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Austenitic stainless steels are the most important group of corrosion-resistant metallic
materials finding widespread industrial application [1]. They show high corrosion resistance
in various corrosive environments, resulting in extensive use in architectural, structural, as
well as food and surgical applications. In the annealed state, these steels show quite a low
strength level, considering especially the yield strength. Significant strengthening can be
achieved by cold plastic deformation. The strain-hardening character of each austenitic steel
is a result of the interdependence between chemical composition, phase composition, texture
evolution and microstructure. Thus, the variations of mechanical properties of these steels,
as a result of plastic deformation, should be always discussed in wide aspect of combined
effect of different influencing factors [2–5]. Emphasis should be also put on the problem of
strain redundancy and the effect of its level on true strain distribution, which is of significant
importance especially in case of heavy multi-stage deformation.

The knowledge of mechanical behaviour of the material during deformation process is of
substantial importance, as it allows the proper design of the process technology in order to
obtain the final product having required properties. Generally, the mechanical properties of
a material are being reported as average values, with no consideration given to their distribu-
tion on the cross-section of a product. This may lead to incorrect or at least incomplete
evaluation of material’s effort as a result of loading.

Therefore, it is useful to have a suitable technique available, which allows to predict
the distribution of mechanical properties in deformed products. The method of strain field
analysis based on hardness measurements can be applied for this purpose [6–10]. In order to
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make use of this method, first the material’s characteristic in a form of hardness curve has to
be determined. Hardness curve is a relationship between hardness and effective strain and
can be obtained experimentally with application of several methods. This paper presents the
construction of hardness curve based on three different experimental techniques, performed
for AISI 316Cu acid resistant steel.

�� �����������	�������
��

������������ �!�"#��$��%&

The material selected to the investigations was AISI 316Cu austenitic acid resistant steel
(material no. 1.4578: X3CrNiCuMo17-11-3-2 according to EN 10088). The chemical composi-
tion of the steel being tested is given in Table 1. The material was supplied in a form of drawn
wire of 8 mm diameter, in the solution annealed condition, showing tensile strength at the level
of 500 MPa and 893 of elongation.
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AISI 316Cu is a chromium-nickel-molybdenum austenitic steel with low carbon content
and copper addition, showing very good corrosion resistance, average mechanical proper-
ties, as well as good forgeability, weldability and machinability. It is suited to a very high
degree of cold deformation, e.g. in cold heading or drawing processes. Typical applications of
AISI 316Cu steel grade include chemical industry, food and beverage industry, decorative
items and kitchen utensils, electronic equipment, ship building, as well as screw and fastening
industry.
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The methods selected to the experimental determination of hardness curve of the steel
being investigated are based on three different deformation modes, including uniaxial ten-
sion, frictionless compression and wire drawing process. The most important problem is to
achieve the maximum attainable uniform deformation, thus defining the range within which
the hardness curve can be constructed. These three methods differ considerably as concerns
the possible range of uniform deformation, which is most limited in uniaxial tension. The wire
drawing process makes it possible to achieve the highest level of uniform strain, being howe-
ver limited to the wire axis. These differences make the selection of construction methods
reasonable, from a comparative point of view. Different states of stress and strain can be
compared considering their influence on deformation capability of a material.

Method based on tensile test

The method based on tensile testing required the preparation of a series of specimens by
cutting a set of equal lengths of wire (Fig. 1a). One of them was used to establish the upper

C Mn Si P S Cr Ni Mo Cu 

0.016 0.78 0.45 0.022 0.002 16.7 10.01 2.19 3.21 
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limit of uniform elongation and the corresponding load. Twenty one specimens were sub-
jected to uniaxial tension, applying stepwise increase of load, resulting in different value of
uniform elongation obtained for each specimen. Tensile testing was realized using Instron
1196 testing machine, with application of Hottinger Baldwin Messtechnik MGCplus measu-
ring apparatus (Fig. 1b,c). After the test, a short section was cut out from each specimen, in
order to perform hardness measurements. The preparation of metallographic specimens on
wire cross sections is described in point Hardness measurements.
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The effective strain value for each specimen was calculated using the following formula:

02lni
d

d
ε = (1)

where d0 is the initial wire diameter (d0 = 8 mm) and d is the diameter of unloaded specimen
after tensile testing. The results of calculations as well as the loads and geometry of speci-
mens are given in Table 2.
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Load 
Specimen 
diameter 

Effective strain Specimen 
number 

[kN] [mm] – 

1 15.0 7.85 0.038 

2 17.0 7.82 0.046 

3 17.5 7.81 0.048 

4 18.0 7.78 0.056 

5 18.5 7.75 0.063 

6 19.0 7.73 0.069 

7 19.5 7.70 0.076 

8 20.0 7.66 0.087 

9 20.5 7.65 0.089 

10 21.0 7.62 0.097 

11 21.5 7.58 0.108 

12 22.0 7.56 0.113 

13 22.5 7.53 0.121 

14 23.0 7.50 0.129 

15 23.5 7.47 0.137 

16 24.0 7.45 0.142 

17 24.5 7.42 0.151 

18 25.0 7.38 0.161 

19 25.5 7.31 0.180 

20 26.0 7.27 0.191 

21 26.5 7.18 0.216 
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Method based on frictionless compression test

