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Abstract: The severe sliding abrasion of single-phase metallic materials is a complex issue with a
gaining importance in industrial applications. Different materials with different lattice structures
react distinctly to stresses, as the material reaction to wear of counter and base body is mainly
determined by the deformation behavior of the base body. For this reason, fcc materials in particular
are investigated in this work because, as shown in previous studies, they exhibit better hot wear
behavior than bce materials. In particular, three austenitic steels are investigated, with pure Ni as
well as Ni20Cr also being studied as benchmark materials. This allows correlations to be worked
out between the hot wear of the material and their microstructural parameters. For this reason,
wear tests are carried out, which are analyzed on the basis of the wear characteristics and scratch
marks using Electron Backscatter Diffraction. X-ray experiments at elevated temperatures were
also carried out to determine the microstructural parameters. It was found that the stacking fault
energy, which influences the strain hardening potential, governs the hot wear behavior at elevated
temperatures. These correlations can be underlined by analysis of the wear affected cross section,
where the investigated materials have shown clear differences.

Keywords: austenitic steels; elevated temperature; high-temperature two-body abrasion; wear; hot
wear; wear mechanism; electron backscattered diffraction; X-ray diffraction; stacking fault energy

1. Introduction

The wear resistance of metallic materials at elevated temperatures is increasingly
gaining traction in technology. This results in increasing requirements on the used alloys.
Application examples in which high-temperature wear is the norm are construction mate-
rials used in circulating fluidized bed combustion reactors, where the structural material
is engrossed by the SiO; carrier material at high temperature [1]. Due to this abrasive
flow consisting of ceramic particles and hot carrier gas, a severe sliding abrasion of the
construction material is induced [1,2].

Due to thermal softening, the alloys used for high-temperature wear applications
differ significantly from the alloys used in room-temperature applications, like marten-
sitic steels [3-6]. These steels cannot be used at temperatures above 500 °C, because the
indentation of particles cannot be prevented by established room-temperature mechanisms
such as martensitic hardening [3,6]. In addition, the stability of the wear-generated surface
plays a significant role in the wear resistance of a material used in high-temperature wear
applications [7,8]. This leads to a significant influence of the matrix material, whereas the
hard phases, as used in other conventional alloys such as ledeburitic tool steels, have a
negligible influence on the high temperature wear resistance because the metal matrix
decisively determines the stability of the wear-induced surface [3,7-9]. In addition, the
loss of support and integration of the hard phases in the metal matrix because of thermal
softening mechanisms leads to an amplified material loss [3,7,9]. For these reasons, an
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increased focus on the high-temperature wear resistance of the matrix material is required.
In addition, fcc-phase materials are used in high-temperature wear applications because of
their temperature-stable wear response in coherence to a stable wear-induced surface [4,5].

Properties associated to an increase in dynamic abrasion resistance of a material
are hardness, tensile strength and especially the work-hardening capability of the matrix
during deformation [3,10]. The latter in particular is able to counteract thermal softening
processes at higher temperatures, making the work-hardening rate of a material essential
for high temperature abrasion and stability of the wear induced surface [4,5,11].

Closely related to the deformation behavior and work-hardening capability off mate-
rials with fcc-lattice is the stacking fault energy (SFE). Especially in tribological systems,
the SFE influences the wear-related properties and mechanisms, e.g., microcutting or mi-
croploughing [12]. Berns et al. [10] indicated that in austenitic steels, the stacking fault
energy plays a significant role on the wear behavior and consequently on the performance
of metals in high-temperature wear applications. Meanwhile, the SFE is a parameter
influenced by metallic bonding forces, resulting from different base materials or alloy
compositions as well as the temperature [13-15].

