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Effect of Ni on Microstructures and Mechanical
Properties for Multielemental Nb—Si-Based Alloys

DEZHI CHEN, QI WANG, RUIRUN CHEN, ZHECHENG ZHOU, YANQING SU,
and HENGZHI FU

Eight-element Nb-Si alloys (Nb-Si-Ti—-Cr—Al-Hf-Zr—Ni) with different Ni contents were
prepared by arc melting to obtain Nb-Si alloys with high mechanical properties. Phase
selection, microstructure evolution, room-temperature fracture toughness, and compressive
properties were investigated systematically. Results showed that the eutectic Nb-Si alloy
becomes a hypereutectic Nb-Si alloy with the increase in Ni content. All alloys contain Nbss,
7-(Nb, X)5Siz and Cr,(Nb, X) phases, and 2Ni and 3Ni alloys also contain the primary o-(Nb,
X)5Si3 phase. With the increase in Ni content, the content and size of the primary o-(Nb, X)sSi3
phase increased. Ko first increased and then decreased, with the highest K of 12.6 MPa m'/
occurring in the 2Ni alloy. The room-temperature maximum compressive strength was
improved with 1 at. pct Ni addition but decreased with higher Ni addition. The strengthening
mechanism is solid solution strengthening and a high content of the y-(Nb, X)sSi3 phase by Ni
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I. INTRODUCTION

DUE to their high meltin% point (excess 1750 °C),
low density (6.6 to 7.4 g/cm”), and thermal stability,
Nb-Si-based alloys have become the most promising
high-temperature structural materials, such as turbine
engine blade components.!'"! If the nickel-base superalloy
is replaced with a Nb-Si-based alloy in an advanced
engine that is currently in service, the rotor weight will
decrease by more than 20 pct.”) Nb-Si-based alloys
contain two phases: a ductile phase Niobium solid
solution (Nbss) and a strengthening phase silicide. The
ductile phase provides the room-temperature fracture
toughness, while the silicide phase ?rovides high
strength, stiffness, and creep resistance.® Silicides con-
tain four types, «-NbsSi; (D8, /32 CrsBs-type),
ﬁ-NbSSl3 (ng, t132 W5B3-type), Nb3SI (ZP32 PT13-
type), and metastable phase p-NbsSiz (DS8g, AP16
Mn;Bs-type).[**! Body-centered tetragonal o-NbsSis is
a low-temperature stable phase, while body-centered
tetragonal -NbsSi; is a high-temperature stable phase.
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Elements such as Zr, Hf, and Ti can stabilize the
hexagonal y-NbsSi; phase,'®” and NbsSi decomposes
into Nbss and silicide through a eutectoid reaction
(Nb;Si — Nbss + o-NbsSi;).!T However, this transfor-
mation is sluggish in nature. The enthalpy values of
formation of the three silicides are a-NbsSiz, -NbsSis,
and y-NbsSi5 in descending order.””! The p-NbsSi; and
7-NbsSisy phases can be stabilized at room temperature
through elements. For example, Co, Mo, and Ge can
stabilize f-NbsSiz, and Cr, Hf, and Zr can stabilize the
7-NbsSi; phase at room temperature.l'>"3)  Also,
p-NbsSi; can be transformed into «-NbsSi; in some
Nb-Si alloys via high-temperature heat treatment.
Zhang and Guo!'" reported that a relatively complete
transformation from p-NbsSiz to o-NbsSiz occurred
during heat treatment (1450 °C/50 h) in a Nb—22Ti—16-
Si-3Al alloy. Kim et all"® reported that Mo can
stabilize the [-NbsSi; phase. The room-temperature
microstructure of the Nb-(18, 22) Si-(5, 15) Mo alloy by
arc smelting is f-NbsSi; + Nbss. After 1850 °C for 48 h,
the p-NbsSiz {)hase transforms into a-NbsSi;. Li and
Tsakiropoulos!'” reported that Nb-16Si~(5, 10) Ge
alloy can undergo a f-NbsSiy to a-NbsSi; transforma-
tion after 1500 °C for 100 hours.

Insufficient room-temperature fracture toughness is
an essential obstacle to the application of Nb-Si-based
alloys. The fracture toughness of the monolithic NbsSi3
phase is (1 to 3) MPam"2!'%!"") The Nbss phase can
markedly improve room-temperature fracture tough-
ness. At the tail of the crack propagation, the Nbss
phase reduces the crack tip stress intensity factor and
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even traps the crack, thereby increasing the fracture
resistance curve.'¥ Recent studies have shown that
microcracks in silicide phases with moderate sizes can
induce crack deflection and even create secondary
cracks.!"® Crack tip blunting, crack deflection, trapping,
and bridging, or a combination of these processes, are
all instances of in situ composite toughening.!'%!"!

