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Abstract

Integration of tube end forming operations in metal additive manufacturing routes has a great potential for the fabrication of customized
features in additively deposited hollow parts. This paper is focused on the integration of tube expansion with rigid tapered conical
mandrels to highlight the advantages in the construction of overhanging flares derived from the elimination of support structures and
prevention of humping. The work draws from the mechanical and formability characterization of stainless steel AISI 316L tubes
produced by wire arc additive manufacturing (WAAM) to the experimental and numerical simulation of the construction of over-
hanging flares by tube expansion. Strain loading paths obtained from digital image correlation and finite element analysis combined
with the strain values at the onset of necking and fracture allow determining the critical ductile damage that additively deposited tubes
can safely withstand. Results show that despite formability of additively deposited tubes being influenced by a dendritic based
microstructure, their performance is adequate for tube end forming operations, such as tube expansion, to be successfully integrated
in metal additive manufacturing without the need of using expensive hardware and complex deposition strategies.

Keywords Hybrid manufacturing - Tube forming - Wire arc additive manufacture - Experimentation - Finite element method -
Formability

1 Introduction The most widespread MAM processes are usually classi-
fied into two distinct categories: (i) powder bed fusion (PBF)
and (ii) direct energy deposition (DED). In PBF, parts are built

up layer by layer by spreading several beds of metallic powder

In recent years, the capabilities of metal additive manufacturing
(MAM) for operating beyond the boundaries of conventional

manufacturing have been the subject of intense research [1, 2].
MAM is nowadays seen as an effective option to fabricate highly
customized parts with sophisticated shapes and/or tailored fea-
tures that are difficult or even impossible to be economically
produced through conventional manufacturing [3].
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onto a platform, which are selectively melted and bonded
together by means of focused laser [4] or electron beam [5]
thermal heat sources. In DED, the feedstock is not spread onto
a platform, but fed and melted instantaneously through the
combined action of a supply unit and a thermal heat source.
Laser, electron beam and electric arc can be used as thermal
heat sources [6].

PBF and DED processes have been under continuous de-
velopment and improvement throughout the past years to
achieve levels of applicability and flexibility that are nowa-
days appropriate to fabricate high-quality near net-shape parts
for many different industries [7]. The progress made in the last
two decades is remarkable, but the fabrication of complex
parts by metal deposition in successive layers is still difficult
and limited by the intrinsic characteristics of the processes.

In the case of PBF processes, for example, the fabrication
of parts with complex-shaped features cannot avoid using
support structures, as it is schematically shown in the left side
of Fig. 1a. These structures, which are crucial for preserving
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Fig. 1 a Schematic representation of the construction of overhanging

flares in axisymmetric hollow parts using (left) PBF with details of the
supports and (right) DED with details of the humps. b The new proposed

the overall geometric integrity of the parts and preventing the
occurrence of defects and failures such as deformations, dross
formation or warpage, must be removed after finishing mate-
rial deposition. The problem is that post-processing operations
to eliminate support structures are time- and energy-
consuming and may, in some cases, not fully achieve the
desired objectives [8].

In the case of DED, recent published work shows that the
use of support structures in parts with overhang features or
hollow sections can be avoided by using deposition strategies
based on multi-directional paths that are carried out in robots
with multiple degrees of freedom [9]. However, this requires
difficult programming and expensive hardware and can be
complicated to accomplish when the parts are large or
complex-shaped [10]. Moreover, even the most sophisticated
deposition strategies are limited by an inclination threshold of
the thermal heat source above which the deposited material
layers will give rise to irregular shapes with severe undula-
tions (commonly designated as ‘humps’) [11].

Humping (right side of Fig. 1a) is a well-known defect in
down hand fusion welding processes, and its occurrence can
be minimized by reducing the travel speed of the heat source
[10]. However, the implementation of such a solution in DED
is not feasible because it would inevitably lead to a reduction
in the material deposition rate and to a worsening of the al-
ready low productivity of these processes when compared to
conventional manufacturing [12].