There are different ways to determine the SFE. It can be estimated by thermodynamic
and first principle calculations, on the one hand [16-19], or it can be measured by X-ray
diffraction line-profile analysis [20], weak beam techniques [21], or transmission electron
microscopy, on the other hand [15,21-23]. Due to the high complexity of the experimental
measurements, only few investigations can be found that focus mainly on the room-
temperature (RT)measurements and values. Walter et al. [13] showed in a recent study
that the SFE as a function of temperature can be measured in situ by X-ray line-profile
analysis. Furthermore, Fussik et al. [14] indicated via thermodynamic calculations that the
temperature dependent slope of SFE is affected by different alloy compositions.

This work focuses on the hot hardness and specific hot wear reactions of fcc-lattice
metals. For this purpose, three austenitic stainless steels as well as Ni and Ni20Cr as
benchmark materials will be investigated. These materials react differently to indentation
and severe sliding abrasion. These reactions will be correlated to their microstructural pa-
rameters at elevated temperatures, resulting in a clear connection, which can be confirmed
due to microscopic analysis in the cross section of the wear-affected zones.

2. Materials and Methods
2.1. Materials and Metallography

The high-temperature wear mechanisms and microstructural parameters of five single
phase materials with fcc-lattice were investigated. Materials chosen were three austenitic
stainless AISI304L/EN 1.4301 (X5CrNil18-8), AISI 316L/ EN 1.4404 (X2CrNiMo17-10-2),
and X3CrNi25-20, which were optimized due to a low SFE slope with rising temperature
by Fussik et al. [14]. To determine the effect of lattice-properties, pure Ni, as well as Ni20Cr
were investigated.

The austenitic steels X5CrNil18-8 and X2CrNiMo17-10-2 used are commercially avail-
able steel grades, while the alloy X3CrNi25-20 and Ni and Ni20Cr were produced in a
vacuum induction furnace (Leybold-Heraeus GmbH, K6ln, Germany) using pure element-
powder as well as ferroalloys (e.g., FeCr). All metals were then hot forged by a round-
forging machine (Heinrich Miiller Maschinenfabrik GmbH, Pforzheim, Germany) with a
forging-temperature of 1100 °C. The diameter of the ingots was reduced from 42 mm to
12 mm in 10 steps. Heat treatment was done for 24 h with a temperature of 1100 °C and
quenching in water. After the heat treatment, optical emission spectrometry was carried
out with an emission spectrometer from OBLF GmbH, Witten, Germany. The chemical
analysis is displayed in Table 1. A grain size between 30 pm and 50 pm was required to
minimize the grain size influence on the wear results and hardness testing.
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Table 1. Chemical composition of the investigated alloys.

Alloy C N Si Mn Cr Ni Mo Fe
X5CrNil8-8 0.03 0.07 0.40 1.65 17.91 7.98 0.23 Bal.
X2CrNiMo17-10-2 0.02 0.05 0.43 1.64 16.61 9.94 2.11 Bal.
X3CrNi25-20 0.03 - - - 25.5 19.5 - Bal.
Ni 0.01 - 0.02 - - Bal. - 0.05
Ni20Cr 0.01 - 0.01 - 16.87 Bal. - 0.05

For wear and hardness testing, samples with a thickness of 4 mm were cut, grinded
with SiC paper and subsequently polished with a diamond suspension with an average
grain size of 6, 3, and 1 um. Final polishing was done by oxide polishing suspension
with a grain size of 0.25 pm. After testing, scar surfaces were cleaned by ultrasonic
cleaning in ethanol. Wear scar subsurface regions were coated electrochemically with Ni
(thickness > 20 pm) to reduce the risk of edge rounding during preparation. After coating,
samples were cut in two halves exactly in the middle of the scar. The sectioning of the
sample was carried out to investigate the microstructure generated by the scratch tests,
which is located especially in the middle of the wear scar. The cross-sections were prepared
metallographically like mentioned before, including an additional step with vibration
polishing for 4 h using a silicon oxide polishing suspension with an average grain size of
0.02 pm.

