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Abstract: Low-alloy 42CrMo4 steels were studied by 57Fe Mössbauer spectroscopy (MS), X-ray
diffractometry (XRD), and Energy Dispersive X-ray Spectroscopy (EDS) measurements. The investi-
gations were performed on metallographic samples, which were subjected to a series of successive
grinding and polishing with a progressively finer grit. Conversion X-ray Mössbauer spectroscopy
(CXMS) was used to determine the occurrence of austenite in steel samples. It is a unique method
detecting the austenite content very sensitively. Six samples with different surface preparation were
investigated, starting with 4.8% of austenite on an as-cut sample, and a large decrease in the retained
austenite to 2.6% was observed after the first grinding of a hardened cut sample. Additionally, an
unexpectedly large decrease in the austenite content to 2.3% was found due to the final polishing. A
second time applied successive grinding and polishing of all samples resulted in identical austenite
content determined by CXMS of approx. 5%, which proved the applicability of the CXMS method.
Generally, the result calls attention to the importance of preparation of metallurgical samples by
grinding and polishing where the results can vary significantly on the level of surface processing.

Keywords: steel microstructure; grinding; polishing; austenite; Mössbauer spectroscopy; 42CrMo4

1. Introduction

Mechanical processing of the steel samples prepared for metallography analysis may
influence the surface properties which may have consequences for the bulk sample charac-
terization. The influence arises from two main contributors that are undesirable: (1) heat
treatment and (2) mechanical deformation. Both of these contributors can induce a no-
ticeable amount of phase transformations and/or other modifications. For phase trans-
formations occurring in low-alloyed steels, it is well known that austenite can transform
into martensite/ferrite as a consequence of mechanically induced stress, strain or plastic
deformation because austenite is the metastable phase at low temperatures [1]. Therefore,
a question arises, how do these modified surfaces differ from the bulk, and how reliable
are our measurements by Conversion X-ray Mössbauer spectroscopy (CXMS), as the con-
version X-rays cannot be effectively detected from a surface deeper than 20 µm, which is
commonly considered as a bulk material.

Excluding the cutting method, grinding has possibly a greater unfavorable modifying
effect on the surface microstructure than cutting itself. In addition, finishing the surfaces by
mechanical polishing can lead to other unintentional induced effects. On the other hand,
we should note that a steel surface modification by grinding and polishing in a controlled
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manner is used to improve the tribological [2–5] and wear resistance properties of the
steels [6].

Precise and rapid determination of the steel phase composition is an issue for quality
control in the engineering industry. Currently, the most used methods are preferably metal-
lography (with optical and scanning electron microscopes (SEM)) and X-ray diffractometry
(XRD). An alternative method, the Mössbauer spectroscopy (MS) has been used for decades
in steel research areas [7–10]. Unfortunately, the utilization of MS as a standard method in
industrial quality control is not common yet, although portable Mössbauer austenitemeter
was available already in 1977 [11] and newly in 2019 [12].

57Fe Mössbauer spectroscopy is a nondestructive, nuclear, analytical technique, where
an examined atom serves as a probe of the material structure and allows examination of
iron-bearing phases in steels. Depending on the type and energy of the detected radiation
as well as on the material composition, it is possible to analyze different thicknesses,
from a few tens of nm to a few tens of µm [2]. In the case of surface analyses, where the
backscattering geometry mode is utilized, the thickness layer up to ~100 µm is analyzed
by registration of backscattering γ-rays (BGMS), the thickness layer up to ~1–20 µm is
analyzed by registration of conversion X-rays (CXMS), and very surface layer with the
thickness up to ~300 nm is analyzed by registration of conversion electrons (CEMS) [3,7–10].

Thus, 57Fe Mössbauer spectroscopy is a unique method for the quantitative determi-
nation of retained austenite in low-alloyed steels [13]. In our case, the detection limit of
austenite content is around 0.2 wt. % (weight percent), and the austenite content in the
interval 0.5–10.0 wt. % can be determined with an error of about 10 rel. %, i.e., more precise
than the conventional metallographic and magnetic methods.

