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Abstract
Cryogenic turning can be used to produce deformation-induced martensite in metastable austenitic steels. Martensite exhibits
a higher hardness than austenite and increases the wear resistance of the workpiece. In order to reliably induce a desired
martensite content in the subsurface zoneduring the turningprocess, a non-destructive, contactless and real-time testingmethod
is necessary. Eddy current testing is an electromagnetic method that is non-destructive, non-contact and real-time capable.
Furthermore, eddy current testing has been integrated into production processes many times. Eddy current testing can be used
to detect the transformation of paramagnetic austenite to ferromagnetic α′-martensite based on the change in magnetic and
electrical properties. Thus, the newly formed subsurface can be characterized and themanufacturing process can bemonitored.
The objective of this study was to understand the correlation of eddy current testing signals with newly formed α′-martensite
in the subsurface of AISI 304 and to quantify the amount formed. The measurements were performed within a machining
center. Several methods for reference measurement of martensite content are known in the literature. However, depending
on the method used, large discrepancies may occur between the determined contents. Therefore, different analytical methods
were used for reference measurements to determine the total martensite content in the subsurface. Metallographic sections,
magnetic etching,Mössbauer spectroscopy, andX-ray diffractionwith two different analytical methodswere employed. Based
on the correlation between the eddy current testing signals and the α′-martensite content in the subsurface, process control of
the manufacturing process can be achieved in the future.

Keywords Eddy current testing · X-ray diffraction · Magnetic etching · Mössbauer spectroscopy · Martensite content
quantification · Subsurface hardening

1 Introduction

A hardened subsurface increases the wear resistance of the
surface [1]. However, due to the low carbon content and the
amount of other alloying elements, stable austenitic stainless
steels cannot be hardened by rapid cooling in a heat treatment
process. Therefore, it would be of great benefit if a hardened
subsurface zone could be produced by a machining process.
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Cryogenic turning has been researched as a manufacturing
process for over 10 years to develop an alternative manufac-
turing route for hardened metastable austenitic steels [1–8].
Metastable austenitic steels can be hardened by cryogenic
machining by taking advantage of the deformation-induced
martensite transformation in the subsurface zone. In addition,
the surface hardness is increased by strain hardening mecha-
nisms, resulting in increased wear and fatigue resistance [3,
4].

In order to control the evolution of the microstructure, it
is important that the microstructure of the subsurface can be
characterized during the process. To be able to control the
cutting process, a non-destructive testing method would be
most useful. Often a Feritscope is used in order to determine
the content of a ferromagnetic phase [9–11]. Talonen et al.
found that using a factor of 1.7 it is possible to convert the
determined ferromagnetic content into themartensite content

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s10921-022-00905-x&domain=pdf


72 Page 2 of 13 Journal of Nondestructive Evaluation (2022) 41 :72

[12]. This was determined based on experimental results and
it needs adaption for different steels analyzed since theirmag-
netic propertiesmay vary.Additionally, this testingmethod is
not contactless and cannot be integrated into a machine tool.
Eddy current testing is an electromagnetic non-destructive
testing method that which can be used contactless and in
real-time. An excitation coil generates an alternating mag-
netic field, which induces eddy currents in an electrically
conductive material. The generation and propagation of eddy
currents depends on the magnetic and electrical material
properties. Eddy currents generate an opposing secondary
magnetic field, which is superimposed on the primary mag-
netic field. The resulting magnetic field induces a voltage in
the measuring coil, which is measured and further evaluated.
In the present study, the higher harmonic signal components
were evaluated for the characterization of themagnetic mate-
rial properties using a Fast Fourier Transform (FFT). This is
referred to as harmonic analysis of eddy current signals. It is
often used for material characterization and non-destructive
determination of mechanical properties [5, 13, 14].

