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Crashworthiness of extruded magnesium thin-walled square tubes
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Abstract: Axial compression tests were conducted on AZ31B magnesium and A6063 aluminum thin-walled square tubes with varied
lengths and induced features at different compression rates. In compression, the magnesium tubes exhibited a “local buckling and
fracture” mode, with three fracture patterns, i.e. “horizontal”, “double-oblique”, and “spiral” fractures. In general, the magnesium
tube showed an inferior crashworthiness to the aluminum square tube. In addition, the effects of L/W ratio, strain rate and induced
features on the crashworthiness of thin-walled square tubes were investigated. With an increase in the L/W ratio (L and W represent
the tube length and width, respectively) from 1 to 4, the maximal force and global specific energy absorption decreased in a
power-law trend for the magnesium tubes, while they remained approximately constant for the aluminum tubes. Furthermore, as the
compression rate increased from 5x107> to 10 m/s, the primary crashworthiness parameters of the magnesium tubes increased in an
approximately exponential manner, while for the aluminum tubes, they changed slightly. Finally, the involved induced features were
proven to be not an effective method to improve the specific energy absorption of magnesium tubes, thus, more trigger types,

locations, and sizes will be evaluated in future to improve the energy-absorption ability.
Key words: magnesium square tube; crashworthiness; length/width ratio; strain rate; induced feature

1 Introduction

Magnesium and aluminum alloys have become
more and more attractive in designing vehicle, aircraft,
and other products [1-5]. Thin-walled structures made
from conventional steel materials have been commonly
used as energy-absorption systems and, in particular, the
square tubes have been commonly used as vehicle front
rail, aircraft floor structure, building roof structure etc.
To determine whether thin-walled square tubes made of
magnesium and aluminum are suitable for using as crash
components, it is necessary to evaluate the crash-
worthiness of the square tubes.

For the aluminum tubes, a large number of studies
have been conducted to investigate the deformation/
fracture mode, load carrying and energy-absorption
ability through analytical analysis and compressive
tests [6—11]. In addition, numerical simulations have
been performed to predict the buckling/fracture behavior
and the crashworthiness [12—19].

Compared with aluminum tubes, few studies have
been performed on the crashworthiness of magnesium
tubes. Because these relevant studies have been
introduced in a recent work by LI et al [20], in this
extension study, they are briefly summarized below.
BEGGS et al [21] and YOON et al [22] investigated the
failure mode and crashworthiness of AZ31B and AZ61
magnesium tubes, respectively. SAMER
et al [23] analyzed the effect of trigger on the crash mode
of magnesium hexagonal tube. ZHU et al [24]
investigated the force variation and fracture behavior of
top-hat AM60B magnesium tubes with crush initiator
under axial crush and bending conditions. DOORUM et
al [25,26] proposed a “shear-bolt” energy absorption for
magnesium components. STEGLICH et al [27] and WU
et al [28] assessed the crashworthiness of magnesium
rectangular structures under quasi-static compressive
conditions. WAGNER [29] and ROSSITER et al [30]
performed simulations on magnesium double-top-hat and
rectangular tubes under compression respectively, in
attempt to reproduce the fracture processes.
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The above studies provided promising results on
elucidating the crush behavior and crashworthiness of
magnesium circular and square tubes. However, (1) the
experimental data on magnesium tubes with different
lengths under different compression rates are very
limited; (2) for dynamic tests, the compression rate
cannot generally be kept constant due to the drop tower
test method used and meanwhile the involved strain rate
range is quite narrow; (3) the effect of induced features,
like hole or crack, on the crashworthiness of magnesium
tube was not investigated. In our recent work [20],
the aforementioned relevant problems on AZ31B
magnesium circular tubes have been investigated. In
review of differences existing in the fracture pattern and
crashworthiness mechanism between magnesium circular
and square tubes, as an extension, in the present work,
we sought to address the effects of the tube length, strain
rate and induced features on crashworthiness of square
tubes. In addition, crashworthiness ability between
square magnesium and aluminum tubes was also
comparatively studied.

