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ABSTRACT

The current focus of research and development in transportation industry is to use
lightweight materials such as aluminium alloys for more structural components. In this
regard, maintaining safety of the passenger and vehicle is the most important, therefore
crashworthiness of components made of lightweight materials must be evaluated prior to
sizable application of these materials. The focus of the present study is to understand
failure and damage mechanisms during the axial crushing of aluminium tubes made of
AlMg3.5Mn alloy of 2 and 3.5 mm thickness. Due mainly to complexity of the crushed
tubes, a microstructural approach is considered. In this study optical, stereo as well as
scanning electron microscopy techniques have been used to study damage and failure
mechanisms in these types of tubes, which are essential energy absorbing components in
passenger vehicles.



INTRODUCTION

In recent years transportation industry has been in ever-challenging situation as
contradicting needs have been imposed to the industry. To comply with the existing
environmental regulations and economical constraints weight reduction has become a
major axis of research and development. At the same time, the industry must also
conform to existing crashworthiness regulations {1].

Consequently two issues should be addressed prior to considerable application of
aluminium alloys in structural components. The first issue is the low formability of
aluminium alloys compared to steel. The second issue related to assessing
crashworthiness of aluminium alloys. In terms of formability, in general, hydroforming
has been considered as a very promising method and therefore it is logical to consider
tube hydroforming as a manufacturing process for fabricating components with the
complex 3D shapes made of aluminium alloys, including tubes to be used for energy
absorbing components or other structural applications. According to previous studies,
low cost, lightness, ease of construction and a high-energy absorption density with a
constant average collapse load at failure are important characteristics for an energy
absorbing components [2]. The first three characteristics are clearly feasible for metallic
tubes. However the energy absorption capacity will also depend on the amount of plastic
deformation that occurs under axial loading. Therefore in addition to geometrical
parameters such as internal/external diameters, thickness and length of the tube, strain-
hardening characteristics of the tube material both during the manufacturing as well as
axial crushing is also very important.

In general, automotive structural behaviour during a crash event is a complex
problem due mainly to the highly non-linear behaviour of structures in crash. Reliable
methods to quantitatively assess the problem are being developed, but experimental
approaches, such as prototype components, specimens, etc., to understand crash
behaviour, are still necessary in vehicle design [3]. Axial collapse of cylindrical tubes, as
a simple energy absorbing component, under quasi-static loading is extensively studied
both experimentally and numerically and is classified in seven collapse modes as shown
in Figure 1 [2). As the figure suggests, the length to diameter and thickness to diameter
ratios determine the resulting collapse mode. Further investigation has shown that axially
crushed tubes are most efficient impact energy-absorbing component when deforming
into concertina or multi-lobe mode of collapse [4].

In recent years therc has been more emphasis on the crashworthiness of the
hydroformed aluminium tubes using finite element simulations alongside experimental
works. For instance in case of low and high pressure hydroforming processes on
aluminium alloy tubes, it was found that the energy absorption during the impact
decreases with decreasing corner-fill of the hydroformed tube [5].
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Figure 1 — Classification chart of the collapse modes in axially crushed aluminium
(HT-30) tubes [2]

In dealing with crashworthiness simulations a comprehensive approach for
predicting failure in a component based on macroscopic strains and stresses is also
examined. The latter approach requires the use of a number of different failure
mechanism representations, such as necking, as well as ductile and shear. However,
using such a failure approach one can only predict the crack initiation [6]. Therefore, it
is necessary to understand the actual complex deformation and failure mechanisms in a
crushing tube in order to have better failure criteria input for finite element simulations.
The present investigation takes a microstructural approach to study damage initiation and
failure mechanisms in axially crushed cylindrical aluminium tubes prior to perform such
study on hydroformed aluminium tubes.

EXPERIMENTAL PROCEDURE

For the present investigation tubes made of AlMg3.5Mn aluminium alloy were
examined. The original dimensions of the tubes were 76.2 mm diameter, 400 mm length
and 2 or 3.5 mm wall thickness. Figure 2 shows the typical stress-strain curve for this
type of alloy. The tubes were axially crushed at GM’s R&D Centre using a drop tower.
In order to facilitate axial crushing, prior to the test, aluminium plates were welded at
two ends of the tubes as shown in Figure 3a. Two sets of 2 and 3.5 mm thick axially



crushed tubes are shown in Figures 3b and c, respectively. Figure 4 shows typical crush
force-distance curves obtained for 2 and 3.5 mm thick axially crushed tubes.
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Figure 2 — A typical stress-strain curve for the aluminium alloy under consideration
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Figure 3 (a) schematic of the original tubes with aluminium plates welded at the two
ends, (b) and (c) sets of axially crushed 2 and 3.5 mm thick tubes,

respectively.

