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1 Introduction
Aluminum foam is a porous metallic material composed 
of aluminum or aluminum alloy matrix with a substantial 
volume of internal pores. These pores can be either 
closed (closed-cell foam) or interconnected (open-cell 
foam), leading to significantly different properties and 
applications. Compared with open-cell aluminum foam, 
closed-cell aluminum foam has higher strength, lower 
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density, excellent energy absorption capacity, and stable 
deformation modes, is extensively utilized in the field 
of energy absorption and shock mitigation[1, 2]. The most 
common techniques to manufacture aluminum foams 
include melt foaming method, powder metallurgy route, 
and gas injection method[3].

 Aluminum foam is commonly utilized as filling 
material to improve the energy absorption and buffer 
capacity of the whole structure[4]. Aluminum foam-filled
tubes (FFTs) represent a typical composite structure, 
characterized by solid metal outer layer and an 
a luminum foam core [5, 6]. Due to the inherent 
advantages of aluminum foam and solid metal tubes, as 
well as their synergistic interaction, the yield strength 
and deformation stability of FFTs are significantly 
improved, exhibit exceptional energy absorption 
performance and load carrying capabilities[7, 8]. 
Nevertheless, its specific energy absorption falls short 
compared to that of the corresponding hollow tubes[9, 10].
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Therefore, in order to further enhance energy absorption 
efficiency and mechanical properties of FFTs, novel composite 
structure aluminum foam sandwich double tubes (AFSDTs) 
were proposed[11, 12]. This structure generally comprises inner 
and outer layers of solid metal, as well as a middle layer of 
aluminum foam core. Researchers have demonstrated that 
this structure exhibits a significant improvement of overall 
crashworthiness and energy absorption efficiency compared to 
those of both the double hollow tubes and the single tube filled 
with metal foams[13, 14]. Consequently, it represents an efficient 
and stable energy absorption component with significant 
potential for impact protection applications.

AFSDTs can be fabricated through two typical methods: 
secondary processing method and integral forming technique. 
The secondary processing method involves initially cutting 
aluminum foam and solid metal tubes to the required 
dimensions, followed by bonding the two components using 
adhesives, brazing, or mechanical fastening. This method is 
characterized by its straightforward fabrication principle and 
is currently the most widely employed approach for producing 
aluminum foam-filled structures[15]. However, aluminum 
foam-filled structures fabricated via the secondary processing 
method often exhibit several limitations, including low 
interfacial bonding strength, high density and susceptibility to 
damage during processing[16, 17]. The integral forming method 
enables the simultaneous achievement of foam formation 
in aluminum foam core and the metallurgical bonding at 
the interface between aluminum foam core and solid metal 
tubes[18]. Since the strength of the interfacial metallurgical 
bonding significantly influences the mechanical properties 
of aluminum foam-filled structures[19, 20], the integral forming 
method offers distinct advantages. The melt foaming method is 
a highly promising integral forming technique due to its simple 
process flow and suitability for preparing large-sized samples. 
However, the preparation of AFSDTs using the melt foaming 
method presents considerable challenges, primarily due to 
the confined foaming space in AFSDTs and the limited heat 
dissipation conditions of the inner tube.

Previous studies have demonstrated that inner and outer 
tubes of AFSDTs play a crucial role in guiding and controlling 
the deformation of metal foam core[21, 22]. The foam core of this 
structure significantly improves the overall energy absorption 
performance, with the magnitude of this enhancement being 
dependent on the filling density[23]. Foam-filled sandwich 
double tubes exhibit superior energy absorption characteristics 
and deformation resistance when compared to single-tube 
counterparts[24, 25]. Furthermore, the height of the aluminum 
foam-filled structure has been identified as a critical factor 
influencing load fluctuation and energy absorption capacity[26]. 
In addition, the majority of previous studies has predominantly 
focused on specimens fabricated through secondary processing 
methods. Limited attention has been given to the impact 
resistance of AFSDTs manufactured via integral forming 
processes. Notably, these AFSDTs, featuring metallurgical 
bonding interfaces achieved by intergral forming processes, 
present substantial potential for applications in energy 

absorption and buffering systems.
In this study, an improved melt foaming method was 

employed to fabricate integrated forming aluminum foam 
sandwich double tubes (IFAFSDTs) with varying heights and 
inner tube diameters. The influence of holding temperature 
on metallurgical bonding between aluminum foam core and 
inner/outer aluminum alloy tubes was systematically studied. 
Through axial drop weight impact tests, the effects of diameter 
ratio (R) and aspect ratio (L) of IFAFSDTs on the axial impact 
resistance and energy absorption performance were evaluated, 
and compared with the experimental results of FFTs prepared 
by other methods. Deformation modes and failure mechanisms 
of IFAFSDTs during axial impact process were thoroughly 
investigated through detailed analysis of their deformation 
processes. The energy absorption mechanism of IFAFSDTs 
during the impact process was also analyzed.

