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Abstract
Cryogenic turning of metastable austenitic steels allows for a surface layer hardening integrated into the machining process, 
which renders a separate hardening process obsolete. This surface layer hardening is the result of a superposition of strain 
hardening mechanisms and deformation-induced phase transformation from austenite to martensite. The activation energy 
required for the latter depends on the chemical composition of the metastable austenitic steel. It can hence be expected that the 
austenitic stability of the workpiece material varies depending on the batch and that differences in the metallurgical surface 
layer properties and thus also in the microhardness result after cryogenic turning. Therefore, in this paper, various batches of 
the metastable austenitic steel AISI 347 were turned utilizing cryogenic cooling with the same machining parameters. The 
thermomechanical load during the experiments was characterized and the resulting subsurface properties were investigated. 
The content of deformation-induced α′-martensite was quantified via magnetic sensor measurements and the distribution 
was examined using optical micrographs of etched cross-sections. It was found that similar amounts of deformation-induced 
α′-martensite were generated in the workpiece surface layer for all batches examined. Furthermore, the workpieces were 
analyzed with regard to the maximal hardness increase and the hardness penetration depth based on microhardness measure-
ments. A significant surface layer hardening was achieved for all batches. This shows that surface layer hardening integrated 
in the manufacturing process is possible regardless of batch-dependent differences in the chemical composition and thus 
varying austenite stability of the metastable austenitic steel.

Keywords Surface layer hardening · Cryogenic turning · Metastable austenitic steel · Deformation-induced phase 
transformation

1 Introduction

The surface layer properties of a component directly influ-
ence its operational behavior [1]. Component surfaces that 
are exposed to high tribological loads, such as shaft counter 
surfaces for radial shaft seals, must have high hardness in the 

surface layer and at the same time a sufficient bulk toughness 
to guarantee their functionality [2]. For non-brittle materials 
like stainless austenitic steel, a high hardness in the work-
piece surface layer also results in a longer service life of 
cyclically stressed components, because the crack initiation 
is hampered and the crack propagation rate is reduced [3–5]. 
Usually, workpieces are post-processed after machining by 
a subsequent heat treatment or a mechanical hardening pro-
cess in order to increase the hardness of the workpiece sur-
face layer. Specifically, workpieces made of austenitic stain-
less steel are usually mechanically hardened by deep rolling, 
hammering or shot peening [6, 7]. These post-treatment 
processes plastically deform the workpiece surface layer 
and increase the hardness in the near-surface area by super-
imposing different hardening mechanisms [8]. The increase 
in hardness results from grain refinement, the formation of 
twin grain boundaries and an increased dislocation density 

 * Benjamin Kirsch 
 benjamin.kirsch@mv.uni-kl.de
 https://www.fbk-kl.de

1 Institute for Manufacturing Technology and Production 
Systems, University of Kaiserslautern, 67663 Kaiserslautern, 
Germany

2 Institute of Applied Mechanics, University of Kaiserslautern, 
67663 Kaiserslautern, Germany

3 Institute of Materials Science and Engineering, University 
of Kaiserslautern, 67663 Kaiserslautern, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s11740-018-00873-0&domain=pdf


344 Production Engineering (2019) 13:343–350

1 3

[9, 10]. However, the additional post-treatment process leads 
to prolonged process chains and thus also to an increase in 
production costs.

In recent years, a cryogenic turning process has been 
developed to harden the workpiece surface layer of meta-
stable austenitic steels already during the machining pro-
cess and thus to render the additional post-treatment process 
obsolete [11]. For a large number of materials, a hardness 
increase in the workpiece surface layer was already observed 
after cryogenic machining, which results from the hardening 
mechanisms mentioned above [12]. When turning metasta-
ble austenitic steels under cryogenic cooling, a phase trans-
formation from γ-austenite into α′- and ε-martensite occurs 
in the workpiece surface layer [11]. It is therefore possible 
to superimpose the strain hardening mechanisms with the 
deformation-induced martensite formation, thus enabling 
more effective surface hardening. The hardened surface layer 
of cryogenically turned workpieces results in a higher wear 
resistance [13] and fatigue resistance [14] and thus improves 
the components application behavior. Deformation-induced 
martensite generation and strain hardening mechanisms are 
both favored by high passive forces and low workpiece tem-
peratures during the turning process [15]. By adapting the 
 CO2 mass flow rate, nozzle position, machining parameters 
and cutting edge geometry, the thermomechanical load in 
the turning process can be controlled. This also enables the 
control of the martensite content in the workpiece surface 
layer as well as the hardness [15–19]. However, the material-
specific properties of the workpiece and its effect on the 
resulting martensite content and subsurface properties after 
cryogenic turning has not been researched yet. The chemical 
composition and grain size have a significant effect on the 
austenite stability [20, 21]. The thermodynamic stability of 
the austenitic phase increases in particular with increasing 
proportions of the alloying elements nickel (Ni), chromium 
(Cr), manganese (Mn), molybdenum (Mo), silicon (Si) and 
especially carbon (C) and nitrogen (N) [22, 23]. Due to 
the effect of the alloying elements on the austenite stabil-
ity, differences in the resulting α′-martensite content after 
cryogenic turning are to be expected when turning different 
batches. In this paper, different batches of the metastable 
austenitic steel AISI 347 were turned under identical condi-
tions to investigate the influence of the chemical composi-
tion on the resulting subsurface properties.

