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Abstract

An experimental investigation was performed on the quasi-static, symmetric axial crush response mode of com-
mercially-produced, welded AISI 304 stainless steel square box components. The first objective was to demonstrate that a
specific configuration response consisting of a fold formation process and the corresponding load—displacement curve
could be obtained using experimental control methods. Test specimens from a single length of tubing were examined in a
progressive axial crush study, and the controls included removable grooved caps for end constraints, and shallow ma-
chined groove patterns on specimen sidewalls for collapse initiators. Consistent fold appearance and load—displacement
curve shapes indicated that ten of the eleven test specimens exhibited the same symmetric, axial crush configuration
response. During the first cycle of the secondary folding phase, observed differences on an average value basis were less
than or equal to 3% for maximum loads, 6% for minimum loads, and 3% for energy absorption. The second objective of
this investigation was to isolate the effect of alloy composition and microstructure on the axial crush configuration re-
sponse. A higher concentration of carbon and smaller grain size resulted in an 18% increase in energy absorption in a
secondary folding phase cycle. Overall, the results show that response can be restricted to a specific axial crush config-
uration response and therefore, a controlled and repeatable energy absorption process can be obtained and modifications
to alloy composition and microstructure can be used to enhance energy absorption performance of the box component.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Metallic alloy devices with the ability to irreversibly absorb energy under impact conditions have many
important engineering safety applications including crashworthiness and blast resistance. These energy
absorption (EA) devices have been investigated with respect to performance quantities, geometry-material
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interdependence, and triggering to initiate and sustain preferred modes of behavior (Coppa, 1968). Designs
have been based on structural element responses, modified material processes, and friction (Ezra and Fay,
1972; Johnson and Reid, 1978). Within the structural element category, three major axial EA device re-
sponses have been extensively investigated for thin-walled, ductile metallic alloy components subjected to
axial compressive loading. These responses depend on energy absorption mechanisms such as plastic
deformation, friction, and fracture and are categorized as axial crush (buckling), inversion, and splitting
(Reid and Reddy, 1986a). Of the three device responses, the response that is the focus of the current
investigation and that relies on the plastic deformation of a progressive fold formation process for the
absorption of energy is the one known as axial crush.

Past research has established that axial crush response (see Fig. 1a for an example) is one of several axial
collapse responses for thin-walled, ductile metallic alloy tubes with closed cross-sections of simple geo-
metric shapes and subjected to compression loading parallel to the longitudinal axes. Other types of axial
collapse response involving plastic deformation include: structural column instability or buckling transi-
tioning to plastic hinge formation; bending collapse even after a number of folds have formed (Mahmood
and Paluszny, 1982); elastic local buckling of flat-sided components (Meng et al., 1983) that results in
irregular crumpling into panel sections (Mahmood and Paluszny, 1982); and arbitrary localized crumpling
(see Coppa, 1968 for example).

Axial collapse responses have been investigated with respect to geometry, material, axial impact velocity
and temperature. Studies have been performed on: right-circular cylindrical tubes of alloys of aluminum,
brass, copper and stainless steel (Horton et al., 1966; Ren et al., 1983); mild steel and aluminum alloy right-
circular cylindrical and square tubes (Macaulay and Redwood, 1964; Redwood, 1964); and low and high
strength steel components of right-circular cylindrical and square geometries (VanKuren and Scott, 1978).
Additionally, studies have been conducted on aluminum alloy and low carbon steel right-circular cylin-
drical tubes and frusta (Mamalis and Johnson, 1983; Mamalis et al., 1984) and tapered mild steel tubes of
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Fig. 1. Symmetric axial crush response mode—ductile metallic alloy, square box component: (a) axial crush specimen and undeformed
tube; (b) curve subdivisions and (c) crush characteristics—examples.
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rectangular cross-sections (Reid and Reddy, 1986b). In particular, geometric limits for quasi-static axial
collapse responses have been established for right-circular cylinders of an aluminum alloy (Andrews et al.,
1983) and for both static and dynamic test conditions, the transition from initial global bending collapse to
axial crush response has been experimentally investigated for mild steel square and right-circular cylindrical
columns (Abramowicz and Jones, 1997).

For the particular case of axial crush response, prior studies have established that there can be several
modes for a given component (specific geometry and material). These modes have been extensively analyzed
with respect to geometry, material parameters, and rate effects (see overview of dynamic progressive
buckling in Jones, 1997). For right-circular cylindrical components, the axial crush modes include the
concertina and diamond modes or a combination of the two modes (as shown in Andrews et al., 1983 for an
aluminum alloy). For square tube specimens, four axial crush response modes have been identified
(Abramowicz and Jones, 1984): a symmetric mode; two asymmetric mixed modes; and an extensional
mode. Using experimental procedures to establish ranges for the axial crush response modes, results
indicate that the symmetric axial crush mode of a mild steel square box component is associated with larger
ratios of sidewall width to wall thickness (Abramowicz and Jones, 1986). It is this symmetric axial crush
response mode that is the focus of the current investigation on a square box component.

1.1. Overview of axial crush response of a square box component—symmetric mode

An example of the symmetric axial crush response mode for an AISI 304 stainless steel, welded square
box component tube specimen is shown in Fig. 1. The deformed specimen is next to an undeformed tube
specimen in Fig. la and the axial load-axial displacement curve (subsequently referred to as the load—
displacement curve) is shown in both Fig. 1b and c. Axial crush response is verified by both the specimen’s
fold appearance and the corresponding load—displacement curve.

In general, axial crush response can be considered to consist of phases or stages (Pugsley, 1960). For the
current investigation, the response is divided into an ““initial” phase and a “secondary” phase. The initial
phase includes the pre-collapse response prior to the occurrence of the peak or maximum load, (Pp.y); the
change from axial to bending load-resistance in the sidewalls; and the formation of the first few interior and
exterior folds on sets of opposite sidewalls with corresponding increases and decreases in the load-dis-
placement curve. The secondary folding phase consists of the “steady-state” fold formation process. In this
phase, adjacent sidewall interactions and contacting of folds produce subsequent fold formations of
“constant” wavelength along the remaining length of the specimen. This folding process produces fluc-
tuations in the load—displacement curve. For the current investigation, a cycle in the curve (see Fig. 1b)
corresponds to the formation of one exterior or one interior fold on both sets of opposite sidewalls with
load magnitudes fluctuating between minimum and maximum values. Cycles can be further divided into
sections. Each section represents the formation of an exterior fold on a specific set of opposite sidewalls and
the corresponding formation of an interior fold on the other opposite sidewall pair.

1.1.1. Foldlines

The fold formation process has been characterized using the concept of stationary and traveling ““fold-
lines” [for hat-section specimens—Ohkubo et al., 1974; for right-circular cylindrical polyvinyl chloride
(PVC) specimens—Soden et al., 1974] or for idealized models, plastic “hinge lines” (Ohkubo et al., 1974;
right-circular cylindrical and square specimens—Johnson et al., 1977; Abramowicz and Wierzbicki, 1979).
For a specific fold formation process, the foldlines or hingelines represent the locations of localized plastic
deformation and maximum curvature changes. For PVC tube specimens, the “foldlines’ have been revealed
by immersing the deformed specimens in boiling water for several seconds so that the specimens recovered
their original length (right-circular cylindrical tubes—Soden et al., 1974; square tubes and frusta—Mamalis
et al., 1989). Developed views of the foldlines on the original specimen geometry (right-circular cylindrical
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tubes—Mallock, 1908; square tubes and square frusta—Mamalis et al., 1989), and thin sheet or paper
models of hingelines (Pugsley and Macaulay, 1960; Johnson et al., 1977; Abramowicz and Wierzbicki, 1979;
Abramowicz and Jones, 1984), have aided researchers in understanding the fold formation process and
developing analytical models for the energy absorption aspects of axial crush response.

