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Abstract  

The strain-hardening of cell wall in porous metals decreases the energy absorption 

properties. In order to suppress the strain hardening, porous hybrid materials consisting 

of ductile Al and Ti phases and brittle Al3Ti phase were synthesized by reaction 

sintering between Al and Ti powders with NaCl space holder. Changes in the porous 

structure and microstructure with sintering were investigated. Area fraction of Al3Ti 

phase formed at Al/Ti interface increased following the 

Johnson-Mehl-Avrami-Koromogrov (JMAK) equation of three-dimensional 

diffusion-controlled growth with zero nucleation rate. The growth of Al3Ti phase led to 

the formation of pores and cracks in cell wall by Kirkendall effect and volume 

shrinkage. Effect of microstructure on compressive properties of the porous Al/Al3Ti/Ti 

hybrids were also investigated. Porous hybrids consisting of -Al matrix exhibited the 

plateau region with positive slopes due to the strain hardening of -Al phase. Porous 

hybrids consisting of Al3Ti matrix exhibited the plateau region with the slope of almost 

zero, resulting in high energy absorption capacity and efficiency. Fractography revealed 

that crack propagated in brittle Al3Ti phase but arrested at -Al phase. These results 

were used to discuss the microstructure for improving energy absorption properties. 
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1. Introduction  

  Porous metals exhibit unique properties like ultra-low weight, high specific stiffness, 

low thermal conductivity, and impact energy absorptivity [1]. For example, porous 

metals can absorb large impact energy under almost constant load, which appears as the 

plateau region in the stress-strain curves. According to International Organization for 

Standardization (ISO) [2], the energy absorption capacity (W) and efficiency () of 

porous metals are defined as follows. 
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where  and  are the compressive stress and strain, pl is the plateau stress, and end is 

the plateau end strain. The plateau stress is defined as the average flow stress in a 

nominal strain range of 20-30%. The plateau end strain is defined as the strain at which 

the flow stress reaches 1.3 times the plateau stress. Energy absorption capacity increases 

with increasing the plateau stress. However, the plateau stress is required not to exceed 

the load capacity of components protected by the energy absorber [3]. Larger plateau 

end strain is the most effective for higher energy absorption capacity. High energy 

absorption capacity and efficiency can be also achieved by making the slope in the 

plateau region as close to zero as possible. However, most of the porous metals exhibit 

the plateau region with positive slopes [4, 5]. This is because the cell wall consisting of 

ductile metals are strain-hardened by the bending deformation of during compression. 

Recently, it is reported that porous metals consisting of brittle intermetallic compounds 

exhibit flat plateau region with large plateau end strain [6-8].  

  The processes used to fabricate the porous metals include continuous casting [9, 10], 



slurry processing [11, 12], space holder method [13], foaming using a gas blowing agent 

[14,15], and combustion synthesis foaming [16,17]. The space holder method forms 

pores by removing space holder particles added in sintered or cast materials. This 

method permits controlling porosity, pore size, and pore morphology precisely. For 

example, porous aluminum (Al) is fabricated using sodium chloride (NaCl) space 

holder particles [13] because NaCl is chemically stable in Al and has a higher melting 

point (800 ºC) than Al (660 ºC). The porous intermetallic compounds can be fabricated 

by combining the space holder method with combustion reaction. The combustion 

reaction can synthesize ceramics and intermetallic compounds with high melting points 

instantly by generating a large amount of heat [18-20]. Kobashi et al. and Jiao et al. 

successfully fabricated TiAl intermetallic compounds with a hierarchical open-cell 

structure by the combustion synthesis reaction between Al and Ti powders and the space 

holder method using NaCl particles [21, 22]. It is reported that the combustion reaction 

proceeds gradually when induced in the spark plasma sintering (SPS) apparatus [23, 24]. 

Therefore, the spark plasma reaction sintering permit controlling the amount of the 

intermetallic compounds by the sintering condition.  

  In the present study, effects of sintering temperature and time on porous structure and 

microstructure of porous Al/Al3Ti/Ti hybrids with interfacial Al3Ti phase synthesized by 

the spark plasma reaction sintering with NaCl space holder was investigated. Changes 

in the energy absorption properties with synthesis of Al3Ti phase were also studied to 

obtain a concept for fabricating porous metals with a flat and wide plateau region.  

