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ABSTRACT

Thin-walled tubes have been widely used in crashworthiness applications such as automotive and aerospace
industries. However, inevitable structural imperfections in the tube wall impose adverse effects on the energy
absorption performance of the tube. Here, we have employed a fluid-like and highly compressible material, i.e.
liquid nanofoam (LN), as a filler to suppress the negative impact of structural imperfection. The mechanical
performance of empty tubes and LN-filled tubes (LNFT) with different dent imperfections has been evaluated by
quasi-static uniaxial compression tests. Results show that empty tube is susceptible to structural imperfection, as
a v-shaped dent with 1.5 mm depth reduces the energy absorption capacity by about 20%. In contrast, the
mechanical performance of LNFT is insensitive to the existence and depth of the dent. The enhanced imperfection
insensitivity of LNFT is due to the intimate liquid-solid interaction at the LN filler and the tube wall interface,
which effectively suppresses the curvature growth of the dent and the localized folding. The findings provide an
efficient approach for designing and engineering thin-walled energy absorption devices that are resilient and of

high energy absorption capacity.

1. Introduction

Thin-walled tubes have been widely applied as energy absorbers, due
to their low cost, lightweight and high specific energy absorption ca-
pacity. The energy absorption mechanism of thin-walled tubes is based
on the tube wall folding [1-3]. To further improve their energy ab-
sorption performance, foam materials are usually employed as fillers in
thin-walled tubes [4-6]. The axial compressive behaviors of foam-filled
thin-walled tubes have been studied by many researchers [7-11]. Sun
et al. [12] explored the effect of topological configurations on the energy
absorption performance of foam-filled multi-cell tubes and proposed
approaches for crashworthiness topology optimization. Zhang et al. [13]
and Fang et al. [14] investigated the effect of density gradient of foam
fillers on the performance of thin-walled tubes and demonstrated the
energy absorption capacity of graded foam-filled tubes outperformed
their uniform counterparts. Many other strategies have also been
developed for performance enhancement, including but not limited to
foam-filled bitubal structures [15,16], ex-situ ordered cellular structure
filled tubes [17], tube-filled syntactic foam [18], and metal/CFRP
hybrid structures [19].

Despite the enhanced energy absorption performance of thin-walled
tubes and their foam-filled counterparts, during the manufacturing,
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transporting and handling processes, structural imperfections are inev-
itably introduced. It has been demonstrated that the load carrying ca-
pacity, the post-buckling strength and the energy absorption capacity of
thin-walled tubes are significantly compromised when structural im-
perfections exist [20-26]. However, there is lack of solution to effec-
tively suppress the negative impact of structural imperfections on the
mechanical performance of thin-walled tubes.

Recently, a new type of hybrid thin-walled tubes, namely liquid
nanofoam-filled tube (LNFT), has shown significantly improved specific
energy absorption capacity compared to empty tube and solid foam-
filled tubes [27]. The much-enhanced energy absorption performance
of the LNFT is due to the intimate filler-tube wall interaction as well as
the liquid infiltration behavior of the liquid nanofoam (LN) filler. The
fluid-like and highly compressible LN filler is a promising solution to
mitigate the negative effect of structural imperfections on the mechan-
ical properties of thin-walled tubes.

The LN filler is a mixture of hydrophobic nanoporous material and a
non-wettable liquid [28-33]. The liquid molecules cannot flow into the
nanopores spontaneously due to the capillary effect. When an external
pressure is applied and reaches a critical value, i.e. the infiltration
pressure (Pj,) of LN, the liquid molecules flow into the nanopores and
large amount of energy is absorbed during the nanopore filling process.
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Fig. 1. Defective LNFT sample preparation and experimental setup. (a) Schematic of dent generation with controlled shape and depth, (b) Typical LNFT sample, and

(c) Schematic of quasi-static compression tests for the LN filler.

To investigate the effect of the LN filler on thin-walled tubes with
structural imperfection, quasi-static uniaxial compression tests have
been conducted on LNFTs containing single dent with controlled shape
and depth. The mechanical response as well as energy absorption ca-
pacity of defective LNFTs have been evaluated to validate the suppres-
sion effect of LN filler on dent-induced performance loss.

