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Abstract: In many industrial segments such as steel or fire clay industry Fe-based hardfacing alloys are
widely used to protect machinery equipment exposed to different loading situations where abrasives play a
dominating role. In view of the above, 2 Fe-Cr-C hardfacing alloys additionally alloyed with Nb, Mo and B
to ensure improved performances at elevated temperature were deposited onto mild steel under optimised
gas metal arc welding (GMAW) condition. High-temperature erosive wear (so called HT-ET, 2-body
condition) of the hardfacings was evaluated for four different temperatures, for two different impact angles
and at one impact velocity. For 3-body impact/abrasion conditions a special designed high-temperature
continuous impact/abrasion Tester (so called HT-CIAT) was used. The wear behaviour of the hardfacing
was compared with an austenitic steel typically used in high temperature applications. Results indicate that
2-body erosive wear rate of the hardfacing increases with increase of test temperature and impact angles,
whereas wear behaviour of the austenitic stainless steel is non-sensitive to the testing temperature. In 3-body
impact abrasion testing similar behaviour can be seen; cyclic tests in HT-CIAT at enhanced temperatures
result in breaking of coarse carbides, whereas wear mechanisms of the austenitic steel are found to massive
abrasion and formation of mechanically mixed layers (MML).
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1. INTRODUCTION The material removal mechanisms in such cases

are often superposed by the effect of oxidation [1,

Combined wear at high temperatures comprising
erosion, impact and abrasion is heavily influencing
maintenance costs in many industries. Crusher
systems for sinter cake in steel production plants
(Fig. 1) or delivery screws are typical examples for
such a tribological environment.

Figure 1. Heavy duty equipment exposed to high
temperature abrasion and impact: Sinter crusher rotor and
crusher bars

2]. The state-of-the-art of erosive wear at elevated
temperature has been reviewed comprehensively [3].
Hardfacing of bulk materials is one of the methods
to modify surfaces and the tribological performan-
ces without changing the bulk properties of
components.

Important hardfacing alloys are Fe-Cr-C and Fe-
C-B [4, 5]. In this method of surface modification,
both the coating and the substrate material is melted
giving rise to a good metallurgical bond between
the coating and the substrate.

Rapidly solidified fine crystalline microstructure
containing finely distributed hard carbide phases
can exhibit an excellent combination of hardness
and toughness [6]. To achieve high impact
resistance of carbide reinforced materials, good
ductility and sufficient interfacial carbide-matrix
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bonding is necessary [4]. To achieve high abrasion
resistance, coarse hard phases and high hardness
are important, especially that the hardness of the
hard phases and/or the hardness of the matrix are
higher than the hardness of the abrasive [7, 8].
Materials with high temperature resistance and oxi-
dation resistance are reported in [9] to high alloyed
matrix especially austenites which behave well.

In view of the above, two different Fe-Cr-C
hardfacing alloys have been investigated regarding
their behaviour under 2-body and 3-body con-
ditions at elevated temperatures with the aim to
understand the wear mechanisms on a basic level.
Wear behaviour has been compared to a standard
austenitic stainless steel for clarification of the
influence of hardness and hard phase content on
wear behaviour.

2. EXPERIMENTAL DETAILS
2.1 Materials and characterization

Within this study, a Fe-Cr-C hypereutectic alloy
(coarse microstructure), a Fe-Cr-C-B complex alloy
(fine microstructure) and a standard austenitic
stainless steel have been investigated. Chemical
composition and hardness of these materials are
summarized in Tab. 1. Typical microstructures of
the materials are presented in Fig. 2. Characteri-
sation of microstructure was performed by optical
microscopy (OM) after etching and scanning
electron microscopy (SEM + EDS). Hardness
measurements were carried out with a standard
Vickers hardness technique HV5. To determine the
hardness of each phase in the microstructure, e.g.
hard particles and metallic matrix, micro-hardness
HV0.1 was used.

