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Abstract: Austenitic high-manganese steels (HMnS) offer very high wear resistance under dynamic
loading due to their high work hardening capacity. However, resistance to static abrasive load-
ing is limited. Various approaches to increasing abrasion resistance are known from traditionally
manufactured metallurgical components. These confirm the high potential for surface protection
applications. In this work, the powder of the Hadfield HMnS X120Mn12 is prepared and processed
by high-velocity oxy-fuel (HVOF) spraying and spark-plasma sintering (SPS). A good correlation
was observed between the results of the HVOF and SPS specimen. Different surface conditions of
the coatings and the sintered specimens were prepared by machining. Compared to the polished
state, turning and diamond smoothing can increase the surface hardness from 220 HV to over 700 HV
significantly. Regardless of the surface finish condition, similar good wear resistance can be demon-
strated due to strong work hardening under sliding and reciprocating wear loading. In contrast, the
finish machining process clearly influences abrasion resistance in the scratch test with the best results
for the diamond smoothed condition. Especially against the background of current trends toward
alternative coating systems, the presented results offer a promising approach for the development of
HMnS in the field of coating technology.

Keywords: 1.3401; A128; Hadfield steel; manganese austenitic steel; HVOF; thermal spraying; SPS;
spark-plasma sintering; dry sliding; turning; diamond smoothing; wear

1. Introduction

Due to their good ductility–toughness ratio, high-manganese steels (HMnS) are widely
used as structural materials. The high work hardening capacity under impact and shock
loads allows for applications with superimposed tribological stress [1,2]. The reason for
this is a significant increase in surface hardness and wear resistance, which can also be
observed for tribological systems subject to sliding load [3–5]. In general, both the hardness
penetration depth and the surface hardness rise as the dynamic load is increased [6]. On
the other hand, under static abrasive load, the wear resistance is less pronounced. While
Ingber et al. observed a significant increase in the hardness of Hadfield steel in two-body
wear with bonded SiC abrasive and water as an intermediate medium, Tęcza demonstrated
similar wear erosion to carbon steels in the Miller test regime [7–10]. Approaches to enhance
the material properties are therefore not limited to the mechanical properties, but also aim
to improve the tribological property profile. Starting from classical Hadfield steel, this
includes not only the modification of the alloy but also targeted dispersion strengthening

J. Manuf. Mater. Process. 2022, 6, 48. https://doi.org/10.3390/jmmp6020048 https://www.mdpi.com/journal/jmmp

https://doi.org/10.3390/jmmp6020048
https://doi.org/10.3390/jmmp6020048
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0003-2484-9861
https://orcid.org/0000-0002-7396-8413
https://orcid.org/0000-0002-2390-9159
https://doi.org/10.3390/jmmp6020048
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp6020048?type=check_update&version=1


J. Manuf. Mater. Process. 2022, 6, 48 2 of 11

by reinforcing particles [6,11–15]. Furthermore, the microstructure can already be influ-
enced by a targeted temperature control during cooling from the melt or subsequent heat
treatment, whereby the mechanical properties as well as the corrosion and wear resistance
can be improved [16–21]. In addition to cast alloys, a wide range of investigations have
already been carried out on products produced by powder metallurgy [22–26]. In this
context, mostly high-alloy systems are considered which cannot be produced by casting or
be machined subsequently. Volynova et al. considered hot extrusion as a suitable variant
for shaping in a single process step. Depending on the size of the powder particles, specific
properties are obtained. Recrystallization processes take place mainly at the boundaries
of fine particles, while for large particles the formation of nuclei takes place within the
particles. However, the recrystallization step has no influence on the mechanical properties,
if the phase fractions of the initial and transformation microstructures are the same [22–24].

Different development approaches are being pursued to adapt the surface functionality
to the structural properties by specifically changing the chemical composition of the surface
layer region. Salak et al. achieved an increase in the Mn content of the surface layer zone
by treating sintered HMnS in a Mn vapor shell, which improved the wear resistance [26].
In addition to such diffusion processes, coating processes have also been considered a
possibility for surface functionalization. Pelletier et al. successfully processed Hadfield
steel powder by laser cladding [27]. In the transition area of the wear marks, deforma-
tion bands were observed which are indicative of work hardening under reciprocating
wear conditions [28]. The unique property profile of HMnS also makes these materials
interesting even for surface protection applications. In addition to the coating processes
already considered, thermal spraying is particularly suitable. By high-velocity oxy-fuel
(HVOF) spraying, coatings can be produced without metallurgical intermixing with the
substrate while maintaining a low thermal load on the feedstock [29,30]. This ensures the
integrity and functionality of the coating material. In addition to the possibility of setting
defined surface conditions, turning and diamond smoothing of the coating enable surface
strengthening [31–34]. Machining of HMnS castings has already proven to be suitable for
surface hardening [35,36]. A process combination between thermal spraying of HMnS and
finishing of the coating systems enables surface functionalization with a gradation of the
coating properties by work hardening.