Several studies have addressed the topic of steel surface treatment and its effect on
the Mössbauer spectrum in the past. Appreciable amounts of austenite formed by coarse
surface grinding of carbon steel were observed in [14]. In study [15], the CEMS was used
to study SW7M high-speed tool steel, and the authors observed the reduction of 50% of the
austenite fraction at the surface by magneto-abrasive treatment. The surface analysis of
X10CrNiTi 18/9 stainless steel was studied by CEMS in [16] to determine the supposed
structural and/or chemical changes in the surface layer caused by polishing. Grain-oriented
SiFe steel specimens with differently treated surfaces were investigated by CEMS in [17],
where the authors also declared that the mechanical polishing induces severe plastic de-
formation in a layer approximately corresponding to one-third of the grinding material
grain size. In study [18], the authors investigated the contribution of the magnetic phase in
LC200N corrosion-resistant tool steel using backscattering γ-ray Mössbauer spectroscopy
(BGMS). In the case of a cut and polished sample, the authors observed a significant de-
crease in the austenite content compared to samples without further surface treatment.
These phase changes were caused probably due to local heating during polishing [18].
Additionally, in tribology study [3], CEMS and CXMS proved a polishing initiated a full
transformation of austenite into a magnetic phase of iron and iron carbide for 45 type
steel sample surface. The authors concluded that under polishing conditions, the effects of
microplastic deformation and dispersion become evident [3]. It can be seen that the final
surface composition and modifications strongly depend on the method of polishing [17].
In study [19], the authors compared two methods of surface preparation of two different
15XX class carbon steel containing austenite and martensite/ferrite phases, which were
analyzed by the electron backscatter diffraction (EBSD) technique. After mechanical pol-
ishing, the authors observed a significant decrease in the austenitic phase compared to
the final electrochemical polishing. Authors attribute the reduced amount of austenite to
the mechanical deformations that started the austenite-martensite phase transformation.
Since EBSD has a depth-sensitivity in the order of 100 nm, observed phase transition is
heavily surface-oriented [19]. The phase transformation of austenite to martensite during
the grinding process is also studied in [20]. The authors created an experimental model
that includes the effects of heating (the temperature at the grinding point easily exceeds
the austenitic transformation temperature) as well as the compressive and tensile stresses



Metals 2022, 12, 119 3 of 13

that are generated during the grinding process. It has been shown [20] that the surface
of the ferritic steel can undergo brief austenitization at the grinding site and subsequent
self-tempering, during which the surface-formed austenite is transformed into marten-
site. In this way, the steel surface can be surface-hardened during grinding [20]. Authors
of [21] studied and characterized structural modifications of X6CrNiTi1810 stainless steels
that were caused by surface treatments including grinding, polishing, and electrolytic
etching [21].

A goal of the present research is to investigate the role of retained austenite in 42CrMo4
low-alloy steel primarily with the help of CXMS. The 42CrMo4 construction steel can be
applied for statically and dynamically stressed machine components due to a high fa-
tigue limit [22] and has potential applications in magnetic circuits where good mechanical
properties together with soft magnetic properties are requested [23]. In such applications,
paramagnetism and softness of the retained austenite can negatively involve the macro-
scopic properties of construction parts, i.e. Contradictory phase analytical results (including
CXMS) have been obtained in a heat-treated and soft annealed state of 42CrMo4 steels.
Either no austenite and only ferrite, cementite and manganese, and chromium-containing
carbides [23] were identified, or besides ferrite and carbides, austenite was also identified
in the CEMS spectrum [24].

2. Materials and Methods

A chromium-molybdenum 42CrMo4 construction steel was used for the presented
study. Rod with a diameter of 25 mm was cut into discs with a thickness of 5 mm.

The steel rod was induction quenched at 860 ◦C with the following water-cooling
and tempered at 540 ◦C to reach tensile strength 1200 MPa. Samples were cut (sample S1
was not treated), successively processed by grinding and polishing (samples S2–S6), and
cold-molded (resin ATM KEM 35). Different grinding and polishing steps in standard
metallographic abrasive machining were applied to treat the sample surfaces. The primary
sample list is presented in Table 1.

