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has been proposed to facilitate the bonding formation at the interface. 
Although the resulted composite tubes have shown enhanced energy 
mitigation performance, the foaming process is difficult to control [35], 
and the synthesized foam filler is susceptible to process-induced struc
tural defects such as foam shrinkage, metal drainage and pore coales
cence [31,36]. More importantly, the interfacial bonding generated by 
these methods inevitably contains imperfections. As the tube wall 
buckling progresses, debonding initiates from these imperfections. 
Consequently, the filler-tube wall interaction is weakened or even 
diminished. The loss of the filler-tube wall interaction leads to a much 
reduced energy mitigation performance [30], which demonstrates that 
the filler-tube interaction is more efficient than debonding or friction in 
foam-filled tubes for energy mitigation [37,38]. 

Employing liquid filler in thin-walled structures is another promising 
approach to create seamless interface between filler and tube wall. 
Compared with solid foam fillers, liquids can maintain intimate contact 
with the tube wall at any degree of deformation, due to the intrinsic 
fluidity. The resulted “perfect interfacial bonding” maximizes the filler- 
tube wall interaction and significantly enhances the crushing perfor
mance of the solid shell-liquid core structure. However, conventional 
liquids are nearly incompressible, and the total deformability of the 
structure is severely compromised. In this regard, a highly compressible 
liquid filler is essential to achieve the seamless interface without sacri
ficing the total deformability of the shell-core composite structure. 

To address the above concerns, a nanofluidics-based energy mitiga
tion material with high compressibility, namely liquid nanofoam (LN), 
has been developed [39–41]. LN composes of nanoporous particles and a 
non-wettable liquid. The nanopore surface is surface treated and hy
drophobic. When the nanoporous particles are immersed into a liquid 
phase, the liquid molecules stay outside of the nanopores at ambient 
condition due to the capillary effect. As a sufficient external pressure is 
applied, the surface resistance is overcome and the liquid molecules are 
driven into the nanopores. The resulted highly hysteretic 
loading-unloading process suggests that tremendous amount of energy is 
mitigated [42]. Besides, it has been experimentally demonstrated that 
the LN system has high structural integrity [43], ultra-fast response to 
external impact [44], and a novel energy mitigation mechanism at 
increased strain rates [45–47], making it a promising filler candidate in 
thin-walled tubes for applications under high strain rates. 

Recently, LN-filled tube (LNFT) has drawn increasing attention from 
automotive industry for potential applications including crash box and 
accelerator pedal [48]. Several studies have been conducted to evaluate 
both quasi-static [49,50] and dynamic [51,52] behaviors of LNFT. Li 
et al. [52] have studied the underpinning energy mitigation mechanism 
of the LNFT and revealed that the filler-tube wall interaction is the 
dominating working mechanism. Due to the “perfect liquid-solid 
bonding” at the LN-tube wall interface, the filler-tube wall interaction 
is much enhanced, as indicated by a strengthening coefficient of 3.8. For 
real case scenarios such as automobile collision and blasts, external 
impacts with extremely high energy and incident speed will be exerted 
on the energy mitigation materials. In addition, practical applications 
require larger scale LNFTs than the smaller scale ones studied in liter
ature. So far, the effect of LN filler and the tube wall material on the 
overall performance of the LN-based composite structure remains un
clear. Design criteria of the LNFT are still lacking. To this end, large scale 
LNFTs have been prepared and the crushing behavior has been evalu
ated in this study. The effects of LN, tube wall material and strain rate on 
the energy mitigation performance and filler-tube wall interaction of 
LNFT have been investigated. The enhanced plastic deformation of tube 
wall caused by filler-tube wall interaction has also been visualized. 

2. Material and methods 

2.1. Materials and sample preparation 

The thin-walled tube used in this study was made of Al 6061 and 

obtained from McMaster (Product No. 9056k85). The outer diameter, 
wall thickness and height of the Al tube were D ¼ 76:2 mm, t ¼ 1:63 mm 
and h0 ¼ 101:6 mm, respectively. The Al tube was filled with LN and 
then sealed by clamping both ends to two stainless steel caps equipped 
with nitrile rubber O-rings. The effective height of the tube was h ¼
81:3 mm, as shown in Fig. 1a. Empty Al tube was used as reference. 
During all experiments, no liquid leakage was observed at the sealing 
sections. Fig. 1 shows details of a typical LNFT sample. 

The LN fillers used in this study contained a same nanoporous silica 
gel (denoted as SG90) purchased from Sigma-Aldrich (Product No. 
60759) and various aqueous solutions. The average nanopore size and 
particle size of SG90 were 7.8 nm and 40–63 μm [53], respectively. As 
illustrated in Fig. 2, SG90 particles were irregular and the porous 
structure was open. The as received SG90 had chloro(dimethyl)octylsi
lane modified surface, which was non-wettable to the aqueous solution. 
The porous structure as well as the surface condition of these nano
porous particles dominated the mechanical response of the LN. 

2.2. Test procedures 

The crush response of empty tubes and LNFTs were characterized by 
a series of quasi-static compression tests and gas gun impact tests. The 
quasi-static compression tests were conducted by using a hydraulic 
driven MTS system (300 kN load capacity) at a constant loading speed of 
2 mm/s. Fig. 3a shows the experimental setup of quasi-static compres
sion test. The nominal stress was calculated as σ ¼ F=A, where F was the 
force applied by the MTS machine and A was the cross-sectional area of 
Al tubes. The nominal strain was calculated as ε ¼ δ=h, where δ was the 
crosshead displacement of the MTS machine. 

The dynamic behavior of the Al tubes was characterized by a 
customized gas gun apparatus at Ford Motor Company, as shown in 
Fig. 3b. The carriage weight was 181.55 kg. The incident speed was 
maintained at 6.7 m/s by controlling the pressure of the gas reservoir. 
The load-time history FðtÞ of the tube samples was measured by two load 
sensors (500 kN load capacity). One fixed on the stopper and the other 
on the carriage front. The nearly identical load-time histories measured 
by both load sensors confirmed that the LNFT samples deformed under 
stress equilibrium condition under dynamic impacts. An accelerometer 
was attached to the carriage to measure its deceleration time-history, 
aðtÞ. The deformation process of the tubes under gas gun impact was 
recorded by high speed cameras. The incident speed was determined by 
v ¼

R
aðτÞdτ. The displacement was calculated as δ ¼ ∬ aðτÞd2τ. 

3. Results and discussion 

3.1. Compressive behavior of empty Al tubes 

Typical stress-strain curves under both quasi-static compression and 
gas gun impact are shown in Fig. 4. Under quasi-static compression, the 
empty Al tube wall buckling initiation occurs at 23 MPa after a sharp 
elastic response in the beginning. As the buckling progresses, the stress 
drops quickly and forms a low post-buckling plateau. The jerky stress 
plateau reflects the fold initiation, formation and collapse. The mean 
post-buckling stress is 9.8 MPa. Fig. 4b shows that the empty tube de
forms in a diamond mode and has a concertina lobe at the top, which is 
due to the initial axisymmetric trigger [54]. As the buckling is triggered, 
non-axisymmetric folds with 3 corners per lobe form sequentially along 
the tube length. This buckling mode of empty Al tubes is consistent with 
literature results [32,52,54,55]. 

As the dynamic impact is applied, a low post-buckling stress plateau 
forms after buckling initiation (Fig. 4a), similar to that in quasi-static 
compression test. The first peak around 4 MPa is due to the subtle 
misalignment of the top and bottom of the empty tubes, which is created 
during the tube cutting process. The lower buckling initiation stress is 
due to the instability-induced buckling mode change under dynamic 
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