This study focuses on X120Mn12 HMnS as coating materials in thermal spray processes.
The grading of the coating properties is investigated against the background of mechanical
finishing, by face turning and subsequent diamond smoothing. Thereby, an improvement
of the abrasive resistance under static load is intended. Hence, the results provide the basis
for further development approaches for the promising material system of HMnS in the
context of coating processes.

2. Materials and Methods
2.1. Sample Manufacturing

With the high kinetic thermal spray process HVOF and spark plasma sintering (SPS)
two different powder metallurgical manufacturing processes were used for processing
the HMnS X120Mn12. The direct comparison of HVOF and SPS samples allows for the
assessment of process parameters with regard to their influence on the material properties.

The powder feedstock material was provided by TLS Technik GmbH (Bitterfeld,
Germany). The chemical composition as shown in Table 1 and a size range of −50 + 20 µm
was specified by the manufacturer. HVOF coating was applied on the plane area of
cylindrical substrate materials made of stainless steel EN 1.4404 (AISI 316L) with a diameter
of 40 mm and a height of 6 mm. Pretreatment was conducted by grit blasting using the
blasting medium Alodur EK F 24 with a particle size of −850 + 600 µm. A blasting pressure
of 2.5 bar, a distance of 200 mm under an angle of 70◦ was applied. Subsequently, ultrasonic
cleaning in ethanol has been carried out. For the coating process, the kerosene HVOF
system K2 was used (GTV Verschleißschutz GmbH, Luckenbach, Germany).
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Table 1. Chemical composition of X120Mn12 (EN 1.3401) HMnS powder.

Element Fe C Si Mn Cr

wt.% balance 1.1–1.3 0.3–0.5 12–13 1.5

The spraying parameters are summarized in Table 2. A coating thickness of approx.
30 µm was aimed as deposition rate per overrun. 24 repetitions were carried out to
achieve a final thickness of approx. 700 µm. Cooling breaks were applied after respectively
five overruns. Cylindrical specimens with a diameter of 40 mm and a height of 6 mm
were fabricated by spark plasma sintering (SPS) using an SPS KCE FCT-HP D 25-SI (FCT
Systeme GmbH, Frankenblick, Germany) equipped with a pyrometer for temperature
measurement. Graphite tools consisting of dies, cones, and a matrix were used for this
purpose. Additionally, a graphite foil with a thickness of 0.3 mm was placed between the
powder and the die and matrix as a separating agent. To ensure uniform temperature
distribution, the graphite dies, and the matrix was thermally insulated. Prior to the sintering
process, the recipient was purged twice with argon and evacuated (<1 mbar). The heating
rate was set at 100 K/min. After reaching a compression pressure of 50 MPa, the samples
were sintered at a temperature of 1050 ◦C for 5 min. Subsequently, a cooling rate of
150 K/min to 300 ◦C was achieved by passively cooling using the water-cooled punches.

Table 2. HVOF thermal spray parameters for the deposition of HMnS EN 1.3401.

O2 Kerosene λ Nozzle Powder Feed
Rate

Spraying
Distance

Relative
Traverse Speed

Spray Path
Offset

900 L/min 26 L/h 1.0 150/14 2 × 50 g/min 350 mm 1.0 m/s 5 mm

2.2. Mechanical Surface Finishing

Mechanical finishing by face turning and diamond smoothing of the coatings and
sintered specimens was carried out on a precision lathe SPINNER type PD 32 (Spinner,
Sauerlach, Germany). For this, the specimens were mounted on their outer diameter. To
guarantee constant manufacturing conditions an unchanged machining speed is necessary.
For this purpose, centric drilling, characterized by a diameter of 8 mm was manufactured.
To ensure a uniform depth of cut in the finish turning experiments, pre-machining of the
specimens was necessary. This was realized in two cutting steps with a depth of cut of
about 0.1 mm, a feed of 0.05 mm, and a cutting speed of 100 m/min. Subsequently, finish
turning was performed with the same cutting speed. The depth of cut (0.2 mm) and the
feed (f t = 0.075 mm) were chosen higher to increase the stresses in the shear zone. Turning
experiments were realized dry.

