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A B S T R A C T   

Titanium (Ti) foams with relative densities of 0.32, 0.37, and 0.49 were processed via freeze casting. The me-
chanical characteristics of samples with different porosities were studied in uniaxial compression tests at initial 
strain rates between 0.001 and 0.5 s− 1. According to the results, the stress–strain response does not significantly 
depend on the strain rate, at least up to the applied maximum stress, which corresponds to 0.1–0.3 engineering 
strain. In-situ acoustic emission (AE) experiments have revealed that the stress drop beyond the maximum stress 
corresponds to the formation and propagation of macrocracks. However, cracks were also initiated below the 
maximum stress, particularly, in samples with higher relative densities. The analysis of the Young’s modulus and 
yield strength versus the porosity exhibits a power law relationship with a high exponent (approximately 4–5). 
This high exponent is reasonable if the decrease in the porosity level is associated with a change in the defor-
mation mechanism from the compression model to the Gibson–Ashby (GA) model between 0.37 and 0.49 relative 
density.   

1. Introduction 

Engineers have created various porous metallic materials (i.e., 
foams) from almost all common metals such as Al, Cu, and Fe with cubic 
crystal structures or hexagonal Mg and Ti [1–3]. Foams made of Ti and 
its alloys are important because they can be used as biomedical implant 
materials in surgery [4,5] and as sandwich panel cores for aircraft bodies 
and floors in the aerospace industry [6,7]. Regarding the former case, 
the biocompatibility of Ti and its high strength due to the hexagonal 
crystal structure are two important features that predestine it for sur-
gical applications. The high strength and mechanical stability of Ti 
foams at elevated temperatures make them suitable structural materials 
in the aerospace industry. Moreover, the mechanical performance of Ti 
foams can be enhanced with an auxetic pore structure [8,9]. This 
structure has a negative Poisson’s ratio, which increases the resistance of 
the material against deformations caused by external mechanical forces 
and improves its absorption properties [9]. 

Researchers have developed different methods for processing Ti 
foams [7], such as the space-holder technique [10–15], diffusion 

bonding [16], the application of blowing agents [17], and freeze casting 
[18–22]. The two most prevailing techniques are the space holder and 
freeze casting methods to produce Ti foams. The advantage of the former 
process over other processes is its great designability. A large variety of 
foam microstructures can be obtained through the selection of the space 
holder size and shape; thus, the microstructure–property relationship 
can be easily investigated [3]. Freeze casting is also a flexible procedure; 
the porosity, pore size, pore shape, and orientation can be tuned by 
changing the characteristics of the suspension. However, owing to the 
complexity of the templating mechanism, determining the relationship 
among the microstructure, property, and processing conditions is rather 
difficult [1]. 

In all applications of Ti foams, the load bearing capacity is a very 
important feature. Researchers have mainly studied the porosity 
dependence of the Young’s modulus and compressive strength [10–23]. 
To describe the relationship between the relative density and strength or 
modulus, researchers usually use power law functions in accordance 
with the model calculations [24]. Owing to the large variability of the 
microstructures of Ti foams processed with different methods, the 
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parameters of these functions can differ for different sample series. For 
instance, the power law exponent of the relative strength–relative den-
sity relationship of different Ti foam series varies between 1 and 5 
[10–15]. As suggested by its different values calculated from different 
deformation models, this exponent is a fingerprint of the deformation 
mechanisms. For instance, in the cases of the compression and Gib-
son–Ashby (GA) models, the exponent values characterizing the densi-
ty–strength relationship are 1 and 1.5, respectively [1,23,24]. It should 
be noted that there is no model in literature that can explain the 
experimentally observed high values (4–5) for the power law exponents 
in the strength–density and modulus–density relationships. Therefore, 
the origin of this effect must be determined in additional studies. 

In this study, the compression behavior of Ti foams with 0.32–0.49 
relative density processed via freeze casting was investigated. More 
specifically, the effects of the porosity and strain rate of compression on 
the elastic modulus, yield strength, and maximum strain until failure 
were studied. Complementary acoustic emission (AE) experiments were 
conducted to reveal the deformation mechanisms. In this paper, the 
relationship between the mechanical behavior and porosity is discussed 
in detail, and an explanation is proposed for the high (4–5) power law 
exponents that were discovered in the experimentally determined 
strength–density and modulus–density relationships. 

