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ABSTRACT

Ni—Al—-Cr alloys in the B phase (B2—NiAl) region exhibit remarkable stability and me-
chanical property. Through thermal explosion (TE) reaction, Ni—Al—Cr intermetallic com-
pounds with high porosity can be obtained. In this study, the focus lies on analyzing the
macroscopic morphology, microstructure, phase distribution, TE behaviour, and the me-
chanical property of porous Ni—Al—Cr in the B phase region. Following the TE reaction, the
Al-rich sintered product demonstrates a uniform phase composition and high porosity,
reaching 44.39%. The vigorous TE reaction promotes the formation of interconnected
pores, while the high porosity structure compromises the mechanical properties of the
sample. Conversely, the Al-poor sintered product, due to a moderate TE reaction and low
porosity structure, maintains its complete morphology and exhibits excellent compression
resistance (yield stress reaching 538 MPa). This study offers valuable insights for the
fabrication of porous Ni—Al—Cr materials with exceptional structure and performance.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

vigorously study the high-temperature gas purification device

1. Introduction [1—3]. Due to high porosity, oxidation resistance, thermal shock

and high-temperature stability, porous materials can filter the
Recently, the massive combustion of coal resources and the dust and absorb high-temperature harmful gas effectively [4—7].
continuous decline of air quality have pushed researchers to They show a potential application prospect in high-temperature
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flue gas filtration. However, a three-dimensional porous structure
reduces the strength of the porous materials, and they inevitably
face the dilemma of weak mechanical properties [8—10].

Due to high porosity (over 40%) and melting point (1638 °C),
excellent thermal conductivity and corrosion resistance,
porous Ni—Al-Cr intermetallic compounds have received
extensive attention [11,12]. While poor toughness, plasticity,
low high-temperature strength, and ease to melt and defor-
mation are their inherent shortcomings, limiting their further
application [11,12]. Cr is a commonly used alloying element to
improve mechanical properties and oxidation resistance
[13—15]. Compared with other Ni—Al—Cr alloys, the sample in
the B phase region has a lower density and higher melting
point [16—18]. During reaction process, Cr can occupy the va-
cancy of the Ni atom to form NiAl(Cr) substitutional solid so-
[18,19]. Besides, Cr can significantly improve
mechanical properties in Ni—Al—Cr alloys through solution
strengthening and fine-grain strengthening [20—22]. Our pre-
vious work studied the effect of Cr on thermal explosion (TE)
behaviour and antioxidant performance in porous Ni—Al-Cr
intermetallic compounds. The results indicated that the
samples in the B phase region have high porosity structure
and excellent oxidation resistance at 900 °C [18]. Presently, the
B phase region research mainly focuses on the formation
mechanism and interdiffusion effect [16,17]. The TE reaction
mechanism and mechanical property of porous Ni—Al-Cr
intermetallic compounds remain unclear.

Currently, porous Al-based intermetallics can be prepared
by several methods, such as powder metallurgy, melt foaming,
self-propagating high-temperature synthesis, etc. [23—28]. TE
reaction method is a crucial sintering technology to prepare
porous Al-based materials, which has the characteristic of time
and energy-saving, simple preparation process. Green com-
pacts can be heated evenly in the tube furnace during the TE
reaction, and porous intermetallics with complete morphology
and stable pore structure can be achieved [29—31]. In Ni—Al
system, severe eutectic reaction between NiAl; and Al on the
surface of Ni particles, releasing a large amount of heat, which
is the mechanism of TE reaction [18,29]. Up to now, porous
Ni—Al, Cu—Al, Nb—Al, and Ti—Al intermetallics have been
synthetized successfully by TE reaction [11,31—-33].