Table 1. List of primary samples treated by successive grinding and polishing.

Sample Surface Treatment

S1 cutting, 0.5 mm/s

S2 grinding 120 µm + water for 10 min, disc Struers MD-Piano 120

S3 as S2 and grinding 220 µm + water for 5 min, disc Struers MD-Piano 220

S4 as S3 and grinding 500 µm + water for 3 min, disc Struers MD-Piano 500
followed by grinding 1200 µm + water for 3 min, disc Struers MD-Piano 1200

S5 as S4 and polishing 3 µm + alcohol for 5 min,
polishing canvas 3 µm Struers MD-MOL and diamond paste Struers P3

S6 as S5 and polishing 1µm + alcohol for 2 min
polishing canvas 1 µm Struers MD-NAP and diamond paste Struers P1

In Table 1, the MD-Piano, MD-MOL, MD-NAP (Struers) discs, and suspension P
(Struers) were used for grinding and polishing of all materials in standard industrial
pretreatment metallographic procedure.

After having measurement results on primary samples, the second series of samples
was prepared as presented in Table 2. The primary samples S1, S2, S3, S4, S5, and S6 were
completely ground and polished by all steps up to 3 µm polishing, as the primary sample
S5 (3 µm) from Table 1 (-P letter in the name of the samples). Furthermore, the secondary
samples S3-P, and S4-P were additionally electrolytically polished in 90% acetic acid and
10% perchloric acid solution (-EP letters in the name of the samples). These secondary
samples are presented in Table 2 with the surface treatment descriptions.
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Table 2. List of secondary samples treated by grinding and polishing of primary samples.

Sample Surface Treatment

S1-P polishing up to 3 µm
S2-P polishing up to 3 µm

S3-P-EP polishing up to 3 µm, and electrolytic polishing
S4-P-EP polishing up to 3 µm, and electrolytic polishing

S5-P polishing up to 3 µm
S6-P polishing up to 3 µm

The elemental analyses of the primary sample surfaces were performed with scan-
ning electron microscope (SEM) VEGA3 LMU (TESCAN, Brno, Czech Republic) equipped
with Energy Dispersive X-ray Spectroscopy (EDS) XFlash Detector 410-M (Bruker, Berlin,
Germany). The expected electron penetration and the analysis deepness is up to 3 µm.
The microstructure electron backscatter diffraction (EBSD) analyses were investigated on
selected secondary samples by scanning electron microscope LYRA 3 (TESCAN) equipped
with a NordlysNano detector operating at an accelerating voltage of 20 kV with the speci-
men tilted at 70◦. The EBSD data were analyzed using HKL Channel 5 (version 5.11.10405.0,
Oxford Instruments plc., Abingdon, UK) software developed by Oxford Instruments.

The crystal structure and phase composition of the samples were analyzed by XRD.
Diffractometer D8 ADVANCE (Bruker) with Co Kα X-ray source and LYNXEYE position-
sensitive detector was operated in the Bragg–Brentano parafocusing geometry. The X-ray
tube voltage 35 kV and current 40 mA were used. At the primary beam path, the instrument
was equipped with a 0.6 mm divergence slit and 2.5◦ axial Soller slits. At the secondary
beam path Fe Kβ filter (20 µm), and 2.5◦ axial Soller slits were installed. The XRD pat-
terns were acquired in the 2θ range of 20–130◦ with 0.03◦ step size. The expected X-ray
penetration and the analysis depth is up to 20 µm.

The CXMS measurements on the samples were performed by Mössbauer spectrome-
ter [12] in the mode of austenitemeter with a toroidal proportional gas flow counter [25]
using 90%Ar + 10%CH4 gas mixture and 57Co(Rh) source with activity ~25 mCi at room
temperature. This apparatus [12] was previously applied for the determination of retained
austenite in spring steel [26], i.e. Isomer shifts of spectral components were given relative
to the α-iron calibration sample. Spectra were recorded up to 512 channels in the mode
of constant acceleration with saw type of velocity signal. Based on this, the instrumental
error of the velocity scale is approx. ±0.04 mm/s. The evaluation of Mössbauer spectra
was performed by the least-square fitting of the lines using the MossWinn 4.0 code fitting
software [27,28]. The diameter of a circular surface investigated area is approx. 15 mm.

