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Abstract

In the paper the strain hardening effect on the contact of a rigid ball and elastic-plastic flat is
considered using experiments and finite element method. The experiments were carried out for
DCO04 steel sheet metal. The flat samples of 20 mm width and 200 mm length were straightened
using uniaxial tensile test to receive different strain values: 5, 10, 15, 20, 25 and 30%. The
indentation tests were performed using a modified Zwick Roell Z030 operated in the
compression mode. The diameter of bearing steel indenter was 6 mm. It was found that the strain
hardening phenomenon and anisotropy of material have a great influence on the ball indentation
value and the maximal indentation force. The linear dependence between the normal load and
penetration depth was observed. Furthermore, it was found that the value of penetration depth
for specific force value decreases non-linearly with the increase of sample strain. Pre-strained
samples cut transverse to the rolling direction exhibit higher deformation resistance than samples
cut along the rolling direction. The springback analysis in ABAQUS was executed for studying
the actual indentation depth after the indenter is unloaded.

Keywords: elastic-plastic contact, finite element method, plastic deformation, strain hardening,
surface roughness

1 Introduction

The elastic-plastic contact of two non-conforming bodies is a fundamental problem in the
mechanics of materials [1]. When two rough solids are brought to contact under a normal
preload, contact junctions are formed at their contacting asperity tips, which may deform
elastically, elastic-plastic or plastic [2]. In metal forming operations, rough surfaces consist of
asperities having different radii and height, so it is a difficult task to evaluate the contact area
and contact load [3]. The modeling of elasto-plastic hemispheres in contact with a rigid surface
is important in contact mechanics on both the macro and micro scales [4]. The case of a rigid
spherical indentation of a deformable half-space has been thoroughly investigated
experimentally [5] and numerically [1, 6, 7].

The contact mechanics study of rough surfaces is mostly based on the method of calculation of
contact characteristics developed by the Greenwood and Williamson model [8]. Due to the
mathematical complexity, most problems of contact mechanics are restricted to linear elastic or
perfectly plastic cases [9]. Brizmer et al. [10] analysed the behaviour of an elastic-plastic contact
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between a deformable sphere and a rigid flat under combined normal and tangential loading with
full stick contact condition. Ovcharenko et al. [11] performed experimental investigation to
calculate the real contact area between a sphere and a flat during loading—unloading, and cyclic
loading-unloading in the elastic—plastic regime. Shankar and Mayuram [12] proposed a new
empirical relations to determine the contact load and the contact area based on the results of the
numerical analyses. Jackson and Green [13] studied statistically elasto-plastic contact between
two rough surfaces using the results of own finite element analysis of an elasto-plastic sphere in
contact with a rigid flat.

The effect of strain hardening on the elastic-plastic contact of a deformable sphere against a
rigid flat under full-stick contact conditions was studied by Chatterje and Saho [14]. Chang et al.
[15] proposed an elastic-plastic contact where the sphere remains in elastic contact until a
critical interference is reached, above which the volume conservation of the sphere tip is
imposed. In the microcontact model for the contact between two nominally flat surfaces
analysed by Zhao et al. [16] the transition from elastic deformation to fully plastic flow of the
contacting asperity is modelled, based on contact-mechanics theories. The effect of anisotropy
on the pressure distribution and contact area, when an anisotropic half space is in contact with a
rigid sphere is studied by Bagault et al. [17]. The study showed that the change of the Young’s
modulus along a direction parallel to the surface does not significantly affect the contact
pressure distribution but the contact area is no more circular.

The finite element (FE) method can be used to calculate accurately the contact parameters like
contact load, contact area, and pressure, and so forth, removing some of the assumptions made
in the earlier analytical theories regarding asperity interaction [18]. One of the first works that
provided an accurate result of elastic-plastic contact of a hemisphere and a rigid flat using FE
was the study of Kogut and Etsion [19]. They concluded a negligible effect of strain hardening
for the friction-less and the nonadhesive contact. Jackson and Green [20] observed the effect of
the deformed geometry on the effective hardness and presented some empirical relations of
contact area and contact load. Sathish Gandhi et al. [2] presented the effect of tangent modulus
in a contact parameters of a spherical ball contact with a flat plate.

Leu [21] proposed an indentation model of the Brinell hardness test, which is a rigid ball-
deformable plane contact model, to elucidate the sliding friction mechanism of sheet metal
forming. In a proposed model, the friction force can be defined as a combination of shear and
plough forces. In many industrial applications it assumed that the frictional behaviour is
independent of the sliding direction. This assumption seems to be unrealistic and many
experimental studies show that the frictional behaviour can change drastically with the sliding
direction, requiring an anisotropic model [22].