2. Experimental materials and methods 

2.1. Sample processing 

The Ti foams were processed via freeze casting (a schematic of the 
applied apparatus can be seen in Ref. [25]). First, 0.28 g poly(vinyl 
alcohol) (Mw 89,000–98,000; approximately 99% purity; manufacturer: 
Sigma-Aldrich Co., MO, USA) was dissolved in 10 mL distilled water; in 
the next step, 11.25 g Ti powder (Alfa Aesar, MA, USA) was added to the 
solution. The mixture was poured onto a Cu chiller rod standing in liquid 
N2; the temperature of the rod was maintained at − 50 ◦C. The frozen 
solution was lyophilized to remove ice through sublimation at − 90 ◦C at 
5 × 10− 3 Torr for approximately 20 h (Operon, OPR-FDU-7003, Re-
public of Korea). The lyophilized sample was sintered in a vacuum 
furnace. The final relative densities of the samples were determined by 
the sintering conditions. 

Subsequently, the sample density was calculated by dividing the 
mass by the volume determined as the product of the edge dimensions of 
the rectangular specimens. The relative density was calculated as the 
ratio of the density of the foam and theoretical density of Ti (4.506 g 
cm− 3). The three prepared foams with different relative densities are 
shown in Table 1: the densities were approximately 0.49, 0.37, and 0.32. 
The samples are denoted as follows: Ti-0.49, Ti-0.37, and Ti-0.32, 
respectively. Furthermore, the sintering temperature and time were 
increased from 850 to 1000 ◦C and from 4 to 6 h depending on the 
desired relative density, respectively. 

2.2. Microstructure characterization 

The phase compositions of the samples were studied with X-ray 
diffraction equipped with a Smartlab X-ray diffractometer (manufac-
turer: Rigaku, Japan) using CuKα radiation (wavelength: λ = 0.15418 
nm) in the Bragg–Brentano geometry. 

The pore and grain structures of the specimens were investigated 

with an optical microscope (OM), scanning electron microscope (SEM), 
and electron backscatter diffraction (EBSD). The microstructures of the 
materials were examined with optical microscopy; for this step, cross- 
sections of the epoxy-filled specimens were polished with SiC paper 
and a polishing cloth. For the EBSD and SEM measurements, the foam 
surface was prepared with a focused ion beam (FIB) using Ga ions in the 
SEM. The incision was made along the edge of the sample (6◦ incidence 
angle). Before ion milling the two sides meeting at the given edge, they 
were mechanically polished with P1000, P2500, and P4000 grinding 
papers. 

2.3. Mechanical test 

The Ti foam specimens with different porosities [51% (Ti-0.49), 63% 
(Ti-0.37), and 68% (Ti-0.32)], 3 × 3 mm2 cross-sections, and 6 mm 
lengths were examined in uniaxial compression tests with an MTS810 
(MTS Systems Corporation, Eden Prairie, MN, USA). Three different 
crosshead velocities corresponding to 0.001, 0.01, and 0.5 s− 1 initial 
strain rates at ambient temperature were applied during the compres-
sion tests. At least two specimens were examined for each porosity and 
crosshead velocity. The displacement was measured with an exten-
someter. Simultaneously, the AE response and deformation of the sur-
face were recorded. To monitor the AE activity, a Vallen AMSY-6 system 
(Vallen Systeme GmbH, Icking, Germany) with a PAC Micro30S 
broadband sensor (Physical Acoustics, Princeton Junction, USA) and an 
AEP5 pre-amplifier (Vallen Systeme GmbH, Icking, Germany) that 
provides 40 dB gain were used in the streaming mode with a 1 MHz 
sampling rate. The sensor was attached to a waveguide. Finally, the 
investigated AE parameters were calculated by post-processing the AE 
data and applying a 0.07 mV threshold. 

3. Results 

3.1. Microstructure 

Fig. 1 shows the XRD pattern of the Ti-0.32 foam. Only the peaks of 
the hexagonal close-packed (hcp) α-Ti are visible, thereby indicating 
that the sample did not contain other phases (e.g., oxide). Similar ob-
servations were made for the other two Ti foams. 

The microstructures of the foams are shown in the optical and SEM 
images in Fig. 2. With increasing porosity, the number of neighbor 
contacts of the struts decreased significantly, which most probably 
weakened the structure. The sizes and morphologies of the grains inside 
the struts of the Ti foams with three different porosities can be seen in 
the EBSD images of Fig. 3. Table 1 shows that with decreasing relative 

Table 1 
Relative density and area-weighted mean grain size according to EBSD mea-
surement results.  

