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Abstract: Open-cell Inconel 625 superalloy foams were prepared by suspension impregnation method which involves 
replication of pure nickel foam ligaments with a mixed powder suspension and subsequent heat treatments. The 
objective of the present study is to find a suitable method ensuring complete densification of the superalloy foam 
ligaments without using low-melting additives and achieving uniform chemical composition at moderate sintering 
temperatures. Foams prepared using the above methodology were evaluated for the microstructure and compositional 
variation across the foam ligaments by scanning electron microscopy (SEM) coupled with electron dispersive 
spectroscopy (EDS). Quasi-static compressive properties of the foams were evaluated. It is shown that if elemental 
powders of Cr, Mo and Ni are used as additives to the superalloy powder suspension, high ligament density with 
uniform chemical composition conforming to the Inconel 625 specification is achieved at moderate sintering 
temperatures. These results are attributed to the formation of low melting eutectics and to acceleration of the diffusion 
kinetics due to the non-equilibrium thermodynamic conditions created by large compositional gradients in the presence 
of elemental powders. 
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1 Introduction 
 

Superalloy foams with an open-pore 
reticulated structure are strong candidates for many 
high-temperature applications, such as sandwich 
cores in the active thermal protection systems, 
components of heat exchangers, solar energy 
volumetric receivers, liners of aircraft high-speed 
turbofan rotors, and filters of hot gases [1−6]. A 
feasible approach to make such foams is the 
replication of highly-porous stochastic foam 
templates with the required metallic materials [7]. 

Ni-based superalloys are attractive foam materials 
because they demonstrate excellent combination of 
corrosion resistance and mechanical properties at 
elevated temperatures [8,9]. 

Highly-porous reticulated structures with a  
low relative density can be made by electrolytic 
deposition of metals onto structural elements 
(ligaments) of a stochastic polymeric foam, by 
electroless metal reduction, or by decomposition of 
carbonyls [7,10−13]. After suitable heat treatments 
to burn off the polymeric template and to sinter  
the deposited metal coating, a rigid and highly 
permeable reticulated structure can be achieved. 
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However, these methods are commonly limited to 
foams of pure metals like Ni, Cu, and Fe. Complex 
composition of the foam, also with strong 
limitations, can be achieved via layer-wise 
deposition of the constituent metals followed by 
homogenizing heat treatment [14]. 

Open-cell metal foams containing multiple 
alloying elements can be made by replication of the 
polymeric foam template with a suspension of 
metal powder(s) in a suitable proportion followed 
by multiple compressing the template to distribute 
the suspension uniformly within the template and to 
remove excess quantities [15−17]. The powders, 
suspended in the solvent, coat the ligaments of the 
polymeric foam. This is followed by drying and 
heat treatments to burn off the organic matter and 
sinter the powder particles. The “green” strength of 
the metallic part of this foam is poor, which makes 
it prone to collapse after burning out the polymeric 
template. In addition, the densification of the 
deposited powder during sintering is accompanied 
by large linear shrinkage resulting in distortion or 
cracking, particularly in large samples. A large 
residual porosity within the ligaments is a common 
problem of this method. 

QUEHEILLALT et al [18] used a reticulated 
vitreous carbon as the replication template to 
suppress the shrinkage at sintering and ensure 
structural stability. Inconel 625 superalloy powder 
was mixed with Ni−Cr−P braze alloy powder (the 
latter as a transient liquid phase sintering agent) in 
the impregnation suspension to improve the degree 
of sintering and reduce post-sintering porosity. The 
method uses expensive carbon foam as the template, 
and the presence of the braze alloy additive lowers 
the foam’s high-temperature properties. In another 
paper, QUEHEILLALT et al [19] used the electron 
beam directed vapor deposition (EB-DVD) 
technique to replicate ligaments of the polymeric 
foam template directly with Inconel 625 layer. 
However, additional deposition of a low-melting 
braze powder was necessary to achieve a 
non-porous ligament microstructure. In addition, 
EB-DVD process requires complex and expensive 
equipment, and the ion flux shading limits the 
template dimensions. 