2 Materials and methods
2.1 Specimen preparation
IFAFSDTs were fabricated using an improved melt foaming 
method, which separated processes of melt heating and mold 
insulation in upper and lower regions of the furnace, as shown 
in Fig. 1. Compared with traditional melt foaming method, 
the improved melt forming method offers more precise 
temperature control and shortens the pouring time, optimizing 
the thickening and foaming processes. 6063 aluminum alloy 
tubes were selected as inner and outer tubes. Pure aluminum 
ingots (Al, with purity of 99.5wt.%) were selected as matrix 
metal. TiH2 powders (commercially pure, 300±20 mesh) were 
used as foaming agent. TiH2 decomposed at temperatures 
above 490 °C[27], ensuring gas released when the metal was in 
molten state. Magnesium ingots (Mg, with purity of 99.5wt.%) 
were used as wetting agent, which can effectively regulate 
the surface tension of the melt, making the shape of the pores 
closer to spherical[28]. Calcium granules (Ca, commercially 
pure, granularity between 1.0 and 2.5 mm) were added as 
thickening agent to increase the viscosity, which is crucial for 
stabilizing bubbles and preventing cell wall rupture[29]. Based 
on literature review and preliminary experiments, the addition 
amount of TiH2 in this study was 1.5wt.% with stirring speed of 
1,200 r·min-1, which can obtain uniform pore structures[4, 30, 31].
The contents of Mg and Ca were fixed at 1.0wt.% and 2.0wt.%, 
respectively with stirring speed of 400 r·min-1 based on 
previous work[4, 30].

The schematic diagram of the fabrication process is shown 
in Fig. 1. The specific preparation process is as follows: 
(1) melting about 1 kg pure aluminum at 690 °C; (2) adding 
Mg into the melt then stirring for 4 min under speed of 
400 r·min-1; (3) adding Ca particles and stirring for 6 min 
under speed of 400 r·min-1; (4) adding TiH2 powders and 
stirring for 10 s under the speed of 1,200 r·min-1; (5) pouring 
foaming melt from the crucible into the mold within 10 s and 
holding for 3-5 min at different temperatures for sufficient gas 
release and pore growth, then taking out the mold and cooling 
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naturally for about 1 h. The equipment used for preparation 
was a self-designed double-layer resistance furnace with both 
heating and isothermal holding functions.

The metallurgical bonding between aluminum foam core 
and tubes is crucial for the overall structural strength and 
impact resistance[32]. The effect of holding temperature 
(330 °C, 370 °C, 410 °C, 450 °C, and 490 °C) on metallurgical 
bonding of interface was investigated with the foaming stirring 
temperature fixed at 690 °C.

The diameter ratio (R) is defined as the ratio of the inner 
diameter to the outer diameter of the IFAFSDTs, and the aspect 
ratio (L) is defined as the ratio of the sample height to 60 mm. 
To systematically investigate the effect of R and L on impact 
resistance, IFAFSDTs with a fixed outer diameter of 60 mm but
various R and L were fabricated. For a fixed height of 60 mm,
inner tube diameters of 27 mm, 21 mm, and 15 mm 
corresponded to R values of 0.45, 0.35, and 0.25. For a 
fixed inner tube diameter of 27 mm, sample heights of 60 mm, 
75 mm, and 90 mm corresponded to L values of 1, 1.25, and 1.5, 
respectively. The thickness of both inner and outer tubes was 
1.5 mm. For each set of parameters, three samples were 
prepared to ensure reproducibility of experiments and the 
average values were recorded.

2.2 Pore structure analysis
To accurately characterize the pore size distribution, porosity, 
and circularity of IFAFSDTs, the pore structure in both 
cross-section and longitudinal-section was comprehensively 
analyzed. Images of the horizontal and vertical symmetry 
planes of IFAFSDTs were selected and processed using 
ImageJ software for binarization, as illustrated in Fig. 2. 
By statistically evaluating the pore structural characteristics 
in Regions 1, 2a, and 2b, and applying Eqs. (1)-(3) for 
calculation, the overall pore size distribution DE, porosity PE, 
and circularity CE of IFAFSDTs were determined. D1, D2a, 
and D2b represent the distribution frequency of pore sizes in 
Regions 1, 2a, and 2b, respectively. P1, P2a, P2b and C1, C2a, C2b 
denote the average porosity and average circularity in these 
three regions.

             		       (1)

             	      (2)

            		       (3)

2.3 Drop-weight impact test
Drop weight impact tests were conducted to investigate the 
axial impact resistance of IFAFSDTs. Related testing method 
has been reported in authors’ previous research[33]. The impact 
body consisted of a drop hammer and a counterweight, with a 
total mass of 104.7 kg. The initial vertical height of the drop 
hammer was 4 m. The impact force, impact action time, and 
vertical deformation displacement were recorded during 
drop-weight impact test. In addition, several key parameters 
were selected for further evaluating the axial impact resistance 
performance of IFAFSDTs. Peak crushing force (FPC) is the 
first peak stress in impact force-displacement curve. Total 
energy absorption (EA) can be expressed by Eq. (4)[34]:

	                         A 	                     (4)

where x is axial compression displacement of sample after the 
impact body contacts IFAFSDTs, δ represents the maximum 
displacement and F(x) represents the impact force when axial 
displacement is x. In addition, energy absorption capacity 
(W) represents the energy absorption per unit volume of the 
specimen, which can be calculated by Eq. (5)[35]:

                                          	        (5)

where ε is axial compression strain of sample, τ represents 
the maximum strain and σ(ε) represents the stress value when 
strain is ε. Besides, mean crushing force (FMC) is the ratio 
of total energy absorption to effective impact deformation 
displacement, as shown in Eq. (6)[36]:

                                        
A

MC   	      (6)

Peak stress and mean stress are obtained through dividing 
peak crushing force and mean crushing force by the stress area 
of the specimen. The undulation of load-carrying capacity 
(ULC) is defined as the ratio of the work done by the specimen 
deviating from the mean crushing force to the total energy 
absorption during the impact process. It reflects the amplitude 
of impact force variation of the specimen during testing 
process[37] and can be calculated using Eq. (7). A lower ULC 

Fig. 1: Schematic diagram of fabrication process

Fig. 2: Statistical method for pore structure
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value indicates a reduced amplitude of load fluctuations.