2.2. Hardness Testing

High-temperature hardness testing was carried out with a high-temperature tribome-
ter type Optimol SRV4 (Optimol Instruments Priiftechnick GmbH, Miinchen, Germany).
Vickers-hardness testing was done with a modified testing device according to DIN EN
ISO 6507-1/ASTM E9. The load applied was 4.903 N (HV 0.5) in a temperature range from
30 to 800 °C in 100 °C steps, a heating rate of 100 °C/min and a dwell time of 10 min. The
tests were done in a forming gas atmosphere consisting of 95 vol.% Ar and 5 vol.% Hy.
Hardness was evaluated at room temperature, validated with a hardness reference block
and with respect to thermal shrinkage.

2.3. Wear Testing

Wear tests were done at 30 °C and from 400 °C to 700 °C in 100 K steps and a
heating rate of 100 K/min, analogously to hardness testing. The tests were done with an
AlyO3 ceramic sphere counter body (Sturm Prizision GmbH, Oberndorf-Hochmossingen,
Germany) versus the steel disc base body. The Al,O3 ceramic was roughened by SiC
abrasive paper with an average particle size of 18 um and cleaned by ultrasonic cleaning in
ethanol. The ceramic counter body oscillated over the base body with a stroke distance of
2 mm and a frequency of 1 Hz. Load was applied at the beginning with 10 N/min. During
wear testing, a constant normal force of 10 N was applied for a test duration of 3000 cycles
(50 min). Wear experiments were done under forming gas atmosphere (95 vol.% Ar, 5 vol.%
Hj). Measurements included the friction coefficient as well as the maximal wear path,
which describes exclusively the wear rate of the base material [24,25]. The conception and
a more detailed description of the measurement and evaluation can be found in the work
of Walter et al. [5].

2.4. Electron Backscatter Diffraction

Electron Backscatter diffraction (EBSD) measurements were performed using the
MIRA3 SEM (TESCAN ORSAY HOLDING, a. s, Brno, Czech Republic) and done for
selected cross-sections of the sliding wear scars. Samples were tilted for 70° and measure-
ments were done with a detector type Nordlysnano and evaluated with the software Aztec,
both by Oxford Instruments plc, Abingdon, Oxfordshire, England. The analyses were
performed as mappings with hcp, bec and fec-iron phases included. A magnification of
2500, an acceleration voltage of 20 kV, a working distance of 17 mm, a detector position
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of 209 mm, an electron-beam diameter of 25-30 mm, a scanning step size of 60-80 nm, a
binning factor of 4 x 4, an exposure time of 25-40 ms, a maximum line count of 8, and a
Hough resolution of 90 were selected. Furthermore, digital smoothing was carried out to
minimize noise, resulting from indexing. The resulting maps are displayed as an image
overlay of the band-contrast (BC) and phase distribution of the EBSD mappings and as an
image of the crystallographic orientation using the IPF-Y orientation map.

2.5. Stacking Fault Energy and X-ray Diffraction

The stacking fault energy of the materials was determined by means of X-ray diffrac-
tion (XRD). Line-profile Rietveld analyses [26] were done with the diffractograms. X-ray
diffractions were performed using a lab-scale diffractometer type Bruker D8 Advance
(Bruker Corporation, Billerica, MA, USA) and the Rietveld analysis software MAUD
(University of Trento, Trento, Italy) [13]. The diffractograms were recorded using CuK
(CuK 41 =1.54060 CuK, = 1.544392 A) radiation, an operating voltage of 40 kV with an
operating current of 40 mA, a Lynx-Eye detector, a detector divergence slip, 40° to 55° 26
range, 0.005° step size and 1 s measurement time per step. A Ni-filter was used to suppress
CuKp radiation. By using an energy discrimination window from 0.11 to 0.18 C, fluorescent
radiation of the Fe-based specimens was reduced. Samples were positioned directly in the
X-ray line of focus and were analyzed using this setup while rotating the samples, so that
the (111) and (200) reflections of the fcc-lattice were progressively detected. Each material
was measured by three different samples and repeated twice for each sample.