The main conclusion to be derived from the above-
mentioned drawbacks of MAM and from its intrinsic limita-
tions associated to high energy requirements, lack of precision
and poor surface quality of the deposited parts is the need to
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hybrid metal additive manufacturing (HMAM) approach based on the
integration of tube expansion in metal additive manufacturing (MAM)

develop new and more effective deposition strategies through
integration of conventional manufacturing in additive
manufacturing routes. Hybridization of additive manufactur-
ing by integration of metal cutting operations at the end of
material deposition is a good example of a well-established
solution for fabricating parts with significant gains in quality
and productivity [13]. In fact, several commercial hybrid ad-
ditive manufacturing systems based on this approach are
available in the market since the earliest 2010s [14].

However, what this paper aims to explore is not the hybrid-
ization of additive manufacturing by integration of metal cut-
ting operations but the hybridization of additive manufactur-
ing by integration of metal forming operations to increase its
overall sustainability and to reduce its dependence on the
batch size [15, 16]. Several feasibility studies have been re-
cently published on the integration of sheet metal forming
[17-20] and bulk metal forming [21-24] with additive
manufacturing. The state-of-the-art review by Pragana et al.
[25] presents and discusses the major scientific and techno-
logical breakthroughs resulting from these studies but also
allows concluding that hybridization of additive manufactur-
ing by integration of tube forming operations is an open field
of research.

The above conclusion is nonetheless surprising because
tube end forming operations such as expansion, reduction,
flaring and inversion [26] have a great potential to fabricate
customized features in additively deposited hollow parts in
small production lead times. Referring, for example, to Fig.
1b, it follows that hybridization of additive manufacturing
with tube expansion facilitates the construction of overhang-
ing flares in rotationally symmetric hollow parts because it
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eliminates the need of support structures and prevents the
formation of humps.

Under these circumstances, the main objective of this paper
is to investigate the feasibility of integrating tube expansion
with a rigid tapered conical mandrel in additive manufacturing
routes. For this purpose, authors carried out a numerical and
experimental investigation aimed at characterizing the strain
loading paths and the in-plane strains at the onset of necking
and fracture during the expansion of wire arc additively
manufactured tubes. Results are compared against the form-
ability limits that were previously determined by means of
tension and ring hoop tension tests and against those obtained
for commercial wrought tubes, which are included for refer-
ence purposes. Results show that despite formability of depos-
ited tubes being influenced by a dendritic based microstruc-
ture, their capability of withstanding large plastic deforma-
tions without failure is adequate for the successful integration
of tube expansion in metal additive manufacturing of complex
hollow parts without resorting to expensive hardware and
complex deposition strategies.

2 Materials and methods

2.1 Additively deposited and wrought commercial
tubes

The investigation was carried out in stainless steel AISI 316L
tubes deposited by wire arc additive manufacturing (WAAM)
in a 3-axis CNC system equipped with a ESAB LUC Aristo
400 gas metal arc welding machine. The material was sup-
plied as a wire with 1-mm diameter through a welding torch
and melted, at the time of deposition, onto tubular preforms
with approximately 42 mm of outer diameter and 5 mm of
wall thickness (Fig. 2a). Deposition was carried out one layer
at a time with a single bead in a criss-cross sequence for
evenly distributing the heating-cooling cycles and to avoid
concentrating the overlapped beads along the same planar
coordinates of the preform. The shielding gas was 99.9% of
argon, and the main parameters utilized in the deposition are
summarized in Table 1.

After deposition, tubes with an outer radius 7o =20 mm, a
wall thickness 7, = 1.5 mm and a total length /, = 70 mm were
machined from the additively manufactured tubular preforms
by turning (Fig. 2b). Turning was performed with a cutting
speed of 150 m/min, a feed of 0.15 mm/rev and a depth of cut

0f'0.25 mm. The goal was to obtain tubes with dimensions and
surface quality (average roughness R, =0.75 um) like those of
the wrought commercial stainless steel AISI 316L tubes that
were used for reference purposes. However, in typical hybrid
metal additive manufacturing routes resulting from the inte-
gration of tube end forming with additive manufacturing,
there will be no intermediate machining operations unless
strictly necessary.

2.2 Flow curve and formability limits of the tubes

In a recent work, authors performed the mechanical and form-
ability characterization of the additively manufactured and
commercial wrought stainless steel AISI 316L tubes [27].
The flow curves and the anisotropy coefficients were directly
obtained from conventional tension tests (TTs) in specimens
that were machined out from the longitudinal (L) tube direc-
tion and from ring hoop compression tests (RHTTSs) in spec-
imens that were machined out from the transverse (T) (i.e.
circumferential) and 45° inclined (I) directions.