For square box components undergoing axial crush in the symmetric response mode, the stationary
foldlines represent the centerlines for the transverse exterior and interior sidewall folds that form per-
pendicular to the longitudinal direction of the specimen. The traveling foldlines are associated with the
corners of the box component specimen. During the crush, a traveling foldline progresses along the lon-
gitudinal axis of the specimen and crosses the same cornerline while moving back and forth between the two
adjacent sidewalls corresponding to the cornerline. Ideally, at any time during the crush response, the
progress of the four traveling foldlines will be at the same longitudinal position along the specimen and for
the entire axial crush, foldline symmetry exists for both the stationary and the traveling foldlines, i.e., an
exterior (interior) stationary foldline in a specific sidewall will occur at the same longitudinal location on the
specimen as the exterior (interior) foldline in the opposite sidewall. A traveling foldline along a specific
cornerline will have the same centerline path pattern as the traveling foldline along the diagonally opposite
cornerline and will be the mirror image of the traveling foldlines along the adjacent cornerlines.

1.1.2. Crush characteristics

For axial crush response, investigators have used or defined “crush characteristics”, also called indi-
cators or parameters, to evaluate and compare the performance of components (Pugsley, 1960; Coppa,
1968; Magee and Thornton, 1979). Besides direct data quantities such as load magnitudes, displacements,
fold wavelengths and energy absorption, other derived crush characteristics include: specific energy—
maximum dissipated energy at a particular load level divided by specimen weight; energy dissipation
density—maximum energy absorbed per unit volume of material; load uniformity—ratio of maximum load
to average load; operating stress—ratio of average or mean load divided by the overall cross-sectional area;
solidity ratio—net cross-sectional area divided by enclosed area; and structural effectiveness—specific en-
ergy divided by the specific true ultimate tensile strength. The collapse efficiencies include the geometric,
stroke, strain or crush efficiency—maximum displacement divided by total length, the load efficiency—
average or mean load divided by average maximum or minimum load, and the energy efficiency—maximum
energy absorbed divided by the product of the maximum load magnitude times the total length.

The emphasis of the current investigation is on direct quantities attributed to the axial crush response
and therefore, only the load—displacement curve crush characteristics are considered. These quantities are
shown in Fig. 1¢ and include: the initial phase peak load, Py,,; maximum and minimum loads, P4 or P, 4;
mean or average loads, Pp; or P,y; energy absorptions, EA; or EAy; and axial displacements, J; or oy,
where the subscript ‘1’ refers to the initial phase, the subscript ‘s’ refers to the secondary phase and the
subscript N refers to the Nth cycle in the secondary phase. In general, an energy absorption quantity, EA, is
the area under the load—displacement curve and is calculated between two displacement points and an
average or mean load quantity, P, is equal to the energy absorption between two displacement points
divided by the distance between those two points. Since variations in values for either of these two
quantities may occur due to the particular points chosen for the calculation, either the displacement points
(type and values) or the curve section identification, e.g., initial phase, cycle number, etc., will be specified.

1.2. Design criteria and control methods for axial crush response

1.2.1. Design criteria

Design criteria exist to provide that a box component of a specific geometry and material combination
will undergo axial crush response under axial compressive loading as opposed to the other previously
mentioned axial collapse modes such as elastic column buckling and bending and local elastic buckling. To
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prevent elastic column instability, the length criteria from the Euler buckling formula as given in strength of
materials or elastic stability textbooks (for example, Bleich, 1952) is

7, E
L =5, /= 1
K. \/ oy (1)

where L is the length of the undeformed column; r, is the radius of gyration of the column (same units as L);
K. is the effective length factor; E is the modulus of elasticity; and gy is the yield strength of the material
(same units as E). To prevent the paneling collapse of square box columns of mild and high strength steels,
a compactness criteria (Mahmood and Paluszny, 1981) can be generated, assuming a plate type column
under uniform axial compression and requiring that the critical elastic local buckling stress be greater than
the maximum (crippling) load-carrying strength of the component. For these criteria, a steel square box
component has the ability to undergo axial crush folding response under the following condition:

1_2
LS 0agy /U)oy

2)
where ¢ is the wall thickness; b is the width of the “buckling” plate (same units as ¢); v is Poisson’s ratio; E is
the modulus of elasticity; and o, is the yield strength of the material (same units as E).

However, in practice, the criteria do not guarantee that a box component will undergo axial crush. For
example, an arbitrary axial collapse, e.g., non-symmetric fold formation, may occur due to end conditions.
Therefore, end constraints and collapse initiators have been employed in past research to control various
aspect of the response of a specimen. The specific methods of constraint and types of initiators have de-
pended on the geometry and material of the components as well as the research objectives.

S|

1.2.2. Control methods

1.2.2.1. End constraints. For a test specimen under axial compression, end constraints influence the local
end deformation response, and for axial crush, the fold formation process in the initial phase that subse-
quently provides the initial deformation required for the secondary folding phase. Past research on quasi-
static and dynamic axial crush of metallic alloy components of various geometries have employed a variety
of end constraint conditions including no end constraints (free at both ends), a single end constraint at the
support end and no constraint at the loading or impact end (Langseth et al., 1994; Abah et al., 1998), and
constraints at both ends of the specimens.

For an unconstrained or “free” end condition, interactions between the specimen and test apparatus
determine the tube end deformation. Several end conditions can result: a local fold-down of specimen walls
(see Meng et al., 1983 and Reid et al., 1986 for examples); a fixed condition in which specimen end walls are
locally constrained from both translation and rotation across the entire cross-section; or at the fold initi-
ation end, a mixed free-fixed end condition around the cross-section that could interfere with fold for-
mation and cause an irregular collapse of the specimen. Therefore, for studies that require consistent
boundary conditions on all of the test specimens, constraint of both ends of a specimen is a requirement.

1.2.2.2. Collapse initiators and controllers. In past investigations of ductile metallic alloys, it has been shown
that collapse initiators, also called triggers, stress concentrators, or imperfections, can be used to: initiate
a specific axial collapse mode; stabilize the collapse process; and for axial crush response, reduce the
peak load magnitude or optimize another specific crush characteristic (Coppa, 1968; Thornton and
Magee, 1977). The use of initiators also sets the start of the collapse process at a specific location on the
specimen.

Initiators are based on either material or geometric modifications to the component. Examples
of material modification initiators are locally annealed regions generated by concentrated heating,
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or the heat-affected zone generated by a weld. Types of geometric initiators include naturally-formed and
mechanically-induced modifications, structural additions or deletions on the component and for composite
components, special end configurations and inserts. The initiators based on geometric modification of the
component have the advantages of being visually detectable and controllable by dimension adjustment.

The naturally-formed initiators involve pre-buckling of the component past the peak load. Quasi-static
prebuckling or pre-crushing of a specimen has been performed to eliminate initial peak load on honeycomb
specimens (Kindervater, 1981) and to control behavior of square tubes (Langseth et al., 1994). More
commonly used mechanically-induced imperfections such as local transverse indentations or crimping have
been used on right-circular cylinders (Thornton and Magee, 1977) for collapse mode control and peak load
reduction. Transverse full width indentations on sidewalls of square sections (Chou, 1983), indentation on
right-circular cylinders and square and Z sections (Lampinen and Jeryan, 1983), and corner cutouts on
square tube specimens (Abah et al., 1998) have been employed to initiate collapse and reduce the peak load.
Additionally, in the structural deletion category, holes in right circular cylindrical tubes have been drilled to
set the collapse initiation site, reduce the peak load, and alter the deformation mode (Gupta and Gupta,
1993). Combinations of transverse sidewall indentations and holes in square tube specimens without end
constraints have been studied to control the peak load magnitude and stability of the collapse mode
(Marshall and Nurick, 1998). A geometric modification to hat-section specimens by forming a flange with
bend radius and stress releasing cutouts at the end of a specimen has also been studied to reduce the peak
load (Tani and Funahashi, 1978).

