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Abstract

Barreling of hollow cylinder was investigated in cold upsetting with ram pulsation.
In experiment of upsetting of 18Cr-12Ni-2.5Mo austenitic stainless steel (JIS: SUS316),
barreling was reduced by complete unload ram pulsation, especially by multiple pulsations
with short forming stroke. On the other hand, barreling was not reduced by ram pulsation with
partial unloading. In case of hollow cylinder with pure aluminum (JIS: A1070), barreling was
not reduced by both complete and partial unload ram pulsations. The mechanism of reduction
in barreling was discussed from the viewpoints of friction at the die—workpiece contact
interface, plastic heat generation, and elastic and plastic deformations. In the elastic-plastic
finite element analysis, the stress state in the workpiece at reloading after complete unloading
was considerably changed from that with the state before unloading. Therefore, the reduction
in barreling in upsetting with complete unload ram pulsation was concluded to be mainly due

to the elastic and plastic characteristics of the workpiece.
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1. Introduction

In response to strong demand for lightweight vehicles and complex shape of
structural components, development of forming process for hollow component such as pipe,
tube, and hollow rod, is crucial [1]. Several novel forming processes for hollow component
are proposed [2-5]. Nonuniform, local deformations or plastic instability such as barreling,
bending, and plastic bucking, tends to occur in upsetting of rod, especially hollow or long rod
with high slenderness ratio (length/radius of gyration). Forming conditions of the hollow or
long rod are strongly limited by such shape defects. Although the slenderness ratio of the rod
is dominant for the defects [6], the defects are also induced by friction at die—workpiece
contact interface, inhomogeneity, and anisotropy of rod material.

Simple conventional technique for the solution of the defects is friction reduction at
die—workpiece contact interface [7], however, it is difficult to completely eliminate the
friction by lubrication or die coating. Practical conventional techniques in industries are
changes of process design and die shape, such as multi-stage forming and constraint of the
outer and/or inner sections of the workpiece by the die. Some advanced techniques have been
also proposed. For example, plastic buckling and fracture of a tube were reduced by pulsation
of oil pressure in hydroforming [8]. A ring was expanded in radial direction by pressure of oil
filled in the hollow space in axial compression [9]. Barreling of hollow cylinder was reduced
by superposing compression and torsion in upsetting [10]. The hollow cylinder was
successfully deformed without barreling and hourglass deformation under sequential control
of torsion speed in upsetting with conical dies [11].

Barreling profile of cylindrical workpiece in compression has been fundamentally
investigated through theoretical, numerical, and experimental approaches since the 1960s [12].
Especially the relationship between barreling and friction at die~workpiece contact interface

is actively reported because the friction is dominant for barreling in compression [13-15].



Stress—strain relationship of the workpiece is inversely identified from the barreling—friction
relationship [16,17]. Influences of strain hardening and strain rate on barreling are also
reported in compression [18]. As barreling increases in compression with high friction or high
reduction, folding of the workpiece at the die-workpiece needs to be taken into consideration
[19]. Barreling and folding are affected by stress—strain relationship (including with
inhomogeneity and anisotropy) as well as friction at die—workpiece contact interface.

Owing to the development of servo-drive press machines, the ram operations such as
acceleration, deceleration, reversal, and holding were widespread as a helpful means for
developing advanced forming processes in metal forming academia/industries [20,21].
Net/near net-shaping with complicated shape and high productivity with short forming cycle
were realized by the ram operations under controlling temperature, friction, and load.
Although the ram pulsation (oscillation, vibration) was fundamentally reported in forward
extrusion for the purpose of load reduction in the 1970s before the development of the servo
press [22], it has mainly developed into one of practical ram operations since the 2000s
together with the development of the servo press. In the ram pulsation, the ram is repeatedly
moved forward (advance) and backward (retreat) with low frequency (frequency: below
approximately 100 Hz, amplitude: over approximately 0.1 mm), compared to the frequency of
ultrasonic vibration. The contacting and loading/unloading conditions at die—workpiece
contact interface induce some unique characteristics in friction, heat generation, and
elastic-plastic deformation. The phenomena and industrial applications of forging with ram
pulsation were reviewed [23]. The mechanisms of such phenomena caused by the ram
pulsation were also discussed through experimental, numerical, and theoretical approaches.
For example, periodical lubricant supply through a gap between die and workpiece [24-26]
and plastic flow control by reduction in local plastic heat generation [27,28] were reported.