2  Phase transformation of metastable 
austenitic steels and investigated 
materials

In metastable austenitic stainless steels, a phase transfor-
mation from paramagnetic fcc γ-austenite to ferromagnetic 
bcc α′-martensite occurs due to deformation or cooling. The 

thermodynamical background of this phase transformation 
is schematically shown in Fig. 1.

At the temperature  T0 γ-austenite and α′-martensite are 
in thermodynamic equilibrium as their free energies have the 
same values. Below  T0 the phase transformation from 
γ-austenite to α′-martensite is possible, but occurs only, if a 
minimum difference of free energy ΔG�

�

min
 is provided. At 

the martensite start temperature  Ms the difference in free 
energy ΔG�

�

min
 due to the temperature decrease is sufficient 

to induce the transformation (energy is provided by ΔGchem). 
Between  Ms and  T0, a phase transformation can only occur 
if an additional amount of energy difference ΔGmech is pro-
vided by deformation; the sum of ΔGmech and ΔGchem has to 
reach the level of ΔG�

�

min
.

The  Ms and  Md temperatures can therefore be used 
as indicators for characterizing the austenite stabil-
ity (see Fig. 1). Since the  Md-temperature is difficult 
to determine experimentally, the  Md30-temperature was 
introduced by Angel et al. [23]. The  Md30-temperature 
is the value where 50% martensite is formed when 30% 
plastic strain is applied. The  Ms-temperature is primarily 
used to estimate the austenite stability during the purely 
thermally induced phase transformation, whereas the 
 Md30-temperature is a proven indicator for the austenite 
stability with respect to the deformation-induced phase 
transformation. Based on the chemical compostion, the 
 Ms temperature according to Eichelmann [22] and the 
 Md30-temperature according to Angel [23] can be calcu-
lated by the following equations:

(1)
Ms,Eichelmann = 1350 − 1665 (C + N) − 28 Si

− 33 Mn − 42 Cr − 61 Ni in ◦C

(2)
Md30,Angel = 413 − 462 (C + N) − 13.7 Cr − 9.5 Ni

− 8.1 Mn − 18.5 Mo − 9.2 Si in ◦C

Fig. 1  Correlation between Gibbs free energy G and temperature T 
from [15] according to [24]
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Higher  Ms,Eichelmann- and  Md30,Angel-temperatures indicate 
a more metastable austenitic steel, i.e. at identical process 
conditions, higher α′-martensite contents are formed. Beside 
the regression formulas according to Eichelmann and Angel, 
there are numerous other empirical calculation models for the 
 Ms- [25, 26] and  Md30-temperature [27, 28], which weight the 
impact of the chemical elements differently. The  Ms and  Md30 
temperatures should therefore not be considered as an exact 
measure of austent stability, but rather as an approximation.

The influence of the grain size on the metastability of 
autenitic stainless steels is discussed controversary in lit-
erature. Raman et al. found an increasing martensite con-
tent in coarse grained AISI 304LN [29], whereas Shrinivas 
et al. found a higher volume fraction of α’-martensite with 
a decrease in grain size [30].

The investigated materials are five batches of the metasta-
ble austenitic stainless steel AISI 347 (X6CrNiNb1810). All 
materials were provided in solution-annealed state and have 
a fully austenitic structure prior to machining. The chemical 
composition of the batches is given in Table 1.