The different hardfacing alloys produced as flux
cored wires on iron basis (Tab. 1) were welded onto
mild steel plates (DIN 1.0038) with a dimension of
150 x 100 x 6 mm. Welding parameters were kept
constant for all hardfacing alloys investigated [5],
which are optimised related to the welding
behaviour in practical welding procedures done.
The Fe-Cr-C hypereutectic alloy consists of
primary Fe/Cr carbides in a ledeburitic matrix
(Figure 2a). The content of Fe/Cr carbides was
reported in [5] to be 57.1% with size of 30-
200 um. The chemistry of the Fe/Cr carbides is
reported for hypereutectic Fe-Cr-C alloys in
literature to be M;C; structure [10]. The hardness is
determined to 880 HV5. More details on
microstructure are reported in previous investi-
gations by the authors in [5].

Fe-Cr-C-B complex alloy shows a dense and
uniform distribution of very hard complex carbides
and carbo-borides (Fig. 2b) with hardness values

between 1200 and 1900 HVO0.1. The hard phases
were identified as Fe/Cr carbo-borides with a
volume content of 52% and a size of 10-100 pm,
Nb carbides and Mo/W carbo-borides with a
volume content of approximately 5% in blocky
shape [5]. In addition, the hardness of the matrix is
also very high which is reflected by a hardness of

1020 HV5. This is due to a nanocryalline

microstructure of the matrix, both improving
toughness and hardness [5].

""""" e | T

4 p !K ap |

== o L

Lo

‘f'_;;} e et o e [ = {

y cartide § i-siem | | fine grained matrix | | soun | RN PP soum ||

Figure 2. Microstructure of the materials
investigated. a) Fe-Cr-C hypereutectic, b) Fe-Cr-C-B
complex Nanoalloy®, c) austenitic

The austenitic steel (Fig. 2c) which has a heat
resistant microstructure at C-content of 0.08 %, Cr-
content of 25% and 20 % Ni. Hardness of this
material was determined to 175 HV5. Austenitic
stainless steels have high ductility, low yield stress
and relatively high ultimate tensile strength, when
compared to typical carbon steel. Austenitic steels
showing fcc-structure, which provides more planes
for the flow of dislocations, when combined with
the low level of interstitial elements, give this
material a good ductility.

Table 1. Chemical
investigated.

composition of the materials

Material Chemical composition [wt.-%]

C Cr Ni Nb B Others (Mo, V, W) Fe
Fe-CrTC hyper- 55 21.0 . 70 . 10,0 base
eutectic alloy
Fe-Cr-C-B
complex alloy 13 ] 154 - 42 | 42 115 base
Awustenitic
stainless steel | 008 | 248 | 198 | - - - base

2.2 High-temperature erosion test (HT-ET) - 2-
body erosion

Solid particle erosion tests have been performed
in a conventional centrifugal four-channel
accelerator where up to 20 specimens can be treated
simultaneously under identical testing conditions
(Fig. 3a). Testing parameters used are given in
Tab. 2. The abrasive particles used in this work
were angular silica particles at a grain size of 0.1 -
0.3 mm. Investigation of steady state erosion rate
was made as a function of the impact angle at the
abrasive particle velocity of 80 m/s. Erosion tests
were conducted at impact angles of 30° and 90°,
respectively. To study erosion at elevated
temperature, the centrifugal apparatus was put into
the heated test chamber where tests at enhanced
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temperatures were carried out at 300, 500 and
650°C. The erosion rate was determined as a
volume loss of the target sample per mass of
abrasive particles impinging the target (mm?®kg).
An accuracy of 0.1 mg was obtained for the target
mass loss measurements. Each wear test was
repeated for three times.

