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PRODUCTION AND MICROSTRUCTURAL CHARACTERIZATION OF Nb-Si BASED IN-SITU COMPOSITE

The Nb-Si based in-situ composite was produced by resistive sintering (RS) technique. In order to identify present phases,
X-ray diffraction (XRD) analysis was used on the composite. XRD analysis revealed that the composite was composed of Nb
solid solution (Nbss) and a-NbsSi; phases. The microstructure of the composite was characterized by using a scanning electron
microscope (SEM). The energy-dispersive spectroscopy (EDS) was performed for the micro-analysis of the chemical species.
SEM-EDS analyses show that the microstructure of composite consists of Nbss, NbsSi; and small volume fraction of Ti-rich Nbss
phases. The micro hardness of constituent phases of the composite was found to be as 593+19 and 1408433 Hyv, ;, respectively

and its relative density was % 98.54.
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1. Introduction

Niobium silicide based ultrahigh temperature alloys have
drawn attention as materials appropriate for the high-temperature
applications due to their superior properties such as high melting
point, low density, high rigidity and high-temperature strength.
[1-3]. The microstructure of the Nb-Si based alloys is typi-
cally characterized by the presence of Nb solid solution (Nbss)
and niobium silicide (NbsSi;, Nb;Si,) [4,5]. The intermetallic
compounds (such as NbsSi;, Nb;Si and TisSi;) contribute to
oxidation resistance and high-temperature creep while the Nbss
enhances the room temperature fracture toughness of the alloy
[6,7]. Nbss has superior room temperature fracture toughness
exceeding 20 MPam'”? [8] in comparison with NbsSi; phase
(2-2.5 MPam'?) [9]. However, their poor oxidation resistance
resulting from Nbss and brittleness of niobium silicide are main
drawbacks of their practical application [4,6,10].

A great number of studies have been done to get the bal-
ance of high temperature strength, ambient temperature fracture
toughness and oxidation resistance [4,6]. Alloying and processing
technologies are two techniques used for solving these problems
[6,11]. Many authors have proposed alloying as the most effec-
tive, economical and widely used method to improve the proper-
ties of niobium silicide based alloys [10-13]. The influences of
Cr[4], Ti[6], Mo [11],B[11], W [11], Al [13], Zn [14], Hf[15]

alloying elements on microstructures and mechanical proper-
ties of niobium silicide based in-situ composites were reported
by many authors. When the Ti addition exceeds 25 at.%, the
melting temperature of the Nb-Si alloy reduces bellow 1700°C
and TisSi; phase occurs. It is harmful to the creep resistance
of the alloy. [16]. Moreover, alloying these alloys by titanium
plays a significant role in improving the fracture toughness by
reducing the Peierls-Nabarro barrier energy of Nb [1,17]. Ad-
dition of low amounts (less than 5 at. %) of Cr and Al elements
contributes to the increase of the high-temperature oxidation
resistance [1,10,16]. Mo and W solid solution elements can be
used to strengthen the Nb-Si in situ composites. When these
elements are used, the composite has been reported to exhibit
significantly high compressive strength at temperatures ranging
from room temperature to 1500°C [8,18]. Besides, the addition
of Mo can contribute to the oxidation resistance improvement
of the composite by decreasing oxygen vacancies, which are
responsible for oxygen diffuse [19]. Various process techniques
such as selective laser melting (SLM) [20,21], hot-pressing
sintering [8,22,23], arc melting (AM) [11,17-19,24] and spark
plasma sintering (SPS) [17,25,26] are used to prepare the niobium
silicide based ultrahigh temperature composites. The resistive
sintering (RS) technique has drawn attention as a new powder
metallurgy approach for producing intermetallic, ceramics and
composites materials. RS process is regarded as an ever-growing
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and effective fabricating technology [27,28]. The most significant
property of RS is that the powder and green compact are heated
by the Joule effect and thus, the materials can be synthesized
uniformly and rapidly. However, this process is not similar to
the rapid solidification method. As a result of this, materials with
high density and fine microstructure can be achieved in very short
processing time [27-30]. Therefore, RS can be regarded as a po-
tential technique for synthesizing Nb-Si in situ composites. In the
literature, it can be seen that the production of these composites
by resistive sintering is rare. The aim of this study is producing
the at.% Nb-18Si-20Ti-8 Al-3Mo-3Cr ultrahigh temperature
composite using elemental powders by resistive sintering. There
is also much work on Nb-Si or Nb-Si-Ti based alloys. Another
aim of this study is to investigate the effects of Al, Mo and Cr al-
loying elements on the condensation behavior and microstructure
of the alloy. The results of the study can provide a reference for
the production of Nb-Si-Ti based composites by RS.