                        
MC

A
LC 	      (7)

2.4 Finite element simulation
Finite element (FE) simulation of the drop-weight impact 
process of IFAFSDTs was conducted using ABAQUS software. 
The FE model consisted of an IFAFSDT, a drop hammer, 
and a support panel, as shown in Fig. 3. The model of 
IFAFSDT was obtained by reconstructing micro computed 
X-ray tomography scanning images (Sanying Precision 
Instruments Co., Ltd., Tianjin, China) using Avizo software 
(Thermo Fisher Scientific, USA, Tianjin Sanying Precision 
Instrument Co., Ltd.). The Johnson-Cook model was used 
to describe the deformation behavior of the matrix alloy 
Al-Ca-Ti-Mg. Assuming that the alloy hardens isotropically, 
without considering true strain and temperature, the 
relationship between flow stress σ and equivalent plastic strain 
ε can be expressed as:

                      		       (8)
where  is the dimensionless strain rate, A is the yield 
strength, B represents strain strengthening modulus, n is strain 
hardening coefficient, and C presents the strain rate sensitivity 
coefficient. Specific constitutive parameters were obtained by 
substituting experimental data into the solution and are listed 
in Table 1.

In ABAQUS, the contact interaction between the hammer 

and the sample, as well as between the sample and the support, 
was defined as surface-to-surface contact. The contact caused 
by the deformation and collapse of cell walls was defined 
as self-contact. The bottom of the sample was bound to the 
support using a rigid body constraint. The impact process was 
simulated using a dynamic/explicit modules, with the impact 
load was simulated by applying an initial velocity to the 
hammer through a predefined velocity field.

3 Results and discussion
3.1 Interface metallurgical bonding situation
Figure 4 shows the interface bonding of IFAFSDTs prepared 
at holding temperatures of 330 °C, 370 °C, 410 °C, 450 °C, 
and 490 °C. Experimental results prove that the holding 
temperature is crucial for achieving a metallurgical bonding 
of the interface. When the holding temperature is 330 °C, 
metallurgical bonding between aluminum foam core and 
outer tube is not achieved. When holding temperature rises to 
370 °C, although the macroscopic combination of aluminum 
foam core and inner/outer tubes is achieved, there still exists 
a clear boundary according to SEM images shown in Fig. 5. 
The interfaces between aluminum foam core and inner/outer 
tubes are marked with red dotted line. This is attributed to the 
low holding temperature (330 °C and 370 °C) which causes 
the melt in contact with the wall of aluminum alloy tube to 
solidify rapidly and hinders the metallurgical bonding at the 
interface. Moreover, the porosity of the specimen is low and 
the pore size in the bottom region of IFAFSDTs is small. 
When holding temperature is 410 °C, a good metallurgical 
bond is achieved according to SEM images. This is because 
high-temperature aluminum foam melt has excellent fluidity 
and can fully wet the wall of aluminum alloy tubes[38]. When 
holding temperature is relatively high, the mutual diffusion of 
atoms in melt and in the surface of aluminum tube results in the 
formation of metallurgical bonding. According to fabrication 
results, the sample prepared at a holding temperature of 410 °C 
exhibits higher porosity and thinner cell walls compared to those 
prepared at 330 °C and 370 °C[39]. Under holding temperature of 
450 °C, the metallurgical combination is also achieved, but the 
inner tube locally deformation is observed after longitudinally 
cutting the sample. Some concentrated large holes appear in 
the foam core. When holding temperature reaches 490 °C, 
inner tube is severely deformed. This is because the holding 
temperature is too high, and the heat dissipation space of 

Table 1: Constitutive parameters of Johnson-Cook model 
                of Al-Ca-Ti-Mg alloy

A (MPa) B (MPa) n C

82.354 153.4968 0.5650 0.0049

Fig. 3: FE model of drop-weight impact process of IFAFSDTs

Fig. 4: Influence of holding temperature on combination of interface: (a) 330 °C; (b) 370 °C; (c) 410 °C; (d) 450 °C; (e) 490 °C
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inner tube is limited, resulting in melting and deformation of 
the inner tube. Besides, the aluminum foam core has more 
concentrated large cells and the pore size distribution is not 
uniform. Therefore, a holding temperature of 410 °C is more 
desirable for the preparation of IFAFSDTs.

Based on BSE image and EDS line scanning results in Fig. 6,
the interfacial metallurgical bonding of the sample prepared at 
a holding temperature of 410 °C is further verified. It is evident 
that no abrupt changes in elemental contents are observed at 
the interface. Subsequently, inner/outer aluminum alloy tube is 
separated from aluminum foam core. As shown in Fig. 7, after 
the IFAFSDTs are separated, aluminum foam debris remain on 
the wall of the aluminum alloy tube. The above experiments 
sufficiently demonstrate that the metallurgical bonding is 
formed between the foam aluminum core and inner/outer tubes.