The TTs were performed in accordance with the ASTM
standards E8/E8M [28], whereas the RHTTs followed the
guidelines of the ASTM standards D2290-00 [29] applicable
to plastic or reinforced plastic tubes, which recommend the
use of two dumbbell geometries located 180° degrees apart.
The results of the tests are summarized in Fig. 3 and Table 2.

The formability limits of the tubes at the onset of necking
and fracture were obtained by means of digital image correla-
tion (DIC) and by measuring the thickness along the cracks at
the end of the tests. Details of the overall procedure are given
in Pragana et al. [27], and the fracture forming limit (FFL) line
resulting from this previous work will be utilized in the forth-
coming sections of this paper dealing with the formability of
the additively manufactured tubes in expansion.

2.3 Tube expansion tests

The tube expansion tests were carried out at ambient temper-
ature in an Instron SATEC 1200 hydraulic testing machine
with a crosshead speed of 5 mm/min. Figure 2c shows a sche-
matic drawing and a photograph of the active tool components
that were utilized in the expansion of the commercial wrought
and additively manufactured tubes with a rigid tapered conical
mandrel. The mandrel had an inclination angle ¢ =30°, and a
tubular sleeve was included to prevent local buckling during
axial compression. Molybdenum disulphide grease (MoS,)

Table 1 Wire arc additive

manufacturing parameters that Current ~ Voltage = Wire feed speed  Travel speed Stick-out Gas flow rate  Bead height
were used to fabricate the AISI- (A) V) (m/min) (m/min) length (mm) (V/min) (mm)

316L stainless steel tubular

preforms 100 16.5 6 0.6 10 10 1.8
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Fig. 2 Schematic representations. a Deposition of the AISI 316-L stainless steel tubular preforms. b Subsequent machining operation. ¢ Expansion with

a rigid tapered conical mandrel

was utilized as lubricant on the contact surfaces between the
tapered conical mandrel and the inner tube radius.

The outer surface of the tube specimens was painted with a
white uniform background colour and sprayed with a stochas-
tic black speckle pattern to allow measuring the evolution of
the meridional €, and circumferential €y surface strains by
means of digital image correlation (DIC) (Fig. 4a). For this
purpose, the surfaces of interest were illuminated with a spot-
light, and the strains were automatically measured by means
of a commercial DIC system from Dantec Dynamics (model
Q-400 3D). The system is equipped with 2 cameras with 6
megapixels of resolution and focal lenses of 50.2 mm with an
aperture of f/8. The frequency of image acquisition was set to
20 frames per second, and the correlation algorithm made use
of the INSTRA 4D software.

The meridional and circumferential surface strains obtained
by DIC were plotted in principal strain space (Fig. 4b) to
reveal the strain loading path up to the onset of necking
(l,,€p) corresponding to failure by plastic instability. The
onset of failure by fracture corresponds to the strain pairs
(Ei,ﬂ-:ef ) of the rectangular solid marker in principal strain
space and was obtained from the gauge length strains at the
tube edge locations where cracks were triggered. The proce-
dure involved determination of the thickness strain at fracture

Table 2 Yield stresses in the longitudinal (L), transverse (T) and
inclined (I) directions

oyL (MPa) oyT (MPa) oyl (MPa)
Commercial wrought tubes 510.1 504.7 477.3
Additively manufactured tubes  421.2 377.5 327.9
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e by measuring the tube wall thickness before #, and after ¢
cracking (refer to the section AA’ in Fig. 4b) with a stereomi-
croscope Mitutoyo TM-505B:

t
ef = lnt—g (1)

The circumferential strain at fracture ef was then deter-

mined assuming material incompressibility and that the onset
of necking (Eip, el) corresponds to the point in principal strain
space where the strain loading path changes towards plane
strain (de, = 0) due to localization of plastic deformation:

el = —(qf + si(p) with 553 = si(p (2)

