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Abstract: The Ce/Cr coating was homogenously deposited onto the reticulated open-cell Ni−Cr−Fe alloy foam by the pack 

cementation process. The mechanical properties of the Ce/Cr coated alloy foams were investigated by the quasi-static compression 

test. Simultaneously, the deformation and failure mechanisms of Ce/Cr coated alloy foams were discussed. The results show that the 

adding amount of CeO2 powders influences the mechanical properties of the Ce/Cr coated alloy foams. Despite an increase in density 

as compared to the uncoated foams, the Ce/Cr coated foams exhibit improvement in both yield strength and energy- absorption 

performance. Especially, the energy-absorption performance of 2% Ce/Cr (mass fraction) coated alloy foam is averagely 1.9 times as 

high as that of the bare Ni−Cr−Fe alloy foam. In addition, the mechanical properties of the Ce/Cr coated alloy foams increase with 

the increase of strain rate. The distortion and cracking are mainly the deformation behavior of the Ce/Cr coated alloy foam, 

confirmed by SEM images. 
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1 Introduction 
 

Metallic foams have attracted wide range of interest 

from researchers and industries because of their unique 

combinations of properties [1]. In recent years, metallic 

foams serve as lightweight materials for various 

applications, specifically in the automotive, aerospace, 

and other high-technology areas [2,3]. At present, of 

particular interest, open-cell metallic foams have a 

combination of attractive properties such as permeability, 

good mechanical properties, thermal and electrical 

conductivities, and environmental stability [4,5]. 

However, to date, very few reports exist on open-cell 

nickel-base alloy foams because of the difficulty of 

processing these high-melting alloys into foams [6]. In 

addition, there exist microscopic inhomogeneities such 

as imperfections, pre-deformed ligaments, and 

non-planar cell faces. All these factors have an influence 

on the mechanical performance of open-cell nickel-based 

alloy foams. 

At present, some studies have focused on how to 

increase the collapse or critical stress of the open-cell 

metal foams by increasing the material properties of the 

cell wall. For example, BOONYONGMANEERAT    

et al [7] demonstrated that the struts of reticulated 

aluminum foams were coated with nanocrystalline Ni−W 

by electrodeposition, whose mechanical properties were 

increased by a factor 2−3 as compared to hypothetical 

aluminum foam. CHOE and DUNAND [8] reported that 

the reticulated nickel foams were alloyed with chromium 

by pack-chromizing, and compressive yield stress of the 

foam at ambient temperature was in agreement with  

model predictions. HODGE and DUNAND [9] described 

that NiAl foams were synthesized from unalloyed  

nickel foams by using a two-step, high-activity pack- 
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aluminizing process and these NiAl foams were brittle at 

ambient temperature, as expected from the very low 

toughness and ductility of NiAl. However, these studies 

were limited to the open-cell Al or Ni foam. 

The Ni−Cr−Fe system is an important model alloy 

for nickel-based alloys and austenitic steels because of 

its good corrosion resistance and high strength at 

elevated temperatures [10]. Especially, Inconel 690 alloy 

with the high chromium content (30%) is a high- 

performance nickel-based alloy used in corrosive and 

high-temperature environments. Therefore, based on the 

composition of Inconel 690 (Ni: 60%, Cr: 30%, Fe: 9.5%, 

C: 0.03% (mass fraction)), the open-cell Ni−Cr−Fe alloy 

foam is prepared. 

The addition of reactive elements (La, Ce or Y) into 

Cr- or Al-coating has been known to obviously improve 

the high temperature oxidation resistance and the 

mechanical properties of the coated alloys [11,12]. 