3.2 Pore structure
To ensure a consistent pore structure in samples, the holding 
temperature of 410 °C, along with the holding time, pouring 
time, and cooling time, are strictly controlled[40, 41]. An IFAFSDT 
with a height of 60 mm and an inner diameter of 21 mm
was selected as the typical sample. A typical pore structure 
distribution is illustrated in Fig. 8. The diameter of pores (D) in 
Regions 1, 2a, and 2b, as well as the entire sample, conforms 
to normal distribution, following D-N(0.79, 0.502), D-N(0.89, 
0.632), D-N(0.80, 0.552), and D-N(0.81, 0.542), respectively. 
Majority of pore sizes in samples are concentrated in the 
range of 0.5-1.5 mm, with a few concentrated large pores. 
The porosities in Regions 1, 2a, 2b, and the entire sample 
are 63.1%, 62.2%, 61.6%, and 62.5%, respectively. The 

Fig. 5: Effect of holding temperatures on interface metallurgical bonding

Fig. 6: BSE image (a) and EDS line scan result (b) of bonding interface under holding temperature of 410 °C
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circularities are relatively high and similar in all four statistical 
regions, with values of 0.82, 0.80, 0.85, and 0.82, respectively, 
which is beneficial for improving the mechanical properties[42]. 
This is because that during the integrated preparation, the 
temperature in holding and cooling processes is uniform and 
accurately controlled, allowing bubbles to grow, evolve, and 
solidify uniformly within the mold cavity. Finally, IFAFSDTs 
exhibit uniform distribution of pore size, similar porosity 
and circularity. Furthermore, their small average pore size is 
conducive to improving the comprehensive performance[43].

3.3 Effect of diameter ratio on drop weight impact 
resistance 

Figure 9(a) presents the axial deformation displacement of 
IFAFSDTs under drop weight impact with the same height of 
60 mm and R values of 0.25, 0.35, and 0.45. As R increases, 
the axial displacement initially decreases and subsequently 
increases, indicating that the increase in inner tube diameter 
and reduction in aluminum foam filling cause the stiffness 

of IFAFSDTs to f i rs t increase and then decrease [44]. 
Figures 9(b)-(d) show the force-displacement curves for 
specimens with varying R. The impact force-displacement 
curves can be divided into three stages[45, 46]: (I) linear elastic 
stage, (II) progressive buckling stage, and (III) unloading 
stage. Observations indicate that IFAFSDTs exhibit load 
fluctuations within a certain range over an extended period 
when subjected to axial impact, signifying a stable impact 
resistance mechanism[47]. As R increases, the duration of 
impact force and vertical deformation displacement initially 
decreases before ascending, whereas the peak crushing force 
escalates from 252 kN to 283 kN before descending to 230 kN. 
Similarly, the mean crushing force increases from 150 kN to 
171 kN, then decreases to 137 kN. Compared with composite 
aluminum foam filled tubes (CAFTs) without inner tube, the 
peak load of IFAFSDTs appears later, and the impact force 
fluctuation in progressive buckling stage is smaller, which 
indicates that its load bearing process is more stable[30, 33].

Figure 10 illustrates the effect of R on the total absorbed 
energy and energy absorption capability of IFAFSDTs. As R 
increases, the energy absorption performance first increases 
and then decreases. Under the same deformation displacement 
and strain, IFAFSDTs with R=0.35 have the highest total 
energy absorption. With a deformation displacement of 20 mm, 
the specimens with R=0.25, 0.35, and 0.45 absorb total impact 
energies of 2,930 J, 3,435 J, and 2,713 J, respectively. When 
strain is 0.3, the energy absorption capacity of the specimens 
with R=0.25, 0.35, and 0.45 is 33.9 MJ·m-3, 43.3 MJ·m-3, and 
35.8 MJ·m-3, respectively. Consequently, IFAFSDTs with R of 
0.35 demonstrate the superior axial impact resistance.

 The load-carrying capacity is a key parameter for evaluating 
the crashworthiness of IFAFSDTs[48]. Smaller load-carrying 
capacity corresponds to a smoother load fluctuation under 
impact loads[49]. Figure 11(a) illustrates the effect of R on the 
load-carrying capacity of IFAFSDTs. Upon initial contact 

Fig. 7: Interface morphology after IFAFSDTs were separated: (a) observation area; (b) inner tube; (c) and (d) outer tube

Fig. 8: Distribution of pore size, porosity, and circularity in 
Regions 1, 2a, 2b, and the entire sample
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Fig. 9: Effect of R on deformation displacement and impact force of IFAFSDTs: (a) displacement-time curves; 
(b)-(d) impact force-displacement curves

Fig. 10: Effect of R on energy absorption performance of IFAFSDTs: (a) total energy absorption; (b) energy absorption capacity

(a)

(b) (c) (d)

(a) (b)

with hammer, all specimens exhibit obvious load fluctuations, 
representing the primary stage of energy absorption. Subsequently, 
as the impact process advances, these load fluctuations 
gradually diminishes. The specimen with R=0.25 exhibits the 
highest load-carrying capacity during the impact process. 