The particular suitability of higher harmonic analysis for
the evaluation of magnetic properties is due to the different
material behavior of paramagnetic and ferromagnetic phases.
In the paramagnetic material state, the relative magnetic per-
meability μr exhibits a constant value, so that there is a
linear relationship between the magnetic field strength and
the flux density. Thus, a sinusoidal excitation current leads
to an undistorted sinusoidalmeasured voltage. Consequently,
the measurement signal demodulated by FFT exhibits only
the base frequency of the excitationmagnetic field, i.e. the 1st
harmonic, but no higher-harmonic signal components. In the
ferromagnetic state, there is a nonlinear relationship between
the magnetic field strength and the magnetic flux density due
to the magnetic hysteresis. This leads to a distorted measure-
ment signal and the formation of higher harmonics of the test
frequency in themeasurement signal in addition to the 1st har-
monic. After demodulation of the measurement signal, the
base frequency and the higher harmonic signal components
can be evaluated separately with respect to their amplitude
and phase [5, 15, 16].

Eddy current sensors were already integrated in manu-
facturing processes [17, 18]. Thus, it is a promising tool
to be integrated into a machine tool in order to determine
the microstructure development in real-time. For such an
approach, a correlation is necessary between the induced
voltage and the deformation inducedα’-martensite formation
[10–12, 19]. Thus, reference measurements need to be con-
ducted by ex-situ measurement methods. The determination
of the martensite content is possible using X-ray diffraction
(XRD), metallographic micrographs, electron backscatter
diffraction and many more [2–4, 11, 19–21]. Especially,
the determination of the content of a specific phase in a

subsurface is challenging, since only a small volume frac-
tion of the sample is modified and the martensite content
decreases with increasing depth. Most studies analyzing the
correlation between the ferromagnetic content of a sample
and electromagnetic measurement results are evaluating bulk
samples, e.g. [11, 19, 21–26]. These data are not directly
applicable to thin subsurface layers, and thus a comparison
of different methods for the determination of the created sub-
surface martensite content by cryogenic external turning is
presented here. The determined martensite content can then
be used to create a correlation between the eddy current test-
ing measurement signals and the subsurface microstructure
to develop a non-destructive measurement system.

2 Materials andMethods

2.1 Material

The experiments were conducted using an AISI 304
metastable austenitic steel, which was solution annealed at
1050 °C for 45min and slowly cooled in the furnace to obtain
a homogeneous microstructure. Themeasured alloying com-
position was 0.028 wt% C, 0.492 wt% Si, 1.90 wt% Mn,
18.24 wt% Cr, 0.406 wt% Mo, 7.95 wt% Ni, and 0.093 wt%
N and Fe balance.

2.2 Cryogenic External Turning

The cutting experiments were performed on a DMG MORI
CTX 800 4A turning center. Different contents of marten-
site were generated by specific adaptations of the process
parameters, see Table 1. The temperature of the samples was
set between − 196 °C and room temperature. For the low
temperature experiments, the specimens were cooled in a
container filled with liquid nitrogen until the desired temper-
ature was reached. Via a hole in the core of the specimen,
the temperature was measured with a type K thermocouple
directly before insertion into the lathe. No further coolant
or lubricant was applied during the turning process. After
machining, the temperatureswithin the corewere about 10 °C
higher than prior to machining. The cutting feed was varied
between 0.2 and 1 mm, the cutting depth between 0.2 and
1.5 mm, the cutting edge between 10 and 55 μm and the cut-
ting speed between 30 and 150 m/min. In total, 59 samples
were produced, which featured different martensite subsur-
face contents.

2.3 Metallographic Analysis

For detailed metallographic analyis, four representative sam-
pleswere chosen. They represent awide range of the possible
martensitic transformation. As described in [5, 6, 9] the
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Table 1 Processing parameters
Cutting start
temperature, °C