2.4 Finite element modelling

The expansion of the commercial wrought and additively
manufactured tubes was numerically simulated with the in-
house finite element computer program i-form [30]. The program
is built upon the flow formulation and employs a control volume
approach with velocities u; as the primary unknowns of the fol-
lowing modified weak form of the quasi-static force equilibrium
equations to include sliding with friction between objects:

fva;diijdV + J‘Vo'm(SDVdV*,[S‘ti(SuidS + ISr (I‘(;lr‘Tf(SMr)dS =0 (3)

The main symbols in (3) are the deviatoric Cauchy stress
a;j, the hydrostatic stress oy, the rate of deformation Dj;, the



Int J Adv Manuf Technol (2021) 117:2715-2726 2719
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volumetric rate of deformation D, the tractions ¢ applied on
the boundary S; of the control volume and the friction shear
stress 7¢ and the relative sliding velocity u, on the contact
interfaces Sy between objects.

The constitutive equations relating the deviatoric Cauchy
stress a;j with the rate of deformation Dj; were based on the
von Mises isotropic and Hill’s 1948 anisotropic yield criteria
for the wrought commercial and additively manufactured
tubes, respectively.

In the case of the Hill’s 1948 plasticity criterion [31],

F(Uy_O'Z)2 + G(JZ_O'X)Z + H(O’X—O'y)z + 2LT§Z

+2M7T +2NTy,

2 2
:g(F+G+H)6 4)

the constants F, G, H, L, M, N were determined assuming
that oyt = 0yx = 0yy and oy = 0g, = 0x, = 0y, (Fig. 5). These
two assumptions considered that the tubes are anisotropic with

30°,

WMeasuring %
pic  reeon DIC
camera 1 camera 2
(a)

symmetry in material properties along the transverse (T) di-
rection. This is because different RHTT specimens machined
from the transverse (T) direction and having dumbbells in
various locations around the perimeter of the tubes were found
to provide similar flow curves and yield stress values.

The first of these assumptions was further confirmed
by performing stack compression tests in cylindrical test
specimens made from three individual discs with 10-mm
diameter and 3-mm height. The discs were cut out from
the wall thickness of the original tubular preforms by
electro-discharge machining in different locations around
the tube perimeter (refer to the orthogonal regions I, II,
IIT and IV of Fig. 6a), and the flow curves shown in
Fig. 6b confirm that the mechanical response of the
additively manufactured AISI 316-L stainless steel tubes
is identical along the perimeter.

Combining these two assumptions with the yield stress
values in the longitudinal (L), transverse (T) and inclined (I)
directions that are given in Table 2, it is possible to obtain the
constants of the Hill’s 1948 plasticity criterion [31] that are
included in Table 3.
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Fig.4 Schematic representations. a Experimental setup utilized by the digital image correlation system. b Section AA’ along the crack with indication of
the tube edge where the wall thickness was measured at the end of tube expansion
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Fig. 5 Representation of the tension and ring hoop test specimens with
indication of the x, y, z frame utilized in the finite element modelling of
tube expansion

Figure 7 shows a typical finite element model utilized in the
numerical simulation of the tube expansion with a rigid ta-
pered conical mandrel. The tubes were discretized with ap-
proximately 70,000 hexahedral elements, and the active tool
parts (conical mandrel, compression punch and tubular sleeve)
were discretized by means of rigid spatial triangular elements.

Friction between the tubes and the active tool parts was
modelled with the law of constant friction 7+=mk, where k
is the shear flow stress and m is the friction factor. A value
of m equal to 0.1 was applied on the contact surfaces between
the tube and the active tool parts after checking the finite
element predicted forces that best matched the experimental
measurements.

The onset of failure by cracking was modelled by means of
the void growth ductile damage-based criterion of McClintock

(@)

Table 3 Anisotropy

coefficients of the Hill’s
1948 plasticity criterion F G H L M N
for the wire arc additive
manufactured AISI316L 086 086 128 414 414 3
stainless steel tubes

Note: N was assumed as 3 due to difficulty
in obtaining its experimental value in a
tube

[32], because cracks open by tension (mode I of fracture me-
chanics) at the tube edges [33].

Dt = [ gz (5)

g

Subsequent crack propagation was performed by means of
a deletion technique in which elements were removed from
the mesh when damage reached a critical value D™,

The central processing unit (CPU) time for a typical anal-
ysis using a convergence criterion for the velocity field and
residual force equal to 10~ was approximately 4 h on a com-
puter equipped with an Intel 17-6950X CPU processor.

