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Abstract
The application of components often depends to a large extent on the properties of the surface layer. A novel process chain

for the production of components with a hardened surface layer from metastable austenitic steel was presented. The

investigated metastable austenitic AISI 347 steel was cold-drawn in solution annealed condition at cryogenic temperatures

for pre-hardening, followed by post-hardening via cryogenic turning. The increase in hardness in both processes was due to

strain hardening and deformation-induced phase transformation from c-austenite to a0-martensite. Cryogenic turning

experiments were carried out with solution annealed AISI 347 steel as well as with solution annealed and subsequently

cold-drawn AISI 347 steel. The thermomechanical load of the workpiece surface layer during the turning process as well as

the resulting surface morphology was characterized. The forces and temperatures were higher in turning the cold-drawn

AISI 347 steel than turning the solution annealed AISI 347 steel. After cryogenic turning of the solution annealed material,

deformation-induced phase transformation and a significant increase in hardness were detected in the near-surface layer. In

contrast, no additional phase transformation was observed after cryogenic turning of the cold-drawn AISI 347 steel. The

maximum hardness in the surface layer was similar, whereas the hardness in the core of the cold-drawn AISI 347 steel was

higher compared to that in the solution annealed AISI 347 steel.

Keywords Surface layer hardening � Cryogenic turning � Cold drawing � Metastable austenitic steel � Deformation-induced

phase transformation

1 Introduction

The first austenitic Cr–Ni steel was developed by Maurer

and Strauss at the Friedrich Krupp AG and patented in

1912 [1]. Based on the chemical composition of the

‘‘Versuchsschmelze 2 Austenit’’ (V2A) developed at that

time, numerous nuances of this metastable austenitic steel

exist today. Due to their good mechanical properties and

their high corrosion resistance in particular,

metastable austenitic steels are widely used in the chemical

and petrochemical industries, the food industry, automotive

industry and medical technology, among others [2, 3].

The conventional process chain in the manufacture of

metastable austenitic steel components usually begins with

the casting of the melt in a continuous casting process.

After the strands have solidified, they are cut to size.

Depending on the geometry of the component, the cast

blocks are further processed using various forming pro-

cesses [4]. Subsequently, the semi-finished products are

solution annealed at 1270–1420 K and quenched in water,

air or helium in order to adjust the grain dimension, crys-

tallographic orientation, phase fraction and distribution of

chemical elements in the material [5–7]. Then, the final

component geometry is achieved by a machining process.

Metastable austenitic steels are characterized by a rela-

tively low hardness in the solution annealed condition.

Thus, a subsequent process for surface layer hardening is

often necessary, since the application behavior of a com-

ponent is decisively determined by the properties of its
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surface layer [8]. Shaft counter surfaces for radial shafts,

for example, are exposed to very high tribological loads.

Therefore, these components must have a high surface

hardness and sufficient bulk toughness to ensure optimum

performance, low wear and thus a long service life [9]. It

has been proven that an increase in hardness in

metastable austenitic steels leads to a reduction in wear

[10, 11]. A higher surface layer hardness also leads to a

better fatigue behavior of cyclically stressed components,

because the crack initiation is hampered and the crack

propagation is slowed down [12–14].

In metastable austenitic steels, strain hardening mecha-

nisms such as twin formation, increased dislocation density

and grain refinement [15–19], as well as deformation-in-

duced phase transformation from c-austenite to e- and a0-
martensite [20–22] lead to an increase in hardness as well

as in tensile and yield strength. In order to achieve this

deformation-induced phase transformation, sufficiently

high strains must be present at sufficiently low tempera-

tures in order to provide the required difference in free

energy [23–25]. If the temperature is below the Ms-tem-

perature, the required free energy is achieved without

mechanical load and a purely thermal phase transformation

of austenite into martensite occurs [26]. With rising tem-

peratures, a higher mechanical load and thus a higher strain

must be applied in order to reach the minimum free energy

required for the martensitic phase transformation. At a

constant temperature, the a0-martensite content increases

with increasing equivalent strain in the form of a sigmoidal

function [23, 27]. The required strains and temperatures

depend on the austenite stability of the material, which

depends on factors such as the chemical composition

[28, 29] and the grain size [30, 31]. The strain hardening

mechanisms and the generation of deformation-induced

martensite can be superimposed to produce surface layers

with higher maximum hardness and hardness penetration

depth [32].