Therefore, the Ce/Cr coating is deposited on the surface 

of the open-cell Ni−Cr−Fe alloy foam by pack 

cementation. In earlier studies, we studied the oxidation 

properties of the Ce/Cr coated Ni−Cr−Fe alloy    

foams [13]. In this work, the effect of Ce content on the 

mechanical properties of the Ce/Cr coated alloy foams 

was analyzed by the quasi-static compression test. The 

results were also compared to the hypothetical Ni−Cr−Fe 

alloy foam model by Gibson and Ashby theory. In 

addition, scanning electron microscopy (SEM) was used 

to investigate the microstructure of the Ce/Cr coated 

alloy foams before and after the deformation. The 

deformation and failure mechanisms of Ce/Cr coated 

Ni−Cr−Fe alloy foams were discussed. Simultaneously, 

to clearly understand the deformation behavior of the 

Ce/Cr coated alloy foams, a finite element model was 

used to simulate the uniaxial compression test of the 

Ce/Cr coated alloy foams. 

 

2 Experimental 
 

In this work, the substrate material was the 

reticulated open-cell Ni−Cr−Fe alloy foam, whose 

composition was 39% Ni, 36% Cr and 25% Fe (mass 

fraction). The open-cell Ni−Cr−Fe alloy foam was firstly 

synthesized by co-deposition of Cr and Fe onto open-cell 

nickel foams after pack-cementation at 1050 °C for 12 h, 

and then homogenized at 1200 °C for 48 h under  

vacuum [14]. The geometric parameters of the open-cell 

Ni−Cr−Fe alloy foam are shown in Table 1. 

 

Table 1 Geometric parameters of open-cell Ni−Cr−Fe alloy 

foam 

Cell 

diameter/mm 

Strut wall 

thickness/μm 

Strut 

length/mm 

Relative 

density/% 

1.25 115±21.5 0.65−0.85 7.8−8.6 

The Ce/Cr coated alloy foams with various Ce 

contents were prepared by the pack cementation process. 

Firstly, the specimens were cut to a d20 mm × 10 mm 

cylinder shape by DK7716 type electro-discharge 

machining and ultrasonically cleaned using acetone by 

KRU−1800 type ultrasonic cleaning machine. A total 

pack mass of 120 g was poured in a stainless-steel can in 

which the open-cell Ni−Cr−Fe alloy foam was embedded. 

The pack compositions of Ce/Cr coatings are shown in 

Table 2. Then, the sealed can was placed in the rapid 

heat electric chamber furnace (GWL−1600) at 980 °C for 

10 h, followed by air cooling to room temperature. The 

density of the Ce/Cr coated Ni−Cr−Fe alloy foams was 

measured by Archimedes method. The mass of the 

samples was measured using the BP211D analytical 

balance with an accuracy of 10−5 g. The porosity (P) of 

the samples was calculated by the following formula: 
 

 f

 s

1 100%P
 

   
 




                          (1) 

 
where ρf is the density of the foam material; ρs is the bulk 

reference material. Simultaneously, the microstructure 

and element distribution of the Ce/Cr coatings were 

analyzed using scanning electron microscope (SEM/EDS, 

Hitachis−4700). XRD patterns were taken by Rigaku 

D/max-RB diffractometer with Cu Kα radiation. In order 

to evaluate the mechanical behavior of the Ce/Cr coated 

Ni−Cr−Fe alloy foams, the microhardness was measured 

on the cell wall using an HXD−1000 type Vickers 

microhardness tester with a load of 5 g. In addition, the 

quasi-static compressive test was conducted in an Instron 

5569 testing machine with a cross-head speed of    

0.01 and 0.1 mm/s at ambient temperatures. The 

morphologies and microstructures of the specimens were 

also examined by S−570/Hitachis−4700 scanning 

electron microscopy (SEM) after the deformation. 

 

Table 2 Pack compositions of Ce/Cr coatings (mass 

fraction, %) 

Test No. Al2O3 NH4Cl Cr CeO2 

1 73 3 22 2 

2 72 3 22 3 

3 70 3 22 5 

 

An FE analysis model was created by modeling 

based on the acquired X-ray CT images. ABAQUS 

software was used for 2D image processing and FE 

analysis. The geometric structure parameters of the alloy 

foams are referred to Table 1. The porous structures 

comprised of d40 mm unit cells were designed with  

180 mm in length for each sample. Moreover, an 

elastoplastic material model was considered with the 

elastic modulus of 211 GPa, yield strength of 350 MPa, 
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and Poisson ratio of 0.3. 