 

2. Experimental procedure 

Al powders (purity: 99.99%, average size: 20 m), Ti powders (purity: 99%, size: < 



38 m), and NaCl space-holder powders (purity: 95.0%, size: 330–430 m) were used. 

The morphology of these powders is shown in Fig. 1 (a-c). The Al and Ti powders were 

blended in an atomic ratio of 3:1. In view of the equilibrium phase diagram for Al-Ti 

binary system [25], a single-phase of Al3Ti intermetallic compound with a D022 crystal 

structure are present in the equilibrium condition. The space-holder NaCl powders were 

blended with the Al-Ti powder mixture so that the volume fractions of NaCl were 70%. 

The strain hardening becomes more significant as the porosity decreases. So, minimum 

volume fraction of NaCl which can be leached away [26] was selected. The powder 

mixture was placed in a graphite mold (inner diameter: 20 mm, outer dimeter: 40 mm, 

and height: 50 mm) and sintered in a SPS apparatus in vacuum (<10 Pa) while applying 

a constant pressure (20 MPa). The schematic illustration of the SPS apparatus is shown 

in Fig. 2. The temperature of the surface on the graphite mold was measured by a 

radiation thermometer. The temperature was increased at a rate of 0.5 ℃/s and held at 

600 ℃ and 620 ℃ for 0-3600 s. These temperatures were selected in view of balance 

between temperatures below the melting point of Al (660 °C) and higher reaction rate. 

Subsequently, the samples were furnace cooled to ambient temperature. The appearance 

of a representative sintered sample is shown in Fig. 1 (d). The sample had a dimeter of 

20 mm and a height of 15 mm. The samples were soaked in pure water for 86.4 ks to 

remove the NaCl space holder. The porosity derived from the NaCl space holder was 

calculated by the mass of the sample before and after soaking and the sample size. 



 

 

The samples were soaked in an uncured epoxy resin and the resin was cured. After 

curing, the samples were polished using SiC abrasive papers (#120, 320, 800, 1200, and 

2400) and diamond slurries of 9 m, 3 m, and 1 m. The porous structure and 

Fig. 2 Schematic illustration showing the spark plasma sintering (SPS) apparatus 

used in this study.  

 Fig. 1 (a-c) Secondary electron images (SEIs) showing morphology of the raw 

powders used in this study: (a) Al, (b) Ti, and (c) NaCl. (d) Photograph showing 

appearance of the porous Al/Ti composite fabricated in this study. 



microstructure were observed using a JSM-6610A scanning electron microscope (SEM) 

operating at 25 kV. Area fractions of the Al3Ti phase and pores were quantified by the 

image analysis. The chemical compositions were analyzed with energy dispersive X-ray 

spectroscopy (EDS) at 25 kV. The constituting phases of the samples were analyzed 

using an X-ray diffraction (XRD) system operating at 40 kV and 40 mA with a Cu-K 

radiation source. 

The compressive tests were performed at a strain rate of approximately 4.4 × 10-3 s–1 

at room temperature. The energy absorption capacity and efficiency were calculated 

from the compressive-strain curves. In the present study, the plateau region was defined 

as the nominal strain range from 10-20%. This is because, in the range of nominal 

strains of 20-30% of the ISO standard, some of the samples were already in a densified 

region where the stresses increased. 

 

3. Results 

Figure 2 presents backscattered electron images (BEIs) showing the porous structure 

in the porous hybrid materials sintered at (a, b) 600 ºC and (c, d) 620 ºC for (a, c) 0 s 

and (b, d) 2400 s. The darkest contrast shows pores derived from the NaCl space holder 

powder. The pores replicated morphology of a cuboidal shape of the NaCl particles 

shown in Fig. 1 (c). Figure 2 shows the change in the porosity derived from the NaCl 

particles as a function of the sintering time. The porosity was almost constant at 

approximately 70%, which was the volume fraction of NaCl in the raw powder mixture. 

It was confirmed that the sintering temperature and time did not affect the porous 

structure formed by the NaCl particles.  