For SFE measurements, it was necessary to separate powder from the bulk material
by mechanical filing and subsequent sieving to a particle size < 75 pm. This results in a
high plastic deformation of the powder. This condition is called “cold worked” (CW). After
filing, half of the produced powder was heat treated in vacuum (10> mbar) using sealed
quartz glass capsules. This condition is called “annealed” (ANN). Alumina powder (grain
size < 1 um) was admixed as a standard for diffraction measurements for determination
and correction of instrumental broadening.

Determination of microstructural parameters and stacking fault energy for RT and
high temperature will be used as in the approach presented by Walter et al. [13] and
described shortly in this section. High-temperature measurements were done with Ni as
well as the austenitic stainless steels X5CrNi18-8, X2CrNiMo17-10-2, and X3CrNi25-20.

Each sample powder was mixed with Al,O3 powder, in order to measure sample
and reference simultaneously. High-temperature experiments were carried out with the
same X-ray parameters as mentioned before and used for RT-measurements, carried out
on a module Type HTK16N (Anton Paar GmbH, Ostfildern-Schmarnhausen, Germany).
The powder samples were positioned on a heating element, consisting of a titanium
heating strip with attached thermocouples, to ensure temperature control. By using such
a setup, a sufficient thickness (>1 mm) ensured the measurement of the sample only [27].
Measurements were performed in Ar-atmosphere. The starting temperature was 30 °C
with a stepwise increase to 50 °C, 100 °C, 200 °C and 300 °C. Cooling and heating rate were
100 K/min with a holding time of 30 min at each temperature. Specimens were measured
at RT, elevated temperature and at RT after heating.

SFE was calculated from the fitted Rietveld analysis by the approach presented by
Reed and Schramm [20,23]:

2
_ Ki11woG111)a0 (€30) 11 A—037

SFE /3 SFP

)
The above-mentioned microstructural parameters have to be described as the follow-

ing:

° <£%0>111: root-mean-square (r.m.s.) microstrain in the (111) plane of the deformed

fce-lattice, from XRD;
e aq: lattice parameter, from XRD;
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SFP: stacking fault probability, from XRD;
Gi11: the shear modulus in the (111) planes [28];
Kj11: parameter determined by the crystal symmetry [29];

wop: uncertainties resulting from dislocation interactions [25];
A_O‘37:

correction of the elastic anisotropy [25,29].

Presented SFE values in this study were statistically calculated mean values. The
results were averaged according to the principle of error propagation to determine the
average SFE and the standard deviation for each material.

3. Results and Discussion
3.1. Hardness as a Function of Temperature

The hardness of a material is an indicator of its resistance against the indentation of
a harder counter body, e.g., an abrasive body, representing the first stage of the abrasive
wear impact. In addition, the hot hardness shows whether a material tends to unstable
wear behavior at elevated temperatures. After indentation, the abrasive penetrates into the
material, leading to severe abrasive wear by grooving [30]. Therefore, the ratio between
the hardness of the abrasive and the base material can be used to indicate the wear rate
at room temperature [31]. Particularly at high temperature, the hardness of the Al,O3
counter body exceeds the hardness of the base material within the investigated temperature
range, showing the applicability of the measurement principle with an Al,O3 counter
body [5,24,25].

As shown in Figure 1, the hot hardness of all materials decreases with increasing
temperature. When considering Ni, it can be seen that the (hot) hardness of Ni increases
significantly with the addition of 20 wt.% Cr, resulting from paraelastic solid solution
strengthening [32]. Furthermore, the austenitic stainless steels showed an influence of
Mo in the RT-hardness of the investigated alloys, which is limited up to 500 °C [33]. By
means of high temperature hardness, no significant influence of alloy composition of the
austenitic stainless steels can be pointed out. Moreover, the measured values indicate a
stable hot wear behavior at elevated temperature, because no significant and not steady
decrease in hot hardness can be found with rising temperature.
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220_2 ‘\\ ”:’ )'\33CFNI25-20
N ] : -~V - NI
18 1 ;
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@ ] A N s
A 140 3 -
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80 E ¥ \\\\!\?\\\ij
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Figure 1. Temperature dependent hardness (HV 0.5) of the investigated materials.
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3.2. Wear Coefficients during Sliding Abrasion as a Function of Temeprature