In the paper the strain hardening effect on the contact of a rigid ball and elastic-plastic flat is
considered using experiments and finite element method. We analysed the change in the surface
topography of pre-strained sheet specimens cut along three directions with respect to the rolling
direction. Furthermore, we studied the effect of strain hardening phenomenon and sample
orientation on the value of indentation depth.

2 Experimental investigations

2.1 Material

Experiments were carried out for DC04 steel sheet metal. The mechanical properties of the sheet
metal listed in Table 1 have been determined through uniaxial tensile tests along three directions
with respect to the rolling direction. The strain hardening behaviour uses the Hollomon power-
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type law expressed as o = C-€", where parameters C and n (Table 1) in this Hollomon equation
have been fitted on stress-strain curve of tensile test.

Table 1 Mechanical properties of DC04 steel sheet

Yield : . Strain ,
. . stress Ultimate Elongation Harc;!enlng hardening Lank_fo_rd S

Orientation strength coefficient coefficient
Rpo.2 R MPa Aso, % ¢ MPpa exponent "
MPa i ' n

0° 182.1 3225 45.8 549.3 0.214 1.751

45° 196 336.2 41.6 564.9 0.205 1.124

90° 190 320.9 45.6 541.6 0.209 1.846

mean value | 189.37 | 326.53 44.3 551.93 0.2093 1.5736

2.2 Methods

The friction properties of the deep drawing quality steel sheets used in the experiments were
determined by using the pin-on-disc tribometer T01-M. In this method, the friction coefficient as
a function of angular position with respect to the rolling direction of the sheet metal was
measured. The method of friction determination is explained in recent papers of the authors [22,
23].

Continuous indentation tests were performed on DCO04 steel sheets with a thickness of 2 mm.
The samples for indentation tests were cut into three directions: along the rolling direction, at
45° to the rolling direction and transverse to the rolling direction. The flat samples of 20 mm
width and 200 mm length were straightened using uniaxial tensile test to receive different strain
values gi: 5, 10, 15, 20, 25 and 30%. Then the surface of pre-strained samples was grinded.

The indentation tests were performed using a modified Zwick Roell Z030 operated in the
compression mode. The applied load versus the crosshead displacement or depth of the
indentation were continuously recorded throughout the tests. A maximum load of 60, 80, 100,
125, 150, 200, 250, 300 N was applied for each sample. In our analyses, the indenter made of
bearing steel has 6 mm diameter.

3 Numerical modeling

The symmetry of the process was exploited, in order to reduce computational time. Only one
quarter of blank and the ball with symmetry boundary conditions were modelled. The geometry
of the ball was assumed as discrete rigid. An elastic-plastic material model of sheet was
implemented. The elastic behaviour is specified in numerical simulations by the value of
Young’s modulus, E = 210 GPa and Poisson’s ratio v = 0.3. In the numerical model, the
anisotropy of the material has been established using the Hill yield criterion [24] which is the
most frequently used yield function for steel sheet metals [25]. For the blank meshing the 3-
dimensional 8-node brick elements were used.

The experimental results of friction tests show that the friction coefficient depends on the
measured angle from the rolling direction, and corresponds to the surface topography. It was
found that the plot of the friction coefficient as a function of angular position with respect to the
rolling exhibits two maxima within a 360° rotation: p; = 0.142 and pz = 0.157. In the numerical
analysis of the contact of the rigid sphere against a deformable flat there are a small relate
displacements of parts in contact. So, we assumed the isotropic value of the friction coefficient
of 0.1495.
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4 Results and discussion

4.1 Surface roughness

The values of the Ra and Rz parameters measured along the rolling direction (I) and transverse
to the rolling direction (L) of the sheet metal increased with the tensile strain level (Fig. 1). This
dependence is nearly linear. As we found, the determination coefficient R? between roughness
parameters values and the strain value is higher than 0.9104. The linear character of this relation
is confirmed by Stachowicz [26]. The increase in surface roughness of the sheet is the result of
reorientation and fragmentation of the individual grains, mainly in the subsurface. Grain
orientation fragmentation refers to the tendency for the lattice of different regions of a grain to
rotate under the deformation toward a small number of distinctly different orientations [27]. The
ball indentation with load up to 60 N caused a visible effect on the surface profile (Fig. 2).