 

 

Figure 5 presents the XRD profiles of the porous hybrid materials sintered at (a, b) 

600 ºC and (c, d) 620 ºC for (a, c) 300 s and (b, d) 2400 s. The constituent phases were 

-Al (fcc), -Ti (hcp), and Al3Ti (D022). Other intermetallic phases such as TiAl and 

Fig. 4 Change in the porosity derived from NaCl space holder particles as a 

function of the sintering time. 

 

Fig. 4 Low-magnification backscattered electron images (BEIs) showing porous 

structure in the porous hybrid materials sintered at (a, b) 600 ºC and (c, d) 620 

ºC for (a, c) 0 s and (b, d) 2400 s. 

 



Ti3Al did not form. Figure 6 present BEIs showing microstructure in the cell wall of 

porous Al/Al3Ti/Ti hybrids sintered at (a-d) 600 ºC and (e-h) 620 ºC for (a, e) 0 s, (b, f) 

300 s, (c, g)1200 s, and (d, h) 2400 s. At 0 s, -Ti phases with the brightest contrast 

maintained the original shape of Ti powder particles shown in Fig. 1 (b) and surrounded 

by dense -Al phase (Fig. 6 (a, e)). The Al3Ti phase formed at the interface between 

-Al and -Ti phases and grew as the sintering proceeded (Fig. 6 (b-d, e-g)). The higher 

sintering temperature was, the faster the Al3Ti phase grew (Fig. 6 (b, c, f, g)). As the 

growth of Al3Ti phase progressed, pores and cracks with the darkest contrast were 

formed in the cell wall (Fig. 6 (c, d, g, h)). Figure 7 shows (a) high-magnification BEI, 

(b) EDS element maps of Al and Ti of the porous Al/Al3Ti/Ti hybrid sintered at 600 ºC 

for 300 s and (c) results of EDS quantitative analysis at the points shown in (a). In the 

Al-Ti intermetallic compound with middle contrast, Al and Ti are were detected at a 

molar ratio of approximately 3:1. Comparing the results with XRD results shown in Fig. 

5, it was confirmed that the Al-Ti intermetallic compounds was Al3Ti phase. Al and Ti 

were slightly detected in -Ti and -Al phases, respectively, which was an indicator of 

interdiffusion of these elements.  



 

Fig. 5 XRD profiles of the porous hybrid materials sintered at (a, b) 600 ºC and 

(c, d) 620 ºC for (a, c) 300 s and (b, d) 2400 s. 

 



 

 

Fig. 7 (a) High-magnification BEIs and (b) EDS element map of Al and Ti in the 

porous Al/Al3Ti/Ti hybrid sintered at 600ºC for 300 s and (c) results of EDS 

quantitative analysis of Al and Ti at the points shown in (a). 

 

 

Fig. 6 High-magnification BEIs showing microstructure in cell wall of the 

porous Al/Al3Ti/Ti hybrids sintered at (a-d) 600ºC and (e-f) 620 ºC for (a, e) 0 s, 

(b, f) 300 s, (c, g) 1200 s, and (d, h) 2400 s. 

 

 



  Figure 9 presents changes in (a) the area fraction of Al3Ti phase (AAl3Ti,) (b) -ln (1- 

AAl3Ti), and (c) the porosity in cell wall in the porous Al/Al3Ti/Ti hybrids as a function of 

the sintering time. Note that the porosity does not include pores derived from the NaCl 

particles and is the volume fraction of pores and cracks occupying the cell wall. The 

area fraction of Al3Ti phase increased to approximately 100% (equilibrium condition) 

with S-curves (Fig. 9). The growth rate of Al3Ti phase at 620 ºC was faster than that at 

600 ºC. The data points were regressed with the following 

Johnson-Mehl-Avrami-Koromogrov (JMAK) equation [27-30]. 

3Al Ti 1 exp( )nA kt= − − , (3) 

where k is the temperature-dependent rate constant and n is the temperature-independent 

exponent. The exponent was obtained from the slope of regression lines of the 

correlation between -ln(1-AAl3Ti) and the sintering time shown in Fig. 9 (b). The 

exponent was approximately 1.5 regardless of the sintering temperature. The rate 

constants (k) were 1.6×10-5 s-1.5 at 600 ºC and 4.8×10-5 s-1.5 at 620 ºC. The porosity 

in cell wall also increased to approximately 13% with S-curves as shown in Fig. 9 (c). 