 

3 Results and discussion 
 

3.1 Microstructure of Ce/Cr coated Ni−Cr−Fe alloy 

foams 

Figure 1 shows the SEM morphologies of the 

open-cell Ni−Cr−Fe alloy foam substrate and the Ce/Cr 

coated alloy foams with 2% Ce and 3% Ce (mass 

fraction). Figure 2 illustrates typical two-dimensional 

X-ray CT images of the corresponding specimens. It can  

 

 
Fig. 1 SEM morphologies of Ni−Cr−Fe alloy foam substrate 

(a), 2% Ce/Cr coated alloy foam (b) and 3% Ce/Cr coated alloy 

foam (c) 

 

 

Fig. 2 X-ray CT images of open-cell Ni−Cr−Fe alloy foam (a), 

2% Ce/Cr coated alloy foam (b) and 3% Ce/Cr coated alloy 

foam (c) 

 

be seen that the open-cell Ce/Cr coated Ni−Cr−Fe alloy 

foams have a complex microstructure consisting of an 

interconnected network with hollow struts, which keep 

the original reticulated open-cell Ni−Cr−Fe alloy foam 

structure in Fig. 1. From a geometric point of view, the 

Ce/Cr coated Ni−Cr−Fe alloy foam may be regarded as 

the cell units connected by continuous solid metal 

ligaments in Figs. 1 and 2. In addition, compared with 

the Ni−Cr−Fe alloy foam substrate in Fig. 1(a), no 

macroscopic shape change of the specimens or distortion 

of the foam cell structure is observed for the Ce/Cr 

coated alloy foams in Figs. 1(b) and (c). 
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3.2 Cross-section morphology of Ce/Cr coated 

Ni−Cr−Fe alloy foams with different contents of 

Ce 

Figure 3 shows the cross-sectional micrographs of 

the Ce/Cr coated specimens fabricated at 980 °C for   

10 h. It can be seen that the Ce/Cr coatings are 

continuous with a deep grey color. However, the 

thickness of the Ce/Cr coatings varies significantly with 

different Ce contents. The thickness of the 1% Ce/Cr 

coating is not uniform along the Ni−Cr−Fe alloy foam 

strut, which is about 30 μm in Fig. 3(a). Some voids and 

cracks exist at the interface between the Ce/Cr coating 

and the substrate. 

Compared with that of 1% Ce/Cr coating in     

Fig. 3(a), the microstructure of the 2% Ce/Cr coating is 

more uniform and denser with a total thickness of 35 μm 

in Fig. 3(b). This is because Ce can accelerate the 

co-deposition of Ce and Cr, as surface active    

element [13]. The EDS point analysis of the 2% Ce/Cr 

coating indicates that the chemical composition of the 

Ce−Cr coating mainly consists of 90.95% Cr (mole 

fraction) and small amount of Ni and Fe, which change 

gradually from the internal section to the surface of the 

coating in Fig. 3(d). However, as the content of Ce 

increases to 3%, there are a number of pores at the 

interface between the Ce/Cr coating and substrate in  

Fig. 3(c), which may significantly reduce the bonding 

strength at the interface. 

Table 3 lists the geometric structure parameters of 

the Ce/Cr coated Ni−Cr−Fe alloy foam. For an accurate 

comparison of experimental results, the cell walls of the 

open-cell Ni−Cr−Fe alloy foam substrates have the same 

thickness (125 μm). It can be seen that when Ce content 

varies from 1% to 3% in the Cr coating, the thickness  

of the Ce/Cr coatings increases from 30 to 36 μm, and  

on the contrary, the porosity decreases from 91.6% to 

 

 

Fig. 3 Cross-section morphologies (a−c) of Ce/Cr coated Ni−Cr−Fe alloy foams fabricated at 980 °C for 10 h and EDS point analysis 

of 2% Ce/Cr coating (d): (a) 1% Ce/Cr coating; (b) 2% Ce/Cr coating; (c) 3% Ce/Cr coating 

 

Table 3 Geometric structure parameters of Ce/Cr coated open-cell Ni−Cr−Fe alloy foams 

Designation Coating composition Pore size/mm Porosity/% Coating thickness/μm 

1% Ce/Cr 1% Ce, Cr balance 1.27 91.6 30 

2% Ce/Cr 2% Ce, Cr balance 1.25 91.5 35 

3% Ce/Cr 3% Ce, Cr balance 1.25 91.4 36 
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91.4%. The result suggests that the Ce content is very 

important for the effective deposition of Cr and Ce in the 

pack cementation process. 