Other physical modifications have been used to control specimen performance in both the initial and the
secondary phases of axial crush. Types of these initiators-controllers include: corrugations formed in
“square” tubular sections (Thornton, 1975); a series of machined circumferential grooves in right circular
cylindrical tubes (Mamalis et al., 1986); drilled holes in flange bend lines, and notches cut out of flanges in
flanged right circular cylinders (Grimm et al., 1988); and on hat-section specimens, partial transverse mid-
sidewall dents or bulges (beading) and/or corner dents (Yamaya and Tani, 1971; Yamaguchi et al., 1985).

In summary, results of past studies have shown that for component specimens that theoretically have the
ability to undergo axial crush response, collapse initiators in combination with end constraints can be used
to obtain a particular axial crush mode or modify certain crush characteristics.

1.3. Configuration responses of the symmetric axial crush mode

In the current investigation, the term “configuration response” of the symmetric axial crush mode will
refer to the combination of a specific fold formation process (verified by fold appearance) and the shape of
the corresponding load-displacement curve. For specimens of a given component, the symmetric axial
crush mode does not in general have a unique configuration response. Fig. 2 shows the fold formation and
corresponding load—displacement curves for two box component specimens. For these two specimens, there
is no significant difference in geometry, material, end constraint or quasi-static testing conditions and both
specimens underwent symmetric axial crush mode response. However, Fig. 2a and b shows differences in
both fold appearance and load—displacement curve shape and therefore, the configuration response is not
the same for the two specimens.

Axial crush configuration responses of a component can differ in stationary foldline locations, traveling
foldline paths (as shown in Fig. 2a and b for configurations A and B, respectively), and material perfor-
mance requirements and therefore, for constant geometry and material conditions, in load magnitudes
(as shown in the superimposed curves in Fig. 2c¢) and the energy absorption process. For studies based
on overall performance quantities such as total energy absorption or “average load,” the response char-
acteristics of interest may not be significantly different if more than one configuration is obtained for
component specimens. However, for studies focusing on response details such as material parameter effects
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Fig. 2. Configuration responses for the symmetric axial crush mode: (a) Configuration A; (b) Configuration B and (c) superimposed
load-displacement curves.

or foldline path control, the restriction of specimen response to a particular configuration may be a
requirement.

1.4. Objective

Past research has established axial crush as an EA structural engineering response of ductile metallic
alloys that relies on plastic deformation of a progressive fold formation process along the longitudinal axis
of a component. Researchers have studied modes and overall response characteristics for a variety of
geometric shapes and material combinations, derived response design criteria and predictive analytical
models for crush characteristics, and investigated collapse initiation and controls and end constraint
techniques. The results of these efforts have substantially contributed to engineering advancements in both
crashworthiness and blast resistance. However, more research is required to fully understand and establish
not only structural engineering design requirements, but also material performance criteria for these
applications.

In research studies on material behavior of box components, axial crush can be used as the structural
engineering response. If control techniques could restrict the axial crush response of test specimens to a
particular configuration response of a mode, research could be performed to study the effects of material
parameter variation on the foldline formation and energy absorption process, and to study details of
material behavior such as microstructural evolution and deformation mechanisms during severe plastic
deformation. However, past research has not addressed the issue of configuration response control.
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The current investigation focuses on a specific symmetric axial crush mode configuration response of a
thin-walled, box component using commercially-produced, welded AISI 304 stainless steel square tubing
(DiPaolo, 2000). The first objective was to demonstrate the ability to consistently obtain the specific
configuration response for box component specimens by using control techniques such as tube end con-
straints and collapse initiators. The second objective was to then use the control techniques to isolate and
examine the effect of alloy composition and microstructure on the fold formation process of the specific
configuration response induced in the component.

2. Experimental methodology
2.1. Box component specimens

2.1.1. Geometry

The test specimens used in the investigation were fabricated from commercially-produced, welded AISI
304 wrought austenitic stainless steel (AISI 304 SS) tubing. This form was chosen because the material is
widely produced and commonly used, and has been extensively researched. The tubing is applicable to
vehicular and blast-protective structural forms and is readily available from commercial suppliers in
component geometries that have the ability to undergo axial crush response.

Four lengths of mill-surface finish, ornamental/structural grade tubing were purchased ‘‘off-the-shelf”
from the regular stock of a commercial metallic alloy products supplier (Ryerson, 1991). Each length was
approximately 6 m long (see Fig. 3a). Of the four lengths purchased, the lengths assigned the identification
numbers “S1” and “S3”” upon delivery from the supplier were used in this investigation. As shown in Fig.
4a, the cross-sections of the tube lengths have a square box-type geometry with rounded corners.
Dimensions include nominal 50 mm X 50 mm outside dimensions, a 1.6 mm wall thickness, and an average
corner inside radius of 3.6 mm. In general, the tubing is manufactured as follows (Hordijk, 2003): annealed
and pickled AISI 304 stainless steel strip coils (1.6 mm by 1.2 m wide) are obtained from a steelmill; in a
continuous process, the material is fed through a slitter to cut the strip into approximately 198 mm widths
that are cold formed in consecutive passes on a continuous mill into round tube (approximate diameter of
63 mm) and longitudinally welded utilizing the GTAW (TIG) welding process; and in several more con-
secutive passes, the tubing is first “calibrated” in sizing passes, i.c., squeezed to round size within £0.30 mm
and then, cold-formed in shaping passes by sets of rollers with a ground rollface of increasingly higher
radius into the square section with the weld seam positioned near the center of a sidewall (see Fig. 4a).
Finally, the tubing is cut into appropriate lengths and shipped to distributors. It should be noted that as the
square tubing is formed, mechanical properties are modified by cold-working and residual stresses are
induced in the tube material. The tube is not annealed during or after the manufacturing process.

2.1.2. Sectioning of the tube lengths and tube specimen numbering systems

From prior axial crush testing of specimens with similar geometry and material, it had been determined
that a tube specimen length of 30.5 cm was adequate to obtain at least two full fold cycles in the secondary
folding phase of several symmetric axial crush mode configuration responses without the tube end con-
straint conditions adversely affecting the secondary phase fold formation process. This 30.5 cm length was
used as the axial crush tube specimen length in the length cutting sequence shown in Fig. 3a. For both S1
and S3 samples, one end of the tube was arbitrarily chosen as the “start” end for the cutting of tube
specimens. An initial cutting and a subsequent cutting resulted in nineteen 30.5 cm tube specimens and four
miscellaneous tube pieces of lengths less than 10.0 cm. All sectioning was performed using an abrasive chop
saw (cutoff saw). Cutting lines were made as square as possible to the longitudinal axis of the 6 m tube
length. All tube specimen ends were deburred, but not milled.
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Fig. 3. Tube length cutting diagram, specimen numbering system and usage: (a) tube length cutting and tube specimen numbers and
(b) usage diagram.