The effect of R on the deformation velocity of IFAFSDTs 
is shown in Fig. 11(b). When the deformation displacement 
is 20 mm, the deformation velocity of three specimens is 
4.12 m·s-1, 2.85 m·s-1 and 5.20 m·s-1, which is reduced by 
53.4%, 67.8%, and 41.2%, respectively compared to the initial 
impact velocity. Specimen with R=0.35 demonstrates superior 
kinetic energy absorption capacity, effectively reducing the 
speed of impact bodies. Figure 11(c) illustrates the effect 
of R on the deformation acceleration of IFAFSDTs. The 
specimen with R of 0.35 exhibits the highest peak acceleration, 
suggesting superior structural strength[51]. The sample with R 
of 0.45 demonstrates a consistently lower peak acceleration 
throughout the impact process. A lower peak acceleration 
and fluctuation amplitude of crash protection structures can 
effectively mitigate injuries to personnel or damage to items[52]. 
Increasing R leads to the increase of the contact area between 

inner tube and the foam core, which improves load transfer 
efficiency between the foam core and tubes. This results 
in better collaborative deformation capability. However, 
when R becomes excessively large, the filling amount of 
aluminum foam is substantially reduced, reducing the energy 
absorption capacity of IFAFSDTs. Therefore, under the same 
displacement or strain, IFAFSDTs with R=0.35 have the best 
impact resistance performance.

Compared with CAFTs, IFAFSDTs with the same R value 
(0.25 and 0.45) exhibit better deceleration effects under the 
same deformation displacement. Furthermore, IFAFSDTs have 
higher deformation acceleration and smoother fluctuations, 
indicating that IFAFSDTs serve as more effective better impact 
protection structures[33].

3.4 Effect of aspect ratio on drop-weight impact 
resistance

Figure 12(a) presents the axial deformation displacement 
of IFAFSDTs with L values of 1, 1.25, and 1.5. The axial 
displacement decreases first and then increases with the 
increase of L. This indicates that the stiffness of specimen 
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initially increases and then decreases[53]. The corresponding 
impact force-displacement curves for specimens with varying 
L are illustrated in Figs. 12(b)-(d), which still comprise linear 
elastic stage, progressive buckling stage, and unloading stage. 
The peak crushing force initially increases from 230 kN to 
244 kN, followed by a subsequent reduction to 168 kN with 
increasing L. Similarly, mean crushing force exhibits an initial 
rise from 137 kN to 161 kN before decreasing to 103 kN. This 
is because, in IFAFSDTs with a relatively low L, the aluminum 
foam core enters the densification stage earlier during the 
impact process. This earlier densification enhances load-carrying 
performance[15] and inhibits further deformation of aluminum 
alloy tubes[54]. As the height increases, the volume of 
aluminum foam filler increases, and the contact area between 
the aluminum foam core and the inner/outer aluminum alloy 
tubes increases, resulting in the enhanced interaction between 
sandwich core and aluminum alloy tubes[55]. Consequently, 
within a specific height range, the load-bearing performance 
continues to improve. However, as the height of the IFAFSDTs 
further increases, in accordance with Euler’s equation 
for stable load-bearing capacity of tubes in engineering 
mechanics, longer rods or tubes are more susceptible to 

buckling or failure under axial loading, as shown in Eq. (9):

                          	         	                           
(9)

where Fcr is ultimate bearing capacity before deformation of 
tubes, E is elastic modulus. I is the cross-sectional moment of 
inertia, which is only related to the inner and outer diameters 
of the tubes, and H is the height of specimen. According to 
Eq. (9), when inner and outer diameters of tubes are constant, 
the ultimate bearing capacity decreases with the increase 
of H before buckling occurs. Moreover, when the height of 
IFAFSDTs is high, aluminum foam core does not undergo 
earlier densification during the progressive collapse, which 
reduces the impact of aluminum foam densification on the 
impact resistance performance, thereby lowering the impact 
loads[56]. Although the IFAFSDTs with L of 1.5 exhibit 
significantly lower peak and mean stresses than those with L of 
1 and 1.25, they demonstrate exhibit longer energy-absorbing 
stroke, representing an effective strategy for improving impact 
resistance safety.

The effect of L on the energy absorption performance of 
IFAFSDTs is presented in Fig. 13. As L increases, the total 
absorbed energy and energy absorption capacity first increase 

Fig. 11: Effect of R on crashworthiness of IFAFSDTs: (a) undulation of load-carrying capacity; (b) deformation velocity; 
(c) deformation acceleration

Fig. 12: Effect of L on deformation displacement and impact force of AFSDTs: (a) displacement-time curves; (b-d) impact 
force-displacement curves

(a) (b) (c)

(a)

(b) (c) (d)
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and then decrease. When axial displacement is 20 mm, 
specimens with L of 1, 1.25, and 1.5 exhibit total impact energy 
absorption values of 2,713 J, 3,171 J, and 1,958 J, respectively. The 
energy absorption capacities with strain of 0.3 are measured as 
35.7 MJ·m-3, 43.3 MJ·m-3, and 27.6 MJ·m-3. Therefore, under 
the same displacement or strain, IFAFSDTs with L of 1.25 
exhibit superior energy absorption performance. Figure 13(b) 
shows IFAFSDTs with L=1.5 experience a strain of 0.42 after 
impact process, with an axial displacement of about 38 mm 
[Fig. 13(a)], which is greater than that of the samples with 
L=1 and 1.25. Although the energy absorption capacity of 
IFAFSDTs with L=1.5 is lower than that of samples with L=1 
and 1.25, due to their maximum height, the volume of the 
undeformed region is the largest, and they possess the greatest 
potential for further energy absorption after impact[57, 58].