Stochastic open-cell nickel foams can be 
considered as viable alternatives to carbon foam 
templates to produce distortion-free reticulated 
foams with improved corrosion resistance and  

good thermo-mechanical properties. CHOE and 
DUNAND [20] performed pack alloying of nickel 
foams in the mixture of an alloying metal powder, 
activator for the metal gas-phase transfer, and inert 
filler. Heating in an inert atmosphere initiated 
diffusion of the alloying metal into the foam 
ligaments, thus ensuring highly-porous Ni−Al and 
Ni−Cr−Al open-cell foams. A post-deposition 
homogenizing heat treatment eliminated the 
concentration gradients. PANG et al [21,22] 
synthesized Y−Cr and Ce−Cr-coated Ni−Cr−Fe 
alloy foams using the same approach. 

A much simpler process of making nickel base 
alloy foams starting from commercially available 
pure nickel foams was presented by WALTHER  
et al [23]. It comprised coating ligaments of the 
stochastic nickel foam template with a liquid 
organic binder, sticking a pre-alloyed powder to the 
binder, and carrying out heat treatments for 
debindering, transient liquid phase sintering, and 
diffusion of alloying components into the nickel 
foam ligaments. The process was stated to be 
flexible with respect to the targeted foam 
composition, of which more than 40 have been 
developed, but the thickness of the foams was 
limited to 3 mm. 

In our recent work [24], the nickel foam 
template was replicated by multiple impregnations 
in commercial Inconel 625 powder aqueous 
suspension followed by the removal of the excess 
suspension by centrifuging. This process not only 
retained the advantages of the process described in 
Ref. [23] but also allowed tailoring of the applied 
coating thickness. However, unequal diffusion flux 
rates of the alloying elements into the nickel foam 
template and poor densification of the applied 
powder layer, even at temperatures close to the 
liquidus point, were revealed. The objective of this 
study was to eliminate these drawbacks. We 
describe the effect of the sintering conditions    
on the densification of the applied powder layer, 
distribution of various alloying elements within the 
foam ligaments, and mechanical strength of the 
resultant superalloy foam. The innovative aspect of 
the study is the rational use of elemental powders 
mixed with superalloy powder which facilitates  
the ligament densification and compositional 
homogenization at moderate sintering temperatures 
without disturbing the mechanical integrity of the 
foam. This frees from the need for low melting 
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additives and ensures effective densification and 
conversion of pure Ni ligaments into IN625 
superalloy ligaments. Moreover, we explain the 
mechanism of achieving the desired densification 
and homogenization at moderate sintering 
temperatures based on the formation of low melting 
eutectics and creation of sharp initial compositional 
gradients made possible by the elemental powder 
addition. Evidently, the approach can be extended 
to foams based on other alloys as well. 
 
2 Experimental 
 
2.1 Preparation of nickel foam template 

Open-cell nickel foams were made in the  
form of plates with dimensions of 100 mm × 
100 mm × 20 mm and the density of 
(0.170.02) g/cm3 by electrolytic replication of 
reticulated polyurethane foam with a nominal cell 
size of 10 ppi. The process for the nickel layer 
deposition and the composition of the electrolyte 
are explained in detail in Ref. [25]. The nickel foam 
plates were sintered in the cracked ammonia 
atmosphere at 1100 °C for 1 h. Then, samples with 
a diameter of 30 mm were cut from the plates. 
 
2.2 Preparation of suspensions 

Suspensions of metal powder mixtures were 
prepared in 6% PVA aqueous solution (Celvol 325, 
Sekisui). The solid phase in the suspension 
comprised Inconel 625 superalloy powder (IN625, 
Hoganas) as the main component and elemental Mo, 
Cr and Ni powders (of Russian origins) in different 
contents. The contents (in wt.%) of the powder 
mixtures deposited on the nickel foam (NF) 
template ligaments and their designations are given 
in Table 1. The IN625 powder, according to the 
supplier’s data, contained (in wt.%): 21.40 Cr, 8.90 
Mо, 3.62 Nb, 0.58 Fe, 0.38 Mn, 0.43% Si, 0.01 C, 
0.01 Al, 0.01 Ti and balance Ni. The particle size 
distribution was: d10=23.1 m, d50=38.2 m, and 
d90=59.8 m. The elemental powders were of 
technical grade purity and the following average 
particle sizes d50: 10.9 m (Mo), 20.4 m (Cr), and 
13.5 m (Ni). SEM images of the powders used in 
this research are presented in Fig. 1. Different 
contents of metal powders, as given in Table 1, 
were mixed in the PVA aqueous solution in a glass 
vessel for 30 min using a propeller stirrer. The solid 
content in the suspension was 87 wt.% in all cases. 