 

3.3 XRD analysis of Ce/Cr coated Ni−Cr−Fe alloy 

foams 

To verify the existence of phases in the Ce/Cr 

coated Ni−Cr−Fe alloy foams, Fig. 4 illustrates the XRD 

patterns of the Ce/Cr coated specimens with different Ce 

contents. The X-ray analysis indicates the presence of the 

Cr, (Ni, Cr) and (Fe, Cr) phases in the Ce/Cr coating 

mainly as Cr phase. This is because the Ce/Cr coating is 

deposited on the surface of the Ni−Cr−Fe alloy foam, 

which mainly consists of Cr. Simultaneously, with the 

increase of Ce content, the peak intensity of the Cr phase 

increases and the peak intensities of (Ni, Cr) and (Fe, Cr) 

solid solutions decrease. 

 

 

Fig. 4 XRD patterns of Ce/Cr coated Ni−Cr−Fe alloy foams:  

(a) 1% Ce/Cr coating; (b) 2% Ce/Cr coating; (c) 3% Ce/Cr 

coating 

 

3.4 Microhardness values of Ce/Cr coated Ni−Cr−Fe 

alloy foams with various Ce contents 

Figure 5 shows the position of microhardness 

testing point for bare Ni−Cr−Fe alloy foam. Each sample 

is measured from the marker position (namely, HV1, HV2 

and HV3). Figure 6 indicates the microhardness values of 

the bare Ni–Cr–Fe alloy foams and Ce/Cr coated alloy 

foams, respectively. The microhardness values of the 

Ce/Cr coated alloy foams are higher than those of the 

bare Ni−Cr−Fe alloy foams. With the increase of Ce 

content from 1% to 3%, the average microhardness value 

firstly increases and then decreases. Especially, the 

microhardness value of the 2% Ce/Cr coated alloy foam 

is almost 1.4 and 1.1 times as high as those of the 

Ni−Cr−Fe alloy foam and 3% Ce/Cr coated alloy foam, 

respectively. The results indicate that the addition of Ce 

leads to the formation of a dense microstructure and 

improves the strength of the alloy foam struts [15]. 

 

 

Fig. 5 Position of microhardness test for Ni−Cr−Fe alloy foam  

 

 

Fig. 6 Microhardness values of Ni−Cr−Fe alloy foams and 

Ce/Cr coated alloy foams 

 

3.5 Compressive behaviors of Ce/Cr coated Ni−Cr−Fe 

alloy foams with various Ce contents 

Figure 7 shows the typical compressive stress− 

strain curves of the bare Ni−Cr−Fe alloy foam and the 

Ce/Cr coated alloy foams at quasi-static strain rate of 

0.01 mm/s. It can be seen that all specimens exhibit 

smooth   stress−strain   curves  that   are  typical 

 

 
Fig. 7 Compressive stress–strain curves of bare Ni−Cr−Fe 

alloy foams and Ce/Cr coated alloy foams with various Ce 

contents at quasi-static strain rate of 0.01 mm/s 
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characteristics of ductile metallic foam [16]. The 

addition of Ce increases the compressive strength of the 

Ce/Cr coated alloy foams obviously. In addition, the 

uniaxial compressive stress–strain curves of the Ce/Cr 

coated alloy foams are similar to that of the bare 

Ni−Cr−Fe alloy foams, comprising three deformation 

stages: I) elastic deformation stage; II) plateau stage; and 

III) densification stage [17]. 