Table 2 lists the  MsEichelmann- and  Md30,Angel- temperatures 
of the batches, according to Eqs. 1 and 2. Furthermore the 
average grain diameter including twins is given. As can 
be seen, all batches have the same AISI grain size num-
ber, but their chemical composition and, accordingly, their 
 Ms,Eichelmann- and  Md30,Angel- temperatures differ significantly.

3  Experimental setup

The workpieces were turned on a CNC lathe with a feed 
travel of 18 mm to a final diameter of 14 mm. A thin layer 
with low martensite content is formed in the near surface 

area during pre-processing (dry cutting to the initial diam-
eter of 14.4 mm; see Table 2). However, its depth is much 
smaller than the depth of cut applied in the subsequent 
cryogenic turning experiments. Hence, this thin layer 
is completely removed and does not influence the mar-
tensite formation of the actual cut. To ensure sufficient 
statistics, four workpieces were turned out of each batch 
(B1–B5). A new insert was used for each workpiece in  
order to minimize the influence of wear. The tool geometry  
and cutting parameters were kept constant. The machin-
ing parameters, taken from previous investigations, are 
listed in Table 3.

To maintain the necessary low temperatures in order 
to achieve phase transformation, a  CO2 solid-gas-mixture 
was applied as coolant via two external nozzles at approx. 
− 78 °C [12]. One nozzle supplied the  CO2 from flank face 
direction directly into the contact zone. The second noz-
zle served for precooling of the workpiece from rake face 
direction (see Fig. 2). The mass flow rate per nozzle was 
1.75 kg/min. To ensure uniform test conditions, the  CO2 

Table 1  Chemical composition 
of 5 batches of AISI 347 in 
wt %

C Cr Ni N Nb Mn Mo Si Cu

B1 0.024 17.29 9.25 0.019 0.41 1.55 0.19 0.63 0.21
B2 0.021 17.19 9.44 0.022 0.38 1.55 0.23 0.59 0.11
B3 0.014 18.31 10.06 0.025 0.38 0.65 0.06 0.47 0.15
B4 0.026 17.28 9.15 0.017 0.35 1.56 0.23 0.64 0.15
B5 0.031 18.04 10.11 0.027 0.36 0.65 0.042 0.54 0.13

Table 2  Metallurgical and 
mechanical properties of the 
batches of AISI 347

Ms,Eichelmann in °C Md30,Angel 
in °C

Average grain 
diameter in µm

Content of α′-martensite after 
workpiece preparation in vol%

Microhard-
ness in 
HV0.01

B1 − 81 46 17 ± 1.5 1 ± 0.2 189 ± 13.6
B2 − 87 46 17 ± 0.1 0 ± 0 176 ± 8.9
B3 − 133 38 18 ± 1 1.4 ± 0.2 177 ± 10.2
B4 − 75 47 15 ± 0.4 0.2 ± 0.2 182 ± 15.7
B5 − 158 32 16 ± 0.9 1.3 ± 0.2 178 ± 6.9

Table 3  Tool geometry and cutting parameters

Tool geometry (CNMA 120416 T02020)

Corner radius: 1.6 mm Clearance angle: 6°
Rake angle: − 6° Tool cutting edge inclination: − 6°
Chamfer angle: 20° Projected chamfer width: 0.2 mm
Coating: multilayer (TiN/TiCN/Al2O3)

Cutting parameters

Cutting speed 30 m/min
Depth of cut 0.2 mm
Feed rate 0.35 mm/rev
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cooling system was activated automatically with the NC 
program.

The workpiece temperature was determined with an 
infrared thermography system located outside of the CNC 
lathe. As the contact zone is not accesible for thermo-
graphic measurements, the workpiece surface temperature 
was measured after a 3/4 rotation of the workpiece in order 
to evaluate and compare the thermal load for the different 
batches. The process forces were recorded with a piezo-
electric three-component dynamometer.

The phase transformation from γ-austenite into 
α′-martensite results in a change of the magnetic per-
meability since α′-martensite is ferromagnetic, while 
γ-austenite is paramagnetic. Therefore, it was possi-
ble to evaluate the content of the deformation-induced 
α’-martensite generated in the turning process non-
destructively. This was done by means of a magnetic sen-
sor, type Ferritscope™, which detects ferromagnetic phase 
fractions up to a depth of approx. 3 mm below the work-
piece surface, see [15]. However, ε-martensite cannot be 
detected by the magnetic sensor, as it has paramagnetic 
properties like austenite. Furthermore, only the integral 
α′-martensite content can be determined with the Ferrit-
scope™ and no statements on the exact martensite distri-
bution can be made. However, it is an easy and reliable 
method to detect the phase transformation as an integral 
value and hence to evaluate metastabilty of the different 
batches. A multiplication factor of 1.7 was used to convert 
the feritscope reading (FE-%) into the α′-martensite con-
tent according to [31].

