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Plastic Collapse of Cylinders
Under Constrained Conditions

ERBEM,
Université Paris 8,
IUT de Tremblay, This paper deals with an experimental methodology of the large deformation of cylinders
93290 Tremblay-en-France, under constrained sides and end conditions. A specific arrangement of two geometrically
France identical cylinders compressed laterally is studied under different quasi-static strain rates.
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Several tests are performed using two different structural situations. In the first case, the
two cylinders are made from superplastic tin-lead alloy, while in the second case, one

K. Nesnas cylinder is made from superplastic and the other from steel. Different cylindrical geom-
GSM/LASMIS, etries are investigated having the same cross sectional area with different ratios of inner
Université de Technologie de Troyes, to outer diameter (di/do). The load-deflection curves are recorded and then the energy
B.P. 2060, absorbed per unit volume is determined. The experiments show obviously the remarkable
10010 Troyes cedex, sensitivity of the utilized superplastic to the strain rate in the range oP19-103/s. A
France two-dimensional finite element simulation is also conducted describing the collapse be-

havior of these cylindrical geometries in both structural cases under different strain rates.
A confrontation with experimental observation shows that the predictions describe fairly
well the experimentd.DOI: 10.1115/1.1543970

strained sides and end conditions under different strain fates
Since the past three decades, a great number of impact e 26&-‘ As a_comp!ementary study_,_the aim of this work is to expert-

: S . ntally investigate the capability of a new proposed mechanical
neering problems has been |nve_st|gated fot_:usmg notably on ice(Fig. 1) in absorbing the energy and to understand the large
c_jy_namlc response of structures in the'plast|c range. Devices Léstic collapse mechanisms of the structures under lateral com-
lizing large plastic deformation are widely used as a mean Bleggjye load in the case where the sides and the end of cylinders
absorbing energy and have a substantial role to play in the il ~onstrained. The same cylinders a$28,26 with different
provement of aircraft crashworthiness and vehicular collisfdhs yside/outside diameter ratiosREdi/do) ranging from O to
with the objective of minimizing human suffering and financiah 473, are tested under different strain rates in the range of
losses. A number of literature surveys representing the state of §4¢ 5/5_1-3/s. Two different structural situations are studied. In
art in this field(e.g.,[2—7]) give detailed discussions of the techspg first case, both cylinders are made from superplastic tin-lead
nigues and th_eoretlcal_treatments of_dlfferent absorbing dewceg”oy (deformable-deformable situatipreferred to agDD), while

Large plastic behavior of mechanical elemefiitates, shells, i the second case, one cylinder is superplastic and the other is
tubes, stiffeners).when subjected to various types of load hasiee. In this case referred to as deformable-nondeformable situa-
been the subject of several experimental and theoretical researafti$(DND), the steel cylinder deforms elastically during the test,
over the last decades. The main goal of these investigations iyfile the superplastic cylinder deforms plastically. The numerical
better understand the modes of deformation, then the resultiggdiction is made through the finite element technique modeling
failure and the energy dissipation patterns during collapses. Note
that the majority of the structures are subjected predominantly to
compressive loads. For any given device, the capability to absorb
the energy depends, in general, on the magnitude, type and
method of application of loads, strain rates, deformation or dis-
placement patterns and material proper{i¢s Moreover, each % / & L Upper platen
device has its own characters and features, so to understand the
material response during collapse, the plastic flGwollapse
mechanisms should be well determined through experimental
procedures.

Cylindrical tubes are deformable elements, which lead them-
selves to a wide variety of applications such as energy absorbers.
They can be plastically buckled under the action of axial load;
theories for the buckling in the plastic regi¢ézone in which the
plastic strain is well localized leading to plastic hingefre sug-
gested under static and dynamic logf8-12,6,13 and others
They can be also plastically flattened along their common tangent
under compressive loa.g.,[14-20), turned inside ouftube
inversion ([21-24 and others Hence, the crushinéaxially or
laterally) of cylinders has received a great deal of attention in the
contest of energy dissipating systems.