Cutting feed,
mm

Cutting speed,
m/min

Cutting depth, mm Cutting edge,
μm

− 196, − 150, −
100, − 70, − 40,
20

0.2, 0.6, 0.8, 1.0 30, 50, 70, 90,
110, 130, 150

0.2, 0.35, 0.5, 1.0, 1.5 10, 25, 45, 55

cutting start temperature and cutting feed show the great-
est influence on the martensitic transformation by cryogenic
cutting. All chosen samples for the detailed characterization
were produced using a cutting edge of 10μm, a cutting speed
of 150 m/min and a cutting depth of 0.2 mm. The cutting
feed for three of the chosen samples was set to 0.2 mm,
and the cutting start temperature was − 196 °C, 40 °C and
20 °C. One of the chosen samples was produced using a
cutting feed of 1 mm and a cutting start temperature of −
100 °C. The four samples were ground with 2500 grit SiC
abrasive paper and then polished with 1 μm diamond parti-
cles. Finally, the samples were oxide polished using Eposil
M-11 by QATM. After polishing of the samples, Beraha II
color etchant (distilled water, hydrochloric acid, ammonium
hydrogen difluoride) was applied, and images were captured
with a Leica DM4000M microscope.

For scanning electron microscopy (SEM), the samples
were etched after polishing using V2A stain. For SEMwork,
a Zeiss Supra 55VP with a beam energy of 20 kV was used.

2.4 Magnetic Etching

In addition to the Beraha II etching, magnetic etching was
conducted on the four samples. With magnetic etching, fer-
romagnetic phases can be detected reliably [27]. Since only
α’-martensite is ferromagnetic in the material analyzed, it
is a suitable reference method when evaluating the differ-
ent characterization techniques. Magnetic etching was done
by placing a polished sample on a permanent magnet and
applying a ferrofluid containing ferromagnetic particles (par-
ticle size 1 nm, typeM-FER-10). The ferromagnetic particles
alignwith the ferromagnetic parts of the samples under study,
which then results in contrast in the optical images.

2.5 X-ray Diffractometry

X-rayDiffraction (XRD)was conductedwithCrKα radiation
(30 kV, 35 mA) on a XRD 3003 TT diffractometer system
from GE Inspection Technologies. The diffraction patterns
were each recorded in the range of 2θ � 50° to 164.9° with
a step size of 0.1° and 96 s measurement time per step. The
martensite content was obtained on the one hand by a heuris-
tic method developed by G. Faninger and U. Hartmann for
all 59 samples [28]. Here the average value Q of the ratio of

the intensities of martensite and austenite of different crys-
tallographic planes was determined as:

Q � 100%
Jα′
Jγ

· Rγ

Rα′+1
(1)

J are the intensities of the measured peaks for γ-Fe (111),
γ-Fe (200), γ-Fe (220), α’-Fe (110), α’-Fe (200) and α’-Fe
(211). Thereby, each γ plane is set into relation with each α

plane and the mean value of all data is then calculated. The
R-factors were determined by Faninger and Hartmann for
different steel microstructures and excitation beam sources.
For AISI 304 with a lattice parameter of 3.66 Å for γ-Fe and
2.86 Å for α’-Fe, the parameters at room temperature can be
obtained from Table 2a and 2b in Ref. [28].

With this approach, the martensite content was derived
for each crystallographic plane ratio. Afterwards, the average
over all crystallographic planes was calculated. However, by
turning, a texture is created within the samples and therefore,
high standard deviations were obtained for the different crys-
tallographic planes. Additionally, it must be kept inmind that
only two phases can be set into relationship. Any additional
phase cannot be considered by this method. Thus, all diffrac-
tograms in the present study only give the ratio between the
α′-martensite and the austenite γ content.

Additional analyses were done using the Rietveld refine-
ment method, which is suitable for samples with overlapping
reflections of various phases. Here eight samples were cho-
sen. The cutting start temperature was varied between −
196 °C and room temperature. The cutting feed was set to
0.2 mm. Three of the samples were cut at − 100 °C using
a cutting feed of 0.6 mm, 0.8 mm and 1 mm. By measuring
a LaB6 standard with the XRD instrument, the parameters,
such as the receiving slit width, for the refinement of the
steel samples were determined. For the analysis, the software
Topas Version 4.2 was used, taking a texture of the differ-
ent phases into account. Austenite (Fm3m, a ≈ 3.618 Å),
α’-martensite (Im3m, a ≈ 2.819 Å) and an unknown phase
(P63/mmc, a ≈ 2.520 Å, c ≈ 4.120 Å) were used to provide
the initial lattice parameters for the refinement.

