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1. Introduction

The application of multi-material designs in combination with
newly developed and more sophisticated materials is a current
development in various industries to decrease a structures weight.
In this lightweight design concept, the material selection is being
made in accordance with the local requirements of a structure, such
as the acting mechanical stresses. For instance, in the automotive
industry, an increasing number of steel components was replaced
by parts manufactured of light metals such as aluminum and mag-
nesium alloys in recent years. It is expected that this trend will
continue and even increase in the coming years (Schiirmann, 2007).
The so-called space frame design is another innovative lightweight
design concept. These structures, which are especially suitable for a
low volume production are already commonly applied in the auto-
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motive industry (Friedrich, 2013). An example is the space frame
of the Audi A8. Chatti (2004) states that extruded aluminum pro-
files are particularly suitable for manufacturing such lightweight
structures. Due to their high freedom in the cross sectional design,
load-adapted and functional shapes can be manufactured and parts
with a high stiffness, but a low mass, can be realized.

However, the potential of high weight reductions of space
frames and multi-material structures is opposed by the very
complex demands on the joining technology for these kinds of
structures (Mori et al., 2013). For multi-material structures, con-
ventional and widely used joining techniques often reach their
technical limits because of the dissimilar material properties of
the work pieces to be combined. For example, thermal welding
cannot be applied if a significant difference in melting tempera-
ture and thermal conductivity exists. Due to the formation of the
so-called heat-affected zone (HAZ), the joining of pure aluminum
space frames can sometimes also be very challenging for ther-
mal welding techniques. This area around the weld seam causes
a reduction of the connection strength. According to Barnes and
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Pashby (2000), a joint strength in the range of the base material
can only be achieved by a subsequent heat treatment of the joining
zone, which leads to an additional process step.

Alternative joining techniques, like mechanical fastening or
adhesive bonding, also have significant disadvantages which
exclude them from specific applications. For instance, mechanical
fastening requires the penetration of the joining partners, which
can lead to an inhomogeneous stress distribution and thereby to
critical notch stresses. As a result, the transferable loads might be
reduced. Mechanical fastening also requires supplementary con-
nection elements, like screws, bolts, or rivets. The typically very
long process times and the intensive surface preparation often nec-
essary to achieve high connection strengths are the major drawback
of adhesive bonding (Schiirmann, 2007).

According to Mori et al. (2013), some of these disadvantages
can be overcome by joining by forming processes. A technique
especially suitable for the manufacturing of profile to profile con-
nections is electromagnetic form-fit joining, which is also referred
to as electromagnetic crimping in this article. This process features
very homogenous bond characteristics and allows the rapid man-
ufacturing of multi-material joints without additional connection
elements or heating (Psyk et al., 2011).

2. Fundamentals of electromagnetic crimping

Electromagnetic crimping is a process variant of electromag-
netic forming (EMF). This energy-based impulse forming technique
uses pulsed magnetic fields to form highly conductive metals such
as aluminum (Winkler, 1973). The process can be used for the com-
pression or expansion of profiles with a closed cross section as well
as for forming sheet metal (Psyk et al.,, 2011). The compression
of tubular work pieces is the most common application of form-
ing profiles by this technique. This results from the relatively low
mechanical strength of coils for electromagnetic expansion and
their limited lifetime (Belyy et al., 1977). Besides forming opera-
tions, tubular work pieces and sheet metal parts can be joined by
EMF. The joints manufactured by electromagnetic forming can be
classified into three categories according to the dominating mecha-
nismagainstan external load: interference-fit connections, form-fit
joints, and adhesive bonds (Weddeling et al., 2011). According to
Psyk et al. (2011), all three mechanisms and any combination of
them can be applied for joining tubular parts. An interference-fit
joint is based on a difference in the elastic recovery of two work
pieces being joined, leading to an interference pressure between
the parts after deformation (Mori et al., 2013). For the manufac-
turing of form-fit connections, the material of one joining partner
is formed into an undercut (e.g., a groove) of the other partner.
Thereby, an interlock, which ensures the load transfer between
both parts is generated. Examples of this joint type are shown by
Fig. 1.

Magnetic pulse welding, which is also a process variant of EMF,
allows the generation of adhesive bonds (Mori et al., 2013). These
solid-state welds result from an impact of the joining partners
at very high velocities of up to several hundred meters per sec-
ond. The highest connection strengths can typically be achieved
by adhesive bonds and form fits. For magnetic pulse welding,
Aizawa et al. (2007) found connection strengths high enough to
cause a joint failure in the base material and not in the joining
zone. Park et al. (2005) observed such failure for form-fit connec-
tions as well. But compared to electromagnetic crimping, magnetic
pulse welding requires higher input energies to reach the neces-
sary impact velocities(Weddeling et al., 2014a). This leads to much
higher loadings of the tools and an advancement of wear of the EMF
equipment by the increased discharge currents. Therefore, form-fit
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Fig. 1. (a) Demonstrator space frame of the collaborative research center SFB TR10,
(b) and (c) electromagnetically crimped form-fit connections.

joints should be preferred if no other demands like gas-tightness
exist.

The earliest applications of electromagnetic crimping originate
from the electrical industry. Examples are swaging of copper tubes
to coaxial cables (Birdsall et al., 1961) and joining of metal fit-
tings to ceramic insulators (Rowland, 1967). Rowland (1967) also
introduces some applications for the automotive industry, e.g. the
sealing of rubber protective boots to ball joint housings and the
assembly of air brake hoses.

Fig. 2shows the general setup of electromagnetic crimping by
compression. This setup consists of the EMF machine, the tool
coil, and the workpiece and is represented by a RLC-circuit. Here,
the forming machine entails the inner resistance R;, the inner
inductance L;, and the capacitance C. The capacitance represents
a number of capacitors which are used to store the energy need for
the work piece deformation before the discharge. The combination
of tool coil and workpiece is considered to be the consumer load of
the circuit. A damped sinusoidal current I(t) is running through the
tool coil when the capacitors are suddenly discharged. Thereby, a
magnetic field H(t,r,z) is established around the coil and a secondary
current is induced in the workpiece. This induced current opposes
the primary current in the tool. Due to the secondary current, the
magnetic field is shielded from the inside of the tube and concen-
trated in the gap between coil and workpiece. As a result of the high
energy density between tool coil and tube, high Lorentz forces act
orthogonally on the profile.

The plastic deformation of the tube starts as soon as the stresses
in the profile reach the yield stress of the material. The Lorentz
forces acting on the workpiece generated by the magnetic field
H(t,r,z) are volume forces. According the Psyk et al. (2011), these
forces can be converted mathematically into the so-called mag-
netic pressure pmy(t,r,z). Winkler (1973) states that this pressure
depends on the magnetic field outside the workpiece Hy(t,r,z), the
penetrating magnetic field H;(t,r,z), and the permeability w:

plt) = 3t (H3(0) ~ HX(D) )

For materials with a high electrical conductivity, like aluminum,
it can be assumed that the magnetic field is completely shielded
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Fig. 2. (a) Setup of electromagnetic crimping, (b) groove dimensions.

from the inside of the tube (Psyk et al., 2011). Therefore, the mag-
netic field inside the tube is approximately zero.

P(t) = 311 H(0) ()

Experimental studies and analytical calculations of the magnetic
pressure by Miihlbauer and von Finckenstein (1967) have shown
that this assumption is valid if the ratio of the skin depth to the inner
radius of the tube is less than 0.2 and the ratio of wall thickness to
skin depth is larger than two. The magnetic field intensity H, in
the gap between coil and workpiece is a function of the discharge
current I(t), the number of coil windings n, and the length of the
tool lj-

n-I(t)

lcoil

Ho(t) = (3)

Typically, the discharge of the capacitors and thereby the pro-
cess, takes between 10 and 100 p.s. During this time, the workpiece
reaches strain rates of 104s~1 and velocities of up to 250m/s or
more (Psyk et al., 2011).

In the earliest studies on electromagnetic crimping, Biihler
and von Finckenstein (1968) examined the effect of different
dimensions of circumferential grooves on the achievable push-out
strength. The researchers adjusted the charging energy in such
manner to the dimensions of the groove that the tube wall just
touched the bottom of the groove. Their experiments showed a
significant influence of the groove width w and depths h (see
Fig. 2b) on the strength of connections with a rectangular groove
shape. They observed an increase in the transferable load with
a decreasing width and an increasing depth. Similar studies on
the influence of the groove dimensions on the transferable load
were performed by Park et al. (2005). In contrast to Biihler and

von Finckenstein (1968), the applied energy is not adjusted with
respect to the groove dimensions in this work. Instead, the authors
used the same charging energy in all of their experiments. Addi-
tionally, Park et al. (2005) applied several pulses in combination
with an adjustment of the location to the joining zone. Like Biihler
and von Finckenstein (1968), the authors found an increasing joint
strength with an increasing groove depth h. However, they also
observed that if the depth exceeds a critical value, the connec-
tion strength starts to decrease. Park et al. (2005) assume that this
effect results from a reduction of the wall thickness of the tube
and shearing at the groove edges. Concerning the groove width w,
the findings of the authors differ from those achieved by Biihler
and von Finckenstein (1968). Since the authors did not adjust the
forming pressure with respect to the groove dimensions and per-
formed multiple pulses, Park et al. (2005) observed an increasing
joint strength with wider grooves. This result can be attributed
to a larger contact area between tube and mandrel at the bottom
of the groove. Golovashchenko (2001) suggests a minimal groove
width of four times the tube wall thickness, since narrower grooves
need increased magnetic pressures to be filled. A further decrease
of the width of the form-fit element might affect the lifetime of
the coil negatively. For the groove depth, Park et al. (2005) recom-
mend a value which is at least bigger than the wall thickness of
the tube to provide room for the material flow. Furthermore, the
authors give a value of 0.05 times the average tube diameter for
the maximal depth. This value is selected due to the observation
of wrinkling, which reduces the joint strength at a certain groove
depth.