On the other hand, ductility enhancement by stress relaxation [29] and reduction in



springback by elastic recovery [30] were reported in sheet metal forming. Most investigations
on the characteristics induced by elastic-plastic stress change during ram pulsation have been
reported in tensile stress field such as uniaxial tension and bending, while few investigations
have been reported in compressive stress field such as upsetting and extrusion.

In this study, relationship between ram pulsation of press and barreling of hollow
cylinder is investigated in experiment of cold upsetting. The stress state and deformation of
the workpiece during ram retreat are analyzed by the elastic-plastic finite element analysis.
The mechanism of reduction in barreling of the hollow cylinder is discussed from the
viewpoints of friction at the die—workpiece contact interface, plastic heat generation, and

elastic-plastic deformation.

2. Forging conditions and experimental procedures
2.1. Forging shape and materials

Figure 1 shows the schematic illustration of the layout of the workpiece and the dies
in upsetting with ram pulsation. The hollow cylindrical workpiece with outer diameter of Do =
15 mm, inner diameter of do = ¢12 mm, and height of ho = 15 mm or 10 mm (slenderness
ratio: 3.1 or 2.1) was axially compressed between the upper and lower dies aligning the center
axes in the axial direction (z direction). The dies were conical with a vertex angle of 179° in
order to cause large barreling in the workpiece. Here, barreling (Dc/De) was defined as the
outer diameter of the workpiece at the height center (Dc) divided with mean outer diameter of
the workpiece at the top and bottom ends (De).

18Cr-12Ni-2.5Mo austenitic stainless steel (JIS: SUS316) with ho = 15 mm and
commercially pure aluminum (JIS: A1070-H14, Al > 99.7 mass%) with ho = 10 mm were
used as the workpiece materials, while high-speed tool steel (JIS: SKH51, 63 HRC) was used

as the die material. The workpiece materials are popular materials of pipe. The end surfaces of



the workpiece were machined to be arithmetic mean roughness of Ra = 2.7 um, while the end
surface of the dies was polished to be Ra = 0.02—0.04 um (mirror-like finish). Upsetting was
carried without lubrication at room temperature on a ball screw type material testing machine
with servo motor driven. The translational speed and direction of the upper ram were

controlled by the programmed operation.
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Fig. 1 Layout of hollow cylindrical workpiece and conical dies in upsetting with ram

pulsation.

2.2 Pulsation ram motion

The ram position—time diagram of pulsation ram motion is shown in Figure 2. The
upper ram of a press was advanced in the -z direction by repeatedly moving forward
(advance) and backward (retreat). The upper die was synchronized with the ram. The
workpiece was deformed during ram advance, while the load was released during ram retreat.
As the results, the workpiece was intermittently deformed.

The ram speed in the ram advance and retreat was set to 1.0 mm/s in this study. The
basic pulsation was set to start stroke of pulsation S0 = 0.6 mm, retreat stroke in each

pulsation Sr = 0.2 mm and 1.0 mm, and total forming stroke Stotal (= Sfo + S Ntotal) = 3.0 mm for



ho = 15 mm and 2.0 mm for ho = 10 mm (Nwtal: total number of pulsation). According to the
basic pulsation, the advance stroke in each pulsation (Sa), forming stroke in each pulsation (St
(= Sa — Sr)), and Niotal were determined to 0.3—3.4 mm, 0.1-2.4 mm, and 1-24, in respectively.
Since the load was released by the ram retreat, the unload fraction (Af/fo) in the following

equation was experimentally measured:

Af/fo =220 (1)
where fo and fr are the forming loads at start and finish of the ram retreat, respectively. Figure
3 shows the measurement results of the unload fraction in upsetting with ram pulsation. The
load was released approximately half at sr = 0.2 mm (Af/fo = 0.4), while it was completely

unloaded by the ram retreat with s = 1.0 mm (Af/fo = 1). The complete unloading formed

the gap between the top end of the workpiece and the end face of the upper die.
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Fig. 2 Ram position—time diagram of pulsation ram in upsetting (Sfo: start stroke of pulsation,
Sr (= Sri): retreat stroke in each pulsation, Sa (= Sai): advance stroke in each pulsation, St (= Sfi):

forming stroke in each pulsation, Niwtal: total number of pulsation, i = 1—total).
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Fig. 3 Experimental results of relationship between unload fraction and retreat stroke in

upsetting with ram pulsation.

3. Experimental results
3.1. Barreling of workpiece

Figure 4 shows the appearances of stainless steel workpieces after upsetting.
Barreling of the workpiece occurred in upsetting with/without ram pulsation. The
measurement results of the wall thickness of the workpiece after upsetting are shown in
Figure 5. The wall thickness was overall thickened in upsetting with/without ram pulsation.
In the workpieces without/with pulsation, the r0 cross-sectional areas of the top and bottom
ends increased by approximately 10% from the initial, the cross-sectional areas of the height
center increased by approximately 5% from the initial.