There are numerous hardening processes at room tem-

perature or below, which exploit these mechanisms in order

to increase the hardness, especially in the surface layer.

When characterizing the acting loads, these can be divided

into processes with mechanical main effect, processes with

thermal main effect by means of deep cryogenic treatment,

and processes based on a combination of thermal and

mechanical effects [33].

Among the most common hardening processes in

industry are those with the mechanical main effect, which

are carried out subsequent to the machining and generally

represent the final step in the conventional process chain

for the production of austenitic steel components with a

hardened surface layer. Commonly used mechanical

hardening processes are shot peening [34], machine ham-

mer peening [35] and burnishing processes like deep

rolling [36]. These processes have in common that they

result into a plastic deformation in the workpiece surface

layer and thus to strain hardening. In addition, it is possible

to induce a phase transformation from metastable c-
austenite into e- and a0-martensite. Deformation-induced

phase transformation has already been observed in the

surface layer of metastable austenitic steels after rolling

[37] and shot peening [14, 38] processes at room temper-

ature, when the deformation in the surface layer was suf-

ficiently high.

Thermal hardening of metastable austenitic steels below

room temperature is referred as deep cryogenic treatment.

In this process with thermal main effect, the material is

placed in a cryogenic medium (mostly liquid nitrogen LN2

at approximate 77 K). If the temperature of the cryogen is

lower than the Ms temperature of the metastable austenitic

steel, a purely thermal phase transformation of austenite

into martensite occurs [26]. However, this process is usu-

ally only carried out on tool steels after the quenching and

tempering process in order to reduce the content of retained

austenite [39, 40]. For metastable austenitic steels, this

procedure is not practicable for industrial applications [41].

Although thermally induced martensite formation occurs,

strain hardening does not take place, because no defor-

mation is applied either. The hardness of a0-martensite

essentially depends on the content of the interstitial carbon

atom, which distorts the lattice. However, the carbon

content is low in metastable austenitic Cr–Ni steels and so

is the increase in hardness [21, 42].

More pronounced increases in hardness can be achieved

by hardening processes with combined thermal and

mechanical effects. For example, cryogenic shot peening

leads to higher proportions of deformation-induced a0-
martensite and also more pronounced increases in hardness

compared to shot peening at room temperature [43]. In the

same way, cryogenic cold rolling also leads to a higher

content of a0-martensite and thus a higher hardness com-

pared to cold rolling at room temperature [44]. Repeated

cold rolling and higher deformation favor strain hardening

and deformation-induced phase transformation, stronger

elongated grains and higher tensile strength [45–47].

Comparative investigations [27] in which the

metastable austenitic AISI 304 steel was cold-rolled and

cold-drawn showed that the cold-drawn material had a

higher a0-martensite content at the same equivalent strain

compared to the cold-rolled AISI 304 steel. Due to the

different strain fields, it was concluded that mainly one-

directional deformation twins in the cold-rolled AISI 304

steel and two kinds of twins with different twin planes in

the cold-drawn material were formed. Thus, the cold-

drawn AISI 304 steel also had more martensite nucleation

points, which also increased the content of deformation-

induced a0-martensite with the same equivalent strain.
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Another method for the hardening of

metastable austenitic steels utilizing both thermal and

mechanical effects is cryogenic turning. In contrast to the

methods mentioned above, cryogenic turning integrates the

surface layer hardening into the cutting process [48]. Thus,

an additional hardening processes are rendered obsolete,

resulting in a shorter and thus more economical process

chain. In this process, the surface hardening also occurs

due to a superposition of strain hardening and the genera-

tion of deformation-induced e- and a0-martensite. As for

the other hardening processes, the cryogenic turning pro-

cess must be designed in such a way that the lowest pos-

sible temperatures and the highest possible mechanical

loads are present in the workpiece surface layer. In the

turning process, the low temperatures are achieved by

means of a cryogenic cooling system and low cutting

speeds [49, 50]. High passive forces lead to pronounced

deformations of the surface layer. High feed rates and tools

with a chamfered or strongly rounded cutting edge can be

used to ensure high passive forces [50, 51].

