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A B S T R A C T   

Porous NiAl intermetallic compounds demonstrate great potential in various applications by their high porosity 
and excellent oxidation resistance. However, to obtain a controllable NiAl intermetallic structure by tuning 
different process parameters remains unclear. In this work, porous NiAl intermetallic compounds were fabricated 
by economic and energy-saving thermal explosion (TE) reaction. The relationship between microstructure and 
process parameters was revealed using three-dimensional X-ray microscopy (3D-XRM) with high resolution and 
non-destructive characteristics. The geometrical features and quantitative statistics of the porous NiAl obtained 
at different heating rates (2, 10, 20 ◦C min− 1) were compared. The result of the closed porosity calculation 
showed that a lower heating rate (2 ◦C min− 1) promoted the Kirkendall reaction between Ni and Al, resulting in a 
high closed porosity (5.25%). However, at a higher heating rate (20 ◦C min− 1), a homogeneous NiAl phase was 
observed using the threshold segmentation method, indicating uniform and complete TE reaction can be ach
ieved at a high heating rate. The result of the 3D fluid simulation showed that the sample heated at 10 ◦C min− 1 

had the highest permeability (2434.6 md). In this study, we systematically investigated the relationship between 
the heating rates and properties of the porous NiAl intermetallic, including the phase composition, porosity, 
exothermic mechanism, oxidation resistance, and compression resistance. Our work provides constructive di
rections for designing and tailoring the performance of porous NiAl intermetallic compounds.   

1. Introduction 

Owing to high porosity, stable pore structure, excellent corrosion and 
oxidation resistance at high temperature, porous Al-based intermetallic 
compounds (Fe-Al, Cu-Al, Co-Al, Ni-Al) demonstrate promising poten
tial in various applications, such as filtration, purification, flow control. 
In particular, porous NiAl compounds have become a research hotspot 
for their excellent heat conduction, oxidation resistance, and weldability 
[1–8]. 

Porous NiAl intermetallic compounds can be synthesized by (1) 
space holder technique (SHT) [9–11], (2) elemental powder metallurgy 
(EPM) [12–14], (3) combustion synthesis (CS) [15–17]. Compared with 
SHT and EPM, porous NiAl compounds synthesized by CS possess high 
porosity and a skeleton structure with connected channels [18–22]. CS 

can be achieved by two approaches: thermal explosion (TE) and self- 
propagating high-temperature synthesis (SHS). In the TE approach, 
the green compact is heated evenly at a steady rate, where the risk of 
cracking and deformation can be reduced during heating. Up to now, 
various porous intermetallic compounds (Co-Al, Fe-Al, Ni-Al, Ti-Al, and 
Ti-Si) have been obtained by the TE approach [23–26]. 

However, the real combustion temperature of porous NiAl sample 
during the TE reaction is hard to control. Once the reaction temperature 
exceeds the melting point of porous NiAl (1638 ◦C), the compound can 
melt and lose its structure [27,28]. To solve this problem, Cai et al. [29] 
proved that the real combustion temperature of porous NiAl can be 
decreased effectively by extending the holding time, which can effec
tively suppress the deformation and melting of the product. Jiang et al. 
[30] studied the effect of heating rate and isothermal treatment on the 
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sintering of Ni3Al sample, and concluded that when the sample was 
treated at a lower heating rate (1–2 ◦C min− 1) to a proper temperature 
(470–490 ◦C), the product can maintain its original morphology. Pre
vious studies have made important contributions to the successful 
preparation of porous NiAl materials, but the effects of sintering pa
rameters on thermodynamics and the oxidation kinetics of sintered 
products with different heating rates are still unclear. 

Three-dimensional X-ray microscopy (3D-XRM) is a powerful tool to 
analyze porous intermetallic compounds by its high resolution and non- 
destructive characteristics. While, past research mainly focused on 
characterizing the three-dimensional porous structure of porous inter
metallic compounds, the effect of heating rate on pore distribution and 
phase composition has not been further studied [31,32]. 