2. Experimental setup
2.1. Components of LN filler

In this study, the selected nanoporous material was a reversed phase
silica gel (Supelco-C8) purchased from Sigma-Aldrich (No. 60759). The
Supelco-C8 was hydrophobic as its surface was covered by octylsilane
surface groups. The average pore size, specific pore volume, and particle
size of the Supelco-C8 were 90 108, 0.43 cmB/g, and 40-63 pm, respec-
tively. The typical LN filler was composed of 0.5 g Supelco-C8 and 1.0
mL deionized (DI) water. As the Supelco-C8 had hydrophobic surface, a
layered structure was formed in the LN sample with one layer of dry
Supelco-C8 particles and the other of DI water. If large amount of air had

been trapped between hydrophobic Supelco-C8 particles, the perfor-
mance of the resulted LNFT would be similar to that of empty tube.
Therefore, the air content of the LN filler was minimized by a lab-
developed pre-compression technique as described in section 2.4.

2.2. Dent with controlled shape and depth

The cylindrical thin-walled tube used in this study was made of
stainless steel (SS) 304 and acquired from Microgroup (No. 304F10500
x 006SL). The outer diameter and the wall thickness of the tube were
12.7 mm and 0.15 mm, respectively. The tube was cut into L = 25.4 mm
segments for tube sample preparation which will be described in detail
in next section. One V-shaped dent was generated at the midspan of each
thin-walled tube sample with controlled depth (dent located at 1/2L). As
depicted in Fig. 1a, a V-notched solid steel rod template with a diameter
of 12.3 mm was firstly inserted into the tube sample. Then, a dent with
controlled depth, d, was generated on the tube wall by a wedge attached
to an Instron machine (Model 5982). Three dent depths were created on
different sample tubes as 0.5 mm, 1.0 mm or 1.5 mm.
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Fig. 3. Dent effect on initial buckling strength and dent-induced bending of empty tube and LNFT. (a) The linearly reduced initial buckling strength with increased
dent depth (The error bar is calculated based on three samples), (b—c) Side view of deformed tubes (b) Empty tubes with d = 1.5 mm, and (c) LNFT with d = 1.5 mm.

2.3. Sample preparation of LNFT

Before adding the LN filler into the defective tube, one end of the
tube was inserted into an Aluminum cap and sealed by J-B Weld epoxy
adhesive (No. 50112). To enhance the sealing quality, thin layer of ad-
hesive was uniformly applied to both the outer surface of the tube and
the inner surface of the cap. The adhesive was fully cured at room
temperature after 24 h. After that, the LN filler with minimized air
content was slowly injected into the tube. Additional DI water was
injected into the tube to completely fill the inner space of the tube. As
the sealing quality of the epoxy adhesive was sensitive to moisture, a
thin layer of grease was carefully placed on the top of the LN filler to
eliminate direct contact of water and the adhesive. The tube end was
capped and sealed by the same method described above. Once the ad-
hesive layers were applied, the LN-filled tube was vertically clamped on
a vice for 24 h to make good alignment of the caps. This was critical to
avoid initial bending load on the sample tubes during quasi-static
compression tests. The effective tube length of 20.3 mm was measured
cap-to-cap distance as shown in Fig. 1b. Empty tubes sealed with two
Aluminum caps were used as reference samples.

2.4. Quasi-static compression tests

For the pre-compression and liquid infiltration test of the LN filler, an
SS316 testing cell was adopted as sketched in Fig. 1c. The LN filler was
sandwiched by two pistons in a cylindrical sleeve. The sealing was
accomplished by the O-ring fixed on each piston. The cross-sectional
area of the cell, A, was 126 mm? The difference between pre-
compression and liquid infiltration tests was the applied peak force
which was 1.85 kN for pre-compression tests and 18 kN for liquid
infiltration tests. The loading rate was 2 mm/min for both types of tests.
No liquid leakage was observed in all tests.

