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Surface Roughness Caused by Metal Forming

J. H. Dautzenberg (2) and J. A. G. Kals (1)

There is
an

a direct effect of the surface roughness on the functionality and quality of produced parts. Hence it appears that
improved control of surface roughness as it arises from formin.

It is generally known that the roughness in a free surface due to plastic deformation of the substrate depends on grain

size, effective deformation, initial roughness and anisotropy.

This paper deals with the influence of the stress state or more specifically the each to each proportion of the principal
stresses. The basic assumption for modelling is that surface roughness is caused by grains or parts of grains being sheared
or pushed out of the surface. With elements form plasticity theory and the Taylor model for metal deformation can this shear

be estimated in its ratio to the total amount of deformation.
deformation. The model was tested for different stress states.

INTRODUCTION.

It is well known that deformation of a free surface causes
surface roughness[1-6]. This is one of the main variables which
governs the true contact area between tool and workpiece in dry
or lubricated contact. Its control and predictability are
important for the functiomality, costs and quality of produced
parts. In the sheet metal forming industry, for example, a high
value could cause problems in lacquering, a low value could
indicate that the quality of the workpiece (material) and the
costs are too high. The more so as we know that about half of
the costs of mass produced parts are brought in by the
material. An overview of literature in this field is given by
Thomson and Nayak [4]. Summarizing, it can be said [1-6] that
surface roughness depends on the:

- grain diameter of the workpiece material,

- effective deformation,
initial roughness of the workpiece material,

~ anisotropy [5].
It has been reported in a former publication [7], that it is
also influenced by the state of stress. In this contribution a
general model is developed. It is based on the assumption that
roughness is due to the shear in the planes of maximum shear
stress. This assumption covers the real physical surface
behaviour, which consists of different shear directions
scattering around 45° degrees with the surface [8,9]. The model
leads to a relation between a roughness parameter and the ratio
of the principal stresses in the surface. For a representation
of the surface roughness the standardized roughness parameter
R, is used [10]. The theory has been tested for two plain
carbon steels under different stress conditions. Experiments
have been carried out with tensile, torsion, stretch and bulge
tests. Experimental results appeared to be in agreement with
theory.

MODEL.

Figure 1 represents an element of a free surface with Cartesian
co-~ordinates for the principal stress directions.

Fig. 1. Part of a free surface with Cartesian co-
ordinates.

Axes 1 and 2 are in and axis 3 is perpendicular to the free
surface, so 033= 0. i i

Further it is assumed that the roughness is proportional to the
maximum shear strain out of the surface [71.

The stress components parallel to the surface are:
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As a conseguence roughness can be derived as a function of
Experimental results support the model.

Ogq= X
and (1)

0y9=ax -

where 62 £ 044, SO

-1gag1 (2)

The Levy von Mises relations for the principal directions may
now be written as

922 x -
degq= dA (049~ ~5%)
degn= dA (050~ -4 3
22 22" T2

G414+ O
d333= darn (- _11?__22)'

with dA is an instantaneous non-negative constant of
proportionality which may vary and dejj are the
incremental strain components.

The definition for the incremental effective strain is:
A8 =/ § (degy?+ deyy2+ degs?) ()

In general it holds for the maximum shear strains:

degq- &e
= 211 22
de12 = e
deqn-~ de
= 2533 11
degq = —S5—+ (5)

deyy- de
= —22 33
d223 =

Combination of Egs. t - 5§ gives:
o At
de3= 3 ek ()
dog” d i
According to the assumption it holds for the roughness Ax
8% « maximum of igggll and Ifgéal (7)

Figure 2 shows the values at the right as a function of the

principal stress ratio a.

Some characteristic points are
a = -1 ; this means G4q - 93 + torsion test
a = 0 ; this means 922 = 0 ; o044 # O + tensile test
a = 1 ; this means 9gq = 0yp -+ bulge test

The relation between the ratio of the incremental principal

strains and a is given in Fig. 3.

EXPERIMENTAL PROCEDURE.

Two test materials were used:

1) Plain carbon steel sheet (Werkstoffnr.1.0330) [7]. It was
used for the bulge test (Fig. 4).

The effective deformation measured in the top of the bulge

is given by:
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Fig. 2. The ratio of the maximum shear strain out of the
surface and the effective strain as a function of
the principal stress ratio.
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Fig. 3. The relation between the ratio of the incremental
principal strains and stress ratio a.

Fig. 4. Testpieces from the stretch and bulge test.

- t
€= 1n g0 (8)

with t, = initial thickness
t = final thickness.

On the same material also tensile tests are carried out,
Untill necking the effective deformation is

E=21nq0 (9)

After Prestraining (Eo% 0.1) the Same material has beep used
for the stretch test (Fig. 4). This shape provides a value

2

-

Plain carbon stee] bar (Werkstoffnr.1.0036) [7]. This
material was used in the torsion and tensile tests. The
effective deformation in the surface of the torsion test
piece is;
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where n = the number of revolutions for the marked
measuring length
d = the diameter of the test bar
the measuring length.