The effect of L on the load-carrying capacity of IFAFSDTs 
during drop-weight impact is illustrated in Fig. 14(a). Load 
fluctuation of IFAFSDTs is high during the initial impact 
stage and then gradually decreases. Samples with L=1.25 
exhibit the lowest load-carrying capacity throughout the 
impact process. The effect of L on the deformation velocity of 
IFAFSDTs during axial impact is illustrated in Fig. 14(b). As 
L increases, the reduction of velocity first increases and then 
decreases. With axial deformation displacement of 20.0 mm, 
the deformation velocity for the three specimens is 5.20 m·s-1, 
3.51 m·s-1, and 6.20 m·s-1, respectively, representing reductions 
of 41.2%, 60.1%, and 29.9% from the initial velocity. The 
effect of L on the deformation acceleration of IFAFSDTs is 
shown in Fig. 14(c). When IFAFSDTs subject to impact, the 
deformation acceleration rises rapidly to a certain value and 
then fluctuate at a higher level and a lower amplitude, indicates 

that these samples all have a stable buffering process[49]. 
Specimens with L=1.25 exhibit the highest deformation 
acceleration, indicating superior crashworthiness. However, 
excessively high deformation acceleration may pose a risk, 
causing the protected individual to experience significant 
velocity change in a short time and potentially resulting in 
injury[59].

The peak crushing force and energy absorption capacity 
of IFAFSDTs are approximately 1.6 and 2 times higher 
than those of CAFTs with the same sizes (L=1)[33]. This 
enhancement is attributed to the addition of an inner tube 
and the good metallurgical bonding between aluminum foam 
core and inner/outer tubes, which enables IFAFSDTs to have 
high initial stiffness and peak crushing force, significantly 
improving the resistance to impact deformation. Thus, the 
mechanical response of IFAFSDTs under impact differs from 
that of structures with mechanical interlocking or adhesive 
bonding[26, 60, 61]. The deformation and tearing of metallurgical 
interface constitute a unique energy absorption mechanism 
for IFAFSDTs, further enhancing the energy absorption 
performance.

3.5 Deformation and failure mechanism
When drop hammer contacts with the specimen, one end of 
IFAFSDTs initially undergoes buckling deformation during 
impact process. As impact process progresses, the other 
end also experiences the same type of deformation. Finally, 
non-axisymmetric buckling deformation occurs in middle 
section of the sample. Under high-speed impact, the 
Plateau boundaries of aluminum foam gradually collapse 
and fracture, resulting in IFAFSDTs being compacted[62]. 

Fig. 13: Effect of L on energy absorption performance of IFAFSDTs: (a) total energy absorption; (b) energy 
              absorption capacity

(a) (b)

Fig. 14: Effect of L on crashworthiness of IFAFSDTs: (a) undulation of load-carrying capacity; (b) deformation 
velocity; (c) deformation acceleration

(a) (b) (c)
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Aluminum foam can reduce the maximum axial displacement, 
enhance the overall energy absorption capacity, and prevent 
a sharp increase in impact force when IFAFSDTs reach 
densification[63]. The interaction between the aluminum 
foam core and the solid aluminum tubes also significantly 
improves the impact performance[64]. Compared with CAFTs, 
the deformation and damage extent of IFAFSDTs under 
drop hammer impact are lower, and their impact resistance 
is superior. This is attributed to the metallurgical bonding 
between the foam core and inner/outer aluminum alloy 
tubes, which enhances the overall deformation resistance and 
stiffness[65, 66]. Additionally, the inner tube improves the axial 
impact resistance and energy absorption performance of the 
aluminum foam-filled tube structure, effectively stabilizes 
its deformation mode, and makes the energy absorption and 
impact resistance processes more stable[67].

The buckling deformation of IFAFSDTs with the same height 
and low R values under drop hammer impact initially occurs 
near the impact end. Subsequently, impact stress is transmitted 
through foam core and solid tubes to the base plate. Under the 
reaction force of the base plate, buckling deformation occurs 
at the bottom of the IFAFSDTs. As drop hammer continues 
to move, fragments generated during the densification of 
the sandwich core and the deformed regions move radially 
along the tube[19], forming buckling in the middle section of 
IFAFSDTs, as shown in Fig. 15. At elevated R values, the 
volume of the solid aluminum tube increases. Due to the fast 
transmission of stress waves in high-density aluminum alloy 

tube[68], the impact load is rapidly transmitted through the solid 
aluminum tubes to the bottom of the IFAFSDTs, leading to 
the initial formation of buckling deformation near the base 
plate, followed by the formation of wrinkles in the upper and 
middle sections, as shown in Fig. 15(c). Due to the varying 
degrees of densification in different regions of the aluminum 
foam core during compression, the resulting wrinkles are not 
perfectly symmetrical rings. Both inner and outer tubes exhibit 
buckling deformation. The deformation degree of the inner 
tube is greater, and cracks appear at the folds. This indicates 
that the inner tube bears a significant portion of the impact 
load, effectively enhancing the overall impact resistance of the 
structure[64]. When R=0.25, the wrinkles in the middle section 
of the specimen are not pronounced, suggesting that a higher 
filling of aluminum foam suppresses the buckling deformation 
of the outer tube. When R=0.35, localized cracks appear in the 
outer tube of the specimen. The peak impact load and average 
stress are higher at R=0.35, which is the cause of the crack 
formation.