In this work, porous NiAl intermetallic compounds were obtained by 
economic and energy-saving TE method. The influence of heating rate 
on the macroscopic morphology, exothermic mechanism, microstruc
ture, oxidation resistance and mechanical properties of porous NiAl 
were investigated. Moreover, 3D-XRM was used to study the pore dis
tribution with different heating rates. This study offers a fundamental 
understanding of the pore formation mechanism and the effect of 
heating rate on porosity in porous intermetallic compounds. 

2. Materials and experimental methods 

2.1. Raw materials and preparation process 

Ni powders (Shanghai Aladdin Biochemical Technology Co., Ltd., 75 
μm, 99.9% purity), Al powders (Shanghai Aladdin Biochemical Tech
nology Co., Ltd., 38–75 μm, 99.9% purity) were proportionately mixed 
in a roller mixer (Mixer-RM1, 200 rpm for 24 h). The atomic ratio of 
porous NiAl was Ni-50 at.% Al. A stainless-steel mold was used to obtain 
the columnar green compact with a diameter of 1.5 cm and height of 
0.2–0.3 cm. The applied pressure was 300 MPa and the holding time was 
5 min. Subsequently, the green compacts were heated to 700 ◦C with a 
series of heating rates (2, 5, 10, 12, 15, 20 ◦C min− 1) in a tube furnace 
(OTF-1200X, China) under H2 atmosphere (200 mL m− 1, 99.99%). After 
the furnace cooled to the room temperature, obtained samples were 
transferred out of the furnace. 

The oxidation experiment was carried out in a muffle furnace (KSL- 
1500X, China) at 900 ◦C under air atmosphere. The mass change of 
porous NiAl was recorded after the set oxidation time. Based on formula 
(1), the functional relationship between mass change and oxidation time 
was used to evaluate the oxidation kinetics laws. 

MG = (mt − m0)/m0 × 100% (1) 

MG is the mass change of porous NiAl after a certain oxidation time, 
mt is the mass of porous NiAl after different oxidation time, m0 is the 
initial mass of porous NiAl before oxidization. 

With crosshead speed of 1 mm min− 1, an electronic universal testing 
machine (UTM 5305, China) was used for the compression resistance 
test. Three samples with the same size were tested to calculate the 
average compressive strength under each heating condition. 

2.2. Materials characterization 

Differential scanning calorimeter (DSC, F5-Jupiter STA449, Netzsch, 
Germany) was used to analyze the heat change of the compounds during 
the TE reaction. The samples were heated up to 700 ◦C with a series of 
heating rates (2, 5, 10, 20 ◦C min− 1). To prevent oxidation, a consecutive 
Ar flow was used during the DSC test. 

The phase composition of porous NiAl was identified by X-ray 
diffraction characterization (Bruker D8 Advance, using Cu target with λ 
= 0.154184 nm). Filed-emission scanning electron microscopy (FE-SEM, 
SU8220, Japan) coupled with the function of Energy Dispersive Spec
troscopy was applied for investigating the microstructure and element 
composition. 

Three-dimensional X-ray microscopy (3D-XRM) was used to analyze 
the pore size and phase distribution of porous NiAl. High resolution (≈
0.7 voxels) 3D images of porous NiAl were obtained by Zeiss™ Xradia 
Versa 510 X-Ray Microscope. The scanning voltage was set to 80 kV, and 
the corresponding scanning current was 88 μA. For samples with three 
heating modes (2, 10, 20 ◦C min− 1), in the exposure time of 6 s, 3001 
projections were taken within 360◦, and the average pixel size was 
1.909 μm. InspeXio (Shimadzu Co., Ltd., Japan) was used to reconstruct 
the 2D images into 3D models. The software of Dragonfly (ORS Inc., 
Canada) and Avizo (VSG Inc., Burlington, MA, USA) were used for 
threshold segmentation, fluid simulation and other postprocessing 
work. The schematic of 3D-XRM, image processing, and 3D recon
struction were illustrated in Fig. 1. 