The general 57Fe Mössbauer spectrum of steels can be interpreted by a subspectrum of
the ferromagnetic ferrite (α-Fe) with BCC lattice and this subspectrum can overlap with
the paramagnetic austenite (γ-Fe) with FCC lattice. In the Mössbauer spectra of annealed
steels, ferromagnetic or paramagnetic components of iron-bearing carbides can be also
present [29].

The fingerprint of the paramagnetic austenite with interstitial carbon substitution
of low-carbon-containing steel is a singlet component with an isomer shift (δ) around
−0.1 mm/s in the Mössbauer spectrum. When the steel carbon content is high enough, a
doublet component with a quadrupole splitting (∆EQ) of about 0.6 mm/s is also present
together with the singlet [30–32]. The doublet is associated with iron atoms being in the
first neighbor octahedral shell enclosing the interstitial carbon atoms. The intensity of the
doublet component corresponds to six times the carbon concentration. In the present work,
a low-carbon steel case with the one singlet concept was applied to identify the retained
austenite. We also applied the hyperfine field distribution method to determine the magnet-
ically split (sextet) spectral component of the martensite/ferrite in the Mössbauer spectra
described by δ and an average hyperfine field B*

hf. The hyperfine field distributions were
derived and analyzed from the spectra using the MossWinn fitting software [27,28]. Line
width (LW) of austenite singlet component is also used as an output of the fitting analysis.
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The quantifying of retained austenite Mγ is based on the measuring of the relative
spectral areas belonging to the paramagnetic austenite component Aγ and the total relative
area of the magnetically split component belonging to martensite/ferrite Aα. Austenite
determination is given by Equation (1):

Mγ = 100
Aγ

Aγ + dAα
, (1)

where d = 0.86. For the quantitative determination of austenite, factor d takes into consider-
ation mainly the ratio of the different recoilless factors of both phases [7,8,10,33].

3. Results
3.1. SEM and EDS Elemental Analysis

In Figure 1, the SEM image of the S1 surface (left) with carbon and chromium mapping
(right) is presented. A considerable roughness is visible in the SEM picture.
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Figure 1. SEM image of as-cut samples of S1 surface (left) with carbon and chromium map-
ping (right).

As the concentration of alloying elements in the steel can slightly vary from the
standard values, the EDS elemental analysis was performed for all primary samples. The
EDS spectrum for sample S1 is presented in Figure 2.

In the EDS spectrum of sample S1, the main peak in counts for iron is evident with mi-
nor peaks for alloying elements. The EDS elemental analysis was performed for all primary
42CrMo4 samples and the results are presented in Supplementary Materials in Table S1 as
weight percentage composition. The differences in the elemental composition observed
among the primary samples do not exceed the compositional fluctuation characteristic of
low-alloy steels in an as-quenched state. In addition, the line mapping on the S1 surface for
a possible roughness affecting alloying elements’ concentration was performed. Results are
depicted in Supplementary Materials in Figure S1.
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Figure 2. EDS elemental analysis of sample S1 with main energies depicted.

3.2. XRD Analysis

Figure 1 shows the XRD pattern of sample S1. The presence of the BCC (α-Fe) structure
can be clearly seen as a set of (110)α, (200)α, (211)α, and (220)α diffraction peaks, corre-
sponding to the martensite/ferrite phase. Additionally, a small diffraction peak ascribable
to (200)γ can be seen at approximately 59.5◦, which suggests the presence of the FCC (γ-Fe)
structure of the austenite phase. The corresponding (111)γ peak position is in overlap with
the (110)α peak of the BCC structure. The reported positions [34] of the diffraction peaks of
α-Fe and γ-Fe are shown in Figure 3 for comparison with the measured diffraction peaks.