When L=1, the height of IFAFSDTs is low, and the impact 
velocity is relatively high when the hammer comes into contact 
with the sample, leading to localized crushing on the impact end. 
When L increases from 1 to 1.25, the buckling deformation 
mode of IFAFSDTs transitions from initial buckling at the 
bottom to nearly simultaneous buckling at both the top and 
bottom, as shown in Fig. 16. This indicates that an increase in 
the height of IFAFSDTs enhances the plasticity and deformation 
capacity. The stress wave is rapidly transmitted through the 

Fig. 15: Impact process and failure mode of IFAFSDTs with different R: (a) R=0.25; (b) R=0.35; (c) R=0.45
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solid aluminum alloy tube to the bottom plate, and the reaction 
force from the bottom plate causes buckling deformation in 
the lower part of the tube. When L=1.5, the time for the stress 
wave to reach the bottom becomes longer. And due to the 
inertial effect, the impact end yields first, while the support 
end undergoes plastic deformation initially until the stress 
wave propagates to the support end[69]. Therefore, the position 
where buckling deformation first occurs is related to the filling 
amount of aluminum foam, inertia effect, and stress wave 
transmission speed[70].

In conclusion, the outer tube of all IFAFSDTs shows an 
axisymmetric circular buckling deformation mode, which 
exhibits high energy absorption efficiency[71]. This is attributed 
to the restriction of inward lateral displacement by the 
aluminum foam core and inner tube, ensuring the stability of 
the outer tube deformation[18]. Under drop hammer impact, the 
inner tube undergoes severe wall deformation characterized 
by an asymmetric diamond mode where folds are compressed 
against each other, ultimately leading to cracks. The deformation 
of the aluminum foam core is constrained by inner and outer 
tubes, absorbing energy through a densification process 
under impact stress and providing support to the outer tube. 
Compared to FFTs and CAFTs, the metallurgical bonding in 
IFAFSDTs results in more significant interactions between the 
core and tube walls[72], which endows IFAFSDTs with superior 
energy absorption performance under identical drop hammer 
impact conditions.

To further investigate the deformation and failure mechanism, 
FE simulation was conducted on the drop-weight impact 

process. Simulation results are in good agreement with 
experimental results, as shown in Fig. 17. From stress cloud 
map, when ε=0.125, the stress is mainly concentrated on 
the inner and outer tube, while aluminum foam core has no 
obvious deformation. Then, obvious buckling deformation 
appears under ε=0.25. Simulation results show that, the 
stress on inner and outer tubes further increases, the foam 
core near the impact end exhibits obvious deformation and 
cracks appear on some cell walls. When strain is 0.375, the 
sample has axisymmetric and non-axisymmetric circular 
folds. The non-axisymmetric circular fold is caused by local 
inhomogeneity of aluminum foam core. Cracks appear in both 
inner and outer tubes. The foam core has large deformation 
and stress concentration with some cell walls broken. When 
strain reaches 0.5, a collapse zone develops along the stress 
concentration and fracture site of the inner tube. Subsequently, 
both the inner and outer tubes fracture, resulting in the overall 
failure[73].

3.6 Energy absorption forms during drop-weight 
impact process

IFAFSDTs are different in the energy absorption modes from 
those prepared by placing the foam core directly into alloy 
tube[26, 74] or bonding the foam core to the alloy tube[75, 76]. This 
is due to the high bonding strength of metallurgical bonding 
interface, which contributes to improved energy absorption 
efficiency[60]. The energy absorption mechanism of IFAFSDTs 
in impact process is manifested in the following four forms: 
(1) energy absorption of outer tube through the axisymmetric 

Fig. 16: Impact process and failure mode of IFAFSDTs with different L: (a) L=1.0; (b) L=1.25; (c) L=1.5
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Fig. 17: Deformation and failure mechanism of IFAFSDTs: (a) experimental impact process; (b) and (c) stress cloud map

buckling deformation mode; (2) energy absorption of 
inner tube through diamond deformation mode; (3) energy 
absorption of aluminum foam core through deformation, 
disruption, and densification; (4) energy absorption through 
the damage and tearing of the metallurgical bonding interface. 
As shown in the SEM analysis in Fig. 18, the microscopic 
energy absorption mechanism of aluminum foam core can be 
further divided into three forms: (1) energy absorbed through 
deformation and collapse of cells, while the initiation and 
propagation of cracks around collapsed cells further enhance 
energy dissipation; (2) energy absorption via grain plastic 
deformation, manifested by the elongation of grains along a 
specific direction; (3) partial areas inside the nodes and cell walls 
absorb energy through the intergranular fracture mechanism.

At impact and support ends of IFAFSDTs, the collapse 
of cell walls leads to the interconnection of adjacent cells 
[(Figs. 18(a) and (b)], and the densification of the aluminum 
foam core absorbs impact energy. Cells are strongly compressed 
and accompanied by crack formation in the severely deformed 
regions such as impact end, support end, and the extruded region 
of the aluminum alloy tube [Fig. 18(d)]. Due to the coordinated 
effect of polycrystalline deformation, grains around collapsed 
cells undergo significant elongation along the compression 
direction. In the middle area of IFAFSDTs, the deformation of 
foam aluminum is relatively mild, cells are relatively intact. 
Grains near the walls of aluminum alloy tube and at the nodes 
have no obvious deformation, with only local microcracks 
distributed along the grain boundaries that rarely propagate 
into the grains [Fig. 18(e)]. In the transition region between 

two ends and the middle is a medium deformation area. Grains 
near the wall of tube and at nodes are elongated in different 
directions [Figs. 18(f) and (g)]. The grain elongation directions 
in the lower middle (blue solid line box) and lower regions 
(green dashed line box) are indicated by arrows.