In this work, porous Ni—Al—-Cr materials were synthesized
using the TE reaction method. The main focus of the research
was to investigate the TE behavior and compression proper-
ties of samples in the p phase region. Furthermore, the Mie-
dema thermodynamic theorem formula was utilized to
predict the sequence of phase formation in the binary system.
Additionally, the Barsen equation was employed to establish
the relationship between porosity and compressive strength.
This work provides a primary theoretical foundation for
investigating the TE behavior and mechanical properties of
porous Ni—Al—Cr intermetallic compounds.

lution

2. Materials and experimental methods
2.1. Component design

Based on the aluminum content, the B phase region was
divided into two parts: the Al-rich region and the Al-poor

region, as illustrated in Fig. 1. Six different compositions
within the B phase region were selected as the research sub-
jects, namely S1 (Nis;AlssCrg), S2 (NigsAls;), S3 (NigAlssCrs), S4
(NisaAl34Cryy), S5 (NigzAlsy), and S6 (NisyAly3Crs). Among these
samples, S3 and S6 were the primary objects of study, while
S1, S2, S4, and S5 served as reference samples.

2.2. Raw materials and preparation process

Fig. 2(a—c) displays the micromorphology of Ni powders
(Shanghai Aladdin Biochemical Technology Co., Ltd, 75 um,
99.9% purity), Al powders (Shanghai Aladdin Biochemical
Technology Co., Ltd, 38—75 pm, 99.9% purity), and Cr powders
(Shanghai Aladdin Biochemical Technology Co., Ltd, 10 um,
99.5% purity). The Ni and Cr particles exbihit irregular shapes,
while the Al particles appear ellipsoidal and spherical. In
Fig. 2(d—f) and Fig. S1, the micro-topography and elemental
distribution of the green compact in the B phase region is
shown. The Ni phase (light grey), Al phase (black), and Cr
phase (dark grey) are uniformly distributed, which promotes
the uniformity of phase distribution during the subsequent
reaction process. Due to the size difference between the raw
powders, some interstitial pores exist at the boundary of
different phases [34].

To eliminate the Al,O3 layer formed on the surface of Al
particles at room temperature, the Al powders were subjected
to a heat treatment at 200 °C for 30 min in a tube furnace (OTF-
1200X, China) under a hydrogen atmosphere. The three
powders were then proportionately mixed using a roller mixer
(Mixer-RM1, 100 rpm for 12 h) based on the atomic ratio of
Nis7AlssCrg (S1), NiasAlsy (S2), NigAlgsCrs (S3), NissAlssCrao (S4),
NigsAls; (S5), and Nis,AlysCrs (S6). Subsequently, a cylindrical

Atomic Percent Nickel

Fig. 1 — The experimental ternary phase diagram for the
Ni—Al-Cr system at 1000 °C. They are indicated in different
colours according to Al content. The orange part stands for
the Al-rich region, blue part for the Al-poor region. S1, S2
and S3 are in the Al-rich region. S4, S5 and S6 are in the Al-
poor region. Among them, S3 and S6 are the main research
objects.


https://doi.org/10.1016/j.jmrt.2023.06.173
https://doi.org/10.1016/j.jmrt.2023.06.173

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:3537—-3550

3539

20 um

Interstitial pore

/

Fig. 2 — (a—c) The micro-topography of the raw powders of Ni, Al, and Cr. (d, e) Low-magnification cross-section micrographs
of the green compact of S3 and S6. The black part stands for Al particles, the dark grey part for Cr particles, and the light grey
part for Ni particles. (f) High-magnification SEM image of white frame in Fig. 2e.

green compact with a width of 15 mm and a height of 1~2 mm
was formed by pressing the mixture using an infrared electric
tablet press (DY-30, Shanghai Xinnuo Instrument Equipment
Co., Ltd) at a pressure of 300 MPa for 3 min. Under a hydrogen
atmosphere, the green compacts were heated to 550 °C and
held at that temperature for 30 min. This step, known as the
pre-heating stage, is crucial for maintaining the complete
morphology of the product [23,29]. Subsequently, the tem-
perature was directly raised to 1000 °C. After holding at 1000 °C
for 2 h, the heating was stopped, and the samples were
removed from the tube furnace once they reached room
temperature. The heating procedure and corresponding real-
time images can be observed in Fig. 3.