Uniaxial quasi-static compression tests were conducted on empty
tubes and LNFTs. The sample was placed on the Instron platen, and
compressed at the loading rate of 2 mm/min. For each dent depth, three
samples were tested. No liquid leakage was observed at both sealed ends
before tube bursting.

3. Results

Fig. 2a shows typical liquid infiltration behavior of the prepared LN
filler. The applied external pressure is calculated as F/A, where F is the
applied compression force. The specific volume change is the system
volume change normalized by the mass of Supelco-C8 used in the LN

filler. The system volume change is calculated as V=D - A, where D is
the measured axial displacement of the Instron platen. Under quasi-
static loading, the mechanical response of the LN filler is composed of
three sections. In the first linear elastic section, the applied external
pressure is lower than Pj, = 17 MPa, and no liquid molecules can enter
the nanopores. In the second plateau section, the liquid molecules
overcome the capillary effect and flow into the nanopores with the aid of
the applied external pressure. The pressure plateau is defined as the
liquid infiltration plateau. The width of the liquid infiltration plateau,
AV, is about 0.43 cm®/g and matches the total pore volume of Supelco-
C8. In the third linear elastic section, all the nanopores are filled by
liquid molecules and the LN filler performs as an incompressible liquid.
When the applied external pressure is removed, the internal pressure of
the LN filler drops quickly to zero. The area enclosed in the hysteretic
loading-unloading curve is the specific energy absorption capacity of the
LN filler.

Fig. 2b shows the typical stress-strain curves of empty tube and the
LNFT. For the empty tube, the initial buckling and post-buckling be-
haviors are clearly identified. Accordingly, the initial buckling strength
(o) is the stress at the ending point of the tube linear elastic response and
the post-buckling strength (5},) is the average stress of the post-buckling
plateau. As illustrated in Fig. 2b, when the strain, ¢, is smaller than 0.10,
the mechanical response of the LNFT is similar to that of empty tube.
This is because of the air trapped in the LN filler. Although pre-
compression technique has been applied to minimize the air content,
the hydrophobic nature of Supelco-C8 forms gas-liquid-solid interface
around each particle. When ¢ is in between 0.10 and 0.15, the air effect
is eliminated by the tube deformation and then the LNFT performance is
dominated by the liquid infiltration behavior of the LN filler. At e = 0.15,
the liquid infiltration is activated at an engineering stress of 11 MPa,
which seems lower than the characterized P;, of the LN filler. This is due
to the lateral expansion of the LNFT, which makes the engineering stress
is smaller than the true stress value. When 0.15 = ¢ < 0.60, a stress
plateau with smallest slope in Fig. 2b is observed while the slope of the
plateau is larger than that of the infiltration plateau in Fig. 2a. This is
attributed to the increased cross-sectional area of the LNFT as well. The
plateau width, equivalent to a strain of 0.46, is determined by the total
pore volume of Supelco-C8 in the LN filler. At ¢ = 0.61, the hoop stress
developed in the tube wall reaches the failure strength of SS 304 and the
LNFT bursts, followed by leakage of the LN filler. The mechanically
failed LNFT deforms as an empty tube with vertical dent and has reduced
post-buckling strength compared to empty tube, which is dent-free.

The typical continuum behavior of empty tubes and LNFTs with dent
is exhibited in Fig. 2c and d. In general, the buckling behavior of tubes
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Table 1
Snapshots of progressive tube buckling.
& (mm/mm) 0 0.15 0.30 0.45 0.60
Empty Tube Reinforcement Dent-reduced post-buckling
d =0 mm GG
d = 0.5 mm
d=15mm
LNFT
d =0 mm
d = 0.5 mm
d=1.5mm

with dent is similar to that of intact tubes, which is a high-stress initial
buckling followed by a post-buckling plateau. With the presence of dent,
o of tubes with and without LN filler and o, of empty tubes are reduced,
while ¢}, of LNFTs does not vary too much.