Alloying elements can affect the chemical composi-
tion, size, volume fraction of the contrnuous Phase
(Nbss and silicide), and mechanical properties.”
date, the six-element Nb—-Si—Ti—Cr—Al-Hf alloy system
has been investigated in the most detail.”-'* Ti and Hf
elements have been shown to be beneficial to both
room-temperature fracture toughness and high-temper-
ature oxidation resistance.l'* Ti and Hf elements can
improve room-temperature fracture toughness because
they reduce the energy barriers of DBTT and Peierls—
Nabarro (P-N) barrier energy and increase the diver-
gence of crack tip dislocations.!"®*?! Oxidation resis-
tance is improved because Ti and Hf elements enhance
the composition and adhesion of the oxide film and
inhibit the diffusion of oxygen atoms.**** Cr promotes
the formation of the Cerb phase thus 1nh1b1t1ng
oxygen diffusion and improving oxidation resis-
tance.”>*) Due to its high activity, Al forms a dense
A1203 layer on the surface, hlnderlng oxygen diffusion
and improving oxidation res1stance 81" According to
Zelenitsas and Tsakiropoulos,*”! the microstructures of
Nb-24Ti-18Si—5Al and Nb—-24Ti-18Si-5Cr—5Al alloys
are composed of the Nbss and p-NbsSiz phases. Al
promotes precipitation of the Cr-rich Cy4 Laves phase
around the (Nb, Ti)ss grains in the heat-treated
Nb-24Ti-18Si—5Cr-5Al1 and Nb-24Ti-18Si-8Cr—4Al
alloys. Kashyap et al.’ reported that Al could refine
the eutectic structure, improve room-temperature frac-
ture toughness, and promote the precipitation of the
0-Nby;Siy phase, thereby improving high-temperature
performance. The improvement in fracture toughness is
attributed to the substitution of Si by metallic Al in
NbsSiz.P"" Many studies have shown that Zr can
improve room-temperature fracture toughness and oxi-
dation resistance in ternary, quaternary, or seven-cle-
ment alloys.*?> 3" Therefore, this study adds Zr to
six-element alloys and finally identifies a Nb-Si-Ti-
Cr—Al-Hf-Zr seven-element system alloy with better
mechanical properties as the base alloy.

To our knowledge, few studies have investigated Ni
elements for Nb-Si alloys.?”*®! Also, there has been no
systematic research on multlelemental Nb-Si alloys with
different Ni contents. Thus, the focus of this study was
to systematically investigate the influence of different Ni
contents on the microstructure and mechanical proper-
ties of Nb-Si-Ti-Cr-Al-Hf-Zr-based alloys. The opti-
mal Ni content can be obtained in a multielemental
Nb-Si alloy, which will set the groundwork for Nb-Si
alloy applications.

II. EXPERIMENTAL PROCEDURE

Four alloys with nominal compositions Nb—16Si-20-
Ti—4Cr—1.5A1-4Hf4Zr—xNi (x = 0, 1, 2, and 3 at. pct)
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were prepared by non-consumable electrode arc melting
using a copper water-cooled crucible, as shown in
Table 1. Each prefabricated alloy ingot had a mass of
120 g with a weight loss rate of less than 0.5 pct. The
ingot size prepared by melting was approximately 53
mm in diameter and approximately 11 mm in maximum
thickness. In this paper, the alloys are represented by
ONi, INi, 2Ni, and 3Ni. The ONi alloy was a base alloy
that contrasts with other alloys of different Ni contents
in microstructure and mechanical properties. The raw
materials used in this study were 99.95 wt pct Nb block
(3 to 8 um), 99.99 wt pct Si block (5 to 10 um), 99.4 wt
pct Ti sponge (3 to 10 um), 99.95 wt pct Al particles (93
x 3 um), 99.7 wt pct Cr blocks (1 to 3 um), 99.7 wt pct
Hf blocks (1 to 3 um), 99.4 wt pct Zr particles (93x3
um), and Ni particles — 99.9 wt pct (93x3 um). Each
alloy ingot was melted six times to ensure homogeneity.

Samples for microstructure observation and
room-temperature mechanical performance testing were
prepared by electrodischarge machining (EDM). All
samples were mechanically polished by SiC abrasive
paper and then polished to achieve a mirror-finish
surface before the test. The three-point bending speci-
men was 20 mm (length) x 4 mm (height) x 2 mm
(thickness). The notch (2 mm) was prefabricated in the
middle of the three-point bending sample using a Mo
wire diameter of 0.2 mm. According to ASTM E399,1%"
the universal testing machine Instron 5569 was used
with an initial cross-head speed of 0.2 mm/min at room
temperature, and the experiment was performed at a
span of 16 mm. The size of the compressed sample at
room temperature was ¥4 x 6, and the compression rate
was 0.5 mm/min. All mechanical property test speci-
mens were tested three times, and the average value was
calculated.

The phases were detected by X-ray diffraction
(PANalytical, XRD, Empyrean) using CuKo radiation
at an 8°/min scanning speed. The microstructures and
the chemical compositions of the alloys were analyzed
by quanta 200FEG in backscattered electron (BSE)
mode and energy-dispersive X-ray spectroscopy (EDS).
The 200FEG measured the fracture topography of
three-bending samples in secondary electron mode.
The chemical compositions of all ingots are listed in
Table II and were obtained by wave-dispersive spec-
troscopy (EPMA, JXA-8230). The three measurement
areas were all 3 ym x 3 pum. Results show that the
composition of all ingots is basically the same as the
nominal composition. 3D measuring laser microscopy
was used to investigate the three-dimensional morpholo-
gies of alloy fracture surfaces (LEXT OLS4100). The
volume fraction of the continuous phase was measured
using Image-Pro Plus 6.0 software.