To obtain the desired information as a function of the
distance to the surface, 10–30 μm were removed by etch-
ing before a new measurement was conducted. The results
obtained were then integrated to evaluate the average volume
martensite content within the subsurface.
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Fig. 1 Eddy current sensor integrated into the lathe

2.6 Mössbauer Spectroscopy

Mössbauer spectroscopy of 57Fewas donewith a 57Co source
embedded in anRhmatrix usingbackscatteringgeometry due
to the thickness of the sample. The four samples described
in Sect. 2.3 were analyzed. The measurements were done
with the MIMOS II instrument manufactured at Universität
Mainz equipped with four Si-Pin detectors to detect the emit-
ted γ-photons [29–31]. The resonant 14.41 keV emission line
was selected causing a penetration depth of about 500 μm.
The movement of the source was adjusted to match a max-
imum Doppler velocity of ± 10.27 mm/s. The data were
fitted using Recoil programmed at the University of Ottawa.
A Lorentzian site analysis was carried out to obtain the
Mössbauer parameters containing iron phases. Mössbauer
parameters were then corrected to the isomer shift caused by
the source matrix [32].

2.7 Eddy Current Testing

For eddy current testing a custom-built sensor was used [5].
The sensor can be cooled by compressed air to allow a high
excitation current, and thus a strong primary magnetic field.
All 59 samples were measured using eddy current testing.
The measurements were conducted using an excitation fre-
quency of 800 Hz and an excitation current of 2 A. Figure 1
shows the eddy current sensor inside the lathe along with
workpiece and the cutting tool. Using a second revolver, the
sensor was moved parallel to the cutting edge. This setup
was already used in previous work for in-situ measurements
[33].

3 Results and Discussion

To compare the different analyzing methods, four samples
were chosen which had a wide spectrum of martensite con-
tent.

3.1 Metallographic Micrographs

In Fig. 2a and b a sample machined at a temperature of −
100 °C with a feed of 1 mm is displayed. Figure 2a shows an
SEMpicture and Fig. 2b is a micrographs of the same sample
etched with Beraha II. The austenite is colored blue and the
martensite as well as deformation lines and twins are black.
When using this etching method, martensite can hardly be
distinguished from other deformation products [6].

Additionally, a yellow layer in the first micrometers of the
subsurface is observed in Fig. 2b. From the SEM picture in
Fig. 2a it appears that this area seems to be austenitic. Due
to the machining process high working temperatures exist in
the direct contact zone of the cutting tool and the workpiece.
Thus, it is concluded that the martensitic transformation in
the top layer is suppressed as a result of the high temperature.
Mayer et al. observed the same in their study [9]. The higher
the feed, the higher the temperature. Therefore, the austenitic
layer direct at the surface seems to decrease with less feed
and a lower cutting temperature, cf. Figure 2c and d. The
first martensitic layer, which can be seen in the SEM pic-
tures, is denser and more homogeneous when induced upon
machining at a higher feed.

3.2 Magnetic Etching

Looking at Fig. 3, the denser martensitic layer for an
increased feed becomes even more obvious. In Fig. 3, mag-
netic etched samples are displayed. Themicrographs 3a and d
were takenwith polarized light. The ferrofluid appears brown
to black depending on the amount of the deposition. For the
lower cutting feed, the martensitic layer is more inhomoge-
neous andmartensitic islands are formed. For the higher feed,
themartensitic layer is contentious. For the samplemachined
with a lower cutting feed themartensitic transformation takes
mostly place at shear bands, see Fig. 3c. It is well known that
shear bands are nucleation points for the martensitic trans-
formation [34, 35].