4. Analysis and discussion
4.1. Negative impact of dent on initial buckling strength

As described above, when the axial strain is small (¢ < 0.15), the LN
filler has no effect on the tube buckling behavior due to the small
amount of air trapped at the particle-liquid interface. This is confirmed
by Fig. 3a, o; of both empty tube and LNFT linearly decreases with
increased d. The strength reduction is attributed to the increased size of
the dominant structural defect on the tube, i.e. the dent, and the local
bending behavior of the defective tube [34]. In previous engineering
practice in auto industry, dent geometry and pattern has been designed
and applied on thin-walled structures to lower o; to approach o, for
safety purpose [21,35-37]. As the artificial dent is the largest defect on
the tube, it acts as the weakest chain and determines o; of the resulted
tube. In addition, the defective tubes are geometrically asymmetric. The
dent-induced localized folding leads to bending of the tubes instead of
stabilized buckling, which further reduces ;. As revealed in Fig. 3b and
¢, the dent-induced bending is observed in all defective tubes when & <
0.15. Therefore, the presence of the dent negatively affects o; of both
empty tube and LNFT due to the combined dent size effect and
dent-induced local bending.

4.2. Dent effect on post-buckling behavior of empty tube

As shown in Fig. 2c, once the external load reaches oj, the load

carrying capacity of all empty tubes drops abruptly by following a same
pathway except the defective tube with d = 1.5 mm (inset of Fig. 2c).
The detailed progressive tube buckling is summarized in Table 1. At & =
0.15, local plastic hinges are fully developed at the top buckling fold of
the intact empty tube. Therefore, the tube collapses and temporarily
loses all its load carrying capacity till the formation of the 2nd fold. In
comparison, for the defective empty tube with d = 1.5 mm, the dent-
induced bending leads to a larger buckling fold at the bottom half of
the tube. The development of the plastic hinges is inhibited by the
“central vertical ribbon”, which provides the defective tube with addi-
tional loading carrying capacity.

With increased axial deformation, the intact empty tube repeats the
buckling fold and formation of next fold from one end to the other. As
shown in Fig. 2¢, the average axial strain of the intact empty tube
associated to each buckling fold is around 0.15. After four consecutive
diamond buckling folds [3], the tube is solidified. Both the length and
the number of buckling fold match well with the theoretical prediction
[21,25,26].

With the presence of dent, the post-buckling behavior of the defec-
tive tube always initiates at the dent location. As illustrated in Table 1,
when d = 0.5 mm, the width of the dent in the lateral direction increases.
Meanwhile, at ¢ = 0.3, a normal diamond mode wrinkle forms at the top
end of the tube. The deformation history of the tube agrees well with the
first bump in the post-buckling stress plateau (green curve in Fig. 2c).
The peak stress of the bump is close to that of intact empty tube. At this
dent depth, the localized buckling fold development is not affected by
the dent. As tube buckling progresses (0.35 < ¢ < 0.5), the tube wall
deformation is dominated by the inwards folding of the dent. With
increased inwards deformation and dent width, plastic hinges are
developed around the dent, which leads to the local collapse of the tube.
Therefore, in this dent-dominated region, the stress of the defective tube
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is lower and smoother, close to the stress at the nadir of the intact empty
tube. At ¢ = 0.6, another normal diamond mode wrinkle forms in the
bottom of the tube, which is consistent with the second bump in the post-
buckling stress plateau (green curve in Fig. 2¢). When the dent depth is
relatively small, the defective tube undergoes mixed deformation modes
of localized diamond mode folding and dent-dominated collapse. The
reduced number of diamond mode folds and the smoother dent-
dominated collapse weaken the load carrying capacity of the defective
tube.

When d increases to 1.5 mm, not only the width of the dent but also
the curvature of the dent increases with larger strain. The whole bottom
half of the defective empty tube are dominated by the X-shaped dent-
induced plastic hinge (Table 1). The collapse of the plastic hinge leads
to a lower and much flatter stress plateau (0.10 < ¢ < 0.45, red curve in
Fig. 2¢), which is consistent with previously reported results [38,39].
When the curved and extended dent is in contact with the bottom cap at
e around 0.45 (Table 1), the tube stiffness increases. Thereafter, only one
diamond buckling fold is developed in the top half of the defective
empty tube, as also indicated by the only bump at ¢ = 0.52 in the red
curve in Fig. 2c. With increased dent depth, the dent-induced plastic
hinge collapse dominates the post-buckling behavior of the defective
tube. Consequently, less buckling folds in diamond mode is fully
developed and the load carrying capacity of defective tube is further
weakened.