Recently, studies have been carried out concerning the large
plastic collapse of cylinders employing a special rig without con- /4
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the lateral collapse of two geometrically identical cylinders. Nu- 3%
merical solutions are carried out in finite rate-dependent plasticity
(viscoplasticity adopting the assumptions of plane strain and the 3% o FE-2D, v=0.2 mmimin

Norton-Hoff’s law as material behavior. The FE technique can Exp. v=0.2 mmimin

appropriately reproduce the observed plastic flow, compressive *°1 ... Exp., v=5 mm/min DND
force and energy absorbed evolutions during the plastic deforma-
tion of cylinders at different strain rates. Such simulations are
conducted with a commercial finite element code FORGE2
(Forge2 user’s manuglThis leads, despite the geometric assump-
tion and the simplicity of the employed constitutive law, to de-
scribe appropriately the collapse behavior of the cylinders. ] s

e FE-2D, v=20 mm/min
A FE-2D, v=5 mm/min

——Exp., v=20 mm/min =0

Il Experimental Procedure and Results

Cylindrical specimens of differentR) values are made from o . p .
superplastic tin-lead allog61.9 percent—38.1 percent by weight Displacement, (mm)
They are produced by forward extrusion with about 80 percent
reduction having almost the same cross-sectional area. A length@f. 3 Load-deflection characteristics at different strain rates
20 mm is always discarded after extrusion giving Speciméﬂ the deformable-nondeformable  (DND) situation for the speci-
lengths of 60 mm. For further details on the production technigu@ens of R=0
of the cylindrical specimens, the reader is to refer to the reference
(Abdul-Latif, 2000. The final dimensions of the employed cylin-
ders are listed in Table 1.

Th . tal tost ducted usi it is experimentally pointed out in Figs. 4 and 7 for a given axial
e experimental tests are conducted using a specidFit yisojacement for DD and DND, respectively. In order to study the
1). The whole specimens are loaded between the platens ofﬂegl mechanism in the case of DD and DND, the collapsed cyl-

Instron Universal Testing Machine at three constant cross heI : - . . )
S ) ers were sectioned, polished, projected on a profile projector at
speeds, 0.2, 5, and 20 mm/min, giving almost according to Adef?'magniﬁcation of ten and then traced. Figure 8 shows traces of

Latif [25] the representative strain rates ofx70 %/s, 1.8

X 10 3/s and 7x 10" %/s, respectively. In order to ensure the ex-
perimental results accuracy, each test is repeated twice under the
same experimental condition@pplied speed and temperature 6
Al tests are systematically conducted at the room temperature. If DD e e s
the difference between the two responses exceeds three percen & =8 mm e e roE 3
then another test has to be performed. For each case of R, threg, 0 Exp. Strain rate=7x10E-3/s
tests are conducted under increasing loading at different strain § ® Exp. Strain rale=18x10E3/s  ©
rates given above. Figures 2 and 3 show some selected load% A Exp. Strain rate=7x10E-5/s
deflection behaviors in the case of DD and DND, respectively.

The variation of the energy absorbed per unit volume \Rittatio

S
L

Table 1 Dimensions of tested cylinders & | e

Energy abosrbed per unit volum
N~

length 10, T ——— -9
No. (do), mm (di), mm di/do(R) mm volume,md & | T T Te—— S S a
1 24.4 0.0 0.0 60 28055,7 0 . , , .
2 24.9 5.08 0.204 60 28001,2 ° 0.1 02 03 04 0.5
3 25.5 7.2 0.283 60 28199,4 R~=di/do
4 26.1 9.1 0.348 60 28198,9
5 27.7 13.1 0.473 60 28070,8 Fig. 4 Variation of energy absorbed per unit volume versus R
for the deformable-deformable  (DD) situation under the three
strain rates for =8 mm
200 80
180 4 e FE-2D, v=20 mm/min
A FE-2D, v=5 mm/min 70 4
160 - o FE-2D, v=0.2 mm/min —R=0.283
Exp., v=0.2 mm/min 60 - —R=00 ;
e Exp., v=56 mm/min Fd
g 120 ——Exp., v=20 mm/min 550 4 S
1 3]
3 S0 ,
DD ] =T DD
R=0.348 0] e
0 4 8 12 16 0 4 8 12 16 20 24
Displacement, (mm) Displacement in (mm)
Fig. 2 Load-deflection characteristics at different strain rates Fig. 5 Experimental comparison between the mechanical be-
in the deformable-deformable  (DD) situation for the specimens haviors of the four used cylinders in the deformable-
of R=0.348 deformable case under representative strain rate of 7 X107%s
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Fig. 6 Experimental comparison between the mechanical be-
haviors of the four used cylinders in the deformable-
deformable case under representative strain rate of 1.8
X107%s