2 Workpiece material and cryogenic
pretreatment

Components made of metastable austenitic steel are usually

hardened by means of shot peening after a conventional

machining process (see Fig. 1a). In this paper, a novel

approach for the hardening of metastable austenitic steels is

introduced, where two hardening processes with thermal

and mechanical effects are combined in one process chain.

The first hardening process, cryogenic cold drawing, will

be conducted prior to machining as a pretreatment, and the

second hardening process is integrated into the machining

process, by means of cryogenic turning. Even though this

does extend the process chain, we intended to investigate

whether it is possible to produce components with a more

pronounced surface layer hardening by combining these

two hardening processes. Based on the state of the art, the

most efficient pretreatment of metastable austenitic steel is

a cold drawing process under deep cryogenic temperatures,

which is therefore applied in this study. Cryogenic turning

experiments are carried out with solution annealed AISI

347 steel (see Fig. 1b) and solution annealed and then cold-

drawn AISI 347 steel (see Fig. 1c), utilizing a well proven

experimental setup from earlier investigations [52]. The

thermomechanical loads occurring in the surface layer

during the turning experiments are characterized. The

resulting surface morphology is investigated and evaluated

with regard to the topography, as well as the metallurgical

and mechanical subsurface properties.

Metastable austenitic AISI 347 steel was used for the

investigations. Based on the chemical composition (see

Table 1), the Md30-temperature was calculated to 319 K

according to Angel [28]. At the Md30-temperature, 50% a0-
martensite is formed when 30% plastic strain is applied.

Thus, the Md30-temperature is a suitable parameter for

evaluating the susceptibility of a metastable austenitic steel

regarding the deformation-induced phase transformation.

The investigated metastable austenitic AISI 347 steel

was solution annealed at 1323 K for 35 min and then

quenched in helium atmosphere. The cold drawing of the

solution annealed rod material was carried out on a tensile

testing machine. The rods were each first stored for at least

10 min in liquid nitrogen to ensure that they were com-

pletely cooled to 77 K. After that, they were drawn force-

controlled on the tensile testing machine with a nominal

load of 510 MPa. This load was chosen because it was

significantly above the yield strength (225 MPa [53]), and

thus, during the cold drawing process, plastic deformation

and consequently deformation-induced phase transforma-

tion occurred. Nevertheless, this load of 510 MPa was

below the ultimate tensile strength (603 MPa [53]), so that

the rods did not break. The solution annealed rod material

as well as the rod material solution annealed and then

pretreated by cryogenic cold drawing (hereinafter referred

to as ‘‘cold-drawn’’) with an initial diameter of 25 mm was

machined to 14.4 mm in a conventional turning process.

The microstructure of the exclusively solution annealed

AISI 347 steel (see Fig. 2a) exhibited several twin grain

boundaries after contrasting with V2A etching agent,

which are typical for austenitic materials. Figure 2b shows

the microstructure of the AISI 347 steel after cold drawing.

Due to the Beraha II etching agent, the martensite was

contrasted black, while the austenite remained white. It

became apparent that numerous martensitic needles and

some completely martensitic grains were present due to the

cold drawing process. Pure austenitic grains were no longer

present. The hardness of the solution annealed AISI 347

steel was 210 HV0.01, while the cold-drawn AISI 347 steel

had a hardness of 280 HV0.01.

3 Experimental setup

The cryogenic turning experiments were carried out on a

CNC (computerized numerical control) lathe. Tools and

parameter settings were adapted according to the experi-

mental setup from previous experiments [52], with which

the thermomechanical loads in the surface layer can be

adjusted in a favorable way regarding phase transformation

and strain hardening. The feed travel was 18 mm, and the

final diameter was 14 mm. Carbon dioxide (CO2) was used

as cryogenic coolant which was stored in a gas cylinder at

room temperature at approximately 5.7 MPa [49]. The CO2

was extracted from the liquid phase and supplied via two
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nozzles to the turning process. One nozzle served for pre-