Sample Relative density Grain size (μm) 

Ti-0.49 0.490 ± 0.002 10.6 ± 4.1 
Ti-0.37 0.365 ± 0.002 6.4 ± 3.6 
Ti-0.32 0.316 ± 0.002 5.1 ± 2.5  Fig. 1. X-ray diffractogram of Ti-0.32 sample with logarithmic intensity scale.  
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density from 0.49 to 0.32, the grain size decreased from 10.6 to 5.1 μm. 
Although the grain size of Ti-0.32 was the smallest, the amount of grain 
boundaries inside the struts was the lowest among those of the three 
foams because the connectivity between the struts decreased signifi-
cantly owing to the increased porosity level. 

3.2. Mechanical properties 

Fig. 4 shows examples of the engineering stress–strain curves ob-
tained from sample Ti-0.37. Fig. 4a presents the compression curves 
detected at different initial strain rates, while Fig. 4b illustrates the 

reproducibility at 0.001 s− 1 strain rate. Up to approximately 0.2 strain, 
the stress–strain curves obtained at different strain rates are in good 
agreement. Subsequently, there is a stress drop and its magnitude varies 
significantly from sample to sample. However, this variation is not the 
result of the different strain rates since a similar difference in the stress 
drops can be observed for the same strain rate in Fig. 4b. In the next 
section, the combined application of AE and videos of the deformation 
process will reveal that the stress drop was caused by macroscopic 
fractures. This effect most probably occurs in areas in the samples in 
which the foam structure is the weakest owing to the high local porosity 
level and/or low contiguity of the struts. In samples with the same 

Fig. 2. OM (a–c) and SEM (d–f) images of (a,c) Ti-0.49, (b,d) Ti-0.37, and (c,f) Ti-0.32 samples.  

Fig. 3. EBSD images of (a) Ti-0.49, (b) Ti-0.37, and (c) Ti-0.32 samples.  

Fig. 4. (a) Engineering stress–strain curves of sample Ti-0.37 compressed at different initial strain rates. (b) Reproducibility of compression tests for sample Ti-0.37 
at 0.001 s− 1 strain rate. 
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average relative density, the spatial distribution of the porosity and strut 
morphology may vary, thereby causing different stress drops in the 
compression curves. Therefore, in the study of the effect of porosity on 
the mechanical behavior, only the characteristic parameters of the 
stress–strain curve before the stress drop (i.e., up to approximately 0.2 
strain for sample Ti-0.37) were determined. Since this part of the 
compression curve does not depend considerably on the strain rate 
(Fig. 4a), only the stress–strain data of the slowest, quasi-static defor-
mation (0.001 s− 1 strain rate) were evaluated. 

Fig. 5 shows typical engineering stress–strain curves of Ti foams with 
different relative densities compressed at 0.001 s− 1 strain rate; here, It is 
noted that the stress-strain curves for the Ti-0.37 foam shown in Figs. 4a 
and 5 were obtained on different samples and the two curves plotted in 
Figs. 4a and 5 for the Ti-0.37 foam material are shown together in 
Fig. 4b. Up to 0.4 strain, the compression curves can be classified into 
three stages. First, there is a quasi-linear stage, which is characteristic of 
porous materials. It is followed by a strain hardening region, which ends 
in a stress drop. After the stress drop, the stress–strain curve is serrated 
(i.e., it exhibits local fluctuations). Table 2 lists the Young’s modulus as 
the slope of the first quasi-linear segment of the compression curve, the 
proof stress measured at 0.2% plastic strain, and the peak stress and 
strain at the stress drop (i.e., the maximum stress and strain before the 
stress drop, respectively) for the different relative densities. Since the 
strain rate did not cause significantly different mechanical properties, 
Table 2 shows the average values of the different strain rates. It can be 
seen that the Young’s modulus, proof stress, and peak stress and strain at 
the stress drop decreased with increasing porosity. These trends are 
reasonable. The relationship between the relative density and relative 
proof stress and modulus will be analyzed quantitatively in the Discus-
sion section of this paper. 

3.3. Acoustic emission measurement 

During the compression of the Ti foams, along with the compression 
curves, the AE response was detected, and the surface deformation was 
recorded with a video camera. The AE activity of the Ti foams with 
different densities was investigated at different initial strain rates. The 
evaluation of the AE parameters (i.e., the count rate and cumulative 
energy of the AE signals) indicated no changes in the deformation 
mechanisms with increasing strain rate in the investigated range (be-
tween 0.001 and 0.5 s− 1). Therefore, only the AE measurement con-
ducted at 0.001 s− 1 initial strain rate was analyzed in detail. The lowest 
applied strain rate, 0.001 s− 1, was used for the evaluation of the AE 
measurements for two reasons: (i) it is easier to match the video images 

recorded on the surface deformation during the compression using 
0.001 s− 1 with the AE measurements, and (ii) the signals of the different 
AE sources tend to overlap to a lesser degree. 

