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ABSTRACT

The final accuracy of the parts formed using single point incremental forming greatly depends on the mechanical
properties of the material to be formed and the residual stress formation. In this paper, an X-ray diffraction tech-
nique was used to study the distribution of the residual stress along the generating line of the conical drawpiece.
A DCO04 steel sheet with a thickness of 0.8 mm was used as a test material. The basic mechanical properties of the
DCO04 sheet metal were determined in the uniaxial tensile test according to the EN ISO 6892—-1:2016. It was found
that the maximum amount of the residual stress existed in a point located in the midway between a base and a
truncation of the drawpiece. In the outer surface of the drawpiece, the orange peel defect associated with a rough
surface appearance after SPIF a drawpiece, was observed. In contrast, the inner surface of component was char-
acterized by linear grooves associated with the interaction of tool tip with the sheet surface. This defect is mainly

influenced by vertical step size.
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INTRODUCTION

Single Point Incremental Forming (SPIF)
works on the principle of step-by-step repeating
local small deformations and producing the de-
sired geometry. Due to the local character of the
deformation, the SPIF process requires smaller
capacity than that in conventional sheet forming
(CSF). Most of the SPIF processes are conducted
with a rigid rounded tool with different tip shapes.
The formability of the sheet in SPIF depends on
the following process parameters: contact condi-
tions, a sheet thickness, a size of the vertical step
size, a feed rate, a tool path strategy, tool rotation
speed and a radius of a tool tip.

SPIF is the most frequently used incremental
forming method, more than any other type of ISF
in the recent years: Two point incremental form-
ing, double-side incremental forming, positive in-
cremental forming, negative incremental forming,
water jet sheet incremental forming. The advan-
tages of using the incremental forming method is a
higher deformation degree than in CSF, a possible
higher deformation of materials with reduced sus-
ceptibility to cracking [1]. ISF is characterized by
the ability to form workpieces on a conventional
computer numerical control (CNC) milling ma-
chine. However, SPIF requires longer duration of
forming times compared to the CSF techniques.
ISF is a suitable technology for the preparation of
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prototypes and low volume production. The accu-
racy of drawpieces formed with SPIF strongly de-
pends on the springback phenomenon. Deviation
between the designed target shape and manufac-
tured part shape due to springback of drawpiece
material after forming may be minimized using
the tool path correction algorithms.

Recently, a number of investigations of the
ISF processes were conducted to study the effect
of the forming parameters on the final quality of
the drawpieces. Kumar et al. [10] investigated the
effect of the process parameters on the average
surface roughness of the AA2024-0 sheets. They
found that a decrease in a tool diameter leads to
an increase in the average roughness. Attanasio
et al. [2] studied the effect of step size on surface
roughness. It was found that a constant scallop
height with varying step size produced a better
surface quality. Durante et al. [5] found that sur-
face roughness decreases when tool speed passed
from the not rotating to rotating conditions. Li et
al. [11] analysed the effect of process variables on
the forming time, the power and energy required
for SPIF. It was concluded that it is beneficial for
energy saving to increase the feed rate and step
size. Xu et al. [20] investigated the influence of
the textured tool rotation on the ISF process and
found that the through-the-thickness shear is a
positive factor for the formability improvement.
Friction in the ISF process can be reduced by
replacing the rotational rigid tool with a roller-
based tool. The advantages of the roller-based
tool include lower forming load and higher form-
ability [12].

The SPIF is characterized by its localised
plastic strain which allows the workpiece to be
stretched well beyond the conventional forming
limit curves [14]. Thus, a high magnitude of the
residual stresses is always inherent to the SPIF
processes. There are many techniques allowed to
measure residual stresses. A few of them are: Ra-
man spectroscopy, ultrasonic method, nanoinden-
tation, X-ray diffraction (XRD), and hole drilling.
Recently, X-ray diffraction was the most used
method for measuring residual stresses. Maal3 et
al. [13] used X-ray diffraction to study the effect
of the dominant forming mechanisms on the re-
sidual stress state of the component manufactured
from 5083 aluminium alloy sheets. Different tool
strategies were considered to investigate the re-
sidual stress development. It was found that the
effect of the tool path strategy on the amplitude of
the resulting residual stress is unincisive. Jiménez
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et al. [7] studied the residual stresses in truncated
pyramids made of aluminium alloy sheets which
were formed by ISF using the X-ray diffractom-
eter. The change of residual stresses from tensile
to compression along the formed part is assumed
to be an indicator of bending effects. Bedan et al.
[3] found that the high values of the vertical step
size led to the high values of the residual stresses,
which in turn caused the high values of standard
deviations of the formed parts geometry from the
desired geometry.