The results of conducted sliding abrasion experiments at RT and high temperature can
be seen in Figures 2 and 3. These are shown as temperature dependent friction coefficients
and wear path of the investigated materials. All materials show an increase in wear rates
and friction coefficient with rising temperature, which results from an increasing softening
and deformability of single-phase materials. This leads to a higher lateral force during the
sliding motion, resulting in a higher friction coefficient [6]. At the same time, those parame-
ters and their dependence on temperature are strongly affected by the tested base material.
Lower friction coefficients can be measured in Ni and X2CrNiMo17-10-2. Furthermore,
Ni has the lowest wear path of all investigated single phase fcc materials. Ni20Cr and
X3CrNi25-20 show the highest friction coefficients, indicating a higher resistance against
sliding abrasion. This resistance may be due to the work-hardening capability during
severe plastic deformation, which is influenced by microstructural parameters [34-36]. In
terms of friction coefficient of X5CrNil8-8, the fcc-phase stability may not be sufficient, so
that noticeable amounts of o-martensite emerge during testing because of severe deforma-
tion [5]. This phase transition leads to a considerable work-hardening of this stainless steel,
measured in particular by the friction coefficient [5].
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Figure 2. Friction coefficient of the investigated materials.
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Figure 3. Maximal wear path of the investigated materials.
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Especially, Ni shows a significant change in wear path and friction coefficient when
alloyed with Cr. The reason for this behavior is the high ductility and low toughness of
pure Ni. Therefore, it is almost exclusively plastically deformed and not ablated.

Scratch energies of the studied alloys can be seen in Figure 4, showing a lower scratch
energy for Niin comparison to the other investigated fcc materials. This parameter indicates
the work-hardening potential of a material. Due to a high scratch energy describes, much
energy is dissipated by microstructural deformation processes [37]. The combination of
increased work hardening capability due to a lower SFE and the strong solid solution
strengthening due to Cr increases the work required for deformation of the alloy Ni20Cr
compared to pure Ni [38,39]. Scratch energy of the austenitic stainless steels resembles the
scratch energy of Ni20Cr. Data shows that the austenitic steels have a breakeven point at
500 °C. This indicates that the work-hardening potential of the austenitic stainless steels is
nonlinear. At 700 °C, the alloy X3CrNi25-20 has the highest scratch energy, showing that
this alloy has the highest work-hardening potential, which agrees with the thermodynamic
SFE calculations by Fussik et al. [14].

30044 --m - X5CrNi18-8
o280 @ X2CrNi17-10-2
£ 260 A A )’\(I.SCrNi25-20
S P ~-¥- Ni
o 533 =i Ni20Cr
~—2004 R
& 180 e
% 160 5 = +
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8 120 s
g 100'5 St SLLLLE, B
ZI-VE —
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Figure 4. Scratch energy of the investigated materials.

3.3. Microstructural Parameters at Room Temperature

Table 2 displays the measured microstructural parameters of all investigated alloys at
RT. The data shows that the SFE differs for all materials with different alloy composition.
The alloy X5CrNil8-8 has the lowest SFE, while X2CrNiMo17-10-2 exerts a slightly higher
SFE. X3CrNi25-20 has the highest SFE of the austenitic steels at RT.

Table 2. Microstructural parameters of the investigated alloys at RT.