3. Results and discussion 

3.1. Phase composition and microstructure 

Fig. 2 shows the effect of heating rate on the macroscopic 
morphology of NiAl sintered pellets. All sintered pellets show obvious 
volume expansion compared to the green compact. The expansion rate 
increases with the increasing of the heating rate (2–10 ◦C min− 1). 
However, when the heating rate continues to increase (10–20 ◦C min− 1), 
the expansion rate decreases gradually. Besides, the melting and 
deformation also occur at the edge of the product. This could be 
explained by that the high heating rate promotes TE reaction, where a 
large amount of heat releases instantly and results in the melting and 
deformation in porous NiAl [33]. By comparison, 10 ◦C min− 1 is the best 
parameter for obtaining stable porous NiAl product. 

In order to further study the effect of heating rate on porous NiAl, 
four heating modes (2, 5, 10 and 20 ◦C min− 1) are selected as the 
research objects. Fig. 3 shows the DSC curves of NiAl samples heated 
from 20 ◦C to 700 ◦C with a series of heating rates. Each curve shows two 
exothermic peaks in the range of 400–700 ◦C. The first exothermic peak 
is due to the interdiffusion reaction between Ni and Al, corresponding to 
the process of solid-state diffusion, which has the characteristics of a 
wide temperature range and weak intensity [34]. With the heating rate 
increasing from 2 ◦C min− 1 to 10 ◦C min− 1, the initial temperature (Tim) 
of the first peak increases from 558 ◦C to 568 ◦C, and the continuous 
temperature range (Tfm-Tim) gradually decreases. Apart from that, the 
thermal effect of the first peak decreases from 158.1 J g− 1 to 53.0 J g− 1 

and the peak gradually tends to be flat. Notably, when the heating rate 
increases to 20 ◦C min− 1, the first peak has completely disappeared. In 
fact, the diffusion reaction between Ni and Al can be fully completed at a 
lower heating rate, resulting in more diffusion heat release. When the 
heating rate gradually increases, there is not enough time for the 
interdiffusion reaction, but directly reaches the melting point of Al 
(660 ◦C), therefore the heat released by diffusion reaction is reduced. 
The second exothermic peak is due to the violent TE reaction, and it is 
sharper and narrower than the first peak [34]. Notably, the temperature 
range from the initial temperature to the peak temperature (Tpr-Tir) 
gradually decreases with the increasing of the heating rate. The thermal 
effect of the second peak gradually increases from 163.5 J g− 1 to 637.0 J 
g− 1, illustrating the increase of the heating rate promotes the melting of 
Al and accelerates the TE reaction. In general, a low heating rate is 
conducive to the interdiffusion reaction of porous NiAl, and a high 
heating rate would promote the TE reaction. Cai et al. [29] concluded 
the first peak can block the second peak, which reduced the heat in the 
TE reaction. In the Ni-Al system, decreasing the heating rate can sup
press melting and deformation of the products that caused by violent TE 
reaction, while a low heating rate might be more energy- and time- 
consumption. 

The SEM images of the sintered porous NiAl, as shown in Fig. 4, 
demonstrate the influence of heating rates on the microstructure of 
porous NiAl. From Fig. 4a, when the sample is heated at 2 ◦C min− 1, a 
weak TE reaction leads to only a small amount of TE pores distributed in 
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the sintering product. Besides, low heating rates promote the interdif
fusion reaction, which can produce some closed pores. Fig. 4(a1) shows 
the skeleton structure of the porous NiAl with the heating rate of 2 ◦C 
min− 1, the particles are relatively small and closely arranged with each 
other, and many small closed pores exist in the skeleton. From Fig. 4a-c, 
the number of TE pores increases with the increasing of the heating rate, 
and the skeleton particles become larger in a smoother skeleton. When 
the heating rate increases to 20 ◦C min− 1, the melting parts can block the 
pores, and the number of pores decreases. When heated at a low heating 