Stage I starts from the beginning of deformation and 

terminates at the stress peak. The deformation of the 

alloy foams occurs by elastic buckling, bending and 

extension of the cell walls [18]. The peak stresses of the 

Ce/Cr coated alloy foams are in the range of     

4.8−8.9 MPa after the onset of yielding. In stage II, the 

stress acting on the cell walls creates macroscopic plastic 

deformation in the weak areas of cell walls. The stress 

decreases with increasing strain and reaches the low 

valley stress, and then the collapse of the alloy foam 

occurs. In stage III, a rapid increase in the stress is 

observed and the successive collapse of the Ce/Cr coated 

alloy foams occurs. 

Simultaneously, compared with the bare Ni−Cr−Fe 

alloy foams, the Ce/Cr coated alloy foams show 

significant increase in yield stress and plateau stress. 

Especially, the yield stress and plateau stress of the   

2% Ce/Cr coated alloy foams are 7.2 and 2.3 MPa, 8.9 

and 3.5 MPa, which are 1.5−1.7 times and 1.5−2.3 times 

as high as those of the 3% Ce/Cr coated alloy foams. The 

increase in strength can be attributed to the increase in 

the bonding strength between the Ce/Cr coating and the 

foam substrate. 

However, the compressive stress–strain curves of 

the Ce/Cr coated alloy foams show a very weak stage II 

in Fig. 7, which are consistent with the results of 

published literature [19]. This is because the open-cell 

metallic foam as the substrate is prepared by using the 

electrodeposition technique. The middle part of the foam 

skeleton is thinner than the upper and lower surfaces of 

the foam specimen due to the electroplating conditions. 

Therefore, the middle part of the foam skeleton will 

happen to yield under the same loading conditions. 

In addition, compared with that of the bare 

Ni−Cr−Fe alloy foam, the peak stress of the Ce/Cr 

coated alloy foams is followed by a gradual stress drop. 

The difference between peak stress and valley stress is 

4.2−5.3 MPa. This is because the plastic deformation 

firstly occurs on the weakest strut of the alloy foams. The 

Ce/Cr coating strengthens the intensity of the alloy 

foams, and the compressive stress of the strut of the 

Ce/Cr coated alloy foam increases. When the struts of 

cell yield and fracture occur, the stress decreases 

suddenly from the peak stress to the low valley stress. 

Figure 8 indicates the representative compressive 

stress−strain curves of the Ce/Cr coated Ni−Cr−Fe alloy 

foams at the strain rate of 0.1 mm/s. It is shown that 

there are also three regions namely a linear elasticity,   

a plateau and a densification region in all the     

curves [20,21]. The yield stress of the Ce/Cr coated alloy 

foams increases with increasing the strain rate. The yield 

stress of the 2% Ce/Cr coated alloy foam increases from 

7.2 to 8.9 MPa with the same relative density. The yield 

stress of the 3% Ce/Cr coated alloy foam is increased to 

6 MPa at the strain rate of 0.1 mm/s. The results clearly 

indicate that these alloy foams show sensitivity to strain 

rate, which are in agreement with the results reported by 

other authors [22,23]. 

 

 
Fig. 8 Compressive stress–strain curves of Ce/Cr coated 

Ni−Cr−Fe alloy foams with various Ce contents at quasi-static 

strain rate of 0.1 mm/s 

 

The compressive strength of the open-cell metal 

foams can be predicted from a simple theory based on 

cubic unit cells [24]. According to Gibson and Ashby’s 

theory [24], the compressive strength σpl of hypothetical, 

uncoated Ni−Cr−Fe foams can be expressed by Eq. (2), 

as a function of their relative density ρf/ρs in Fig. 9 

(calculated with respect to the density of the solid nickel 

alloy). 
 

σpl=0.3σys(ρf/ρs)
3/2                                (2) 

 

where σys is the yield stress of a bulk reference material. 

Using values of σys taken from Ref. [25], the yield stress 

of Ni−Cr−Fe alloy is 350 MPa. 