Weddeling et al. (2011) investigated the charging energy influ-
ence on the achievable joint strength. Similar to the observations
of Park et al. (2005), the authors found an increase of the contact
area at the groove base with an increase of the applied energy. They
assumed that this leads to the generation of an additional interfer-
ence fitin this section and, therefore, to an increasing joint strength.
Additionally, Weddeling et al. (2011) found a decrease of the flank
angle of the tube wall at the groove edge with an increase of the
charging energy. Due to the reduction of this angle, the deforma-
tion necessary for the tube material flowing around the groove edge
during pull-out is increased. This increased deformation requires
higher stresses in the tube wall and thereby leads to a rise of the
joint strength.

In their work, Biithler and von Finckenstein (1968) also observed
that a significant joint strength increase can be achieved by the
application of multiple grooves to the joining zone. The disad-
vantage of this design is the additional mass resulting from the
increased joining zone length.

Another significant dimensional parameter which influences
the transferable load analyzed by Park et al. (2005) is the groove
edge radius Rgg (see Fig. 2b). The researchers found that an opti-
mum for this parameter with respect to the connection strength
exists. They assumed that this results from two opposing effects.
Up to a certain limit, a decreasing radius leads to an increase in joint
strength, but when the edge radius becomes smaller than the opti-
mal value, shearing at the edge is increased, causing the strength to
drop. Park et al. (2005) state that the edge radius Rgg should not be
smaller than the wall thickness of the tube to avoid a wall thickness
reduction or shearing at this edge. To prevent a joint separation by
pulling the profile off the mandrel, the authors suggest that the
value of Rgg shall not be larger than half the groove depth.

Weddeling et al. (2011) investigated the influence of the groove
shape onthe achievable joint strength. In their research, the authors
applied three different form-fit element shapes: rectangular, cir-
cular, and triangular. They observed the highest strengths under
quasi-static loadings for connections with a rectangular groove
shape. According to the authors, this finding results from an addi-
tional form fit due to shearing at the groove edge.
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Fig. 3. Joining of connections with hollow mandrels (a) without support (b) with support (Weddeling et al., 2010). Computer tomography image of a connection joined (c)

without support and (d) with support.

One possibility to reduce the mass of a connection is the applica-
tion of hollow mandrels instead of solid ones (see Fig. 3a). Because
of the reduced cross-sectional area of such mandrels, their com-
pressive strength is also decreased. The general influence of the
compressive strength of the mandrel on the achievable connection
strength is investigated by Weddeling et al. (2010) for connections
with circumferential grooves and by Weddeling et al. (2012) for
joints with knurled joining zones. Both works reveal a significant
reduction of the transferable loads with a decrease of this value.
According to the authors, this effect can be attributed to a plas-
tic deformation of the mandrel during the joining operation and
a resulting decrease of the engagement of the joining partners. To
avoid such deformation during the joining process, Weddeling et al.
(2010) introduced a steel support into the hole of the inner partner
(see Fig. 3b). By comparing Fig. 3(c) and (d), it can be seen that the
plastic deformation of the mandrel is significantly reduced. With
this technique, the authors achieved joint strengths similar to those
of connections with solid mandrels.

In comparison to other conventional joining techniques like
mechanical crimping, electromagnetic crimping features very
homogenous bond characteristics. This results from a uniform
forming pressure distribution. Balanethiram and Daehn (1995)
state that various materials show increased forming limits under
impulse loads. Thereby, deeper undercuts can be filled with-
out damaging the deformed joining partner. As a result, higher
joint strengths can be achieved by electromagnetic forming than
by quasi-static joining techniques (Biihler and von Finckenstein,
1968). Another advantage of joining by electromagnetic forming
is that the applied forces can be adjusted very accurately via the
charging energy. Hence, the process is highly reproducible (Daube
et al., 1966).

A main problem of electromagnetic crimping is the extensive
and time-consuming joining zone design. This results from the fact
that the evaluation of the groove geometry necessary to transfer

a particular load is only possible by experimental or numerical
studies. The only analytical approach for the prediction of the
achievable joint strength with respect to the groove dimensions
isintroduced by Golovashchenko (2001). The model is based on the
membrane theory and gives the ultimate strength of electromag-
netically crimped joints. Due to the fact that this strength parameter
includes a plastic deformation and that the elastic strength is typi-
cally the upper load limit in structural design, the approach is only
suitable to a limited extent for the design of such connections. Addi-
tionally, the analytical model is only valid for joints with circular
grooves and conical form fits at the free end of a tube.

Another problem of electromagnetic crimping is the lack of
design guidelines for connections, which features hollow mandrels
to reduce the mass of the joining zone. It is only known that the
compressive strength of the inner joining partner affects the con-
nection strength (Weddeling etal.,2010). But there is no knowledge
about the relationship between compressive strength of the man-
drel and achievable joint strength with respect to the joining zone
geometry available.

The aim of this work is to solve these two major problems
of electromagnetic crimping and to facilitate the joint design of
such connections. Therefore, an analytical determination of the
transferable load is developed in the first step. In contrast to the
model developed by Golovashchenko (2001), this approach shall
allow the prediction of the pure elastic joint strength for form-fit
connections featuring different groove shapes. Subsequently, the
joining behavior and the load transfer of connections featuring hol-
low mandrels are analyzed experimentally. The objective of these
investigations is the identification and analysis of specific param-
eters of such joints affecting the achievable connection strength.
The focus of these studies is on the compressive strength of the
mandrels. Conclusively, a process window and design guidelines
for the manufacturing of joints with hollow mandrelsare devel-
oped.
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Fig. 4. (a) Assumed upward bending in the groove center during pull-out (b)
crimped joint with circular groove.

3. Analytical joint strength prediction

In the following, the analytical connection strength prediction
is introduced for joints with circular grooves. Since the model shall
also consider the shape of the form-fit element,it is adapted to
the two other basic shapes, rectangular and triangular,afterwards.
According to Weddeling et al. (2011), the axial force Fy; is chosen
as failure criterion of the connections under tensional loads. At this
yield force, the first relative movement between the joining part-
ners occurs and the plastic deformation of the connection starts,
respectively. Since only the elastic deformation of the joining part-
ners is considered by this analytical methodology, strain hardening
and wall thickness changes are neglected for the tube. The mandrel
is assumed to be rigid. The yield force is defined as the axial or
meridional stress o, p, respectively, times the cross-sectional area
Arof the tube at point D in Fig. 4a) (Weddeling et al., 2014b).

Fyj=0¢p-ArD (4)

For the determination of o4 p, the stress state during axial load-
ing needs to be calculated. For this purpose, the analytical approach
of Storoschew and Popow (1968) for the approximation of the stress
state in axisymmetric cylindrical shells is applied. This methodol-
ogy is based on the following differential equation describing the
stress state in such shells.

d0'¢ 0 5
r——+04—0p=
ar T %% (5)

Plane stress is assumed for this approach since the tube is con-
sidered to be thin-walled. Therefore, only the circumferential stress
o and the meridional stress o, are taken into account. The stress
oy in the radial or wall thickness direction is assumed to be zero.

For the jointed specimens treated here, it is assumed that the
tensional loading of the connections leads to an upward bending of
the profile (see Fig. 4a). Thereby, the contact between the joining
partners is reduced to the sections at the groove edges. This section
is typically small compared to the whole deformation zone. Hence,
it can be assumed that its influence on the meridional stress is small
as well. For such cases, Storoschew and Popow (1968) suggested
the simpler Euler-Eytelwein equation for belt friction to consider
the influence of the frictional forces between the partners on the
joint strength. The authors state that this approach entails only a
minor error. Because of the proposed simplification, the friction
term in Eq. (5) is neglected. Due to the presumption, that the con-
nection strength results primarily from the expansion of the tube
during pull-out, only the half of the tube geometry in pulling direc-
tion is considered for the following calculations (see Fig. 4b). The
stress state in this segment is assumed to be tension in circum-
ferential and meridional directions. In accordance to Tresca and
with oy bigger than o, it is found that yielding starts if oy equals
the yield strength oy of the tube. With this yield criterion, the
circumferential stress is eliminated in Eq. (5).

ClO'd)
I’F+O¢—Oy"[=0 (6)

The following solution of this differential equation, which
includes the integration constant K, is obtained by integration:

K
O'd) :Uy‘T“r ? (7)

By solving this expression for the deformed zone with respect
to the corresponding boundary conditions, the value of the merid-
ional stress o, p at point D in Fig. 4(b) is determined. The figure
displays that the forming zone is divided in three sections, A-B,
B-C, and C-D. For the segment A-B, it is assumed that the tube
wall follows the groove shape. The geometry of the curvature in
this area is described by the principle radius R;;. The section C-D
consists of the groove edge radius R,. This curvature radius results
from free bending of the tube wall at this location during joining
(Golovashchenko, 2001). Its value can be predicted based on the
stress state at the edge of the form-fit element during the gen-
eration of the joint and the tube properties. The straight section
B-iC is located between the two curved segments. It results from
the shapes of sections A-B and C-D. To determine the meridional
stress o p, EQ. (6) is solved successively for each of these sections.
For section A-B, the integration constant K, is evaluated based on
the assumption that the meridional stress o o at point Awithr=ra
equals zero. This leads to the following expression for Kj.

Kpa=—0y1-TA (8)

The function of the meridional stress o, o_p for the section A-B
with respect to the tube’s radius, r is found by combining this
expression with Eq. (7).

A
Op,A-B = Oy, T — Uy,TT (9)

The meridional stress O¢p In point B with r=rg is chosen as
boundary condition for solving Eq. (7) for the section B-C. Accord-
ing to Storoschew and Popow (1968), at point B o4, equals the
meridional stress caused by the radius reduction described by Eq.
(9), plus a stress increment Ao g. This additional meridional stress
is provoked by bending due to a change in curvature.

Op,8 = 0¢,A-B(TB) + A0y B (10)

Fig. 4b) shows that the curvature radius changes from Rr1 to co
at the transition from area A-B to B-C. Popow (1977) introduced
an approximation of a meridional stress increase caused by such a
radius change.



