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Abstract: Reticulated open-cell Ni−Cr−Fe foams were manufactured by gas-phase codeposition of Cr and Fe onto the struts of pure 
Ni foam at 1050 °C, and then the samples were homogenization treated at 1200 °C in a vacuum atmosphere. The quasi-static 
compressive behavior and energy absorption characteristics of the Ni−Cr−Fe alloy foams with different Cr and Fe contents were 
discussed. The mechanical properties of these open-cell Ni−Cr−Fe alloy foams were also comparable with the pure Ni foams or the 
hypothetical Ni−Cr−Fe foam model. The results show that although the alloy foam struts show the similar hardness, the compressive 
strengths and energy absorption properties of the open-cell Ni−Cr−Fe alloy foams increase with increasing the Cr and Fe contents. 
The stress—strain behaviours of the Ni−Cr−Fe alloy foams are as smooth as those of nickel foams, indicating that the Ni−Cr−Fe 
alloy foams are the characteristic of typical ductile metallic foam. The energy absorption capabilities of the Ni−Cr−Fe alloy foams 
exhibit 22 times higher than that of the pure Ni foams. Simultaneously, the compressive strength of the Ni−Cr−Fe alloy foams at 
ambient temperature is in agreement with theoretical prediction by Gibson–Ashby model. 
Key words: metallic foam; Ni foam; vapour deposition; coating; heat treatment; pack cementation 
                                                                                                             
 
 
1 Introduction 
 

Recently, there has been a considerable increasing 
interest in using open-cell metal foams as catalyst 
supports, filters, electrodes, heat exchangers, etc, because 
of their unique combination of high porosity, relatively 
high stiffness and reaction surface area [1,2]. These 
applications require a relatively high mechanical 
performance as well as elevated corrosive and oxidation 
resistance. However, the mechanical performance of the 
open-cell metal foams is found to be strongly affected by 
the foam characteristics like shape and size of the cells, 
cell wall thickness and cell connectivity. The 3D 
open-cell nickel-based alloy foams with uniform pore 
structure are attractive candidates for automotive exhaust 
gas purification due to their good wear resistance and 
durability at high temperatures [3]. However, the 
traditional liquid-phase methods for processing open-cell 
metal foams present severe challenges due to their high 

melting point and complicate 3D open-cell network 
structure [4]. When the solid-state techniques are applied 
to open-cell alloy foams, the shape, size, spacing and 
connectivity of the pores are difficult to control and the 
porosity achieved is much low [5]. 

At present, the open-cell pure nickel foams are 
mainly produced by electrolytic deposition method. 
However, the major limitation of electrolysis deposition 
process is that only a few metallic elements are 
deposition (nickel-based alloys are difficult) [6]. In 
addition, non-uniform deposition may occur due to the 
irregular shaped geometry. Currently, more interest 
focuses on the chemical or physical vapour deposition 
methods using the organic foam as the substrate. 
However, vapour decomposition of the least expensive 
chemical precursors occurs at high temperatures where 
the thermal stability of the polymer template must be 
taken into consideration [6]. 

The pack cementation process is an efficient and 
cost effective method to improve the surface properties 
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of materials [7]. Pack-chromizing has been widely 
applied to steels and superalloys to improve their high 
temperature oxidation resistances [8,9]. Recently, 
HODGE and DUNAND [4] demonstrated that open-cell 
pure Ni foams could be pack-aluminized into 
homogenous NiAl foams with 28%−33% Al, but the 
NiAl foams were brittle at ambient temperature due to 
the very low toughness and ductility of NiAl. 

The Ni−Cr−Fe system is an important model alloy 
for nickel-based alloys because of their good corrosion 
resistance and high strength at elevated temperatures [10]. 
The constitution of Ni−Cr−Fe system has been well 
determined in the region of 0–40% Fe and 20%−46% Cr 
[11]. Especially Inconel 690 alloy with the high 
chromium content is a high-performance nickel-based 
alloy used in corrosive and high-temperature 
environments [12]. 