III. RESULTS

A. Phase Identification by XRD

Figure 1 shows the XRD patterns of multielemental
Nb-Si alloys with different Ni contents. All alloys
contain Nbss and 7-(Nb, X)sSi; phases, where X
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represents the substitution of Ti, Zr, and Hf elements for
Nb and the 2Ni and 3Ni alloys have a diffraction peak
corresponding to the o-(Nb, X)sSiz phase. The phase
compositions of the ONi and 1Ni alloys were the same:
only Nbss and y-(Nb, X)sSi3. In contrast, 2Ni and 3Ni
alloys contained three phases: Nbss, a-(Nb, X)sSi; and
7-(Nb, X)sSi;. Adding 1 at. pct Ni to the phase
composition had little effect, while adding more than 2
at. pct Ni facilitated the formation of o-(Nb, X)sSis.
Furthermore, there was no metastable Nb;Si phase in all
alloys, indicating that adding multiple elements could
promote the decomposition of the NbsSi phase.

The lattice parameters of the phases in all alloys are
listed in Table III by the Rietveld method and MDI Jade
6.0 software. The lattice parameter of the Nbss phase
decreased from 3.2908 to 3.2884 A with the addition of
Ni. The primary reason for this decrease in the lattice
constant was the Ni solid solution in the Nbss phase. Ni
has a small atomic radius element (ry; = 0.125 nm < rnp
= 0.143 nm).”*” In the INi alloy, the ¢/a value of the
7-(Nb, X)sSi3 phase was marginally higher than that in
ONi. The c¢/a value of the y-(Nb, X)sSi; phase remained
essentially unaltered as the Ni content exceeded 1 at. pct.
The ¢/a value of the a-(Nb, X)sSi; phase increased from
1.7911 to 1.8053 with the increase in Ni content.

B. Microstructure

Figure 2 shows the BSE images of multielemental
Nb-Si alloys with different Ni contents. The chemical
composition of the continuous phase in all alloys is
listed in Table 1V. Four phases of white, gray, black,
and light gray are shown in the microstructure in
Figure 2. According to Section III-A and EDS analysis,
the white phase was Nbss, the gray phase was y-(Nb,
X)sSis, the black phase was Cry(Nb, X), and the light

Table I. Nominal Compositions of All Alloys With Different
Ni Contents

Composition (At. Pct)

Aoy \w si Ti o Al Hf Zr  Ni
ONi 505 16 20 4 15 4 4 0
INi 495 16 20 4 15 4 4 1
N 485 16 20 4 15 4 4 2
3N 475 16 20 4 15 4 4 3

gray phase is a-(Nb, X)sSi;. Because the area of the
black phase was small, the diffraction peak of Cr,(Nb,
X) was not found in the XRD pattern.

ONi is a eutectic alloy [Nbss/y-(Nb, X)sSiz] because
there is no sizeable primary phase. Nbss phases are
primarily rod-like and nearly elliptical morphologies;
y-(Nb, X)sSi; phases are primarily irregularly long strips
or connected as a network. The ONi alloy also contained
a certain amount of lamellar eutectic structure, and the
thickness of lamellar y-(Nb, X)sSiz; was only approxi-
mately (1 to 3) um, as illustrated in Figure 2(b). The
Cr,(Nb, X) phase was primary distributed at the edge of
the eutectic cluster or at the phase boundary between
Nbss and y-(Nb, X)sSiz. The microstructure of the 1Ni
alloy is shown in Figure 2(c) and was similar to the ONi
alloy as a eutectic structure without a primary phase and
consisted of Nbss, y-(Nb, X)sSi;, and Cry(Nb, X).

In contrast to the ONi and 1Ni alloys, the 2Ni alloy
generated many o-(Nb, X)sSi; phases with sizes ranging
from 20 to 50 um. The morphology of the a-(Nb, X)sSis
phases was primarily island-shaped, and EDS results
show that the Ti concentration of the o-(Nb, X)sSi3
phase was only 10 pct, which was two-thirds of that in
1-(Nb, X)sSi3. The 2Ni alloy had an anomalous eutectic
structure with an island-like y-(Nb, X)sSi; distributed on
the Nbss matrix. The island-like y-(Nb, X)sSi3 phase
ranged from several to tens of microns.

With the addition of more Ni, a larger «-(Nb, X)sSi3
phase with a length of up to 200 um appeared in the 3Ni
alloy. The shape of a-(Nb, X)sSi; was primarily rod-like
and regular quadrilateral. The primary o-(Nb, X)sSi3
phase had a typical non-faceted dendritic morphology,
which was different from y-(Nb, X);Siz. 2Ni and 3Ni
alloys are hypereutectic alloys with primary a«-(Nb,
X)5Si3 phases due to the presence of a large number of
continuous phases [¢-(Nb, X)sSiz] with a size of more
than 20 um. These results indicate that adding Ni to
multielemental Nb—Si alloys influenced the solidification
path, resulting in the precipitation of the primary o-(Nb,
X)sSi3 phase.