The porosity increased at 620 ºC faster than at 600 ºC. The change tendency of the 

porosity was similar to that of the area fraction of Al3Ti phase. The formation of pores is 

related to the formation of Al3Ti phase. 

 

 

 

 

 

 



 

Fig. 8 Changes in (a) the area fraction of Al3Ti phase (AAl3Ti,) (a) -ln (1-AAl3Ti), 

and (c) the porosity in cell wall in the porous Al/Al3Ti/Ti hybrids as a function of 

the sintering time. 

 



  Figure 9 presents the compressive-stress strain curves of porous Al and Al/Al3Ti/Ti 

hybrids sintered at 600 ºC for 0, 600, 1200, 1800 s, and 2400 s. The porous Al exhibited 

the plateau region with positive slopes. The plateau stress and end strain were 

approximately 10 MPa and 40%. The stress-strain curves had slopes in the plateau 

region also in the case of porous Al/Al3Ti/Ti hybrids sintered for 0-1200 s. The plateau 

stresses and the plateau end strains were in the range of 10-15 MPa and 20-40%. When 

the sintering time was in 1800 s, the plateau region was almost flat. The plateau region 

was enlarged to approximately 60% although the plateau stress was slightly decreased 

to approximately 10 MPa. When the specimen was sintered for 2400 s, the flow stress 

decreased gradually in the plateau region although the plateau end strain further 

increased to approximately 75%. Figure 10 presents changes in the energy absorption 

capacity and efficiency evaluated from Fig. 9 as a function of the sintering time. The 

values of porous Al were shown by the gray arrows. Both the energy absorption 

capacity and efficiency increased with increasing the sintering time until 1800 s and 

decreased when the sintering time was 2400 s. The porous Al/Al3Ti/Ti hybrids sintered 

for 1800 s exhibited both higher energy absorption capacity and efficiency than porous 

Al. The increment in the energy absorption properties until 1800 s was due to the 

flattening and enlargement of the plateau region. In contrast, the decrement in the 

energy absorption properties at 2400 s was caused by the decrease in the flow stress in 

the plateau region. 

 

 

 

 



 

 

Fig. 10 Changes in the energy absorption capacity and energy absorption 

efficiency as a function of the sintering time at 600 ºC. The values of porous Al 

were also shown by gray arrows. 

Fig. 9 Nominal stress-strain curves of the porous Al/Al3Ti/Ti hybrids sintered at 

600℃ for 0, 600, 1200, 1800, and 2400 s. The stress-strain curve of porous Al 

was also shown in the figure. 



  The energy absorption capacity and efficiency of the porous Al/Al3Ti/Ti hybrid 

sintered at 600°C for 1800 s were plotted as a function of the bulk density in Fig. 11 to 

compare with results of other porous materials [4,5,7,31,32] fabricated by space holder 

method. Porous Al and Ti exhibit high energy absorption capacity (Fig. 11 (a)) but 

relatively low efficiency (Fig. 11 (b)). On the other hand, porous NiAl, which is a brittle 

intermetallic-based porous material, exhibit high energy absorption efficiency (Fig. 11 

(b)) but low capacity (Fig. 11 (a)). The energy absorption capacity of the porous 

Al/Al3Ti/Ti hybrid was almost the same level of the porous Ti and higher than porous Al 

and NiAl (Fig. 11 (a)). The energy absorption efficiency of the porous Al/Al3Ti/Ti 

hybrid was higher than that of porous Ti and Al, and roughly the same level of the 

porous NiAl (Fig. 11 (a)). Thus, the porous Al/Al3Ti/Ti hybrid exhibited both high 

energy absorption capacity and efficiency.  



 

Fig. 11 Changes in the energy absorption capacity and energy absorption 

efficiency as a function of bulk density. For comparison, results of other porous 

materials were also plotted. 



Figure 12 present compressive deformation behaviors at nominal strains of (a-c) 30%, 

(d-f) 50% of porous Al/Al3Ti/Ti hybrids sintered at 600ºC for (a, d) 1200 s, (b, e) 1800 s, 

and (c, f) 2400 s. The porous specimen sintered for 1200 s deformed in a barrel shape 

(Fig. 12 (a, d)). In contrast, the porous specimen sintered for 2400 s exhibited surface 

cracks when the nominal strain was 30% (Fig. 12 (c)) and deformed while collapsing 

(Fig. 12 (f)). No millimeter-sized cracks were observed on the surface of the specimen 

sintered for 1800 s during the compression tests (Fig. 12 (b, e)). 