In the present work, the feasibility for synthesis of 
the Ni−Cr−Fe alloy foams was investigated by 
co-deposition of Cr and Fe onto open-cell nickel foams. 
Based on the compositions of Inconel 690 (60% Ni, 30% 
Cr, 9.5% Fe, 0.03% C), a new kind of Ni−Cr−Fe 
single-phase austenitic, oxidation-resistant alloy foam is 
developed by increasing and modifying some of the 
alloying elements. The quasi-static compressive 
behaviour and energy absorption characteristic of 
Ni−Cr−Fe alloy foams with different Cr and Fe contents 
are discussed. The mechanical properties of Ni−Cr−Fe 
alloy foams are also comparable with the pure Ni foam 
and theoretical predictions for Gibson−Ashby model. 
 
2 Experimental 
 
2.1 Initial open-cell nickel foams 

The open-cell nickel foams with porosities of 98% 
(20 pores per linear inch) were fabricated by electro- 
deposition on a polymer substrate. Then the polymer 
foam was removed by a suitable heat treatment. The 
structure of nickel foam was the quasi exact replication 
of the original polyurethane foam. The element 
compositions of the nickel foam are listed in Table 1. 
The SEM images of open-cell nickel foam are shown in 
Fig. 1, and the nickel foam was an interconnected 
network of solid struts or plates which formed the edges 
and faces of cells. The regular round shape of the nickel 
foam was more uniformly distributed throughout the 
sample compared with that of the alloy foam by the 
infiltrating process method [13]. 
 
Table 1 Element compositions of open-cell nickel foam (mass 
fraction, %) 

Ni Si Cu S P Cr Al Zn 

98.17 0.2 0.2 0.06 0.2 0.97 0.09 0.11

2.2 Synthesis of open-cell Ni−Cr−Fe foams  
The open-cell nickel foam was ultrasonically 

cleaned. The pack consisted of 5% NH4Cl, 5% Fe, 20% 
Cr powder (with an average particle size of 55 μm) and 
70% Al2O3 filler powder (with an average particle size of 
45 μm). A total pack mass of 125 g was poured in a 
stainless-steel can in which the nickel foam (with mass 
about 0.56 g) was embedded in the pack powder. The 
pack co-deposition process was carried out at 1050 °C 
for 4−10 h, and then the stainless-steel was allowed to 
cool to room temperature.  

The samples were encapsulated in evacuated quartz 
tubes and annealed at 1200 °C for 12 h and 48 h. The 
mass gains of the samples were measured by using the 
BP211D analytical balance. The relative density of alloy 
foam was defined as the foam density divided by that of 
the solid material.  

The phases and compositions of all alloy foams 
before and after homogenization were checked by energy 
dispersive X-ray spectroscopy (EDS). Vickers micro- 
hardness measurements were made in a Shimadzu micro 
hardness tester HMV−2000, using a force of 0.98 N and 
a holding time of 15 s. The quasi-static compressive tests 
were conducted in an Instron 5569 testing machine with 
a cross-head speed of 0.01 mm/s. The samples with 
 

 
Fig. 1 SEM images of open-cell nickel foam: (a) Overall 
morphology; (b) Cross-section of foam strut 
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20 mm in diameter and 10 mm in height were 
compressed to 40% of their initial height and at least 
three experiments were conducted for each case. 
 
3 Results and discussion 
 
3.1 Pack cementation process 

The pack cementation with NH4Cl is characterized 
by the following reactions. Firstly, solid NH4Cl is heated 
to decompose it into NH3 gas and HCl gas at 300 °C. 
Then HCl will react with the Cr and Fe sources in the 
pack to form CrCl2 and FeCl2. When the temperature is 
above 600 °C, the reduction reaction of CrCl2 and FeCl2 
can be maintained. The atomic radius and electro- 
negativity of the Cr ions are very similar to those of the 
Fe atoms. The Cr and Fe ions prefer to resident in the Ni 
sublattice. As a result, a large number of Fe and Cr ions 
move into the Ni substrate layer. The corresponding 
reaction can be described as follows: 
 
NH4Cl(s)=HCl(g)+NH3(g)                     (1) 
 
2HCl(g)+Cr(s)=CrCl2(g)+H2(g)                 (2) 
 
2HCl(g)+Fe(s)=FeCl2(g)+H2(g)                 (3) 
 

