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In this study, low-density yet high-strength 316L stainless steel foam was successfully 

fabricated using the powder metallurgy technique. This was achieved by employing both 

carbamide and steel hollow spheres as space holders to tailor porosity and mechanical 

properties. The volumetric percentage of carbamide was varied from 0 to 50% to investigate 

its effect on density, while steel hollow spheres (0%–50% by volume) were incorporated to 

enhance strength. The fabrication process involved layer-by-layer deposition of stainless 

steel powder and space holders in a mold, followed by uniaxial compaction at 150 MPa 

using polyvinyl alcohol as a binder. Carbamide was removed through heat treatment at 120–

180 °C in ambient conditions, and the samples were subsequently sintered at 1150 °C for 3 

hours in a neutral atmosphere. Following optimization of fabrication parameters and 

porosity control, the samples were characterized using compression tests and scanning 

electron microscopy (SEM) to evaluate their mechanical performance and microstructural 

evolution. Compression test results revealed that increasing carbamide content decreased 

the density, whereas a higher percentage of steel hollow spheres significantly improved 

compressive strength, reaching a maximum of 528.70 MPa at constant porosity. SEM 

analysis confirmed that the replacement of carbamide with steel hollow spheres led to the 

transformation of open-cell porosity into closed-cell porosity. 
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1. Introduction 

Metal foams are a specialized class of cellular structures 

composed of metals with an interconnected network of 

pores [1]. Their lightweight nature, high specific 

stiffness, impressive strength-to-weight ratios, and 

exceptional energy-absorbing capabilities make them 

ideal for applications in the automotive, biomedical, and 

aerospace industries [2, 3]. Various metals have been 
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utilized in metal foam fabrication, including titanium, 

titanium alloys, copper, nickel, aluminum, magnesium, 

and stainless steel [4-6]. Among these, steel foams are 

often preferred due to their higher elastic modulus, yield 

strength, and operating temperature. However, 

manufacturing steel foams remains challenging [7, 8].  

A crucial aspect of metal foam fabrication is 

IJMF 

Iranian 
Journal of 
Materials 
Forming 

Online ISSN: 2383-0042 
    

Publ ished by : Shiraz University, Shiraz, Iran 
    

Vol. 11 No. 4 October 2024 

 
Shiraz University 



46                                                                                                                                                  Z. Shojaei & M.H. Paydar 
 

October 2024                                                                           IJMF, Iranian Journal of Materials Forming, Volume 11, Number 4 

selecting an appropriate spacer material that is easily 

soluble or removable by heat. Carbamide space holders 

(urea, (NH2)2CO) are widely used as a space holder due 

to their high solubility in water, affordability, and 

availability in various sizes and shapes [9-11]. 

Bekoz et al. [12] successfully produced highly 

porous steel foam using carbamide as a space holder. 

They employed both spherical and irregular-shaped 

carbamide particles, which were later removed through 

a water leaching technique. Their findings indicated that 

using irregular carbamide particles required shorter 

leaching time. Furthermore, the degree of volumetric 

expansion (after carbamide leaching) and volumetric 

shrinkage (after sintering) depended on both the volume 

fraction and shape of the carbamide. Additionally, foams 

with spherical pores exhibited better compressive 

behavior due to their smooth-walled cell structure, 

whereas foams with irregular pores experienced stress 

concentrations at sharp edges, leading to lower strength.  

Similarly, Mirzaei et al. [13] developed porous 316L 

stainless steel (SS 316L) with a uniform pore distribution 

using face-centered cubic (FCC) packing achieved with 

spherical carbamide as the space holder. Their results 

demonstrated that a uniform pore distribution enhances 

both elastic properties and compressive strength.  

However, the impact of simultaneously using two 

different types of space holders—one removable and the 

other unremovable—on the mechanical properties of 

metallic foam remains unexplored. Therefore, this study 

aims to fabricate stainless steel foam using powder 

metallurgy, incorporating both carbamide (removable) 

and hollow steel spheres (unremovable) as space 

holders. The study further investigates the mechanical 

properties and energy absorption of these foams to 

determine the optimal combination of carbamide and 

hollow spheres for steel foam construction. 

 

2. Experimental Procedure 

2.1. Materials 
Stainless steel (316L) powder, with a mean particle size 

of 37 µm and a density of 8 g/cm3, was supplied by 

Carpenter Sweden Co. The chemical composition of the 

stainless steel powder is presented in Table 1.  

 Hollow steel spheres, with a diameter of 2 mm and 

a density of 0.43 g/cm3, were used as a space holder. The 

chemical composition of the spheres as provided by the 

supplier (Fraunhofer Co.), is summarized in Table 2. 