rate, diffusion reaction between Ni and Al can finish completely and the 
particles have enough time to grow up and closely combined. Therefore, 
many small closed pores are formed between particles. While, the 
heating rate gradually increases to 20 ◦C min− 1, Al changes rapidly from 
solid to liquid, and reacts violently with Ni particles. The adhesion of 
particles is relatively loose and a lot of small pores are generated [34]. 
However, excessive heating rate (20 ◦C min− 1) can lead to the melting 
and deformation, which is not conducive to obtain products with high 
porosity. Fig. 5 shows the cross-section of porous NiAl at a low heating 
rate. Besides NiAl phase, a large amount of unreacted Ni can be observed 
in the product, which also proves that a low heating rate can effectively 
inhibit the TE reaction. 

Fig. 6 exhibits XRD results of porous NiAl heated to 700 ◦C with a 
series of heating rates. When heated at 2 ◦C min− 1, besides NiAl and Ni 
phases, the product also contains Ni2Al3 mesophase, which is generated 
by the interdiffusion reaction [35]. With the heating rate increasing, the 
peak of Ni2Al3 and Ni phases decrease gradually, and only NiAl phase 
exists in the product. From Fig. 6 (b), when the heating rate is 2 ◦C 
min− 1, Ni, Ni2Al3 and NiAl phases can be detected. Due to the relatively 
weak TE reaction, Ni cannot react with Al completely [36]. When the 
heating rate increasing from 5 ◦C min− 1 to 20 ◦C min− 1, the full width at 
half maximum (FWHM) of NiAl decreases, which proves the grains size 
increases with the increasing of the heating rate. 

To explore the influence of heating rate on the diffusion reaction of 
porous NiAl, Fig. 7 shows the cross-section morphology of porous NiAl, 
which are heated from 20 ◦C to 630 ◦C with a series of heating rates. 
When the samples are heated to 630 ◦C, all samples contain Ni, Ni2Al3 
and Al phases (as shown in Fig. 7(g-i)). NiAl phase is not found, which 
proves only diffusion reaction occurs before 630 ◦C. The result is 
consistent with Fig. 3. Then, the thickness change of Ni2Al3 diffusion 
layer is shown in Fig. 7(a-d). The thickness of Ni2Al3 is 8.25 μm when 
heated at 2 ◦C min− 1 and the distribution of Ni2Al3 is relatively uniform. 
With the heating rate increasing to 20 ◦C min− 1, the thickness of the 
diffusion layer decreases to 3.84 μm. In fact, when the sample is heated 
at a relatively low heating rate, the change of heat is relatively low. 
There is sufficient time for diffusion reaction between Ni and Al, and the 
thickness of Ni2Al3 is uniform [29]. While, when the sample is heated at 

Fig. 1. Process of 3D-XRM data acquisition and 3D reconstruction.  

Fig. 2. Influence of heating rate on the macroscopic morphology of porous NiAl 
pellets. (a) green compact and sintering products with different heating rates, 
(b) functional relationship between heating rate and expansion rate based on 
radical direction (blue curve), axial direction (red curve), and volume (black 
curve). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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a high heating rate, there is not enough time for diffusion reaction be
tween Ni and Al, and TE reaction would directly occur. Therefore, only a 
small amount of mesophase appears in Fig. 7d. Jiao et al. [37] proposed 
that Kirkendall pores were due to the diffusion reaction between ele
ments, and a low heating rate promoted the formation of Kirkendall 
pores (as shown in Fig. 7e). The connected pores (Fig. 7f) are produced 
due to the violent TE reaction. 

3.2. Three-dimensional structure analysis 

The phase distribution and real pore structure of porous materials are 
characterized by 3D-XRM, without destroying the specimen. The 
porosity and pore size of the sample can be calculated quantitatively by 
Three-Dimensional Reconstruction Software, which is a practical tool to 
analysis porous intermetallic compounds [38–42]. 