DND — =FE-2D, Strain rate=7x10E-5/s
§=6mm - FE-2D, Strain rate=1.8x10E-3/s
——FE-2D, Strain rate=7x10E-3/s
@ Exp. Strain rate=7x10E-3/s
O Exp. Strain rate=1.8x10E-3/s
A Exp. Strain rate=7x10E-5/s

Energy abosrbed per unit volume, N'mm2

0 0.1 0.2 03 04 05
R=di/do

Fig. 7 Variation of energy absorbed per unit volume versus R
for the deformable-nondeformable  (DND) situation under the

three strain rates for 6=6 mm &=8 mm 8=10 mm

(b)

cross sections of a cylinder_havir@:0.348 at different axial Fig. g profiles of projected cross sections of hollow cylinders
displacements under the strain rate of>X41® %/s for both struc- at R=0.348 after deformation in (&) DD and (b) DND situations
tural situationgDD and DND. (numerical and experimental comparison )

Il Basic Formulation
fgwd quantitative knowledge of the material. A fairly accurate rep-

For many years, a number of different approaches for fini X i ) S )
element simulation of large deformation of mechanical part haygSentation of the superplastic material behavior is required to
e analysis results meaningful.

been presented. These approaches differ in several fundame h i tant effect i lasti fituti
aspects. Such differences can be with respect to kinematic de- € most important €fiect in any superplastc constitutive

scription, constitutive description and solution methodology. IWOdel is the rate depe_ndt_ence. S_upe_rplastic ﬂ.OW is a creep phe-
this paper, the two-dimensional finite element c6BORGE2 is nomenon, which for uniaxial loading is approximately described

based on the flow approach with a rigid viscoplastic model, Whepé( the equation:
the stress is expressed in terms of strain rates. The approach is o=2K(\/38)Ms"GP )
based on an updated Lagrangian description, where the geometry )
is fixed in each time step while equilibrium is iteratively solvedwhereo, &, ande are the uniaxial stress, strain and strain rate,
The geometry is then updated based on the calculated nodal k&spectivelyG is a parameter defining the grain sike.m, n, and
locities. In the following, an all-encompassing presentation of tHeare the material parameters. Thermal effects, grain size evolu-
constitutive law and finite element formulation are given demoriion and distribution effects should also be included as other level
strating the basic equations of the numerical prediction, especiaf, sophistication. In this papen (strain hardening expongnis
the dissipated energy expression. taken equal to zero. This is a good approximation smesmall

in reality. For simplification, the equivalent flow stress may be

.1 Constitutive Model. Many constitutive equations regarded in three-dimensional case as a function of the strain rate
have been proposed for superplastic matefiafs-28. The level  gnjy as follows:

of sophistication of the model employed must be weighed with

accuracy and efficiency considerations as well as the qualitative MZZK((@)"‘*D 2)
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where ¢¢ is the deviator of the Cauchy stress tensgiD is the Moreover, the total dissipated energy dissipation of the defor-
strain rate tensor and= J2I3(D:D). mation process at the timeis determined using the following
This expression is known as the Norton-Hoff's law. The maifXPression in the case of the Norton-Hoff's friction l&ig. 4.

influencing factor is the exponent m, which measures the strain t
rate sensitivity of the material. W= f ( f K(y/3d)™ dV+ f aK|vg9"1d S| dt
t Q (I'oUT tg01)
Ill.2  Finite Element Formulation. The rate problem can ° ool (11)
be represented by the deformation of a given don@inbetween ] ) ) )
one fixed tooll'y and another movable todl,,,, which is as-  ll.3 Remeshing. With an updated Lagrangian formulation,

sumed to be rigid and moving with a veloc,,,. The material the nodes of the mesh follow the kinematic evolution of the ma-