Due to the higher forces induced by the higher feed,
the energy provided for the martensitic transformation is
high enough so that a dense martensitic layer is formed.
Thus, at higher cutting feeds, a more homogeneous layer can
be obtained. However, with increasing feed tensile residual
stresses remain in the surface [5, 9]. The high friction and
hence thermal load near the surface leads to tensile stresses
[9], which increase with increasing feed. Moreover, the sur-
face is rougher [9] due to deeper feed marks. For lower feeds
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Fig. 2 a SEM picture and b Beraha II etched cross section of a sample machined at − 100 °C starting temperature and 1.0 mm feed, c SEM picture
and d Beraha II etched sample machined at − 196 °C starting temperature with 0.2 mm feed

at lower temperatures the transformation takes place at ener-
getic favorable points like shear bands. However, the energy
of the cutting force is not consumed by a first, dense marten-
sitic layer, and thus the transformation takes place up to
greater depth. Further, if no cooling is applied, cf. Figure 3a,
the non-transformed austenitic layer gets wider due to the
higher contact temperature.

The martensite content for the etched samples was deter-
mined from the optical images using the phase analysis tool
within the software Stream Enterprise. The areas marked in
red in Fig. 4b and d are the martensite. Five different micro-
graphs were analyzed for each sample. Mean values and
standard deviations of the martensite contents are displayed
in Table 2. Yet, the software cannot distinguish between
martensite, twins and deformation lines, which all appear
black when using Beraha II. Due to the fine morphology of
the α’-martensite, which is very finely dispersed and formed
on shear bands of the austenite phase, inaccuracies also occur
when using magnetic etching [12].

3.3 X-Ray Diffraction

In Fig. 5, the α’-martensite contents determined by XRD
are shown. Figure 5a shows the results obtained with the
method according to [28]. As described in chapter 3.1 and
3.2, the martensite content is lower directly at the surface of
the samples. Furthermore, it shows a maximum at approxi-
mately 35 μm depth. The highest transformation depths for
the samples determined reached approximately 120μm. The
martensitic content displayed in Fig. 5a is againmore located
directly below the surface for the sample that was machined
at − 100 °C using a feed of 1 mm. For the sample machined
at − 196 °C with a feed of 0.2 mm more martensite was
transformed at a greater depth. Still, both samples feature a
similar overall martensite content. Figure 5b shows the α’-
martensite content determined using the Rietveld method.
The quantitative values of the overall subsurface martensite
content as a function of surface distance are given in Table 2.
The dotted lines show a linear connection between the mea-
surement points used to highlight the area underneath, which
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Table 2 Quantitative martensite phase fraction determined by different analyzing methods

Cutting parameters: cutting start
temperature, feed

α’-Martensite content in wt%

Beraha II etching Magnetic etching XRD [28] XRD Rietveld Mössbauer spectroscopy

20 °C, 0.2 mm 2 ± 1 0.2 ± 0.05 0.5 ± 0.8 0.1 0

− 40 °C, 0.2 mm 3 ± 0.9 1 ± 0.4 2.6 ± 2.6 1.5 18.5

− 196 °C, 0.2 mm 12 ± 5.5 4 ± 0.9 5.9 ± 2 3.3 42.8

− 100 °C, 1 mm 12 ± 1.6 3 ± 0.7 5.4 ± 2 2.6 26.9

Fig. 3 Magnetic etched samples: a machined at 20 °C starting temperature with 0.2 mm feed, b machined at − 40 °C starting temperature with
0.2 mm feed, c machined at − 196 °C starting temperature with 0.2 mm feed and d machined at − 100 °C starting temperature with 1.0 mm feed

corresponds to the total α’-martensite content. It is obvious
that less α’-martensite was determined in Fig. 5b when using
the Rietveld method.