During the compression test, the Ni—Al-Cr green
compact was compressed to a height of 20 mm and a width of
15 mm. After undergoing the heating procedure as described
in Fig. 3, the porous Ni—Al-Cr cylindrical samples were
subjected to compression testing using an electronic uni-
versal testing machine (UTM 5305, China). The loading speed
was set at 0.2 mm min }, and the corresponding data were
recorded using the MaterialsTest 5.0 software. To ensure the
accuracy of the experimental results, three cylindrical sam-
ples with similar dimensions were tested, and the average of
the three tests was taken to determine the compressive
strength.

2.3. Materials characterization

According to formula (1), the porosity of porous Ni—Al-Cr
samples can be determined using the Archimedes drainage
method [31,35,36].

0=(M, — M) / poV x 100 % 1)

0 represents the porosity of the sample, M; corrosponds to
the weight of the sample when it exposed to air, while M,
represents the weight of the sample when it is completely
immersed in the vacuum pump oil for 24 h. V denotes the
sample volume, and po is the density of the vacuum pump oil,

which is 0.9 g cm™ [31,35,36]. To measure the time-
temperature curves, a self-made temperature measuring
device was employed, and visual images were captured using
a digital camera (HDR-CX900E, Sony). The device diagram
can be seen in Fig. S2. The released heat and thermal effect
analysis during the TE process were conducted using a dif-
ferential scanning calorimeter (DSC, F5-Jupiter STA449,
Netzsch, Germany). The DSC experiment was carried out
under a stable and continuous argon atmosphere to prevent
oxidation. The crystal structure of the sintered and cylin-
drical products was examined using X-ray diffraction (Bruker
D8 Advance, using Cu target with A = 0.154 nm). Element
identification and microstructure characterization were
performed using a field-emission scanning electron micro-
scope (FE-SEM, SU8220, Japan) equipped with Energy
Dispersive Spectroscopy.

1000 °C

Pre-heated stage TE reaction stage  Full holding stage

1000°C pErsEsaasssstnds
120 min

S509Q [P
f In H, atmosphere

with the heating rate
of 10 °C/min

30 min

—— .
0 50 100 150 200 250 300 350
Time (min)

Fig. 3 — The heating procedure and real-time images of
porous Ni—Al-Cr intermetallic compounds during TE
reaction.
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Table 1 — Parameters for the enthalpy energy calculations of Ni—Al—-Cr system [37,38].

Elements @ nk2 Vv P Q u Q/P R/P G K
V) (m?) (em®*mol™) (kJVZem) (kVY (10N-m~)  (10N-m™?)
Ni 5.2 1.75 6.5 10.6 99.6 0.03  0.10642 0 7.6 18
Al 4.2 1.39 9.9 10.6 99.6 0.07 0.10642 0 2.6 7.6
Cr 4.65 1.73 7.1 10.6 99.6 0.06  0.10642 0 115 16
3. Results and discussion 0.00 ]
3.1. Thermodynamic calculation of binary phases in

Ni—Al—Cr system

Based on the research findings of Agbedor [37] and Shirani
Bidabadi [38], the enthalpy energy of binary compounds
(Ni—Al, Ni—Cr, Cr—Al) within the Ni—Al-Cr system can be
determined using the Miedema thermodynamic theorem. The
formation enthalpy energy of the crystalline solid solution
containing elements A and B is represented by formula (2)
[37,39]:

AHCAr}ilxsm g = AHchem + AHelas + AHstryc @)

The AHem represents the chemical contribution of enthalpy
energy of the original atomic bond breaking and new com-
ponents forming. 4H,,s stands for the elastic mismatch en-
ergy in the crystalline. 4Hg, is the enthalpy energy required
to maintain lattice structure stability. In general, 4Hg, has a
weak impact on 4Hcrys A in B, and the value of 4Hgy. can be
set as 0 [37,40]. formula (2) is transformed into formula (3).