Figures 2(d) and (h) show microcracks in the y-(Nb,
X)sSi; phase but none in the «-(Nb, X)sSi; phase. The
primary reason for this results is that the y-(Nb, X)sSi3
phase is a hexagonal crystal, while the a-(Nb, X)sSi;
phase is a tetragonal crystal.””! Therefore, compared
with the y-(Nb, X)sSi; phase, the a-(Nb, X)sSi3 phase
contained more slip systems.*!! Thus, the formation of
the a-(Nb, X)sSi3 phase rather than the y-(Nb, X)sSi3

Table II. Chemical Compositions of all Alloys With Different Ni Contents

Composition (At. Pct)

Alloy Nb Si Ti Al Hf Zr Ni
ONi 483 + 0.2 17.8 + 0.1 20.1 + 0.3 39401 1.4+ 0.1 42+ 02 43+ 02 —

INi 474403 17.6 + 0.2 202 + 0.2 3.8 402 13402 4340.1 44 +0.1 1.0+ 0.1
2Ni 45.8 + 0.1 17.8 + 0.2 204 + 0.2 39402 13+ 0.1 44+ 0.1 42+ 02 224 0.1
3Ni 450 + 0.1 17.9 + 0.3 203 + 0.2 3.8+ 0.1 1340.1 424 0.1 43402 32402
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Fig. —XRD patterns of all alloys with different Ni contents.

phase improved the fracture
toughness.

According to Table IV, the Ni contents of the Nbss
phase and y-(Nb, X)sSi; phase in the 1Ni alloy were 0.36
and 0.80 pct, respectively. The Ni content in the Nbss
phase of the 2Ni alloy was also lower than that of the
7-(Nb, X)sSi; phase. These results indicate that Ni was
preferentially dissolved in the p-(Nb, X)sSi; phase
compared to the Nbss phase. Santos et al*? studied
the ternary isotherm diagram and obtained the same
result.

Previous studies have shown that the Cry(Nb, X)
phase easily forms a ternary eutectic structure with Nbss
and silicide phases.!'>**" Because Cr has a low meltmg
point, Cr solidifies last.[*”! The solid solution of Ni in the
Cry(Nb, X) phase was much higher than that in the
other phases, reaching 16 to 18 pct, because the melting
point of Ni is only 1453 °C,*" reaching the maximum
solid solubility of Nbss and silicide phases. Ni was
concentrated in the liquid phase and finally dissolved in
the Cry(Nb, X) phase. Therefore, the content of Ni in
Cry(Nb, X) was the highest. The Ni content in the
Cr,(Nb, X) phase was approximately 20 pct, while the
Cr content in Cry(Nb, X) decreased from 41.7 to 20 pct
in the Ni-added alloys, which indicates that Ni substi-
tutes Cr in the Cr,(Nb, X) phase. There were also a few
changes in the other elements with the increase in Ni, as
shown in Table IV. When Ni was added to Nb-Si-based
alloys, the (Cr, Ni),(Nb, X) phase appeared in the
microstructure, where Cry(Nb, X) and (Cr, Ni),(Nb, X)
are collectively referred to as Cry(Nb, X).

room-temperature
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The element distribution of the 3Ni alloy was used to
validate the distribution of each element in all contin-
uous phases, as shown in Figure 3. Figure 3 shows that
all other elements were segregated except Al. Thus, Nb
primary formed the Nbss phase, and the content
distribution from high to low was Nbss, a-(Nb, X)sSi;,
7-(Nb, X)5Si;, and Cr,(Nb, X), Si formed silicide phases,
Zr and Hf were primarily distributed in the silicide
phase, particularly the y-(Nb, X)sSi; phase. The element
distributions of Ni, Cr, and Ti1 were the most similar and
all dissolved in the final solidified Cr,(Nb, X) phase in
substantial amounts, confirming the prior discussion.

Quantitative statistical analysis was performed on a
large number of SEM images to calculate the area
fraction of all phases, as shown in Table V and Figure 4.
The area fraction of the Nbss phase gradually decreased
with the increase in Ni content: the 2Ni alloy was 40.5
pct + 5.6, and the 3Ni alloy was 34.2 pct £+ 4.3. Thus,
when the addition of Ni reached 2 pct, the alloy
transitioned from a eutectic to hypereutectic structure.
The area fraction of the a-(Nb, X)sSi3 phase in the 2Ni
alloy was 31.9 pct & 2.3, which increased to 38.4 pct £
3.1 in the 3Ni alloy. In the ONi alloy, the content of the
7-(Nb, X)sSi; phase reached 52.0 pct + 5.7 and then
decreased as the Ni concentration increased. The 3Ni
alloy was only 19.2 pct & 3.9 due to a large consumption
of Si in primary a-(Nb, X)sSi3, leading to a marked
reduction in the content of the y-(Nb, X)sSi; phase.

C. Room-Temperature Mechanical Properties

Figure 5 shows the average room-temperature frac-
ture toughness (Kq) of alloys with different Ni contents.
Kq first increased and then decreased as the Ni content
increases. The room-temperature fracture toughness of
the ONi alloy was 10.71 MPa'm'/?. Kq of the 2Ni alloy
was the highest, reaching 12.6 MPa- ml/ 2. When the Ni
content reached 3 pct, Ko dropped to 11.1 MPa- m'?.