2 Experimental

2.1 Specimens
A series of axial crush tests were performed on

pristine square tubes of AZ31B magnesium and A6063
aluminum with lengths of (1—4)W as well as on those
with induced features. The cross-section dimensions of
the magnesium and aluminum tubes were 50 mm X
50 mm X 2 mm and 40 mm X 40 mm X 2 mm,
respectively (Fig. 1(a)). In addition to the pristine tubes,
tubes with induced features such as symmetrically or
asymmetrically distributed cracks or holes were also
tested (Figs. 1(b—e)). In the case of the magnesium tubes,
the cracks were 20 mm X 1 mm and the hole diameter
was 5 mm. For the aluminum tubes, the cracks were
16 mm x 1 mm, and the hole diameter was 5 mm. The
locations and distributions of the cracks and holes are
shown in Fig. 1(b). In addition, Fig. 1(f) shows the shape
of specimens used for obtaining the mechanical
properties of AZ31B magnesium and A6063 aluminum
alloys, in which the specimens were cut from the walls of
the square tubes along the axial direction.

2.2 Axial crush tests

A WDW-100 universal machine and a servo-
hydraulic Instron VHS—160/100-20 testing machine
were used to execute the static and dynamic tests,
respectively. High-speed cameras were used to monitor
the deformation mode and fracture patterns. The primary
parameters of the test setup were described in the
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Fig. 1 Geometry of magnesium and aluminum tubes (a), symmetrical distribution of cracks (b), asymmetrical distribution of cracks

(c), symmetrical distribution of holes (d), asymmetrical distribution of holes (e) and geometry and size of test specimens used to

obtain mechanical properties (f) (unit: mm)
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previous study [20].

The test matrices for the quasi-static and dynamic
axial crush tests are presented in Table 1. The
magnesium and aluminum tubes were cut into four
lengths corresponding to L/W ratios of 1, 2, 3 and 4.
Quasi-static crush tests were performed on the pristine
tubes with L/W ratios of 1, 2, 3 and 4 as well as on the
tubes with the induced features with L/W of 4. Dynamic
compression tests were performed on tubes with L/W of
4 at four different compression rates, while for the
aluminum tubes, three strain rates were used, owing to
the constraint of test setup.

2.3 Crashworthiness evaluation parameters

In this section, the maximal force (Fi.x), mean force
(Fmean), €nergy absorption (E), specific energy absorption
(SEA) and global specific energy absorption (GSEA)
were used to evaluate the load-carrying and crash-
worthiness performances of magnesium and aluminum
tubes under different conditions. All these parameters
have been defined in the previous study [20] except the

Table 1 Test matrices for quasi-static and dynamic axial crush tests
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GSEA, which was calculated by the energy absorbed by
the tube divided by the tube total mass.

3 Results

3.1 Mechanical properties of magnesium and alloy
tubes
The properties  of
magnesium and aluminum alloys are shown in Fig. 2.
The elastic modulus (£},) is the slope of the elastic stage
of the stress—strain curve. The initial yield stress was
determined based on the 0.2% offset criterion (oy,=0y>).

elastic—plastic mechanical

To reflect the hardening characteristics, the power-law
material model [31] given in Eq. (1) was used to fit the
plastic strain (0,) and stress (o,) data to obtain the
hardening exponents (n) and strength coefficients (k) and

the results are incorporated in Fig. 2.
- n
o,=k(ey, +€,)

()

where oy, is the strain corresponding to the initial yield
stress.

Material Name LW Wx¢x[L(mm) Testtimes Induced feature Test speed/(m's ')
Mg LW1 1 50%2x50 4
Mg LW2 2 50%x2x100 4
Mg LW3 3 50%x2x150 4 Ne
AZ31B Mg LWwW4 4 50%x2x200 4 5x10°5
Mg _SyHole 4 50x2x200 4 Symmetrically distributed hole
Mg _AsyHole 4 50x2x200 4 Asymmetrically distributed hole
Mg SyCrack 4 50%2x200 4 Symmetrically distributed crack
Mg AsyCrack 4 50x2x200 4 Asymmetrically distributed crack
Al LWI 1 40x2x40 3
Al _LW2 2 40x2x80 3
Al _LW3 3 40x2x120 3 Ne
AG063 Al _Lw4 4 40x2x160 3 5x10°5
Al _SyHole 4 40%2x160 3 Symmetrically distributed hole
Al AsyHole 4 40%2x160 3 Asymmetrically distributed hole
Al SyCrack 4 40%2x160 3 Symmetrically distributed crack
Al _AsyCrack 4 40%2x160 3 Asymmetrically distributed crack
Mg LW4 0.01 4 0.01
AZ31B Me LW 0.1 4 50x2x200 : No 0
Mg LW4 1 4 1
Mg LW4 10 4 10
Al LW4 0.01 3 0.01
A6063 Al _LW4 0.1 4 40x2x160 3 No 0.1
Al _Lw4 1 3 1
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Fig. 2 Mechanical properties of magnesium AZ31B and
aluminum A6063 tubes