A specimen numbering system (Fig. 3a) was developed to track the original tube length location for a
tube specimen or piece. The specimen number was of the form: S#, for #=1 or 3-initial tube length cut
number (cut-sub-number, if applicable). Each tube specimen had its specimen number engraved at two
specific locations. The orientation of the numbers indicated the tube length cutting direction on the tube
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Fig. 4. Tube geometry and side and corner numbering systems: (a) typical cross-section geometry and (b) tube specimen orientation.

specimen. Using the cutting direction, a sidewall and corner numbering system as shown in Fig. 4b was
developed to locate and identify corners and orient any material point on a specimen along the original tube
length and around the tube cross-section.

For several tube specimens, outer dimensions were measured and recorded and corner radii were cal-
culated from cross-section images. For every tube specimen, wall thicknesses on all four sides were mea-
sured and cross-section outline tracings of the ends were superimposed. The measurements and tracings
indicated no significant difference in outer perimeter shape and dimensions and in wall thickness between
tube specimens. Therefore, tube specimens from both the S1 and S3 lengths had essentially constant
geometry.

2.1.3. Material

Type 304 SS is a wrought austenitic stainless steel, alloyed with 18% chromium and 8% nickel. It is noted
for high strength, ductility and strain hardening capability and exceptional toughness. It is also considered
“meta-stable” because it may have the ability to undergo a strain-induced martensitic transformation when
subjected to severe plastic deformation at temperatures around 20 °C (room temperature) (Angel, 1954;
Gray et al., 1985; Griffiths and Wright, 1969). If the transformation can occur, the strength behavior, e.g.,
strain-hardening and stress—strain curve shape, in a given stress/strain state is primarily derived from the
mechanical response of the austenite, the transformation from austenite to martensite, and the mechanical
response of the product martensite. The occurrence and degree of the transformation depends not only on
the composition, grain size, grain orientation, and temperature during deformation, but also on the stress/
strain state and strain magnitude, rate and path. For stress/strain states, the order of decreasing occurrence
is: balanced biaxial tension, uniaxial tension, compression, and torsion (Powell et al., 1958; Hecker et al.,
1982).

For AISI 304 stainless steel, two types of strain-induced martensite can form: a ferromagnetic body-
centered cubic o phase and a non-ferromagnetic hexagonal close-packed € phase. In the annealed state, the
material is generally non-magnetic and therefore, after severe plastic deformation, a positive response to a
small magnet would indicate that of-martensite had formed in the arca and that the martensitic transfor-
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mation had occurred. No response was felt when a small, hand-held magnet was moved over the surfaces of
S1 and S3 tube specimens in the “as-received” condition.

2.1.3.1. Composition. Compositional analysis (Foreman, 1999) of material from tube specimens S1-8 and
S3-8 are given in Fig. 5a. Ranges or maximum allowed weight percents for elements from ASTM Desig-
nation A 666-99 (ASTM, 2000) for AISI 304 SS are also given in Fig. Sa.

A comparison of the values indicates that the material for the Sland S3 tube lengths meets the com-
position requirements for commercial AISI 304 stainless steel; however, variations in composition exist
between the S1 and S3 tube length materials. Specifically, the analysis indicates a slightly higher carbon
content for the S3 material.

2.1.3.2. Microstructure. Visual observation of the microstructures for the S1 and S3 tubes was performed on
material from as-received specimens S1-12, S3-12, S1-16 and S3-16 and also from S1-5-1 after it was axially
crushed. Material was sectioned from the tube specimens using hacksaws and jeweler’s saws, mounted in
castable (cold) Epoxide resin and hardener compound (Buehler, 1999), ground and polished using water-
based diamond suspensions through the 0.1 pm stage, and etched using glyceregia. Optical microscopy was
performed using a LECO 300 Metallograph with Xenon light source and the crossed-polarized filters. For
the different locations along the tube length and around the cross-section, through-thickness, transverse

Element (wt %)

Cr Ni C N Si Mn P S
ASTM Standard for AISI Designation Type 304 Stainless Steel

Min. 18.00 8.00

Max. 20.00 10.50 0.08 0.10 0.75 2.00 0.045 0.030
Commercial laboratory* composition analysis - S1 & S3 materials

S1 18.26 8.16 0.045 0.053 045 1.69 0.025 0.014
S3 18.66 8.05 0.053 0.052 0.45 1.89 0.024 0.011
Balance - Fe + others * Reference: Foreman, 1999
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Fig. 5. “As-received” material—S1 and S3 tube lengths: (a) alloy compositions and (b) microstructures—relative grain size and
uniaxial tension test curves and strengths.
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and longitudinal grain sizes and the character of the microstructure were found to be consistent in the S1
tube length and also in the S3 tube length. However, as shown in the micrographs in Fig. 5b, the grain sizes
in the S3 material were significantly smaller than those in the S1 material.

2.1.3.3. Mechanical properties. To obtain material strength and ductility data, uniaxial tension tests were
performed. Sheet tensile specimens (200 mm in length) from the middle area of side 3 (sidewall opposite the
weld) were obtained from tube specimens S1-16 and S3-16 using an abrasive cutoff saw with water coolant.
The longitudinal axis of each tension specimen was parallel with the longitudinal axis of the tube specimen.
Uniaxial tension tests (ASTM, 1997) at 20 °C were performed using an MTS universal testing machine
(MTS Load Frame 100/200 kN—University of California at Berkeley (UCB)), a 50 mm gage length ex-
tensometer and a computer-based data acquisition system. Testing was performed in the displacement
control mode with the machine ram (bottom platen) speed set at approximately 2.5 mm/min. The engi-
neering stress—engineering strain curves are shown in Fig. 5b. The 0.2% offset yield stresses were 330 MPa
for the S1 material and 370 MPa for the S3 material. The ultimate tensile strengths were 570 and 630 MPa
for the S1 material and the S3 material, respectively. For both materials, the tensile strength values are well
above the minimum required ASTM Designation E 8-96a (ASTM, 1997) 0.2% offset yield stress of 205
MPa and ultimate strength of 515 MPa for AISI 304 SS in the annealed condition. A small, hand-held
magnet was pulled across the tested uniaxial tension specimens and for both the S1 and S3 specimens, a
positive attraction of the specimens to the magnet occurred in the uniform elongation and necked sections,
but not in the transition and grip sections. Therefore, the results of the quasi-static, room temperature,
uniaxial tension tests indicated that o/-martensite had formed and both the S1 and S3 materials have the
ability to undergo the martensitic transformation.

Hardness testing was performed using a Rockwell Hardness Tester (Model 3JR-No. 4147, Wilson
Mechanical Instrument Division at UCB) on material from tube specimens S#-1 and S#-16, for #=1 and
3, at multiple locations around the cross-section. Average RHB values of 95 for the outside surface and 93
for the inside surface were obtained for the S1 material and average RHB values of 98 for the outside
surface and 96 for the inside surface were obtained for the S3 material.

The results of the composition analyses and uniaxial tension tests indicate that both the S1 and the S3
samples meet the standard requirements for commercial grade AISI 304 SS. Because the fabrication process
involved cold-forming and welding, there is expected variation in material properties around the cross-
sections for either tube length, but this cross-sectional variation is consistent along the length as indicated
by microstructure appearance and hardness readings. Therefore, S1 and S3 tube specimens have “constant”
geometry and although material can be considered “constant’ along the length for tube specimens from the
same tubing length, the S3 material is higher in strength than the S1 material.