CBN-tipped indexable inserts of the type CCGW 09T304 were used for finishing. In
conjunction with the tool holder used the cutting-edge angle of the minor cutting edge
was 5◦. For the specimens, which were only machined by turning, tools characterized by a
sharp cutting edge (radius < 10 µm) and a nominal rake angle of 0◦ were chosen. According
to a previous investigation analyzing the machining of thermally sprayed coatings such a
cutting-edge geometry is expected to be suitable [32,33,37,38]. In contrast, for the specimens,
subsequently finished by diamond smoothing, finish turning was realized using indexable
inserts exhibiting an increased cutting-edge rounding (about 40 µm) and a nominal rake
angle of −25◦. Hence, the effective rake angle was reduced and consequently, the passive
force was increased, which should achieve higher surface hardness values and an increased
affected layer.

Diamond smoothing was performed subsequently to face turning using a tool with a
spherical body of monocrystalline diamond with a radius of 2 mm. The smoothing force
(150 N), the feed (f s = 0.05 mm), and the speed (70 m/min) were kept unchanged. The
smoothing force was chosen according to the results in [34]. Higher forces may result in the
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occurrence of microcracks. Emulsion flood cooling was used, to reduce friction between
tool and workpiece and improve sliding behavior.

2.3. Characterization

Cross-sections were prepared by standard metallographic procedures. The resulting
samples were mounted into conductive resin, followed by grinding and polishing. Sub-
sequently, the morphology, microstructure, and chemical composition were investigated
by light microscopy with an Olympus GX51 (Olympus, Shinjuku, Japan). Microhardness
measurements using different loads were conducted on the surface using FISCHERSCOPE
HM2000 XYm (Helmut Fischer GmbH, Sindelfingen, Germany). The average Vickers
microhardness and standard deviation have been derived from ten single measurements.
The geometrical surface properties of the polished and machined surfaces were analyzed
using a stylus instrument Mahr type LD 120 (Mahr, Göttingen, Germany). The stylus was
characterized by a radius of 2 µm. The measuring was done in the direction of the feed
motion respectively in the radial direction of the specimens. The selection of the measuring
length and the filtering of the profile were realized in accordance with ISO 11562. For
validation of the roughness values, each specimen was measured at five evenly distributed
positions. Additionally, the machined surfaces were detected using a 3D laser scanning
microscope Keyence type VK-9700 (Keyence, Osaka, Japan).

The wear behavior was investigated under different loading conditions. In addition to
sliding wear with a ball-on-disk tribometer (Tetra, Ilmenau, Germany) and vibration stress
with an SVT tribometer (Wazau, Berlin, Germany), resistance to static abrasive load was
carried out in scratch tests using a CSM Revetest RST device (CSM Instruments SA, Peseux,
Switzerland). The parameters used are summarized in Table 3. Three measurements have
been conducted to determine the average value for every parameter set. The resulting
tracks of reciprocating wear were investigated with the optical profilometer MikroCAD 3-D
(LMI Technologies Inc., Burnaby, Canada). The ball-on-disk wear tracks were investigated
with a T4000 (Jenoptik/ Hommel, Jena, Germany). In the case of the scratch test, tactile
measurements were performed with the truncated diamond cone tip of the wear tester at a
load of 0.9 N.

Table 3. Parameters for wear testing under different load conditions.

Ball-On-Disk Test Reciprocating Wear Test Scratch Wear Test

force 20 N force 26 N mode constant
radius 5 mm frequency 40 Hz force 25; 50; 75; 100 N
speed 96 RPM time 900 s speed 2.5 mm/min
cycles 15,916 amplitude 0.5 mm length 5 mm

counter-body Al2O3 (ø 6 mm) counter-body Al2O3 (ø 10 mm) tip truncated diamond
cone

3. Results

Finishing of the surfaces caused a significant decrease of the comparatively high initial
roughness values of the specimens. The lowest values were obtained for the SPS specimens
after polishing and diamond smoothing. Table 4 provides an overview of the roughness
values determined.
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Table 4. Mean values for the arithmetic mean surface roughness (Ra), the surface roughness depth
(Rz), and the reduced valley depth (Rvk) of the specimens finished surfaces (in µm), errors represent
standard deviation.