Figs. 6–8 present the typical engineering stress− strain curves, 
measured AE activity, and snapshots of the video-recorded deformations 
of the Ti foams with three different densities. The deformation curves 
and AE response show some common characteristics. Some low-energy 
AE signals were measured even during the first quasi-linear stage. For 
each Ti foam, the count rate, which shows how many times the AE signal 
has exceeded the 0.07 mV threshold every 10 s, was below 100 s− 1. The 
count rate started to increase only close to the peak stress. However, it 
significantly increased only after the stress drop. After the stress drop, 
the AE parameters and features of the AE signal changed; the AE activity 
exhibited high-energy burst-type signals and serrated count rate curves 
with high local values. Changes in the cumulative energy curves are also 
visible; after the stress drop, there is a rapid increase in the cumulative 
energy. Both the count rate and cumulative energy curves present large 
stress drops. While the count rate curve always exhibits high count rates 
at the stress drop (Figs. 6–8), when the derivative of the stress–strain 
curve at the stress drop is not high (which indicates significant sudden 
events), there is no sharp increase in the cumulative energy curve 
(compare, e.g., Figs. 6 and 7). 

In the strain hardening stage, there is a pronounced difference in the 
AE activity of the foams with different densities. For Ti-032, the low-AE 
activity region almost reaches the stress drop; some increase in the ac-
tivity can be detected at only approximately 0.3%–0.5% strain before 
the stress drop. This value increases to approximately 2%–3% strain for 
Ti-0.37; for Ti-0.49, the AE activity starts to increase at approximately 
10% strain before the stress drops. The sudden increases in the cumu-
lative energy and count rate suggest that the origin of these AE signals is 
the formation and propagation of microcracks. 

The recorded video showed that strain localization starts directly 
after the quasi-linear stage of the compression curve. This effect is 
particularly pronounced in the case of the Ti foam with 0.49 relative 
density; the changes in the reflection of the light due to the local plastic 
deformation are represented by bright spots on the specimen surface 
(Fig. 8). In addition, Fig. 8 shows that there are no bright spots on the 
sample surface at 0.04 strain (i.e., at the end of the quasi-linear stage), at 
0.05 strain, there are bright spots on the lower part of the specimen; 
thus, the plastic deformation of this part of the sample has already 
started. Since the upper part of this sample remained unchanged at 0.05 
strain, it can be concluded that strain localization occurs immediately 
after the quasi-linear stage of the deformation process. The video images 
and pictures in Figs. 6 and 7 show that the stress drops are due to the 
propagation of macroscopic cracks. When the stress drop was very large, 
a vertical crack appeared on the sample surface, and the specimen 
practically disintegrated during further compression. 

4. Discussion 

4.1. Effect of strain rate and porosity on deformation behavior 

Fig. 4a shows that for the studied Ti foams, at the beginning of the 
plastic deformation, the compression stress–strain response did not Fig. 5. Engineering stress–strain curves of Ti foams with different relative 

densities compressed at 0.001 s− 1 strain rate. 

Table 2 
Average Young’s modulus, proof stress at 0.2% strain, and peak stress and 
maximum engineering strain before stress drop in compressive stress–strain 
curves. The errors were determined as the highest difference between the 
average and individual experimental values.  

Sample Young’s 
modulus (GPa) 

0.2% proof 
stress (MPa) 

Peak stress 
(MPa) 

Strain at stress 
drop (− ) 