Table 1 Contents of powder mixtures used for replication 

of nickel foam (NF) template 

No.
Designation of  

sample type 

Powder content in 
mixture/wt.% 

IN625 Ni Cr Mo

1 NF/625 100 − − − 

2 NF/625−2.5Ni−2.5Cr 95 2.5 2.5 − 

3 NF/625−2Ni−2Cr−1Mo 95 2 2 1 

4 NF/625−1Ni−9Cr 90 1 9 − 

5 NF/625−1Ni−10Cr−4Mo 85 1 10 4 

6 NF/625−10Cr−5Mo 85 − 10 5 

 

2.3 Preparation of superalloy foams 
The nickel foam templates were impregnated 

with the mixed powder suspensions described 
above, centrifuged at the overload of 12 g to 
remove the excess suspension, and dried     
above 100 °C. Three successive impregnation− 
centrifuging−drying cycles were required to achieve 
the foam density of 0.7−0.8 g/cm3 corresponding to 
the fractional porosity range of 0.90−0.92. Nickel 
foam ligaments were uniformly coated with the 
powder layers throughout the template without 
disturbing significantly their open-cell structure. 
Finally, the foam samples were put in graphite 
containers and heated in vacuum (<10−3 Pa) to 
sinter the powder layers and enable inter-diffusion 
of the alloying elements between the various 
powders and the pure Ni ligaments of the template. 
In all cases, the sintering was carried out for 2 h at 
different temperatures in the range of 
1290−1335 °C. 
 
2.4 Characterization methods 

SEM images of the foams were obtained using 
the scanning electron microscope (Mira, Tescan). 
Chemical analyses at different locations along   
the foam ligament thickness were carried out   
with an energy-dispersive EDX spectrometer 
(INCA−350, Oxford Instruments). To quantify the 
local compositional deviations from the average 
values at different locations within the ligaments, 
average contents of Cr, Mo and Nb were firstly 
determined. Thereafter, local compositions were 
measured at 3−5 points in the nickel foam  
template area. The deviation in the composition 
from the average value was calculated as the ratio 
of the local elemental concentration to its average  
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Fig. 1 SEM images of powders used for preparation of superalloy foams: (a) IN625; (b) Cr; (c) Mo; (d) Ni 

 

concentration. Metallographic samples were etched 
with Marble’s reagent for 1 min to reveal the 
microstructure. Mechanical strength of the foams 
was evaluated using a testing machine (H150KU, 
Tinius Olsen) under monotonic compression at the 
crosshead speed of 2 mm/min with the accuracy of 
5 N, which was less than 1% of typical onset and 
plateau loadings. At least 6 samples of each type 
were characterized. 
 
3 Results and discussion 
 
3.1 Theoretical basis for processing scheme and 

selection of raw materials 
The powder layers applied over the nickel 

foam ligaments by the impregnation method 
described above have no chance to be compacted as 
those in standard powder metallurgy components. 
This creates problems for further densification 
during sintering and homogenization of the 

chemical composition by solid state diffusion.  
Here, two mechanisms were aimed to drive the 
densification and homogenization processes:     
(1) liquid phase sintering; (2) faster diffusion 
kinetics due to the creation of non-equilibrium 
thermodynamic conditions by introducing the 
elemental powders in addition to the master alloy 
powders. 