cooling of the workpiece from the rake face direction, and

the other nozzle supplied the CO2 from flank face direction

into the cutting zone (see Fig. 3). At the nozzle exit, a

phase transformation of the liquid CO2 into a bi-phase

solid–gas mixture occurs due to the expansion. The

expansion in combination with the Joule–Thompson effect

F

F

(a) Conventional process chain

(b) Cryogenic turning

(c) Cold drawing and cryogenic turning

Casting Forming Solution annealing Turning Shot peening

Casting Forming gninrutcinegoyrCgnilaennanoituloS

Casting Forming gninrutcinegoyrCgnilaennanoituloS Cold drawing

Fig. 1 Process chains for manufacture of components from metastable austenitic steels with hardened surface layer

Fig. 2 Optical microsections of metastable austenitic AISI 347 steel

after solution annealing (a) and cold drawing (b)

Fig. 3 Cryogenic turning process

Table 1 Chemical composition of AISI 347 steel (wt.%)

C Cr Ni N Nb Mn Mo Si Cu Fe

0.021 17.19 9.44 0.022 0.38 1.55 0.23 0.59 0.11 Balance
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leads to a temperature decrease to approximately 194.6 K,

which is the sublimation point at standard atmospheric

pressure [54]. This provided sufficiently low temperatures

in order to realize the deformation-induced phase trans-

formation in the workpiece surface layer. The nozzles had

an exit diameter of 10 mm, resulting into a mass flow rate

of 1.75 kg/min per nozzle. The CO2 cooling system was

activated automatically with the numerical control program

in order to ensure uniform test conditions.

A low cutting speed of vc = 30 m/min was chosen to

realize low temperatures in the cutting zone, which in turn

should lead to a pronounced phase transformation from

austenite to martensite and consequently to a strong surface

layer hardening. The depth of cut was kept constant at

ap = 0.2 mm. Previous study [55] has shown that a varia-

tion of the feed significantly affects the passive forces and

consequently the resulting surface morphology. Thus, in

this paper, the feed rate (f) was also varied (f1 = 0.15 mm/

rev; f2 = 0.35 mm/rev) in order to investigate its influence

on the differences in thermomechanical load and resulting

surface morphology depending on the initial state of the

workpiece material. To ensure sufficient statistics, turning

experiments were carried out on three workpieces for each

test point.

Chamfered indexable inserts (CNMA 120416 T02020)

with an approximately 20-lm-thick multilayer coating

(TiN/TiCN/Al2O3) were used. The clearance angle was

a = 6�, and the rake angle c and the tool cutting edge

inclination k were both - 6�. The chamfer reduced the

effective rake angle to approximately ceff = - 26� in the

whole cutting cross section, thus increasing the passive

forces and consequently promoting deformation-induced

martensite formation during the turning process. A large

corner radius of re = 1.6 mm was used as this also leads to

higher passive forces. A new insert was used for each

workpiece in order to minimize the influence of wear.

During the cryogenic turning process, the process forces

were measured with a piezoelectric three-component

dynamometer. For temperature measurement, a high speed

thermography system was used, which was positioned

outside the CNC lathe. As the cutting zone itself was not

accessible for thermographic measurements, the surface

temperature was measured after a � workpiece rotation.

Although the determination of the absolute temperature in

the cutting zone was not possible, this measurement

method allowed for the comparison of the thermal load of

different test points with each other. Further information

for the determination of the temperatures in the cryogenic

turning process can be found in Ref. [56].

The solution annealed as well as the cold-drawn AISI

347 steel was measured before and after the cryogenic

turning process with a magnetic sensor (FerritscopeTM).

With this sensor, it was possible to detect ferromagnetic

phase fractions down to a depth of approximately 3 mm

[57]. The a0-martensite content in the workpiece surface

layer can be determined from the measurement signal by

multiplying it by a factor of 1.7 [58]. As e-martensite is

paramagnetic, just like c-austenite, it cannot be detected

with this magnetic sensor. Furthermore, cross sections of

the workpieces were prepared with Beraha II etching agent

in order to contrast the martensite needles and thus inves-

tigate the distribution of the a0-martensite in the workpiece

surface layer. The images captured with an optical micro-

scope were converted into a binary image. An image pro-

cessing method [50] utilizing a dilation algorithm [59] and

Canny edge detection [60] was used to determine the a0-
martensite distribution inside the workpiece surface layer.