Ti-0.49 5.95 ± 1.4 131 ± 8 278 ± 38 0.28 ± 0.06 
Ti-0.37 1.53 ± 0.09 39.3 ± 1.9 70.8 ± 1.4 0.17 ± 0.03 
Ti-0.32 0.69 ± 0.17 13.7 ± 0.9 20.6 ± 1.6 0.08 ± 0.02  
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Fig. 6. Top: typical compressive engineering 
stress–strain curve of Ti foams with 0.32 relative 
density (black curve), measured AE signal (gray 
curve), and two AE parameters: the cumulative en-
ergy (blue curve) and count rate (red curve) of 
compression tests performed on Ti foam with 
different relative densities at 0.001 s− 1initial strain 
rate. Bottom: surfaces of foam samples at different 
strains. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 7. Top: typical compressive engineering 
stress–strain curve of Ti foams with 0.37 relative 
density (black curve), measured AE signal (gray 
curve), and two AE parameters: the cumulative en-
ergy (blue curve) and count rate (red curve) of 
compression tests performed on Ti foam with 
different relative densities at 0.001 s− 1 initial strain 
rate. Bottom: surfaces of foam samples at different 
strains. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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depend significantly on the strain rate (at least between 10− 3 and 5 ×
10− 1 s− 1) if the reproducibility of the measurement is considered 
(Fig. 4b). A stress drop was observed at a strain between 0.08 and 0.28; it 
was associated with macrocracking, as revealed by the in-situ AE ex-
periments and video. The strain related to this stress drop decreased 
with increasing porosity. This can be explained by the decreased con-
nectivity between the struts with increasing porosity as can be seen from 
the SEM images in Fig. 2, Additionally, the thickness of the struts 
became narrower, which resulted in a reduced toughness of the Ti foam. 
Moreover, the plastic bending is then most likely to occur due to the 
narrower struts during deformation, which can lead to an premature 
failure. The present AE measurements also confirm that there is no 
significant difference between the deformation mechanisms at different 
strain rates between 10− 3 and 5 × 10− 1 s− 1. It should be noted that the 
increased AE activity was observed even before the stress drop, which 
suggests the occurrence of microcracking; the most pronounced AE ac-
tivity was detected for the samples with the highest relative density (Ti- 
0.49). The stress drop and subsequent increase in the stress due to 
densification vary from sample to sample according to Fig. 4. Although 
the stress–strain behavior prior to the stress drop does not depend 
significantly on the strain rate, the porosity has a considerable effect on 
this part of the compression curve (Fig. 5). 

It is well known that α-phase Ti is deformed by dislocation slip, 
twinning, and grain boundary sliding and, at a higher strain, by frac-
tures. According to the AE investigations of (pure) Ti, grain boundary 
sliding does not generate the AE signal [26]. Tanaka and Horiuchi 
showed that if the grain size is approximately 10 μm, the emission sig-
nals are continuous with low AE activity; in addition, no twinning takes 
place during deformation [27]. However, during the deformation of Ti 
with 55 μm grains, burst-type signals were measured in the AE experi-
ment. These burst signals are attributed to twin formation [27]. Friesel 
and Carpenter discovered in AE experiments that the primary mecha-
nism at the onset of plastic deformation in α-Ti is prismatic slip [26,28]. 
The average grain size of the investigated Ti foams was 5–10 μm; ac-
cording to Ref. [27], there should be no AE signal originating from 
twinning and grain boundary sliding. As shown in Figs. 6–8, at the 

beginning of the deformation of the foam, the AE response exhibits low 
energy signals; thus, no twinning was found during the early deforma-
tion stage. Hong et al. investigated the AE activity of Mg foam [29]. They 
found that twinning takes place only at the beginning of the compression 
process, i.e., in the quasi-linear stage. With increasing strain, dislocation 
slip and bending of the Mg foam cell struts become the dominant 
deformation mechanisms. Figs. 6 and 7 suggest that in the case of 
Ti-0.32 and Ti-037, the low AE activity before the stress drop is due to 
the slip of dislocations and bending struts. However, in the case of 
Ti-049, the cumulative energy and count rates are an order of magnitude 
lower than those of Ti-0.32 and Ti-037 until approximately the end of 
the quasi-linear stage. Fig. 2 indicates that the dominance of dislocation 
slip over the other deformation mechanisms is probably the reason for 
this effect, whereas bending can also take place in Ti-0.32 and Ti-0.37 
[29]. 

It should be noted that the deformation mechanisms examined by 
EBSD during compression of a freeze-cast Ti foam was already reported 
elsewhere [19]. The sample used in the former study had a relative 
density of 0.67 and was compressed up to the strain of 0.26. The analysis 
of the EBSD images showed that the misorientations between the 
neighboring regions inside the grains significantly increased, which was 
most likely caused by the formation of dislocations and their arrange-
ment into low-angle grain boundaries (LAGBs). Indeed, complementary 
X-ray line profile analysis (XLPA) revealed an increase of the dislocation 
density by at least an order of magnitude when the strain increased to 
0.26; however, twins were not observed by EBSD. This former investi-
gation is in accordance with the results of AE in the present study, 
although AE was performed on samples with lower relative densities 
between 0.32 and 0.49. 