Fig. 5. Meridional stress increase Ao ¢ due to a change in curvature (Popow, 1977).

As displayed in Fig. 5, the author assumes that a workpiece ele-
ment moves from position (I to Q. If the length of the centerline of
the element is unchanged, the following relationship can be estab-
lished:

dBs = b qp, (11)
Rra
The angle dy is perpendicular to the centerline during the tran-
sition from (D to Q.

di

dy = 2 (12)

Based on the geometrical relationships in Fig. 5, the expression
for the increment dl can be found:

dl:(rb+ )dﬁb (Rla+ )dﬂa

= [Rerr%f (Rra+%) Rra}dﬁb—* ( 7R7> dpy (13)

Combining Eqgs. (13) and (12) leads to an expression of the dy
based on the curvature radii and d .

dy:( —%) By (14)

Popow (1977) assumes that under plane strain the work
required for the element movement from position () to @ equals
the deformation work necessary to bend a workpiece element
around a rotation angle (see Fig. 5).

Aoy, -s-Ryp-dy = Mg -dy (15)

Assuming an ideal plastic material behavior, the bending
moment Mg can be replaced by the fully plastic moment (Marciniak
etal., 2002) and the additional meridional stress resulting from the
curvature change can be expressed by combining Eqs. (14)and (15).

1 1 1
Ao, Oy T-S- (— - —) 16
b= y, T Rrb Rra ( )

The algebraic sign in the term in parentheses needs to be
reversed if the curvature radii Ry, and R, have different directions.

245

Fig. 6. Groove geometry parameters.

For the two principle radii, R;; and oo at the transition from sections
A-B to B-C, Eq. (16) takes the following form for Ao p:

The principle radius Ry is calculated based on the equation for
the radius R of a circular segment with respect to groove depth and
width (see Fig. 6):

s 4hZ4+w? s
R”:R_EZT_E (18)

Introducing the term of the additional stress Ao, and Eq. (9)
into Eq. (10) leads to the following function of the meridional stress
in point B:

ra
OB = 0y.T = Oy T +UyT7 (19)

Following the same procedure for the tube sections B-Cand C-D

leads to the meridional stress o, p at point D.

N a\ I's N TC N
= 1 _A
oD "”[ * [(4.&1 rB) 4. er} 4R

For this determination, a curvature change from oo to R;; is con-
sidered for position C and at point D, the radius of the segment
changes from Ry, back to cc.

As mentioned above, the principle radius Ry, results from free
bending at the edge of the form-fit element during joining. Based
on the work of Storoschew and Popow (1968), pure bending of a
workpiece curved in two planes is examined for the approximation
of this radius (see Fig. 7). It is assumed that while in plane A-A, no
moment occurs, in plane B-B, the bending moment Mg acts. The
equilibrium of moments displayed below can be established with
the rotation axis in plane A-A:

| @

o4Tpsdy(1 — cos B)Ri2 + 0ps Rp?sin B dy SH; p = Mg (21)

By assuming an ideal plastic material behavior and by express-
ing Mgas a fully plastic bending moment (Marciniak et al., 2002),
the equilibrium takes the following form:

1
jo'y,Ter =0 (22)

The value of Ry, is achieved by applying the positive square root
of the quadratic formula to this equation.

C)'g)Sil‘l2 ﬁRrZZ + 20'¢I‘D(1 — Cos ,B)er -

\/402 r2(1 - cos B)* + 2040y 1srpsin® f — 2041p(1 —cos B)

Ry =
o Zagsin B
(23)
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Fig.7. Assumptions for the determination of the groove edge radius R, (Storoschew
and Popow, 1968).

Since the groove edge radius R;, originates from the joining pro-
cess, its stress state has to be used for the prediction of this radius.
During joining the circumferential stress oqis compressive and the
meridional stress o, is tensional. The radial stress in the shell ele-
ment is neglected due to the assumption of a thin-walled tube. It is
assumed that oy has its maximum value in the groove center and
decreases toward the groove edges.

Due to the support of the mandrel, the circumferential deforma-
tion is suppressed at the edge. Hence, o is supposed to be about
zero at this position and Eq. (23) becomes indeterminate. Accord-
ing to Storoschew and Popow (1968), the solution for R, in case of
compression is found by applying L’Hospital’s rule.

Oy,T-S

Rez = 4.0y (1 - cos )

(24)

With the Tresca yield criterion, the following expression is
achieved for the determination of the substitute groove edge
radius:

S
Rr2 =

4.(1—cosp)

For the determination of the wrap-around angle f3 at the groove
edge, the groove angle a (see Fig. 6) has to be calculated first. Fig. 6
shows that this angle conforms to the angle between the mandrel
surface and the tangent at the edge of the form-fit element. For
known groove dimensions, it can be determined with the equation
for a circular segment.

(25)

o =2 arc tan (ﬁ) (26)
w

Since the magnetic pressure does not only act on the tube sec-
tion over the form-fit element but also on the areas next to it (see

Fig. 2), the workpiece is fully clamped at the groove edges and it
is assumed that its shape in axial direction is similar to the shape
of a fully clamped beam (Grote and Antonsson, 2009). Hence, the
wrap-around angle at the edge has to be smaller than «. According
to Weddeling et al. (2014b), it is assumed that S equals half of the
angle « for this analytical joint strength prediction.

B=1a (27)

The authors showed in their work regarding an analytical joint
strength prediction for form-fit connections joined by die-less
hydroforming that this is an appropriate assumption.

The tube radii at the observation points A-D are calculated in
accordance to the geometrical conditions displayed in Fig. 4(b).

_Dbm .S

A = 5 h+ 7 (28)
T'B:TA-‘,-hB:TA-i-Rl—](l —COSIB) (29)
I'c=1p— Aer =1Ip — er(l — COSﬂ) =1Ip — % (30)

For the determination of the final joint strength, the frictional
influence at the groove edges (section C-D) has to be considered. As
mentioned above, the Euler-Eytelwein approach for belt friction is
applied for this purpose. It considers friction by a natural exponen-
tial function, which includes the coefficient of friction us and the
wrap-around angle . For a further simplification, only the first two
terms of the corresponding power series are applied to the model
(Storoschew and Popow, 1968).

elh ~ (1 + /’Lfﬁ) (31)

By including this description of the influence of friction on the
connections strength in Eq. (20), the following expression for the
meridional stress at circular grooves in point D is found:

- S A\m, S |, S
76D = Oy [” [(4-&1 rB) e’ 44Rr2} ot 44Rr2} (1+up)  (32)

The value of s is selected in accordance to the standard “Sys-
tematic calculation of high duty bolted joints” (N.N., 2003) issued
by the Association of German Engineers (VDI). This standard gives
a coefficient of friction of 0.21 for the combination of aluminum to
aluminum, which is treaded in this work.

For connections with triangular grooves, the analytical joint
strength approximation is very similar to the one for circular
grooves. Eq. (32) is applied for the strength prediction of this con-
nection type as well. Only the tube radii, 74 and rg, and the principle
radius Ry are determined differently for this joining zone shape.
Fig. 8(a) displays the geometrical conditions of a triangular groove.
It is expected that the tube wall follows the groove geometry in
section B-C instead of A-B. This leads to a wrap-around angle §,
which is equal to the gradient angle of the groove shoulder.

B =arc tan (%) (33)

The segment at the bottom of the groove is assumed to be cir-
cular as in case of round grooves. Due to this shape, the tube wall
does not touch the groove base at point A. The location of the point
B is assumed to be in the center of the groove shoulder. Hence, its
axial position can be calculated by the following term:

w
2
Based on this assumption about the location of B, the other

geometrical parameters ra, g, and R;; can be determined for the
triangular groove shape:

Wwp = (34)

h
TB=Tp—35 (35)



Fig. 8. (a) Triangular and (b) rectangular connection joined by compression.
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ra =1 —hg =g — Ry1(1 — cos B) (37)

er (36)

The strength approximation for connections with a rectangular
groove shape is also very similar to the basic model for the circu-
lar joining zone shape. The geometrical conditions of this form-fit
element type are displayed in Fig. 8(b). All of these parametersare
calculated in the same way as for the circular grooves. The differ-
ence between the two approaches is the boundary condition for the
meridional stress in point A. Due to the flat base of the rectangu-
lar grooves, the deformation of the tube wall at the bottom of the
groove is not as geometrically restrained as for the circular joining
zones. Hence, it is assumed that a very short section of the tube wall
is parallel to the groove base at position A, which implies that the
principle radius Ry is not continuous at the center of the from-fit
element. Because of this curvature change from oo to R;q, it cannot
be assume that the meridional stress o 4 at point A equals zero.
Instead, the following boundary condition is applied for solving Eq.
(7) for this location:

oyr-S
Gd),A = AO’¢,’A = 4y’; ] (38)
A
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Table 1
Properties of the used electromagnetic forming system .

Forming machine Maxwell Magneform

(7000 Series)

Maximal charging energy Emayx in K] 12

Maximal charging voltage Unax in KV 8.16

Capacitance Cin wF 362

Inner inductance L; in nH 78

Discharge frequency w in 1/s (including tool ~61,281
and workpiece)

Inner resistance R; in m$2 54

The further approximation of the meridional stresses in the
other sections of the deformation zone follows the same pattern
as the model for the circular groove shape. Thereby, the equation
below is found for the meridional stress in point D for joints with
rectangular grooves:

- S q\a, S |, S |, S
%D =0T [H H(4Rrl 1) T 4R,2} e +4;3,2} o 4er} (1+ 1) (39)

4. Experimental procedure

The experimental investigations of this work are divided into
two parts. In the first part the analytical connection strength predic-
tion is verified and in the second part the joining and load transfer
behavior of connections featuring hollow mandrels is analyzed. The
joined specimens necessary for all experiments are manufactured
with a Maxwell Magneform (7000 Series) electromagnetic forming
machine (see Table 1). A directly acting coil K40-10/60 made by the
Poynting GmbH is used as a tool for all joining operations. This coil
features 10 copper windings distributed on a length I.,; of 60 mm.
The inner diameter of the coil windings is about 43 mm.