After cryogenic turning, microhardness measurements

were carried out using a Vickers indenter with a load force

of 100 mN (HV0.01) and loading time of 10 s. The

indentations were carried out in a range of 20 to 400 lm
below the surface in intervals of 10 lm to determine

microhardness profiles. At each distance, three measuring

points were carried out for statistical verification. These

indentations were carried out circumferentially at 120�
intervals. The roughness of the cryogenically turned

workpieces was measured with a tactile measurement

device.

4 Results and discussion

4.1 Thermomechanical load

The process forces recorded during the cryogenic turning

process are shown in Fig. 4. As it was intended, at all test

points, the passive forces were the highest component of

the resulting force. This can be explained on the one hand

by the negative effective rake angle and on the other hand

by the elongated cross section of the undeformed chip,

0
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250

300

400

f1 f2
Solution annealed Cold drawn

N/secrof
ssecor

P

f1 f2

350
Ff Fp Fc

Fig. 4 Process forces when cryogenically turning solution annealed

and cold-drawn AISI 347 steels
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since the material was only machined with the corner of the

insert. When turning the cold-drawn AISI 347 steel, the

process forces were higher compared to the turning

experiments on the solution annealed material, which can

be attributed to its higher microhardness. However, it is

remarkable that although the cold-drawn AISI 347 steel has

a 33% higher microhardness compared to the solution

annealed AISI 347 steel, the measured feed forces Ff (di-

rected in feed direction) were just 16%, the passive forces

Fp (directed in direction of the tool holder) and the cutting

forces Fc (directed in cutting direction) only 11% higher.

Both the solution annealed and the cold-drawn AISI 347

steels showed higher process forces at f2 than at f1, as the

cross section of the undeformed chip was also larger here.

The surface temperatures of the workpieces during the

cryogenic turning process are shown in Fig. 5. When

turning the cold-drawn AISI 347 steel, higher temperatures

were measured. The difference was 30.5 K at f1 and 27.9 K

at f2. In the primary shear zone, there are approximately

adiabatic conditions [61]; approximately 90% of the

mechanical energy is converted into heat [62]. Higher

process forces were measured at f1 and f2 when machining

the cold-drawn AISI 347 steel, and the required mechanical

energy was also higher, resulting in a higher heat genera-

tion in the primary shear zone and consequently higher

workpiece temperatures. The temperatures at f2 were

higher than that at f1, since the coolant can conduct less

heat due to the shorter process duration and, in addition, the

heat flux from the tool into the workpiece may have been

greater at f2 than at f1 due to the greater cross section of

undeformed chip and the higher process forces.

4.2 Surface topography

The impact of the feed rate and the initial state of the

workpiece material on the surface topography is shown in

Fig. 6. Due to the kinematics of the turning process, an

increase in the feed rate leads to a square increase in the

average maximum profile height Rz [63]. At f2, the mea-

sured values agree well with the theoretically calculated

average maximum profile height (Rt;f2 = 9.57 lm), whereas

at f1, there were deviations from the theoretical profile

height (Rt;f1 = 1.76 lm) due to plowing effects. With

regard to the initial state of the workpiece material, no

significant difference can be observed in the surface

topography.

4.3 Metallurgical properties

Figure 7 shows the a0-martensite content of the solution

annealed and the cold-drawn workpieces before and after

the cryogenic turning process. No ferromagnetic phase

components (d-ferrite or a0-martensite) could be detected

in the solution annealed AISI 347 steel, so the material was

fully austenitic in its initial state (see Fig. 7). After cryo-

genic turning, 2.2 vol.% of a0-martensite was detected in

the workpieces turned at f1 and 4 vol.% when turned at f2.

The content of deformation-induced a0-martensite was
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higher after turning with f2, as the passive forces were also

higher here (see Fig. 4), and this favored the martensitic

phase transformation.