(=
It

The effective deformation in the tensile bar can again be
determined by Eq.(9) if it is replaced by d.

apparatus [10] and are represented by the roughness parameter
R,. The measuring length was 3.8 mm . The signal was filtered
by a double R~¢ filter. All the measurements are performed with
the same tip and tip velocity. The roughness measurements have
been carried out for different deformation levels of every test

RESULTS.

The curves in figures 5-8 have been determined by linear

regression of the experimental results.

- Figure 5 presents the mean and variance of the roughness
pParameter R, as a function of the effective deformation for
the tensile and torsion tests. The roughness cut-off lengths
were chosen parallel to the testpiece axes. According to our
model represented in Fig. 2 and EQ.(7) the results for these
two stress conditions are obviously different.

~ Figure 6 shows analogous results for the bulge and tensile
tests. The roughness of the bulge has been measured on the
top in arbitrary directions. on the tensile test pieces the
cut-off length was taken parallel to the tensile axis. Equal
results were acquired in accordance with Fig. 2 and Eq.(7).

€= 0.1. The roughness measurements were carried out 5 times
in each of two perpendicular directions: for the tensile
testpieces parallel and perpendicular to the tensile axis;
for the bulge testpieces in two arbitrary perpendicular
directions on the top of the bulge.

The mean and variance of these 10 R measurements are
Lepresented as a function of the additional effective
deformation for both of the tests. Again the results appear
to be in agreement with the model: all test results can be
represented rather well by one curve.
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Fig. 5. The mean and variance of the roughness Parameter
R,as a function of the effective deformation for
the tensile and torsion tests,
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Fig. 6. The mean and variance of the roughness parameter
R, as a function of the effective deformation for
the bulge and tensile tests.
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Fig. 7. The mean and variance of the roughness parameter
R, as a function of the additional effective
deformation for tensile and bulge tests. The
workpiece material had a Predeformation Eo = 0,1.

- The same workpiece material and roughness measurement method
have also been used for the experiments represented in Fig.8.

The correlation coefficient for every curve in Figs. 5-8§ is
better than 0.93.
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Fig. 8. The mean and variance of the roughness parameter
R, as a function of the additional effective
deformation for tensile and stretch tests. The
workpiece material had a prestrain &, = 0.1

DISCUSSION and CONCLUSIONS

~ The experimental results obviously support the theory rather
well. Nevertheless more experimental results are necessary,

especially for additional metals.

In agreement with plasticity theory it was assumed that the

deformation takes place by shear in the planes of maximum

With those in the roughness measurements are responsible for
experimental difference with the theoretical values as

[

[

-

[

derived from Fig. 2. However, the agreement is quite
satisfactory for the time being.

- Calculation of Ax on the base of initia) and final dimensions
only of the stretch test is not correct. The correct but time
consuming way would be to follow the infinitesimal steps.
However the difference between both methods is limited and
doesn't influence the final results substaptially.

ACKNOWLEDGEMENT .

The authors are indebted to Mr. M.J.H. Smeets and J.H.W.M.
Ruenen for their help in performing the experiments

REFERENCES,

{11 E. Mossle: Einfluss der Blechoberfliche beim Ziehen von
Blechteilen aus Aluminiumlegierunqen.
Berichte aus denm Institut fiir Unformtechnik Nr. 72
Springer Verlag (1983).

[2]1 0. Rienzle und K. Mietzner: Grundlagen einer Typologie
umgeformter metallischer Oberflichen.
Springer Verlag (1965).

[31 p.r. Thomson and B.v. Schafer: The roughening of free
surfaces during plastic working,
Inst. J. Mach. Tool. Des. Res. Vol 22 No. 4 (1982) 261-
264. '

[4] &»p.F. Thomson and p.y. Nayak: The effect of plastic
deformation on the roughening of free surfaces of sheet
metal.

Inst. J. Mach. Tool. Des. Res. Vol 20 (1980) 73-86.

[5] E. Mdssle: Einfluss der Blechoberfliche beim Ziehen von
Blechteilen aus Aluminiumlegierunqen Teil II, Blech-
Rohre-Profile 30 (1983) 307-310.

(6] H. Raga: Micro-geometric variation of surface profile in
sheet metal forming.
Annals of the CIRP 20/1 (1971) 55-54.

71  J.H. Dautzenberg and J.A.G. Kals: Stress state and
surface roughness. Advanced Technology of Plasticity,
I(1984) 186-191. The Japan Society for Technology of
Plasticity, Tokio.

8] J.G. Sevillano, P. van Houtte and E. Aernoudt: Large
strain work hardening and textures.
Progress in Materials Science 25 (1981) 69-412.

8] P. van Houtte: Toepassing van de veralgemeende Taylor=
analyse op het plastisch vloeien van metalen bij hoge
vervormingsgraden. X
Doctors thesis, University of Leuven (1974/75) Belgium.

10] K. Struik and a. Prakash: Surface roughness: the
measurement of deformed surfaces.
Int. J. Prod. Res. 5 (1980) 559-569,

479

I

I N E—