AHGY & = AHchem -+ AHelos (3)

The 4Hem for each of the binary components can be calcu-
lated by the semi-empirical model of Miedema, shown in
formula (4) [37]:In formula (4), the f A in 5 is the concentration of

Xa % [1+vaXs X (94 — ¢p)] X [1 4+ vsXa X (95 — ¢4)]

—0.05

—0.10 4

—0.15 4

—0.20

Formation enthalpy AH (KJ/mol)

-0.25 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Mole fraction, x,

Fig. 4 — The formation enthalpy of binary phases of Ni—Al,
Ni—Cr and Cr—Al in the Ni—Al-Cr system.

component A entered in component B. The 4E, j, g and 4Eg iy a
are shown in formula (7), where K is the bulk moduli of the
element, and G stands for the hear moduli.

AHglgs =XaXp X (Xa X AEgina + Xg X )AEgina (6)

2KaGp x (Vg — Va)
3KAGB + 4GBVA

2KBGA X (VA — VB)

AE ping = 7
AinB 3K3Ga + 4GAV3 7)

AEgina =

AHpins=fams X

adjacent atoms in a solid solution, and the calculation formula
of f o in g is shown in formula (5):

2pV2/Py23 , Q
i3 i X | T (05 — @a) +F
Nysa + Nysp

2 R
173 173
X (nUJ/SA + ”w/ss) R 5}

X, and xp represent the molar fraction of components A and B,
nys represents the electronic density at the Wigner-Seitz cell
boundary of the constituent elements, ¢ represents the work
function of the constituent elements. V4 and V3 are the molar
volumes of components A and B. Besides, «, pa, us, Q, P, Q/P
and R/P are semi-empirical parameters, confirmed in previous
studies [41,42].

The 4H,,s can be written in formula (6). Significantly, the
AE, i g stands for the elastic mismatch energy, caused by

fAinB:

(°)

XAVj\/3 X [1+vaXp X (¢a — @p)] + XBV;/B X [1+usXa X (¢ — @a)] + X8

Relevant parameters of the Ni—Al—Cr system are shown in
Table 1. For each binary component, the sum of binary mole
fractionsis 1 (xa + xpg = 1). The calculation results of the heat of
the formation of binary compounds in the Ni—Al—-Cr system
are shown in Fig. 4.

According to the research findings of Agbedor [37], it is
observed that the larger the enthalpy energy of the binary
phase, the easier it is to form the corresponding compound.
From Fig. 4, the enthalpy energy of Ni—Al and Cr—Al is larger
than Ni—Cr. This indicates that the formation of Ni—Cr phase is
more challenging. Comparing Cr—Al with Ni—Al, the enthalpy
energy of Ni—Al is slightly higher. Therefore, during the TE re-
action, the formation of Ni—Al compounds takes priority. In our
previous work, we utilized the effective Heat of Formation (EHF)
model to calculate the order of formation of different phases in
the binary system, and the results are consistent [18].
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3.2.  The TE behaviour in the 8 phase region

In the TE mode, when the temperature exceeds the melting
point of Al (660 °C), the liquid Al can undergo a violently with
Ni and Cr, resulting in the formation of numerous pores [30].
The high porosity structure weakens the binding force be-
tween particles, leading to volume expansion [43]. Fig. 5 il-
lustrates the expansion rate and porosity of the sintered
products. All samples exhibit relatively high porosity (above
33%) and significant volume expansion (above 18%). In com-
parison to the Al-poor samples, the Al-rich samples demon-
strate higher porosity and a more pronounced expansion
effect, indicating a more violent TE reaction in the Al-rich
samples. High porosity Ni—Al—-Cr intermetallics can be ob-
tained in the Al-rich region. However, it should be noted that
compared to the Al-poor sample, the Al-rich sample is more
prone to melting and deformation during the TE reaction. The
real-time reaction process of the samples can be observed in
Video 1 and Video 2. Therefore, excessive doping of Al powder
in raw materials should be avoided.

To determine the maximum temperature reached during
the TE reaction of the porous Ni—Al-Cr intermetallics, a
temperature measuring device was employed to record the
real-time temperature. Fig. 6 depicts the time-temperature
curves of S3 and S6, with the corresponding visual image
capturing the peak state of S3 and S6. As the temperature
approaches 700 °C, the sample ignites and undergoes a rapid
increase in temperature. The peak temperature can reach
nearly 1000 °C, indicating a combustion state. It is observed
that S3 can attain a higher peak temperature compared to S6,
demonstrating that the TE reaction is more intense in the Al-
rich sample.