Fig. 3. DSC curves of porous NiAl at different heating rate: (a) 2 ◦C min− 1, (b) 5 ◦C min− 1, (c) 10 ◦C min− 1 and (d) 20 ◦C min− 1. (a1)-(d1) corresponding zoom-in 
curves in the range of 600–700 ◦C. 
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To display the influence of the heating mode on the pore and phase 
distribution in the porous NiAl from 3D perspective, four fixed height 
slices are used as representative areas: (I-IV), as shown in Fig. 8. In 
Fig. 8, the low X-ray absorption region represents the pores (the black 
areas), and high X-ray absorption region represents different phase 
compositions of porous NiAl (the white and grey areas). By comparing 
four slices in three modes separately, the pores and phases are found 
evenly distributed in the product. In the TE mode, porous NiAl is evenly 
heated and produces a large number of pores. 

In Fig. 9, slice (I) in three modes is selected to investigate the in
fluence of heating mode on pore distribution and phase composition. 
After heated at 2 ◦C min− 1, a large amount of unreacted Ni can be found 
in the sintering product. This is mainly due to the low degree of the TE 
reaction. Solid Ni cannot react completely with liquid Al, which con
forms to the result of XRD in Fig. 6 [29]. From region 2 in (b-I), the 
Kirkendall pores produced by interdiffusion reaction between elements 
that exist in the skeleton of porous NiAl intermetallic compounds, and 
the connecting pores produced by TE reaction evenly distribute in the 

Fig. 4. SEM images of porous NiAl pellets at 700 ◦C with different heating rates (2, 5,10 and 20 ◦C min− 1). (a-d): the polished section of the porous NiAl. (a1-d1): the 
skeleton structure of porous NiAl. 
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product [43]. When the sample is heated in mode 3, the phase compo
sition of the product is NiAl without other mesophases, which proves 
that pure porous NiAl intermetallic compounds can be obtained at a high 
heating rate. However, from region 3 in (a-I), the melting part can be 
found in the product, which is in coordination with the Fig. 2. 

3D-XRM can distinguish the phase composition of NiAl intermetallic 
compounds by the color change caused by the difference of X-ray ab
sorptivity. The result of threshold segmentation with unreacted Ni of 
mode 1 and mode 2 is shown in Fig. 10. The yellow areas are unreacted 
Ni, the black areas are pores and the grey areas are NiAl phase. When 

heated at 2 ◦C min− 1, some unreacted Ni exists in the product due to 
weak TE effect, and its volume fraction is 9.62%. With the heating rate 
increasing to 20 ◦C min− 1, TE reaction is promoted, more melting Al 
react with solid Ni, and the volume fraction of unreacted Ni decreases to 
6.47%. Significantly, the line graph shows the local volume distribution 
of the unreacted Ni of the samples in the Z direction, and it proves the 
unreacted Ni is evenly distributed in the samples. Notably, mode 3 has 
extremely little unreacted Ni because of the violent TE reaction, which is 
unable to calculate the result accurately. 

The pores distribution and the total porosity of the products under 
three heating modes are shown in Fig. 11. The red areas are pores, and 
the white areas are skeleton of the sample. From Fig. 8 and Fig. 9, the 
pores are evenly distributed in three samples, and mainly exist in the 
form of connecting pores, which exhibits the characteristic of high 
porosity in porous NiAl intermetallics. By comparing the slice (I) in three 
modes, the product in the mode 2 has the highest total porosity of 
57.31%. Meanwhile, the total porosity of mode 1 is 46.23% with the 
weak TE reaction. The total porosity of the sample in mode 3 condition is 
only 39.92% for the plugging effect of melting and deformation on pores 
at high heating rate. 