Alloy SFP (€2))117 X 10—6 ag (A) SFE (m]J/m?)
X5CrNi18-8 29.49 £ 05 29.27 + 0.42 3.603£0.002 1270 £0.9
X2CrNiMo17-10-2 18.20 £ 0.28 30.19 £ 0.29 3.606 £0.002  2310+1.9
X3CrNi25-20 13.40 £ 0.40 30.74 + 0.57 3.601+£0.001  29.40=+11
Ni 671 +0.14 742 +0.71 3528 £0.007 1683 =+07
Ni20Cr 59.40 + 0.06 27.69 £ 0.25 3.544 + 0.002 714 £ 0.9

Comparing X5CrNil8-8 and X3CrNi25-20, it can be seen that the SFE of X3CrNi25-20 is
significantly higher at RT. This is a result of the higher Ni amount, which increases the SFE
as well as the thermodynamic stability of the fcc phase [40]. Furthermore, Ni reduces the
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volume fractions of o’-martensite of austenitic CrNi-steels in the CW condition [5,13]. The
significantly higher SFE of pure Ni in comparison to the austenitic steels results from strong
atomic bonding due to high electron density contributing to metallic bonding [29,41,42].
This correlation can be seen when the SFE values of Ni, Au, and Cu are compared. These
elements differ in their specific lattice parameters, even though the electron density is the
decisive parameter to determine the SFE [5,23].

Regarding Ni and Ni20Cr, the SFE can be lowered significantly by alloying Cr. The
combination of an increased work hardening capability due to a lower SFE and the strong
solid solution strengthening of Ni-based materials by Cr increases the work required for
deformation of the alloy Ni20Cr compared to pure Ni [38,39]. This gives a direct relation-
ship between solid solution strengthening and the SFE of a material, thus the formation
and possibility of formation and hindrance of strengthening dislocation structures, and the
material resistance to severe sliding abrasion (Figures 1—4) [43]. This behavior results from
the change in electron configuration due to Cr, which in turn causes a change in binding
energy, due to which the formation of stacking faults (SF) is significantly simplified, which
can be seen in the SFP of both materials [44].

3.4. Influence of Microstructural Parameters and Their Behavior at Elevated Temperatures

Tables 3-5 show the temperature dependent microstructural parameters SFP, micros-
train and lattice parameters as well as the calculated SFE. It is noticeable that the SFE is
influenced by temperature and alloy composition [45,46].

Table 3. Microstructural parameters of X5CrNi-18-8 resulting from high temperature X-ray diffraction
line-profile analysis.

T (°O) SFP (€30)111 X 10—6 ag (A) SFE (m]/m?)
30, 29.15 4 0.029 29.29 4025 3.591 & 0.007 1294038
305 29.16 + 0.029 29.72 +0.25 3.601 =+ 0.007 131408
50 23.50 + 0.029 28.60 + 0.25 3.602 = 0.007 15.6 + 0.8
100 12.99 =+ 0.029 27.81 4+ 025 3.604 % 0.007 275+0.8
200 9.17 £ 0.029 27.71 +£0.25 3.608 + 0.007 382+08
300 5.22 +0.029 2451 +0.25 3.612 = 0.007 60.6 + 0.8
30c 29.09 4 0.029 29.41 4025 3.592 4 0.007 1294038

Table 4. Microstructural parameters of X3CrNi-25-20 resulting from high temperature X-ray diffrac-

tion line-profile analysis.

T (°C) SFP (€3g)1qq X 106 ag (A) SFE (m]/m?)
30, 13.01 £ 0.31 30.03 4 0.39 3.601 + 0.002 29.5+1.0
30, 13.15 £ 0.31 30.69 4 0.39 3.602 + 0.002 302+ 1.0
50 11.60 & 0.31 29.70 +0.39 3.603 + 0.002 33.0+1.0
100 9.24 +0.31 28.30 4 0.39 3.606 & 0.002 394 +1.0
200 7.30 +0.31 27.77 +0.39 3.609 =+ 0.002 49.0 £ 1.0
300 5.52 +0.31 26.11 +0.39 3.611 + 0.002 610+ 1.0
30c 13.00 £ 0.31 30.25 4 0.39 3.602 % 0.002 29.8+1.0
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Table 5. Microstructural parameters of Ni resulting from high temperature X-ray diffraction line-
profile analysis.