In this paper, the state of the residual stresses
induced in the ISF parts made of 0.8-mm-thick
DCO04 steel sheets was investigated. The outer
surface of conical truncated drawpieces was
measured at different angles using an X-ray
XSTRESS3000G3R diffractometer. Moreover,
the surface roughness of the inner and outer sur-
face of the drawpieces was analysed using a Con-
tour GT 3D optical microscope.

MATERIALS AND METHODS

The 0.8-mm-thick DC04 low carbon steel
sheet was used as a test material. This steel is
characterized by good ability to deformation and
is commonly used for the fabrication of automo-
tive body parts. The chemical composition of the
sheet tested according to the EN 10130:2006
standard is listed in Table 1.

The mechanical properties of the sheet metal,
i.e. yield stress Rpo’z, ultimate tensile stress R _and
elongation A, were determined through the uni-
axial tensile test. The tests were carried out ac-
cording to the ENISO892—1 standard. The speci-
mens for tensile tests were cut along three direc-
tions with respect to the rolling direction. The me-
chanical parameters of the DC04 sheet and stan-
dard deviations are presented in Table 2 below.
Three specimens were tested for each specimen
orientation. The relationship between the strength
coefficient K and strain hardening exponent » and
of the material during uniaxial stretching can be
indicated by the Hollomon formulae:

op=K-e" (1)

where: o, is the yield stress, ¢ is the true strain.

Table 1. Chemical composition (wt.%) of DC04 sheet
metal

C Mn S P Fe
max. 0.08

max. 0.4 | max. 0.03 | max. 0.03 | remainder
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Table 2. Mechanical properties of sheets tested.

Sample orientation R ., (MPa) R_(MPa) A, (%) K (MPa) n
0° 184.5 303.9 23.0 490.4 0.205
45° 193.7 314.9 221 489.9 0.164
90° 176.1 296.0 22.8 465.7 0.169

The determnation of the strain hardening pa-
rameters is facilitated with the use of logarithmic
fransformation of the Eq. (1):

loga, =logK +loge™ (2)

The roughness parameters of as-received
sheet surfaces were measured using a Talysurf
CClI Lite optical profilometer. The topography
of the DC04 sheet metal and main, standard 3D
roughness parameters are shown in Fig. 2 and
Table 3, respectively. The parameters measured
were chosen based on the research conducted by
Ham et al. [6] who concluded that the areal sur-
face texture parameters are suitable for the char-
acteristics of the sheet surfaces after SPIF. The
roughness parameters of the deformed surfaces
were measured using a Contour GT 3D optical
microscope. The measurement was conducted at
both inner and outer surfaces of drawpieces.

A hemispherical tool with a diameter of
d =7 mm and a radius of tool tip » = 3.5 mm
made of high-speed steel is used in this work.
In order to reduce frictional resistance, the full
synthetic oil 75W-85 is used. Preliminary stud-
ies shown that this lubricant has a good ability to
reduce the wear interaction of the tool tip with the
inner surface of drawpiece. The lubricat in SPIF
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is important to obtain a smooth surface of part.
The tests to form the conical truncated drawpiec-
es (Fig. 3a) with the height of 70 mm were car-
ried out on a conventional Computer Numerical
Control (CNC) milling machine. The schematic
view of the forming die is presented in Fig. 3b.
The die is a flat surface with a hole of the diam-
eter equal to 65 mm. The samples with a diameter
of 120 x 120 mm were formed. The edges of the
workpiece were clamped using ring blankholder.

The EdgeCAM software was used for gener-
ating of the tool path (Fig. 4) and NC code based
on the geometry of the final part (Fig. 3a). Ac-
cording to the assumed strategy, the tool con-
tinuously indents into the sheet by step size of
0.5 mm and follows a helical path for the desired
part (Fig. 2a). The forming strategy was pro-
grammed as “profile milling” [15] with helical
tool path, tool rotational speed n = 87 rpm, feed
rate f=1500 mm-min'.