The applied charging energy is adjusted in accordance to groove
depth and width in such a manner that the form-fit element is just
“filled” (Weddeling et al., 2011). The term “filled groove” is defined
in accordance to Biihler and von Finckenstein (1971), meaning that
the tube wall just touches the groove base in the center of the
groove. For the determination of the appropriate energy level with
respect to the dimensions of the groove, the experimental approach
introduced by Weddeling et al. (2011) is used. In this methodology,
the inner joining partner is replaced by two steel cylinders con-
nected by a threaded rod. The distance between the steel parts
represents the groove width w. The tube is electromagnetically
formed into the gap between the cylinders and the resulting form-
ing depth hy is measured. By repeating this with different charging
energies, a graph of the relationship E versus hy with respect to a
specific groove width w is constructed.

This alignment chart, which is shown in Fig. 9, is used for the
determination of the required energy. The predicted energies are
increased by 10% to ensure filling of the groove independent of
any possible inhomogeneous workpiece properties. The aluminum
alloy EN AW-6060 is chosen as tube material for all tests, since
Barnes and Pashby (2000) state that the 6000 series alloys are very
suitable for space frame structures. The properties of this alloy
can be found in Table 2. For the experimental verification of the
analytical joint strength prediction, circular, rectangular, and tri-
angular grooves with varying depth (1.0 mm, 1.5 mm, and 3.0 mm)
and width (12 mm, 16 mm, and 20 mm) are applied.

As mentioned above, an interference fit is based on a difference
in elastic recovery of the two joining partners (Mori et al., 2013).
To suppress the formation of this additional bonding mechanism
and to ensure a load transfer merely based on a form fit, mandrels
made of EN AW-6060 are used for the verification of the analyti-
cal model (Weddeling et al., 2011). Additionally, a deformation of
the mandrel during the joining operation needs to be avoided to
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Fig. 9. Alignment chart for the process design of electromagnetic crimping.

Table 2
Material properties.

Material Chemical composition Temper condition Yield stress oy at 0.2% Yield stress oy,.01 at Ultimate strain in %
plastic strain in MPa 0.01% plastic strain in
MPa
EN AW-2007 AlCu4PbMg T4 263 - 14
EN AW-6060 AlMgSi T6 230 2125 13
EN AW-7075 AlZn5.5MgCu T6 460 - 10
EN AC-46000 AlSi9Cu3 - 140 - <1

ensure the generation of a pure form fit. Therefore, solid mandrels
are applied for this validation (Weddeling et al., 2011).

The influences of the compressive strength of the inner joining
partner on the transferable load are the primary interests of the
investigations on connections with hollow mandrels. A value that
describes the general geometry of such mandrels is Qyj, which is
the ratio of the inner dy; to the outer Dy; diameter of the mandrel.

(40)

This ratio is also a reference value for the mass and the com-
pressive strength of the inner partner. To achieve different values
of Qy, the inner diameter dy; of the mandrel is varied within this
work (see Table 3). Additionally, experiments with different man-

Table 3
Parameter variations of connections featuring hollow mandrels.

drel materials and groove shapes are performed to analyze the
effect of the compressive strength on the transferable load. The
aluminum wrought alloys EN AW-6060, EN AW-2007, and EN AW-
7075 are used for these tests (see Table 2). Additionally, connections
featuring mandrels of the aluminum cast alloy EN AW-46000 are
manufactured.

Subsequent to the joining operation, the achieved connection
quality in terms of pull-out strength is tested using a universal
tensile testing machine Zwick Z250. As pull-out rate of these tests
0.1 mm/s is chosen and the initial length Iy between the exten-
someter gages is set to 100 mm (see Fig. 10a). The ends of tubes
are supported by steel plugs during the tests to avoid its defor-
mation by the grips of the testing machine. According to Biihler
and von Finckenstein (1968), the force Fy at which the first rela-

Material Chemical composition Groove dimensions wxh in mm Diameter ratio Qu

EN AlCu4PbMg 12x3.0 0, 0.58, 0.64, 0.68
AW- 12x1.0 0,0.59, 0.74, 0.78, 0.81
2007 12x1.5 0, 0.55, 0.69, 0.75, 0.78
EN AlMgSi 12x3.0 0, 0.43,0.58, 0.64, 0.68
AW- 16 x 3.0 0,0.53,0.58, 0.64, 0.68
6060 20 x3.0 0, 0.56, 0.58, 0.64, 0.68
EN AW-7075 AlZn5.5MgCu 12x 3.0 0, 0.58, 0.64, 0.68

EN AC-46000 AlSi9Cu3 12x 3.0 0,0.44, 0.58, 0.64, 0.68




Fig. 10. (a) Typical pull-out curve of crimped specimens (b) modes of final joint
failure.

tive movement between the joining partners occurs and the plastic
deformation of the whole specimen begins, respectively, is chosen
as failure criterion of the connection. This value is characterized by
a change in slope of the force-strain curve (see Fig. 10a).

Instead of the commonly used 0.2% plastic strain value for the
yield stress determination, the 0.01% value is chosen to receive a
more accurate prediction of the joint failure.The yield stress oy of
the connection is found by dividing the yield force Fy of the joint
by the cross-sectional area At of the weakest joining partner, which
is typically the tube.

oy =22 41
v.J AT ( )

To achieve a better comparability of the measured connection
strengths, the geometry and material-independent specific joint
strength 6y is introduced:

- O,
Oy,] = v (42)

This strength value gives the joint failure in relation to the yield
stress of the weakest joining partner. The yield strength oy 01,1
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at 0.01% plastic strain is applied in this term, since 0.01% plastic
strain is selected as the joint failure criterion. The corresponding
value for the tube material can be found in Table 2. The yield stress
0y,001,T, is defined as the yield force Fy 1 of the profile divided by its
cross-sectional area Ar.

Fy 1
0y,001,T = X*T (43)

By combining this term, Eqgs. (41), and (42), the specific joint
strength 6y j can be determined by the following term:

5 Ky
Oy, = Fny (44)

Fig. 10b) displays the three typical modes of final failure that are
observed in this study. For the shallow and wide grooves, the tubes
are typically pulled off the mandrel. Compared to this, the deeper
and narrower groove geometries show tearing of the tube since
this is the weaker joining partner. In general, connections failing by
this type show a higher specific and higher ultimate strengths than
the joints whose tube and mandrel get separated without fracture.
Their final failure also occurs more suddenly. For hollow mandrels,
an additional final failure mode is observed. If the inner diameter
of the inner partner is increased up to a value at which the cross
section at the groove base has a similar size as the cross section of
the tube, fracturing of the mandrel is seen (see Fig. 10b).

In order to evaluate the fatigue behavior of electromagnetically
crimped form-fit connections, selected joints are also tested under
cyclic loading. For these experimental investigations, a servo-
hydraulical force-controlled test rig is used. A sinusoidal function
with a cycle frequency of 2 Hz is chosen as load curve. Avalue of zero
is selected as load ratio R| here. This value gives the ratio between
the lowest stress o, and the maximal stress omax of a load cycle
(Roesler et al., 2007).

Omin

R = O (45)

Selecting Ry =0 implies that the acting loads are only in the ten-
sional range with a minimal stress of zero and a maximal stress
twice the load amplitude o4. The tube ends, which are clamped by
the grips of the testing machine are covered with a rubber coat-
ing. Due to the different Young’s modulus values of the steel grip
and the aluminum tube, a relative movement between both parts
occurs during the fatigue testing. This leads to fretting at the inter-
face of grip and profile (Hills, 1994). As a result, multiple cracks
are initiated in the tube, which cause an early failure of the tube at
the clamps. By the rubber coating, the grips and the specimen are
decoupled and a fracture of the tube at this location can be avoided.

To quantify the difference between the analytically approx-
imated joint strengths and the corresponding experimental
results, the mean absolute percentage error (MAPE) is deter-
mined (Armstrong, 1985). This value reflects the average deviation
between model and experiments.

o (452)

MAPE =
N

(46)

Here, A; represents the actual or experimental result and F; stands
for the corresponding forecasted or analytically predicted connec-
tion strength values. The variable N represents the number of data
points compared.

In order to determine the filling of the grooves and to detect
a potential plastic deformation of the hollow mandrels, computer
tomography (CT) and X-ray radioscopy investigations are carried
out additionally. For these investigations, two different CT systems,
a phoenix v|tome|x L240 and a Yxlon-CT Precision are used. All rel-
evant parameters of radiographical analyses are shown in Table 4.
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Table 4

Parameters of the radioscopic and computer tomographic measurements.

Specimen type

Joints featuring solid mandrel

Joints featuring hollow mandrels

Computer tomography system
X-ray tube

Phoenix v|tome|x L240
Micro-focus tube with direct beam tungsten

Yxlon-CT Precision
Micro-focus transmission tube with tungsten

target
Acceleration voltage 230kv
Tube current 100 pA
Prefilter 0.5mm Cu
Focus-object-distance 131 mm
Focus-detector-distance 1200 mm
Magnification ~9.2
Geometry Cone beam
No. of angular positions 2200
(CT imaging)
Angle increment ~0.164°
(CT imaging)

Detector typ
on 409.6 x 409.6 mm

Flat panel-detector, 2048 x 2048 square pixels

target
150kV

40 pA
None
75mm
690 mm
~9.2

Cone beam
2100

~0.171°

Flat panel-detector, 2048 x 2048 square pixels
on 409.6 x 409.6 mm

Fig. 11. Comparison of analytically predicted and experimentally determined spe-
cific joint strength for circular grooves joined by compression.