As the second space holder, commercially available 

spherical carbamide in the 1700–2400 μm size range, 

with a sphericity of 0.94, was used. Additionally, 6 wt.% 

polyvinyl alcohol (Merck Co.) was employed as a 

binder, and 0.5 wt.% boron (Sigma Aldrich Co.) was 

added to enhance the sintering process. Fig. 1 presents 

images of the SS 316L powder, hollow steel spheres, and 

carbamide particles used in this study. 

 

2.2. Steel foam manufacturing procedure 

To fabricate stainless steel foam, steel powder was first 

mixed with boron, followed by the addition of polyvinyl 

alcohol as a binder. The mixing process was carried out 

manually using a mortar. The resulting mixture was then 

compacted uniaxially in a steel die (d=22 mm), with 

space holders incorporated as required. 

 
Table 1. Chemical composition of the stainless steel (316L) 

powder 
Elements Fe Ni Mn Cr Si Mo C 

wt.% bal 10 1.1 15.58 1.08 4.32 7.24 

 
Table 2. Chemical composition of the hollow steel spheres 

Elements Fe O C 
wt.% bal 0.002 0.007 

 

 
Fig. 1. Images of (a) SS 316L powder, (b) iron hollow 

spheres, and (c) carbamides used in this study. 
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The fabrication process involved adjusting the punch 

height within the die, pouring and leveling the steel 

powder onto the lower punch, and carefully placing 

carbamide and hollow steel sphere particles in 

designated spots. This layering process was repeated 

until the desired foam dimensions (h=22 to 25 mm) were 

achieved. Further details of the fabrication method can 

be found elsewhere [13]. The green specimens were 

produced by uniaxially pressing the mixture at 150 MPa 

using a hydraulic press. The final stage of the process 

involved heat treatment, conducted in two stages within 

a tube furnace. In the first stage, carbamide 

decomposition occurred at a temperature range of 120-

180 °C. The second stage involved sintering the SS 316L 

compacted metal powder at 1150 °C for 2 hours under 

an argon (Ar) atmosphere. 
Following foam production, microstructure of the 

metal foam was analyzed using scanning electron 

microscopy (SEM, VEGA TESCAN). The density and 

residual porosity of the specimens were determined by 

measuring their volume, dimensions, and weights. 

Compression testing was conducted in accordance with 

the ASTM E9–89a standard using a universal testing 

machine (SANTAM) at a crosshead speed of 0.5 

mm/min. The absorbed energy was calculated by 

evaluating the area under the stress-strain curve. 

 

3. Results and Discussion 

3.1. Foam structure 

Figs. 2(a) and 2(b) illustrate the microstructure of SS 

316L foam, depicting the cellular structure and the 

detailed morphology of the cell walls, respectively.  

As illustrated in Fig. 2(a), the foam structure consists 

of both open-cell and closed-cell porosity. Open-cell 

porosity results from the removal of carbamide during 

heat treatment, while the steel hollow spheres contribute 

to a closed cell structure, as they remain embedded 

within the material. Fig. 2(b) further illustrates the well-

defined cell walls separating adjacent pores. This 

combination of open and closed porosity makes the foam 

highly suitable for applications requiring the advantages 

of both structures, such as lightweight energy-absorbing 

materials, heat exchangers, and biomedical implants. 

   
Fig. 2. SEM image of SS 316L foam manufactured using two 

different space holders: (a) foam cells and (b) cell walls. 
 

3.2. Foam density 

The relative density of foam is defined as : 
 

𝜌௧௛ = 𝜐௦௦𝜌௦௦  +  𝜐ுௌ𝜌ுௌ   (1) 
  
𝜐௦௦ = 1 − (𝜐ுௌ + 𝜐஼஻   ) (2) 

 

Where, 𝜌௧௛ is the theoretical density of the foam, 𝜌௦௦  

and 𝜌ுௌ, are the densities of the 316L stainless steel 

powder and the steel hollow spheres, respectively and 

𝜐௦௦, 𝜐ுௌ and 𝜐஼஻  represent the volumetric fraction of 

316L stainless steel powder, steel hollow sphere and 

carbamide, respectively. 

As previously mentioned, carbamide is removed 

from the specimen during the heating process. 

Consequently, the theoretical density is calculated 

considering only the steel hollow spheres and stainless 

steel powder, though their combined volumetric fraction 

does not equal one. To determine the actual density of 

the foam, the mass and volume of each specimen were 

measured, and the density was obtained by dividing the 

mass by the volume. The relative density of metal foams, 

defined as the ratio of foam density to the density of the 

base material, is a crucial parameter that highlights the 

lightweight characteristics of the foam. Table 3 provides 

detailed information on the density measurement of 
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316L stainless steel foams with 50% porosity, fabricated 

using both carbamide and hollow steel spheres. 