Figure 6 shows the relationship between barreling and reduction in height in
upsetting of the stainless steel workpiece. Barreling with/without ram pulsation increased with
increasing reduction in height. Barreling with pulsation was slightly lower than barreling
without pulsation, and the reduction ratio was approximately 1.5% at Stota’ho = 0.20. The

relationship between barreling and forming stroke per pulsation in upsetting is shown in



Figure 7. Barreling of the stainless steel workpiece was reduced with shorter forming stroke
per pulsation in upsetting with S = 1.0 mm (complete unloading) (approximately 2.5%
reduction in St/ho = 0.007), while barreling was not reduced by ram pulsation with sr= 0.2 mm
(partial unloading). The maximum reduction ratio was approximately 2.5% at Stotat/ho = 0.20
in s¢/ho = 0.007. On the other hand, barreling of aluminum workpiece was not reduced even
with Sr = 1.0 mm. From the results, the combination of stainless steel and complete unload

ram pulsation is effective for reducing barreling.
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Fig. 4 Appearances of stainless steel workpieces after upsetting with/without ram pulsation

(Stota’ho = 0.20).
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Fig. 5 Wall thickness of stainless steel workpiece after upsetting with/without ram pulsation

(Stotat/ho = 0.20).
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Stotal’/ho = 0.20.

3.2 Load-stroke relationship

Figure 8 shows the load—reduction in height relationship in upsetting of the stainless
steel workpiece. Although upsetting was proceeded with repeating loading and unloading in
pulsation ram motion, the load during deformation of the workpiece was almost the same
with/without ram pulsation. From the load—reduction in height relationship in Figure 8, the
load fraction at the re-start of forming and the start of ram retreat in upsetting with ram
pulsation is shown in Figure 9. The load fraction was lower than 1.0 in upsetting with
reduction in barreling (stainless steel workpiece with sy = 1.0 mm), while the load fraction
was higher than 1.0 in no reduction in barreling (stainless steel workpiece with Sr = 0.2 mm
and aluminum workpiece). Thus, the load reduction at re-start of forming (reloading) may

influence on the reduction in barreling.
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Fig. 8 Load-reduction in height relationship in upsetting of stainless steel workpiece.
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4. Discussions on reduction in barreling
4.1. Friction and temperature rise

Barreling is strongly affected by friction at the die-workpiece contact interface and
temperature change of the workpiece during deformation. Figure 10 shows the photographs

of the die surface after upsetting. Seizure and adhesion of the workpiece were not observed on



the die surface in upsetting with/without ram pulsation. The difference in friction at the
die—workpiece contact interface was small in upsetting with/without ram pulsation.

The temperature rise of the stainless steel workpiece by plastic deformation in
upsetting was estimated by the finite element analysis. The maximum temperature rise was
approximately 25 K without ram pulsation and 20 K with ram pulsation at Stota/ho = 0.20. The
influence of the temperature difference of 5 K on the deformation behavior could be generally
disregarded, especially around room temperature.

From above discussions, reduction in barreling of the stainless steel workpiece in
upsetting with complete unload pulsation is concluded not to be due to differences of friction

and temperature rise with/without ram pulsation.

Fig. 10 Photographs of die surface after upsetting of stainless steel workpiece with Stotai/ho =

0.20: (a) no ram pulsation, (b) ram pulsation with = 0.48 mm, Sr = 1.0 mm.

4.2. Elastic-plastic deformation
4.2.1. Finite element analysis conditions

The elastic-plastic deformation of the workpiece in upsetting with/without ram
pulsation was numerically calculated by a commercial elastic-plastic finite element code,
Simufact Forming ver. 16.0 (MSC Software Company). The analysis model is shown in

Figure 11. Two-dimensional axisymmetric deformation was assumed from the consideration



of shape symmetry. The workpiece was treated as elastic-plastic body with isothermal, while
the dies were treated as elastic bodies with isothermal. The element type of the workpiece and
the dies was a quadrilateral 4-node element with sides of 0.20 mm. The elements were not
remeshed. The material properties of the stainless steel and the pure aluminum at room
temperature were used. The flow stress—strain relationship was assumed to be isotropic
hardening, and the strain rate sensitivity on the flow stress was not taken into account.
According to the Swift law, the following flow stress—strain relationships measured by the
upsettability test [31,32] of cylindrical workpiece were used.

