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Metal spinning is one of a number of flexible sheet forming processes which is a cost effective option for the production of parts with a very
high strength to weight ratio. Although the wall thickness of the formed part in conventional spinning is generally considered to be nearly
constant, a non uniform distribution of wall thickness is in fact observed. In this study, the wall thickness variation of a formed part made of
Cr-Mn austenitic stainless steel was analysed. The thickness variation was measured using an optical 3D scanning method and the influence
of mandrel speed, feed ratio and tool path profile (convex, concave and linear) on wall thickness variation was studied. A three-level full
factorial design of the experiment and ANOVA (Analysis of Variance) were used. The results show that the maximal variation in wall thickness is
observed in approximately half of the part wall height (thinning) and on the open end of the part (thickening). Feed ratio and roller path profile
are statistically significant factors governing wall thickness variation. There was no obvious effect from the variation in mandrel speed on the

thickness distribution.
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Highlights

*  Experimental study of conventional metal spinning of Cr-Mn austenitic stainless steel part.
*  Analysis of spun part wall thickness distribution by optical 3D scanning method.
*  Quantifying the significance of mandrel speed, feed ratio and tool path profile on the wall thickness variation by analysis of

variance (ANOVA).

* [dentification of strong statistical significance of the tool path profile and feed ratio effect on wall thickness variation.

0 INTRODUCTION

Conventional metal spinning is a technology based
on the gradual shaping of a circular sheet over a
mandrel through the action of a roller that produces
localised pressure and moves axially over the
outer surface of the sheet to produce a symmetrical
product. This technology incorporates conventional
spinning, shear spinning and tube spinning [1] and
also a group of novel spinning processes, such as non-
axisymmetrical spinning, non-circular cross-section
spinning and tooth-shaped spinning [2] and [3]. Due
to the development of numerically controlled lathes,
spinning is becoming a cost effective option for both
medium and high volume production of parts with
a very high strength to weight ratio. Moreover, it is
possible to spin components with tight geometrical
tolerances and to achieve high-quality surface
integrity [4] to [6]. The process has a wide variety
of applications including parts for the automotive
and aecrospace industries, parts such as centrifuges,
funnels, tanks, parts for medical and gastronomy
equipment, as well as parts for musical instruments
and pieces of art.

Wall thickness variation is a major defect found
in parts made from sheet metals that influences
the intensity of part defects and may cause part
failure [7]. The wall thickness of the formed part in
conventional spinning is, in general, considered to be
nearly constant [8]. In fact, a non-uniform distribution
of wall thickness is observed and therefore the
spinning process must be optimized in order to
produce components with a minimal variation in wall
thickness. Based on experimental studies that have
been carried out up to date, the spun part thickness
distribution depends mainly on the number of tool
passes, the offset of each pass from the other [9], as
well as the tool feed ratio [10], shape of produced
part [11], roller noise radius [4] and [12], friction [13]
and first toolpass trajectory [14] to [16]. Low feed
rates, large nose radius and multi-pass spinning are
recommended to achieve uniform part wall thickness.
High offset values tend to reduce wall thickness [4]
and [9] to [16].

A strong research effort has been made to study
the effect of tool path profile on thickness variation.
Kang et al. [14], Liu et al. [15] and Hayama et al. [16]
reported that the first pass in conventional spinning
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played a decisive role in the final wall thickness
variations. They also concluded that the linear tool
path profile is less complicated and helps to reveal
deformation characteristics. Concave paths are
widely used, while convex paths are more suitable
for producing convex cone shapes such as container
heads.

Wang and Long [17] applied finite element
analysis to study the effects of tool paths (linear,
concave, convex, and combined curve) on the variation
of wall thickness. They suggested that dominant in-
plane tensile radial strains may be the main reason
for wall thinning. The authors also reported that in
a multi-pass conventional spinning process the wall
thickness decreased after each forward roller pass
(the roller feeds towards the rim of the workpiece)
and there are almost no thickness changes during the
backward passes. Using a concave roller path tends to
greatly reduce wall thickness of the spun part, while
using a convex roller path helps to keep the original
wall thickness unchanged. A greater curvature of the
concave path would result in more thinning of the
wall thickness of the part.

Essa and Hartley [18] and [19] applied a finite
element model for their study of the thickness
distribution of aluminium cylindrical cups produced
by conventional spinning. They found that by using
a roller path profile of an involute curve in the first
pass followed by a linear path profile in the second
pass, minimum sheet thinning and a more uniform
stress distribution could be obtained.

Polyblank and Alwood in their study [20] showed
that toolpath design in spinning involves finding
a balance between the need for deformation and
the avoidance of failure by wrinkling and thinning.
They suggest that in order to reduce thinning during
the metal spinning process, a greater number of less
aggressive passes should be used.