Due mainly to complexity of the tubes, the test specimens were sectioned at
multiple locations as shown in Figure 5. Actual sectioning was done using abrasive cut-
of-wheel. Afterwards the sections cold mounted, mechanically grinded and polished
before optical microscopy. Figure 6 shows several cross sections of the mounted
specimens, as indicated in each image all folded as well as fractured segments were
given a number and examined under the microscope. Occasionally sections include
partially or fully fractured segments that provide clues on fracture micromechanism.
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Figure 4 — Several typical load-distance curves for 2 and 3.5 mm axially crushed tubes

(d)

Figure 5 — Sectioning of the specimens for optical microscopy is done along the radial
lines shown in {a)- (¢) 2 mm thick specimens S-30, S-32 and S-39



respectively; and (d)-(f) 3.5 mm thick tubes S-43, S-45, and S-28,
respectively
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Figure 6 — Some of the mounted sections the specimens are shown here, (a), (b) and (c)
are from 2 mm thick tubes and (d), (e) and (f) are from 3.5 mm tubes. The
letter “O” indicates the outside of the tubes and also the topside is also
marked; (a) specimen S-30 section C, (b) specimen S-30 section D, (c)
specimen S-32 section A, (d) specimen S-28 section A, (e) specimen S-43
section D, and (f) specimen S-45 section B.

It seems that whenever several folded segments align under each other they might
act like a cutting tool shearing the next neighbouring folding segment. In addition during
the folding sequence the contact between different folding segments might produce a



“locking effect” for a neighbouring segment limiting the flow of the material in that
segment leading to fracture. Adding to the complexity of the situation, it is also possible
that two ends of the tube do not remain parallel, during the crash test, and add shearing,
tearing component or a combination of the two into the equation.

RESULTS AND DISCUSSION

Optical Microscope Examination

Since each specimen contains multiple folds to obtain a realistic understanding of
the material flow, damage and final failure it is necessary to examine a large number of
folded segments. In general the bending radius for each fold is important, in addition the
interaction of each folding segment with the neighbouring segments also plays an
important role as it may impose additional constraint or alter friction parameters.
Therefore, it has been tried to separate simple folding cases from those influenced by the
interaction from the adjacent segments.

During the examination of the 2mm as well as 3.5 mm round tubes, similar
common features were observed. Figure 7, illustrates some of these common features.
One of these common features is concentration of the damage at the inner side of the
folded segments in form of squeezed out with fishtail morphology. In addition, branched
and blunt cracks that were detected in all specimens. Also the outer part of the folded
segments (deformed in tension) hardly shows any significant sign of damage unless there
are additional constraints mmposed by an impact from one or more neighbouring
segments, while the inner segments that are in compression consistently exhibit
tremendous amount of materials flow toward the centre of the bend and as a result at the
inner edges numerous cracks are observable that produces fish-tail or tooth-like sub-
segments. Loss of inner bend symmetry as a result of interaction with neighbouring
segment is another common feature in these specimens. It should be noted that in cases
such as the one shown in Figure 7 ¢, d and e, the direction of crack growth and materials
flow are against each other. In another word, as the cracks moves toward the centre of the
thickness it enters the material that is both less compressed and less strain-hardened.

In case of interaction with the neighbouring segments unlike the simple bending
condition evidences of damage often are observable in inner as well as outer part of a
folded segment. Asymmetry of the bend as a result of the impact as well as formation of
the larger cracks, which are slanted to the opposite direction of the impact, was also
observed. Another frequently observed features in these sections have been blunt cracks
as shown in Figure 7. The reason for the occurrence of these cracks is not clear yet.
There are a few possible explanations for the blunt cracks. One possibility might be the
spring back of the tube after the test.