 

 

4. Discussion 

In the present study, effects of sintering temperature and time on porous structure, 

microstructure, and compressive properties were investigated. The area fraction of Al3Ti 

phase increased following the JMAK equation (Fig. 8 (a)) with an exponent (n) of 1.5 

(Fig. 8 (b)). The porosity in cell wall increased with increasing the area fraction of Al3Ti 

phase (Fig. 8 (c)). It is known that a value of n = 2.5 represents a three-dimensional 

Fig. 12 Compressive deformation behaviors at nominal strains of (a-c) 30%, 

(d-f) 50% of the porous Al/Al3Ti/Ti hybrids sintered at 600ºC for (a, d) 1200 s, 

(b, e) 1800 s, and (c, f) 2400 s. 

 



diffusion-controlled growth with a constant nucleation rate during the growth process, 

and a value of n = 1.5 represents the growth with zero nucleation rate [29]. In the 

process in this study, Al3Ti phase formed preferentially at the interface between Al and 

Ti phases. Once Al3Ti phase forms at the interface, it grows by the solid-solid reactions 

among Al, Al3Ti, and Ti phases. The growth does not involve the formation of new 

nuclei, resulting in the growth with an exponent of 1.5. Previous studies revealed that 

the growth of Al3Ti phase caused by the solid-solid reaction is limited by the atomic 

diffusion of Al in Al3Ti phase [33-35]. The Kirkendall voids are formed where Al 

particles originally existed [36]. In addition, the formation and growth of Al3Ti phase 

from -Al and -Ti phases lead to volume shrink. The average volume per one atom of 

-Al, -Ti, and Al3Ti phases are 16.6, 17.6, and 15.9 Å3. The reaction of 3Al+Ti→

Al3Ti shrinks the volume 5.4%, resulting in the formation of pores and cracks. 

Therefore, the porosity in cell wall increases with increasing the area fraction of Al3Ti 

phase. 

It is also interesting that the porous Al/Al3Ti/Ti hybrid sintered at 600 ºC for 1800 s 

exhibited a flat plateau region with a large plateau end strain (Fig. 9), resulting in both 

higher energy absorption capacity and efficiency (Fig. 11, 12). The porous structure 

derived from the NaCl particles did not change depending on the sintering conditions 

(Fig. 3, 4). Therefore, it is considered that porous structure and microstructure in the cell 

wall affected the change in the compressive properties of the porous Al/Al3Ti/Ti hybrids. 

Figure 13 presents (a, b) Low- and (c, d) High-magnification BEIs showing 

microstructure of the porous Al/Al3Ti/Ti hybrids sintered at 600 ºC for (a, c) 600 s and 

(b, d) 1800 s and subsequently compressed to a nominal strain of 30%. The cell wall of 

the porous Al/Al3Ti/Ti hybrid sintered at 600 ºC for 600 s deforms in a bending manner 



(Fig. 13 (a, c)). The area fraction of Al3Ti phase in the specimen was approximately 

15% (Fig. 10 (a)). The cell wall exhibited the ductile deformation since the matrix of the 

specimen was -Al phase. In contrast, as shown in Fig. 13 (b, d), cracks were 

propagated in Al3Ti phase in cell wall of the porous Al/Al3Ti/Ti hybrid. The crack 

propagation seems to be caused by connections of the pores and cracks formed by 

reaction sintering. The area fraction of the sample was approximately 70% (Fig. 8 (a)), 

and the matrix was Al3Ti phase instead of -Al phase. It is reported that polycrystalline 

Al3Ti phase does not exhibit plastic deformability at room temperature [37]. The 

brittleness of Al3Ti suppressed the strain hardening of cell wall. However, the flow 

stress of the porous Al/Al3Ti/Ti hybrid sintered at 600 ºC for 2400 s (AAl3Ti  90%) 

decreased gradually in the plateau region (Fig. 9). Therefore, -Al phase also played a 

role in exhibiting a flat plateau region. As shown in Fig. 13 (d), cracks stopped at -Al 

phase (white circle in the figure). The ductility of -Al phase arrested the crack 

propagation and suppress the surface crack shown in Fig. 12 (c), resulting in flat plateau 

region.  