Although knowledge about the mechanics of
spinning, which helps us to understand the final
properties of the spun parts, has been developed by

systematic investigation of the process using both
experimental and theoretical techniques, the possible
causes of thinning in part wall thickness during
conventional spinning are still not fully understood
and a knowledge gap between academic research
outcomes and industry requirements exists.

The present paper analyses the results of
experimental investigations concerning the wall
thickness distribution of spun parts made of Cr-Ni
austenitic stainless steel. The influence of mandrel
speed, feed ratio and tool path profile on the spun
parts wall thickness distribution was determined using
statistical analysis.

1 EXPERIMENTAL SETUP AND METHODS
1.1 Experimental Samples and Set-Up

For the production of the experimental samples,
whose shape and dimensions are shown in Fig. 1, a
circular blank with an outer diameter of Dy =200 mm,
prepared by AWJ machining technology, was used.
The sheet used was made of austenitic stainless steel
X5CrNil8-10 (DIN 1.4301). The basic mechanical
properties that define the material plasticity (ultimate
tensile strength (R,,), 0.2 % proof strength (R,,)
and elongation (4g,)) of the experimental material is
shown in Table 1.

Table 1. Mechanical properties of the experimental material

Ry [MPa] — Rpoo [MPa] Ryo2/ Ry [] Ago [%]
604 235 0.39 59.7

The experimental samples were produced on a
DENN spinning machine, type Zenn-80 equipped
with a Sinumeric 840-D CNC control unit (Fig. 2).

The mandrel made of Cr-Mo alloy steel
(X155CrVMol2-1) with a hardness of 56 = 2 HRC
and a forming roller also made of Cr-Mo alloy steel
(X155CrVMol2-1) with a hardness of 54 HRC was
used.

D1=155.6 mm

' D2=10.0 mm
rolling h=25mm
-~ direction r=0.2mm
§=1.0mm

Fig. 1. Experimental sample
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Fig. 2. Experimental set up

The roller geometrical parameters were: diameter
170 mm, radius R8 and the angle between the axis of
the roller and the axis of the mandrel was 35° (Fig. 3).

£

2170

2100

Fig. 3. Roller geometry

Three different mandrel speeds and three
different levels of feed ratio (feed rate/mandrel speed)
combined with the off-line designed linear, convex
and concave roller path profiles were applied: nine
movements towards the blank edge (forward passes)
and one forward calibration pass. The detailed
information about the first and last roller path of each
path design is given in Fig. 4 and Table 2.

A review of experimental parameters and their
levels is shown in Table 3. An experimental layout
using full factorial design was used.

Table 2. Polynomial interpolation of roller path profiles

AD: y =-0.006x3 + 0.042x2-0.701x + 99.637

Convex
EG: y =-0.038x2 + 1.904x + 58.02
Concave AE:y =0.004x4-0.136x3 + 1.846x2-11.709x + 116.999
Fl: y =-0.0009x3 + 0.006x2 + 0.479x-79.813
. AB: y=-1.49x + 103.879
Linear

CD: y =-0.257x 4 74.402

Table 3. Process parameters and their levels

Parameter Level 1 Level 2 Level 3
Mandrel speed 7 [rpm] 400 800 1200
Feed ratio £ [mm/rev] 0.5 1 15

Tool path profile pp [-] (1) concave  (2) linear ~ (3) convex

14,781
10.933
3.462
-1.339 | 100.641
-15.610 | 78.526
-21.804 | 81552
-28.700| 81505

mmm spun part
= = sheet metal

aammo|n|o|>

'N
>

mandrel

X y
16.629 [ 79.109
10.853 [ 82.968
6.266 | 88.184
3.236 | 94.230
101.213
-7.434 [ 76313
-12.990 | 74.623
-24.014 | 77.567
-27.993| 81792

®200

spun part
= == sheet metal

—|lTldv|mMmmM|o|(n|o| >
=
~
=
=3

LINEAR

X y
16.629 | 79.109

mandrel

?157.6
200

1.790 | 101.213

-7.434 | 76.313

o(O|lwm|>

— SpUN part
= = sheet metal

-28.435 | 81.713

Fig. 4. Roller path profiles (Zero point [0;0]: intersection of
mandrel axis with mandrel - workpiece interface plane)
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1.2 Method of Wall Thickness Measurement