Failure Mechanisms

A. Metallographic Observations

Mechanism of damage and failure in these crushed aluminium tubes is the main
topic of this section. One of the difficulties associated with identifying failure mechanism




Figure 7 — Some of the segments with typical features that were frequently observed, (a)
2 mm thick specimen S-39 section “Ct” #4, (b) 3.5 mm thick specimen S-45
Section “B” #1., (¢) 2 mm thick specimen S-32 section “A” #15, (d) 3.5 mm
thick specimen S-43 section “D” #3, and (e} 3.5 mm specimen S-43 section
“A”#3.

is unknown sequence of events. Metallographic examination of the sections cut from the
tube is helpful specially in determining the micro-mechanism of damage, however such
information must be viewed along with the loading condition in a tube in general and in
each fractured segment in particular and in the present case the situation is complex
rather than simple. The situation became further complicated due to lateral movement of
the tube during the test. From this point some of the fracture and failure cases observed
in these tubes will be summarized.

Figure 8 shows a series of mostly composite images of the fractured segments in
2 mm thick axially crushed tubes. Some of the segments shown in the figure clearly
exhibit characteristics of a segment failed under shear. For instance, the cases shown in
Figures 8a, ¢, and d are clearly clear cases of shear type of failure. In Figures 8b, ¢, fand
g some of the charactenistics of a case of fracture under shear are present but the clear
necking in 8b, mismatch of the two parts of the failed segment in 8e, f and g could be
result of other loading modes or at least a mixed mode of failure. Segment shown in
Figure 8h does not exhibit characteristics of a segment fractured under shear. In most of
the cases shown in Figure 8 it is clear that an impact from a neighbouring segment
contribute to the fracture. In Figure 8c the direction of the impact is shown by an arrow
and the shearing forces are also shown by the arrows near the failed segment, which has
failed as a result of constraint imposed by the nearby folded segment as well as the
impact from the adjacent segment. The insert included in Figure 8e is the higher
magnification of the area pointed by the arrow that shows the tip of the fracture region.
This suggests a rough rather than smooth surface as a result of zigzag fracture direction.

Similarly, Figure 9 is a series of composite images of some of the fractured
segments in 3.5 mm thick tubes. In general, the fractured segments are very simtlar to
those in 2 mm thick tubes. Once again the role of impact from the adjacent segments is
evident. In most cases, fractured segments show the characteristics of a shear type of
failure. In cases like the one shown in Figure 9b, due to the mismatch between the two
stde of the failed segments, fracture through a purely shear mechanism is unlikely. This
observation is also supported by the zigzag morphology at the tip of the fractured regions
in Figures 9b and d, similar to the one in Figure 8e, which are shown in a higher



magnification in Figure 10. This might suggest that after partial fracture through shear
mechanism, local loading condition at the tip of the fractured region changes due perhaps
to consequential folding of the tube during the axial crushing.

In this section it is also important to focus on microscopic aspect of damage and
failure of these tubes. Figure 11is one example of particle induced damage in 2mm thick
specimen S-30 section that provides evidence for shear type of flow and failure in this
case. Details of the failed region as shown in Figure 11 b and ¢ clearly illustrate the role
of particles in form of particle-induced damage leading to final failure. Evidences of
similar type of failure in 3.5 mm tubes were also observed.

B. Stereomicroscope Qbservations

Examination of some of the sections using stercomicroscope provides supporting
evidences that are complimentary to the observations reported in the previous section on

optical microscopy.

(@)



Figure 8 — Fractured segments in 2mm thick specimens, (a} S-30 section A # 4, (b) S-39
section B #10, (c) S-30 section A #16, (d) S-32 section Ct #5, (e) S-30
section D #18, (f) S-39 section A #4, 4a, 5and 6, (g) S-39 section B #3, and
(h) S-39 section Ct #5.
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Figure 9 — Fractured segments in 3.5 mm thick tubes, (a) S-28 section B #7, (b) S-28
section B #3, (c} S-43 section E #8 & 9, (d) S-45 section Al #3 & 2, and (e)
S-45 section A#3,5& 6

As could be seen from several sections of the specimens shown in Figure 12 the
interaction between neighbouring segments plays an important role in failure process.
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Figure 10 — Tip of the fractured region in segments shown in (a) Figure 9b and (b) Figure
9d.