Figure 6 shows the crack propagation path of the
three-point bending specimens in all alloys. The four
alloys exhibited a deflection in the crack propagation
path, absorbing energy and increasing K Ko Therefore,
Kq of the four alloys reached 10 MPa'm 2. The degree
of crack deflection in each alloy is different. A significant
degree of deflection increased Kq. A detailed analysis is
shown in Section 4.3. Secondary cracks were found in
the 2Ni alloy, and other studies have shown that
secondary cracks can reduce the driving force at the
crack tip, redistributing local stress at the crack prop-
agation tip and ultlmdtely improvi ‘% room-temperature
fracture toughness.*”) Guo er /™ found the same
result when adding Ta to a multielemental Nb-Si alloy.

Figure 7 shows the fracture morphology of three-
point bending specimens with different Ni contents. The
fracture morphology of the four alloys was composed of
smooth cleavage steps and tearing ridges. With the
increase in Ni content, the number of cleavage steps
increased corresponding to the microstructure
(Figure 2). The fracture plane of silicide phases in
Figure 7(e) exhibited clear river patterns, indicating that
the silicide phase was a transgranular cleavage mode.
The river pattern indicate that the plasticity produced by
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Table III. Lattice Parameter Values of Phases in All Alloys

Lattice Parameters

OC-(Nb, X)5S13

7-(Nb, X)sSi3

Alloy  Nbss (A) a (A) ¢ (A)

cla a (A) c (A) cla

ONi 3.2908 £ 0.0019  — —
INi 3.2887 + 0.0021
2Ni 3.2885 £ 0.0027
3Ni 3.2884 + 0.0030

6.5867 £ 0.0029
6.5694 + 0.0033

11.7976 £ 0.0055
11.8597 £ 0.0049

— 7.6342 + 0.0031 5.2193 £ 0.0029  0.6837
— 7.5443 + 0.0018 5.2478 £+ 0.0041 0.6956
1.7911 7.5494 + 0.0022 5.2480 + 0.0047  0.6952
1.8053 7.5435 + 0.0015 5.2476 £+ 0.0038 0.6957

silicide was limited,”*” and the tear ridge indicated that
the Nbss phase had undergone a certain degree of plastic
deformation during the fracture process, demonstrating
that the ductile phase Nbss could improve room-tem-
perature fracture toughness. The Nbss phase of the 2Ni
alloy exhibited dimples between 0.2 and 0.8 um in
Figure 7(e), which was a typical ductile fracture behav-
ior.’”! Kong and JiaP®" reported that the Nbss phase
fractured through the dimple mode due to b = a/2 (111)
active dislocations. Therefore, all alloys in this experi-
ment exhibited brittle quasi-cleavage fractures.

Figure 8 shows the surface morphology measurements
of three-point bending fractures with different Ni
contents. The quantitative calculation of the surface
area and specific surface area (ratio of surface area to
projected area) of each alloy obtained by three-point
bending specimens are listed in Table VI. The 2Ni alloy
had the largest specific surface area of 2.776, which
means that the 2Ni alloy had the most undulations.
Conversely, the fracture surface of the ONi alloy was the
flattest.

Figure 9 shows the room-temperature compressive
strength of alloys with different Ni contents. The ONi
alloy had the lowest maximum compressive strength
(only 1976 MPa). The maximum compressive strength
value of INi alloy is 2116 MPa, which gradually
decreased to 2046 MPa as the Ni concentration
increased.

IV. DISCUSSION

A. Effect of Ni Addition on Microstructure Evolution

The ONi alloy was composed of Nbss, the y-(Nb,
X)sSi; phase, and the Cry(Nb, X) phase (Figures 2(a)
and (b)%. According to the binary Nb-Si phase dia-
gram,? the eutectic point of the Nb-Si alloy was 18.7
pct. Ma and Guol¥ reported that the addition of Zr and
Mo could move the eutectic point of a Nb—Si alloy in the
direction of the low Si content, and make the hypoeu-
tectic alloy (Nb-22Ti—15Si—5Cr—3AI-2Hf) become a
hypereutectic alloy. Zelenitsas and Tsakiropoulos!”
and Li er alP* showed that Al and Cr elements
transform hypoeutectic Nb-Si alloy into a hypereutectic
alloy, respectively. In this study, the addition of Zr, Al,
and Cr in the ONi alloy moved the eutectic point of the
Nb-Si alloy in the direction of a low Si content,
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resulting in a eutectic rather than a hypoeutectic
structure. The silicide phase in the base alloy (ONi)
was y-(Nb, X)sSi; instead of «-(Nb, X)sSi; or f-(Nb,
X)sSi3 phase, primarily due to the content of Zr, Hf, and
Ti in the alloy. These elements and Si easily formed
ZrsSiy (P63/mem), Hf5Si3 (P63/mem), and TisSi; (P63/
mcm) phases with the same lattice structure as the
7-(Nb, X)sSiz (P63;/mcm)phase. Several studies have
demonstrated that Zr, Hf, and Ti elements are dis-
tributed in large amounts in the silicide phase, which
promotes the formation of the 7-(Nb, X)sSiz
phase.[12:35:53]