Table 2. Testing parameters used in HT-ET

Parameter Value
Impact velocity 80 m/s
Impact angles 30, 90°

Erodent Silica sand, 0.1 - 0.3 mm

Total weight of erodent 6 kg

Test temperatures RT, 300, 500, 650°C

b)

,- abrasive
impacting % 3y flow
unit 3

Figure 3. View of the wear testing apparatus used within
this study. a) High temperature erosion test (HT-ET),
b) High temperature continuous impact abrasion test

(HT-CIAT).

The morphologies of the eroded samples are
examined with the help of scanning electron
microscopy (SEM) to understand the material
removal mechanism. The eroded samples are then
sectioned along a plane perpendicular to the eroded
surface. The sectioned surfaces were then polished
and observed under optical microscopy to asses the
nature of subsurface deformation and various
coatings formation.

2.3 High-temperature continuous impact abrasion
test (HT-CIAT) - 3-body impact abrasion

The HT-CIAT was developed by Castolin and
AC?T to determine the behaviour of materials in
continuous impact abrasive environment at elevated
temperatures. Test principle is simply based on
potential energy which is cyclic turned into kinetic
energy by free fall. The samples are fixed in 45°
and get continuously hit by the plunger, while a
constant abrasive flow is running between the
sample and the plunger as shown in (Fig. 3b).
Impact energy, angle of impact and frequency were
chosen as 0.8J, 45° and 2 Hz, respectively. The
total number of testing cycles was fixed to 7.200
which correlate to a testing duration of 1 hour. The
abrasive material used for 3-body-contact was silica

sand with a particle size of 0.4-0.9 mm at angular
shape and a flow rate of 3 g/sec. Experiments were
carried out at room temperature and 600°C,
respectively. The plunger material used at these
tests was a Co-rich high speed steel. Characteri-
sation of wear behaviour was done by measuring
the weight loss of the samples (accuracy, 0.1 mg),
by standard optical microscopy (OM) and scanning
electron microscopy (SEM). Also cross-sections
images of the worn specimen area have been made
to analyse the predominant mechanisms e.g.
carbide breaking, cold work hardening, composite
layer formation and changes in the matrix caused
by high temperature.

3. RESULTS AND DISCUSSION
3.1 HT-ET results and discussion

The dependence of the volumetric erosion rate
of all materials investigated on the test temperature
is shown in Fig. 4 for glancing impact angle. In
general, it can be observed that the erosion rate of
all three materials increases at higher testing
temperature. This behaviour can be explained by
softening effects which get dominant at higher
temperatures.

The increase in erosion resistance of the
austenitic could be due to the precipitation of
additional Cr-carbides at temperatures above 500°C
which is usual for not stabilised austenitic steels
[19]. A good correlation of erosion rate and
material hardness can be detected at room
temperature where the softest austenite (175 HV)
shows highest erosion rate compared to the hardest
Fe-Cr-C-B complex (1020 HV) which behaves
best.

rate [mmkg]

Volumetric erosion

Test temperature [°C]

Figure 4. Volumetric erosion rate in dependence of test
temperature for all materials investigated in HT-ET
(impact angle, 30°).

The wvariation of erosion rate of all three
materials as function of temperature under normal
impact condition is presented in Fig. 5. It can be
seen that the erosion rate of all three materials is at
room temperature in the same range, whereas at
enhanced temperature complete different behaviour
can be observed. For Fe-Cr-C hypereutectic and Fe-
Cr-C-B complex the erosion rate increases with the
test temperature. However, in case of the austenite,
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the erosion rate remains more or less independent
on the test temperature on a low level. Therefore,
significant differences in erosion rate by a factor 4-
5 are shown at highest test temperature of 650°C

(Fig.5).

Volumetric erosion rate [mma/kg]
N
S
N

30
Test temperature [°C]

Figure 5. Volumetric erosion rate in dependence of test
temperature for all materials investigated in HT-ET
(impact angle, 90°).