In a general case, the kinetics and degree of 
sintering depend on several factors such as powder 
particle size, degree of powder compaction and 
temperature. To reduce the sintering time typical for 
solid state sintering, additives which produce low 
melting phase(s) are used, which results in “liquid 
phase sintering”. The liquid phase may be sustained 
till the end of sintering, remaining as the “matrix” 
phase in a composite-like microstructure, or may be 
transient due to the homogenization of the chemical 
composition, resulting in a nearly single phase 
microstructure at the sintering temperature [26]. If 
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there is good wetting between the liquid and the 
solid phases, the liquid penetrates between the 
powder particles and facilitates sintering 
mechanisms such as powder particle rearrangement, 
solid dissolution and re-precipitation. Besides, 
elemental diffusion through the liquid state is a few 
orders of magnitude faster than that in the solid 
state which accelerates sintering kinetics. In the 
present case, 625 superalloy powders, the elemental 
powders, and the pure Ni ligaments together form 
an interacting system in which large solubility 
exists for the alloying elements Cr, Mo and Nb in a 
common parent element Ni. For example, 47 wt.% 
Cr dissolves in Ni at the eutectic temperature of 
1345 C [27], 47.7 wt.% Mo dissolves in Ni at the 
eutectic temperature of 1310 C [28] and 18.9 wt.% 
Nb dissolves in Ni at approximately 1275 C [29]. 
Processing of powder blends, consisting of powder 
feedstock produced by mixing distinct elemental 
powdered components, can promote more intensive 
densification and diffusion than processing of 
pre-alloyed powders. Due to the presence of 
particles with different compositions in the powder 
mixture, reactions between several different phases 
or components can occur simultaneously at 
sintering. The direction of the processes is towards 
thermodynamic equilibrium in the system [30]. In 
the present case, the idea is to mix the master alloy 
powders with elemental powders to form the 
desired superalloy across the in-situ foam ligaments 
during sintering via diffusion homogenization. The 
presence of elemental powders (Cr and Mo) 
promotes large compositional gradients which can 
play an important role in reaching the equilibrium 
composition through intense diffusive fluxes, in 
comparison with those using alloy powders. Nb was 
not added in the elemental form, since it has the 
potential to form undesired Laves phases [31]. 

3.2 Densification of deposited powder layer 
The effect of sintering temperature on 

densification of the powder layer deposited on the 
nickel foam ligaments is explained in Table 2. 

The evolution of densification of the foam 
ligaments with increasing sintering temperature in 
the case of IN625 powder deposition (NF/625 
sample) is illustrated in Fig. 2. The sintering 
temperatures presented here are to be considered in 
the light of the solidus and the liquid temperatures 
of the IN625 alloy, which are 1290 and 1350 °C, 
respectively [32]. As can be seen, no remarkable 
densification was found after sintering at 1290 and 
1305 °C: the boundary between the NF template 
surface and the highly-porous powder layer could 
be distinguished, and only small necks are seen to 
have formed between the contacting powder 
particles (Figs. 2(a, b)). At 1320 °C, coalescence  
of pores and remarkable densification of the   
powder layer occurred. However, the residual 
porosity was too high (Fig. 2(c)). At a still higher 
sintering temperature of 1335 °C, almost complete 
densification was observed, and the interface 
between the Ni ligaments of the foam template and 
the deposited powder layer disappeared (Fig. 2(d)). 
However, a small amount of porosity in the form of 
large isolated pores still existed. Sintering at higher 
temperatures approaching the superalloy liquidus 
temperature of 1350 °C resulted in complete 
sample melting, which is not desired. In summary, 
sintering close to the liquidus temperature of IN625 
was required to obtain good sintered density if only 
IN625 powder was deposited. 

Such a densification behavior, of which 
densification is insignificant at lower sintering 
temperatures and increases sharply close to the 
liquidus temperature, is very different from that 
reported for typical powder metallurgy processes, 

 
Table 2 Effect of sintering temperature on densification of deposited powder layer 

No. Sample type 
Sintering temperature/°C 

1290 1305 1320 1335 

1 NF/625 No densification No densification Large residual porosity Densely sintered 

2 NF/625−2.5Ni−2.5Cr − Large residual porosity Small residual porosity Densely sintered 

3 NF/625−2Ni−2Cr−1Mo − Large residual porosity Densely sintered Densely sintered 

4 NF/625−1Ni−9Cr − Large residual porosity Densely sintered Buckling, surface fusion

5 NF/625−1Ni−10Cr−4Mo Densely sintered Densely sintered Buckling, surface fusion − 

6 NF/625−10Cr−5Mo Densely sintered Densely sintered Buckling, surface fusion − 
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Fig. 2 SEM images showing ligament cross-sections of NF/625 foams depending on sintering temperature: (a) 1290 °C; 