The method based on compression test also required the preparation of a series of
specimens. In order to minimize friction at the tool/workpiece interface, Rastegaev specimens
were prepared (Fig. 2a). The flat recesses at the ends of each specimen were filled with
lubricant (paraffin). This made it possible to prevent barrelling during compression, thus
producing favourable conditions for uniform deformation. One specimen was used to esta-
blish the upper limit of uniform deformation and the corresponding load. Eighteen Rastegaev
specimens were subjected to compression, applying stepwise increase of load, resulting
in different value of uniform deformation obtained for each specimen. Complete set of spe-
cimens collected after compression is presented in Figure 2b. After replacing holding jaws
with compression plates, Instron 1196 testing machine was used in the experiment, with
application of the same measuring apparatus as in case of uniaxial tension. The preparation
of metallographic specimens for hardness measurements is described in point Hardness
measurements.

�������������������������� ��	�
��������������
��	�������������������������������������	�
�����

�����
��	�����������

�9

:9



�;;

The effective strain value for each specimen was calculated using the following formula:

0lni
h

h
ε = (2)

where h0 is the initial height of a specimen (h0 = 12 mm) and h is a height of unloaded specimen
after compression. The results of calculations as well as the loads and geometry of specimens
are given in Table 3.
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Method based on drawing process

The method based on multi-pass wire drawing process allowed to extend the range of
uniform deformation significantly. The state of strain occurring in axisymmetrical drawing is

Load 
Specimen 
diameter 

Specimen height Effective strain Specimen 
number 

[kN] [mm] [mm] – 

1 10 8.07 11.95 0.004 

2 20 8.40 11.15 0.073 

3 30 8.77 10.10 0.172 

4 40 8.99 9.28 0.257 

5 45 9.24 8.91 0.298 

6 50 9.36 8.54 0.340 

7 55 9.59 8.16 0.386 

8 60 9.75 8.07 0.397 

9 65 9.84 7.81 0.430 

10 70 10.06 7.49 0.471 

11 75 10.34 7.23 0.507 

12 80 10.51 6.95 0.546 

13 85 10.64 6.82 0.565 

14 90 11.04 6.62 0.595 

15 95 11.12 6.50 0.613 

16 100 11.27 6.30 0.644 

17 105 11.39 6.07 0.682 

18 110 11.41 5.91 0.708 
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strongly affected by the presence of redundant strains, which influence the distribution of
effective strain on the wire cross section. However, considering the character of material flow
during drawing, it is obvious that wire axis is free from strain redundancy, i.e. the deformation
at the axis is uniform and can be easily determined.

The chain drawbench was used in the experiment and the wire was drawn in seventeen
consecutive passes to the final diameter of 2.63 mm. Sintered carbide dies with 12° die angle
were applied. Sodium soap powder was used as a lubricant and the drawing velocity of 0.1 m/s was
applied in the experiment. After each pass, a short section was cut out from wire, in order to
perform hardness measurements. The preparation of metallographic specimens on wire cross
sections is described in point Hardness measurements.

The effective strain value for each specimen was calculated using the formula (1), where
d0 is the initial wire diameter (d0 = 8 mm) and d is the diameter of wire after the consecutive
pass. The results of calculations are collected in Table 4.
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Wire  
diameter 

Unit  
reduction 

Total  
reduction 

Effective strain Number 
of pass 

[mm] [%] [%] – 

1 7.74 6.39 6.39 0.066 

2 7.34 10.07 15.82 0.172 

3 6.94 10.60 24.74 0.284 

4 6.44 13.89 35.20 0.434 

5 5.94 14.93 44.87 0.595 

6 5.75 6.29 48.34 0.660 

7 5.18 18.84 58.07 0.869 

8 4.94 9.05 61.87 0.964 

9 4.82 4.80 63.70 1.013 

10 4.53 11.67 67.94 1.137 

11 4.17 15.26 72.83 1.303 

12 3.85 14.76 76.84 1.463 

13 3.73 6.14 78.26 1.526 

14 3.34 19.82 82.57 1.747 

15 3.07 15.51 85.27 1.916 

16 2.97 6.41 86.22 1.982 

17 2.63 21.59 89.19 2.225 
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Hardness measurements

