3, Fe3O4, FeO, and NiO were
produced at the same sliding conditions. The appear-
ance of tribo-oxides was helpful to reduce the friction
coefficients of H13 steel and the coating because of their
lubricating action.[24] Under higher loads at 600 �C, the
lower friction coefficients of the coating might be
attributed to the sound tribo-oxide layers and the
appearance of NiO.[28] Similarly, deteriorated tribolog-
ical performance of H13 steel was ascribed to the
damage of the sound tribo-oxide layers in the same
condition. For example, double-layer tribo-oxide layers
appeared, as shown in Figure 9(a).
The appearance of tribo-oxides roughly confirmed

that oxidative-induced wear prevailed for H13 steel and
the coating. Wang et al. suggested a classification of
oxidative-induced wear into oxidative mild wear and
oxidative wear, based on wear rate and wear character-
istics.[27] Although oxidative mild wear and oxidative
wear present the same oxidative characteristic, the latter
is beyond mild wear. In the present research, the
characteristics of oxidative-induced wear were shown
from the phases and morphology of worn surfaces.
Based on 5 9 10�6 mm3/mm as the critical wear rate of
mild wear, oxidative-induced wear could be subdivided.
For the coating, the wear rates invariably kept below

5.0 9 10�6 mm3/mm throughout. Hence, oxidative mild
wear prevailed at 400 �C to 600 �C. However, for H13
steel, oxidative mild wear merely prevailed under 50 N
at 400 �C and under 50 to 100 N at 500 �C. Under 100 to
150 N at 400 �C, and 150 N at 500 �C as well as 50 to
100 N at 600 �C, oxidative wear occurred. When sliding
under 150 N at 600 �C, H13 steel presented a special
morphology of worn surfaces. That is, fractured
tribo-oxide layers covered worn surfaces with the
appearance of the plastic flow at subsurfaces and the
plastically extrusive lip (Figure 8(a)). Clearly, massively
plastic deformation occurred on worn surface and at

Fig. 9—Cross-sectional morphology of worn surfaces of H13 steel (a) and the coating (b) under 150 N at 600 �C.

Fig. 10—Microhardness variation of H13 steel and the coating
during the isothermal process at 620 �C.
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subsurface of H13 steel under 150 N at 600 �C.
Although tribo-oxides still existed, they started to
severely delaminate and lost the protection function.
Hence, plastically extrusive wear prevailed.

V. CONCLUSIONS

(1) A novel austenite aging steel coating was success-
fully produced on the surface of AISI H13 steel by laser
cladding. The coating presented no crack and pore as
well as a metallurgical bond with H13 steel. The
austenite aging steel coating took c-(Fe, Ni) as main
matrix phase with a small amount of a-Fe and precip-
itated intermetallic compounds.

(2) The austenite aging steel coating possessed excel-
lent wear resistance at 400 �C to 600 �C. Comparatively,
H13 presented an inferior wear resistance at 400 �C to
600 �C, especially under 150 N at 600 �C. Because of
higher resistance to thermal softening of the coating,
tribo-oxide layers stably existed to substantially reduce
the wear rates.

(3) Oxidative mild wear was main wear mechanism
for the coating at 400 �C to 600 �C.

However, oxidative mild wear prevailed for H13 steel
only under 50 N at 400 �C and under 50 to 100 N at 500
�C. Oxidative wear occurred under 100 to 150 N at 400
�C and 150 N at 500 �C as well as 50 to 100 N at 600 �C.
As load reached 150 N at 600 �C, extrusive wear
prevailed.
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