4.2. Relationship among relative density and mechanical properties 

For metallic foams, the relationship between the relative density and 
relative proof stress is usually described by a power law [24]: 

Fig. 8. Top: typical compressive engineering 
stress–strain curve of Ti foams with 0.49 relative 
density (black curve), measured AE signal (gray 
curve), and two AE parameters: the cumulative en-
ergy (blue curve) and count rate (red curve) of 
compression tests performed on Ti foam with 
different relative densities at 0.001 s− 1 initial strain. 
Bottom: surfaces of foam samples at different strains. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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σf

σb
=Cσ(

ρf

ρb
)

nσ (1)  

where σf and σb are the proof stress values of the foam and non-porous 
bulk material, respectively; ρf and ρb are the densities of the foam and 
non-porous bulk material, respectively. In this study, σb = 480 MPa and 
ρb = 4.506 gcm− 3 were used in the calculation of the relative proof stress 
and density, respectively. The prefactor Cσ and exponent nσ depend on 
the deformation mechanism, which is influenced mainly by the amount, 
size, and morphology of pores. Fig. 9 shows a double logarithmic plot of 
the relative proof stress versus the relative density of the nine samples 
investigated in this study (black squares: six samples for each porosity 
level). A straight line was fitted to the points; Cσ and nσ are 10.2 ± 1.1 
and 5.0 ± 0.3, respectively. This very high exponent differs much from 
the values suggested by the models used for describing the deformation 
of metallic foams. Indeed, for the compression and GA models, nσ is 1 
and 1.5, respectively [24]. To the best knowledge of the authors, there is 
no model in literature that predicts a value of 5 or similarly high values 
for nσ . In addition to the results of the present study, Fig. 9 presents the 
relative stress values of Ti foams from literature as a function of the 
relative density. It should be noted that different characteristic stress 
values are presented for the different sample series in literature: in some 
papers, the yield strength is presented, whereas in others, the 0.2% proof 
stress or the plateau stress is used for the description of the porosity 
dependence of the mechanical strength of Ti foams. Nevertheless, for 
most of these sample series, nσ varies between 1 and 1.5, which agrees 
with the values of the frequently applied models. On the other hand, 
other freeze-cast Ti foam series exhibited exponent values that were as 
high as those of this study (see the data presented by Li et al. [21] in 
Fig. 9). 

It is worth noting that in the calculation of the relative proof stress, a 
single σb value was used for all the three relative densities. By contrast, 
the grain size in the foam material was different for the different po-
rosities; this may influence the bulk proof stress according to the 
Hall–Petch equation [30]: 

σb = σ0 + kd− 1/2 (2)  

where σ0 is the friction stress (i.e., the proof stress without grain 
boundary strengthening), d the grain size, and k a constant that depends 
on the studied material. For Ti, σ0 = 182 MPa and k = 0.36 MPa m0.5 

[31]. Table 1 shows that with increasing relative density from 0.32 to 
0.49, the grain size increased from approximately 5 to 11 μm. In addi-
tion, in the foam with the highest porosity (Ti-0.32), the dimension of 
many struts is comparable with the grain size, at least in one direction 

(see the EBSD image in Fig. 3c). In the latter case, dislocations can glide 
in the grains without meeting boundaries, i.e., there is no Hall–Petch 
hardening effect despite the small grain size. For this material, the bulk 
proof stress must be low; the value corresponds to the friction stress in 
the Hall–Petch equation (approximately 182 MPa). For samples Ti-0.37 
and Ti-0.49, the Hall–Petch equation yielded 324 and 293 MPa for σb, 
respectively. The respective relative proof stress versus the relative 
density is plotted in Fig. 10; the exponent of the straight fitting line 
decreased from 5.0 to 4.3. However, this value is still much higher than 
the exponents predicted with the usually applied models. It should be 
noted that there are different values for σ0 and k in literature in addition 
to those used in this study [32–34]. The variation in the Hall–Petch 
parameters can be attributed to the differences in the composition of Ti 
and the Hall–Petch evaluation procedure. For instance, a high oxygen 
content can influence σ0 and k. Nevertheless, the Hall–Petch correction 
in the relative proof stress–relative density evaluation decreases the 

Fig. 9. Relative characteristic compressive stress (yield strength, proof stress, plateau stress) versus relative density of Ti foams on double logarithmic scale. The data 
originate from this study and literature. The characteristic compressive stress may correspond to the yield, proof, and plateau stresses of the different sample series, as 
indicated by the labels. In addition, the trend lines of some power law exponent values are shown. 