3.2 Influence of L/W ratio on crush behavior of

magnesium and aluminum square tubes
3.2.1 Deformation and facture mode of magnesium

square tubes

The overall crush failure process of the magnesium
square tubes with L/W ratios included buckling and
fracturing stages.

(1) Buckling stage

Figure 3 shows the buckling process and the
load—displacement history of the magnesium tube. When
the tube was initially compressed, it underwent an elastic
compressive deformation. The contact force increased
almost linearly until the first peak load was observed. As
the tube was compressed further, slight symmetric
buckling occurred, and the compressive force started to
decrease, reaching a trough value. With compression
continuing, the tube entered the material hardening stage,
and two opposing walls bent inward at the concavity
position while the other two opposing walls bent outward
at the bulging position. The corresponding compressive
force increased again until the second peak load was
reached. The buckling (bulge or concavity) number, n,,
was found to be approximately equal to the L/W ratio
(ny=L/W) and the crush displacement before fracture

Initial displacement and
40 |corresponding initial peak load /=1 LIW=3
Lim=2 L/W=4
z c
3 30f AL
8 B
)
2
2 20r
[0}
g,
§ 10} Initial fracture
0 5 10 15

Displacement/mm

Fig. 3 Buckling process and load—displacement histories of
magnesium tubes with different L/ ratios

generally increased in proportion to L. With further
compression, the tube entered into the fracturing stage.

(2) Fracturing stage

In fracture stage, at first, a small initial fracture
occurred from one buckling position. This fracture then
propagated along the tube wall. Three patterns were
observed during the propagation of the fracture, as
shown in Fig. 4. In the case of the type I pattern, the
fracture expanded along the cross-section of the tube,
with the fracture surface parallel to the horizontal plane,
named “horizontal fracture.” For the type II pattern, the
fracture passed through three concaves and one bulging
buckling positions. Furthermore,
horizontal fracture lines and two oblique fracture lines
that were inclined at an angle of approximately 30° with
respect to the horizontal plane, called “double-oblique”
fracture. In the case of the type III pattern, the fracture
line passed through three concave buckling positions on
the tube wall in a manner of a spiral curve, thus, we
named this type of fracture the “spiral fracture”. Type I
fracture pattern occurred for tubes with L/ ratios of 1,
2, 3 and 4, type I fracture occurred mainly for L/W ratios
of 3 and 4, and type III fracture pattern only occurred for
an L/W ratio of 4.

The fracture stages of the load—displacement curves
for these three patterns are shown in Fig. 5. For all the
patterns, once the fracture occurred, the compressive
force decreased rapidly from the peak load to a low
value. The curves then show differences in behavior, as
marked by the dashed ellipse. In the case of the
horizontal fracture pattern, the tubes fractured into two
segments at certain time point and the upper segments
were supported by the lower segments, thus, the
compressive force began to increase again from the
lowest value. In the cases of the double-oblique and
spiral fracture patterns, fracture occurred from different
buckling positions at different time points, thus, the
compressive forces decreased with further compression.
3.2.2 Deformation mode of aluminum square tubes