The segment in Figure 12a apparently failed as result of a combination of tension
and tearing (opening and tearing mode of loading). The segment shown in Figure 12b
shows the characteristics of shear type of failure (sliding mode of loading). Finally the
obvious mismatch between the two sides of the failed segment shown in Figure 12¢
indicates that a mixed mode of loading caused the failure. While one side clearly
illustrates the characteristics of a segment failed under shear, the other side does not
show similar characteristics. Figure 12 d suggests that the upper fold on the image failed
under shear while impacted by the lower fold. The appearance of the failed segment
implies that the upper part might have slightly stretched over the lower fold prior to
failure and upon fracture the residual stresses caused by earlier folding of the upper part
is released that is why the failed edge slightly curved counter clockwise. Segment shown
in Figure 12¢ is evidence of failure under mode II, sliding mode, of failure and again the
additional constraint due to earlier folding play an important role in local loading as well
as final failure. Figure 12 f shows a segment failed as result of impact from the
neighbouring folded segment that generated a combination of stretching and tension in
the failed segment. The latter case exhibits the characteristics of a shear type of failure.

. Scanning Electron Microscopy

Several failed segments were removed from the crushed tubes and examined
using SEM. One example is a failed segment from the bottom second fold of 2mm thick
specimen S-39, shown in Figure 13a and b. In this case shallow oriented dimples typical
of fracture surfaces produced under shear or tear are observable as shown in Figure 13b.
Figure 13c and d show a failed segments in 3.5mm thick specimen S-28 at low and high
magnification, respectively. Low as well as higher magnification view of the dimple
morphology in this specimen suggests that the main failure mechanism at this location is
mainly shear type. In another case in 2mm thick specimen S-39 a folded segment failed
as a result of a second bending in a direction normal to the primary folding direction as
shown in Figure 13¢. Elongated dimples are observable in this segment as shown in
Figure 13f. The segment also illustrates a set of secondary cracks normal to the primary
fracture surface that supports mixed mode of loading.



(c)

Figure 11 — Fracture edges in 2 mm thick tube S-30 section A #13, (a) general view, (b)
flow of the material and convergence of the flow line as well as particle

stringers, and (c¢) particle induced damage in one of the stringers.

In general in terms of failure mechanisms in axially crushed tubes, the results for
3.5 tubes are very similar to the one for 2 mm tubes of the same alloy. It seems that, the
3.5 mm tubes failed more consistently, although occasionally they have shown unusual
failure cases. However, it should be noted that the length of the original tubes prior to the
axial crushing for both thickness maintained the same that might have affected the

collapsing mode in the 3.5 mm tubes.



CONCLUSIONS

After all examination of the tubes it is clear that the deformation and failure are
very complex due to complex phenomena occurred during axial crushing. Therefore, it is
difficult to point at a single failure mechanism as the cause of failure. A segment might
initially fail by one mechanism and failure might propagate by another mechanism.
Nevertheless, it is fair to say that shear type of failure could be pointed out as the most
frequently observed failure mechanism. This assessment is compatible not only with the
general nature of the axial crushing but also with the microscopic observation reviewed
herein. Specifically, it has been possible to view the very early stage of the shear failure
in partially sheared segments frequently observed in the vicinity of the main failure
surfaces. Figure 14 shows one of these partially sheared segments.

In addition based on the result of the present study the following conclusions
could be made for 2 and 3.5 mm round tubes:

» Failure mechanism follows the complexity of the local loading condition.

» In 2 mm thick tubes although shear is the only failure mechanism that could be
isolated and pointed out, considering the morphology of the failed segments in
general and occasional mismatch in particular along with microscopic
observations, other failure mechanisms could not be ruled out. At least in some
cases a mixed mode of failure is active. In majority of the cases in 3.5 mm thick
tubes, shear was recognized as the main failure mechanism.

Failure is more consistent in 3.5 mm tubes compared to 2mm tubes, however that
might be as a result of maintaining the same original length for both thicknesses.
Strong influence of the impact from the neighbouring segment has been observed
in all tubes.

Regardless of the acting failure mechanisms, significant amount of particle-
induced damage has been observed in fractured segments.

Also the observations reported herein support the previous findings [7] of that
most of the damage concentrated on the inner side of the folded segments.
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Figure 12 — (a) to (f) several stereomicroscopic images of the failed segments in the
axially crushed tubes

Figure 13  Fracture surfaces in failed segments, (a) and (b) 2mm thick specimen S-39,
(c) and (d) 3.5 mm specimen S-28, (e) and (f) another failed segment in
specimen S-39.
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Figure 14 — (a) a partially failed area in specimen S-39, (b) higher magnification of the
fracture surface showing the elongated dimples
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