Fig. 3 illustrates the impact of steel hollow spheres 

on both theoretical and actual (measured) density. 

Analyzing this figure alongside Table 3 reveals a 

noticeable difference between the actual density and the 

theoretical density of the foam. This discrepancy may 

arise from porosity in the base metal due to carbamide 

removal, deformation of the steel hollow spheres, and 

measurement errors. Both theoretical and actual 

densities increase in proportion to the amount of steel 

hollow spheres relative to carbamide. Since this study 

focuses on foam with 50% volumetric porosity, the 

volumetric percentage of the stainless steel powder 

remains constant, while only the amounts of carbamide 

and steel hollow spheres vary. 

As the percentage of steel hollow spheres increases, 

both theoretical and actual densities rise. This occurs 

because carbamide is removed, leaving the steel hollow 

spheres embedded in the specimen. The final structure 

results in a composite-like metal foam, where the 

retained steel hollow spheres contribute to the overall 

mechanical integrity of the material.  

Fig. 4 illustrates the impact of the percentage of steel 

hollow spheres on relative density, while Fig. 5 depicts 

the effect of steel hollow spheres on the ratio of actual 

density to theoretical density. As shown in Figs. 4 and 5, 

increasing the volumetric percentage of steel hollow 

spheres relative to carbamide leads to a rise in both the 

relative density and the ratio of actual density to 

theoretical density. This trend can be attributed to the 

removal of carbamide, which leaves behind the steel 

hollow spheres, forming a composite foam. However, 

during the compression test, some steel hollow spheres 

may shift, causing discrepancies between actual and 

theoretical densities and affecting the overall density 

ratio. 

 

 
Fig. 3. The effect of the volumetric percentage of steel hollow 
spheres on the theoretical and actual density of the produced 

foams. 
 

 
Fig. 4. The effect of the volumetric percentage of steel hollow 

spheres on the relative density of the formed foams. 
 

         
Fig. 5. The effect of the volumetric percentage of the steel 
hollow sphere on the ratio of actual density to theoretical 

density in the produced foams. 
 

 
Table. 3. Density of SS 316L foams made using both types of space holders 

Hollow sphere   
(vol.%) 

Carbamide 
(vol.%) 

Theoretical 
density         
(g/cm3) 

Real 
(measured) 

density 
(g/cm3) 

Real (measured) 
density/calculated 

density % 

Relative 
density (with 
respect to th 

of SS) % 

Remained 
porosities % 

0 50 4 3.52 88 44 56 
10 40 4.043 3.63 90 45 55 
30 20 4.13 3.88 94 48 52 
40 10 4.17 4 96 50 50 
50 0 4.22 4.16 99 52 48 
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3.3. Effect of porosity on carbamide removal efficiency 

To investigate the effect of porosity on the efficiency of 

carbamide removal, two conditions were established. In 

condition one, the volume percentage of steel hollow 

spheres remains constant at 20%, while the volume 

percentage of carbamide is variable. In condition two, 

the volumetric percentage of steel hollow spheres is 

variable, while the volume percentage of carbamide 

remains constant at 20%. 

Figs. 6(a) and 6(b) illustrate the effects of the amount 

of remaining porosity on the percentage of carbamide 

that could be removed under conditions where the 

volumetric percentages of steel hollow spheres and 

carbamide remain constant, respectively. Fig. 6a 

demonstrates that as the volume percentage of 

carbamide increases, its removal rate also increases. 

Conversely, Fig. 6(b) indicates that as the volume 

percentage of steel hollow spheres increases, the 

removal of carbamide decreases. This occurs because the 

pores created by steel hollow spheres are predominantly 

closed-cell, which obstructs the pathway necessary for 

efficient carbamide removal.  

 

3.4. Investigating  the compressive behavior 

Fig. 7 presents the stress-strain curve of samples with 

50% volumetric porosity, incorporating varying 

percentages of carbamide and steel hollow spheres. The 

curve was used to determine the yield strength, the slope 

of the elastic region, the plateau region stress, and the 

compressive strength.  

As shown in Fig. 7 and Table 4, an increase in the 

volumetric percentage of steel hollow spheres relative to 

carbamide at 50% volumetric porosity leads to a 

corresponding increase in yield strength, the slope of the 

elastic region, plateau region stress, and compressive 

strength. This phenomenon occurs because, as 

previously mentioned, the steel hollow spheres create 

closed-cell type porosities, which are more resistant 

compared to carbamide-based porosities and generally 

exhibit superior compressive properties. 
 