The representative progressive folding deformation
mode was observed for the aluminum square tubes.
Several folds were formed along the tube length, with
each fold corresponding to one fluctuating cycle of the
load—displacement curve as shown in Fig. 6(a). The
number of folds (nf) was approximately equal to the L/W
ratio (ng=L/W) and the total compression displacement
(AL) increased in proportion to the initial length of the
pristine tube (L). Interestingly, after compression, the
sizes of the bulging fold on the adjacent sides were not
the same. As shown in Fig. 6(b), the distance between
the bulging folds on two opposite sides (denoted as L)
was greater than that between the folds on the other two
sides (denoted as L,), and the width corresponding to the
folds with greater distance (denoted as /) was smaller

there were two
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Pattern [
(Horizontal fracture)

Pattern 11
(Double-oblique fracture)

Pattern II1
(Spiral fracture)

Fig. 4 Three fracture patterns of magnesium square tubes (L/W=4) under compression
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Fig. 5 Load—displacement curves showing stages of three
fractures patterns of magnesium tubes

than that of the other folds (denoted as ;). As the
bulging folds first formed, two symmetric vortex caves
generated together as shown in Fig. 6(b), whereas no
obvious vortex cave occurred for the adjacent folds. This
led to the fact that the widths of the folds with the vortex
caves were smaller than those of the adjacent folds and
further caused the bulging folds to expand outside to a
large degree, owing to the volume incompressibility. The
Ly/L, and W/W, ratios were 1.11+0.03 and 0.82+0.02,
respectively.
3.2.3 Crashworthiness comparison between magnesium
and aluminum square tubes with different L/W
ratios

Compressive load/kN
N
(e

\
Liw=l  pw= iﬁyt3 LIW=4
0020 40 60 80 100 120

Displacement/mm

1.4 1.2

gk 'jf?“e *—WV?Q (b)_L0

10} log
5 0.8 K
= 0.6 =
~ 0.6 Y

041 0.4

0.2+ 0.2

- 0
0 1 2 3 4 5

LW
Fig. 6 Load—displacement curves and fold sizes of aluminum
tubes: (a) Load—displacement curves of aluminum tubes with
different L/W ratios; (b) Relationship between L and W

The aforementioned parameters (Fax, Finean, £, SEA
and GSEA) were calculated to evaluate the load-
carrying and energy-absorption ability of magnesium and
aluminum square tubes. When calculating SE4, the crush
displacement was taken to be the point where the
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magnesium tube fractured seriously and lost the
energy-absorption ability, and for aluminum tubes, the
crush displacement was taken to correspond to the point
where they were compactly compressed and completely
folded. For magnesium tubes, as the L/W ratio increased
from 1 to 4, Fr.x and GSEA decreased in a power-law
trend by approximately 22.5% and 40.8%, respectively
(Fig. 7); whereas for Fi,.., and SEA4, no obvious changes
occurred. As for aluminum tubes, these 4 parameters
remained approximately constant, irrespective of the tube
length.

50 20
® — F . for Mg
. J—
404 GSEA for Mg
115 _
)
Z 30t v B
gé y=39.60x°018 || S
S N
&)
10k y=1027x7937 13
0 . . 0
1 2 3 4

LIw
Fig. 7 Variations in F,, and GSEA with L/W for magnesium
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The comparison of the load-carrying and energy-
absorption abilities of the magnesium and aluminum
tubes are shown in Fig. 8. To ensure consistency, Fix
and Fe.n were divided by the cross-sectional areas of the
tubes, denoted as Fa/A and Fien/4, respectively. It is
clearly seen that the load-carrying ability (represented by
Frax/A and  Fie/A) and  energy-absorption level
(represented by GSEA and SEA) of magnesium tubes
were lower than aluminum tubes, irrespective of the L/W
ratio.

3.3 Influence of compression rate on crash behavior

of magnesium and aluminum square tubes

The crush modes of the magnesium and aluminum
tubes with L/W=4 under dynamic compression are
similar with those observed in quasi-static tests. The Fi,
Foean, SEA and GSEA values under the dynamic
conditions were normalized to dynamic strength ratios,
as Froa(d)/Finax(8), Fuean(d)/ Fiean(s), GSEA(d)/GSEA(s)
and SEA(d)/SEA(s), respectively, through dividing by the
corresponding values under quasi-static condition.
Considering the fact that the dynamic strength ratios of
Faxs Fiean, GSEA and SEA are approximately the same
for a constant L/W ratio, therefore, only the variation of
dynamic ratios of F,,x and GSEA with compression rate
(v) are shown in Fig. 9 (for clarity, the abscissa axis is

tubes
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Fig. 8 Crashworthiness comparison between magnesium and aluminum square tubes: (a) Fin./4 and Fiean/4; (b) GSEA and SEA
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given in a logarithmic scale). For the magnesium tubes,
these two strength ratios show an approximately
exponential increasing trend with compression rate. In
contrast, the dynamic strength ratios of the aluminum
tubes changed very slightly as the compression rate
varied from 5x107 to 1 m/s.

