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is lower and smoother, close to the stress at the nadir of the intact empty 
tube. At ε ¼ 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. 2c). 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 < ε < 0.45, red curve in 
Fig. 2c), which is consistent with previously reported results [38,39]. 
When the curved and extended dent is in contact with the bottom cap at 
ε 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 ε ¼ 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 ¼ 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 (ε > 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 < ε < 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 

nanopores are firstly triggered for liquid infiltration, which provides a 
relatively lower Pin of 17 MPa. Therefore, the stress of defective LNFTs is 
adversely affected by the dent. As ε > 0.40, the higher Pin 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 Pin [44] at 
the end of the post-buckling plateau (0.40 < ε < 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). 

E¼V0

Z εb

0
σdε # (1)  

where V0 is the effective tube volume. 

SEA¼
E
m

# (2)  

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 σi. 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 

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) E (J) SEA (J/g) E/E0 (%) 

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 24.2 � 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  
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