Finally, a check on the elastic global buckling and the compactness criteria for the geometry-material
combinations of the S1 and S3 tubing was performed. Assuming a simply supported column such that
K. =1 and using Eq. (1), the tube specimen length of 30.5 cm is less than the maximum length, L, of
140 cm to prevent elastic column instability. For the compactness criteria, the ¢/b ratio of 0.030 is greater
than the required minimum value of 0.021 as calculated from Eq. (2) for the higher strength S3 material.
Therefore, when axially loaded in compression, the SI1 and S3 tube specimens without collapse initiators
to reduce the peak load will not globally or locally buckle and have the ability to undergo axial crush
response.

2.2. Axial crush configuration response control techniques
2.2.1. End constraint—end caps

For axial crush testing of several specimens of a given component, end constraints are required to ensure
consistent boundary conditions. In past research, types of end constraints for box and hat-section com-
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ponents have included end plates attached by welding or spot-welding to the specimens (Yamaya and Tani,
1971; Ohkubo et al., 1974; Chou, 1983; Lampinen and Jeryan, 1983; Yamaguchi et al., 1985; Wong et al.,
1997) and grooved plates (Toda et al., 1976; DiPaolo, 1992). Unlike grooved plates, welded plates require
additional specimen preparation time and cost and the welding process can cause distortions and localized
microstructural changes in the specimens. Therefore, groove plates were chosen for the current investiga-
tion.

The removable, grooved end cap plates (DiPaolo, 2000) that were used for tube end constraint are shown
on a specimen during testing in Fig. 6a and in detail in Fig. 6c. Each of the end caps was machined from a
100 mm diameter and 25 mm thick circular piece of AISI 4140 (Cr—Mo alloy) steel. After machining, caps
were heat-treated and ground flat. The ability to reuse the caps for components with the same nominal
cross-sectional dimensions required that the width of the grooves allowed for manufacturing tolerances on
the tube specimen’s cross-section. Because the grooves were always slightly wider than a specimen’s outside
width and slightly narrower than the specimen’s inside width, the end cap method could not provide full
fixity on the specimen ends. However, the end cap grooves provided local support to specimen sidewall ends
and consistent end conditions from specimen to specimen.

Side 1 veld

L _
Top

¢ | Groove design:

Double set of machined
full width grooves in
opposite sidewalls with
vertical offset

Fold progression direction
Direction of movement
- bottom machine platen
Orientation

_—
—

Bottom

Groove dimensions:
Upper set - "set 1" Lower set - "set 2"

S1  S3 S1 S3

width (mm) w; 64 64 wy 64 64

depth (mm) dy 023 025 d» 0.18 0.20
distance from top end

(b) of tube (mm) Iy 216 21.6 I 445 445

QUASI-STATIC TESTING

MTS universal testing machine
- 1350 kN capacity
- cross-head speed =2.5 mm/min
- displacement control
(a) Temperature - 20°C

Fig. 6. Experimental test set-up and controls: (a) test machine set-up; (b) collapse initiator geometry and (c) grooved end cap set for
tube end constraints.
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2.2.2. Collapse initiators—machined sidewall grooves

Collapse initiators were used in the investigation to set the axial locations for the initial inward collapse
of all four sidewalls for a tube specimen, to control the fold formation in the initial phase of the crush, and
to establish the specific deformation conditions required for the natural secondary fold formation phase of
a specific axial crush configuration response. Machined grooves in the sidewalls at one end of a tube
specimen served as collapse initiators. This geometric modification was chosen because of the dimensional
control and repeatability of the machining process.

The collapse initiators specifically consisted of a double set of transverse, full sidewall width, machined
grooves in opposite sidewalls with a vertical offset for groove pairs in adjacent sidewalls. An undeformed
tube specimen with grooves is shown in Fig. 1a. The geometry and dimensions for the groove design are
given in Fig. 6b. The design was developed in preliminary collapse initiator testing (DiPaolo, 2000) of
prototype specimens from the S1-S4 tube lengths. The basic requirement for the design was to force
sidewall movement inward at the same specific locations for each pair of opposite sidewalls, and to control
the initial phase fold formation of a configuration without disrupting the deformations required for the
secondary fold formation phase for that configuration. The location and spacing of the grooves was based
on the geometry of the natural wavelength in the initial fold formation phase of specimens that had been
tested with end caps but without initiators and that had undergone configuration responses similar to the
Configuration A response shown in Fig. 2a. The width of the grooves was set at slightly less than the curve
length of the corresponding inward fold on an unmodified specimen for the configuration response and the
groove depth of 10-15% of the wall thickness was used to induce localized bending moments in the side-
walls without disrupting the fold formation process. The grooves were produced using an end mill cutter in
a milling machine and by performing two to three passes per groove to obtain the specified depth at mid-
wall. No blending of the grooves to the surface was done. The grooves were machined at the “end of
cutting” end for S1 tube specimens and at the “start of cutting” end for S3 tube specimens.

2.2.3. Test setup

All axial crush testing was quasi-static at 20 °C using a 1350 kN capacity MTS universal testing machine
with computer control and data acquisition systems (MTS Load Frame 1000/2000 kN—UCB). The testing
mode was displacement control with the bottom platen of the machine being moved vertically upward to
load the tube specimens in compression. The ram speed was 2.5 mm/min. For each specimen, masking tape
shims were placed on the sidewall centers on both ends of a tube specimen in a symmetric manner (equal
number of layers for opposite sidewalls). Shims were placed on the outside for sidewalls 2 and 4 and on the
inside for sidewalls 1 and 3 to ensure centering of the specimen in the end cap grooves. Each specimen with
end caps was placed vertically in the testing machine with the specimen’s collapse initiator grooves nearest
the top platen. Therefore, the folding direction in the specimen was downward and opposite to the bottom
platen’s upward movement. The test set-up is shown in Fig. 6a. Computer data included time, load (load
cell digital resolution of +0.7 kN), and displacement (linear-variable differential transformer, LVDT) at a
recording rate of approximately one data point per second. The load—displacement curves were generated
using the computer data smoothed by three-point averaging.

3. Experimental investigation

For the experimental investigation, a progressive axial crush study was performed to demonstrate that
for constant test specimen geometry and material, a specific configuration response of the symmetric axial
crush mode could be obtained by using experimental control methods and secondly, an alloy and micro-
structure study was performed using the specimens from two tubing lengths to isolate material effects for
the same specific symmetric axial crush configuration response.
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3.1. Progressive axial crush study

In past research, general analyses of the deformation stages in the fold formation process with respect to
points on the load-displacement curves had been performed for the symmetric axial crush mode of im-
pacted mild steel box columns (Wierzbicki et al., 1978), for quasi-statically tested, aluminum alloy box
columns (DiPaolo, 1992), and for the diamond axial crush mode of quasi-statically tested right-circular
cylindrical tubes of alloys of brass, copper and aluminum (Singace, 1999). However, the studies did not
demonstrate that the response was limited to a single configuration response for the axial crush mode. For
the experimental investigation, a progressive axial crush study was used to test the capability of simple
experimental techniques of end caps and grooved collapse initiators to restrict a component’s symmetric
axial crush response to a specific configuration.

In the current progressive axial crush study, original geometry, material, testing conditions, and test
specimen end constraints are held constant and a single axial crush configuration response is to be obtained
for all specimens. The general procedure for the study consists of selecting several displacement points on
the load—displacement curve of a prototype test specimen for the configuration, and for each curve point,
one test specimen is axially crushed to the curve point displacement. The single axial crush configuration
response is verified by comparing both fold appearance and load-displacement curve shapes for the
specimens. If good agreement results, it can be concluded that consistent configuration response is obtained
and the set of specimens represents the permanent deformation of the fold formation process for the
configuration. The crush characteristics such as load magnitudes, displacements, and energy absorption in
the initial phase and for cycles in the secondary phase of the configuration are also established for the
material.