Figure 9 indicates compressive strength as a 

function of relative density for bare Ni−Cr−Fe alloy 

foam and Ce/Cr coated alloy foams. It is apparent that 

the Ce/Cr coatings increase compressive strength of the 

alloy foam as compared with a hypothetical Ni−Cr−Fe 

alloy foams. Especially, the 2% Ce/Cr coated alloy foam 

has higher strength than the bare Ni−Cr−Fe alloy foam, 

1% and 3% Ce/Cr coated alloy foams. Because it leads to 

thicker coatings as well as higher intrinsic strength [26]. 

The results are also consistent with the previous results 

of microhardness test in Fig. 6. 
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Fig. 9 Compressive strength of Ce/Cr coated Ni−Cr−Fe alloy 

foams (uncoated Ni−Cr−Fe foam given for comparison) (The 

error bars are standard deviation determined from duplicate 

tests. The lines represent the anticipated mechanical response 

of a hypothetical uncoated Ni−Cr−Fe foam) 
 

In order to prove that the strength enhancement is 

not caused by an increase in foam density, Fig. 10 

presents the specific strength of the alloy foams. The 

formula is shown below: 
 

1/2 3/2
pl  f ys  f  s/ 0.3                           (3) 

 
It is apparent that all Ce/Cr coated alloy foams show 

higher specific strength than the uncoated Ni−Cr−Fe 

alloy foam in Fig. 10. Simultaneously, according to the 

specific strength calculated from Eq. (3), the specific 

strengths of Ce/Cr coated alloy foams are 2−3 times as 

high as those of hypothetical Ni−Cr−Fe foam with the 

same relative density. The result indicates that the Ce/Cr 

coatings with high bonding strength to substrate increase 

significantly the mechanical performance of the alloy 

foams. 
 

 

Fig. 10 Specific compressive strength of Ce/Cr coated 

Ni−Cr−Fe alloy foams (uncoated Ni−Cr−Fe foam given for 

comparison) (The error bars are standard deviation determined 

from duplicate tests. The lines represent the anticipated 

mechanical response of a hypothetical uncoated Ni−Cr−Fe 

foam) 

3.6 Energy-absorption properties of Ce/Cr coated 

alloy foams with various Ce contents 

Energy absorption is an important technological 

property of the metal foams. The energy absorption per 

unit volume (W) can be calculated by the area of     

the stress−strain curves. This can be expressed as  

follows [27]: 
 

d

0
( )d

 

 
W  


                                (4) 

 

where W is the energy absorption per unit volume; εd is 

the densification strain; σ is the compressive stress when 

strain is ε. 

Figure 11 shows the energy-absorption properties of 

bare Ni−Cr−Fe alloy foam and Ce/Cr coated alloy foams 

with various Ce contents, which are calculated according 

to Eq. (4). It can be seen that the change trend of the 

energy absorption performance increases linearly with 

increasing the strain, which is consistent with the change 

trend of the yield strength in Figs. 7 and 8 . When the 

yield platform of the samples gradually becomes dense, 

the energy absorption capacity of Ce/Cr coated alloy 

foams shows rapid increase between the strains of 0.4 

and 0.7. Especially, the 2% Ce/Cr coated alloy foam 

exhibits the highest energy absorption capacity in all the 

samples. The energy absorption capacity of 2% Ce/Cr 

coated alloy foam is averagely 1.9 times as high as that 

of bare Ni−Cr−Fe alloy foam. 

 

 

Fig. 11 Energy absorption capability of bare Ni−Cr−Fe alloy 

foam and Ce/Cr coated alloy foams 

 

Table 4 illustrates the mechanical properties of the 

bare Ni−Cr−Fe alloy foam and Ce/Cr coated alloy foams 

with various Ce contents. According to Table 4, it can be 

seen that the yield stress, plateau stress and energy 

absorption of the Ce/Cr coated alloy foams are strongly 

affected by the Ce addition. Especially, the yield stress 

and plateau stress of 2% Ce/Cr coated alloy foam are 

approximately 2 times as high as those of the Ni−Cr−Fe 

alloy foam substrate in Table 4. 
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3.7 Deformation and failure analysis 