(b) 1305 °C; (c) 1320 °C; (d) 1335 °C 

 

where gradual and uniform elimination of the 
residual porosity with increasing sintering 
temperature is seen and, that too, at lower sintering 
temperatures. MOSTAFAEI et al [33] prepared 
samples by powder bed binder jet printing of IN625 
superalloy powders with the average particle size of 
31.8 m. A very high level of relative density of 
99.6% was obtained after sintering at 1290 °C (i.e. 
below the solidus temperature). ÖZGÜN et al [34] 
sintered injection molded IN625 superalloy 
powders with the average particle size of 11.1 m. 
A high relative density of 98% was attained after 
sintering at 1300 °C (i.e. slightly above the solidus 
temperature). UNVER et al [35] used the same 
IN625 powders to make superalloy foam by the 
powder space-holder technique at the uniaxial 
compacting pressure of 150 MPa. Vacuum sintering 
at 1300 °C also ensured a high relative density of 
97%. The main difference between the above three 

processes on one hand and suspension impregnation 
process on the other hand is that the green densities 
achievable in suspension impregnation are lower, 
which might have necessitated sintering at higher 
temperatures to achieve a comparable level of 
densification. 

Figure 3 presents higher magnification views 
of the powder layers after sintering at 1305 °C and 
compares Samples 1, 3, and 4 concerning the state 
of powder agglomeration, size and distribution   
of porosity (Figs. 3(a, c, d)). In the as-deposited 
condition, the powder particles are loosely held in 
the form of unevenly distributed small aggregates 
(not shown). Sintering of Sample 1 at 1305 °C led 
to partial coagulation of the powder aggregates 
(Fig. 3(a)). After sintering at a higher temperature 
of 1320 °C, the primary porous structure consisting 
of particles smaller than 50 m had transformed 
into a secondary porous structure consisting of large 
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Fig. 3 SEM images showing powder layer over NF template ligament: (a) NF/625 foam, 1305 °C; (b) NF/625 foam, 

1320 °C; (c) NF/625−1Ni−9Cr, 1305 °C; (d) NF/625−2Ni−2Cr−1Mo, 1305 °C 

 

densely sintered clusters of 100−200 m size with 
large pores (Fig. 3(b)). In Sample 3 (NF/625−1Ni− 
9Cr) and Sample 4 (NF/625−2Ni−2Cr−1Mo) that 
had the elemental powder additives and were 
sintered at 1305 °C, the agglomeration of the 
powders and the coarsening of the porosity had 
progressed more as compared to Sample 1 (NF/625) 
sintered at either 1305 or 1320 °C. This resulted in 
concentrated porosity and fewer but larger 
agglomerates without any powdery appearance 
(Figs. 3(c, d)). This clearly shows the beneficial 
effect of elemental powder additions on reducing 
the sintering temperature for comparable   
progress of sintering. Further densification of the 
deposited layer was only possible at higher 
sintering temperatures where significant fusion 
occurred. 

A comparison of the sintering behavior of all 
the samples at different temperatures showed that 
introducing elemental powder additives to IN625 

powder resulted in: (1) the decrease in sintering 
temperatures by 15−45 °C, approaching values as 
low as the superalloy solidus temperature 
(1290 °C) to achieve a high level of densification; 
(2) a wider allowable temperature range for 
complete densification. In blends containing 
elemental molybdenum powder, the beneficial 
effect on densification was more pronounced, 
which is presumed to be due to the formation of 
Ni−Mo eutectic liquid in the inter-particle region. 