T (°C) SFP (€20)1q X 1076 ag (A) SFE (m]J/m?)
30, 6.68 +0.13 7.45 +0.25 3.519 & 0.004 169.5 £ 0.2
30, 6.70 +0.13 7.46 £0.25 3.522 + 0.004 169.4 +0.2
50 649 +0.13 7.48 £0.25 3.524 £ 0.004 1752 £ 0.2
100 6.03 +£0.13 7.47 £0.25 3.529 & 0.004 188.9 £ 0.2
200 5.60 £ 0.13 7.34 +£0.25 3.535 + 0.004 200.3 £ 0.2
300 4234013 5.74 £0.25 3.539 £ 0.004 2072 £0.2
30, 6.73+0.13 7.51 £ 0.25 3.521 £ 0.004 170.0 £ 0.2

Regarding the SFP, for all materials the SFP decreases with increasing temperature,
lowering the tendency to form planar faults. This parameter is lowest for Ni, while
X5CrNil8-8 has a much higher SFP than X3CrNi25-20. Both stainless steels may have the
same SFP at higher temperatures, indicating that the energy to form planar defects may be
the same at rising temperature. This is due to the inverse effect of SFE and SFP, which is
noticeable in these materials.

By considering the microstrain, a statement concerning the accumulated deformation
can be made. The decrease of this parameter with rising temperature indicates the recovery
process of the material and the rearrangement of the deformed structures take place. This
is noticeable in all materials but more pronounced in the austenitic steels with rising
temperature.

All materials show a thermal increase of the lattice parameter ay due to thermal
expansion.

The increase of the SFE with rising temperature results from an increasing SFP/microstrain
ratio, which increases the SFE. As shown by Remy and Pineau [47], the SFE changes at high
temperatures due to the changed spacing of partial dislocations of an SF. When measured
in situ, the SFE can revert to the initial value when lowering the temperature [47]. This can
be observed on all alloys.

A direct comparison of the austenitic stainless steels is shown in Figure 5. When
one contrasts the austenitic stainless steels, it can be stated that X3CrNi25-20 starts with a
higher SFE value, while the SFE temperature gradient is lower. This behavior shows that a
RT-dependent approach cannot be extrapolated to the high-temperature SFE, confirming
the concept of alloy development from Fussik et al. [14]. Especially, a Cr/Ni-ratio of 1.25
seems optimal when comparing these alloys and when considering high-temperature low-
SFE [14]. Meanwhile, a rising SFE with increasing temperature is inevitable for austenitic
steels due to the thermal stabilization of the fcc phase [47]. Thus, the higher SFE of
X3CrNi25-20 at RT states a higher austenite stability due to that correlation. Furthermore,
the deformation mechanism of a material changes due to thermal reasons, which will be
concretized in the following [48].

At a temperature range of 700-1000 °C, dislocation gliding is predominantly present
and dynamic recrystallisation and recovery have to be considered, which are mainly influ-
enced by the material specific SFE [49]. Regarding this correlation, the high temperature
SFE is a significant parameter when developing stainless steels for high-temperature wear
applications.
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Figure 5. Temperature dependent stacking fault energy of X5CrNi18-8 and X3CrNi25-20.

3.5. Correlation of Hot Wear and Microstructural Parameters

Previous studies indicated a relationship between SFE and the resistance against
severe sliding abrasion of austenitic stainless steels [5]. To work out the correlation,
EBSD measurements of the deformed wear scars were carried out in order to determine
the density of dislocation structures and dynamic recrystallisation to counteract thermal
softening and indicate the work-hardening potential. Especially Ni and Ni20Cr are used,
in order to determine the influence of SFE on the deformations mechanisms because both
systems are well-known from the literature, with a well-known significantly lower SFE
of Ni20Cr over the examined temperature range [4]. Figure 6 shows the wear affected
subsurface microstructures of both Ni and Ni20Cr. The scans highlight that the material
with the lower SFE has more pronounced dislocation structures and the area of dislocation
is higher during severe plastic deformation. This indicates that the response of the material
to plastic deformation by an abrasive is directly related to the SFE of the material. This
behavior can be observed in a wide temperature range for Ni and Ni20Cr.