To further explain the grain deformation and crack 
propagation mechanism in aluminum foam core, the forces 
applied to different regions of the foam core were analyzed. 
Taking the impact end as an example [Fig. 19(a)], the vertical 
impact force F can be decomposed into F1 and F2. F1 drives the 
deformation of the cells and elongates the surrounding grains 
along the direction of deformation [Fig. 19(b)]. F2 causes the 
initiation and propagation of cracks along the second phase at 
the grain boundaries. In the region of medium deformation, 
due to metallurgical bonding at the interface, the buckling 
deformation of the outer tube drives the aluminum foam at the 
wall outward along the diameter. Upon impact, the inner tube 
deforms both inward and outward. When deformed outward, 
inner tube pushes aluminum foam outward. Therefore, in the 
lower middle region [Fig. 19(d)], the combined impact and 
support forces F, along with the inner and outer tube forces 
(T1 from the outer tube buckling and T2 generated by the inner 
tube deformation) constitute the total force Ftotal, causing 
grains to elongate in a specific direction. In the lower part of 
IFAFSDTs, the support force is larger and the combined force 
in the vertical direction is N. Under the combined effect of N, 
T1, and T2, grains elongate along the deformation direction 
shown in Fig. 19(e). Therefore, the difference in deformation 
modes of aluminum foam core mainly depends on impact and 
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Fig. 18: Microstructures of aluminum foam core after impact: (a) impact end; (b) support end; (c) sampling positions; 
(d) severe deformation area; (e) mild deformation area; (f) and (g) medium deformation area

support forces, the synergistic deformation of inner and outer 
tubes, and the strength of metallurgical bonding interface.

Subsequently, the three energy absorption mechanisms of 
aluminum foam core under dynamic impact were quantitatively 
evaluated. The energy absorbed by cell wall deformation 
and collapse (Wcell) was calculated by Gibson-Ashby foam 
material theory combined with unit cell model[77, 78], and the 
dynamic enhancement factor  was used to characterize the 
strain rate effect[79], which was calibrated through drop-weight 
hammer impact test. For the energy absorption mechanism of 
grain plastic deformation, based on the theory of dislocation 
energy storage[80], the energy absorbed during grain elongation 
(Wdisl) is quantified by calculating the dislocation density 
after deformation. This energy is mainly converted into 

grain boundary slip or rotation, dislocation proliferation and 
movement, and lattice elastic energy storage[81, 82]. The energy 
absorbed by intergranular fracture (WGB) depends on the 
fracture surface energy and grain boundary characteristics[83]. 
The key parameters, average grain size D and intergranular 
fracture ratio fGB, were obtained through statistical analysis of 
SEM images using ImageJ software.

                            y p 		     (10)

                                   	                   (11)

	                  	                   (12)

where σy is the yield strength of the matrix alloy, εp represents 
the densification strain of the foam core, P is porosity, G is the 

Fig. 19: Grain deformation and crack propagation mechanism: (a) original structure and force analysis in impact 
end; (b) deformed structure in impact end; (c) original structure in medium deformation area; (d) deformed 
structure and force analysis in lower middle part; (e) deformed structure and force analysis in lower part

(a) (b)

(c) (e)(d)
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Table 2: Parameters used for calculating energy absorption

σy (MPa) εp C (ε)   G (GPa)   b (nm) ρ (m-2) γ (J·m-2) D (μm) fGB

82.354[30] 0.42 3.6 27[86] 0.286 1014-1016[87] 1.9[84] 45.8 0.2

Fig. 20: Energy absorption capacity of different energy 
absorption mechanisms in foam core

4  Conclusions
This study employed the improved melt foaming method 
to accomplish the integral preparation of IFAFSDTs. The 
axial impact resistance of IFAFSDTs was systematically 
evaluated through drop-weight impact testing, with particular 
emphasis on the effect of diameter ratio (R) and aspect ratio 
(L). Furthermore, deformation characteristics and failure 
mechanisms of IFAFSDTs were analyzed, and principal 
findings of this work can be summarized as follows:

(1) IFAFSDTs with metallurgical bonding between the 
aluminum foam core and inner/outer aluminum alloy tubes 
were fabricated using integrated forming method. Inner/outer 
tubes maintain their structural integrity without deformation, 
while the aluminum foam core exhibits a uniform pore 
structure distribution.

(2) The load-carrying capacity and energy absorption 
performance of IFAFSDTs increase first and then decrease with 
the increase of R and L. IFAFSDTs with a high R or L value 
exhibit relatively stable load fluctuations during the impact 
process, and the deformation acceleration and impact stress are 
lower. IFAFSDTs with a height of 60 mm and R=0.35, as well 
as those with all inner diameter of 27 mm and L=1.25, exhibit 
superior axial impact resistance performance.

(3) During impact process, outer aluminum alloy tube 
exhibits an axisymmetric circular progressive buckling 
deformation mode, while inner tube follows an asymmetric 
diamond mode, a luminum foam core undergoes the 
densification process, and metallurgical bonding interface is 

damaged. There is a strong interaction between aluminum 
foam core and inner/outer tubes, effectively constraining 
excessive deformation of the tubes. Furthermore, the sequence 
and location of buckling deformation and wrinkling formation 
are influenced by multiple factors, including the volume of 
aluminum foam, inertia effect, and stress wave transmission 
speed.

(4) Aluminum foam core absorbs impact energy of falling 
weight through modes of pore structure deformation, crack 
propagation, and grain deformation. The differences in the 
energy absorption modes mainly depend on the dynamic 
balance between the impact and the support force, the 
deformation behavior of the inner and outer tubes, and the 
bonding strength of the metallurgical interface. This leads to 
different energy absorption modes and microstructures after 
deformation at different positions.
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