Microhardness measurements were carried out with a 
vickers indenter to determine the hardness profiles in the 
workpiece subsurface. Indentations were carried out from 
20 to 400 µm below the surface at intervals of 10 µm with 
a load force of 100 mN (HV 0.01) and a loading time 
of 10 s. Three microhardness profiles of one respective 
workpiece of each batch were determined and averaged.

4  Results

4.1  Thermomechanical load

The mean values of the feed force  Ff, passive force  Fp and 
cutting force  Fc are shown in Fig. 3. As the cutting depth 
 ap = 0.2 mm was significantly smaller than the cutting edge 
radius  rβ = 1.6 mm, the workpiece material was exclusivly 
removed by the corner of the insert. The low depths of cut, in 
connection with the chamfer, resulted in an almost constant, 
negative effective rake angle in the entire cutting cross sec-
tion, which led to high passive forces. This was intended, 
as high passive forces are essential for the generation of 
deformation-induced martensite in the workpiece subsur-
face regions.

The mean surface temperatures recorded during the 
turning experiments are shown in Fig. 4. The differences 
in chemical composition of the different batches had no 
significant influence on the thermomechanical loads. Since 
the process forces were similar for the different batches, the 

Fig. 2  Experimental setup for cryogenic turning

Fig. 3  Process forces

Fig. 4  Surface temperature
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heat generated in the nearly adiabatic primary shear zone 
and thus also the measured temperatures were similar as 
well and their differences where within the standard devia-
tion. The temperature at the workpiece surface is approx. 
20–30 °C lower than the  Md30,Angel-temperature and signifi-
cantly higher (90–180 °C) than the  Ms,Eichelmann-temperature.

4.2  Deformation‑induced α′‑martensite

The integral contents of α′-martensite in the workpiece 
surface layer after cryogenic turning are shown in Fig. 5 
as a function of the  Md30,Angel-temperature. Despite the dif-
ferences in the chemical composition and the associated 
austenite stability, the magnitude of deformation-induced 
α′-martensite content of the batches B2-B5 was in the range 
of the standard deviation. Only batch B1 showed a slightly 
higher α′-martensite content. Since the chemical composi-
tion of B1 was similar to that of B2 and B4 (see Table 1), 
this difference in α′-martensite content cannot be attributed 
solely to the differences in the chemical composition.

Figure 6 exemplarily shows metallographic sections per-
pendicular through the surfaces of the cryogenically turned 
workpieces etched with Beraha II. The materials show 

segregations due to their chemical inhomogenitiy. It can be 
seen that all batches have a martensitic needle structure in 
the surface layer colored in black on the right side of the 
images. Underneath this surface layer, an austenitic structure 
is visible.

4.3  Microhardness

The percentage standard deviation of the microhardness pro-
files was between 3.88% (B5) and 8.63% (B4). Regressions 
for the microhardness profiles were calculated on the basis 
of the gaussian distribution function, which are shown in 
Fig. 7. Depending on the batch, values between 0.94 (B1; 
B3) and 0.98 (B2) were calculated for the coefficient of 
determination.

Near the surface, this function first shows a progressive 
decrease, which changes into a degressive decrease in micro-
hardness and then approaches the initial hardness  HV00.01. 
The initial hardness  HV00.01 was measured in the bulk 
material, which was not modified by the cryogenic turning 
process. The fitting parameters a and b of the regression 
were determined according to the method of least squares 

Fig. 5  Content of α′-martensite generated in cryogenic turning in 
relation to  Md30,Angel-temperature calculated via Eq. 1

Fig. 6  Optical micrographs of B1 (a), B2 (b) and B4 (c) after cryogenic turning

Fig. 7  Microhardness profiles
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(see Table 4). Parameter a describes the difference between 
the initial hardness  HV00.01 and maximum hardness. The 
exponent b determines the gradient of the function. In gen-
eral, for otherwise constant fitting parameters, small values 
for b imply a slow flattening of the function resulting in a 
high hardness penetration depth. The hardness penetration 
depth represents the threshold between the hardened subsur-
face and the unaffected base material. It was quantified as the 
distance from the surface in which the hardness corresponds 
to 120% of the initial hardness.