3.1.1. Symmetric axial crush mode configuration for the progressive axial crush study

In prior test studies on collapse initiator designs (DiPaolo, 2000), the symmetric axial crush mode
Configuration A response (see Fig. 2a) was established experimentally by the response of the prototype
specimen S1-18. The fold formation and load—displacement curve for this configuration are shown in Fig. 7
and were also used for the symmetric axial crush response example in Fig. 1. Because the end caps do not
provide total fixity to the tube ends, some variation in the load—displacement curve in the initial phase of
the axial crush response is to be expected from specimen to specimen. Therefore, the curve points for the
study are selected from the second cycle in the secondary folding phase. The initial phase and the first cycle
of the secondary folding phase are used to verify that the specimens underwent the axial crush Configu-
ration A response. The nine points for the study are shown in Fig. 7b and include the two maximum loads,

Secondary folding phase
Cycle 1 Cycle 2
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Fig. 7. Configuration A response—prototype specimen S1-18 Progressive axial crush study curve test points: (a) fold formation—
corner 41; (b) load—displacement curve and (c) fold formation—corner 12.
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the three minimum loads, and four intermediate points at a load of 44.5 kN (approximate expected mean
load magnitude for the cycle).

3.1.2. Testing procedures

Ten 30.5 cm S1 tube specimens were selected and prepared for testing. This included one specimen for
each of the selected curve points and one “extra” specimen. The locations of the specimens along the
original ““S1” tube length are shown in Fig. 3b. Prior to testing, a transverse dent was observed on a
sidewall of specimen S1-10-2. This specimen was set aside as the “extra” test specimen. The remaining nine
specimens were placed in a large box and randomly selected for testing to avoid correlation of a specimen’s
tube length location with its test sequence number. The testing order of the curve points was points 1, 3, 5,
7, and 9 and then points 2, 4, 6, and 8. The curve point test order was set to obtain fold formation con-
figurations for the minimum and maximum load points before the intermediate load points.

Testing was performed over the course of two days. The curve point numbers and test sequence numbers
for the tube specimens are shown with respect to the tube length locations in Fig. 3b. On the second day of
testing, although specimen S1-5-2 underwent symmetric axial crush mode response, the fold appearance did
not match that of the Configuration A prototype specimen S1-18. To obtain the deformation configuration
for curve point 8, specimen S1-10-2, with the transverse dent, was tested. For this specimen, the machined
grooves initiated the collapse of the specimen and folding proceeded similar to specimen S1-18 until the
traveling foldlines reached the area containing the dent. The location of the dent in the sidewall coincided
with the location for a stationary inward fold occurring in the last half of cycle 1 in the secondary folding
phase. The overall fold process and appearance of the mode was not disrupted. However, the curve data for
the specimen was affected because the dent acted in the secondary folding phase as a physical modification
to the specimen’s geometry and exclusion of the use of the data for this specimen is as noted below.

3.1.3. Results

A total of eleven box component specimens from a single “S1”” length of commercial AISI 304 SS welded
tubing, i.e., constant geometry and material, had been axially compressed using end caps for tube end
constraint and machined groove collapse initiators for configuration response control. This included a
prototype specimen, S1-18, that established the Configuration A response for the symmetric axial crush
mode and ten specimens in the progressive axial crush study. For all ten specimens in the study, collapse
initiated at the machined grooves; fold appearance and curve shapes indicated that response was the
symmetric axial crush mode response. Fold appearance of only one specimen differed from the configu-
ration response of the prototype specimen. This may be attributable to the end cap groove width tolerance
and/or the dimensions such as location, depth, etc., of the collapse initiator grooves. However, nine of the
ten specimens in the study had fold formation similar to that of the prototype specimen S1-18. For these
specimens, fold formation, load—displacement curve shapes and crush characteristics were evaluated.

3.1.3.1. Fold formation process. Two views of the nine progressive axial crush study specimens are shown in
Fig. 8. The fold formation is consistent from specimen to specimen and matches that of the prototype
specimen S1-18 shown in Fig. 7. For the “stationary’ foldline deformations, three specimens were chosen
for sectioning: S1-4, S1-5-1, and S1-15-2. These specimens represent curve points: 1, 3, and 5, respectively,
as shown in Fig. 9a. Sectioning was performed along longitudinal lines to obtain and compare mid-sidewall
permanent deformation profiles from sides 2 and 3. The sectioning lines for the profiles are shown in Fig.
9b. Sectioning was performed using a hacksaw or when sawing became difficult due to residual stress re-
lease, a jeweler’s saw. No lubrication was used; however, slow sawing speed was maintained to prevent
overheating of the material in critical areas and all cut lines were deburred. The mid-sidewall fold profiles
for the three specimens are shown in Fig. 9c. The deformations in the profiles represent fold formation and
some residual stress release displacements; however, both sets of profiles again show very consistent
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View showing corner 41

Specimens:  S1-4 Sl1-17 S§1-5-1 S1-11 SI-15-2 SI-15-1 S1-10-1 S1-10-2 S1-7

View showing corner 34

Fig. 8. Progressive axial crush study—secondary folding phase—cycle 2.

deformations in the specimens through the portion of the axial crush common to the three specimens, i.e.,
the initial phase and cycle 1 of the secondary folding phase.

3.1.3.2. Load-displacement curves. The load—displacement curves for the nine curve point specimens are
superimposed in Fig. 10a. The figure shows that curve shape is very similar for all specimens and that the
sidewall dent in specimen S1-10-2 had the effect of shifting the load—displacement curve to the left and
reducing both load magnitudes and energy absorption as folding progressed through the dent area. The
load—displacement curve shapes in the secondary folding phase were evaluated by separating the curves into
cycle sections at the minimum loads. Fig. 10b presents the superimposed load—-displacement cycle sections.
For cycle 1, the sections were horizontally shifted and centered because all nine specimens were crushed
through this cycle. The cycle 2 sections were horizontally shifted and anchored at the respective first
minimum load points. With the exception of the curve for the specimen with the sidewall dent, the curve
shapes match on a point-to-point basis. In general, the consistent fold appearance, mid-sidewall profiles,
and load—displacement curve shapes indicate that the nine curve point specimens underwent the Con-
figuration A response of the prototype specimen S1-18.

3.1.3.3. Crush characteristics analysis. To evaluate the response, crush characteristics were analyzed for the
initial phase and cycle 1 of the secondary folding phase. The test data included the prototype specimen, S1-
18 and eight of the nine progressive axial crush configuration specimens. The test data for specimen S1-10-2
was not included in the analysis because the transverse sidewall dent interfered with the natural fold
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(C) inside surface - outside surface

Fig. 9. Mid-sidewall fold profiles: (a) fold formation specimens for sectioning; (b) sectioning lines in sides 2 and 3 using specimen S1-5-1
and (c) profiles.

formation process in the secondary folding phase. The analysis was performed by calculating the percent
differences using an average value basis and is presented in Table 1 for the initial phase and in Table 2 for
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Fig. 10. Nine progressive axial crush study specimens—load—displacement curves: (a) superimposed load—displacement curves and
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Table 1