5. Experimental validation of the analytical joint strength
prediction

The experimentally determined specific strengths of joints with
circular grooves are plotted versus groove depth h for each of the
three different groove widths w in Fig. 11. As shown in Weddeling
et al. (2011), the connection strength increases with an increasing
depth and a decreasing width. The figure displays that the strengths
predicted analytically by Eq. (32) are in good accordance with the
measured values of the experiments. The mean absolute percentage
error between the calculated strength and the measured ones is
13%. This denotes a good suitability of the analytical approach for
the design process of the joining zone.

Based on the analytical model, the joint strength increase for
deeper grooves can be attributed to a smaller tube radius r, and,
therefore, to a higher degree of radial expansion necessary to pull
the tube of the mandrel. The principle radii R;; and R, are smaller at
deeper grooves as well. This leads to a rise of the additional merid-
ional stresses in the tube wall resulting from a bigger curvature
change. The joint strength increase for narrower grooves can also
be explained by higher bending stresses during pull-out sinceR;4
and R, decrease with areduction of w as well. Furthermore, groove

depth and width influence the wrap around angle 8. With increas-
ing depth and decreasing width, the angle S gets bigger as well,
which leads to an increase of the frictional term in Eq. (32) and a
rise of the specific joint strength.

Fig. 12a) shows the results of the pull-out tests for connections
with a rectangular groove shape. A similar effect of groove depth
and width on the specific strength as for joints featuring circular
grooves is observed here. The difference between both shapes is
that the results of the rectangular grooves show a maximum joint
strength value. According to Weddeling et al. (2011) and Fig. 13a),
this can be attributed to shearing of the tube at the groove edges.
The amount of shearing at this location increases with deeper and
narrower form-fit elements, since higher magnetic pressures have
to be applied to fill such geometries. Up to the maximum, the shear-
ing causes an extra interlock leading to an increased strength. At a
certain groove depth, the thinning of the tube due to this effect will
weaken the joint more than the strength increase caused by the
additional interlock. Although shearing can lead to a partial quasi-
static joint strength increase, it shall be avoided since it could lead
to a reduction of the fatigue strength.

Since Fig. 13b) shows that this effect does not even occur at the
deepest and narrowest circular groove, the application of this shape
offers a possibility to counteract shearing. The figure only indicates
necking at the groove edge for this groove type, which also leads
to a reduction of the wall thickness of the workpiece. Hence, it is
assumed that a maximum joint strength exists for circular grooves
as well. But since the thinning of the tube wall is much smaller than
shearing, the strength maximum must be located at a much bigger
groove depth. Although the deviation between analytically pre-
dicted and measured joint strengths increases with deeper form-fit
elements, the model and the experimental results are in general
also within good accordance for connections featuring rectangular
grooves. The mean absolute percentage error between model and
experiments is here about 19%. The difference between the mea-
sured and the approximated strength values can be attributed to
the fact that the model does not consider shearing.

The X-ray image of the deepest and narrowest triangular groove
in Fig. 13c) shows the absence of shearing for this shape as
well. Hence, connections with triangular form-fit elements show
a similar relationship between groove dimensions and achievable
strength as joints featuring circular grooves (see Fig. 12b). In con-
trast to circular grooves, it is observed that the triangular shape
shows a lower amount of necking at the edge of the groove (com-
pare Fig. 13b) and c). This can be attributed to the fact that this
shape is not completely filled at its center. Thereby, a tube formed
into triangular groove is stretched less in the meridional direction
than a profile formed into a circular form-fit element. Since the



Fig. 12. Comparison of analytically predicted and experimentally determined spe-
cific joint strength for (a) rectangular grooves and (b) triangular grooves.

circumferential strain at the groove edge is about zero after the
forming operation for both shapes and due to volume constancy,
the triangular grooves show a decreased degree of deformation in
wall thickness direction at the edge. As aresult, the amount of neck-
ing is reduced at this location for triangular grooves compared to
circular ones.

It is displayed by Fig. 12b) that the analytically predicted joint
strengths also correspond very well to the experimentally obtained
values. The MAPE value between analytical approximation and
experiments is about 24%. To verify the geometrical assumptions of
the tube wall shape in section A-B of joints with triangular grooves,
the calculated tube radii ra at point A are compared to the experi-
mental values for this radius. These values are determined from the
X-ray pictures of the different parameter variations (see Fig. 13c). As
shown by Table 5, the calculated values are in good accordance with
the experimental radii. Therefore, the geometrical assumptions of
the model are proven to be reasonable.

In Fig. 14, the achievable joint strengths for the three different
groove shapes are directly compared. The diagram displays that the
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Fig. 13. Picture of (a) a rectangular groove (Microscopy), (b) a circular groove (X-ray
picture) and (c) a triangular groove (X-ray picture).

highest loads can be transferred by joints with a rectangular geom-
etry, which results from the assumption of an additional curvature
change at point A and the resulting meridional stress increase. The
flat section that causes this geometrical change at the groove cen-
ter can be seen in Fig. 13 a). The lowest connection strengths are
observed for the connections with triangular grooves. The lower
strength of this joint type compared to connections with circular
grooves can be attributed to the bigger tube radius ra at point A.
Hence, the tube needs to be expanded less when pulling it off the
mandrel.

A parameter whose influence on the joint strength is particu-
larly interesting with regard to the observed shearing is the groove
edge radius Rgg at rectangular form-fit elements. Fig. 15 shows the
experimentally determined specific joint strengths with respect
to Rgg for selected combinations of width and depth. The edge
radius is varied between zero and a maximum, which equals the
groove depth. This variation does not show a significant effect on
the achievable joint strength. This finding differs from the results
of Park et al. (2005) who found an optimum of Rgg with respect to
the joint strength. To find the reason for this difference, computer
tomography images of the joining zone are made.

Fig. 16 shows that shearing at the groove edge decreases with
an increasing radius Rgg. For increasing values of R¢g, it is assumed
that the reduced additional interlock at the edge is opposed by a
joint strength increase resulting from larger wall thicknesses. These
two contrary effects lead to the observed constant specific strength.
Additionally, the constancy of the joint strength can be explained
with respect to the analytical model. The substitute groove edge
radius Ry, calculated by Eq. (25) is bigger for all considered param-
eter variations than the edge radius Rgg. The tomography pictures
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Table 5
Calculated and measured tube radius r4 for triangular grooves.

Groove dimensions w xh (mm) Measured radius ry (mm)

Calculated radius ra (mm)

Difference Ara (mm)

Deviation (%)

12x1.0 18.40
12x1.5 17.78
12x3.0 16.55
16 x 1.5 17.77
16 x 3.0 16.45
20x 1.0 18.28
20x 1.5 17.74
20x3.0 16.45

18.25 0.15 0.79
17.88 -0.10 0.55
16.79 -0.24 1.44
17.88 -0.10 0.58
16.77 -0.32 1.96
18.25 0.03 0.14
17.88 -0.14 0.76
16.77 -0.32 1.94

Fig. 14. Analytical and experimental comparison of the achievable specific joint
strength with respect to the groove shape.

in Fig. 16 also imply that Ry, is larger than Rgg and that the tube
wall does not fully abut on the groove edge radius. Due to this
finding, the calculated values of Ry, are applied to the analytical
strength prediction as tube radius at the groove edges instead of the
machined values of Rgg. Thereby, the influence of the groove edge
radius on the analytically determined joint strengths for the con-
nections treated here is eliminated. So, it can be assumed that the
connection strength does not necessarily depend on the machined
groove edge radius. In fact, it depends on the radius of the tube wall
at this location, which is influenced by the manufacturing process
and perhaps by Rgg. The good agreement between the analytical
and experimental results in Fig. 15 implies that this assumption is
reasonable.

The difference to the finding of Park et al. (2005) regarding the
influence of the edge radius can also be explained by this finding.
While in this work, the magnetic pressure is adjusted in accordance
to the groove geometry, Park et al. (2005) always used the same
pressure independently from the groove dimensions. They also per-
formed several pulses in combination with an adjustment of the
forming location during the generation of a joint. As a result of this
different procedure, Park et al. (2005) achieve a bigger contact area
between tube wall and groove surface. Since this also applies to the
area of the groove edge, it can be assumed that in their work R, and
Rgg are approximately equal. Thereby, the edge radius determines
R, and influences the joint strength in the research of Park et al.
(2005)

Based on the results above, it is suggested that the value of Rgg
shall be as large as possible to avoid shearing of the tube. But since

Fig. 15. Specific joint strength over edge radius for different groove dimensions: (a)
groove depth variation (b) groove width variation.

an edge radius bigger than the principle radius of the tube wall
might lead to a reduced joint strength, Rgg shall not exceed Ry,
established by the joining operation.

The good agreement between analytical and experimental joint
strengths in case of prevented shearing also supports the assump-
tion of an additional curvature change in point A for rectangular
form-fit elements, which leads to the increased transferable loads
of this shape compared to the other two.



Fig. 16. CT picture of the groove edge radius variation.

6. Joining of connections featuring hollow mandrels
6.1. Transferable loads of connections featuring hollow mandrels

As mentioned in Section 2, the influence of the compressive
strength of the mandrel due to a mass reduction in the joining zone
by applying hollow mandrels on the achievable joint strength is
not fully known yet. To analyze this effect on the transferable loads
of form-fit connections, specimens with varying mandrel diameter
ratios Qy are joined. Fig. 17 shows the experimentally determined
strengths of hollow mandrels with different groove depths (a) and
widths (b) plotted over Qy. The analyzed connections feature a rect-
angular groove shape. For all groove dimensions with respect to the
specific strength, the diagram shows the existence of an optimum of
Q. First, the connection strength rises with an increasing diameter
ratio up to its maximum.