Analyzing the Nb-Si binary phase diagram shows two
ways to precipitate the a-(Nb, X)sSi; phase; one is
obtained by the hypoeutectic or eutectic structure
through the eutectoid decomposition reaction of Nb;Si.
For example, Kommineni er al.®* reported that Zr can
promote the eutectoid decomposition reaction of NbsSi
to form the o-(Nb, X)sSiz; phase. The other is the
hypereutectic structure, which includes the primary
a-(Nb, X)sSi; phase through the peritectoid reaction
between Nb;Si and the primary fp-(Nb, X)sSi; phase.
The difference between the two a-(Nb, X)sSiz is the
phase size. The size of a-(Nb, X)sSi; in the eutectoid
decomposition reaction is small, while the primary
a-(Nb, X)sSi3 phase is more than 20 um. The primary
o-(Nb, X)sSi; phase (Figure 2(e)) appears in the 2Ni
alloy. With the increase in Ni content, the primary
a-(Nb, X)sSi53 phase in the 3Ni alloy continues to grow
and the length can reach 200 pum. Thus, 2Ni and 3Ni
alloys are primary o-(Nb, X)sSiz phases instead of
eutectoid-decomposed a-(Nb, X)5Sis.

Because the Cry(Nb, X) 5phase has a low melting
point, it solidifies the latest.°® With the increase in Ni
content, the undissolved Ni also dissolves in the Cr,(Nb,
X) phase to form Ni-rich Cr(Nb, X), increasing the area
fraction. Therefore, the Cr(Nb, X) phase content of the
3Ni alloy reaches 8 pct.

Thus, the phase evolution sequences of multielemen-
tal Nb-Si alloys with different Ni contents can be
written as follows (Figure 10):

ONi and INi alloys:

(i) L > Nbss + (Nb, X);Si

— Nbss + V—(Nb, X)5513

— Nbss + y-(Nb, X)sSiz; + Cry(Nb, X).

2Ni and 3Ni alloy:

(i) L — primary a-(Nb, X)sSi; + L

— primary o-(Nb, X)sSiz + ((Nb, X)38i/Nbss)gutectoid
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¥-(Nb,X)5Si3

Nbss/p! (NG X581t

YE(NbiX)sSi3

Nbss/y-(NbX)sSi3

Primary o-(Nb,X);5Si;

Nbss/y- (Nb,X)sSi3

ZOEm

VaIND. X)sSi3
g

Primary o-(Nb X)5Si3

CH(ND,X)

ZOEm

Fig. 2—BSE images of the microstructure in the multielement Nb-Si alloy with different Ni contents: () and (e) ONi, (b) and (f) INi, (¢) and (g)
2Ni, and (d) and (k) 3Ni.
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Table IV. Chemical Compositions of Phases in All Alloys With Different Ni Contents

Compositions
Alloy  Phase Nb Si Ti Cr Al Hf Zr Ni
ONi Nbss 62.2 + 2.1 74402 16.9 £+ 0.5 44 4+ 0.2 1.2 +£0.1 254+05 54+£02 —
7-(Nb, X)sSi3  256£09 39719 16.1 £0.6 1.7+0.1 08+£01 6.1+04 90+£04 —
Cry(Nb, X) 18.8 + 0.8 57+03 192 +06 41.7+23 10+02 744+06 62+07 —
1Ni Nbss 61.5+23 73+ 1.1 17.1 £ 0.5 47 £ 0.3 1.2+02 24+£02 55409 04=+0.1
7-(Nb, X)sSi3 223 +12 412 +26 18.6 £ 0.7 1.14+02 22402 584+03 81406 08=+0.1
Cry(Nb, X) 18.54+0.3 89+07 201410 236+26 09+02 58+£04 594+07 164+06
2Ni Nbss 61.0 £+ 1.8 6.6 + 0.8 176 £ 1.6 5.5+ 1.0 1.3 4+0.1 2.0+ 0.1 5.3+£05 0.7+0.1
7-(Nb, X)sSi3;  25.6 £ 1.1 43.6 £ 2.1 157 £ 1.2 09+02 22403 59+03 54+£02 0.7+0.1
a-(Nb, X)sSis  38.6 1.3 374+1.7 9.8 £ 0.6 0.7 &+ 0.1 054+0.1 494+06 674+0.2 1.5+ 0.1
Cry(Nb, X) 11.9 &+ 0.7 65+04 27318 1824+10 44 +0.1 63+07 64+£04 182403
3Ni Nbss 61.7 £ 2.6 6.5+ 0.1 179 £ 1.8 44 4+ 0.5 164+02 20£+£03 50+£04 08=+0.1
a-(Nb, X)sSi3 396+ 1.7 369+13 10.0+0.9 08+0.1 02401 46+03 55+02 24+02
7-(Nb, X)sSi3 237+£08 425+1.0 149 £ 1.2 06+0.1 214+02 614+08 9.0+0.3 1.2 +£0.1
Cry(Nb, X) 123+ 04 75+£02 247+18 22114 44+£02 6.1+05 57=+0.1 17.2 £ 0.7

—  primary

X)SSi3)Eutect0id
— primary o-(Nb, X)sSi; + (Nbss/y-(Nb, X)sSi3)guec-
wid + cr2(Nb, X).
Figure 10 shows a schematic diagram of the phase

o-(ND,

X)sSi3

Fig. 3—Elemental X-ray mapping of fine eutectic in 3Ni alloy: (¢) BSE image, (b) Si, (¢) Ti, (d) Cr, (e) Nb, (f) Hf, (g) Zr, (h) Al, and (i) Ni.