Crush characteristics—initial folding phase, progressive axial crush study—S1 specimens
Specimen Curve pt. Load (kN) Pri (kN) d; (cm) EA;
number Prs P P P P (kNem)
Progressive axial crush study
S1-4 Pt. 1 113 30.0 65.2 41.7 46.9 43.0 7.12 317
S1-17 Pt. 2 107 28.7 62.5 40.4 45.6 41.8 7.05 308
S1-5-1 Pt. 3 115 30.0 60.0 41.0 47.6 42.0 6.90 302
S1-11 Pt. 4 111 29.9 62.5 41.7 48.2 42.8 7.08 314
S1-15-2 Pt. 5 109 29.3 58.6 41.7 48.2 41.6 6.92 300
S1-15-1 Pt. 6 113 30.0 58.6 41.7 48.9 424 6.93 305
S1-10-1 Pt. 7 115 28.7 58.6 41.7 49.5 423 6.89 303
S1-10-2 Pt. 8 Structural damage on specimen Transverse dent
S1-7 Pt. 9 111 29.3 64.5 41.7 46.9 42.7 7.07 314

Basic axial crush mode—prototype specimen SI1-18
S1-18 - 99 28.7 59.3 39.8 47.6 41.3 6.96 299

Maximum percent difference (average value basis)
10 2 7 4 4 2 2 3

cycle 1 of the secondary folding phase. The characteristics that were included in the analysis are shown in
Fig. 1c. For the initial phase, maximum percent differences were less than or equal to 10% for peak load, 7%
for maximum loads, 4% for minimum loads, and 3% for mean load, cycle displacement, and energy
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Table 2

Crush characteristics—secondary folding phase, progressive axial crush study—SI1 specimens
Specimen Curve pt. Cycle no. Load (kN) Py (KN)  0; (cm) EA,
number P Pis P Py Fys (kNem)
Progressive axial crush study
S1-4 Pt. 1 1 24.8 63.2 34.5 53.4 26.1 45.2 4.83 219
S1-17 Pt. 2 1 24.8 62.6 33.2 52.8 24.8 435 5.08 221
S1-5-1 Pt. 3 1 26.1 63.9 313 54.1 24.8 44.1 5.08 224
S1-11 Pt. 4 1 25.4 63.9 33.9 54.7 26.1 44.8 4.97 223
S1-15-2 Pt. 5 1 26.1 63.2 33.2 53.4 25.4 44.0 4.98 219
S1-15-1 Pt. 6 1 26.1 63.9 32.6 54.1 25.4 44.1 5.13 227
S1-10-1 Pt. 7 1 26.1 63.9 31.9 55.4 26.7 44.6 4.94 221
S1-10-2 Pt. 8 1 Structural damage on specimen Transverse dent
S1-7 Pt. 9 1 24.8 63.2 33.9 52.8 254 443 4.92 218

Basic axial crush mode—prototype specimen SI1-18
S1-18 - 1 26.1 62.6 33.2 53.4 24.8 437 5.07 222

Maximum percent difference (average value basis)
3 2 6 3 5 2 3 2

absorption. For the secondary phase—cycle 1 crush characteristics, percent differences were less than or
equal to 3% for maximum loads, 6% for minimum loads and 3% for mean load, displacement, and energy
absorption. The higher percent differences for the peak and maximum load magnitudes in the initial phase
were expected due to the fact that the end caps cannot provide total fixity to the tube specimen ends. In
general, the results of the progressive axial crush study showed that control methods can be used to obtain
consistent performance from specimen to specimen on a point-to-point basis during the different phases of
the fold formation process of a specific symmetric axial crush configuration response. Further investiga-
tions are required to study variation in crush characteristics for different symmetric axial crush mode
configurations.

3.2. Alloy composition and microstructure study

3.2.1. Background

Past investigations have been performed to study the effects of alloying and process parameters on the
axial crush response of metallic alloy components. A change in response mode from ductile fold formation
to fracture has been reported for right-circular cylindrical tube specimens of different alloy-aging treatment
combinations of AA6061-T6 and AA2024-T4 aluminum alloys (Magee and Thornton, 1979) and with
different cold-worked and heat-treatment quenching processes involving dual phase steel (Thornton, 1979)
and for square specimens with different processing and heat treatments of a 6XXX aluminum alloy (Logan
et al., 1993). Similar response mode changes have also been observed for dynamically tested AA6082 box
sections in the T4 and T6 heat treatment conditions (McGregor et al., 1993). Furthermore, for both quasi-
static and dynamic testing, it had been demonstrated that material and processing changes can also be used
to modify the type of mode response and crush characteristic magnitudes while retaining the ductile fold
formation response of axial crush (VanKuren and Scott, 1978; Gupta and Gupta, 1993; Logan et al., 1993;
Langseth et al., 1994). However, the crush characteristics used for these comparisons were limited to the
peak load that occurs at the beginning of the crush and overall crush characteristics such as mean load or
total energy absorption. In these studies, the axial crush mode was not restricted to a specific configuration
response and no comparisons could be performed on load-displacement curve shapes or secondary folding
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phase crush characteristics. The purpose of the second part of the current investigation was to isolate the
effect of material parameters such as alloy composition and microstructure on the secondary folding phase
of the symmetric axial crush Configuration A response.

3.2.2. Test specimens and procedure

For the second study of this investigation, test specimen geometry, end constraint, collapse initiator
design and testing conditions were held constant. One specimen from each of the S1 and S3 lengths was
used: specimen S1-7 (point 9—progressive axial crush study) that was compressed to the end of the second

cycle in the secondary folding phase and specimen S3-18 that was compressed partially into the third cycle
of the secondary folding phase.

3.2.3. Results

Photographs of the fold deformations and load—displacement curves for specimens S1-7 and S3-18 are
shown in Fig. 11a and b, respectively. The similar fold appearance and overall shape of the load-dis-
placement curves indicate that both specimens underwent Configuration A response.
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Fig. 11. Alloy composition and microstructure study, axial crush Configuration A response—S1 and S3 specimens: (a) fold formations
and (b) load—displacement curves.
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The secondary folding phase cycle sections of the load—displacement curves were horizontally shifted,
centered and superimposed for specimens S1-7 and S3-18 as shown in Fig. 12a. The plot of the superim-
posed cycle sections from the S1 specimens in the first part of the investigation (dented specimen curve not
included) is shown to the same scale in Fig. 12b. Since all specimens have ‘“‘constant’” geometry, control
methods, test conditions and configuration response, a comparison of the two plots indicates that the
variation in load—displacement curves is minimal for the “constant” material S1 specimens and that the
differences between the curves for the S1 and S3 specimens are a result of material parameters.

In Fig. 12a, all of the S3-18 curve sections have higher load magnitudes on a point-to-point basis, in-
creased energy absorption, and a slightly broader shape than the corresponding S1-7 specimen curve
sections. An analysis of the secondary folding phase crush characteristics was performed for the S1-7 and
S3-18 specimens and is presented in Table 3. The minimum percent increases for the S3 values with respect
to the S1 values for the maximum loads, the minimum loads, and the mean load and the energy absorption
quantities are 12%, 8%, 12%, and 18%, respectively. The percent increase of the maximum loads is con-
sistent with the higher strength of the S3 material. The S3-18 cycle displacements are 4% larger than the
S1-7 cycle displacements.

Response to a small hand-held magnet placed over the outside surfaces of the SI and the S3-18 axial
crush specimens indicated that the martensitic transformation had occurred at corner locations and along
the traveling foldlines for specimens from both materials. No response was apparent on the mid-sidewall
fold areas. Further investigation is required to detail and use the locations of both the o’-martensite and the
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Fig. 12. Secondary folding phase cycle section comparison Configuration A response—SI and S3 specimens: (a) S1-7 and S3-18
specimens and (b) S1 specimens.