The XRD patterns of all primary samples are provided in Supplementary Materials
in Figures S2–S7. The austenite phase can be distinguished analogously to sample S1
as changes in the background profiles around the angle of 59.5◦. A reliable quantitative
analysis of the measured XRD patterns was not possible due to a combination of several
causes, including a small amount of the austenite phase (units of wt. %), overlapped
dominant diffraction peaks of the austenite and martensite/ferrite phases, and possible
texture effects (seen as different ratios of the integral intensities of the BCC diffraction peaks
in comparison to those of the α-Fe ideal powder). No distinguishable diffraction peaks of
carbides (such as those reported in [23]) could be observed in the measured XRD patterns.
Although, the presence of such phases in very small amounts could not be unambiguously
excluded on the basis of the XRD measurements.
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3.3. Conversion X-ray Mössbauer Spectroscopy

CXMS spectra were acquired and processed by described steps. CXMS spectrum of
sample S1 measured in backscattering geometry is presented in Figure 4.
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Figure 4. Mössbauer spectrum of sample S1 recorded in the wide velocity interval.

It is evident from Figure 2 that the major contribution to the Mössbauer spectrum is
arising from the Fe atoms in the martensite/ferrite, while the central minor contribution
arises from austenite. All Mössbauer spectra having a similar shape as for sample S1 were
satisfactorily evaluated (χ2 better than 1.5) as the superposition of singlet belonging to
austenite and magnetic component with a hyperfine field distribution associated with
martensite/ferrite. Mössbauer spectra of primary samples are presented in Supplementary
Materials in Figure S8.
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The fitting curves in the spectrum of S1 recorded at low-velocity interval ±2 mm/s in
Figure 5 prove the validity of the model for singlet describing paramagnetic austenite.
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its LWγ have acceptable values, while some variations of δγ and LWγ can be caused by 
small transformations in austenite grains. The amount of retained austenite Mγ was cal-
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Figure 5. High-resolution Mössbauer spectrum recorded at a low-velocity interval of central part for
sample S1.

As mentioned above, only one singlet was used to calculate the austenite content, as
no paramagnetic doublets were registered for either austenite or paramagnetic carbides.
Additionally, no ferromagnetic carbides (cementite) and relevant subspectra were found
in the spectra. The average hyperfine field B*

hf (T) was calculated based on the interval
of hyperfine magnetic fields (between 25 T and 37 T). The analysis of the hyperfine field
distributions was roughly consistent with the random distribution of the alloying elements
in the FCC ferrite lattice at the actual sample composition.

From the main point of view in this study, the relative spectral area of the austenite
singlet lines was analyzed. Selected parameters that resulted from the fitting of the obtained
spectra for primary samples are listed in Table 3.

Table 3. Austenite and martensite contents in primary samples resulting from Mössbauer spec-
troscopy analysis, where δγ and δα is isomer shift of austenite and martensite pattern resp., LWγ is a
line width of austenite, Aγ is a relative area of austenite in the spectrum, B*

hf is an average hyperfine
field of the martensite subspectrum, Aα is a relative area of martensite in the spectrum, Mγ is the
amount of retained austenite according to Equation (1).

Sample δγ (mm/s)
±0.04 mm/s

LWγ (mm/s)
±0.04%

Aγ (%) 1

±1.0%
δα (mm/s)
±0.04 mm/s

B*
hf (T)

±0.3 T
Aα (%) 1

±1.0%
Mγ (%) 1

±1.0%

S1 −0.13 0.38 4.2 0.00 32.5 95.8 4.8
S2 −0.06 0.58 2 2.3 0.00 32.6 97.7 2.6
S3 −0.17 0.50 2.3 0.00 32.5 97.7 2.6
S4 −0.12 0.41 2.8 0.00 32.5 97.2 3.3
S5 −0.17 0.38 3.7 0.00 32.5 96.3 4.3
S6 −0.10 0.24 1.9 0.00 32.5 98.1 2.3

1 The uncertainty of retained austenite measurement is 1%; however, we present the results with one decimal
place to highlight differences in results. 2 Fixed values in the fitting process.