3 Results and discussion
3.1 Strain loading path

The feasibility of integrating tube expansion in wire arc addi-
tive manufacturing (WAAM) routes to prevent the formation
of humps, facilitate the construction of overhangs and elimi-
nate the need of support structures requires understanding the

1000
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<

& 600
g
@

£ 400
w

200

O 1 1 1
0 0.2 0.4 0.6 0.8
Strain
(b)

Fig. 6 a Schematic representation and photograph of the regions of the tubular preforms from where the cylindrical discs of the test specimens were
obtained. b Flow curves of the additively manufactured AISI 316-L stainless steel tubes obtained from stack compression tests in the thickness direction
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Fig. 7 Typical finite element
model utilized in the numerical
simulation of tube expansion with
a rigid tapered conical mandrel
showing details of the tube and of
the active tool parts
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extent to which the deposited material is ductile enough to
withstand the large plastic deformations arising from tube ex-
pansion with a rigid tapered conical mandrel.

The solid and dashed blue lines in Fig. 8a are the experi-
mental and finite element predicted strain loading paths for the
expansion of the additively manufactured AISI 316L stainless
steel tubes with indication of the onset of necking (at the end
of the solid and dashed blue lines) and of the onset of fracture
(rectangular blue solid marker at the end of the vertical dotted
blue line). The results obtained for the wrought commercial
AISI 316L stainless steel tubes are depicted in black and are
included for reference purposes.

As seen, the strain loading paths of the additively
manufactured tubes are slightly deviated towards plane strain
due to anisotropy, while those of the wrought commercial
tubes, which are isotropic, are in close agreement with uniax-
ial tension ( deg/de, = — 2). The anisotropic behaviour of the
deposited tubes is caused by a dendritic microstructure that
forms in the build direction (longitudinal direction) during the
heating and cooling cycles of material deposition (Fig. 8b).
The strain values at the onset of failure by fracture are in close
agreement with the fracture forming limit (FFL) line that had
been previously determined by Pragana et al. [27] using ten-
sion tests (TTs) and ring hoop tension tests (RHTTs).

The striations that are visible on the expanded sur-
face of the additively deposited tubes (Fig. 8c) are also
related to the dendritic based microstructure and are
caused by the growth of stable necks within the primary
arms of the dendrites along the circumferential direction
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!
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i Material
‘ flow
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subjected to uniaxial tension or near uniaxial tension
states of stress. A similar result had already been ob-
served by Pragana et al. [27] in RHTTs performed on
specimens machined out from the transverse and in-
clined directions.

The agreement between the experimental and numerical
predicted strain loading paths is very good and confirms that
the overall strategy utilized in material characterization and
finite element modelling was adequate. Comparison of the
local major strain €y values obtained from DIC and finite
element modelling that is shown in Fig. 9 further confirms
what was said above.

Detail C

Rigid tappered
conical mandrel

3.2 Damage and cracking

As previously mentioned, the expanded tube edges are subject
to uniaxial tension (or near uniaxial tension) in which oy is the
only (or the most important) acting stress. The thickness stress
oy =0 and, therefore, the surfaces of the expanded tube edges
are regions under plane stress deformation conditions, as may
be inferred from the finite element predicted distributions of o
that are shown in Fig. 10a.

Taking the above conclusion into consideration, it is pos-
sible to transfer the experimental strains obtained by DIC from
principal strain space (Fig. 8a) to the space of effective strain €
vs. stress triaxiality 77 = 0y, /@ (Fig. 10b) by means of a simple
analytical procedure based on the application of the following
two equations derived from Hill’s 1948 yield plasticity crite-
rion and associated constitutive equations [34]:
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Fig. 8 Tube expansion with a rigid tapered conical mandrel. a of the cracks and of the adjacent surfaces at the end of tube expansion.
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In the above equations, the symbol o denotes the effective

N W s (L+5) stress, o, is the hydrostatic (mean) stress, 3= dzsg/de, is the
) %o 3T+ ar 2r Y @

\/ A+ # slope of'the strain loading path at a specific strain pair (¢, €g),

(6) and r is the normal anisotropy taken as 0.7 and 1 for the
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Fig.9 Finite element and experimental DIC values of the major (circumferential) strain £¢ for an instant of time close to the onset of failure by necking. a
Wrought commercial tube. b Additively deposited tubes
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Fig. 10 a Finite element predicted distribution of thickness stress o, at
different instants of tube expansion. b Experimental evolution of effective
strain with stress triaxiality for the additively manufactured and wrought

additively manufactured and wrought commercial AISI 316L
stainless steel tubes, respectively [27].