(Q) is assumed to be homogeneous, isotropic, incompressible 4@dal points. This method leads to a highly distorted mesh due to
its behavior is given byEq. 2, whereas the boundary traction isthe large deformation of the material. When the final topology is
zero on the free boundam.., the contact zones between thevery different from the initial one, the same mesh topology is
tools (I'y andT,) and the work piece is modeled with contacgenerally not convenient for the whole process. For these reasons,
conditions. On the tools, the nonpenetration condition is given bigmeshingavailable in FORGERbecomes mandatory and takes
place frequently in some exampléd can be more than 300
(V=Vgie)*n=ve:n=0 (3) meshes Therefore, a new mesh is automatically generated as
If the reversible friction displacement is neglected, a viscopla820n as one of the following criteria are reach@idistortion of
tic friction behavior can be used. It is described by a nonline&/finite element or a segment of the boundaiy;bad description
relation between the shear stressand the tangential velocity Of the die-part interfacegiii) large curvature of the segments of
differencev, at the tool part interfaceE, and Ty : the free boundary; and finallyiv) detection of a fold.

= afK|Vs|q71Vs (4)
where,a; is the friction coefficient andj, which is often equal to 1V Results and Discussion

m, represents the sensitivity |n(_3Iex o th_e sliding velocity. . In the case of two deformable cylindeiBD), different experi-
The V|rt.ual .powir' principle gives the integral form for any VI"mental tests are conducted investigating the effect of the specimen
tual velocity fieldv™: geometry and the strain rate on the mechanical collapse of the
structure.
f o D*dV+j PfV*dV—J ™v*dS=0 (5)  As a typical example, Fig. 2 shows the load-deflection curves
Q Q FoUT ool for R=0.348. In this case, a rapid evolution of the lateral com-
where, f is the volumic force and* is the virtual strain rate Pressive force is recorded for small axial deflections followed by
tensor. In order to satisfy the incompressibility condition, the pe@n almost plateau region and then by a final rapid force evolution.
alty formulation is often used: This figure displays an increasing of the compressive force with
the strain rate increasing for a given deflection. Reflected un-
- * ANy * doubtedly by the material rate sensitivity, the divergence of the
fQU'D dv-+ fﬂpfv dv frour, ™vtds load-deflection curves is distinctly observed with increasing de-
ool flection. Moreover, at any particular load, the plastic strain in-

. o creases as th® ratio is increased. Similarly, at any particular
+ | ppdiv(v)div(v*)dV=0 (6)  deflection, the required load is also increased as the strain rate
o increases.
with p is a sufficiently large penalty constant and As in [25,26], the structural geometry of the cylindéR) plays

. ) also a considerable role in dissipating the energy for the current
div(v)=1:D () developed device. Fig. 4 displays the evolution of the energy ab-
is the rate of volume change per unit volunieis the identity sorbed per unit volume versi&for a selected axial deflection of
tensor. 8 mm. In general, the energy absorbed is mainly consumed at the
Using the classical displacemevelocity) based on finite ele- beginning by a flattening process in the contact zone between the
ment method with isoparametric elements, the following linedwo cylinders, then, with more increasingj the flattening takes
interpolation function has been used: place at the constraining walls of the rig and in the radial flow
which causes the closure of the bore. Due to a change in the flow
VZE N,(EV,, V¥ :2 NL(E)VE DZE B,(£)V,, mectjgnism folR=0.473 at the s_train rate of 1_>.<810’3/s and 7
n n X 10 /s, the energy absorbed increases rapidly at the strain rate
(8) of 7x10 3%/s, decreases under the strain rate ofx118 %/s and
the penalty formulatiodEq. 6 is immediately discritised into: becomes almost stable fqr the smallest strain_rate. It is obvious
now that the flow mechanism of the superplastic changes notably
i for structures havindR=0.348 as in[25]. In order to better un-
fn ZK(‘/@)m 1D'Bndv+ fﬂ pENLdV derstand this observation, a comparison between the mechanical
! ! behaviors of the four different cylinders is conducted at the strain
. ] rate of 7< 10 /s (Fig. 5). For the axial deflections more than 10
+ aiK|v TNy dS+ [ pp div(Vr(B)dV=0  mm, the flow mechanism changes just after the plateau region
(FoUT toalt @ where the collapse behavior is completely diverged especially for
(9) R=0 and 0.283 with respect 8=0.348 and 0.473. In addition,
the cylinders oR=0.283 and 0.348 behave almost similarly up to
an axial deflection around 9 miffrig. 5. The similarity of the