After TE reaction, porous NiAl mainly exists three kinds of pores: (1) 
interstitial pores in the green compact, (2) Kirkendall pores caused by 
elements interdiffusion effect, (3) connecting pores produced by TE re
action. Among them, Kirkendall pores and interstitial pores are closed 
pores. To investigate the influence of the heating rate on the closed 
pores, deep learning tool is used to calculate the porosity, the results are 
shown in the Fig. 12. The blue areas are closed pores, the black areas 
represent connecting pores, and the grey areas are skeleton. By 
comparing the slice (I) in three modes, the product in the mode 1 with 
the highest closed porosity, which can reach 5.25%. Actually, the mainly 
reaction between Ni and Al is interdiffusion reaction at a low heating 
rate, producing a large number of Kirkendall pores. When in the mode 3, 
there is not enough time for the interdiffusion reaction between Ni and 
Al, while the violent TE reaction directly happens and the closed 

Fig. 5. The SEM images of the cross-sections of porous NiAl compacts heated to 700 ◦C at 2 ◦C min− 1, (a) at low-magnification, (b) at high-magnification. (c) and (d) 
EDS patterns of points 1 and 2 marked in Fig. 5 (b). 

Fig. 6. The influence of heating rate on phase composition of porous NiAl. (a) 
XRD patterns of porous NiAl heated to 700 ◦C with different heating rates. (b) 
zoom-in images in the range of 40◦- 50◦. 
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Fig. 7. The cross-section morphology of porous NiAl compacts in 630 ◦C with different heating rates: (a-d) 2, 5, 10, 20 ◦C min− 1. The fractured morphology of porous 
NiAl in 630 ◦C with the heating rate of: (e) 2 ◦C min− 1, (f) 20 ◦C min− 1. (g-i) EDS patterns and element composition of point 1, 2 and 3 marked in Fig. 7 (a). 

Fig. 8. Scanned and reconstructed results of porous NiAl: (a) The 3D reconstruction model of porous NiAl. Cross-sectional view of porous NiAl heated to 700 ◦C in 
different heating modes: (b) 2 ◦C min− 1, (c) 10 ◦C min− 1 and (d) 20 ◦C min− 1. 

Y. Yu et al.                                                                                                                                                                                                                                       



Materials Characterization 190 (2022) 112062

8

porosity in the mode 3 is only 2.71%. To verify the accuracy of the re
sults of image analysis, the Archimedes principle is also used to calculate 
the closed porosity. The closed porosity measured by Archimedes prin
ciple are 5.03% (Mode 1), 3.11% (Mode 2) and 2.56% (Mode 3), 
respectively, which is similar to the results of image analysis. 

Fig. 13 shows the result of fluid simulation in different heating 
modes. The colored lines can clearly reflect hundreds of flow routes of 
porous NiAl. From mode 1 to mode 2, the streamline distribution tends 
to be uniform, the number of the streamlines also increases. The 
permeability increases from 2048.2 md to 2434.6 md with the heating 
rate increasing to 10 ◦C min− 1. This is mainly due to high heating rate 
leads to more violent TE reaction, more pores are produced and even
tually forming the flowing channels. From mode 2 to mode 3, the 
streamlines are significantly reduced and unevenly distributed, the 
permeability decreases from 2434.6 md to 1738.8 md. This is mainly 
because excessive violent TE reaction leads to melt and deformation of 

the samples, the seepage channels decreasing. 

3.3. Oxidation resistance 

Porous NiAl materials have good oxidation resistance at high tem
perature, which can form a dense Al2O3 layer at high temperature to 
prevent the reaction between air and matrix. The effects of composition 
and temperature on its high-temperature oxidation resistance have been 
researched [29]. In this work, the high-temperature oxidation resistance 
of porous NiAl with different heating rates was studied, and the oxidized 
samples were named OS-2 (2 ◦C min− 1), OS-5 (5 ◦C min− 1), OS-10 
(10 ◦C min− 1) and OS-20 (20 ◦C min− 1). 