In Fig.6 the typical worn austenitic surface at
30° impact angle tested at room temperature indi-
cates a highly plastically deformed surface where
pronounced abrasion grooves can be observed. This
ductile behaviour which is well known for
austenitic materials in combination with the
relatively low material hardness is responsible for
highest wear rate of all materials tested at room
temperature under glancing impact angle.

55 -
& Abrasion mark
; A

Figure 6. SEM micrograph of a typical worn austenitic
surface after erosion testing at room temperature
(impact angle, 30°).

l".é‘ !J'Au‘l«l’ f
Figure 7. Cross-section image of a typlcal worn surface
of Fe-Cr-C hypereutectic after erosion testing at 650°C

(impact angle, 30°).
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The wear behaviour of the Fe-Cr-C complex
under highest test temperature of 650°C can be
observed in the cross-section image in Fig. 7.
There, the eroded surface which is worn very
uniform in the coarse multiphase microstructure
can be seen. Coarse primary carbides as well as
ledeburitic matrix get worn in a simultaneously
behaviour, whereas no significant cracking in

carbides or interface matrix/carbide can be seen.
Because of this, the erosion rate at 650°C is only on
slight enhanced level compared with room
temperature tests (Fig. 4).

Figure 8. Typical cross-section images after erosion
testing at 650°C and 90° impact angle.
a) Fe-Cr-C hypereutectic, b) austenitic.

Erosion mechanisms for normal impact at 650°C
are presented in the cross-section images in Fig. 8.
The very high erosion rate of the Fe-Cr-C
hypereutectic described in Fig. 5 can be explained
clearly with Fig.8a. There, the predominant
material removal mechanism is given to brittle
fracture of coarse primary carbides in the
ledeburitic matrix. This behaviour can be explained
by insufficient mechanical support of the carbides
by the ledeburitic matrix due to softening effects at
these high temperatures [11]. Compared to the high
erosion level of Fe-Cr-C hypereutectic at 650°C,
the austenite shows a temperature independent
behaviour on a low erosion level. A typical cross-
section image after testing is given in Fig. 8b.
There, a highly plastically deformed near surface
zone of approximately 50 pm in combination with
SiO; particles form a so called mechanically mixed
layer (MML). This in-situ formation of the MML
strengthens the austenitic surface and protects the
materials against wear.

Figure 9. SEM of a typical worn austenitic surface after
erosion testing at 650°C (impact angle, 90°).

In the eroded surface of Fig.9, embedded
abrasives particles can be seen clearly. The content
of SiO, within the eroded surface can be seen on
the dark zones in the back-scattering SEM image
(BSE) which correspond to non-metallic particles.
A high content of approximately 50 % of the
eroded surface is covered with abrasive particles
sticking on the surface and forming a mechanically
mixed layer. This is in good correlation with previ-
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ous investigations reported in [11]. It was observed
that the formation of the MML is more pronounced
at higher temperatures which can be explained by
the higher ductility of the austenitic material at
enhanced temperatures and therefore preferred
which prefers embedding of abrasive particles.

3.2 HT-CIAT results and discussion

Volumetric wear of the materials investigated in
3-body impact abrasion at room temperature and
600°C is given in Fig.10. Results at room temper-
ature testing show very low wear of approximately
3 mm? for coarse multiphase materials containing
large amount of hard phases. Increased wear can be
detected for the austenite which can be explained
by lowest hardness and lack of hard phases in the
microstructure. HT-CIAT at 600°C indicates
increased wear for all of the materials investigated,
whereas Fe-Cr-C hypereutectic with the coarse
carbides shows an increase of wear by a factor of
four compared to room temperature testing (Fig.
10). Better performance can be observed for the
fine-grained microstructure of Fe-Cr-C-B complex
which is explained in [4] to have better matrix-
carbide interfacial bonding. Increased wear can be
also detected for the ductile austenite at 600°C
because of insufficient coarse hard phases which
can withstand against abrasive environments
especially at enhanced temperatures when the
matrix gets softening.
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Figure 10. Volumetric wear of all materials investigated
in HT-CIAT (testing temperature, room temperature and
600°C)