Figure 10 shows the comparison between
magnesium and aluminum tubes in terms of different
crashworthiness parameters at multiple compression
rates. The crashworthiness parameters of magnesium
tubes increased with the increase of compression rate and
the aluminum tubes generally kept constant, thus, the
crashworthiness difference between them gradually
reduced with increasing compression rate. Nevertheless,
the crashworthiness capability of magnesium tube under
dynamic condition was still inferior to that of aluminum
tubes. This is because the fracture mode and the
energy-absorption mechanism of the magnesium tubes
did not obviously change with compression rate.

3.4 Influence of induced features on crush behavior of
magnesium and aluminum square tubes

The loading curves and failure modes of magnesium

and aluminum tubes with cracks and holes as well as the
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pristine magnesium tubes under static compression are
respectively shown in Figs. 11(a) and (b). Clearly, the
crashworthiness of the magnesium tubes with holes was
similar to that of the pristine tubes, while the tubes with
crack features showed an inferior performance, in which
the symmetrically distributed cracks decreased the
crashworthiness more significantly. In comparison, for
the aluminum tubes, in general, all the involved induced
features changed the deformation from progressive
folding mode of the pristine tubes to a local
folding-fracture mode, owing to the plastic hinges being
destroyed, and therefore, they significantly decreased the
energy-absorption ability. As for the peak force, the
cracks decreased it significantly, while the holes did not
have an obvious effect.

For the magnesium tubes, the hole features did not
affect the fracture modes. This was probably because
the size of the hole occupied only a small portion of
the tube wall. While for the tubes with crack features,
the buckling degree was smaller than that of the
pristine specimens. At fracture stage, the tubes with
symmetrically distributed cracks fractured directly
from the four cracks, with the upper segment plugging
into the lower segment, causing the force to decrease

45 ) 45
a0l Z2 GSEA for Mg GSEAforAl_40
[ZZ1SEA for Mg SEA for Al

35 M 35

30 =
s 2
3 20 =
: 3

10!

1073 102 107 10°

Compression rate/(m-s™")

Fig. 10 Comparison of crashworthiness parameters of magnesium and aluminum square tubes at different strain rates: (a) Fy./4 and

Finean/A; (b) GSEA and SEA
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Fig. 11 Loading curves and failure modes of magnesium (a) and aluminum (b) tubes with induced features
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dramatically. For the asymmetrically distributed cracks,
fracture firstly occurred at the two existing crack
locations, and then it propagated horizontally to the other
sides, thus, the force decreased relatively slowly
compared to the tube with the symmetrically distributed
cracks.

For the aluminum tubes with both symmetrically
and asymmetrically distributed cracks, the folds
generated between the two cracks and at the crack
location, respectively (Fig. 11(b)). While for the tubes
with these holes, the wall buckled and folds generated at
the hole positions. For both the crack and hole features,
with continuing compression, fracture occurred from the
root of the fold or the hole/crack position.

4 Discussion and future work

In this study, the load-carrying and energy-
absorption ability of magnesium and aluminum square
tubes was evaluated and compared. It is found that the
peak load of the magnesium square tubes gradually
decreased and the compressive displacement before
fracture increased with L/ ratio increasing from 1 to 4.
This conclusion is partially consistent with WU et al [28],
who reported that compressive displacement of
magnesium square tubes increased as the tube length
increased by two times. In addition, this conclusion is
also close with another study on magnesium circular
tubes by BEGGS et al [21]. In addition, the compression
rate has certain effect on the compression peak/mean
load and GSEA of the magnesium tubes, but only has
slight effect on the aluminum tubes. This is because the
AZ31B magnesium alloy is a strain-rate sensitive
material owing to its HCP crystalline
structure [32—34]; however, the mechanical properties of
the aluminum alloy tested in this study are strain-rate
insensitive as it ranged from 10~ to 10° s [35,36].

