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Abstract— Currently available materials treated by a special procedure can provide superior properties in the
comparison to presently obtained ones. Special treatment procedures are efficiently developed nowadays with the use of
physical simulations. Physical simulations allow for treatment optimization to be carried out on small scale laboratory
samples first and transferred to real production processes later on. Nevertheless, there is always the need for a successful
transfer from small scale bulk materials to real production of, for example, metal sheets. There were obtained very
promising properties on the bulk samples of 34CrNiMo6 steel in the course of previous investigations. The challenge was
to achieve similar properties on real metal sheets by transfer of procedures developed under laboratory conditions to metal
sheets. In the considered case, fatigue properties were especially considered during production procedure optimization.
Evaluation of fatigue properties of metal sheets in several states is performed and properties are compared. Very good
results were obtained on produced metal sheets.
Index Terms— 34CrNiMo6, fatigue, physical simulations, heat treatment optimization.

I. INTRODUCTION
This work is a part of currently running project dealing with material properties improvement by a special
treatment. The material of interest in the present case is 34CrNiMo6 steel. The material investigated is widely used
for heavily loaded parts as a rotors or crank shafts. This material is generally used in bulk form. There were
performed investigations leading to optimization of the material properties for bulk applications [1]-[5]. The
results obtained were very good and thus the investigations are extended also to thin sheet applications, where high
strength with certain degree of available plastic deformation is of high demand at present. The input material for the
study was sheets of the thickness 1 mm rolled from the 60 mm diameter bar. Several heat treatment procedures are
applied and resulting mechanical properties and microstructures are observed. Fatigue strength of obtained
material states is especially considered in the current case.
II. HEAT TREATMENT
The material of interest underwent several heat treatments. On the basis of the previous investigation [1]-[5] two
main parameters influence on resulting material properties was investigated: cooling rate during quenching and
impact of subsequent annealing. There were used two cooling mediums, oil and nitrogen gas. The procedure
applying oil was performed with the use of standard furnace. The procedure applying nitrogen gas was carried out
in a special vacuum furnace with nitrogen treatment. The nitrogen cooling was carried out with pressure 6 bars. The
applied cooling rate with nitrogen was roughly between oil and air, thus slower than in the first case of cooling.
Samples were quenched in both pre-mentioned ways and half of the each batch of samples was subsequently
annealed. Detailed information on heat treatment conditions can be found in Table. I.
Table. I Heat treatment regimes overview

Sample

1
2
3
4
5

Normalizing

860°C/vermikulit
860°C/vermikulit
860°C/vermikulit

Quenching

Annealing

°C

Hold

Cooling
medium

°C

Hold

Cooling
medium

850
850
850
850
850

20 min
20 min
20 min
20 min
20 min

nitrogen
nitrogen
oil
oil
nitrogen

200
200
-

120 min
120 min
-

air
air
-
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6

860°C/vermikulit

850

20 min

nitrogen

200

120 min

air

III. TENSILE TESTS
Tensile tests according to CSN EN ISO 6892-1 were performed at room. Standard flat specimens with the gauge
section width 12,5 mm and gauge length 50mm were tested. Three samples per material condition were tested.
Prior to testing specimen dimensions were measured and an original gauge length for the elongation A5
determination was marked on each specimen. After the test a yield stress Rp0.2 and tensile strength Rm was
determined. The final gauge length was also measured after the test and elongation after fracture A5 was evaluated
as well as uniform elongation at tensile strength Ag and the cross section reduction Z. Records of tests can be found
in Fig. 1. Evaluated material properties are summarized in Table. II.

Fig. 1 Examples of tensile test records for considered heat treated states

Samples quenched in oil exhibited generally slightly higher strength values than samples treated in nitrogen gas.
There can be also seen a significant difference in the tensile strength values of the nitrogen quenched samples with
and without annealing. The resulting values are lower by about 150MPa for annealed samples while the other
tensile test parameters are almost identical. In the case of the oil treated samples, very small decrease of the tensile
strength is found between the annealed samples and the samples without annealing. The annealed samples exhibit
improvement of the other parameters. Especially yield stress is improved by almost 150 MPa.
Table. II. Tensile tests results

Treatment

Rp0,2

Rm

Ag

A50

Z

[MPa] [MPa]

[MPa]

[%]

[%]

[%]

1173,8 939,4 295,3
1183,8 1208,7 283,8
1164,8 1170,7 269,3
1308,7 1272,0 275,2
1193,2 946,4 305,6
1226,8 606,3 273,0