Table 3
Crush characteristics—secondary folding phase, alloy composition and microstructure study—S1-7 and S3-18 specimens
Cycle Load (kN) Pt Cycle §;, EA;
no. Py P, P Py P s Py (kN) 92 (cm) EA, (kNcm)
Pis B4 P Py
Progressive axial crush study
S1-7 Pt. 9 1 24.8 63.2 33.9 52.8 25.4 44.3 4.92 218
2 62.6 32.6 55.4 254 44.1 497 219
Alloy composition and microstructure study
S3-18 1 29.3 71.0 36.5 61.9 28.0 49.8 5.18 258
2 71.0 35.8 65.8 28.7 50.2 5.17 260

Minimum percent increase of S3 values with respect to S1 values
18 12 8 17 10 12 4 18
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¢ martensite formation to further understand material performance during the axial crush fold formation
process for AISI 304 SS.

Finally, for square box components, mathematical models have been generated in past research inves-
tigations to relate axial crush characteristics to geometric and material parameters and to predict perfor-
mance. The resulting equations have been based on modeling the mechanics and kinematics of the folding
process. In particular, several equations for the mean crushing strength, P,, have been developed for a
square column assuming homogeneous, isotropic, rigid perfectly plastic material with equivalent time- and
temperature-independent behavior in uniaxial tension and compression and no corner geometry effect. For
a constant but otherwise arbitrary energy equivalent flow stress, o, such that ¢, < 6, < 0., where g, and o,
are the true “yield” stress and true ultimate stress, respectively, and M, = g,*/4, the equations are of the
form:

Pn/My = C(b/t)" 3)

Values for the coefficient, C, and exponent, x, have been derived for an ideal thin-walled tube for which
folds flatten completely, C = 38.12 and x = 0.33 (Wierzbicki and Abramowicz, 1983; Abramowicz and
Jones, 1984) and with an adjustment for an effective crushing distance, C = 52.22 and x = 0.33 (Abra-
mowicz and Jones, 1984). Based on an empirically derived equation for structural effectiveness, and setting
0, =0y, C =68 and x = 0.20 (Magee and Thornton, 1979). For mild steel and using a power law to
approximate the stress—strain relation and assuming 0.3 for the ultimate strain of the material, the energy
equivalent flow stress for a progressively collapsing rectangular column has been bounded by
0.90, < 0, <0.950, (Wierzbicki and Abramowicz, 1989).

The results of the second study in the current investigation provide symmetric axial crush mode data for
a single configuration response of specimens with different AISI 304 SS material strength levels. Unfor-
tunately, direct input of the data into the different models based on Eq. (3) is not valid because several
modeling assumptions are incorrect for the AISI 304 SS axial crush specimens. Microstructure around the
cross-section is non-uniform due to the cold-forming operations and the weld seam. Significant stain
hardening is characteristic of the material. Because of the occurrence of the martensitic transformation in
the corner fold areas, equal material response in tension and compression cannot necessarily be assumed.
Furthermore, the fold formation process for the tube specimens deviates from that of a perfect square
section because of the rounded corner geometry. However, it is interesting to note that for all three
equations, when the experimental mean crushing loads for the S1-7 and the S3-18 specimens were used to
back-calculate flow stress, the calculated values were between the corresponding true uniaxial tension
“yield” and ultimate stresses for both materials. Additionally, for the two models with C > 50, the pre-
dicted flow stresses were closer to the true yield stress and corresponded to engineering strains less than 0.2.
In the future, detailed studies of the response of AISI 304 SS with respect to the critical stress/strain states
involved in the fold formation process are required. In addition, axial crush experiments on components for
which the model assumptions are valid are necessary to evaluate the mathematical model predictions for
Configuration A response and other configuration responses of the symmetric axial crush mode of the
square box component.

4. Conclusions and future research

An experimental investigation of the axial crush response of thin-walled, ductile metallic alloy, square
box components was performed. Test specimens were taken from two lengths, designated S1 and S3, of
welded, AISI 304 stainless steel tubing with constant geometry. All testing was quasi-static and performed
at room temperature. The investigation consisted of two parts: a progressive axial crush study, and an alloy
composition and microstructure study.
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In the progressive axial crush study, test specimens were cut from the S1 tube length. Removable
grooved end caps provided consistent tube specimen end support conditions. Collapse initiators consisted
of a double set of transverse, full sidewall width, machined grooves in opposite sidewalls with a vertical
offset for groove pairs in adjacent sidewalls. The initiators were used to produce consistent collapse initi-
ation location and initial fold formation, and to promote the specific axial crush configuration response in
the secondary folding phase. Using the results from a prototype S1 test specimen that had undergone the
specific configuration response, nine deformation points in second cycle of the secondary folding phase
were chosen from the specimen’s load—displacement curve. Ten S1 test specimens were selected and each
specimen was axially compressed to a pre-selected deformation point.

All specimens underwent symmetric axial crush mode response. Consistent fold appearance and load-
displacement curve shape matches indicated that nine of the ten specimens had undergone the specific axial
crush configuration response of the prototype specimen and the set of specimens represented the permanent
deformations of the fold formation process for the second cycle of the configuration’s secondary folding
phase. For the configuration response specimens, good agreement was obtained for crush characteristic
values in the initial phase. Using an average value basis, the maximum percent difference was less than or
equal to 10% for the peak load, 7% for load magnitudes and 3% for mean load, displacement, and energy
absorption. Very good agreement was obtained for crush characteristic values in the first cycle of the
secondary folding phase. Using an average value basis, the percent difference was less than or equal to 3%
for maximum load magnitudes, 6% for minimum load magnitudes and 3% for mean load, displacement,
and energy absorption.

For the alloy composition and microstructure study, the same experimental methodology as in the first
study was used to obtain the specific axial crush configuration response in a tube specimen from tube length
S3, and therefore to isolate the effect of material parameters on axial crush performance. The axial crush
response for the S3 specimen was compared to an S1 specimen that had been crushed through the second
cycle of the secondary folding phase. Both fold appearance and general load—displacement curve shapes
were similar for the two specimens and indicated that both specimens had undergone the same configu-
ration response. However, the higher concentration of carbon and smaller grain size in the S3 material
resulted in an overall vertical upward shift of the cycle section curves and minimum increases of 8% for load
magnitudes, 12% for mean load and 18% for energy absorption for the secondary fold formation phase of
the configuration response.

Results of the investigation demonstrate the ability to restrict symmetric axial crush mode response to a
specific configuration consisting of a fold formation process and the corresponding load—displacement
curve. Therefore, for the box component tube specimens with constant geometry and material, repeatable
load magnitudes and energy absorption process can be ensured. Moreover, uniformity was achieved from
specimen to specimen of a commercially-produced product and therefore, it was possible to isolate and
examine the effect of material parameters on the axial crush configuration response.

For future research efforts, if end constraints and collapse initiators are used to restrict response of box
component specimens to a specific configuration, studies can focus on material performance aspects of axial
crush response. For instance, the progressive axial crush study specimen set is being used to study plastic
deformation in critical sections during the secondary phase fold formation process of the Configuration A
response for the AIST 304 SS material. Similar studies using the Configuration A response are planned for
box components of other ductile metallic alloy materials.

In addition, research on the secondary folding phase crush characteristic differences for various con-
figuration responses of a specific component could be performed using modifications to the collapse ini-
tiator design. In general, research investigations are also needed to develop methods to control the entire
axial crush configuration response, modify foldline paths, and optimize the energy absorption process for
an axial crush component. These methods could then be used as a basis to develop the more complex
methods required to control the energy absorption paths in general three dimensional structures for
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applications such as crashworthiness capability, independent of angle of collision, and blast resistance of
structures for increased threat levels.
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