In general, the magnesium square tubes primarily
exhibited local buckling and fracture mode and three
patterns were observed at the fracture stage. In another
study, ZHU et al [24] investigated the fracture behavior
of top-hat AM60B magnesium tubes with crush initiator
under axial crush condition. The fracture pattern was
found to be similar with fracture pattern I of intact tubes
and the pattern of tubes with asymmetric crack induced
features in our study. The magnesium square tubes
showed inferior energy-absorption ability compared with
the aluminum square tubes, which absorbed energy
through generating multiple folds. Different from this
point, in our previous study on the crashworthiness of
magnesium circular tubes [20], several fracture modes
were observed, in which the splitting mode had relatively
high energy-absorption ability, and it exceeded

micro-

aluminum circular tubes under dynamic compression
condition due to strain-rate sensitivity. Therefore, for
crashworthiness application, it is necessary to improve
the ductility of magnesium or in attempt to alter the
buckling and fracture modes of the square tube to further
improve the energy-absorption ability. In this study, the
variation of collapse mode of magnesium tubes with
length/width ratio was investigated, next step, the
variation by thickness/width ratio should be further
studied. It is found that the introduced crack and hole
features did not have positive effects on the failure mode
and energy-absorption ability of the square tubes. In the
next step, more trigger types, locations, and sizes as well
as the tube thickness will be comprehensively evaluated
through simulation or experimental methods to improve
the energy-absorption ability of the magnesium square
tubes.

5 Conclusions

(1) The magnesium square tubes exhibited local
buckling and fracture modes and at fracture stage, three
fracture patterns, horizontal, double-oblique, and spiral
fractures were obtained.

(2) The magnesium tube showed an inferior
energy-absorption ability to the aluminum square tube.
With increasing L/W, the peak load and the global
specific energy absorption decreased in a power-law
trend for magnesium tubes, and they remained
approximately constant for aluminum tubes.

(3) The crashworthiness of the magnesium tube
increased in an approximately exponential manner with
the compression rate, whereas it changed slightly for the
aluminum tube. Nevertheless, the crashworthiness of the
magnesium square tube was still lower than that of the
aluminum tube at high compression rate.

(4) The introduced crack and hole features did not
have positive effects on the failure mode and
energy-absorption ability of the magnesium tubes, more
trigger types, locations, and sizes as well as the tube
thickness should be evaluated for the full understanding
of crashworthiness ability of magnesium tubes.
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IR a5 ENmTEMEEE
ZER D ks "D RBA DI B0 SHEHE D FHFTL!

1. bR RS MUk T3 TR, dbal 1000445
2. bR E TR MRS 24P, dbad 100081;
3. HMEHELEBERAR, HM 132021

W E: WAEKERTEE AZ31B B4 4 HE T A6063 484 4 EE 7 & U Rk B % SAFE B S 3T AN
IF) 7 A 2 (P 3 ) PR AR IR AT 7T R LRI, IR R P8 & Sl BEAS R 3 e il , JETO I, L 7R W 2 Bt B
3 P PERE T A, AT . A B AIZGER . ML TSRS, BE 4 P RERIR
WE. LR L, E Do, NARRRIE SRE SR TR R R . 45 R, FEEK
BELCN 1 SGINE 4, BEE S REE I R R R A A8 mr AN B AR I R LU DU R BRI IR /S, TS A 4 VB T e AR R
FEARAE . BEEIRAEE M S} 107 INE] 10 m/s, BEA SRR (1) 3 ZE 1 e S 5 DR B 08, s & 40
BEZ WA AAR AN o BeAh, ASCPESE 5INRI B FLANSE I SRR R B AR S B A SR S R AR, [(RItk, 5
AR WEREE AN R A7 B Bt BE 2 A SEAN RS 15 SRR SRR = B e BE A I I RE L .
XA A E mtERE KRR, MR, HSRHE
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