Figure 2 shows a plot of the time-dependence of the 
Ni foam mass gain upon Cr and Fe at 1050 °C, expressed 
as an average concentration. It can be seen that the Cr 
and Fe contents increase with increasing the deposition 
time and the resulted foams exhibit Cr content of 
28%−35% and Fe content of 16%−22%. As compared 
with the pack-chromizing on the pure Ni foam [14], the 
co-deposition of Cr and Fe powder can promote the Cr 
diffusion under the same deposition condition. The result 
indicates that the chromizing kinetics is obviously 
increased with increasing the number of Fe atoms. The 
element compositions, relative density and geometric 
parameters (cell diameter, strut length, strut wall 
thickness) of open-cell Ni−Cr−Fe alloy foams are listed 
in Table 2. 
 
3.2 Cross-sectional morphology of open-cell Ni−Cr−Fe 

foams 
Figure 3 shows the cross-sectional SEM images and 

the corresponding content profiles of major elements in  

 

 
Fig. 2 Time dependence of average composition for Ni foams 
upon co-deposition of Cr and Fe at 1050 °C 
 
the Ni−(28%−34%)Cr−Fe foam struts co-deposited at 
1050 °C for 4 h and 8 h, respectively. The overall foam 
architecture and the hollow strut morphology are 
maintained after co-deposition. The element content 
profiles confirm that both Cr and Fe are deposited from 
the vapor phase and diffuse into the substrate, which 
leads to the formation of a uniform Cr−Fe coating layer 
in Fig. 3(a). The Cr−Fe coating shows fair adhesion with 
the nickel struts and the total thickness of the coating 
including the diffusion zone is about 25 μm. 

When the co-deposition time is extended to 8 h in 
Fig. 3(b), the element content profile of the foam struts 
differs significantly from that formed at 1050 °C for 4 h 
in Fig. 3(a). The thickness of surface Cr−Fe co- 
deposition layer increases with increasing chromization 
time, which is consistent with the experimental result in 
Fig. 2. It can easily distinguish the presence of the Cr−Fe 
coating (dark color) along the perimeter of the Ni strut 
cross section (light color), not only on external areas 
directly, but also on the seemingly inaccessible “internal” 
ones in Fig. 3(b). The Cr content varied from about 40% 
on the surface to 20% at a depth of about 40 μm into the 
coating layer. The diffusion depth of Fe in the outer layer 
is similar to that of Cr, indicating a simultaneous 
co-deposition process. The total thickness of the coating 
including the diffusion zone is about 40 μm. 

 
Table 2 Element compositions and geometric parameters of open-cell Ni−Cr−Fe foams 

Mass fraction/% Deposition time/ 
h Ni Cr Fe 

Cell diameter/
mm 

Strut length/ 
mm 

Strut-wall 
thickness/μm 

Relative density/
% 

4 − 28 16 1.30 0.61−0.95 90±21.5 4.97−5.72 

6 − 32 18 1.30 0.62−0.90 92±21.5 5.87−7.11 

8 − 34 20 1.30 0.63−0.90 95±21.5 7.87−8.11 

10 − 35 22 1.29 0.65−0.90 110±21.5 8.42−8.73  
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Figure 4 shows the cross-sections of Ni−34Cr−20Fe 
foam struts after homogenization treatment at 1200 °C 
for 12 and 48 h, respectively. Table 3 presents the 
corresponding cross-sectional compositions of each zone 
on the Ni−Cr−Fe alloy foam struts. After 12 h of 
homogenization treatment, the existence of content 
gradients along the strut thickness is obvious due to 
localized regions of high Cr or Fe in Fig. 4(a). It can be 

seen that, in general, the contents of Cr and Fe in zone 2 
are lower than content in Table 2. With increasing 
homogenization treatment time, the Cr and Fe ions can 
further diffuse into the Ni substrates and an opposite flux 
of Ni diffuses into the near-surface region. As the 
homogenization time is extended to 48 h, the Cr, Fe and 
Ni contents are approximately uniform in the foam struts 
(Fig. 4(b) and Table 3). 