To further investigate the thermal effects of the TE reac-
tion, a thermal analysis experiment was conducted. Fig. 7
presents the DSC curves of the porous Ni—Al—-Cr sample as
it was heated from room temperature to 800 °C, with a heating
rate of 10 °C min~—*. Two exothermic peaks are observed in the
temperature range of 600—650 °C. The first peak corresponds

.50
o 46.62
a\, 44.39
41.97

é 40 - 39.63

= 39.63

S 37.1
19)

3, 33.02
2 30

< 2561

Q 23.71 ==

= 22.04 2131

— 9.89 -

= 204 L& 18.42
% () b

& g2

< S| o

% 104135
5] > |

0
Sl S2 S3 S4 S5 S6

Sample

Fig. 5 — The volume expansion rate and porosity of the
porous Ni—Al-Cr materials in the p phase region.
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Fig. 6 — The time-temperature curves and visual images of
S3 and S6.

to the heat released during the slow diffusion reaction be-
tween the elements. It exhibits a gentle shape and relatively
weak peak intensity. The second peak corresponds to the vi-
olent TE reaction between the Ni and Al elements, charac-
terized by high power features and a narrow temperature
range [11,29]. In the Al-rich sample, the violent TE reaction
instantaneously releases a significant amount of heat, sur-
passing that of the Al-poor sample. Specifically, S3 exhibits a
heat release amount of 1575 ] gfl, whereas S6 only reaches
1378 ] gfl. In the Ni—Al—-Cr system, the heat release amount
from the Cr—Al reaction is lower than that of the Ni—Al re-
action [44]. The presence of the Cr element facilitates the TE
reaction at a lower temperature and reduces the overall heat
release in the Ni—Al—-Cr system, thereby mitigating the risk of
melting and deformation [23].

Fig. 8(a) illustrates the phase composition of the porous
Ni—Al-Cr samples in the B phase region. The predominant
phase in the sintered products is the NiAl phase ( phase), and
the intensity of the main peaks decreases as the samples
transition from Al-rich to Al-poor compositions. Additionally,
a small number of other phases are detected, including Ni,Als,
NizAl, and AlCr, phases. In the Ni—Al—Cr system, the atomic
radius of Ni (124 p.m.) is close to that of Cr (127 p.m.) [18,44].
During the TE process, Cr atoms can replace Ni atoms,
resulting in the formation of a displacement solid solution of
NiAl(Cr). The reaction process is depicted in Fig. 8(b). Al-rich
samples exhibit a pronounced and complete TE reaction,
leading to a uniform phase composition of NiAl. On the other
hand, Al-poor samples display a more complex phase
composition due to weaker TE reactions and prominent
diffusion reactions. Notably, the (110) peak of the sample
containing Cr tends to shift to a lower angle, indicating a
gradual increase in the crystal plane spacing between Ni and
Al as a result of the presence of Cr.

Rietveld refinement of the acquired XRD spectra of S3 and
S6is carried out through the GSAS-II software. The refinement
is finished by extracting a structural phase model from a
matching reference pattern calculated by the Inorganic Crys-
tal Structure Database (ICSD). A structural model of the NiAl
(B2—NiAl, PDF#65—0431, Primitive Cubic, Space group Pm-3m,
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Fig. 7 — The DSC curves of porous Ni—Al-Cr samples. The red part represents the heat released per unit mass. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

a = 0.2877 nm, Code: 58,037) is chosen as the origin position.
After respective structural refinement, the result is obvious,
shown in Fig. 9. Based on the least-square profile of R-factors,
the results of peak shape, position, structure, and background
are quantitatively calculated. The corresponding parameters
are shown in Table 2. According to Table 2, the values of Ry,
and y? meet the standard of Rietveld refinement. However, the
peak shapes still have drawbacks. These drawbacks may be
due to some mesophases in the Ni—Al—-Cr substitutional solid
solution. Significantly, the x* value of S3 is 1.99, lower than
that in S6, which proves that the composition of the sintered
product in the Al-rich region is uniform f phase [45].