(stainless steel) o = 994(e + 0.005)933¢ (MPa) ()

(pure aluminum) o = 148(¢s + 0.005)%195 (MPa) (3)
On the assumption of Coulomb’s friction law, the friction coefficient was set to 0.1 on the
die—workpiece contact interface.

Figure 12 shows the analysis and experimental results of the load—stroke curve and
barreling in upsetting without ram pulsation. Good agreements between the analysis and
experimental results were obtained in the load—stroke curve and barreling. Thus, the material

properties used in the analysis were confirmed to be suitable.
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Fig. 11 Finite element analysis model for elastic-plastic deformation of hollow cylindrical

workpiece in upsetting with/without ram pulsation.
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4.2.2. Finite element analysis results

Figure 13 shows the shape of the stainless steel workpiece at the finish of 1st ram
retreat in upsetting. The height of the workpiece increased with increasing retreat stroke,
while the radius of the workpiece at the height center decreased. The deformations were due
to elastic recovery by the ram retreat. The z-normal stress distribution of the stainless steel
workpiece during the 1st ram retreat in upsetting is shown in Figure 14. Here, the stress/proof
stress (o/ov.2) during the ram retreat was -1.48-0.47 in z direction, while o/ov2 in r and 0
directions were -0.19-0.45 and -0.74-0.89, respectively. The r- and 6-normal stresses were
absolutely lower than the proof stress (ov2 = 371 MPa). The z-normal stress was compressive
in all area of the section in Sr = 0-0.2 mm (partial unloading), while it was reversed from
compressive to tensile in almost half area of the section at Sr = 1.0 mm (complete unloading).
The area faction of the tensile z-normal stress in the section (&) was 0 in Sr = 0—0.2 mm and
0.53 at sr = 1.0 mm. After then the z-normal stress was reversed again from tensile to
compressive at the re-start of forming. On the other hand, the oz/ov.2 distribution of the pure
aluminum workpiece during the ram retreat was almost the same with that of the stainless
steel, =0 1in Sr= 0-0.2 mm and o= 0.48 at S = 1.0 mm.

From the consideration of the above stress change, the stress distributions at the
re-start of forming and the start of the ram retreat were different in complete unload ram
retreat. Since it is known that stainless steel exhibits Bauschinger effect [33], the flow stress
after stress reversal nominally decreases at re-start of forming. As the results, the deformation
behavior of the stainless steel workpiece after the re-start of forming in complete unload ram
retreat was different with that in incomplete unload ram retreat. Therefore, barreling of the
stainless steel workpiece was reduced by compete unload pulsation. The decrease of the flow
stress at re-start of forming was experimentally confirmed that the load fraction was lower

than 1.0 in upsetting of SUS316 workpiece with complete unload pulsation as shown in



Figure 9. On the other hand, although the stress distribution of the pure aluminum workpiece
was almost the same with that of the stainless steel workpiece, barreling of the pure aluminum
workpiece was not reduced in complete unload pulsation. This is because pure aluminum does
not clearly exhibit Bauschinger effect [33].

Figure 15 shows the analysis and experimental results of the load—stroke curve in
upsetting with complete unload pulsation. Since the flow stress of the workpiece was
employed to isotropic hardening law in the analysis, the flow stress did not decrease after the
re-start of forming. Good agreement in the load—stroke curves between the analysis and
experimental results was obtained in the pure aluminum workpiece, while the load—stroke
curve of the analysis was slightly higher than of the experiment in the stainless steel
workpiece.

From the above discussions, reduction in barreling in upsetting with ram pulsation is
concluded to be due to combination of stress reversal under complete unload ram retreat and

Bauschinger effect.
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5. Conclusions

In this study, barreling of hollow cylinder in cold upsetting with ram pulsation was
investigated with experiment and finite element analysis. The ram pulsation has a potential of
new forming technique for reducing barreling in forming of hollow cylinder. The following
remarks were obtained.

(1) In upsetting of stainless steel workpiece, barreling was reduced by approximately 2.5% in
maximum under complete unload ram pulsation, especially under multiple pulsations with
short stroke. On the other hand, barreling was reduced under ram pulsation in upsetting of
pure aluminum workpiece.

(2) In complete unload ram pulsation, z-normal stress was reversed from compression to
tension during ram retreat. The stress state at re-start of forming after unloading was
different with that of no ram pulsation. Due to the Bauschinger effect after stress reversal,
the deformation behaviors of the stainless steel workpiece were different with/without

complete unload ram pulsation. Therefore, the reduction in barreling in upsetting with



complete unload ram pulsation was concluded to be mainly due to the elastic-plastic

characteristic of the stainless steel workpiece.
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