This observation can be attributed to an additional interfer-
ence fit, which results from a decreased stiffness and an increasing
elastic deformation of the inner workpiece. Although both joining
partners are made of the same material, the different geometri-
cal dimensions of inner and outer part lead to a dissimilar elastic
recovery of the work pieces. Hence, a relatively small interference
fitis generated (Marré, 2009). In their work regarding interference-
fit connections generated by electromagnetic compression, Kleiner
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Fig. 17. Influence of the diameter ratio QM on the strength of joints with hollow
mandrels under a variation of (a) groove depth and (b) groove width.

et al. (2006) observed a similar correlation between joint strength
and the ratio Qy. For inner diameters larger than the optimal
value of Qy, the authors found a significant decrease of the joint
strength. This finding corresponds to the results of Fig. 17. Kleiner
et al. (2006) supposed that this drop in strength originates from
an elastic-plastic deformation of the inner partner. The significant
strength decrease of joints with thinner mandrels seen here is only
described partly by a reduction of the additional interference fit.
It does not explain the drop of the transferable load below the
value of connections with solid mandrels, which do not feature
an additional interference fit. Weddeling et al. (2010) attribute the
considerable strength decrease compared to joints with solid inner
partners to a significant plastic deformation of connections with
hollow mandrels during joining.

The computer tomography images in Fig. 18 show an increasing
mandrel deformation with larger values of dy;, because of a reduc-
tion of the compressive strength of the inner partner. As a result,
the groove edge angle yc is increased (Weddeling et al., 2010)
and the principle radii Ry and Ry, of the tube contour become
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Fig. 18. Computer tomography images of the joining zone deformation of hollow mandrels.

larger. Hence, the curvature changes of the profile in the joining
zone are less distinct compared to joints with solid mandrels and a
lower amount of bending is required during pull-out (see Section
3). Thereby, the additional meridional stresses and the total joint
strength are decreased.

To analyze the effect of the groove shape on the transferable
load of joints featuring hollow mandrels, connections with circular
and triangular grooves are manufactured as well. Fig. 19(a) illus-
trates the measured strength of connections with these shapes in
comparison to joints with rectangular grooves. It can be seen that
the triangular and circular geometries also feature an optimum of
Qum with respect to the specific strength. But compared to rectan-
gular grooves, joints with these groove types feature higher the
transferable loads at increased diameter ratios Q.

Fig. 20 illustrates that this can be attributed to the fact that
mandrels with triangular and circular form-fit elements are less
plastically deformed by the crimping operation. As shown by
Fig. 18, the largest joining-related diameter reductions of the inner
work pieces with rectangular grooves appear at the groove edges.
While the forming pressure is transferred by the tube directly to the
mandrel at these locations, pm(t) acts in the groove center only on
the profile. Furthermore, the cross section of the mandrel changes
at these positions abruptly from its largest to its smallest value.
Therefore, the full magnetic pressure acts at the groove edges on
the smallest cross-sectional area of the inner workpiece and it is
most deformed at these locations. In comparison to specimens with
rectangular form-fit elements, mandrels featuring the circular and
triangular grooves do not have such adrastic cross-sectional change
at the groove edge. Hence, their stiffness is higher at this position
and the full forming pressure does not act close to the section of
the mandrel with the lowest compressive strength. Thereby, the
plastic deformation of the inner joining partner due to the join-
ing operation is decreased and higher specific joint strengths are
achieved.

In addition to the investigations on the influence of the geo-
metrical joining zone properties on the specific joint strength, the
effect of the yield strength of the mandrel on the transferable loads
is analyzed. Fig. 19(b) shows that the transferable loads can be
increased significantly by increasing the yield strength of the inner
joining partner. With the inner partners made of EN AW-7075, a
maximal joint strength of about 85% of the strength of the tube is
achieved here. This is about 27% above the transferable loads of
connections featuring EN AW-6060 for both, the mandrel and the
tube. At the same time, the mass in the joining zone of these speci-
mens is reduced by up to about 70% compared to connections with
solid mandrels. The considerable rise in strength of joints featuring
mandrels with an increased yield strength can be attributed to two

Fig. 19. Influence of the diameter ratio QM on the strength of joints with hollow
mandrels under a variation of (a) groove shape and (b) mandrel material.
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Fig. 20. Deformations of hollow mandrels with different groove shapes.

effects. First, the compressive strength of the inner workpiece is
increased and thereby the deformation caused by the joining pro-
cessis decreased. As a result,the curvature changes of the wall of the
profile in the joining zone are more distinct. The transferable load
is increased due to the higher bending forces resulting from these
changes in contour during pull-out (compare Section 3). The sec-
ond effectleading to anincreased connection strength is caused by a
larger difference in elastic recovery of the joining partners because
of the higher yield strength of the mandrel material. Consequently,
the magnitude of the additional interference fit and, therefore, the
total joint strength are increased.

For the connections featuring mandrels made of the aluminum
cast alloy EN AC-46000, Fig. 19(b) includes only two strength values
with respect to the diameter ratio Qy;. The reason for this is that just
the solid inner partners and the hollow ones with a Qy ratio of 0.44
could be joined without a fracture of the mandrel. The failure of
this mandrel material during the manufacturing process at higher
diameter ratios Qy can be attributed to the very low formability
of EN AC-46000 compared to the aluminum wrought alloys (see
Table 3).

Fig. 21(a) illustrates that the fracture of the inner partners
occurred close to the groove edge, since the full forming pressure
acts here on the smallest cross-sectional area of the mandrel during
the joining operation (see above). Fig. 19(b) depicts that the spe-
cific strengths of the connections featuring inner joining partners
made of the aluminum cast alloy EN AC-46000 are similar to those
of the joints with EN AW-6060 mandrels. A difference between
both materials is that the cast alloy does not show a rise of the
transferable load with an increasing diameter ratio Q. This can be
attributed to the fact that EN AC-46000 has a significantly lower
yield strength than EN AW-6060. Hence, the inner partner has a
smaller elastic recovery than the tube. But since this has to be vice
versa for the generation of an additional interference fit (Mori et al.,

Fig. 21. Fracture of joints featuring mandrels made of EN AC-46000 due to the
joining operation.

2013), the total strength of the joints with aluminum cast alloy
mandrels does not increase with an increasing value of Qy;.

6.2. Design strategies for the manufacturing of connections
featuring hollow mandrels

The observations of the previous section show that a target con-
flict between the reduction of the mass in the joining zone and
the achievable connection strength exists. On the one hand, the
inner diameter of the mandrel should be as large as possible to
achieve a high reduction in mass. But on the other hand, this can
yield to a considerable decrease of the transferable loads because of
a plastic deformation of the mandrel during the joining process. To
counteract this conflict, Weddeling et al. (2010) propose the appli-
cation of a support mandrel during joining (see Section 2). But this
approach has some critical disadvantages. A major handicap is that
the accessibility necessary to extract the support from the inner
partner subsequent to the joining operation is not always given,
especially when manufacturing complex space frame structures.
The generation of an additional interference fit is prevented by the
support tool. Hence, the full potential of the joints in terms of spe-
cific strength is not exploited. Finally, the method requires extra
tooling, which increases the expenses of the process.

Another option to prevent a significant strength reduction of
joints with hollow mandrels is the application of inner joining
partners with a compressive strength sufficient to resist a plas-
tic deformation during joining. The yield stress and the diameter
ratio Qy of the mandrel are the two main parameters influenc-
ing the compressive strength. Typically, Qy can only be adjusted
by the selection of the inner diameter dy; of the mandrel, since
the outer diameter Dy of this part is usually predefined by other
design requirements. Therefore, the threshold value dy;y of the
inner diameter at which the mandrel becomes plastic has to be
approximated to ensure an adequate joint design. For this pur-
pose, an analytical determination of dy;y with respect to the acting
forming pressure ps as well as the material properties and the geo-
metrical characteristics of both joining partners is introduced here.

Although electromagnetic joining is an impulse forming pro-
cess with a damped quadratic sinusoidal pressure pulse acting on
the workpiece (Psyk et al., 2011), a spatially and temporally con-
stant forming pressure pr is assumed here to simplify the analytic
calculation of dyy. The material behavior is supposed to be elas-
tic ideal-plastic. In Section 6.1, it is mentioned that only the areas
of the mandrel bordering the groove are directly exposed to ps via
the tube. In the section of the form-fit element the forming pres-
sure acts only on the profile. Hence, the inner and outer joining
partner are assumed as annulus segments under plane stress in the
following analytical approximation of dyy. For the mandrel, the
cross-sectional area next to the groove is considered here. When
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even the slightest gap between both work pieces is neglected, a
contact pressure py; occurs at the interface between the joining
partners when the tube is compressed. For a given material and
contact pressure,Szab6 (1964) introduced the following term to
approximate the diameter ratio Quy at which the elastic defor-
mation of the mandrel changes to an elastic-plastic one:

Quy = (1 - 2"““) (47)

Oy,M

While the mandrel is only exposed to py, the profile experiences
a loading from the inside by this pressure and from the outside by
the applied forming pressure p¢. For the relationship between the
diameter ratio Qr of the tube, its yield stress oyr, and the acting
pressures py, Szab6 (1964) gives the equation below:

1 2
—2-\/3-(pM—pf)2+(pf—pM-QT2) (48)
1-Qr

By rearranging this equation, the contact pressure py can be
determined for a given forming pressure:

Oy,T =

Pm [3Pf +piQr® — \/(Gy,TZQT4 —3pe? + 3Uy,T2) (QT2 - 1) (49)

1
T3+
The threshold diameter ratioQuy with respect to the workpiece
properties and the forming pressure ps can be predicted by this
expression and Eq. (47).