+  (Nbss/y-(Nb,

had a larger primary a-(Nb, X)sSiz phase and a higher

content of the Cry(Nb, X) phase.

B. Effect of Ni Addition on Mechanical Performance

evolution sequence of all alloys with different Ni
contents. The solidification sequence of the ONi and
INi alloys was similar, and the primary difference
between the 3Ni and 2Ni alloys was that the 3Ni alloy

METALLURGICAL AND MATERIALS TRANSACTIONS A

The low room-temperature fracture toughness limits
the application of Nb-Si alloys.['** Kq of the INi alloy
was marginally increased by 3.3 pct compared to that of
the ONi alloy (Figure 5), primarily because (1) the
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Table V. Area Fraction (Pct) of Microstructure Constituents in All Alloys With Different Ni Contents

Phase
Alloy . .
Nbss o-(Nb, X)sSi3 7-(Nb, X)sSi3 Cry(Nb, X)
ONi 448 +£ 4.5 0 52.0 + 5.7 324+04
1Ni 44.1 + 3.1 0 50.9 + 6.3 50+14
2Ni 40.5 £ 5.6 319 +£ 23 209 +£ 49 6.7+ 1.6
3Ni 342+ 43 38.4 + 3.1 19.2 £ 3.9 8.0+238

—=— Nbss
—o—y-(Nb,X),Si,
—4— a-(Nb,X),Si,
—=— Cr,(Nb,X)

o)
(=]
1

I
&
T

Volume fraction of phases (%)

(=]
1

Alloys

Fig. 4—Area fraction of microstructure constituents in all alloys
with different Ni contents.

10.7

K (MPaem'?)
=)

)

1 2
Ni content (at.%)

Fig. 5—Average room-temperature fracture toughness (Kq) of alloy
with different Ni contents.

addition of Ni made the ‘¢’ axis of the y-(Nb, X)sSi;
phase longer and the ‘a’ axis shorter, and (2) the c/a
value increased from 0.6837 to 0.6956 (Table III).
Hexagonal intermetallic compounds are known to have
few slip systems due to their high intrinsic brittleness.
Wang er al™ demonstrated that alloying elements
could modify the lattice constant of the silicide phase.
When the lattice constant of the silicide phase was near

1800—VOLUME 53A, MAY 2022

1, the plastic deformability of the silicide phase was
higher.

The type of silicide present is known to have a stron
impact on room-temperature fracture toughness.!
Compared with the hexagonal y-(Nb, X)sSi; phase, the
tetragonal o-(Nb, X)sSi3 phase was more beneficial to
room-temperature fracture toughness.’”) Although the
silicide content of the 2Ni and 3Ni alloys was higher
than that of the ONi and 1Ni alloys, the majority of
silicide phases was a-(Nb, X)sSi3, and the content of the
7-(Nb, X)sSi; phase decreased from more than 50 pct to
approximately 20 pct, resulting in a higher Kq for the
2Ni and 3Ni alloys.

After the crack propagated from the silicide to the
Nbss phase, the stress field at the crack tip tended to
connect with the silicide phase closest to the
crack."”2%2°1 If the silicide phase was not on the
extension line of the crack propagation, deflection
would occur, but when the size of the primary phase
was too large (> 100 um), the crack passed straight
through, reducing deflection. To a certain extent, the
small-sized primary silicide phase could be used as the
origin of cracks, forming secondary cracks or inducing
crack propagation. Sun et all'* showed that a certain
size of silicide phase can change the orientation of the
crack propagation. Thus, Kq of the 2Ni alloy was the
highest, and Kq of the 3Ni alloy decreased to 11.14
MPam'”,

The deflection path and deflection of the crack are
closely related to the room-temperature fracture tough-
ness, which means that the greater the deflection is, the
higher the fracture toughness value is.*® In Figure 6,
the crack growth image is quantified, and the crack
growth path is measured, where 1 pixel equals 1 um.
Then, the measured pixel positions were connected to
create a curve, as shown in Figure 11. The curve was
fitted to a straight line using the least square method;
the degree of fit ‘R’ (linear correlation coefficient) was
determined; and ‘D’ was the deflection of the curve
(i.e., the reciprocal of the R value). The smaller the R
value and the higher the D value are, the more tortuous
the crack propagation path. R and D of the four alloys
are listed in Table VII. D of the 2Ni was 4.17, and D of
ONi was only 1.03, indicating that the cracks in the 2Ni
alloy had more bends and consumed more energy
during propagation. R and Kq exhibit the same trends
in this study, indicating that the degree of crack
bending influenced the room-temperature fracture
toughness.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Bridging

De§lectingf
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-

Bridging Bridging

Loading force direction

—

Fig. 6—BSE images of crack propagation paths in all alloys with different Ni contents: (@) ONi, (b) INi, (¢) 2Ni, and (d) 3Ni.