4.3. Dent-inert post-buckling behavior of LNFT

From the stress-strain curves in Fig. 2d, the post-buckling behavior of
LNFT is inert to the presence of the dent and the dent depth. Smooth
stress plateaus with similar width and stress range are formed in all
LNFT tubes with different dent depths. The dent-inert post-buckling
behavior of LNFT is attributed to the effect of the LN filler on the dent
growth pattern as well as the tube buckling mode.

As shown in Table 1, although the width of the dent grows with
increased axial strain of the LNFT with d = 1.5 mm, the curvature of the
dent does not change. The pattern of dent growth in LNFT is different
from the one in defective empty tube as most of the external loading is
carried by the LN filler. Even if plastic hinges were fully developed on
the tube wall, the LNFT would not collapse and lose its load carrying
capacity. Therefore, the dent-induced local deformation is suppressed by
the LN filler.

In addition, the inward diamond buckling fold is prohibited and
outward concertina buckling wrinkles are formed along the tube, due to
the internally built hydrostatic pressure in the LNFT [27,40]. At larger
strain (¢ > 0.30), a mixed buckling mode of diamond fold and concertina
wrinkle is observed in the LNFT, where the initial buckling fold is
formed due to the trapped air in LN filler. The mixed buckling portion of
the intact LNFT is much shorter than that of the defective LNFT, which
has nearly no effect on the continuum behavior of the LNFTs. Therefore,
the buckling behavior of LNFT in the mixed zone is dominated by the
concertina buckling triggered by the LN filler. For the rest part of the
LNFT, single winkle in defective LNFT or multiple wrinkles in the intact
LNFT grow into bulged tubes. The adverse effect of dent is further
mitigated by the LN filler, as the localized diamond folding of empty
tube is converted into global bulging of the LNFT.

The subtle differences in the stress plateaus in Fig. 2d provide more
insight on the suppression effect of the LN filler on dent-induced
deformation. As shown in the inset of Fig. 2d, at the onset of the post-
buckling plateau (0.15 < ¢ < 0.30), the stress of LNFTs decreases with
increasing dent depth. From the snapshots listed in Table 1, the dent
grows in lateral direction and the area around the dent folds inwards.
This is due to the relatively weak filler-tube wall interaction, which is
not sufficient to fully suppress the dent-induced inwards folding. Pre-
vious studies have demonstrated that the filler-tube wall interaction is
related to the strength of solid fillers or the infiltration pressure of LN
fillers [27,40-42]. Due to the pore size distribution of Supelco-C8, larger

Thin-Walled Structures 151 (2020) 106716

Table 2
Energy absorption performance of empty tubes and LNFTs with various dent
depths (The error bar is calculated based on three samples).

d (mm) Mass (g) EW) SEA (J/g8) E/Eq (%)
Empty Tube 0 1.29 £ 0.03 8.6 £ 0.2 6.6 £ 0.1 100 + 2
0.5 1.29 + 0.03 8.0+ 0.4 6.2+ 0.3 92+3
1.0 1.29 +0.03 7.3+0.3 5.6 +£ 0.2 89 +2
1.5 1.29 + 0.03 7.0 £ 0.6 5.4+ 0.5 81+5
LNFT 0 3.35 £ 0.05 242 £ 0.5 7.2+ 0.2 100 + 4
0.5 3.30 £ 0.07 23.8 £ 0.6 7.2+ 0.2 99 +5
1.0 3.26 + 0.08 23.6 £ 0.8 7.3+0.3 98 +6
1.5 3.24 £ 0.08 23.5+ 0.6 7.3 +0.2 98 +5