To ensure that the predicted value of Qv y leads only to an elastic
deformation of the mandrel, pris equated to the maximum pressure
of the magnetic pressure pulse, the amplitude pm max. An approach
to approximate the pressure pulse necessary to fill a given groove
geometry offers the analytical prediction of the dynamic response
of a fully clamped cylindrical shell developed by Youngdahl (1970).
Strain hardening and a strain-rate dependent material behavior
are neglected in this approximation to find a closed-form solution
for this problem. The basic idea of Youngdahl (1970) model is the
transfer of an arbitrary pressure pulse into a rectangular pulse that
leads to the same deflection. Because this pressure function repre-
sents the simplest dynamic loading, the mathematical description
of its deformation behavior is also simpler than for any other pulse
shape. The author introduced three characteristic pulse parameters
for this transformation: the total impulse I, the effective pressure
Pe, and, the time interval tmean.

t
Ie=/ pm(t)dt
ty

le

B 2. tmean

Pe

1 ("
tmean = n / (t—ty) -pm(t)dt
e fy

Here, the acting magnetic pressure pulse is represented by pm(t).
The times ty and t; are the beginning of the deformation and its end,
respectively. To predict t¢, which is not known a priori, Youngdahl
(1970) gives the expression below:

t
py(tp—ty) = / pm(t)dt (51)
ty

The variable py in this equation corresponds to the collapse pres-
sure of the shell element. At this pressure, the plastic deformation
of the tube segment over the groove starts. It depends on the yield

stress oy 1, the wall thickness s, and the inner radius rr of the tube
as well as on the width w of the groove:

» _2~oy,T~s (1 4~rT~s)
y \/§'rT w2

Youngdahl (1970) introduces the following expression for the
relationship between acting pressure pulse, collapse pressure, the
surface density pa,and the forming depth h in the groove center of
a fully clamped cylindrical shell element:

2
_ 3kt (1 _ ILY) (53)
4. pa-py De

Weddeling et al. (2015) reveal that the Egs. (50)-(53) represent
a sufficient analytical approach to predict the pressure amplitude
Pmmax required to fill a given groove geometry by electromagnetic
compression with respect to the geometrical characteristics and
the material properties of the profile. For simplification purposes,
the authors assumed a quadratic sinusoidal pressure pulse in their
study (Jablonski and Winkler, 1978). In accordance with the find-
ings of Beerwald (2005), they also suppose that the deformation
is completed during the first half-wave of the pulse. The authors
determine the pulse duration based on the discharge characteristics
of the used EMF system.

Fig. 22(a) displays the calculated values of Quyfor connec-
tions featuring hollow mandrels with different groove widths w.
Since wider grooves require lower forming pressures to be filled
(Weddeling et al., 2011), their threshold diameter ratios are bigger
than those ones of narrower form-fit elements. The experimen-
tally measured strengths of the joints with solid mandrels are
included in the diagram as horizontal lines to improve the com-
prehensibility of the analytical results. The findings indicate that
the introduced approximation predicts the diameter ratio Quy at
which the specific strength drops below the level of connections
with solid mandrels quite well. But with an increase of the width
w, the model starts to overestimate the threshold value Quy. This
observation can be attributed to the fact that with an increase of the
length of the form-fit element the groove section with its reduced
cross-sectional area takes up a larger proportion of the total joining
zone length.Hence, the weakening influence of the reduced cross
section in the groove area on the compressive strength of the man-
drel increases. Since this effect is not considered by the analytical
prediction of Quy, the deviation between experimentally deter-
mined threshold diameter ratios and the calculated ones increases
with an increase of w.

Based on this model and the analytical joint strength prediction
of Section 3, a method for setting up a process window for joining
tubular work pieces with electromagnetic compression is intro-
duced in the following. In the first step of the development of such
a process window, either a specific groove depth h or width w has
to be appointed. A simultaneous variation of both values results in
a very complex three-dimensional diagram with reduced compre-
hensibility. Here, a groove depth of 3 mm is chosen as an example.
The development of a process window for crimping joints featur-
ing hollow mandrels with a constant groove width can be found in
Weddeling (2014).

In the next step, the specific strengths ay  cai(w) for different
groove widths are predicted by the model of Section 3. Fig. 22(b)
illustrates that by connecting the intersections of the calculated
diameter ratios Qu,y and the corresponding joint strengths, the
boundary curve oy ;(Qum,y) is generated. Every combination of
strength and Quy below this function can be manufactured without
a significant reduction of the transferable load. To join any com-
bination above this curve and to prevent a considerable strength
decrease at the same time, an additional support mandrel has to be
applied to the joining zone, as described in the work of Weddeling
et al. (2010).

(52)
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Mandrel and joining zone characteristics.
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Material Temper condition Groove shape Groove dimensions wx h in mm Groove edge radius Rgg in mm Diameter ratio Qy
EN AW-6060 T6 rectangular 12x3 3 0.43
EN AW-6060 T6 triangular 12x3 - 043
EN AW-7075 T6 triangular 12x3 - 0.75

Fig. 22. (a) Specific joint strength versus diameter ration including the threshold
values of the QM,y (b) development of a process window for compressive joining of
hollow mandrels made of EN AW-6060 with a constant groove depth of h=3.0 mm.

Another boundary in Fig. 22(b) is the vertical line Qp; jjmjt. At this
diameter ratio the force Fy nm g, at which the smallest cross section
of the mandrel starts to yield, equals the yield force Fy 1 of the tube.
If the ratio Qy of the inner partner is increased above this value, the
mandrel becomes the weaker part of the joint. This leads to areduc-
tion of the total joint strength and the connections fail typically by
mandrel fracture (see Fig.10b). This boundary condition takes the
following form with the yield stresses of the joining partners, the

Fig. 23. Process window for compressive joining of hollow mandrels made of EN
AW-6060 with a constant groove depth of h=3.0 mm.

cross-sectional area of the mandrel Ay g beneath the groove, and
the cross section At of the tube:

Oy,M -AM,GB = Oy, T 'Ay,T (54)

The area Ay g can be calculated from the groove depth h, the
inner diameter dy;, and outer diameters Dy of the profile.

Am,cp =T KDzM - )2 - (?)2] (55)

The term for the maximal inner diameter of the mandrel dy; max
at which the profile is still the weakest partner of the connection is
found by combining Eqs. (54) and (55) with the expression for the
cross-sectional area of the tube.

D 2 o
iyt max = \/4~ (52 -n) - (o2 -ar) 22 (56)

y,.M

With d max, the boundary diameter ratio Qyp; jimir can be deter-
mined. The final process window for a connection with a groove
depth of 3 mm is displayed in Fig. 23. This diagram also includes
a function describing the mass reduction Am;(Qy) of the mandrel
with respect to the diameter ratio. The mass reduction Am; of the
inner workpiece in the joining zone is evaluated by the following
expression:

my,s — My h

57
- (57)

Amj =

This value includes the mass my s of a solid mandrel below the
groove and the corresponding mass my; , of a hollow inner partner.
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Fig. 24. (a) Connection strength of connections with two grooves (b) example of the
final joint failure by tube fracture.

Both values can be calculated with the dimensions and the density
p of the workpieces:

2
Mp,s =0 W-TT- (DMz_h)

Myp =0 W-TT- ((DMzh)z—(dZM)z) (59)

By combining the equations above, the following expression for
the determination of Amy is achieved:

(58)

_dv’
(Dm — h)?

The black dashed lines in Fig. 23 illustrate an example of the join-
ing zone design of a connection featuring a hollow mandrel with
the introduced process window. In this example, a specific strength
of 0.55 shall be achieved. To achieve the desired joint strength, a
groove width of about 12 mm is found with Eq. (39). The corre-
sponding diameter ratio Quy has to be at least 0.48 to prevent a
plastic deformation of the mandrel at the forming pressure lev-
elrequired to fill this groove geometry. The function Am;(Qu) in
Fig. 23 shows that a maximal mass reduction of approximately 35%
can be achieved for this connection without the application of a
support mandrel during the joining operation.

To realize a further increase in strength and/or a higher
mass reduction of the joint without supporting the joining zone
by a supplementary mandrel during the manufacturing process,
two additional approachescan be deduced from the finding of
Section 6.1. In the first one, a material with a higher yield

my = (60)

Fig. 25. (a) Fatigue strength of electromagnetically joined form-fit connections (b)
final failure under cyclic loading.

strength than the tube material is applied for the mandrel
(compare Fig. 19(b). Thereby, an additional interference fit is
generated and the total joint strength is increased. Furthermore,
the wall thickness of the inner partner can be decreased. As
a result, a higher mass reduction in the joining zone can be
achieved. In the second approach, a substantial mass reduction
without a significant drop in strength can be attained by the
application of mandrels with circular or triangular grooves (see
Fig. 19a).

To show the potential of form-fit joining by electromagnetic
compression, connections with optimized joining zone configura-
tions are manufactured. The objective is to achieve a joint strength
of about 100% of the yield stress of the weakest partner, which
in this case is the tube. Since the findings of Section 5 show
that shearing at the groove edges can be prevented by rectan-
gular grooves with an edge radius and by a triangular geometry,
these two shapes are selected here. Due to a stress concentra-
tion at the groove edge, the total strength of electromagnetically
crimped connections can also be reduced by thinning of the tube
wall (Park et al., 2005). Because the triangular groove shape shows
the lowest amount of thinning at the edge of all analyzed form-
fit elements, it is favored over the circular geometry (see Fig. 13).
Table 6 shows the selected groove dimensions. The alloy EN AW-
6060 is chosen as tube and mandrel material for both joining zone
geometries. For this material combination, an inner diameter dy
of 15.5mm is selected for the inner workpieces with rectangular
grooves based on Fig. 23. To ensure that a decrease of the trans-
ferable load due to a plastic deformation of the mandrel is avoided,
this value also includes a safety factor of about 1.15. The same value
of dy; is applied for the inner partners with triangular grooves.



Thereby, a plastic deformation of the mandrel is also avoided for
this element shape, since the rectangular form-fit elements show
the largest mandrel deformation of all considered groove types (see
Fig. 19a). With an outer diameter of 36 mm, the selected inner man-
drel diameter leads to a ratio Qy of 0.43 and a mass reduction of
27%.