The residual stresses were measured non-
destructively using an X-ray diffractometer
(XSTRESS3000) at the Universty of Rzeszow. A
round collimator with a diameter of 2 mm was
used. The maximum titling angles v were £45°.
The X-ray diffraction provides the residual stress-
es values from approximately 10 pm depth of the
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Fig. 1. True stress-strain relationship obtained from the uniaxial tensile test
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Fig. 2. Topography of the DC04 steel metal

surface layer of deformed material [17]. The X-
ray analysis of residual stresses is based on the
Bragg’s law. Bragg [4] developed a relationship
explained why the cleavage faces of crystals ap-
pear to reflect the X-ray beams at certain inci-
dence angles O:

nl = 2d sin@ 3)
where: d is the distance between the atomic lay-

ers in a crystal, A is the wavelength of the
incident X-ray beam and # is an integer.

The fundamentals of the X-ray diffraction
are graphically shown in Fig. 5. The strain in the
crystal lattice was measured and the associated
residual stress was determined based on the prop-
erties of the material (elastic constants). A linear
elastic distortion of the appropriate crystal lattice
plane was assumed. Changing the wavelength
of the X-ray beam will also result in a different
diffraction pattern. Diffraction pattern depends
on the wavelength of the X-ray beam. The inter-
planar spacing of a material that is non-deformed
will produce a specific diffraction pattern for the
material. After the deformation of the material
and its unloading, the contractions and elonga-
tions are produced within the crystal lattice. This
process changes the inter-planar spacing of the
{hkl} lattice planes and induces a change in the
distance between the atomic layers in a crystal.

This results in a shift in the diffraction pattern.
On the basis of this shift, the inter-planar spacing
(strain) may be evaluated.

In this paper, the sin?y method, based on the
diffraction theory and the strain analysis of the
elasticity theory, was used. This method consists
in the measurements of the diffraction line posi-
tion at different angles . Considering that the
perpendicular component of the stress state on the
surface of sheet metal is equal to zero, the strain
component in an arbitrary direction €,, (Fig. 6)
is [16]:

1+v

v
Epp = 0,Sin*1P — B (01 + 03) 4)

where: £ and v are Young’s modulus and Pois-
son’s ratio, respectively;
o, and o, are principal stress components;
¢ 1s azimuthal angle;
y is polar angle (tilt), and
o, is the analysed component of stress in
the direction ¢.

The Eq. (2) can be expressed in terms of
X-ray diffraction as:
dyy +d
oY 0
fow =g T —ctgBo(0py —00)  (5)
where: GW, 0, dW, and d, are direction angles and
interplanar disrtances, respectively.

Table 3. Basic roughness parameters and topography of the DC04 steel sheet tested

Roughness parameter Denotation Unit Value
The average roughness Sa um 1.31
The root mean square roughness Sq um 1.54
The highest peak of the surface Sp um 10.48
The maximum height of texture surface St um 211
The maximum pit depth Sv um 10.31
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For the residual stress calculations, the fol-
lowing material properties were used: Young’s
modulus E = 2.05 GPa and Poisson’s ratio v =
0.3. All of the measurements were performed at
the three locations A, B, C, D (Fig. 3a) and the
same direction.

RESULTS AND DISCUSSION

Both the inner and outer surfaces of the draw-
piece are characterized by high values of rough-
ness parameters, compared to the as-received sur-
face roughness. This is due to the specificity of
the SPIF method used, consisting in gradual de-
formations of the sheet metal due to /ocal stretch-
ing of the material with a pin tool following a
tool path controlled by a milling machine. The
incremental sheet forming technology is a form-
ing technology classified to the rapid prototyping

methods which consist in a gradual adding of the
material, layer-by-layer, until the desired form
is created [8]. In this case of SPIFs methods, the
inner surface of the drawpiece consists in linear
cyclic grooves (Fig. 7b) the distribution of which
mainly depends on the tool path strategy and ver-
tical step size. The characteristic structure of the
outer surface is the so-called orange peel rough-
ening (Fig. 7a), which is associated with point
interaction of the tool causing local deformation.
Orange peel is associated with grain-scale rough-
ening and morphological reliefs which dominate
at the outer surface of the drawpiece when the
tool forms only one side of the sheet. The rough-
ening of the outer surface of the formed part is a
microstructural defect which is most affected by
the crystallographic distribution of grains. The
orange peel effect is closely related to the strain
rate; hence, the effect of forming parameters on

_—forming tool

_30mm_

Fig. 3. (a) The conical truncated drawpiece and (b) geometry of the forming setup

ZM

YC o

XC
XM

Fig. 4. Tool path generated for conical truncated drawpiece
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Fig. 5. X-ray diffraction methodology

the quality of the outer surface will be considered
in the future research.