SPS HVOF

Polished Turned Smoothed Polished Turned Smoothed

Ra 0.021 ± 0.003 0.416 ± 0.004 0.040 ± 0.003 0.043 ± 0.010 0.286 ± 0.026 0.226 ± 0.017
Rz 0.267 ± 0.064 2.126 ± 0.038 0.443 ± 0.027 0.515 ± 0.203 2.909 ± 0.830 2.188 ± 0.992

Rvk 0.051 ± 0.023 0.236 ± 0.042 0.067 ± 0.001 0.115 ± 0.131 0.536 ± 0.108 0.413 ± 0.082

Comparing the surface roughness values after machining the SPS specimens and
HVOF coating systems, higher values were determined for the latter. This can be attributed
to the extent of structural defects. In dependence on the machining condition, pores and
pull-outs appear in different proportions, shown by the surface images in Figure 1. Defects
in the SPS and HVOF structure are due to pores in the polished state. Surface images
of the turned and smoothed condition show that their proportion appears to decrease in
SPS structure. This can be attributed to material deposits due to cold welding as a result
of plastic deformation. However, for the HVOF coatings, a coarsening of the defects is
observed by turning. This can be attributed to local material pull-out around pores. The
cause is the weak structural bond, which is essentially based on mechanical interlocking.
The extent of the defects can be significantly reduced by subsequent diamond smoothing,
which can be attributed to the effects already described for SPS. The reduced valley depth
(Rvk) corresponds to the proportion of opened pores and pull-outs in the HVOF coating.
Generally, diamond smoothing after turning results in a decrease in the mean values for Ra,
Rz, and Rvk.
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Figure 1. Surfaces after machining detected by 3D laser scanning microscopy.

Figure 2 shows the surface area of the diamond-smoothed specimens in the etched
state by cross-section micrographs. Despite a slight remaining porosity, the sintered samples
were characterized by a homogeneous structure. This was also evident from the etched
cross-sections. The etching attack on the sintered structure was limited to the former
powder particle boundaries. In addition, the sintered structure exhibited a recrystallization
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structure. Within the former powder particles, large crystallites were visible, some of which
extended over the entire particle area, Figure 2b. Next to a higher pore content, the coating
systems exhibited lamella structures with dark contrast between the individual particles.
This is due to process-related oxidation of the feedstock material as a result of the reaction
with the atmosphere during processing and the associated local variations in the chemical
composition. In addition to the oxidation during the coating process, the finer-grained
structural composition was responsible for the stronger contrast caused by the etching
Figure 2d. Individual particles in the HVOF coating system remained to be characterized by
the typical initial dendritic structure of the powder feedstock. Thus, the dendrite boundaries
within individual particles could be etched. The etching allowed deformation bands to
be partially displayed in the surface area of the SPS samples. These covered large areas
within discrete individual particles. In some cases, different orientations were apparent.
The deformation bands did not extend beyond the former powder particle boundaries.
Accordingly, a similar deformation structure could be obtained by the surface finishing
as already demonstrated by Chen et al. after a sliding load [6]. Due to the fine-grained
dendritic structure, such phenomena could not be observed in the coating systems.
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Figure 2. Optical-microscopic image of X120Mn12 (a) SPS, (b) SPS diamond smoothed and etched,
(c) HVOF and (d) HVOF diamond smoothed and etched cross-sections.

In addition to the structural changes, measurements of the surface hardness showed a
correlation between the surface finish and the increase in hardness. Furthermore, the results
shown in Figure 3 also indicate an influence of the production process. In the case of the SPS
manufactured specimens, the highest hardness values were measured for a low test load.
By increasing the test load, a significant decrease in hardness was detectable, especially
for the polished and turned specimens. This suggests that the hardened zone is limited to
the immediate surface area. The high variation of the measurement results under low test
load in the turned condition can be attributed to the high roughness values and the low
hardening depth. In contrast, only a slight decrease in the hardness value with increasing
test load was observed for the diamond-smoothed specimens. This indicates a higher depth
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effect of the work hardening. The clear influence of the surface finish on the resulting
surface hardness was less pronounced for the HVOF coating systems. In general, an increase
from the polished to the turned to the diamond-smoothed condition was detectable. The
hardness level of the polished state was higher than that of the SPS samples. In addition
to the significantly coarser recrystallization structure, the process-related oxidation also
contributes to an increase in hardness. These effects are superimposed by work hardening
as a result of the high process kinetics during the impact of the particles on the surface.
While turning only caused a slight increase, the hardness level after diamond smoothing
was in the range of the SPS sample.
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Figure 3. Surface microhardness of X120Mn12 SPS and HVOF specimen in relation to surface
condition and the indention force.