It should be noted that with the Rietveld method, the exis-
tence of a third phase was taken into account. It was assumed
that the additional X-ray peaks belong to ε-martensite, which
is likely to be formed in this steel [20, 36]. In Fig. 6 a diffrac-
togram is shown as an example. The reflections belonging
to each phase are marked. However, using the common lat-
tice parameters in the icdd PDF-2 2016 data base, no fit was
obtained. There, the lattice parameters are a0 � b0 � 2.347Å
and c0 �3.797Å.However,Gauzzi et al. described in [37] the
existence of an ε-martensite in a Fe–21%Mn–0.1%C alloy
having the following parameters: a0 � b0 � 2.539 Å and c0

� 4.095 Å. In the present study, the third phase in AISI 304
was indicated using a hexagonal phase with the parameters
a0 � b0 � 2.52 Å and c0 � 4.12 Å. Due to the similarity
of the lattice parameters in Ref. [37] it is also assumed to be
an ε-martensite. The bcc structure of the α’-martensite has
the parameters a0 � 2.866 Å and the fcc phase has a lat-
tice parameter of a0 � 3.66 Å, which is in the normal range
for AISI 304. The grey profile at the bottom of the diffrac-
tion pattern shows the difference between the measurements
(blue) and fitted data using the Rietveld method (red).

In Fig. 7, the presence of the ε- martensite as detected by
XRD is shown. The phase is more present at greater depths
and seams to vanish when α’-martensite is detected. This
underlines the theory that the third phase is ε-martensite,
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Fig. 4 Region of interest (ROI) as basis for the quantitative phase anal-
ysis (red areas are attributed to martensite): a + b represents the same
sample, which was machined at − 100 °C starting temperature with

1.0 mm feed, the sample in c + d was machined at − 196 °C starting
temperature with 0.2 mm feed; a + b Beraha II etching, c + d magnetic
etching

Fig. 5 α′-Martensite content as a function of distance to the surface;
XRD analysis was performed according to Ref. [28] in a and the
Rietveld method was used for b

since ε-martensite acts as a nucleation point for α’-martensite
and then also transforms into α’-martensite [20, 35, 36]. Fur-
thermore, Nascimento et al. found a hexagonal phase in an
iron-based shape memory alloy, which has the parameters a0
� b0 � 2.548(6) Å and c0 � 4.162(2) Å, which they labeled
as ε-martensite [38]. Those parameters are also similar to the
ones found in the present study.

3.4 Mössbauer Spectroscopy

In Fig. 8, Mössbauer spectra are displayed. In red the mea-
sured values are presented and in green the resulting fit is
shown. Figure 8a depicts the reference measurement of an
undeformed sample. For the machined samples, additional
peaks appear. This is an indicator that a second α-iron phase
is present [39]. The second phase in this case isα’-martensite.
The greatest change in the measurement signal can be seen
for the sample machined at − 196 °C, cf. Figure 8c. Hence,
the largest amount of martensite was induced here.

3.5 Comparison of the Determination
of theMartensite Content

The α’-martensite contents measured by each individual ana-
lyzing method are displayed in Table 2. The α’-martensite
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Fig. 6 Diffraction pattern of all
three phases found in AISI 304

Fig. 7 α’-martensite and content
of the phase assumed to be
ε-martensite vs. distance to the
surface depth; XRD data were
evaluated using Rietveld analysis

content is referred to a depth of 500 μm, because this was
the measurement depth of the deepest analysis method, i.e.
Mössbauer spectroscopy.

It can be seen that compared to the other reference analyz-
ing methods, Mössbauer spectroscopy yields higher marten-
site contents. In the present case, Mössbauer spectroscopy
overestimates the martensite content. The overestimation
might be due to the small relative intensity of the dou-
blets. This can lead to an overestimation of the measurement
results.

The martensite contents determined by samples etched
with Beraha II are the second largest. Again, an overestima-
tion of the actual martensite content is likely, since not only
the martensite is colored black by Beraha II. Hence, other
deformation products were also counted as martensite by the
software. Hausild et al. also noted that it is not possible to
accurately distinguish between martensitic laths, slip lines,
and deformation twins using the classical optical microscope

or a conventional SEM image. This complicates the quantifi-
cation of the martensitic volume fraction by image analysis
[11].

XRD results analyzed according to [28] were affected by
the texture and only two phases were taken into account. The
third, unknown phase, was not analyzed. Thus, an overes-
timation of the α’-martensite content seems to be likely as
well.