Figures 8 and 9 present the topography and
roughness parameters of the inner and outer sur-
faces of the formed parts, respectively. High sur-
face roughness produced by the SPIF process is a
phenomenon that should be noted in the context
of the fabrication of products that must be charac-
terized by adequate surface quality. In the case of
the incrementally formed products that are finally
coated with e.g. galvanic coating, the surface fin-
ish is a crucial to ensure the suitable exploitation
properties of the coated surface. The roughness
of substrate material results in the surface rough-
ening of the galvanizing coating. The values of
the surface roughness parameters measured at the
outer surface are approximately twice as high as
the parameters measured on the inner surface of
the formed part.

It was observed that the surface properties
associated with the geometric structure are very

Fig. 6. Diffraction planes parallel to the surface
and at an angle py.

uniform over the entire height of the conical
truncated drawpiece. This is also confirmed by
the results of the residual stress measurements
(Fig. 10). At points B, C and D, which lie in
the outer surface of the part, the tensile stresses
were revealed. At point A lying in the vicinity
of the flange of drawpiece, compressive residual
stresses were found. The flange of the formed
sheet was clamped between the surfaces of both
die and blankholder to avoid the plastic defor-
mation during the SPIF. Thus, the compressive
residual stresses found in the flange can be a re-
sult of the manufacturing process of sheet metal,
i.e. cold-rolling process. The deformation of the
DCO04 sheet in SPIF led to the intensification of
the corrosion process [9]. Thus, the low-carbon
steel sheets should be protected immediately after
forming the anti-corrosion coating.

The tensile stresses revealed in the outer
surface of the formed part lead to an increase in
the distance between the grains in the material

(b)

Fig. 7. Orange peel (a) and linear grooves (b) in the outer and inner surface of the drawpiece, respectively
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Fig. 8. Surface topography and values of the basic parameters measured at the inner surface of the drawpiece
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Fig. 10. The results of residual stress measurement
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structure, which can intensify the intergranular
corrosion. This specific type of corrosion is an
intense attack along the grain boundaries and it
progresses very quickly, which leads to a signifi-
cant reduction in the strength and susceptibility to
plastic deformation of the material. When single
point incremental formed parts are exposed to cy-
clic loads, the tool marks on the inner part of the
formed part, and micro-cracks resulting from the
tensile residual stresses may be a source of stress
concentration and initiation of the fatigue cracks.

The geometric inaccuracies of the incremen-
tally formed parts are mainly caused by a continu-
ous local springback around the tool, and global
springback [19]. The global springback results
from the sudden decrease of stress as the deforma-
tion load from the tool is released. The deviations
from the required nominal shape of the drawpiece
caused by the springback phenomenon in the case
of the incremental sheet forming method can be
easily minimised or eliminated by a correction of
the tool path.

CONCLUSIONS

The following observations and conclusions
can be drawn based on the investigations:

1. In the conventional deep drawing processes,
the surface stresses in the formed part largely
depend on the lubricant used [18]. However,
when the material is formed using ISF, the type
of lubricant does not have a significant impact
on the surface stress on the outer part of the
drawpiece. The lubricant used mainly effects
on the surface quality of the inner surface.

2. In the conventional deep-drawing process the
rounded edge of the drawpiece bottom is criti-
cal in terms of the edge cracking possibility.
Under the cold forming conditions, the inten-
sive concentration of the tensile stresses exists
in this region. The investigations of SPIF did
not reveal the cracking of the at the edge of
truncated cone which can be considered as the
advantage of this technology.

3. A significant increase in the values of basic
areal roughness parameters is revealed both in
the inner and outer surface of the conical trun-
cated drawpieces.

4. The results of the XRD measurements showed
tensile residual stresses in the outer part of the
conical part of the drawpiece when orange
peel roughening was observed. The interaction
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between the tensile residual stresses and high
roughness produced by the sheet metal defo-
mation may be a source of the corrosion pro-
cess intensification.
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