 

 

Fig. 3 Cross-sectional SEM images (a, b) and corresponding content profiles (a′, b′) of Ni−Cr−Fe foam struts after Cr−Fe 
co-deposition at 1050 °C for 4 h (a, a′) and 8 h (b, b′) 

 

 
Fig. 4 SEM images of cross-sections of Ni−34Cr−20Fe foam struts after homogenization treatment at 1200 °C for 12 h (a) and     
48 h (b) 
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Table 3 EDS analysis of Ni−34Cr−20Fe alloy foam after heat 
treatment at 1200 °C for 12 h and 48 h 

Location in Fig. 4 w(Cr)/% w(Fe)/% w(Ni)/% 

1 34.25 23.15 42.60 

2 27.58 15.86 56.56 

3 30.03 19.81 50.16 

4 34.12 20.85 45.03 

5 33.83 19.27 46.90 

6 34.23 20.63 45.14 

 
3.3 Mechanical properties at ambient temperature 

The results of the micro-hardness tests conducted at 
room temperature are summarized in Table 4. The 
hardness of the Ni−Cr−Fe alloy foam struts is three times 
higher than that of the pure Ni foams. The results confirm 
that the Cr and Fe elements can obviously increase the 
strength of the alloy foam by strengthening solid solution. 
Although there is a variation in element composition, the 
hardness of Ni−Cr−Fe alloy foam is higher than that of 
Ni−32Cr foam. Especially, the hardness of the 
Ni−35Cr−22Fe alloy foam is almost two times higher 
than that of the Ni−32Cr foam (HV (112±15)) [14]. The 
results further prove that Cr and Fe elements play a more 
significant role in strengthening the Ni foam strut. 
 
Table 4 Micro-hardness of struts of open-cell Ni and 
Ni−Cr−Fe alloy foams 

Foam Micro-hardness (HV) 

Pure Ni 75±3 

Ni−28Cr−16Fe 205±15 

Ni−32Cr−18Fe 210±15 

Ni−34Cr−20Fe 215±10 

Ni−35Cr−22Fe 220±20 

 
Figure 5 shows the representative compressive 

stress—strain curves of Ni−Cr−Fe alloy foams with 
different element contents compared with the pure Ni 
foam at the strain rate of 0.01 mm/s. It can be seen that 
the stress— strain curves of all foams exhibit three 
distinct regions [15,16]: a linear-elastic region up to 
approximately 5% strain, a collapse plateau region and a 
densification region of 25%−30% strain where the stress 
rises rapidly. 

In this work, the compressive strength is defined as 
the first peak stress in the curve. It is found that the 
compressive strength of Ni−Cr−Fe alloy foams is one 
order of magnitude greater than that of pure Ni foams, 
because the cell wall material of the former has a higher 
yield stress than the latter. Simultaneously, the 
compressive strength of Ni−Cr−Fe alloy foam rises 

obviously with increasing the chromium and iron 
contents. Especially, the compressive strength of 
Ni−35Cr−22Fe alloy foam is 30 times higher than that of 
the pure Ni foam. The difference between peak stress 
and low valley stress (∆σ) becomes higher and higher 
with increasing the Cr and Fe contents. The valley stress 
is followed by a raised stress with smooth curve, 
indicating that the Ni−Cr−Fe alloy foams exhibit the 
characteristic of typical ductile metallic foam. 
 

 
Fig. 5 Room-temperature compressive stress—strain curves of 
pure Ni and Ni−Cr−Fe alloy foams 
 

For the open-cell Ni−Cr−Fe alloy foams, it is found 
that the compressive strength of the alloy foams is 
related to the yield stress of the cell wall material and the 
relative density of the foams. The experimental result can 
be descried as the Gibson−Ashby formula [17]: 

2
3

s

f

ys

pl )(
ρ
ρ

σ
σ

C=                               (6) 

where plσ   is the compressive strength of the foams; 
ysσ   is the yield stress of cell wall material; fρ   is the 

density of the foam material; sρ   is the density of the 
massive material; C is the constant. Using values of ysσ  
taken from Ref. [18], the yield stress of Inconel 690 alloy 
is 334 MPa. 

According to Eq. (6), the noticeable increase will be 
found in the compressive strength of open-cell Ni−Cr−Fe 
alloy foams when the relative density rises. The 
theoretical compressive strengths of Ni−Cr−Fe alloy 
foams are 1.1−2.5 MPa. The experimental result of 
Ni−Cr−Fe alloy foams is in rough agreement with that 
predicted by Eq. (6). 
 