Figure 4 presents SEM images of the 
ligaments and their cross-sections of foams 
prepared using the elemental powder additives (in 
addition to IN625), which were sintered under 
conditions that gave the highest levels of 
densification. As shown in Fig. 4, complete 
densification of the ligaments without any residual 
porosity was achieved in all the cases, and the 
densification temperature range shifted to lower 
temperatures with increasing content of the powder 
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Fig. 4 SEM images showing foam structure (a) and cross-sections of densely sintered ligaments (b−d) in different foam 

types: (a) NF/625−10Cr−5Mo, 1305 °C; (b) NF/625−2Ni−2Cr−1Mo, 1335 °C; (c) NF/625−1Ni−9Cr, 1320 °С;      

(d) NF/625−1Ni−10Cr−4Mo), 1305 °C 

 

additives. The larger quantities of additives  
present in Sample 5 (NF/625−1Ni−10Cr−4Mo) and  
Sample 6 (NF/625−10Cr−5Mo) led to the collapse 
of the internal channels of the foam ligaments 
during sintering at 1305 °C. This indicates the 
occurrence of partial liquation during sintering 
within the NF template area since significant 
diffusion into the dense nickel ligaments can only 
be expected under liquid phase sintering. At the 
same time, it can be seen in the image of Fig. 4(a) 
that the original cellular structure of the foams 
remains unchanged. 
 
3.3 Degree of homogenization 

As can be seen in the images in Figs. 2 and 3, 
two distinct areas within the foam ligaments are 
present: (1) the NF template area and (2) the 
sintered powder layer with residual porosity, the 

level of which depends on the layer composition 
and the sintering temperature. In the as-suspension- 
deposited condition, the foam structure consists of 
the tubular Ni ligaments with the wall thickness of 
20−30 m and the mixed powder deposit which 
coats the Ni ligaments. The sintering treatment not 
only causes the densification of the powder layer 
but also initiates diffusion-aided homogenization of 
the composition. The kinetics of sintering depends 
on factors such as temperature, the diffusivity of the 
alloying elements, the volume fraction of the liquid 
phase, and the boundary area between the layers. 

The level of homogenization in the NF 
ligaments after sintering at different temperatures, 
expressed in terms of the actual alloy content within 
the Ni ligament as its average composition, is 
illustrated in Fig. 5 for different powder mixtures 
used. The degree of homogenization is seen to be 



Oleg SMORYGO, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2388−2401 

 

2396

strongly dependent on the sintering temperature. It 
is evident that if the sintering temperature is below 
the 625 alloy solidus temperature (solid-state 
sintering), the degree of homogenization is low. 
However, when the sintering temperature increases 
within the liquidus−solidus temperature range, 
greater compositional uniformity is achieved via 
liquid phase sintering. Also, the use of elemental 
powders is expected to facilitate the formation of low 
melting eutectic liquids of the corresponding binary 
systems. 
 

 
Fig. 5 Average contents of alloying elements in NF area 

as compared to their average contents in foam: (a) Cr;  

(b) Mo; (c) Nb 

The homogenization kinetics is seen to be the 
fastest for Nb, intermediate for Cr, and the slowest 
for Mo for all the powder mixtures (Fig. 5). 
HARGATHER et al [36] estimated the pre- 
exponential factors and the activation energies for 
26 elements in dilute solutions of FCC nickel. In 
particular, the values of the diffusion parameters at 
two different temperatures of 700 K (427 °C) and 
1700 K (1427 °C) were given. Based on these data, 
diffusion coefficients of Cr, Mo, and Nb at 1300 °C 
have been calculated and presented in Table 3. The 
self-diffusion coefficient D0 and activation energy 
at 1427 °C (near the sintering temperature) from 
Ref. [36] have been used. 
 
Table 3 Diffusion coefficients of Cr, Mo and Nb (as 

dilute solutions) in Ni at 1300 °C 

Element D0/(m
2ꞏs−1) 

Activation 
energy per 
atom/eV 

Diffusion 
coefficient/ 

(m2ꞏs−1) 

Cr 9.25×10−5 3.11 9.59×10−15 

Mo 1.09×10−5 2.90 5.34×10−15 

Nb 6.33×10−5 2.74 1.01×10−13 

 

Table 3 shows that the diffusion coefficient of 
Nb is at least an order of magnitude higher than that 
for Cr, which in turn, is somewhat higher than that 
of Mo. This explains the relative kinetics of the 
homogenization of the elements during sintering. A 
uniform distribution of Cr and Mo is observed in 
two of the foam types (NF/625−1Ni−10Cr−4Mo 
and NF/625−10Cr−5Mo), which have the highest 
aggregate solute contents and are expected to form 
the greatest amount of liquid during sintering. 
When the sintering temperature exceeds the IN625 
superalloy solidus temperature, the sintering 
kinetics will be accelerated further, since the NF 
ligaments which are initially below the freezing 
temperature are increasingly brought into the 
two-phase temperature range, further promoting 
liquid phase sintering. 
 