 
Fig. 6. Effect of porosity on carbamide removal in condition 

(a) by increasing porosity due to an increase in carbamide and 
(b) by increasing porosity due to an increase in steel hollow 

spheres. 
 

 
Fig. 7. Stress-strain curves were generated for samples 

with 50% porosity, incorporating varying volumetric 
percentages of carbamide and steel hollow spheres. 

 
 

Table 4. Mechanical properties derived from the stress-strain curve 

Carbamide   
(vol.%) 

Hollow sphere 
(vol.%) 

Yield strength 
(MPa) 

Elastic region 
slope 
(GPa) 

Compressive strength         
(MPa) 

Plateau region 
stress (MPa) 

50 0 38 2.10 84 38 
40 10 45 2.32 90 60.08 
20 30 55 2.59 106.21 83 
10 40 69.7 2.64 297.29 197.82 
0 50 82 2.73 528.70 269.36 
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3.5. Energy absorption 

The energy absorbed by the samples was determined by 

calculating the area under the stress-strain curve. Table 

5 shows the energy absorption values for samples with 

50 vol.% porosity, incorporating different volumetric 

percentages of carbamide and steel hollow spheres, up to 

a strain of 0.5. Beyond this strain level, densification 

occurs due to compression.  

As shown in Table 5, an increase in the percentage 

of steel hollow spheres leads to a decrease in 

compressive strain while energy absorption increases. 

This is attributed to the rise in both compressive strength 

and plateau region stress in the stress-strain curve. 
Fig. 8 illustrates the energy absorption efficiency 

curve for samples with 50 vol.% porosity, containing 

varying amounts of carbamide and steel hollow spheres. 

The energy absorption efficiency is calculated using Eq. 

(3) [14]. 
 

𝜂 = 𝐸 (𝜎௠ ∙ 𝜀௠)⁄  (3) 
  

𝐸 =  න 𝜎(𝜀)
ఌ

଴

𝑑𝜀 (4) 

 

Where ƞ represents energy absorption efficiency, E 

is the amount of absorbed energy, σm indicates 

maximum stress, and ɛ signifies strain. Energy 

absorption efficiency measures how much energy a 

material absorbs up to a certain strain relative to the 

maximum energy absorbed before failure.  

The energy absorption efficiency curve is divided 

into three regions: a sharp increase (Region I) where the 

energy absorption efficiency rises sharply with 

increasing strain, reaching its peak; a sustained region 

(Region II) where the energy absorption efficiency 

remains high but exhibits occasional fluctuations, 

indicating foam instability during compression. In the 

weakening region (Region III), the energy absorption 

efficiency drops significantly as strain increases [15, 16]. 

As depicted in Fig. 8, samples containing more than 20 

vol. % carbamide demonstrate an energy absorption 

efficiency exceeding 75%, with peak efficiency 

occurring at strains between 0.2 and 0.5. Notably, 

samples with 50 and 40 vol.% carbamide display the 

longest sustained region. Conversely, specimens 

containing 50 and 40 vol.% of steel hollow spheres 

demonstrate lower energy absorption efficiency, likely 

due to their high compressive strength. 
 

Table 5. Energy absorbed by samples with 50% porosity and 
various carbamide content and steel hollow spheres 

Carbamide   
(vol.%) 

Hollow 
sphere 
(vol.%) 

Compressive 
strain 

Energy 
absorption 

(MJ/m3) 
50 0 0.75 38.10 
40 10 0.74 48 
20 30 0.69 83 
10 40 0.58 107.80 
0 50 0.5 123.09 

 
 

 
Fig. 8. Energy absorption curve of sample with 50% vol. 
porosity and various carbamide and steel hollow sphere 

content. 

 

4. Conclusions 

In this study, stainless steel 316L foam was successfully 

fabricated using two types of space holders: steel hollow 

spheres and carbamide. The compressive properties of 

the produced foams were analyzed and compared. The 

key findings are summarized as follows:  

1. The incorporation of carbamide into the steel foam 

structure leads to the formation of open-cell porosity, 

whereas steel hollow spheres create closed-cell porosity.  

2. An increase in the percentage of steel hollow 

spheres results in more closed-cell porosities, which 

hinders the removal of carbamide at temperatures 

between 120 °C and 180 °C. 

3. In foams with 50 vol.% porosity, a higher 

percentage of steel hollow spheres enhances yield 

strength, increases the stiffness of the elastic region, and 

improves overall compressive strength. 
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4. Increasing the steel hollow sphere content to 50 

vol.% significantly enhances energy absorption while 

reducing compressive strain. 
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