To investigate the microstructure of the porous Ni—Al-Cr
intermetallics in the B phase region, SEM analysis is con-
ducted on the fracture surface, as shown in Fig. 10. All
samples show evenly distributed foam structure. Three
kinds of pores are observed in porous Ni—Al—-Cr: (1) con-
necting TE pores, (2) closed pores, and (3) micropores
[11,30,46]. When the temperature reaches the melting point
of Al (660 °C), Al transitions from a solid state to a liquid state,
resulting in the formation of connecting TE pores at the
original locations of Al particles [43]. In cases where the TE
reaction is highly intense, the released heat can damage the
skeleton structure, leading to the formation of closed pores
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Fig. 8 — (a) XRD patterns of porous Ni—Al—Cr intermetallics in the B phase region. (b) The formation process of porous NiAl

(Cr) substitutional solid solution.
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Fig. 9 — Rietveld refinement of XRD results of (a) S3 and (b) S6. The experimental data points are indicated by a black cross,
the red line stands for the simulated diffraction pattern, a blue line represents the difference plot between the experimental
and calculated results, and the green vertical bars label the position of the Bragg peaks of the NiAl phase. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

[11]. As the temperature gradually decreases after the TE
reaction, volume shrinkage occurs upon solidification of the
liquid phase, resulting in the formation of micropores within
the skeleton structure [47]. Notably, the micropores may also
contain Kirkendall pores due to differences in diffusion rates
among the Ni, Al, and Cr elements, as depicted in Fig. S3 [26].
The Al-rich sample exhibits numerous connecting TE pores
due to the intense TE reaction. Additionally, the particle
surfaces have fewer atomic contact points, resulting in
loosely aggregated powder particles without significant sin-
tering neck formation. In contrast, the Al-poor sample dis-
plays a denser skeleton structure, and clear sintering necks
formed through secondary crystallization can be observed.
These sintering necks grow and become more viscous,
leading to the disappearance of some micropores or their
transformation into closed pores [48].

Fig. 11 shows the cross-section image of porous Ni—Al—Cr
intermetallic compounds after polishing. In Fig. 11, the grey
part represents the skeleton, and the black part is the pores.
All Al-rich samples show uniformly distributed pores and
have single-phase composition. From Fig. 12(a), the single-
phase can be determined as B-NiAl phase. Compared with

Al-rich samples, an obvious diffusion layer can be observed
in Al-poor samples. According to the point scanning result of
Fig. 12(b—d), Ni, Cr, and NisAl phase can be found, repre-
senting the result of an incomplete reaction [18]. Fig. 13
shows the map scanning result of the porous Ni—Al—Cr in-
termetallics. Obviously, Al-rich samples have a more uni-
form distribution of elements. The line scanning result of S6
is shown in Fig. S4. After holding at 1000 °C for 2 h, element Ni
and Al are evenly distributed in the sintered product. Cr
simple substance exists in the NiAl phase, due to its content
exceeding the solid solubility. The Al-poor samples are
difficult to form NiAl (Cr) substitutional solid solution. That
is, intense TE reaction promotes the uniformity of element
distribution.

The number of TE pores (between 38 pm and 74 pm) and
micropores (smaller than 5 um) in the porous Ni—Al—Cr in-
termetallics is calculated using Image ] software,. and the re-
sults are presented in Fig. S5. In the Al-rich sample, the
intense TE reaction facilitates the complete reaction of Al with
Ni and Cr, leading to the formation of numerous TE pores.
Remarkably, the number of micropores in S2 and S5 is lower
compared to the other samples. It is worth noting that the

Table 2 — Rietveld refined structural parameters for porous Ni—Al—-Cr intermetallic compounds.