Typical macro images of worn surfaces after
HT-CIAT are listened in Fig. 11 where the influ-
ences of testing temperature and microstructure are
present. It can be seen that for Fe-Cr-C hyper-
eutectic, representative for high hard phase content,
tested at room temperature (Fig. 11a) only low
grooving of the surface takes place which is in good
agreement with the low wear in Fig. 10. At higher
temperatures the grooving mechanisms is more
pronounced resulting in higher wear (Fig. 11b).
Different behaviour can be detected for the
austenite containing no hard phases. This material
has two different wear mechanisms which are seen
in the macro image in Fig. 11c. In the impacting

zone, the formation of a mechanically mixed layer
takes place (upper part in Fig. 11c), and in the
abrasion dominating region (lower part in Fig. 11c)
massive abrasion with deep grooving is present.

Figure 11. Macro images of typical wear tracks after
HT-CIAT. a) Fe-Cr-C hypereutectic (room temperature
testing), b) Fe-Cr-C hypereutectic (testing temperature,

600°C), ¢) austenitic (testing temperature, 600°C)

For deeper understanding of the mechanisms
interacting with the microstructure detailed SEM
investigations were done. Fe-Cr-C-B complex
representative for materials with high hard phase
content the worn surface tested at room temperature
is given in Fig.12a. It can be seen that no
significant fracture and breakouts are present. Only
low tendency to plastic deformation and SiO,
particle sticking can be detected. At enhanced
testing temperature the wear behaviour is changing
where abrasion marks and highly deformed areas
can be detected (Fig. 12b). Protruding carbides also
break at higher temperatures due to fatigue and by
the worse matrix backing which is due to softening
at higher temperatures.

a)”

Figure 12. SEM micrographs of typical worn surfaces of
Fe-Cr-C-B complex after CIAT. a) testing at room
temperature, b) testing temperature, 600°C

The wear behaviour of the austenite is governed
by the formation of a MML in the impacting
dominating zone. SiO, particles are embedded into
the highly plastically deformed austenitic surface
(Fig. 13a) resulting in an in-situ increase in wear
resistance. It was observed that the tendency of
MML formation which is also thicker is more
pronounced at higher temperature because of the
higher plasticity at these temperatures. In the
abrasion dominating region (lower area in Fig. 11c)
the wear behaviour is controlled by massive
abrasive grooving and chipping which result in
increase wear rates in HT-CIAT. At high temper-
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atures, when the matrix gets softening, a certain
amount of coarse hard phases are necessary to with-
stand grooving and therefore keep the wear on a
low level.

Figure 13. SEM micrographs of typical worn austenitic
surfaces after CIAT at 600°C.
a) impacting zone, b) abrasive dominated region.

4. CONCLUSIONS

Based on the investigations within this work,
following conclusions can be drawn:

1. Coarse microstructure with carbides
performs well under glancing impact angle,
whereas brittle behaviour is observed at normal
impact angle in erosion test.

2. Single phase austenitic materials show
ductile behaviour and in-situ formation of
mechanically mixed layers (MML) which is more
pronounced at higher temperatures which enables a
temperature independent behaviour under normal
impact angle.

3. Breaking of coarse hard phases at high
temperatures takes place due fatigue effects and
insufficient mechanical support by the matrix.

4. In abrasion conditions, a certain content of
hard phases is necessary to keep wear on a low
level, therefore a pure austenitic structure is not
favourable in case such conditions appear at least in
certain areas of the loaded parts.

5. In impacting loading conditions, a coarse
microstructure is a disadvantage.

6. As future development direction austenitic
structures reinforced with hard phases could be of
high interest.

7.  Complex Nanoalloys® are state of the art
for protection under combined wear with a
dominant abrasive component where austenitic
materials have much less wear resistance.
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