11 1.7
10 1.6
1.5
C Y 14
=8 13 3
> o
; .
1.1
6 1
5 0.9
0 5 10 15 20 25 30
Strain, %o
Fig. 1 Effect of tensile strain on the change of the Ra and Rz parameters values of sheet
surface
£ s = &= ; —
! i ,)‘ >
= - P SR, £ -
Py : AT ®. 2% A o |
R ol D Rl e R
4 Prof|I Sl AR _ Profile
\cut line o g e A . cut line
ey
200 g 2 ] b)
Fig. 2 Optlcal micrograph of mdentatlon for normal load 300 N: a) original surface, b) grinded

surface

The values of indentation depth during testing non-prestrained sheets for normal loads 100 N
and 200 N (Fig. 3) were smaller than the value of Rz parameter. This fact leads to the conclusion
that only the asperities of the surface were deformed. Increasing the normal load to 300 N causes
the plastic deformation occurring in the subsurface, some distance below the roughness profile.
Evidently, the observed relationship between impression depth and the Rz parameter is different
to pre-strained sheets due to the strain hardening effect. In the case of Ra parameter in the range
of strain between 0 and 20% is observed a fast increasing of its value. After exceeding the value
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of strain of 20% the value of Ra parameter measured at 0° and 90° according to the rolling
direction increased a little (Fig. 1). Simultaneously, the value of Rz parameter constantly
increases at the whole range of sample pre-strain. Strain hardening of surface roughness limits
the change of roughness average Ra of the sheet as a result of uniaxial strain of the sample.

10

wn

Profile height, um
n

-15
-20
0

0.25 0.5 1.0 1.5 2.0 2.5
Length, mm

Fig. 3 Influence of normal load on indentation depth

4.2 Normal load

Furthermore, it is evident that increasing the normal load allows an increase in the penetration
depth. The linear dependence between the normal load and penetration depth was observed (Fig.
4). This relation was found for all orientations of the samples according to the rolling direction
of the sheet metal. It also was found that the value of penetration depth for specific force value
decreases non-linearly with the increase of sample pre-strain. This finding is a result of
increasing deformation resistance due to the strain hardening phenomenon.
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Fig. 4 Effect of load on penetration depth value for pre-strained samples: a) 10%, b) 20%, c)
30%
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For all pre-strained samples cut at 0° the indentation depths are smaller than in case of samples
cut transverse to the rolling direction (Fig. 5). So, pre-strained samples cut transverse to the
rolling direction exhibit higher deformation resistance than samples cut along the rolling
direction. It is an effect of the anisotropic properties of the tested sheet metals. Despite the
linear relationship between the normal load and penetration depth, the real contact area between
the ball and sheet increases non-linearly with the penetration depth.

20

460N Ol00N <150N 4300N

— —_—
>0 [N [=))

Penetration depth, um

=

0
0 5 10 15 20 25 30
Strain, %
Fig. 5 Effect of pre-strain value on penetration depth value

The evaluation of normal pressure in the case of small normal loads is a problematic issue
because only the asperities of the roughness undergo a deformation (Fig. 3). The increasing of
sample strain leads to the non-linear decreasing of the penetration depth. This relation is the
result of the exponential character of Hollomon power-type law.

4.3 Strain distribution

21

Zrexperiment
OFEM, loading

;::_ <FEM, unloading
515 - -
é 12
2
2o
maximum
[}
0 5 10 15 20 25 30
Strain, %o

Fig. 6 Comparison of penetration depths obtained in Fig. 7 Distribution of equivalent
experiment and by numerical simulation plastic strain in non-prestrained

sheet under load 300 N

The springback analysis is executed for studying the actual indentation depth after the indenter is
unloaded. The numerical simulations were carried out for the maximal used load value (300 N).
In the springback simulation, the material recovers its elastic deformation after the indenter is
unloaded. The indentation depth after unloading is slightly smaller than the depth of the
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indentation under loading (Fig. 6). The highest springback phenomenon is observed during
indentation of non-prestrained sheet. If the sheet metal is pre-strained the springback is
considerably lower due to strain hardening of material. The maximum value of equivalent plastic
strain is found at the sub-surface, some distance below the centre of the contact region (Fig. 7).
The anisotropy of material influenced the non-uniformity of the strain distribution around the
line of axial symmetry of the model. It was clearly visible for higher values of ball indentations.

5 Conclusions

The relationship between the sample strain and roughness parameters Ra and Rz measured along
the rolling direction of the sheet and transverse to the rolling direction is nearly linear.

The linear dependence between the normal load and the impression depth is observed. It was
found that the value of penetration depth for specific force values decreases non-linearly with
increasing material hardening.

The results of numerical simulations indicate that as the load increases, the plastic zone
continues to grow until the edge of the plastic zone reaches the surface near the edge of the
contact radius. The strain hardening effect on the springback phenomenon of the steel sheet plate
after unloading was observed. The highest springback phenomenon is observed during
indentation of non-prestrained sheet. If the sheet metal is pre-strained the springback is
considerably lower due to strain hardening of material.
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