nanopores are firstly triggered for liquid infiltration, which provides a
relatively lower Pj, of 17 MPa. Therefore, the stress of defective LNFTs is
adversely affected by the dent. As ¢ > 0.40, the higher P;, associated
with smaller nanopores in the LN enhances the filler-tube wall interac-
tion, so that the inwards folding of the dent is fully suppressed. Appar-
ently, no dent-induced collapse is allowed in LNFT. Meanwhile, the tube
wall itself becomes more prone to buckle inwards as the folding collapse
progresses. The dent-induced plastic deformation of the tube wall leads
to an enhanced strain hardening effect [40,43], which results the
improved filler-tube wall interaction as well as the load-bearing capacity
of the defective LNFT and helps the tube wall to hold higher P;, [44] at
the end of the post-buckling plateau (0.40 < ¢ < 0.60 in Fig. 2d).
Therefore, the burst stress of LNFT is increased from 30 MPa to 34 MPa
as dent depth changes from 0 to 1.5 mm (Fig. 2d).

As an energy absorber, it is vital to evaluate the energy absorption
capacity [45,46], E, of the empty tubes and LNFTs with various dent
depths by using Eq. (1), and their specific energy absorption capacity
(energy per unit mass), SEA, given by Eq. (2).

E:VO/Fh ode # (€8]
0

where Vj is the effective tube volume.

SEA = £ # 2)
m

where m is the mass. The results are summarized in Table 2. The energy
absorption capacity of the intact empty tube and the LNFT are 8.6 J and
24.2 J, respectively. Fig. 4a depicts the relationship between the
retained energy absorption capacity and the dent depth of both empty
tubes and LNFTs. For emtpy tubes, by increasing d from 0 mm to 1.5
mm, the retained energy absorption capacity linearly decreases to 82%
of the intact empty tube. For LNFTs, the retained energy absorption
capacity silightly decreases (<2%) with the presence of dent, which is
mainly resulted from the reduced o;. Similar trends are also observed in
the SEA curves in Fig. 4b. The SEA of empty tubes keeps decreasing with
increased dent depth, while the SEA of LNFT slightly increases due to the
reduced mass of the whole composite structure. Clearly, the negative
impact of the dent on the post-buckling behavior of thin-walled tube is
effectively suppressed by the LN filler. With the existence of the LN-
filler, hydrostatic pressure is uniformly built up in the LNFTs, which is
independent from the compression direction. However, the compression
direction may alter the tube wall buckling mode into a bending one. The
additinoal LN-filler effectively enhances the bending stiffness of the
LNFts and thus enhances the energy dissipation in the bending mode as
well.

To further study the effect of dent location, empty tube and LNFT
samples with dent located at 1/4 of the tube length were prepared and
evaluated under the same testing conditions. Fig. 5 shows the effect of
dent location on the mechanical repsonse of emtpy tubes and LNFTs. For
empty tubes, as the dent location changes from 0.5 L to 0.25 L, the post-
buckling behavior remains the same except that the stress level is
slightly reduced (Fig. 5a). This stress reduction is attributed to the
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asymmetry induced system instability. The mechanical reponse of
LNFTs with different dent locations is stable, indicating the dent location
effect is negligible. This is further validated by the SEA shown in Fig. 5b.
The dent-suppression effect of the LN-filler is independent from the dent
location.

5. Conclusions

The effect of dent on thin-walled tubes with and without LN filler has
been investigated by quasi-static uniaxial compression tests. Based on
the comparison of energy absorption performance of thin-walled tubes
with and without LN filler, the following conclusions are drawn:

e The empty tube is vulnerable to dent which greatly reduces the initial
buckling strength, the post-buckling strength and the energy ab-
sorption capacity.

e The reduction in mechanical performance of empty tube is linearly
proportional to the dent depth.

e In contrast, the LNFT is inert to dent depth and location, as
demonstrated by the preserved energy absorption capacity.

e The underlying mechanism of the dent-inert energy absorption per-
formance of LNFT is the intimate liquid-solid interaction at the LN
filler and the tube wall interface, suppressing the curvature growth of
the dent and the localized folding.

In short, The LN filler not only increases the energy absorption ca-
pacity and SEA of LNFT, but also provides an economical approach to
reduce the cost on quality control and handling of thin-walled
structures.
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