In Table 3, the δγ values of austenite are in the expected region around −0.1 mm/s
and its LWγ have acceptable values, while some variations of δγ and LWγ can be caused
by small transformations in austenite grains. The amount of retained austenite Mγ was
calculated according to Equation (1) and it is presented in Table 3. Hyperfine parameters
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of martensite subspectra remain almost constant and independent of the treatment. Only
relative areas of Aα change in opposite to Aγ according to the sample surface transformation
caused by the surface treatment. The average hyperfine magnetic field B*

hf of martensite
is slightly lower than for pure metallic α-Fe, which corresponds with allowing elements’
substitution of iron atoms in BCC structure. In Table 3, the changes in Mγ caused by surface
treatment are visible.

The same MS analyses were performed on secondary samples’ series, and the results
are listed in Table 4. Mössbauer spectra of secondary samples are presented in Supplemen-
tary Materials in Figure S9.

Table 4. Austenite and martensite contents in secondary samples resulting from Mössbauer spec-
troscopy analysis, where δγ and δα is isomer shift of austenite and martensite pattern resp., LWγ is a
line width of austenite, Aγ is a relative area of austenite in the spectrum, B*

hf is an average hyperfine
field of the martensite subspectrum, Aα is a relative area of martensite in the spectrum, Mγ is the
amount of retained austenite according to Equation (1).

Sample δγ (mm/s)
±0.04 mm/s

LWγ (mm/s)
±0.04%

Aγ (%) 1

±1.0%
δα (mm/s)
±0.04 mm/s

B*
hf (T)

±0.3 T
Aα (%) 1

±1.0%
Mγ (%) 1

±1.0%

S1-P −0.12 0.40 4.2 0.00 32.4 95.8 4.8
S2-P −0.12 0.41 4.2 0.00 32.5 95.8 4.9

S3-P-EP −0.12 0.25 4.2 0.00 32.5 95.8 4.9
S4-P-EP −0.12 0.31 4.3 0.00 32.6 95.7 5.0

S5-P −0.10 0.45 4.5 0.00 32.5 95.5 5.2
S6-P −0.12 0.31 3.7 0.00 32.5 96.3 4.2

1 The uncertainty of retained austenite measurement is 1%; however, we present the results with one decimal
place to highlight differences in results.

In Table 4, almost uniform results for all listed hyperfine parameters and relative areas
are visible. Additionally, the resulting retained austenite is equal within the experimental
error for all secondary samples, which demonstrates the microstructure uniformity in the
bulk material together with the reproducibility of the sample (surface) treatments and MS
measurements. No different heat treatment for the different samples was applied, therefore,
the material (and the amount of retained austenite) is the same. Additionally, the SEM
image of S3-P-EP was recorded in the backscattered electrons (BSE) mode. A representative
SEM/BSE image is presented in Supplementary Materials in Figure S10. Finally, the EBSD
images of S3-P-EP and S4-P-EP were recorded (core, central parts of the disks). Both
EBSD images are presented in Supplementary Materials in Figures S11 and S12. In both
figures, the EBSD maps, phase maps without boundaries, and phase maps with boundaries
are presented.

4. Discussion

The main research results as the austenite content were derived from CXMS. The most
surprising result on primary samples is the change in the amount of retained austenite as a
result of successive grindings and then polishing, which is shown in Table 3. This shows
that after the first grinding of the hardened cut sample, which results in a large decrease in
the retained austenite, there is a gradual increase in the austenite content due to successive
abrasions. After the final polishing, a large decrease in the austenite content was observed.

To understand the observed changes, we need to consider the following. (1) The stress
and heat effects are applied to the same sample during successive grinding and polishing.
(2) The determination of the austenitic content was monitored at an effective distance of
about 20 µm from the polished surface to the inside of the steel.