Alloy Composition Lattice Parameters

Axial Ratio (c/a)

Unit Cell Volume (nm?) R-Factors (%)

42Ni—53A1-5Cr ao = 2.8879
bo = 2.8879
Co = 2.8879
o =90°, B =90°, y = 90°
52Ni—43Al-5Cr ao = 2.8825
bo = 2.8825
Co = 2.8825

o =90°, B =90°, y = 90°

1 24.085 Rwp = 6.53
x?=1.99

1 23.949 Rwp = 6.835
’=2.34
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Fig. 10 — SEM images of skeleton and pore morphology of porous Ni—Al—-Cr intermetallics in the B phase region.

micropore includes the Kirkendall pore and blowhole. The
interdiffusion coefficients of elements in ternary systems
exhibit greater variations than those in binary systems. As a
result, the number of micropores in S2 and S5 is lower in
comparison to the other samples [18,44].

3.3.  The compression property of porous Ni—Al—Cr in
the 8 phase region

Compression tests are carried on to investigate the mechani-
cal behaviour of porous Ni—Al-Cr intermetallics in the B
phase region. The mixed powder was pressed into green
compacts with a height of 20 mm and a diameter of 15 mm,
following the requirements of the standard mechanical test
sample. The resulting cylindrical samples were named CS1-
CS6. The macroscopic morphology of corresponding sintered
products is depicted in Fig. 14(b). Due to the violent TE reac-
tion, noticeable pores appear on the surface of the Al-rich
sample. CS1 and CS2 exhibit severe deformation, and CS3
shows cracks. Qualitatively evaluating the mechanical prop-
erties of Al-rich samples becomes challenging due to their

distorted morphology. Conversely, Al-poor samples maintain
relatively intact morphology with stable pore structures. The
stress-strain curves of CS3-6 after dynamic compression tests
are illustrated in Fig. 14(a). All samples display evident elastic
and fracture deformation regions, indicating the brittle frac-
ture characteristics of the porous Ni—Al-Cr cylindrical sam-
ples. For brittle materials, the highest point on the stress-
strain curves corresponds to the compressive strength [49].
The compressive strength of the Al-poor sample is better than
that of the Al-rich sample. The maximum compressive
strength is 538 MPa (CS5), and the minimum compressive
strength is only 139 MPa, corresponding to CS3. Porosity has
an important impact on the compression property of porous
materials [50].

Compressive strength test results of CS3-6 are shown in
Table S1. In three compression resistance tests, the differ-
ence in results is within an acceptable range. Fig. 15 shows
the compressive strength comparison between four sample
groups. CS4 and CS5 show excellent compressive resistance,
which is related to the low porosity structure. The porosity of
the porous Ni—Al-Cr cylindrical samples is determined

200 pum ¢
S—

200 pm

Fig. 11 — The cross-section micrographs of porous Ni—Al—Cr intermetallic compounds in the B phase region.
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Fig. 12 — The corresponding point scanning results within Fig. 11(a-d) the result of point scanning of point 1-4.

using the Archimedes drainage method, and the results are
presented in Fig. 16. In the Al-rich sample, the intense TE
reaction leads to the formation of a highly porous structure,
thereby weakening its mechanical properties. Conversely,
low-porosity Al-poor samples demonstrate excellent
compression resistance.

The relationship between compression strength and
porosity of porous materials can be described by the Barsen
equation [51], which is shown in Equation (8):

ap =00 x (L—60)" (8)

Take the logarithm of both ends of Equation (8), and it can
transform into Equation (9):

In” =1n" + min®*-" 9

50 pm w
e Al

oy is the strength of the porous materials. oy is the constant,
which is determined by the materials. m is a constant with
values ranging from 2 to 6, related to the preparation process.
6 is the porosity.