shape function gradients, aij, the nodal velocity vectors. . . h
. . . llapse behavior between 0.283 and 0.348 remains valid up to
Th tions ar Iv Newton-Raphson iterative pf8" . -
ese equations are solved by a Newton-Raphson iterative p 8?8 mm at the strain rate of 1810 %/s as demonstrated in Fig.

cedure using sub-incrementation when necessary. An explicit L . . .
fhen, a distinct divergence between these structures is appropri-

tegration scheme is used to update the configuration. The no - ; !
coordinates are then updated by writing: ately shown. Therefore, it is recognized that the collapse behavior
' of the cylinder is principally governed by the geometrical factor
Xigar=X¢+ V(DAL (10) (R) and the applied strain rate.

n

where¢ are the local coordinated|, the shape function®,, the
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The flow mechanism of the deformable cylinderR# 0.348,
for example, is studied under the strain rate ofX11® %/s at two
selected axial deflections of 6 and 10 n(Rig. 8(@)). Under these
selected deflections, the bore closure does not completely occur,
but the plastic strain, especially fér==10 mm, is generally local-
ized in certain zones around the bore.

For the deformable—nondeformabl®ND) case, the same
strain rates andR ratio are used as in the DD case. The experi-
mental load-deflection curves are presented in Fig. Rfel0 (as
an examplg Each structure is tested under these strain rates. Fig.
3 shows the same finding obtained in the DD case, i.e., the greater
the strain rate, the lower the rati®) the greater the required force
is needed for a given deflection. The curves diverge with increas-
ing deflection due to the change in the strain rate. This reflects the
material sensitivity to the strain rate especially in the range of
10 %/s-10"3%/s[29].

The variation of the energy absorbed per unit volume with
respect toR for a given axial deflectiof6 mm) is shown in
Fig. 7. Note that an important part of the energy is consumed (a)
by the indentation of the steel cylinder in the superplastic one,
i.e., the horizontal flattening is eliminated and replaced by
indentation. Another part of energy is absorbed during the flatten-
ing of deformable cylinder at constraining walls. FRr 0.348,
the rate of charge of the energy absorbed for any given
axial deflection is decreased especially for the strain rate of
1.8x10 %/s. Whereas, forR=0.473, the energy absorbed
slightly increases under the strain rate of 48 /s compared
with those results obtained in the case R#0.348. This is
related to the change of the plastic collapse mechanism for
R=0.348.

Concerning the flow mechanism, four successive deformed
states(for axial deflections: 4, 6, 8, and 10 mnare displayed
in Fig. 8b) revealing the real progressive mechanism of
the bore closure related directly with the amount of the
imposed axial deflection at the strain rate of X8 %/s.
Note that a relatively complete bore closure takes place for
6=10 mm.

The focus of the finite element simulation is to check the pos- ) 03]
sibility to predict the experimental plastic collapse of the tubes
system of constrained sides and end described previously.
_The ideaisto adopt'the two-dimensional plane_straln and emplq%_ 9 Finite element mesh for (a) DD situation for (1)
ing the Norton-Hoff’'s law to reproduce the main phenomena elk—0.348, (2) R=0 and (b) DND situation for (1) R=0.348,
countered in such process. Although, the problem is thregy r=o
dimensional, it appears that the plane strain assumption
gives generally an acceptable prediction of the flow mechanism
and energy absorbing capacity. The simulated cases are selected in
such a manner that the combination of the principal influenced0, 0.05, and 0.3. By comparing the results on the load deflection
parameters are appropriately taken into account like geometricakves, it has been noticed that the load agrees reasonably
and compressive strain rate as well as the structural situatiomsll with lower deflection (5<9 mm), but differences are
(DD and DND specified in the previous section. These structureecorded at higher deflections. Since the most comparison with
exhibit generally several important features such(iasionhomo- experimental results are performed under the deflectiof=df0
geneous deformationgji) variable regions of contact betweenmm, the rest of simulations are thus performed under frictionless
deformed cylinders and rig(iii) the variation of the strain condition. Moreover, the model parameténsaterial consistency
rate at material points; andv) rapid rise of total rig force (K) and the strain rate sensitivitim)) have been already cali-
when an important part between the cylinders and the rig is brated by Abdul-Latif[25] giving respectivelyK =180 MPa and
contact. m=0.395.