Figure 6. EBSD analysis of the subsurface microstructure of Ni and Ni20Cr. Both materials have been affected by sliding
abrasion at 30, 400, and 700 °C. The cross section after 3000 wear cycles is displayed.
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A similar behavior was also observed by Pinto [50] on CrNi steels. Figure 7 shows
the wear-affected zone and the subsurface of the three austenitic steels X5CrNil8-8,
X2CrNiMo17-10-2, and X3CrNi25-20. It has to be mentioned that for the materials X5CrNil8-
8 and X2CrNiMo17-10-2, appreciable contents of «’-martensite occurred in the wear tests,
which have already been investigated in a previous work by Walter et al. [5] and are
therefore not part of this study. Nevertheless, all investigated alloys show a changing
subsurface due to severe plastic deformation depending on temperature, while X3CrNi25-
20 shows no formation of o/-martensite. The microstructural images of the wear tests at
temperatures over 700 °C also show that in all the materials considered, there is a change
in the microstructure as a result of thermally activated microstructural processes, from
which recrystallized microstructural regions form independently of the base metal. There
is a pronounced formation and extrusion of sliding band structures in the edge area of the
wear marks.

[XK2CrNi17-10-2

J’I

001 4
v

L 101 |

Figure 7. EBSD analysis of the subsurface microstructure of the investigated austenitic steels. All materials have been
affected by sliding abrasion at 30, 400, and 700 °C. The cross section after 3000 wear cycles is shown.

This relationship between wear behavior and SFE becomes clear when the influence
of SFE on the deformation behavior of fcc materials is investigated in more detail, since
this deformation behavior in particular determines the response of a material to scratching.
Thus, the reaction of SF with slip bands and other SF results in dislocation structures
that are difficult to move. In particular, the formation of the crossing points of two SF
(Lomer—Cottrell-dislocations) hinders the movement of dislocations very effectively [51].
This relationship explains why the materials with lower SFE react with a higher friction
coefficient and a higher scratch energy (Figures 2 and 4) due to higher work-hardening
capability as well as a stronger dynamic recrystallization resulting from many nucleation
sites for new grain formation due to the low SFE (Figures 6 and 7).

4. Conclusions

This work presents the hot wear behavior as well as the microstructural parameters of
three austenitic stainless steels in comparison to pure Ni and Ni20Cr. Experimental results
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provide the SFE as a function of temperature and analyze the correlation between SFE and
wear behavior at elevated temperatures. Particularly, the deformation behavior caused by
severe sliding abrasion is analyzed as a function of temperature.

e  The hot hardness tests show no instability of the mechanical properties of all fcc-
materials. This is underlined by the friction coefficients and wear paths. The scratch en-
ergy shows a nonlinear correlation, with a break-even point, where the alloy X3CrNi25-
20 shows a higher work-hardening potential indicated by the scratch energy than the
other materials.

e Insitu X-ray experiments show that the SFE differs significantly with an increasing
temperature. The SFE of X5CrNil8-8 and X3CrNi25-20 differ, with a higher SFE
of X3CrNi25-20, while both alloys have the same SFE at 300 °C. The reason for this
behavior is the CrNi-ratio, with has been identified as a relevant parameter in previous
studies and is confirmed in this work.

e  The SFE of a material determines the work-hardening potential during abrasive sliding
abrasion. Especially when considering Ni and Ni20Cr, it can be seen that the SFE is
significantly lowered by alloying with Cr. This behavior and its impact on the hot
wear behavior can be observed in the EBSD scans taken in the cross section of the wear
affected area. These scans show a higher dynamic recrystallisation resulting from the
lower SFE, which enables the material to build more SF who atcs as nucleation sites
for new grains. Due to the higher amount of new grains, the grain size of Ni20Cr at
700 °C in the wear affected area is significantly lower, counteracting thermal softening
mechanisms.
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