The micrograph of the solution annealed AISI 347 steel

(see Fig. 8a) shows that the deformation-induced a0-
martensite (contrasted black) generated during the cryo-

genic turning process was exclusively located up to a dis-

tance of approximately 225 lm from the surface. Due to

the integral measuring method and the large measuring

area of the magnetic sensor, the determined a0-martensite

content was lower (see Fig. 7) than the actual a0-martensite

content in the near-surface area. By means of etching and

image processing, an a0-martensite content of up to

approximate 44% was determined in this area (see Fig. 8b).

However, beyond the depth of approximately 225 lm,

almost no deformation-induced a0-martensite was detected

in the optical microsections. a0-martensite content deter-

mined by image processing on the optical microsection

shows only an approximation because the preparation

process may also contrast slip and shear bands as well as e-
martensite, which may have caused an overestimation [64].

While it was difficult to determine the exact phase frac-

tions, nevertheless, this method allowed estimations to be

made about a0-martensite distribution in the workpiece

surface layer. However, it can be seen from the near-sur-

face microstructure that the material was strongly plasti-

cally deformed in the cutting direction by the turning

process. Earlier investigations by Boemke et al. [53] on

focused ion beam cuts of cryogenically turned solution

annealed AISI 347 steel showed that with f1 as well as with

f2 a nanocrystalline surface layer with a thickness of

approximately 10 lm was formed.

For the cold-drawn AISI 347 steel, a mean a0-martensite

content of 32.4 vol.% was measured before cryogenic

turning (see Fig. 7). As the deformation-induced a0-
martensite generated during the cryogenic cold drawing

was mostly homogeneously distributed in the entire rod

material, this measured value should give a fairly good

approximation of the actual mean a0-martensite content in

the workpiece microstructure. Since the difference before

and after the cryogenic turning process was only in the

range of the standard deviation (for both f1 and f2), it cannot

be verified whether deformation-induced phase transfor-

mation occurred in the surface layer during the cryogenic

turning of the cold-drawn AISI 347 steel, based on these

measurement results (see Fig. 7).

In optical micrographs of the cold-drawn AISI 347 steel

turned with f2, a bright layer with a thickness of approxi-

mately 25 lm was noticeable at the surface (see Fig. 9b).

This nanocrystalline surface layer has such a small grain

size that it was not contrasted by the etching agent.

Therefore, no statements can be made about the a0-
martensite content in this layer. The cold-drawn AISI 347

steel turned with f1 also exhibited a nanocrystalline surface

layer, which was, however, much less pronounced (see

Fig. 9a). The layer thickness varied in a range between 0

and 10 lm.

In regard to the phase fractions, the microstructure in the

surface layer was very similar compared to the

Fig. 8 Optical micrograph of solution annealed AISI 347 steel after cryogenic turning with f2 (a) and distribution of a0-martensite in workpiece

surface layer (b)

Fig. 9 Optical micrographs of workpiece surface layer of cold-drawn

AISI 347 steel after cryogenic turning with f1 (a) and f2 (b)
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microstructure before turning (see Fig. 2b). A higher a0-
martensite content in the near-surface area caused by the

cryogenic turning processes cannot be detected. Based on

the measurements taken with the magentic sensor (see

Fig. 7) and the optical micrographs (see Fig. 9), it can be

concluded that the cryogenic turning of the cold-drawn

AISI 347 steel did not cause a significant deformation-

induced phase transformation. The first possible cause for

this was the higher temperature (see Fig. 5) during the

turning process, compared to the turning process with the

solution annealed AISI 347 steel, which may have partially

inhibited the phase transformation. A second possible

reason for this was that a0-martensite content was already

very high at 32.4 vol.% before the cryogenic turning due to

the cold drawing process. Continuous casting usually does

not lead to a homogeneous distribution of the chemical

elements in the rod material [65]. Due to the hetero-

geneities in the chemical composition and the grain sizes,

different austenitic grains have different austenite stability

[6, 30]. It can be assumed that in cold drawing, the grains

with lower austenite stability transformed into a0-marten-

site, whereas the austenitic grains with higher austenite

stability still existed without phase transformation after the

cold drawing process. Thus, the austenitic matrix remain-

ing after cold drawing had a higher average austenite sta-

bility than that of the solution annealed AISI 347 steel. It is

also conceivable that the grain refinement associated with

the cold drawing process led to a further increase in

austenite stability. Due to this higher austenite stability in

superposition with the higher thermal load (see Fig. 5) at

only slightly higher mechanical loads (see Fig. 4), there

was no significant increase in deformation-induced a0-
martensite in the cold-drawn AISI 347 after cryogenic

turning.