3.4 Microstructures of sintered and homogenized 

foams 
Past researches on IN625 superalloy powder 

metallurgy products after the solid-state or liquid- 
phase sintering showed that their microstructures 
consisted of round grains with the grain-boundary 
as well as intra-granular precipitates, which were 
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either niobium carbides or metallic phases enriched 
in Nb and Mo [33,34]. 

A typical microstructure of the foams made in 
the present work in the best-homogenized condition 
is presented in Fig. 6. The microstructure is typical 
of as-cast 625 superalloy showing round grains with 
a network of inter-granular precipitate particles. The 
nature of the microstructure is similar across the 
entire cross-section of the foam ligaments in two 
types of foams (NF/625−1Ni−10Cr−4Mo and 
NF/625−10Cr−5Mo), strongly suggesting that 
liquation occurred in the base nickel foam template 
as well as in the powder deposit. Liquation within 
the nickel foam template area, despite the sintering 
temperature being below the melting point of pure 
nickel, is attributed to the diffusion of the alloying 
elements bringing down the solidus temperature 
below the sintering temperature. 

Detailed information about the melting and 
solidification mechanisms of 625 alloys can be 
found in Refs. [37,38]. It was demonstrated in 
Refs. [37,38] that the principal feature of the 
solidification process in 625 cast alloys is the 
enrichment of Nb in the last liquid before complete 
solidification. As a result, the characteristic 
solidification phases formed are as follows: FCC 
γ-Ni solid solution; MC and/or MC6 type niobium 

carbides; eutectic-like Laves phases enriched in Nb 
and Mo. The Laves phases are topologically 
close-packed A2B type intermetallic compounds in 
which, in the case of 625 superalloy, Positions A in 
the lattice can be occupied by Cr and Ni, whereas 
heavy elements (Nb and Mo) occupy Positions B. 
The solidification path and the final microstructure 
of 625 superalloys are strongly influenced by the 
real content of alloying elements and the levels of 
minor impurities. The alloy powders used in the 
present work contained a very low amount of 
carbon. Besides, since Nb was not introduced as 
elemental powder, its content in the final foam 
approached the lower possible limit. Thus, the 
formation of carbides was limited to separate 
micron-scale inclusions (Fig. 6(b)) [37], although 
their exact stoichiometry (MC or MC6 type) was not 
determined. EDS elemental analysis revealed that 
the grain boundaries were significantly enriched in 
Nb and Mo as compared to the average foam 
composition, suggesting the formation of the Laves 
phase precipitates. The Laves phases are known to 
have a detrimental effect on the alloy mechanical 
properties. The presence of the Laves phases may 
be promoted by Si impurity that was present in the 
as-supplied superalloy powders to a reasonable 
level [35]. 

 

 
Fig. 6 Microstructures (a, b) and EDX elemental maps in precipitate area (c−f) of NF/625−1Ni−10Cr−4Mo sample 
sintered at 1305 °C 
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3.5 Compressive properties of superalloy foams 

The quasi-static compression stress−strain 
curves of the NF/625 foams sintered at different 
temperatures are demonstrated in Fig. 7. The 
stress−strain response of foams sintered at lower 
temperatures, at which the sintering is incomplete 
(i.e. having large residual porosity), is typical of 
foams with the ligaments consisting of distinct 
layers with unequal compositions, residual 
porosities, and different (brittle and ductile) 
mechanical behaviors [39]. In such foams, the 
curves contain clear peak corresponding to the 
initiation of damage within the brittle component, 
followed by the post-peak plateau corresponding to 
the plastic deformation of the load-bearing NF 
skeleton. When the sintering conditions ensured 
complete densification of the powder layers (e.g. 
1335 °C for NF/625 foams), the stress−strain curves 
had a classical shape of ductile foams and contained 
a long plateau [40]. 
 