Fig. 10. Relative 0.2% compressive proof stress versus relative density on 
double logarithmic scale; measured proof stress is normalized with respect to 
the bulk proof stress corrected according to the Hall–Petch relationship based 
on the measured grain size (represented by the solid circles). This modified 
analysis decreases the power law exponent from nσ = 5.0 to 4.3 (please compare 
with Fig. 9).The open circles indicate the relationship between the relative stress 
and relative density without the application of the Hall-Petch correction. 
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power law exponent, regardless of the applied values of the Hall–Petch 
parameters. 

Such as in the case of the proof stress, the correlation between the 
relative Young’s modulus and relative density can be described by a 
power law [24]: 

Ef

Eb
=CE(

ρf

ρb
)

nE (3)  

where Ef and Eb are the Young’s moduli of the foam and non-porous bulk 
material, respectively. Here, the prefactor and exponent are denoted as 
CE and nE, respectively. Fig. 11 presents the relative Young’s modulus 
versus the relative density on a double logarithmic scale. The nine points 
related to the Ti foams investigated in this study (three porosities and 
three samples for each porosity) are represented by solid black squares 
in the plot. The values of CE and nE obtained from the parameters of the 
straight line fitted to the data in Fig. 11 are 1.3 ± 1.2 and 4.6 ± 0.3, 
respectively. This exponent is very large compared to the values deter-
mined for the most frequently used compression and GA models (nE = 1 
and 2, respectively [24]). Fig. 11 also shows data series from literature. 
For most of these samples, the trends are in accordance with either the 
compression or the GA model. However, there are other sample series (e. 
g., Refs. [10,13,15]), the exponents of which are approximately 4–5; 
thus, they are similar to those of the studied Ti foams. 

The experimentally obtained very high power law for the depen-
dence of the relative proof stress and relative elastic modulus on the 
relative density cannot be explained by any of the models presented in 
literature. Even if the density corrections of the GA model (due to the 
existence of nodes) are considered [24], the power law exponent of the 
relative Young’s modulus and the relative proof stress as a function of 
the relative density increase to 2.3 and 3, respectively; these values are 
still well below the fitted values. However, a change in the deformation 
mechanism may have occurred owing to changes in the porosity, which 
may have led to the unusual power law exponent. Therefore, in the 
following chapter, we determine whether a transition between the 
different structural models can yield a high exponent of approximately 
4–5 for the dependence of the proof stress and elastic modulus on the 
relative density. 

Fig. 12 schematically shows the relative proof stress versus the 
relative density for the compression and GA models on a double loga-
rithmic scale. Each model is represented by a strip because Cσ may vary 
although the exponent is fixed. According to literature, for the 
compression model, nσ = 1, and Cσ varies between 0.4 and 0.5 [35]. For 
the GA model, nσ = 1.5, and Cσ varies between 0.25 and 0.35 [34]. The 
blue and red lines in Fig. 12 represent model transitions yielding the 

lowest and highest possible exponents for the relative density range 
investigated in this study (0.32–0.49). Evidently, the model transition (i. 
e., the change of the deformation mechanism) due to the increasing 
relative density can yield a power law exponent nσ between 2.7 and 4 in 
the proof stress–density relationship. This means that the model tran-
sition can explain the experimentally observed value of nσ (4.3 ± 0.3). 
The fact that the AE activity was much lower for the highest density 
foam (with the most material) than those for Ti-0.37 and Ti-0.32 also 
suggests a change in the deformation mechanism. 

Such as for the proof stress, the effect of the model transition on the 
power law exponent of the relative Young’s modulus versus the relative 
density relationship was studied. Fig. 13 presents schematics of the 
compression and GA models. For the compression model, nE = 1, and CE 
varies between 0.4 and 0.5 [34]. For the GA model, nE = 2, and ac-
cording to literature, CE varies in a relatively wide range (0.1–1) [11, 
35]. This very broad CE range is probably not caused by the structural 

Fig. 11. Relative Young’s modulus versus relative density of Ti foams on double logarithmic scale. The data originate from this study and literature. In addition, the 
trend lines for some power law exponent values are shown. 