Fig. 14 shows the mass gain curves of sample after being oxidized at 
900 ◦C for 120 h in air atmosphere, which illustrates the oxidation ki
netics of porous NiAl. All samples follow the parabolic oxidation rate 
law, and present a continuous slow increasing trend. Significantly, the 

Fig. 9. The influence of heating mode on phase distribution and pore characteristics of porous NiAl: (a) exemplary slice diagrams from three heating modes. (b) 
partial images in Fig. 9 (a). (c) 3D morphology of porous NiAl in three heating modes. 

Fig. 10. The result of threshold segmentation in porous NiAl after TE reaction: (a) the distribution of unreacted Ni in porous NiAl with the heating mode 1 and 2. (b) 
the volume of unreacted Ni in porous NiAl are measured on XY slices perpendicular to the Z direction. 
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Fig. 11. The result of threshold segmentation in porous NiAl after TE reaction: (a) the distribution of pores in porous NiAl with different heating modes. (b) the total 
porosity of porous NiAl is measured on XY slices perpendicular to the Z direction. 

Fig. 12. The result of threshold segmentation in porous NiAl after TE reaction: (a) the distribution of closed pores in porous NiAl with different heating modes. (b) 
the closed porosity of porous NiAl is measured on XY slices perpendicular to the Z direction. 

Fig. 13. Effect of heating mode on streamline distribution and permeability of porous NiAl.  
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mass gain of OS-20 is only 3.87%, while, the mass gain of OS-2, OS-5 is 
25.7% and 27.2%, which shows relatively rapid quality growth trends. 
When porous NiAl is heated at a low heating rate (2, 5 ◦C min− 1), weak 
TE reaction leads to a large amount of unreacted Ni in the sintering 
product. In the oxidation process, unreacted Ni tends to react with O2 to 
form NiO, which leads to a rapid increase in the mass of oxidation 
product. When the sample is heated at 10 ◦C min− 1, the sintered product 
has the highest porosity (57.31%). However, high porosity provides 
more channels for O2 to contact the internal matrix. After oxidation at 
900 ◦C for 120 h, the mass gain of OS-10 can still reach 14.01%. While, 
high heating rate promotes the TE reaction, and can obtain uniform 
porous NiAl materials. Due to the low porosity (39.92%) and uniform 
NiAl phase, OS-20 has minimal mass gain. 

To explore the relationship between the heating rate and oxidation 
kinetics, the Wagner rate law is used to investigate the parabolic rate law 
[44]: 
(

Δm
m0

)2

= kpt (2) 

Δm represents the mass change in the oxidation process, m0 repre
sents the mass of unoxidized sample, kp and t represent the parabolic 
law constant and the oxidation time, respectively. Table 1 shows the 
effect of the heating rate on the rate constants and measurement co
efficients in the oxidation process. The Parabolic rate constants and 
measurement coefficients R2 of different oxidation products are shown 
in Table 1. 

The phase composition of the oxidation products of porous NiAl are 
shown in Fig. 15. The phase composition of OS-2 is complex, which 
contains a mixture of NiO, Al2O3 and NiAl2O4, etc. While, compared 
with OS-2, the phase composition of OS-20 is relatively single, only a 
small amount of Al2O3 can be detected. From Fig. 5, the sintering 
product with low heating rate exists a lot of unreacted Ni, which can 

react with O2 in the oxidation process and lead to severe oxidation in the 
matrix of porous NiAl. When porous NiAl is heated at a high heating 
rate, the violent TE reaction completes instantly, the product is pure 
porous NiAl, which has excellent high-temperature oxidation resistance. 
The oxidation reactions of OS-2 can be written as: 

Ni(s)+ 1/2O2(g)→NiO(s) (3)  

NiO(s)+Al2O3(s)→NiAl2O4(s) (4)  

NiAl(s)+ 1/2O2(g)→1/3Ni3Al(s)+ 1/3Al2O3(s) (5) 

To further investigate the thickness of the oxide layer of porous NiAl, 
SEM and EDS analysis of the oxidation products are shown in Fig. 16. 
Except OS-2, other oxidation products have a continuous and dense 
Al2O3 layer, and the thickness of Al2O3 layer decreases with the 
increasing of the heating rate. When the sample is heated at 2 ◦C min− 1, 
there is a large amount of unreacted Ni in the sintering product, which is 
easy to react with O2 to form NiO, and cannot form the continuous 
Al2O3. NiO can be found in Fig. 17a, while other oxidation products 
almost have no NiO, only NiAl matrix and a small amount of Al2O3 exist 
in Fig. 17(a-c). 