The considerable decrease in the austenite content can be well explained by the fact
that a high degree of heat transfer that occurred during the first grinding resulted in a
significant decomposition of the retained austenite. This is well in good agreement with the
equilibrium thermodynamic requirements [35] for structural and weathering steels (overall
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alloy content less than 3–4%); here, the retained austenite is metastable at room temperature
and easily transforms by aging. Our observed austenite decrease is also supported by
the experimental data found by Mössbauer measurements in the worn surface of bainitic
steel [36] and the case of the polished surface of LC200N steel [18].

The increase in austenite content due to grinding seems to be surprising in the
42CrMo4 steel. However, for steels being in the stainless steel composition range, even
with a slightly lower chromium content in turbine blade steels, austenite growth was
already observed in bulky samples by transmission MS and XRD upon heat treatment at
several hundred degrees [33,37–39]. Polishing-induced austenite in very thin steel surface
layers (<0.2 µm) has already been shown by CEMS when no austenite was detectable in a
few micrometer distances from the surface and the bulk [14]. However, in another case,
CEMS revealed only the formation of nitride upon polishing of stainless steel [16]. On the
surface of X6CrNiTi1810 and X2CrNi1911 austenitic steels, in the depth of about 0.2 µm,
Miglierini et al. [21] found by CEMS that the effect of successive grinding, polishing, and
chemical polishing results in an increase of the relative amount of paramagnetic phase,
attributable mainly to austenite. Recently, EBSD indicated [19] an increase of austenite after
several surface treatments including grinding and polishing on the surface of 1540Nb steels
with a composition that is much closer to ours than to that of stainless steel.

To describe the effects of stress on phase transformation in grinding, a thermal-
mechanical–metallurgical direct coupling finite element model of grinding was devel-
oped [20]. The model’s predictions are in fairly good agreement with the experimental
results obtained for low-alloyed steels. Calculations for the determination of cutting forces
in grinding related to the estimation of the thickness of the removed layer and the depth of
the effect of treatment are also available [40].

The thermal effects due to the stress field of each grinding may overlap with each
other as a function of the distance from the surface. This corresponds to a series of heat
treatments applied in succession to samples subjected to multiple grindings. As the strength
of the successive grindings was decreasing, the range of multiple heat treatments could
be encapsulated. The multiple heat treatment can be considered similarly as in third-
generation low-alloy steels developed under M3 microstructure control [41]. Here, the
multistep intercritical heat treatments result in a multiphase microstructure, favoring the
development of retained austenite as well as multiscale precipitates [41]. In our case,
the occurrence of various paramagnetics could not be completely ruled out based on the
analysis of the Mössbauer spectra, as their spectral contribution might overlap with the
spectrum of austenite [10].

The gradual increase in austenite content after multiple grinding can be well explained
by multiple heat treatments, which can be considered similar to what was previously
observed in low-alloy steels subjected to multistep tempering [42].

If the last polishing is outside the range of heat effects caused by previous abrasions,
the decrease in austenite content caused by the last polishing can be explained similarly to
the first grinding. We should take also into consideration that CXMS provides information
of about 20 µm along with the removed thickness by the individual grinding.

No (iron) carbides were detected by XRD nor MS in our as-quenched state samples. In
such types of steel, Fe carbide cementite (Fe3C), Mn carbide (Mn3C), and/or Cr carbide
(Cr23C6) can be present in heat-treated states. Even in work [23] of the same 42CrMo4 steel
being in heat-treated and soft annealed state cementite, Fe3C was distinguished roughly by
XRD and by MS, also Mn carbide Mn3C and Cr23C6 carbide, where Fe atoms substitute Cr
atoms in this carbide and allow to observe it by MS.

According to the experimental description of secondary samples’ preparation, samples
were repeatedly completely ground and polished (Table 2) and measured by CXMS to get
an average value of austenite as a standard method. With these measurements, we can
determine the austenite content in the bulk of the material and evaluate the precision of
the MS method. We can consider variations of austenite and alloying elements within the
original steel rod too.
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The austenite content in the surface-treated samples of the second series is essentially
the same for all samples. The amount of austenite is independent of the austenite content
of the samples observed after the first treatments. Furthermore, this austenite content
can correspond to the original austenite content of the as-quenched state of the untreated
sample. This can indicate that the successive surface treatments determined in Table 2 do
not influence essentially the austenite content if it is applied on an already surface-treated
as-quenched steel state.