For the finite element analysis, based on the geometricalMany aspects are going to be investigated in this finite element
symmetry, only one half part of the specimen is descritizesimulation under quasi-static loading conditions. It can be noted
with six-node elements. Fig. 9 displays the undeformed mesHesm examination of Figs. 2 and 3, f®=0 and 0.348 for both
in both cases of DD and DND situationavith a hollow DD and DND situations, that the load-deflection curves indicate
cylinden. The die is modeled as a rigid surface. The numbehat the predictions describe fairly well the experimental results
of elements is varying according to the treated cg®83 to notably the rate dependence. Note that jumps in load occur in the
376 elements The density values of meshes are 5 to 2@redicted result whenever new nodes come into contact with the
meshes. die.

In actual compression test, it is difficult to determine the exact Figures 4 and 7 reveal that, within the experimental limitations,
frictional condition at the interface between the die and cylinderthe energy absorbed per unit volume for each system increases as
Therefore, some simulations are performed for one case tbk strain rate is increased for all valuesfin the DD situation,
cylinder geometry with the DD situation under the frictionathe finite element method can not reproduce the sudden change in
condition specified by the following friction coefficients:energy absorption capability f&R=0.473. This is, as we think,

(b)
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A Maxi= 3926
@ Mini= 1.3869E-02

4 Maxi= 1788

o Minix [2.76208=03 Fig. 11 Plastic strain distribution at compressive speed of 5

mm/min for R=0.348 (a) =3, (b) 6=6, (c) 6=9 mm, R=0, (d)
6=4, and (e) 6=7 mm in the case of DND situation

4 mm 6= 9 mm
(e) ) . )
with the experimental one. Particularly, for the DND case, where
Fig. 10 Plastic strain distribution at compressive speed of 5 the bore is not completely closed &6 mm, but at 10 mm the
mm/min for R=0.348 (a) =4, (b) 6=4, (c¢) 6=10 mm, R=0, (d) bore closure is almost terminated.
6=4, and (€) =9 mm in the case of DD situation In the case 0fR=0.348, the distribution of the accumulated

plastic strain is presented, as an example, in Figs. 10 and 11, for

the DD and the DND situations respectively at different deflec-
due to the simplicity of the Norton-Hoff’s law, which neglects thdions. In spite of the difference between the DD and the DND
hardening phenomenon and the adopted two-dimensional plaiations in their plastic flow mechanisms, the cylindéos both
strain. For the DND situation, it is obvious that the numericatasey however, suffer from a plastic strain in their commune
results describe fairly well the variation of the energy absorbexntact region less important than that in certain zones around the
with R ratio at different strain rates notably f&<0.473(Fig. 7).  bore(Figs. 1@b), and(c) and Figs. 1b) and(c). The flow mecha-

Figure 8 shows both the numerical and experimental results mfm that develops towards the bore direction undergoes plastic

deformed cylinders profiles during different successive deformatrain localization(plastic hingesin the lateral extremities of the
states for the DD and DND situations, in the casd&kef0.348. It deformed bore. These plastic hinges are often observed in another
displays that the simulation reproduces almost correctly the modase of tube crushinf26]. Hence, they can be considered as
of deformation. In fact, the deformed cylinder has acquired zones in which the damage will be initiated and then evolved up
shape(external and bore boundarjesvhich agrees quite well to the final fracture.
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