For porous NiAl materials, the connected and uniform pores can 
significantly improve the filtration flux. While, the increase of porosity 
would lead to the thinning of pore wall, resulting in the decline in me
chanical properties. Fig. 18 shows the effect of heating rate on stress- 
strain curve of porous NiAl. All samples show obvious elastic deforma
tion zone and fracture zone when samples are heated from 20 ◦C to 
700 ◦C, which shows the characteristics of brittle fracture of porous 
NiAl. For brittle materials, the stress of the fracture point is corre
sponding to compressive strength [45]. When heated at 20 ◦C min− 1, the 
compressive strength of porous NiAl is 92.8 MPa, reaching the maximum 
value. The compressive strength of the product heated at 10 ◦C min− 1 is 
relatively weak, only 47.5 MPa. According to the above analysis, the 
increase of heating rate promotes the TE reaction, therefore the total 
porosity is increasing and the mechanical properties are weakening. 
While, porous NiAl is prone to melting and deformation once the heating 
rate is too fast. The pores are blocked and the bonding strength between 
particles is improved, which have better mechanical properties [46,47]. 

4. Conclusions 

Porous NiAl was successfully fabricated by economical and energy- 
saving TE reaction. The influence of heating rates on the phase 
composition, porosity, exothermic mechanism, oxidation resistance and 

Fig. 14. Mass gain during cyclic exposure of porous NiAl at 900 ◦C for 120 h in 
air atmosphere. 

Table 1 
Oxidation rate constants and measurement coefficients R2 of the oxidation 
process (0− 120h).  

Porous NiAl Oxidation stage 

Parabolic rate constant (K1/%2•h− 1) R2 

2 ◦C min− 1 2.519 × 10− 5 0.970 
5 ◦C min− 1 1.008 × 10− 5 0.991 
10 ◦C min− 1 2.589 × 10− 6 0.995 
20 ◦C min− 1 2.340 × 10− 6 0.960  

Fig. 15. XRD patterns of the oxidation products of porous NiAl at 900 ◦C for 
120 h. 
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mechanical properties were discussed. Particularly, the pore distribu
tion, phase composition, and permeability of porous NiAl at different 
heating rates were analyzed by 3D-XRM. The conclusions of this work 
could be summarized:  

(1) TE reaction can be effectively inhibited by reducing the heating 
rate, and the melting and deformation of porous NiAl can be 
suppressed. A high heating rate can promote TE reaction, yielding 
more uniform products. The total porosity of porous NiAl in
creases with the increasing of the heating rate (2–10 ◦C min− 1).  

(2) In the oxidation process, the sample obtained at 20 ◦C min− 1 has 
a uniform phase composition, which shows excellent high- 
temperature oxidation resistance at 900 ◦C. The minimum mass 
gain of the porous NiAl is 3.87%.  

(3) 10 ◦C min− 1 is the optimal heating rate for NiAl alloy to obtain 
the best performance compared to the other tested heating rates 
in this work, offering the porous NiAl with the highest porosity 
and the highest permeability, which are 57.31% and 2434.6 md, 
respectively. 

Fig. 16. SEM and EDS images of the fractured morphology of the oxidized products. (a)-(d) the oxidation product of OS-2, OS-5, OS-10 and OS-20. (a1-d3) mapping 
distribution of overall elements. 

Fig. 17. SEM and EDS images of the cross-section morphology of the oxidized products. (a)-(d) the oxidation product of OS-2, OS-5, OS-10 and OS-20. (a1-d3) 
mapping distribution of overall elements. 
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Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.matchar.2022.112062. 
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