 
Fig. 7 Stress−strain curves of NF/625 foams sintered at 

different temperatures 

 
Figure 8 shows the compressive strength 

dependence on the sintering temperature of 
different superalloy foams prepared in this research. 
Here, the strength value corresponds to the peak 
stress (if it exists), or to the intersection point of the 
initial loading and the plateau slopes. The graphs 
display general trends and the data cannot be 
considered as statistically significant because the 
samples of the same type had moderate density 
deviation 0.7−0.8 g/cm3, while the number of 
samples was limited to 6−8 pieces of each type,  
and a large scatter in the measured values of 
compressive strength was observed. In spite of this, 
it is clear that the compressive strength increases 

with the increase in the sintering temperature  
which, in turn, can be attributed to the improved 
densification of the deposited powder layer. The 
effect of the foam composition and the composition 
uniformity was not statistically reliable; almost all 
foam samples in which the deposited powder  
layer was densely sintered had similar average 
compressive strength values of about 5 MPa. A 
slightly lower strength of two types of foams 
(NF/625 and NF/625−2.5Ni−2.5Cr) can be 
attributed to the minor residual porosity in the form 
of large isolated pores that were observed after 
sintering at 1335 °C. 
 

 

Fig. 8 Compressive strength of different foams 

depending on sintering temperature 

 
Additional heat treatments which were not 

explored in this research, such as sequential 
solution heat treatment, quenching and aging, can 
lead to a significant increase in the strength      
of the studied material due to the microstructure  
evolution [34,41]. At the same time, a simultaneous 
significant decrease in the fracture toughness 
should be expected [41,42]. 
 
4 Conclusions 
 

(1) Open-cell superalloy foams with a uniform 
microstructure were made by a simple method 
comprising replication of a stochastic nickel foam 
template with commercial Inconel 625 superalloy 
powders, followed by high-temperature vacuum 
sintering to densify the applied powder and ensure 
uniform distribution of alloying elements across the 
foam ligaments. 

(2) Heating the foams to temperatures that 
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were close to the 625 superalloy liquidus point 
ensured the densification of the powder layer with 
low residual porosity but did not ensure fast 
diffusion of the alloying elements (Mo, Cr and Nb) 
into the nickel foam template ligaments. 

(3) Adding elemental powders (Mo and Cr) to 
the master alloy powders led to lower densification 
temperature and more intensive diffusion processes, 
the latter can be attributed to the initial non- 
equilibrium conditions in the system with strong 
composition gradients as well as the local formation 
of low-temperature eutectic melts in binary 
systems. 

(4) When 5 wt.% of Cr powder and 4−5 wt.% of 
Mo powder were added to Inconel 625 powder, 
complete densification of the applied powder 
mixture occurred, and the composition was uniform 
across the foam ligaments. The microstructure was 
similar to that of as-cast 625 superalloy, which 
included inter-granular Laves phase precipitates and 
micron-scale carbide inclusions. 

(5) The compressive yield strength (~5 MPa at 
0.7−0.8 g/cm3) was found to be dependent on the 
sintering condition of the applied powder layer and 
not sensitive to the composition non-uniformity. 
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摘  要：采用悬浮液浸渍法制备开孔泡沫 Inconel 625 高温合金，先用混合粉末悬浮液复制纯镍泡沫带，然后进行

热处理。本研究的目的是寻找一种合适的方法，在不使用低熔点添加剂的情况下，确保泡沫高温合金带的完全致

密化，并在适中的烧结温度下获得均匀的化学成分。通过扫描电子显微镜和能谱仪对上述方法制备的泡沫带的显

微组织和成分变化进行表征，并对其准静态压缩性能进行评估。结果表明，用 Cr、Mo 和 Ni 元素粉末作为高温

合金粉末悬浮液的添加剂，在适中的烧结温度下，可获得化学成分均匀、密度高、符合 Inconel 625 标准的高温合

金粉末悬浮液。这是因为低熔点共晶的形成，以及存在元素粉末时大的成分梯度所产生的非平衡热力学条件加速

了扩散动力学。 

关键词：高温泡沫合金；悬浮液复制；烧结；扩散；显微组织 
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