Despite the clear differences in the surface hardness, no significant dependence be-
tween the finishing condition of the surface and the wear resistance could be demonstrated
under sliding and reciprocating wear loads, Figure 4. The ball-on-disk test showed a
comparable wear level, especially between the polished and the turned condition. The
coating systems exhibited a higher sliding wear resistance. In contrast, the reciprocating
wear resistance of the coatings and the sintered specimens were similar regardless of the
manufacturing process and the surface finish condition. This indicates in situ work harden-
ing under reciprocating wear test conditions. Due to the high frequency and cyclic loading,
an impact-like load effect is realized. This does not occur to the same extent under sliding
loads. Accordingly, the higher basic hardness of the coating systems can contribute to
better wear resistance. The wear resistance of the different powder metallurgical X120Mn12
systems under reciprocating load was similar to that of the boronized IN718 HVOF coating
systems [39]. Under the same test conditions, the wear resistance under sliding load did
not reach the level of the surface-hardened coating variant, but it was significantly higher
than that of the austenitic IN718 coating. Generally, this confirms the high wear resistance
of the HMnS products. The independency of the post-processing condition also confirms
the statements made by Lychagin et al. on the work hardening capacity under sliding
stress [3,4]. As reported by Sabzi et al., the work hardening capacity under impact loading
is the highest [1]. Thus, no influence of the manufacturing process and surface finishing
could be found under reciprocating load.
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Figure 4. Results of wear investigations of X120Mn12 SPS and HVOF specimen under (a) ball-on-disk
test and (b) reciprocating wear test condition.

On the other hand, under abrasive stress in the scratch test, there is a clear influence
of the surface finish on the resulting indentation depth. Figure 5 shows the average in-
dentation depth under different loads as a function of the surface finish. As described
by Tęcza, the work hardening capacity under abrasive load is limited [8]. Accordingly,
no advantage could be demonstrated by turning compared to the polished condition. In
contrast, diamond smoothing led to a significant reduction in wear depth. This is due to the
high contact pressure during diamond smoothing which causes a strong work hardening.
With increasing indentation force, there was a linear increase in the wear depth. Although
in the polished and turned condition, the wear depth of the SPS specimens was signifi-
cantly higher compared to the HVOF coatings, the difference was considerably reduced
by diamond smoothing. Among the various wear loads, the strongest dependencies on
the surface machining condition were found under abrasive stress. Consequently, the
described surface finishing process offers great potential for applications under complex
tribologically stressed operating conditions.
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Figure 5. Scratch wear depth of X120Mn12 (a) SPS (b) HVOF specimen in relation to surface condition
and the indention force.

4. Conclusions

A new approach for the use of HMnS in surface protection applications was presented
for the Hadfield alloy X120Mn12. The powder feedstock was successfully processed by
HVOF and SPS. In general, the results confirm the high work hardening capacity of powder
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metallurgy products through mechanical surface finishing. The resulting increase in surface
hardness directly affects tribological properties. While polishing contributes slightly to
the work hardening of the surface, the highest work hardening was achieved by diamond
smoothing. Due to their microstructural properties, the HVOF coatings exhibited higher
initial hardness than the SPS samples. This was accompanied by an increase in wear
resistance under sliding and abrasive loads. Regardless of the manufacturing process and
the surface finish, no differences were found for reciprocating wear. This is due to in-situ
work hardening under impact loads. Under abrasive conditions, the strongest influence of
surface conditioning was found. A significant increase in abrasive wear resistance could be
achieved by diamond smoothing. In general, good wear protection was observed regardless
of the loading condition. This confirms the potential of the proposed process combination
of powder metallurgical processes and mechanical surface finishing for applications under
complex tribological operating conditions.
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