The plastic deformation of the microstructure below the

nanocrystalline surface layer in cutting direction was less

pronounced compared to the solution annealed AISI 347

steel (see Fig. 8a). This can be explained by the fact that

the material behaved less ductile after the cold drawing

process due to the changed mechanical properties and thus

deformed less when a similar mechanical load was applied.

4.4 Microhardness

Microhardness measurements were used to evaluate the

mechanical properties of the workpiece surface layer (see

Fig. 10). The changes in the microhardness compared to

the properties of the bulk material were a direct effect of

the metallurgical changes in the microstructure due to the

cryogenic turning process. Both the solution annealed and

the cold-drawn AISI 347 steel had a higher hardness in the

near-surface area than in the bulk material. The increase in

hardness of the cryogenically turned solution annealed

AISI 347 steel is due to strain hardening and deformation-

induced phase transformation from c-austenite to a0-
martensite. However, in cold-drawn AISI 347 steel, which

already contained large amounts of a0-martensite before

cryogenic turning, the increase in hardness after cryogenic

turning was mainly due to strain hardening, since no

deformation-induced a0-martensite formation caused by the

turning process was detected (see Figs. 7, 9).

The increase in hardness of the solution annealed AISI

347 steel was approximate 67% at both f1 and f2. The

higher hardness penetration depth at f2 was already

observed in earlier investigation [51] and can mainly be

attributed to the higher content of a0-martensite in the

surface layer. The increase in hardness for cold-drawn AISI

347 steel was only 21% for f1 and 35% for f2 compared to

the bulk hardeness of 280 HV0.01. The higher hardness at

f2 was due to the significantly higher hardness measured at

the outermost indentations at a distance from the surface of

20 lm, which were partly located within the nanocrys-

talline surface layer (see Fig. 9b). With the exception of

this test point, the microhardness profile was very similar to

that of the cold-drawn AISI 347 steel turned with f1. The

maximum achievable microhardness for cold-drawn AISI

347 steel turned with f2 was approximately 380 HV0.01,

and therefore slightly higher than that for solution annealed

AISI 347 steel turned with f2 (approximately 350 HV0.01).

For f1, the maximum microhardness for solution annealed

AISI 347 steel was the same as that for cold-drawn AISI

347 steel at also approximately 350 HV0.01.

The hardness penetration depth after cryogenic turning

of the solution annealed AISI 347 steel was significantly

higher than that of the cold-drawn AISI 347 steel, as the

material was more plastically deformed during machining

and thus pronounced strain hardening as well as deforma-

tion-induced a0-martensite formation occurred in the

affected region in a distance of up to approximately

225 lm from the surface (see Fig. 8). Beyond this near-

surface area, the cryogenically turned solution annealed

AISI 347 steel had a much lower hardness than the cold-

drawn AISI 347 steel. It is worth mentioning that the

increase in microhardness in the solution annealed AISI

347 steel due to the cryogenic turning process was signif-

icantly higher (210 HV0.01 ? 350 HV0.01) compared to

the cold drawing process without subsequent cryogenic

turning (210 HV0.01 ? 280 HV0.01). Since both the

surface layer of the solution annealed AISI 347 steel and

the core material of the cold-drawn AISI 347 steel had a

high a0-martensite content (see Figs. 7, 8), the significantly

higher increase in microhardness when cryogenically

turning the solution annealed AISI 347 steel can mainly be

explained by the stronger plastic deformation in the surface

layer and the resulting strain hardening. The slightly higher

a0-martensite content in the surface layer of the solution
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annealed AISI 347 steel (up to 44% compared to 32%) may

also have contributed to the higher increase in

microhardness.