For the experimental measurement of geometrical
accuracy, a non-contact data capture method was
used. The samples were digitized using the optical
3D system GOM ATOS II TripleScan SO MV 320
controlled by the software application GOM ATOS
Professional v.7.4 [21] and [22]. The sample was
scanned on a rotary table (10 scans rotated in 36°
increments) from both the inside and outside. For a
correct evaluation of the specimens with respect to the
rolling direction of the blank, a special jig, inserted
into a hole at the bottom of the part, was used. The
part surface was sprayed with white powder to provide
a matt surface, as reflected light negatively influences
the measurement accuracy. Next, non-coded reference
points with diameters of 3 mm were stuck on the part’s
surface. The cloud of captured points was polygonized
to obtain a triangulated surface model. Then the digital
model was exported into an .stl file. The digitized part
was compared with the reference CAD model using
the software GOM Inspect v.8. The shape deviation
between the digitized and CAD (reference) model was
visualized using colour deviation plots (Fig. 5) and the
thickness of part wall was recorded [23].

Thickness variation in this study means any
difference between the part wall thickness and the
thickness of the original sheet metal.

1,20

1,12

0 445
\L' 90

1,04

0,96

0,88

Minimal wall Maximal wall
thickness thickness 0,00
(Region A) (Region B) (mm)

Fig. 5. Digitized model of the formed part with color map of
thickness deviations

The thickness was measured in 7 places on the
wall at distances of (1, 5, 9, 13, 17, 21 and 25) mm
from the part bottom, as shown in Fig. 1. The wall
thickness measurement was done in three directions
related to the rolling direction of the sheet: 0°, 45° and
90°. Due to the negligible differences in the part wall
thickness depending on the rolling direction of the
sheet, the mean values of the thickness measured in

three directions were taken into account for the final
evaluation.

The 3D optical measurement method has been
validated by the contact measurement method using a
digital micrometer with pointed measuring faces and
a resolution of 0.001 mm. The plot of deviations of
measured data shows good agreement between the
results of these measurements (Fig. 6).
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Fig. 6. The deviations in measured data of wall thickness obtained
using a non-contact method (3D optical scanning technology) and
a contact method (micrometer)

2 RESULTS AND DISCUSSION

The results of the experiments were analysed in order
to estimate the contribution of individual parameters
to part wall thickness variation. It was found that
dependent on a combination of process parameters,
the part wall thickness varies from 0.81 mm to 1.15
mm. As shown in Figs. 7 to 9, the maximal reduction
in thickness was observed approximately half way up
the part wall (Region A, situated at a distance of 13
mm from the part bottom) and the maximal increase
in thickness was found at the open end of the formed
part (Region B, situated at a distance of 25 mm from
the part bottom).

In order to quantify the effects of the input factors
studied and the interaction between them on wall
thickness variation, an analysis of variance (ANOVA)
using Minitab v. 17 software was performed. The
Fisher’s ratio (F-ratio), which is the ratio between
the variance due to the effect of a factor and the
variance due to an error term, was used to measure the
significance of the factor at the desired significance
level. If the F-test value is greater than the tabulated
F-test value, the process parameter is considered
significant.

The results of the ANOVA and F-test for part wall
thickness measured in the area with maximal thinning
(axial distance of 13 mm from the cup bottom) and

174 Sugar, P. - Sugarova, J. - Petrovig, J.



Table 3. ANOVA for thickness variation at a distance of 13 mm

Thickness variation [%)]

-25

15
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5

0
-5
-10
-15
-20
-25

Thickness variation [%)]

from cup bottom

Thickness variation [%]
&

Rotational speed of the mandrel: n= 1200 rpm
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Trajectory shape: concave
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Fig. 7. Effect of feed ratio on wall thickness variation (Expanded uncertainty of the measure U = 3 um (k = 2; confidence level 95 %))

Feed ratio: f = 0.5 mm/rev
Trajectory shape: concave
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Fig. 8. Effect of mandrel speed on wall thickness variation (Expanded uncertainty of the measure U = 3 um (k = 2; confidence level 95 %))

Feed ratio: f = 0.5 mm/rev

Rotational speed of the mandrel: n = 1200 rpm
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Fig. 9. Effect of tool path profiles on wall thickness variation (Expanded uncertainty of the measure U = 3 um (k = 2; confidence level 95 %))

30

Table 4. ANOVA for thickness variation at a distance of 25 mm
from cup bottom

Source  Sum of squares DF F-ratio p-value Source  Sum of squares DF F-ratio p-value
top 371.949 2 533.90 0.000 top 211.736 2 196.76 0.000
n 4776 2 6.85 0.018 n 5.909 2 5.49 0.032
f 148.296 2 212.86 0.000 f 4.807 2 4.47 0.050
tppxn 14.249 4 10.23 0.003 tppxn 0.676 4 0.31 0.861
topxf 7.616 4 5.47 0.020 tppxf 16.484 4 7.66 0.008
nxf 2.329 4 1.67 0.248 nxf 1.191 4 0.55 0.703
Error 2.787 8 Error 4.304 8
Total 552.000 26 Total 245107 26