1615,9
1461,3
1665,0
1648,8
1626,7
1546,8

3,4
3,5
3,9
4,4
2,6
4,1

4,3
4,6
5,1
5,5
5,0
5,3

32,8
33,0
10,8
12,9
41,5
39,4

[MPa]
1
2
3
4
5
6

ReH

ReL

IV. FATIGUE TESTS
High cycle fatigue tests were performed on experimental batches with the use of magneto resonant testing machine.
The tests were run in the force control mode at room temperature. The geometry of test pieces is shown in Fig. 2.
Test frequencies were about 120Hz. Fatigue strength was evaluated as an intersection of the fitted line to measured
data with the line representing 1.107. The evaluated high cycle fatigue strength values are summarized in Table.
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III. Obtained fatigue curves are shown in Fig. 3. Results obtained point out significant difference of the fatigue
strength between the oil and the nitrogen quenched samples. The difference is about 100 MPa in favor of the oil
treated samples. The difference between samples with and without annealing is not significant in the case of both
samples treatment. The highest fatigue strength can be found for annealed oil treated samples.

Fig. 3. High cycle fatigue curves for the materials investigated
Table. III. Results of high cycle fatigue tests

Material

Fatigue Strength
MPa

1
2
3
4
5
6

235
250
335
355
230
235

V. METALLOGRAPHY
Metallographical investigations were performed in order to assess obtained microstructures for all considered
material states. Standard preparation of metallographical samples was done. Samples were observed with light
microscope and the investigations at higher magnifications were carried with the use of scanning electron
microscope. The obtained microstructures for each of the applied regimes are shown in Figs. 4 -9.
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Fig 4. Microstructures after regime 1

A microstructure of sample that underwent quenching in nitrogen is shown in Fig. 4.The microstructure consists of
fine martens it with original carbides, which were not dissolved in austenite before hardening, The length of
martensite plates seems to be between 5 – 10 m. Average diameter of undissolved carbides is about 0,4 m. There
is no fine carbide dispersion precipitated after hardening in the microstructure.

Fig 5. Microstructure after regime 2

Fig. 5 depicts the microstructure of the nitrogen quenched and annealed sample. Very similar microstructure to the
previous nitrogen quenched one can be found. There is fine martenzite und undissolved carbides. Additionally,
very fine carbide needle-like particles creating almost network structure can be found.

Fig. 6 Microstructure after regime 3
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Microstructure after oil quenching, martensitic needles without carbides can be seen in Fig. 6 after the application
of the regime 3. Fig. 7 depicts very fine precipitate after quenching into oil followed by annealing (regime 4).

Fig. 7 Microstructure after regime 4

Fig. 8 Microstructure after regime 5

Fine martensitic grains with fine needle-like particles creating almost network structure around original austenitic
grains are shown on Fig. 8. Average diameter of undissolved carbides is 0,5 µm. Very fine grained martenistic
microstructure with very low presence of undissolved carbides are displayed in Fig. 9.

Fig. 9 Microstructure after regime 6
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VI. RESULTS DISCUSSION
Sheets of the thickness 1 mm were rolled from the 60 mm diameter bar. Normalizing, quenching and tempering
processes were consequently performed on the sheets. Two variants of quenching were performed, hardening in oil
and hardening in nitrogen gas with the pressure of 6 bars. Metallographical analysis, quasistatic tensile tests and
high cycle fatigue tests were realized on the experimental material. Metallographical analysis illustrates the reality,
that quenching in oil is faster than in 6 bar pressure nitrogen gas. The mixture of martenzite and bainite occurred
after quenching in nitrogen while pure fine martensite is visible after the oil quenching. Annealing after both
variants of the quenching caused precipitation of very fine needle like carbides. Samples after quenching in oil
exhibit higher yield strength, higher tensile strength, higher and fatigue strength in comparison to the samples after
quenching in nitrogen. This result is expected as the martensitic samples after oil quenching have higher strength
properties. The drop in tensile strength was found after the annealing at 200°C for samples quenched in the
nitrogen. On the other hand, the oil quenched samples exhibited after annealing no drop in tensile strength, and the
yield strength increased by almost 150 MPa. Fatigue strength was also found to be higher for oil quenched samples
than for the nitrogen quenched ones.

VII. CONCLUSION
The paper is dealing with material properties improvement of thin sheets made of 34CrNiMo6 steel. The current
paper is based on previous investigations for bulk material [1]-[5] where significant improvement of tensile and
fatigue properties was attained. Laboratory preparation of ultra-high strength sheets made of 34CrNiMo6 steel was
presented here. Sheets of 1 mm thickness with tensile strength above 1650 MPa and fatigue strength 350 MPa were
produced. Standard phenomenon was observed when after milder quenching in nitrogen gas lower tensile test
properties and lower fatigue strength are obtained than in the case of faster quenching into the oil. Tempering at
200°C caused further enhancement of both yield strength and elongation for oil treated material. Excellent
properties of sheets attained within the presented investigation open further possibilities of application. A large
potential can be found for example in automotive industry, where mass reduction of heavy loaded sheet
constructions is of high present interest.
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