 

When the area fraction of Al3Ti is around 70%, it is thought that Al3Ti phase is the 

matrix (continuous) and Al phase remains the most. Here, the area fraction of Al3Ti for 

obtaining Al3Ti matrix will be discussed below. Figure 14 (a) presents schematic 

illustration of a cross-section of Al/Ti compact before Al3Ti phase forms (Fig. 6). Ti 

particles with various sizes and shapes are randomly distributed in -Al matrix. For 

simplicity, it is assumed that Ti particles have a spherical shape with uniform size 

(average size on a cross-section) and arranged in at equal intervals (Fig. 14 (b)). In this 

case, the interval (L) is expressed in the following equation.  

Ti

Ti

1
1

2
L d

A

 
= −  

 
, (4) 

Fig. 13 (a, b) Low- and (c, d) High-magnification BEIs showing the 

microstructure of the porous Al/Al3Ti/Ti hybrids sintered at 600 ºC for (a, c) 600 

s and (b, d) 1800 s and subsequently compressed to a nominal strain of 20%. 

 

 



where ATi is the area fraction of Ti particles, which is 0.26 in this study, and 
Tid  is the 

average size of Ti particles on a cross-section. Assuming that Al3Ti forms and grows 

isotopically around Ti particles (Fig. 14 (c)), the diameter of Al3Ti+unreacted Ti needs 

to be 
Tid +L. Considering the stoichiometric ratio of the reaction (3Al+Ti→Al3Ti) and 

the molar volumes of each phase, the minimum area fraction of Al3Ti phase for 

obtaining Al3Ti matrix material is estimated to be approximately 71%, which is in good 

agreement of  the area fraction of Al3Ti phase of the sample with the highest energy 

absorption capacity and efficiency in this study (approximately 70%). In order to 

enhance the energy absorption capacity and efficiency, it is important that the brittle 

intermetallic compounds are used as the matrix while the ductile phases remain as much 

as possible. 

 

It is inevitable that the porous materials consisting of ductile phase matrix have a 

Fig. 14 Schematic illustrations of (a) a cross-section in Al/Ti compact before 

Al3Ti forms, (b) model in which spherical Ti particles with uniform size are 

arranged at equal intervals, and (c) model with the minimum area fraction of 

Al3Ti phase for obtaining Al3Ti matrix material. 

 



slope in the plateau region because of the strain hardening even when brittle phase is 

formed. The strain hardening leads to low energy absorption efficiency (Fig. 12 (b)). 

However, most of the porous intermetallic compounds exhibit serrated or unstable 

plateau regions with decrement in flow stress [7, 8], resulting in decreasing the energy 

absorption capacity (Fig. 12 (a)). Porous intermetallic compounds hybridizing with 

ductile phase do not exhibit the strain hardening due to poor deformability of the brittle 

matrix and suppress the decrement in the flow stress by arresting crack propagation at 

the ductile phase. Therefore, hybridization of intermetallic compounds matrix with 

ductile phase are effective for improving both energy absorption capacity and efficiency 

of the porous materials although further researches of other systems will be needed.  

 

5. Conclusion  

  In the present study, the porous Al/Al3Ti/Ti hybrids with various fraction of brittle 

Al3Ti phase were synthesized by reaction sintering with NaCl space holder powder. 

Effects of sintering temperature and time on porous structure, microstructure and 

compressive properties were investigated. The area fraction of Al3Ti phase increased 

according the Johnson-Mehl-avrami-Koromogrov equation with an exponent of 1.5 

although the porous structure formed by NaCl space holder did not change depending 

on the sintering conditions. The porous Al/Al3Ti/Ti hybrid with the area fraction of 

Al3Ti phase of approximately 70% exhibited a flat plateau region (the slope is 

approximately zero) with a large plateau end strain (approximately 60%). In the porous 

Al/Al3Ti/Ti hybrid, Al3Ti phase matrix suppressed the strain hardening of cell wall by 

brittle fracture and Al phase suppressed decrement in the flow stress by arresting the 

crack propagation. Therefore, porous intermetallic compounds hybridizing with ductile 



phase are promising impact energy absorbers.  
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