For further insight into the deformation mechanisms 

of Ce/Cr coated Ni−Cr−Fe alloy foams, the 

microstructures of the Ce/Cr coated alloy foams are 

analyzed with different strain points. In the 

corresponding stress–strain curves in Fig. 12(a), the 

stress–strain points are denoted in Figs. 12(b)−(e), 

respectively. Firstly, the cell is still in the elastic regime 

and there is no visible plastic deformation at a strain of 

0.06 (Fig. 12(b)). After further loading to a strain of 0.1,  

 

Table 4 Mechanical properties of bare Ni−Cr−Fe alloy foam and Ce/Cr coated alloy foams 

Foam 
Relative          

density/% 

Microhardness 

values (VHN) 
Yield stress/MPa Plateau stress/MPa 

Energy absorption/ 

(MJ·m−3) 

Ni−Cr−Fe 8.1 210±10 4.2±0.5 2.2±1 3.6±0.5 

1% Ce/Cr coated 8.4 220±10 4.8±1 2.8±1.5 4.3±1 

2% Ce/Cr coated 8.4 260±5 7.2±1 2.3±1.5 6.4±1 

2% Ce/Cr coated 8.6 270±5 8.9±1 3.7±1.5 7.3±1 

3% Ce/Cr coated 8.5 230±5 5.6±1 1.5±1.5 4.5±1 

 

 

Fig. 12 Strain−stress curve (a) and morphologies (b−e) of 2% Ce/Cr coated Ni−Cr−Fe alloy foams with different strains: (b) ε=0.06; 

(c) ε=0.2; (d) ε=0.3; (e) ε=0.5 
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the struts bend further and buckle progressively. When 

the stress reaches the yield point of alloy foams, the peak 

stress represents the maximum fracture resistance of the 

Ce/Cr coated alloy foams. After the peak stress is 

reached, the stress decreases rapidly as a result of 

increasing strain and reaches the low valley stress in  

Fig. 12(a), which suggests the onset of the fracture of 

cell walls under the local bending moment. The Ce/Cr 

coated alloy foams undergo mechanical failure and the 

cracking of strut is observed at a strain of 0.2 in      

Fig. 12(c). 

With further deformation, the progressive collapse 

of unit cell walls results in the nearly constant plateau 

stage. The successive collapse of the foam happens to the 

weakest foam structure layer (the middle layer) at a 

strain ε=0.3 in Fig. 12(d). Then, a layer by layer failure 

owing to the bending of cell walls is apparent [28], and 

more and more cell-walls experience plastic strain and 

fracture, which can be found throughout the whole 

specimen in Fig. 12(e). Finally, the Ce/Cr coated alloy 

foam reaches the densification stage. 

Figure 13 shows the high magnification SEM 

images of the 2% Ce/Cr coated Ni−Cr−Fe alloy cell 

walls with strains of 0.2, 0.3 and 0.5. It is obvious that  

 

 

Fig. 13 Deformation morphologies of 2% Ce/Cr coated Ni−Cr−Fe alloy cell walls: (a) ε=0.2; (b) ε=0.3; (c) ε=0.5; (d, e) Enlarged 

images of zones A and B in Fig. 13(b), respectively 
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Fig. 14 Compressive behavior of 2% Ce/Cr coated Ni−Cr−Fe alloy cell walls obtained by image-based FE analysis: (a) ε=0.06;    

(b) ε=0.2; (c) ε=0.3; (d) ε=0.5 

 

the distortion and cracking are the main deformation 

behavior of the Ce/Cr coated alloy foam under the 

compression state. At first, deformation usually occurs in 

the middle of the foam skeleton with a strain of 0.2, and 

a great number of micro-fatigue-cracks occur in unit cell 

wall of the Ce/Cr coated alloy foam in Fig. 13(a) (Points 

A and B). Then, many cracks and wrinkles appear on the 

nodes of the alloy cell walls with a strain of 0.3 in Fig. 

13(b), and the crack edges appear to be irregular, which 

is a natural result of the ductile fracture mechanism. With 

further increasing the pressure, the deformation process 

happens in the other plane, which is perpendicular to the 

loading direction with a strain of 0.5 in Fig. 13(c). 