3.4 Energy absorption capacity 

Energy absorption is an important technological 
property of foams. The energy absorption is considered 
the area under the stress—strain curves up to the onset of 
densification strain (εd). This can be expressed as [17] 
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εεσ
ε

d)(d 

0 ∫=W                               (7) 

where W is the energy absorption capability and σ is the 
compressive stress when strain is ε. 

Figure 6 shows the energy absorption capability of 
Ni−Cr−Fe alloy foams after homogenization in 
comparison with pure Ni foams, which is calculated 
according to Eq. (7). As seen in Fig. 6, the energy 
absorption capabilities of open-cell pure Ni and 
Ni−Cr−Fe alloy foams increase linearly with increasing 
the strains. The energy absorption capacity of Ni−Cr−Fe 
alloy foam increases by 17.5% and 31.2% when the 
relative density increases from 5.4% to 7.9% and 8.5% at 
the strain of 0.6. Especially, the Ni−35Cr−22Fe alloy 
foams after homogenization show the best energy- 
absorption characteristic in the Ni−Cr−Fe alloy foams, 
which is 22 times higher than that of the pure Ni foam. In 
comparison with another type of reinforced foam, i.e., 
closed cell aluminum-fly ash particle composite foam, 
the Ni−35Cr−22Fe foam exhibits the same as 
energy-absorption capability [19]. 
 

 
Fig. 6 Energy absorption capability of pure Ni and Ni−Cr−Fe 
alloy foams 
 
4 Conclusions 
 

1) The NH4Cl-activated packs containing elemental 
Cr and Fe as the deposition source are possible. The pack 
cementation process is adapted to the production of 
Ni−Cr−Fe alloy foams. 

2) The open-cell Ni−Cr−Fe alloy foams can be 
significantly strengthened by homogenization heat 
treatment. Moreover, the compressive strength of 
Ni−Cr−Fe alloy foam rises obviously with increasing the 
chromium and iron contents. Especially, the compressive 
strength of Ni−35Cr−22Fe alloy foam is 30 times higher 
than that of the pure Ni foam.  

3) The compressive strengths of Ni−Cr−Fe alloy 
foams predicted by the Gibson-Ashby theoretical model 

are in rough agreement with the experimental values. 
4) The energy absorption capacity of Ni−Cr−Fe 

alloy foam increases with increasing the relative density 
and the strain. The Ni–35Cr–22Fe alloy foams after 
homogenization show the best energy-absorption 
characteristic, which is 22 times higher than that of the 
pure Ni foam. 
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三维开孔 Ni−Cr−Fe 合金泡沫的准静态压缩性能和 
能量吸收特性 
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摘  要：采用固体粉末法在 1050 °C 下对三维网状开孔泡沫 Ni 表面进行 Cr−Fe 共沉积，然后经过 1200 °C 高温固相扩散处

理对开孔泡沫 Ni−Cr−Fe 进行表面合金化。研究不同保温条件下 Cr、Fe 含量对 Ni−Cr−Fe 合金泡沫的准静态压缩性能和能量

吸收性能。同时，将开孔 Ni−Cr−Fe 合金泡沫的真实力学性能与纯泡沫 Ni 和假设的 Ni−Cr−Fe 合金泡沫模型进行比较。结果

表明：不同 Cr、Fe 含量的开孔 Ni−Cr−Fe 合金泡沫骨架显示出相似的硬度，整体上开孔 Ni−Cr−Fe 合金泡沫的压缩强度和能

量吸收性能随着合金泡沫中 Cr、Fe 含量的增加而明显增大。开孔 Ni−Cr−Fe 合金泡沫的应力—应变行为与纯泡沫 Ni 相似，

表明 Ni−Cr−Fe 合金泡沫具有典型韧性金属泡沫的变形特性。同时，单位体积开孔 Ni−Cr−Fe 合金泡沫的能量吸收最大值与

泡沫 Ni 相比增加了 22 倍。经计算得出的 Ni−Fe−Cr 合金泡沫的理论屈服强度与实际屈服强度大体一致。 

关键词：金属泡沫；泡沫 Ni；气相沉积；涂层；热处理；固体粉末法 
(Edited by LI Xiang-qun) 

 