The functional relationship between porosity and yield
stress of porous Ni—Al-Cr intermetallic is illustrated in
Fig. 17(a). With increasing of porosity, the corresponding
yield stress shows a decreasing trend. In CS5, the porosity is
17.02%, and the yield stress reaches the maximum value,
which can reach 538 MPa. Fig. 17(b) shows the functional
relationship between In (1-6) and In gy, which can be fitted
into linear relationships. The m and In ¢¢ can be calculated
as 5.92 and 7.43, respectively. Thus, the quantitative rela-
tionship between porosity and strength of porous Ni—Al-Cr
in the B phase region can be described as Equation (10).
Actually, the yield stress is related to the number of TE

50 pm

Fig. 13 — The map scanning analysis of the porous Ni—Al—-Cr intermetallics.
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reader is referred to the Web version of this article.)

pores (connecting pores), excessive TE pores can seriously
reduce the mechanical properties of Ni—Al-Cr materials
[52,53].

o, =1685.8 x (1 — 6)>** (10)

To further investigate the fracture surface structure of
porous Ni—Al-Cr cylindrical samples, the SEM images of
fractured samples are shown in Fig. 18 (Al-rich cylindrical
samples) and Fig. 19 (Al-poor cylindrical samples). Due to vi-
olent TE reaction occurs in Al-rich samples, many millimeter-

HH

——

500

400

3%
o
o
1
[

Average Compressive Strength
g
—

[=3
(=}
1

T T 4 T x T
CS3 CS4 CSS CS6
Sample

Fig. 15 — Compressive strength comparison between four
sample groups.

grade pores can be observed, in CS1 and CS2. During the TE
reaction, the aggregated Al particles melt and form
millimeter-grade pores. The high porosity structure decreases
the compression property of porous Ni—Al-Cr cylindrical
samples. In CS3, the strength of the pore walls is still weak,
and the pore walls cause the cracks. In Al-poor cylindrical
sample, the failure mode is a typical brittle cleavage fracture,
and the yellow frame stands for the cleavage step. Compared
with the Al-rich cylindrical sample, Al-poor cylindrical sample
has lower porosity, and the fracture mode is mainly composed
of transgranular cleavage [29].
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Fig. 16 — Porosity of the porous Ni—Al—Cr cylindrical
samples.
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Fig. 17 — (a) Effect of porosity on nominal stress of cylindrical sintered samples in the § phase region. (b) Experimental
verification of Barson equation for cylindrical sintered samples in the g phase region.

Fig. 20 shows the XRD patterns of porous Ni—Al—Cr cy- exist in the sample. With the size changes of the sample,
lindrical samples. The NiAl phase (B phase) is still the main the composition of porous Ni—-Al-Cr can maintain
phase, and other Cr—Al, and Ni—Al phases (Ni,Al;, NiAls) stability.

IRRARRARARRNER]
Fig. 18 — Macroscopic morphology and SEM images of CS1 (a—c), CS2 (d—f) and CS3 (g—i) in the B phase region after
compression test.
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Fig. 19 — Macroscopic morphology and SEM images of CS4 (a—c), CS5 (d—f) and CS6 (g—i) in the B phase region after

compression test.
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Fig. 20 — XRD pattern of porous Ni—Al—-Cr cylindrical
samples.

(1) During the TE reaction, the Ni—Al compounds (NiAl,
Ni,Als, NiszAl et al.) are prior to form, and Ni—Cr com-
pounds (AlCr,, Al;,Cr et al.) are hard to generate.

(2) Al content significantly influences the TE behaviour of
porous Ni—Al—Cr intermetallics. Compared with the Al-
poor sample, a more violent TE reaction occurs in the
Al-rich sample. The Al-rich sample has a more obvious
expansion effect (25.61%), higher porosity (44.39%), and
can release more heat (1575 ] g %).

(3) Violent TE reaction can promote the uniformity of the
phase composition. From Rietveld refinement of the
XRD pattern, the Al-rich sample tends to form uniform
NiAl(Cr) substitutional solid solution.

(4) Porosity determines the compression resistance of
porous Ni—Al—-Cr intermetallics, high porosity structure
decreases the strength of Ni—Al-Cr intermetallic com-
pounds. Due to relatively low porosity, the Al-poor cy-
lindrical sample shows fairly excellent compression
resistance. The maximum yield stress of the sample can
reach 538 MPa.

4, Conclusions

Ni—Al—-Cr intermetallics in B phase region with high porosity
and excellent mechanical property were successfully pre-
pared by thermal explosion (TE) reaction. The TE behaviour
and compression resistance in the B phase region were
investigated. Conclusions can be summarized as follows.
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