Prior to hardness measurements, the complete set of specimens taken from tension,
compression and drawing methods had to be suitably prepared. Struers Discotom-5 cut-off
machine (Fig. 3a) was used to level both ends of each specimen, making the surfaces parallel
to each other and perpendicular to the axis. Then all specimens were assembled in seve-
ral groups and put into cylindrical moulds (Fig. 3b). Each mould was filled with special
cold-setting resin in order to mount the test specimens, so that they could be subjected to
surface treatment by machining. Grinding and polishing was realized with application of
Struers LaboPol-5 machine equipped with LaboForce-3 specimen mover allowing semi-auto-
matic preparation of metallographic specimens (Fig. 4a). Struers MD-System grinding wheels
and SiC foils as well as MD-Chem polishing cloth with OP-AA suspension (Al2O3) were
applied. As a result, a set of metallographic specimens was obtained to be finally subjected to
hardness measurements (Fig. 4b).
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Hardness measurements were performed using Zwick 3212002 hardness tester, applying
Vickers indenter under 2 kg load (Fig. 5). The hardness tester was coupled with a PC computer
and dedicated Zwick software was used for automatic registration of results. In case of
specimens taken from tension and compression methods, a few measurements were made on
the cross section of each specimen, producing the average result calculated from them. Each
specimen taken from wire drawing method was subjected to only one hardness measurement,
performed at the axis of wire. The hardness of undeformed material was also measured
and it amounted to 132 HV2.
 Table 5 presents the results of all measurements obtained
for specimens subjected to uniaxial tension, frictionless compression and drawing, as well
as the ranges of standard deviation (σ) obtained for HV2 measurements in tension and com-
pression methods.
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Tension Compression Wire drawing 

Specimen number HV2 Specimen number HV2 Specimen number HV2 

1 153.8 1 133.7 1 168.0 

2 166.4 2 166.2 2 209.8 

3 177.3 3 199.4 3 221.6 

4 178.3 4 222.8 4 268.0 

5 179.8 5 243.7 5 296.4 

6 179.8 6 250.8 6 313.0 

7 186.8 7 260.8 7 327.2 

8 183.5 8 271.7 8 324.1 

9 197.1 9 272.3 9 331.9 

10 196.1 10 282.7 10 335.1 

11 205.5 11 295.1 11 337.8 

12 202.2 12 297.4 12 348.7 

13 207.9 13 301.8 13 355.3 

14 208.3 14 298.1 14 358.3 

15 208.9 15 307.5 15 362.8 

16 200.9 16 310.1 16 364.6 

17 209.9 17 317.6 17 370.2 

18 217.1 18 321.9  

19 218.8 

20 216.8 

21 222.3 

Standard deviation range for HV2 measurements: 
a) tension:  σ = 0.42–2.97 
b) compression: σ = 0.96–4.65 
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The construction of hardness curve of AISI 316Cu steel was based on the calculations
of effective strain performed for each specimen, according to formulae (1) or (2), and the
measurements of HV2 hardness made on cross sections of specimens. The source data col-
lected in Tables 2–5 allowed to present the relationships graphically. The effect is shown in
Figures 6 and 7a.
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The results of hardness measurements were approximated using polynomial function.
Hardness curves obtained as a result of approximation are presented in Figure 7b, together
with the equations describing the relationships. In order to generalize the material’s characte-
ristic basing on the three methods applied, all the results were put together and one resultant
hardness curve was obtained by approximation.

The curve is shown in Figure 8 and described by the following equation:

HV2 = 149.6 + 436.7 εi @ 400.9 εi
2 + 174.7 εi

3 @ 28.2 εi
4 (3)
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The results put together in Fig. 7a as well as the curves presented in Figure 7b allow to
observe the differences in uniform deformation range, achieved in uniaxial tension, friction-
less compression and wire drawing. The tensile stress conditions generate quite
a narrow
range of uniform deformation, with a maximum level of effective strain at about 0.22 (Fig. 6a).
Much higher strain values were achieved in compression of Rastegaev specimens, amoun-
ting up to about 0.71 (Fig. 6b). The highest level of uniform strain (occurring at the wire axis)
was obtained in wire drawing, with a maximum of εi = 2.225 (Fig. 6c). Good coincidence was
observed between the results of compression and drawing methods, while the hardness
curve obtained from uniaxial tension shows some discrepancy when compared to them. In
case of tension, the same value of effective strain results in higher hardness than that of
compressed or drawn material. This may result from the concentration of a large number
of data in a narrow range of relatively low strains, thus increasing the accuracy in that region,
while compression and drawing techniques generated only two measurement points each
within the corresponding range. The reason for that discrepancy can also be the difference in
material’s plasticity, as influenced by the state of stress. Higher contribution of compressive
stresses in a mean stress causes the increase of plasticity. In case of uniaxial tension, only one
tensile stress is active, thus making the steel not susceptible to heavy plastic deformation.
This may lead to more intensive strain hardening and, in consequence, higher hardness of
a material.

However, the general coincidence of the whole set of results can be observed (Fig. 7a),
making it possible to construct one generalized hardness curve of AISI 316Cu steel, by
including all the data obtained from experiments in one approximation (Fig. 8).
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On the basis of the realized research work and the analysis of obtained results, the
following conclusions and observations can be formulated:
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