The similar microhardness values between the cold-

drawn and solution annealed AISI 347 steel in the near-

surface area may also be a possible explanation for the

results of the force measurements. Although, before turn-

ing, the microhardness of the cold-drawn AISI 347 steel

was 33% higher than that of the solution annealed AISI 347

steel, the passive forces and cutting forces were only

approximately 11% higher (see Fig. 4). During the cryo-

genic turning process, a significant proportion of the strain

hardening and also of the deformation-induced a0-marten-

site formation for the solution annealed AISI 347 steel -

takes place before the material separation in the

preliminary deformation zone. Thus, the pronounced strain

hardening and the formation of deformation-induced a0-
martensite in the preliminary deformation zone could cause

that the solution annealed AISI 347 steel had similar

mechanical properties like the cold-drawn AISI 347 steel

when the primary shear zone was reached, resulting in

similar process forces. In order to investigate this in more

detail, cryogenic turning experiments with a quick-stop-

device will be carried out in the future. After the rapid

cutting interruption during cryogenic turning, cross sec-

tions of the preliminary deformation zone can be made in

order to investigate the microstructure and hardness. This

allows conclusions to be made on the development of strain

hardening and the deformation-induced formation of a0-
martensite during the cryogenic turning process.

5 Conclusions and outlook

This paper presents a newly developed process chain for

the manufacture of hardened components from

metastable austenitic steel. The solution annealed austeni-

tic AISI 347 steel was cold-drawn at deep cryogenic tem-

peratures in order to harden it before machining. The

hardness increase resulted from a superposition of strain

hardening and deformation-induced phase transformation

from c-austenite to a0-martensite. The hardness of the

surface layer was then further increased in a cryogenic

turning process, while the component was simultaneously

machined to its final geometry. This newly developed

process chain was compared with an approved cryogenic

turning process on solution annealed AISI 347 steel. The

feed rate was varied in order to modify the thermome-

chanical load in the surface layer during the cryogenic

turning process. The remaining process parameters, tool

properties and cooling strategy were kept constant.
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The solution annealed AISI 347 steel was purely aus-

tenitic and had an initial hardness of approximately 210

HV0.01. After cold drawing, the material had an a0-
martensite content of 32.4% and a hardness of approxi-

mately 280 HV0.01. Higher temperatures and slightly

higher process forces were measured when turning the

cold-drawn AISI 347 steel compared to turning the solution

annealed AISI 347 steel. After cryogenic turning the

solution annealed AISI 347 steel, deformation-induced a0-
martensite was generated in the near-surface area up to a

distance of approximately 225 lm from the surface due to

high mechanical and low thermal loads. However, no

additional deformation-induced a0-martensite was detected

in the surface layer of the cold-drawn AISI 347 steel after

cryogenic turning. This was attributed to the higher tem-

peratures and the higher austenite stability of the austenite

that retained after the cold drawing process.

The cryogenic turning led to a strong surface hardening

of the solution annealed AISI 347 steel due to strain

hardening and deformation-induced phase transformation.

Beyond this near-surface area, the cryogenically turned

solution annealed AISI 347 steel had a ductile core with

low hardness. After cryogenic turning, the cold-drawn AISI

347 steel had a similar maximum hardness in the surface

layer as the solution annealed AISI 347 steel as both had a

similar amount of a0-martensite in the near-surface area

and both were strain hardened during the turning process.

However, the cold-drawn AISI 347 steel also exhibited a

higher bulk hardness. No significant differences could be

observed with regard to the surface topography. The

cryogenic turning process on the solution annealed AISI

347 steel led to a significantly higher increase in micro-

hardness than cold drawing alone.

As the cryogenic turning of the solution annealed AISI

347 steel resulted in a similar near-surface layer hardening

and also a similar surface topography, it can be concluded

that the additional process step of cold drawing did not

yield any significant improvements in the resulting surface

morphology. Based on the results shown in this paper, we

recommend cryogenic turning in solution annealed condi-

tion for industrial applications, as it can be easily integrated

into the process chain, leads to pronounced surface hard-

ening and renders a separate hardening process like shot

peening obsolete.

In future investigations, cryogenic turning experiments

with a quick-stop-device will be carried out to investigate

the hardening mechanisms in more detail. Furthermore, the

fatigue behavior of cold-drawn and cryogenically turned

specimen will be investigated.
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Nichtrostende Stähle, 2nd ed., Verlag Stahleisen mbH, Düssel-

dorf, Germany, 1989, pp. 243–299.
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