The XRD results gained using the Rietveld method and
the α’-martensite content by magnetic etching are similar.
Magnetic etching only stains the ferromagnetic phase and
with the Rietveldmethod it is possible to distinguish between
α’-martensite and the third additional phase. Thus, the α’-
martensite content determined by those two methods seems
to be the most realistic ones. Talonen et al. also showed
that magnetic etching is suitable for detecting α′-martensite.
However, they explained that the very finemorphology of the
α′-martensite phase makes quantification difficult. In addi-
tion, unevendistributionof theFerrofluid can lead to distorted
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Fig. 8 Results of the Mössbauer
spectroscopy: a machined at −
20 °C starting temperature with
0.2 mm feed, b machined at −
40 °C starting temperature with
0.2 mm feed, c machined at −
196 °C starting temperature with
0.2 mm feed and d machined at
− 100 °C starting temperature
with 1.0 mm feed

Fig. 9 Model for the determination of the α′-martensite content by eddy
current testing using XRD Rietveld measurements

images, and thus to an overestimation of the α′-martensite
content [12].

3.6 Eddy Current Testing

In order to be able to develop an inline process control, it
is necessary to be able to predict the martensite subsurface

Fig. 10 Model for the determination of the α′-martensite content by
eddy current testing based on XRD results analyzed according to [28]

content by eddy current testing. Hence, a correlation between
the measurement results and eddy current testing signals was
created based on the experimental results. Various samples
were probed after machining into the machine tool and the
sensor was moved over the samples, as it would be in the
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Fig. 11 Combined root and linear function for the correlation of the
α′-martensite content as determined by eddy current testing

cuttingprocess.Differentmodelswere analyzed and are com-
pared in the following. Themartensite content of the samples
tested was determined by XRD using both methods previ-
ously described. Since theMössbauer spectroscopy seems to
overestimate the α’-martensite content compared to the other
analyzing methods presented here, it was not considered fur-
ther and the subsurface thickness to which the measurements
were related was set to 243 μm. This was the greatest depth
where a martensitic transformation was determined byXRD.
Due to the existence of a third phase, the results of the ana-
lyzing method described by Ref. [28] appear less reliable.

In total, eight subsurface α′-martensite contents of differ-
ent samples produced by cryogenic machining were deter-
mined by Rietveld analysis in this study. For the reference
measurements only the α′-martensite content is important
here, because ε-martensite is paramagnetic and has negligible
influence on the eddy current testing used. In order to create
the correlation of the eddy current testing and the marten-
site subsurface content, the amplitudes of the 1st (A1) and
3rd (A3) harmonics were used. It is important to take both
amplitudes into account, since the microstructure and the
total α′-martensite content have an influence on the eddy cur-
rent measurement results [40]. Ahmadzade et al. also found a
high correlation of the coefficients real part, imaginary part,
relative modulus and relative phase angle for the 3rd har-
monic and the martensite fraction [19]. The best correlation
was found with a linear model, which is also in accordance
with simulation results presented in [40], where a linear rela-
tionship in a specific range of martensite content was found
for the amplitude of the 1st and 3rd harmonic. In the present

study, the α′-martensite content in % is obtained from the
harmonic analysis of the eddy current signal as:

α′
ETRietveld � −13.8 + 283.5 · A1 + 3234 · A3 − 50548 · A1 · A3

(2)

In Fig. 9 a correlation with an adjusted R2 of 0.9055
between the subsurface α′-martensite content and the mea-
surement results of eddy current testing is seen. This cor-
relation shows that with eddy current testing, a sufficiently
accurate determination of the subsurface α′-martensite con-
tent can be achieved.

Next the eddy current testing results were correlated
with the subsurface α′-martensite content determined by the
method described by [28], see Fig. 10. Here, all 59 samples
were analyzed.