The result of the transference is shown in Fig. 10b, and the
two-coloured areas that are bounded by the loading paths and
the vertical axis are the experimental critical values D (6) of
the ductile damage criterion of McClintock [32] for the addi-
tively manufactured (AM) and wrought commercial (WC)
AISI 316L stainless steel tubes:

DSy = 0.16; Dt = 0.17 (7)

As shown in Fig. 10b and Eq. (7), the formability of the
wrought commercial tubes is greater than that of the additively
manufactured tubes, but the latter are still very much capable

Fig. 11 Finite element predicted Ductile Damage:
distribution of ductile damage (McClintock)
according to McClintock [32] 0
criterion after crack initiation and

propagation with a photograph of

an additively manufactured tube
0.04

0.08
0.12

0.16

-0.1 0 01 02 03 04 05 06

Stress triaxiality

(b)
commercial AISI 316L stainless steel tubes subjected to expansion with a
rigid tapered conical mandrel

of withstanding large plastic deformations and to be success-
fully integrated in hybrid additive manufacturing routes.

The experimental critical values D of ductile damage (7)
were utilized in finite element modelling of tube expansion to
identify the onset of failure and to perform crack propagation
by means of the element deletion technique that was previous-
ly described in Sect. 2.3. The result for the additively
manufactured tubes is shown in Fig. 11.

3.3 Required forces

Hybridization of additive manufacturing by integration of
tube end forming operations such as tube expansion shortens

(@) (b)
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Fig. 12 a Experimental and finite element predicted evolution of the force with displacement for the expansion of additively manufactured and wrought
commercial AISI316L stainless steel tubes with a rigid tapered conical mandrel. b Photographs of the two types of tubes after cracking

the processing time and ensures higher accuracies in the fab-
rication of complex parts. However, this strategy is dependent
on the maximum compression force available in the system,
which must be kept as small as possible to avoid removing the
parts from the AM system and perform intermediate tube end
forming operations in a press.

Finite element simulation is therefore important to predict
the required forces and to plan the overall hybrid additive
manufacturing route. Figure 12 shows the experimental and
finite element predicted evolutions of the force with displace-
ment for the expansion of an additive manufactured AISI
316L stainless steel tube with a rigid tapered conical mandrel.

As seen, the total displacement at the onset of failure is
similar, meaning that the expansion of additively
manufactured tubes allows constructing overhanging flares
with significant diameters of the leading tube edge in
rotationally symmetric hollow parts without using support
structures or complex deposition strategies. The maximum
required force at the instant when the tube fails by necking
and subsequent cracking is below 120 kN and roughly 10%
smaller than that required by the wrought commercial AISI
316L stainless steel tubes used as a reference. This value is
small enough to be easily included in a hybrid additive
manufacturing commercial system.

4 Conclusions
Hybridization of metal additive manufacturing by integration

of tube end forming operations is feasible because the additive
manufactured tubes are capable of withstanding large plastic

@ Springer

deformations before failing by necking and subsequent crack-
ing. Experimental and numerical simulation work performed
in the expansion of additively manufactured AISI 316L stain-
less steel tubes with a tapered conical mandrel shows that the
overall formability limits by necking and fracture are 21% and
30% smaller than those of wrought commercial tubes due to a
dendritic microstructure that forms in the build direction dur-
ing the heating and cooling cycles of material deposition.
However, the additively manufactured tubes are still appropri-
ate to create flares and other overhanging geometries by ex-
pansion without resorting to material deposition and to the
utilization of additional support structures.

Finite element modelling of tube end forming opera-
tions performed with additively manufactured tubes
must consider the anisotropic behaviour of the deposited
material and is suitable to replicate the strain loading
paths and the required forming forces. The latter were
found to be approximately 10% smaller than those re-
quired by the wrought commercial tubes and easily in-
cluded in a hybrid additive manufacturing commercial
system.
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