As mentioned in Section 2, a significant increase of the connec-
tion strength can also be realized by manufacturing inner partners
with multiple grooves, which are consecutively placed in the join-
ing zone (Biihler and von Finckenstein, 1968). Therefore, two
identical grooves with a distance of 12 mm between each other
are placed in the joining zone to achieve the desired joint strength.
Golovashchenko (2001) gives the equation below for the prediction
of the total connection strength &, j ¢, resulting from two form-fit
elements in the joining zone:

Oy J,tot = Oy,1,1 + Oy),2 (61)

In this equation, the variables 6y j 1 and 6y | » represent the strength
increments resulting from the first and the second groove. A pre-
diction of the transferable loads with the analytical approach of
Section 3 combined with Eq. (61) gives an approximate specific
strength of 1.0 for the connections with the rectangular grooves
and a strength of 0.86 for the joints featuring triangular form-fit
elements (see Fig. 24a).

As mentioned above, the strength of crimped connections can
be increased by combining the form fit with asupplementary inter-
ference fit. To generate this additional load transfer mechanism,
a mandrel material with a higher yield stress than the one of the
tube material has to be applied. Hence, the inner joining partners
of the aluminum alloy EN AW-7075, which has a yield stress of
460 MPa, are also machined (see Table 6). In combination with EN
AW-6060 as tube material, the desired significant yield stress dif-
ference is obtained. The inner diameter of the mandrel and its ratio
Qu, respectively, are determined by Eqs. (47) and (49). Thereby,
a value of 29 mm for dy is found. The resulting diameter ratio is
approximately 0.81. But at this value of Qy, the maximum load
that can be transferred by the smallest cross section of the mandrel
is lower than the load which can be carried by the tube. Hence, the
inner joining workpiece becomes the weaker joining partner and
the transferable load of the connections is reduced. To avoid this,
a diameter dy; of 27 mm is chosen at which the smallest cross sec-
tion of mandrel and the cross-sectional area of the tube can transfer
the same load. With the resulting diameter ratio of 0.75, a mass
reduction of 81% is obtained.

Fig. 24(a) displays the achieved specific strength of these exam-
ple joints. Like the experimental data of the Sections 5 and 6.1,
the results show a small statistical dispersion. This implies a high
process stability. An average strength of 0.86 is achieved for the
connections featuring two triangular grooves and an EN AW-6060
mandrel. Compared to joints with just one form-fit element of this
shape, the transferable load is about double. Furthermore, the ana-
lytically forecasted strength value is in very good agreement with
the experimental results since the deviation between these num-
bers less than 1%.

For the joints featuring two rectangular grooves with rounded
edges and a mandrel made of EN AW-6060, a significant strength
increase of about 32% compared to the connections with just one
form-fit element is observed (see Fig. 24a). It is assumed that the
analytically forecasted strength of 1.0 is not achieved by this join-
ing zone design because of the complex, multi-dimensional stress
state at the groove edge during loading and a reduction of the wall
thickness of the tube at this location (see Fig. 16d). Despite the cre-
ation of an additional interference fit, the joints with EN AW-7075
mandrels failed also at about 90% of the yield stress of the tube
material, presumably for the same reasons. Fig. 24(b) shows the
observed final failure of the examined connections. By comparing

259

this figure to Fig. 10(b), it can be seen that the specimen fracture
of the joints with multiple grooves occurs in a section of the tube
outside the joining zone instead of at the edge of the form-fit ele-
ment as with some of the single groove connections. This finding
indicates that the transferable loads of the analyzed joints are in
the range of the strength of the base material. It can be attributed
to the fact that the section of the grooves is pre-strengthened by
strain hardening due to the joining operation. Hence, the final frac-
ture of the specimen takes place in the free tube section which did
not experience any strain hardening before tensile testing.

To evaluate the fatigue behavior of electromagnetically crimped
joints, the example connections with mandrels made of EN AW-
6060 are tested under cyclic loading. Within these experiments, the
behavior of the joints with triangular and rectangular grooves fea-
turingedge radii is analyzed. To determine the influence of shearing
at the edge of the form-fit element on their fatigue strength, con-
nections with a rectangular groove shape and without an edge
radius are tested as well. Besides the missing radius Rgg, the groove
dimensions and the diameter ratio Qy; of these mandrels are the
same as for the inner partners made of EN AW-6060 in Table 6. The
specific strength of the connections with Rgg =0 is about 0.85 and,
thereby, very similar to the quasi-static strength of joints which fea-
ture an edge radius (compare Fig. 24a). The load amplitudes o 4for
the fatigue tests are selected with respect to the determined elas-
tic joint strength. With the chosen stress ratio R =0 (see Section
4), the highest amplitudes of about 84 MPa lead to maximal cycle
stresses o'max of 168 MPa. This is about 80% of the yield strength of
the weakest joining partner, the tube, (see Table 2) and approxi-
mately 5-10% below the measured specific strengths of the tested
joints (see Fig. 24a). From this value, o, is reduced stepwise to
load amplitudes of 52 MPa. The resulting maximum cycle stresses of
104 MPa correspond to about 55% of the quasi-static joint strength
of the applied connections.

Fig. 25(a) shows the stress-cycle diagramobtained by the per-
formed fatigue tests. For all examined specimens, the number of
load cycles Ny until joint failure is between 5.6 x 104 and 6.23 x 10°.
For the higher stress amplitudes, the connections featuring rectan-
gular grooves with Rgg =0 endure a higher number of load cycles
than the specimens with the other two form-fit element shapes.
This observation can be explained by the notches in the tube mate-
rial, which are caused by shearing at the groove edge during the
joining operation. In ductile materials, like the aluminum alloy of
the profile, sufficiently large plastic deformations take place before
fracture occurs. Due to the multi-axis stress state at the notch, the
plastic deformation is constricted and thereby made more difficult
(Macherauch and Zoch, 2011). Hence, higher stresses are necessary
to achieve the required plastic deformations to failure. In the area
of short-time strength, where also large plastic deformations occur,
the fatigue strength of notched specimens is, therefore, higher than
the one of specimens without notches.

For the lower stress amplitudes, the connections with triangular
grooves can withstand the highest number of cycles. The joints fea-
turing rectangular grooves with rounded edges have slightly lower
fatigue strengths. This can be attributed to the increased thinning
or necking at the groove edge of this connection type compared
to the specimens with triangular form-fit elements. As shown in
Fig. 13(c), the triangular grooves are not completely filled at the
center and, thereby, the tube wall is stretched less in the meridional
direction than in the case with workpieces formed into the other
form-fit element shapes. Due to volume constancy and the fact that
the circumferential strain at the groove edge is about zero after the
joining operation, the triangular grooves show the lowest degree
of deformation in wall thickness direction at the edge. Hence, this
form-fit element type also features the smallest amount of necking
at this location (see Section 5). The connections with the rect-
angular grooves without rounded edges show the lowest fatigue
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strength for the lower stress amplitudes. This can be attributed to
the generated notches at the groove edges due to shearing caused
by the crimping process (see Fig. 13a).

The trends of the three examined groove shapes in the stress-
cycle diagramin Fig. 25(a) are linear, and all tested connections fail
at values of Ny significantly higher than 104. According to Roesler
et al. (2007), these findings indicate that all analyzed connections
have a high-cycle fatigue strength for the tested stress amplitudes.

7. Conclusions

An analytical prediction of the achievable strength of electro-
magnetically crimped joints under quasi-static tensional loads is
introduced and presented in this work. The parameters considered
by this model are the geometrical characteristics of the joining
zone, such as groove dimensions and shapes, and the material
properties of the joining partners. By experimental verifications,
it is shown that the developed approach allows a very accurate
estimation of the achievable joint strength of form-fit connections
manufactured by electromagnetic compression. The overall mean
absolute percentage error between the calculated joint strengths
and the experimentally determined ones is about 18%. Therefore,
the proposed model is well suited for the design of electromagneti-
cally joined form-fit connections. Furthermore, the analytical joint
strength prediction supplies a fundamental understanding of the
load transfer of this connection type. Thereby, it allows the indi-
vidual analysis of the influence of general groove parameters on
the achievable connection strength.

Additionally, the effect of the compressive strength of the inner
joining partner on the achievable joint strength is analyzed. The
corresponding experimental results illustrate the existence of an
optimal inner mandrel diameter dy; with respect to the transferable
loads. For values of dy; smaller than the optimum, a supplementary
interference fit is generated yielding to ajoint strength increase. If
the diameter of the mandrel exceeds its optimal value, a reduction
of the transferable load is observed. This finding can be attributed to
an increasing plastic deformation of the inner partner at the joining
operation. Itis found that this deformation can be reduced by apply-
ing triangular or circular grooves. Moreover, employing a higher
strength mandrel material has the same effect. The application of
such a material for the inner specimen also leads toan increased
interference fit and thereby toa rise of the total joint strength.

Finally, design strategies and an approach for establishing pro-
cess windows for the manufacturing of electromagnetically joined
form-fit connections featuring hollow mandrels are developed. The
objective of these methodologies is the maximization of the con-
nection strength while simultaneously reducing the mass of the
joining zone. Based on the established approaches, example joints
are designed and tested. Here, specific strengths within the range
of the yield stress of the base material are realized for all connec-
tions and the maximal achieved mass reduction of the joining zone
is 81%.

For the aluminum alloy EN AW-6060, the European standard
EN 1999-1-1 (N.N., 2014) provides an approximate specific joint
strength of 0.43 for metal inert gas welding and 0.34 for tungsten
inert gas welding. These reduced values originate from the heat-
affected zone that is generated during fusion welding. Transferable
loads more closely approximating the yield stress of the base mate-
rial can only be achieved by a supplementary post-welding heat
treatment (Barnes and Pashby, 2000). In contrast to this, the exam-
ple form-fit connections of this study exceed fusion-welded bonds
in strength by up to 100% and more (see Fig. 24a). Without a subse-
quent process step, joint strengths in the range of the yield stress
of the base material of the weakest joining partner are achieved by
these connections. Additionally, high-cycle fatigue strengths are

observed for all tested form-fit joints under cyclic loadings with
maximal loads in the range of 55-80% of the yield strength oy 01
of the tube.

Due to these findings and the fact that electromagnetic crimping
allows the manufacturing of multi material connections, the form-
fit joining process is very suitable for manufacturing high-strength
joints for lightweight frame structures.
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