In this case, an adjusted R2 of 0.7984 was obtained for:

α′
ET [21] � −49.8 + 985.3 · A1 + 11504 · A3 − 233050 · A1 · A3

(3)

Other researchers like Hotz et al. [41] used a Feritscope
to determine the α’-martensite content after machining.
They calibrated the electromagnetic measurements on α’-
martensite contents, determined by metallographic cross
sections etched with Beraha II. They found a good corre-
lation of R2 � 0.8874. The black areas were assumed to
be α’-martensite. In Fig. 4a, a metallographic cross section
etched with Beraha II is shown. If all the black areas created
byBeraha II etching are assumed to beα’-martensite, an over-
estimation of theα’-martensite content follows. Talonen et al.
also found that metallographic cross sections tend to overes-
timate theα’-martensite content although they usedmagnetic
etching [12]. Furthermore, Talonen et al. compared different
methods for the determination of the α’-martensite content
in AISI 304. They found a linear relationship between Fer-
itscope measurements and different reference measurements
like XRD, Satmagan, magnetic balance or density measure-
ments. In the present study, the same trends were seen when
evaluating the martensite content based XRD data. How-
ever, unlike Talonen et al., XRD measurements for different
surface distance were obtained, and thus the total subsur-
face α’-martensite contents were determined. Talonen et al.
only used surface measurements [12] which leads to differ-
ent values because themartensite content is not constant over
the depth and electromagnetic measurements probe up to a
greater depth than XRD. Additionally, Talonen et al. criti-
cized the texture influence for XRD measurements, which
also lead in this study to high standard deviations. However,
XRD measurements evaluated by the Rietveld method are
less influenced by texture compared to other XRD evaluat-
ing methods, and thus this method appears to give the most
precise information about the α’-martensite content. This is
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more so, if the measurements are conducted over the inter-
esting transformation depth. Such data can then be used for
the calibration of an electromagnetic measurement method.

Most of the literature use a linear relationship between
the electromagnetically determined α’- martensite content
and the reference measurements. A comparison of differ-
ent studies was done by Talonen et al. [12]. There it is
described that the approach of Hecker et al. [42] overesti-
mates the α’-martensite content [12]. Looking at Fig. 10, the
linear approach seems to underestimate the data at higher α’-
martensite contents and to overestimate smaller ones. Hence,
as also conducted byHotz et al. [41], a root function and a lin-
ear function were used to fit the data. The result is presented
in Fig. 11. Here, the linear function presented in Eq. 2 was
used to determine the α’-martensite content in wt%, as it is
done by a different calibration function in the Feritscope and
then a root function was applied to correlate the martensite
content determined by eddy current testingwith the reference
method.

A good correlation with an adjusted R2 of 0.8219 was
achieved for:

α′
ET � 1.922 ·

√
α

′
ET[21] + 0.3995 · α′

ET[21] (4)

All in all it can be said that eddy current testing appears
to be useful tool to determine the subsurface α’- martensite
content created by cryogenic turning. This can be used as a
basis for an in-process control to tailor the turning parameters
to achieve a given subsurface martensite content.

4 Conclusion

Different analyzing methods were compared regarding their
capability to determine the martensite subsurface content
of cryogenically machined workpieces made of AISI 304.
Mössbauer spectroscopy and metallographic examinations
with Beraha II etched samples overestimate the marten-
site content. Magnetic etching and XRD analysis using the
Rietveld method give the most accurate and similar marten-
site contents. Here, the ferromagnetic α’-martensite content
can be distinguished from other phases reliably.

Furthermore, the amplitudes of the 1st and the 3rd har-
monic of eddy current testing can be correlated to the
subsurface α’-martensite content. XRD measurements ana-
lyzed by theRietveldmethod yielded a correlation coefficient
of 0.9055 for the eddy current testing. Using a root function
and a higher number of XRD measurement results, a cor-
relation coefficient of 0.8219 can be achieved. Hence, it is
possible to detect the newly created subsurface martensite
content contactless and in real-time by eddy current testing.
Thus, this non-destructive testing method can be used as a

basis of a process control to induce the desired subsurface
martensite content.
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