A significant increase in hardness was observed in the 
workpiece subsurface region of all five batches. For all 
experiments, the maximum hardness occurred immediately 
below the workpiece surface. In relation to the initial hard-
ness of the individual batches, the increase in hardness was 
between 61% (B4) and 87% (B5). The hardness penetration 
depth was between 154 µm (B3) and 209 µm (B1). A distinct 
correlation between the increase in hardness as well as the 
hardness penetration depth and the α’-martensite generated 
in the cryogenic turning process could not be determined 
(see Fig. 8).

In recent experiments [18], a rise in maximum hard-
ness and hardening depth was also observed when the 
α′-martensite content increased. In those experiments, the 
increase in the α′-martensite content was caused by an 
increase in passive force via an increase in feed and cutting 
edge radius. Thus, the plastic deformation in the workpiece 
subsurface increased and, in addition to the phase transfor-
mation, also favoured the strain hardening mechanisms. Note 
that these experiments were only carried out on one batch 
(B2), therefore the initial state of all workpieces was the 
same.

In the experiments presented in this paper, the influence 
of different hardening mechanisms can vary, depending on 
the initial material state and the respective changes of them 
during the turning process. Thus, it can be assumed, that 
the total increase in hardness in the subsurface region can-
not be exclusively attributed to the formation of deforma-
tion-induced α′-martensite. Formation of ε-martensite and/
or stacking faults, as well as increased dislocation density, 
grain refinement and formation of twins also contribute to 

hardening. To quantify these influences, the exact phase dis-
tribution of α′- and ε-Martensite and other material defects 
would have to be detected e.g. via X-ray diffraction and 
high-resolution microscopy.

5  Conclusions and outlook

In this paper results of cryogenic turning experiments on 
five batches of the metastable austenitic steel AISI 347 
are presented. Cryogenic turning was performed with the 
same process conditions (tools, coolant supply, process 
parameters), in order to examine the influence of chemi-
cal composition and, hence, metastability of the workpiece 

Table 4  Fitting parameters for 
regression of microhardness 
profiles, values for uncertainty 
determination and resulting 
indicators for quantifying the 
subsurface hardening

Batch Fitting parameter Uncertainty Results

HV00.01 a b σ (%) R2 Increase in hard-
ness (%)

Hardness pen-
etration depth 
(µm)

B1 189 130 40 7.18 0.94 66 209
B2 176 151 41.5 5.08 0.98 86 186
B3 177 134 56.5 5.74 0.94 76 154
B4 182 111 33 8.63 0.96 61 199
B5 178 155 45 3.88 0.96 87 184

Fig. 8  Correlation between mechanical properties of the workpiece 
surface layer and its α′-martensite content
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material on the resulting subsurface microstructure and 
properties. Although all batches met the ISO standard 
requirements for AISI 347 stainless steel, differences in their 
chemical composition resulted in different  Ms,Eichelmann- and 
 Md30,Angel-temperatures.

In the experiments, no significant differences in pro-
cess forces and temperatures were measured depending on 
the batch. After cryogenic turning, deformation-induced 
α′-martensite was detected in the workpieces of all investi-
gated batches. The integral contents of α′-martensite were 
in a similar range for the various batches, varying from 
3.6 to 5 vol.%. When comparing the optical micrographs 
of the different batches, there were some minor differences 
in the martensite distribution. However, in all batches, the 
α′-martensite only occurred up to a depth of 250 µm below 
the surface generated by cryogenic turning.

For all batches a pronounced surface layer hardening 
was observed after cryogenic turning, slightly varying in its 
magnitude among the batches. However, no distinct correla-
tions between α′-martensite content and hardness increase 
or hardness penetration depth could be determined. Thus, 
the surface layer hardening during cryogenic turning cannot 
be exclusively traced back to the volume of α′-martensite 
generated.

Cryogenic turning proved to be suitable to realize a robust 
surface layer hardening integrated in the manufacturing pro-
cess, even at a different austenite stability of the workpiece 
material. The quantification of the influence of phase dis-
tribution, grain refinement, dislocation density and residual 
stresses on the total increase in hardness and the hardness 
penetration depth via in-depth analyses is to be driven for-
ward in the future. Furthermore, fatigue tests will be carried 
out on cryogenically turned specimen from different batches 
in order to investigate the correlation between the surface 
integrity and the fatigue behavior.
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