Tabulated F-test values at 95 % confidence level:

F(0.05; 2.8) = 4.46; F (0.05; 4.8) = 3.84; R2,q = 94.29 %

Analysis of the Effect of Process Parameters on Part Wall Thickness Variation in Conventional Metal Spinning of Cr-Mn Austenitic Stainless Steels

Tabulated F-test values at 95 % confidence level:

F(0.05; 2.8) = 4.46; F (0.05; 4.8) = 3.84; R2,5 = 98.36 %
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maximal thickening (axial distance of 25 mm from the
cup bottom) are shown in Tables 3 and 4.

The results of ANOVA show that all of the
main input factors have statistically significant
(p-value: 0.01 to 0.05) or extremely significant
(p-value<0.0001) influence on wall thickness
variation. The most significant effect of tool path
profile on the wall thickness variation is clearly seen
in both measured areas. The thinning of the part
wall is also affected by feed rate, mandrel speed has
minimal effect. The thickening of the part wall is also
influenced not only by the tool path profile, but also
by the mandrel speed and feed ratio.
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Tool path profile

Fig. 10. The main effects of parameters on part wall thinning:
a) mandrel speed, b) feed ratio and c) tool path profile

The results further showed that for part wall
thinning there is a significant interaction among the
input parameters, which is the tool path profile — feed
ratio (p-value: 0.01 to 0.05), and a very significant
interaction among the input parameters, which is the
tool path profile — mandrel speed (p-value: 0.001 to
0.01). For part wall thickening there is only one very
significant interactive influence: the tool path profile
— feed ratio.

The determination coefficients, R2,; = 94.29 %
for part wall thinning and R?,; = 98.36 % for part
wall thickening, demonstrate that the models are well
fitted.
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Fig. 11. The main effects of parameters on part wall thickening:
a) mandrel speed, b) feed ratio and c) tool path profile
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Fig. 10 shows graphs of the effects of the input
parameters on the part wall thickness in the area of
maximal thinning. It is clear that maximal thinning
was observed when the concave tool path profile was
used. The convex tool path profile leads to minimal
thinning. The graphs also show that higher values
of feed ratio decrease the part wall thinning. There
is a specific situation in the case of mandrel speed.
Minimal thinning is reached when the mandrel speed
is set to a value of 800 min-!. In both cases, when
the mandrel speed value is higher or lower, a higher
degree of part wall thinning is observed.

The effects of the main input parameters on part
wall thickness in the area of maximal thickening
are shown in Fig. 11. It can be seen that dominant
thickening has been achieved for the convex tool
path profile. The minimum value of thickening was
recorded in the case where the concave tool path
profile was applied. From the feed ratio point of view,
minimal thickening was observed in the case where
the maximal value of the feed ratio was applied and
the maximal value of thickening was reported for the
middle value of the feed ratio.

3 CONCLUSIONS

On the basis of the results obtained from this
investigation and the statistical analysis, the following
conclusions can be drawn:

1. The study confirms that 3D optical scanning
technology can be useful in the evaluation of
sheet metal parts thickness variation.

2. Among all the process parameters studied, the tool
path profile is statistically the most significant
factor and should be accurately controlled.

3. The concave tool path profile leads to a
significant wall thickness reduction in Region
A, but this roller trajectory gives minimal wall
thickening on the open end of the part — Region
B, which is accompanied by the higher height of
the part. Much higher tensile radial strains are
produced if a concave roller path is applied and
this is believed to be the main reason for intensive
wall thinning.

4. It is clear that a high feed ratio helps to minimise
wall thickness variations. It yields minimal
thinning in Region A and minimal thickening in
Region B. A lower feed ratio means that the tool
acts on the workpiece over more revolutions,
which in turn leads to higher shearing effects, an
intensive flow of material to the open end of the
part and an appreciable thinning of the wall.

5. The finding related to the tool path profile and
feed ratio influence on wall thickness variation
agrees with the results of other authors who
have studied this problem experimentally and by
applying FE analysis for other types of spun part
materials (mild steel, aluminium) [12], [14], [17]
and [24].

6. The influence of mandrel speed on wall thickness
variation in both regions of the part wall is only
minimal. The findings can be expressed thus:
mandrel speed has negligible influence on axial
and radial force components [10], therefore radial
and thickness strain is minimal.

7. For minimal variation in spun part wall thickness
it is recommended to apply a convex tool path in
combination with higher values of the feed ratio.
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