Because the porosity is as high as 91.4%−91.6%, the 

majority of cell walls are subjected to bending 

deformation. 
 

3.8 Simulation results and validation 

Figure 14 demonstrates the FE predictions of the 

whole deformation process of the Ce/Cr coated alloy 

foams at various strain stages (ε=0.06−0.5). It can be 

seen that the predicted results exhibit the collapse and the 

plastic deformation of the Ce/Cr coated alloy foams, 

which are in agreement with the experimental data   

(Figs. 12 and 13). As can be seen, firstly the cells 

undergo slight elastic−plastic deformation in the range of 

ε=0.06−0.2. The deformation begins in the middle layer 

of the specimens. Then, the cell walls in this layer 

undergo severe deformation at a strain of 0.3. Finally, the 

coated alloy foam undergoes a certain degree of 

deformation at a strain of 0.5. Therefore, it is possible to 

predict that the deformation of Ce/Cr coated alloy foam 

firstly occurs in the middle layer. Subsequently, the 

deformation expands from the middle to the edge of the 

coated alloy foam specimen. 
 

4 Conclusions 
 

1) With the addition of Ce, the microstructure of the 

2% Ce/Cr coated Ni−Cr−Fe alloy foams is denser and 

more uniform. The yield stress and the plateau stress of 

the 2% Ce/Cr coated alloy foams are increased 

significantly. Simultaneously, according to the Gibson 

and Ashby model, the compressive strength of the Ce/Cr 

coated alloy foams is increased, as compared with a 

hypothetical Ni−Cr−Fe alloy foam. 

2) With the increase of Ce content from 1% to 3%, 

the microhardness value of the Ce/Cr coated alloy foams 

firstly increases and then decreases. The Ce/Cr coatings 

significantly increase both the strength and energy 

absorption of the coated alloy foams. Especially, the 

average energy-absorption performance of 2% Ce/Cr 

coated alloy foam is 1.9 times as high as that of the bare 

Ni−Cr−Fe alloy foam. 

3) The distortion and cracking are the main 

deformation behavior of the Ce/Cr coated alloy foam 

under the quasi-static compression. At first, the cells of 

the coated alloy foam undergo slight elastic-plastic 

deformation. Then, many cracks and wrinkles appear on 

the nodes of the alloy cell walls. With continuing to 

increase the pressure, the deformation process happens in 

the other plane which perpendicular the loading  

direction. The collapse proceeds step by step with further 

increasing the pressure. Simultaneously, the compressive 

behavior of FE predictions is in agreement with the 

experimental results. 
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Ce 含量对 Ce/Cr 涂层开孔 Ni−Cr−Fe 泡沫合金 

力学性能的影响 
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摘  要：采用固体粉末包埋工艺将 Ce/Cr 涂层均匀分布在开孔 Ni−Cr−Fe 泡沫合金表面。利用静态压缩试验对 

Ce/Cr 涂层改性 Ni−Cr−Fe 泡沫合金的力学性能进行研究。同时，对静态压缩条件下 Ce/Cr 涂层 Ni−Cr−Fe 泡沫合

金的变形和破坏机制进行讨论。研究结果表明：添加不同含量的 CeO2 粉对 Ce/Cr 涂层泡沫合金力学性能产生较

大影响。虽然与初始 Ni−Cr−Fe 泡沫合金相比密度增加，但是 Ce/Cr 涂层泡沫合金的屈服强度和能量吸收性能明

显提高。尤其 2%Ce/Cr(质量分数)涂层泡沫合金的能量吸收性能为初始 Ni−Cr−Fe 泡沫合金的 1.9 倍。此外，Ce/Cr

涂层泡沫合金的力学性能随着应变速率的增加而增加。扫描电子显微镜(SEM)观察显示变形和开裂是 Ce/Cr 涂层

泡沫合金主要的变形行为。 

关键词：镍基泡沫合金；力学性能；屈服应力；平台应力；失效机制 
 (Edited by Wei-ping CHEN)  
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