Fig. 12. Relative 0.2% compressive proof stress versus relative density on 
double logarithmic scale for compression (nσ =1) and GA (nσ =1.5) models 
with a reasonable range of Cσ values. The blue and red lines indicate the lowest 
and highest possible exponents that can be observed for model transitions in the 
relative density range between 0.32 and 0.49. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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differences among the different sample series; the cause is rather the 
uncertainty in the determination of Young’s modulus. Indeed, the initial 
elastic part of the compression curves is often not perfectly straight 
(Fig. 5); therefore, the value of Young’s modulus depends on the region 
selected for the evaluation. Most probably, this uncertainty is the reason 
for the highly scattered experimentally determined relative elastic 
moduli in Fig. 11. Owing to the very different probable values of CE for 
the GA model, the transition between the two models results in a wide nE 
range (1.5–7.5). The experimentally measured power law exponent 
(approximately 5) falls within this range, i.e., the model transition can 
be a possible explanation for the high nE. It should be noted that in the 
case of the relative Young’s modulus, a power law exponent of 
approximately 5 can also be obtained if the GA model remains valid for 
0.32–0.49 relative density and if only CE increases within the wide range 
(0.1–1). However, the prefactor Cσ of the proof stress is less uncertain; 
therefore, the high value of nσ (4.3) can only be explained based on the 
model transition. 

It should also be noted that the high power law exponents obtained 
for the density dependence of the proof stress and elastic modulus are 
surely not valid for the whole range of the relative density achievable 
with foam processing methods (0.11–0.9 [14,17]). Most probably, the 
GA and compressive models work well for low and high relative den-
sities, respectively, and the power law with a high exponent describes 
only the transition region, as schematically illustrated in Fig. 14. 

Fig. 15 shows a descriptive structural model for the change of the 
deformation mechanism from a dominant compression to bending of the 
struts. In this model, the Ti foams mainly consist of spherical particles in 
accordance with the SEM images taken on our samples. When these 
spheres are assumed to be arranged into a simple cubic structure as 
shown in Fig. 15a, the relative density is 0.52 that is only slightly higher 
than the highest value in the present study (0.49). For this simply 
assumed structure, a vertical load mainly results in compression of the 
struts. If we remove spheres from the structure in a way described in 
Fig. 15b, the relative density significantly decreased down to 0.26. This 
structural change can be easily understood if a cube containing eight 
simple cubic cells is considered as a structural unit in Fig. 15a. It is then 
assumed that the six spheres in the centers of the faces and one sphere in 
the cube center are removed, yielding the structure shown in Fig. 15b. It 

is noted that the centers of the hollow cubes are shifted horizontally as 
illustrated in Fig. 15b. For the latter structure with a low relative den-
sity, the vertical load causes bending of the horizontal struts as illus-
trated by the dashed curves in Fig. 15b; in other words, there is a 
transition of the dominant deformation mechanism from compression to 
bending when the relative density decreased from 0.52 to 0.26. It is 
noted with care that Fig. 15 describes only an illustrative example of the 
change of deformation mechanism and does not provide a precise 
theoretical mechanism explanation, as the actual Ti foam microstructure 
is considerably less ordered than the constructed model proposed in 
Fig. 15. 

5. Conclusions 

The effects of the porosity and strain rate on the compression 
behavior of freeze-cast Ti foams were studied. The following conclusions 
were drawn from the results:  

1. Considerable strain hardening was observed in the first stage of the 
plastic deformation process; the process was independent of the 
porosity level and applied strain rate. Subsequently, a stress drop 
occurred, which was associated with extensive cracking, as revealed 
by in-situ AE experiments. Moreover, microcracking was detected in 
the AE experiments before the maximum stress was reached for the 
highest relative density (0.49).  

2. Before the stress drop, there was no considerable effect of the rate of 
compression on the stress–strain behavior, even when the initial 
strain rate varied between 0.001 and 0.5 s− 1. The AE results also 
indicate that the deformation mechanisms were not influenced by 
the strain rate.  

3. Both the relationships of the Young’s modulus and yield strength 
with the relative density are well described by a power law with an 
exponent of approximately 4–5. This value is much higher than the 
exponents suggested by already proposed deformation models for 
metallic foams. According to the results, the high exponent origi-
nates from a transition from the compression to the bending mode 
with increasing porosity. In addition, for the yield strength, the high 
exponent of approximately 5 can be reduced to approximately 4.3 if 
the Hall–Petch effect of the grain size in the struts is considered.  

4. With increasing porosity, the strain decreased significantly until the 
stress drop owing to the lower number of neighbor contacts, which 
weakens the structure. 

Fig. 13. Relative Young’s modulus versus relative density on double logarith-
mic scale for the compression (nE =1) and GA (nE =2) models with a reasonable 
range of CE values. The blue and red lines indicate the lowest and highest 
possible exponent that can be observed for model transitions in the relative 
density range between 0.32 and 0.49. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 14. Transition between the compression and GA models of the relative 
0.2% compressive proof stress or Young’s modulus versus the relative density. 
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