Fig. 7—Fractographies of the three-point bending specimens in all alloys with different Ni contents: () ONi, (b) 1Ni, (¢) 2Ni, (d) 3Ni, and (e) is
magnification of 2Ni alloy.
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Fig. 8—3D surface morphology measurements with three-point bending test samples: (a) ONi, (b)1Ni, (¢) 2Ni, and (d) 3Ni.

Table VI. Surface Area and Specific Surface Area of the Fracture Surface for Three-Point Bending Specimens

Alloy Surface Area (um?) Projected Area (um?) Specific Surface Area (S/M)
ONi 8,315,715 3,343,673 2.487
INi 8,703,581 3,343,673 2.603
2Ni 9,282,036 3,343,673 2.776
3Ni 8,957,700 3,343,673 2.679

=
2000 | | —=—(ONi) % —a— Compressive strength(MPa)
A () §n 2116

s CNY g 2100 } 2099
& —v—(3Ni) g
2 1500 | "
= 2 2046
g g
Z 1000 £ 2000 |
2 S
2 3
g 2
- E
g soof B
=} K
~ g

s 1900;r

0 L . . PR TP SRR N B é 0 L 1 I 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 E 0 1 2 3
Compressive Displacement (mm) Ni content (at.%)
(a) (b)

Fig. 9—Room-temperature compression strength of all alloys with different Ni contents: («) representative compressive strength—displacement
curves, and (b) compressive strength.
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Ni content

ONbss  8Cr(Nb.X)
m Nbss/(Nb.X);Si
/= Nbss/y-(Nb.X)sSi3

Primary a-(Nb,X)5S1;

Solidification and solid phase transformation

Fig. 10—Schematic diagram of the phase evolution sequence of all alloys with different Ni contents.

300

Fig. 11—Pixel map of crack growth paths and curves of the simulated propagation path: (a) ONi, (b) I1Ni, (¢) 2Ni, (d) 3Ni, and (e) simulated
propagation path of all alloys.
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Table VII. Quantitative Deflection Degrees of the Alloys

Alloy ONi INi 2Ni 3Ni
R 0.97 0.90 0.24 0.73
D (1/R) 1.03 111 417 1.37

Ni was dissolved in the Nbss phase to produce a solid
solution strengthening effect and to increase the maxi-
mum compressive strength. Sankar et al.®**! showed that
adding 3 at. pct Ni to a Nb-Si alloy increased the
microhardness of the Nbss phase from 454 to 582 Hyv.
Therefore, the maximum compressive strength of the
INi alloy was higher than that of the ONi alloy. The
literature also indicated that the microhardness of the
7-(Nb, X)sSi; phase is higher than that of the o-(Nb,
X)sSi; phase.**. Because the silicide phase of the 2Ni
and 3Ni alloys was primary o-(Nb, X)sSi3, their max-
imum compressive strength was marginally lower than
that of the INi alloys, as shown in Section III-B.
Compared with the Nbss phase, the silicide phase was
more conducive to improving room-temperature and
high-temperature strength. Zelenitsas and Tsakiropou-
los®’! showed that when the silicide content in the
binary Nb-Si alloy increases from 28 to 38 pct, the
room-temperature bending strength increased from 480
to 500 MPa. Li and Peng?®” found that with the increase
in silicide content, the room-temperature compressive
strength increased from 947 to 1080 MPa in a Nb—(11,
16, 18) Si—6Ti alloy. Therefore, the maximum compres-
sive strength of the 2Ni and 3Ni alloys in this study was
higher than that of the ONi alloys. Thus, the highest
compressive strength of the 1Ni alloy can be attributed
to the solid solution strengthening of Ni and the high
content of the y-(Nb, X);Si; phase.

V. CONCLUSIONS

The effects of varying Ni concentrations on the
microstructure, room-temperature fracture toughness,
and compressive strength of Nb-Si alloy were thor-
oughly investigated based on the seven-elemental alloy
(Nb-Si-Ti-Cr-Al-Hf-Zr). The primary conclusions of
this study are as follows:

(1) ONi and INi alloys were composed of Nbss,
7-(Nb, X)sSi; and Cry(Nb, X) phases. 2Ni and
3Ni alloys were composed of primary a-(Nb,
X)sSi3, Nbss, y-(Nb, X)sSi;, and Cr,(Nb, X)
phases. The eutectic Nb-Si alloy became a
hypereutectic Nb—Si alloy as the Ni concentration
increased.

(2) With the increase in Ni content, K, first increased
and then decreased. The highest Kq of the 2Ni
alloy was 12.6 MPa-m'? The high content of
oa-(Nb, X)sSi3; (low content of y-(Nb, X)sSi3)
increased Kq, while the bulk primary o-(Nb,
X)sSi3 phase decreased Kq.

1804—VOLUME 53A, MAY 2022

(3) The room-temperature maximum compressive
strength first increased and then decreased with
more Ni. The maximum compressive strength of
the INi alloy was 2116 MPa, and the strengthen-
ing mechanism was solid solution strengthening
of Ni and a high content of the y-(Nb, X)sSis
phase.
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