The equal distribution of austenite in the samples after the second surface treatment
may weaken somewhat the consideration of the model of the subsequent grindings and
polishing discussed above. It may suggest that the significant differences between the
austenite contents in the first series can be associated rather with the structural inhomo-
geneities of the as-quenched and cut surfaces of the different steel samples. In this case,
our first series of experiments can give important information about the fluctuation of
austenite content on the surface-treated quenched state of 42CrMo4 steel. Our findings can
also indicate that appropriate removing a few times of 10 µm of the surface layer can result
in a more homogeneous surface for a new series of grindings and polishing. However, the
heat effect of the previous polishing may also be contributed to the formation of the more
homogenized layer. Similarly, authors in [18] concluded that polishing probably removed
some amount of austenite from the near-surface regions.

From the EBSD images in Figures S11 and S12, the amount of retained austenite results
quite low, about 0.10% and 0.03% resp., so we can conclude that only a very low amount of
austenite occurs in the microstructure of studied sample surfaces. This is mainly due to the
austenite grain size where EBSD results do not reflect the real austenite occurrence.

5. Conclusions

In this study, we focused on the determination of the percentage amount of retained
austenite in the steel as a consequence of successive grinding and polishing. To observe
such phenomena, mainly 57Fe Mössbauer spectroscopy measurements were applied to
characterize the metallurgical state of 42CrMo4 steel samples. Mössbauer spectroscopy
was applied to determine the quantity of retained austenite, as one of the most accurate
methods, in as-quenched 42CrMo4 steel after cutting and successive grinding and polishing.
The XRD analysis shows insufficiently reliable data in the present case.

The observed changes in austenite content can be understood by considering that the
effect of successive grindings means successive heat treatment of about 20 µm in the CXMS
monitored range. We observed that surface treatment processing affects the steel phase
transformation within the thickness of a few µm surface layer, which is mostly considered
as bulk material characterization. This phenomenon can lead to incorrect interpretation and
material description after grinding and polishing of metallographic samples. Surprising
is the result for sample S1, where polishing does not affect the amount of austenite (see
Tables 3 and 4). This result shows that it can be enough to cut the sample and no further
grinding or polishing of the sample is required. This idea will be further studied for other
types of steel.

The results of the second series may inform us that about 5% of retained austenite can
be characteristic for 42CrMo4 steel in an as-quenched state. This result can be consistent
with those found for annealed 42CrMo4 steel cases [23,24].

Due to the small amount of retained austenite in the microstructure and its ultra-fine
grain size, an EBSD technique is not suitable for its detection. This statement was previously
confirmed in [26]. On the other hand, CXMS proved to deliver the correct percentage of
retained austenite in all samples. With such observations, we can present MS as a highly
valuable method for industry engineering and metallography purposes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/met12010119/s1, Table S1: EDS analysis (wt. %) of alloying elements in primary samples,
Figure S1: EDS line mapping on the S1 surface, Figure S2: XRD pattern of sample S1, Figure S3: XRD
pattern of sample S2, Figure S4: XRD pattern of sample S3, Figure S5: XRD pattern of sample S4,

https://www.mdpi.com/article/10.3390/met12010119/s1
https://www.mdpi.com/article/10.3390/met12010119/s1
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Figure S6: XRD pattern of sample S5, Figure S7: XRD pattern of sample S6, Figure S8: Mössbauer
spectra of primary samples (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) S6, Figure S9: Mössbauer spectra
of secondary samples (a) S1-P, (b) S2-P, (c) S3-P-EP, (d) S4-P-EP, (e) S5-P, and (f) S6-P, Figure S10:
SEM/BSE (backscattered electrons) regime microscopy image of sample surface S3-P-EP, Figure S11:
EBSD image of sample surface S3-P-EP central part (core), Figure S12: EBSD image of sample surface
S4-P-EP central part (core).
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