2. Experimental procedure

A multi-component composite with the nominal composi-
tion of (at. %) Nb-18Si-20Ti-5Mo-3Al1-3Cr was produced by
resistive sintering (RS) technique. The elemental materials
used in the current study were Nb (purity 99.8% 40 um), Ti
(purity 99.5%, 40 pum), Si (purity 99.5 %, 1-5 pm), Mo (purity
99.55%, 3-7 um), Al (purity 99.55%, 7-15 um) and Cr (99.2%,
10 um). All elemental powders were provided by Alfa Aesar
Company. Prior to the RS, the powders were weighed according
to the nominal compositions and then blended in a mechanical
mixer for 8 hours to obtain a homogenous powder mixture. The
mechanical mixer parameters revealed that the ball-to-powder
weight ratio (BPR) was 8:1 and the rotation speed was 210 r/min.
The mixed powders of 5 g were inserted into a steel die with an
inner diameter of 20 mm. A uniaxial mechanical load of 100 MPa
for 1 min. was applied to compact the mixed powders in the
die. Afterwards, the compacted powders placed between two
counter-sliding punches were synthesized at 4800 amperes and
60 MPa for 35 minutes by RS in air. The electric current applied
simultaneously with a uniaxial mechanical load was maintained
at the set value throughout RS. After the operation, the sintered
specimen inside the die was removed using uniaxial pressure and
then air-cooled. Finally, the sintered specimen with dimensions
of @ 20 mm x 5 mm was obtained (Fig. 1).

Fig. 1. Digital image of the sintered specimen (unit of measurement
is mm)

In order to perform the SEM studies, the sintered specimen
was gradually grounded by SiC papers up to 1200 and subse-
quently polished using 1 um diamond particles. The specimen
was etched by a reagent as follows:

—  7vol. % HNO;

- 12.5vol. % HF

- 18.5vol. % H,S0O,

— 62 vol. % distilled water.

X-ray diffraction analysis (Rigaku, D/MAX-B/2200/PC)
was applied to identify the phase constitution of the Nb-Si
in-situ composite using diffractometer with Cu Ko radiation
and operated at 40 kV and 40 mA. The XRD data scanning
angle 2-theta ranges from 20° to 90° with a step size of 0.02°.
The microstructure of the composite was observed by a scan-
ning electron microscopy (SEM, JEOL JSM-6060, LV) in
a backscattered electron (BSE) mode. Chemical compositions
of the constituent present phases were examined by energy-
dispersive spectroscopy (EDS, IXRF 5000). In order to obtain
standard deviations of the EDS data, five measurements were
performed. The relative density of the composite was calculated
by Archimedes’ principle, based on the immersion technique in
distilled water. The micro hardness of constituent phases of the
composite was determined by using Vickers diamond indenter.
For each phase region, 8 measurements were conducted using
the application of a load of 200 g for a dwell time of 10 secs.
and measurements were averaged.

3. Results and discussion

The morphologies of the powders used as starting mate-
rial are shown in Fig. 2 (a-f). It can be clearly discerned that
the powders of Nb and Ti are sharp-edged while Mo, Al and Cr
powders have a spherical shape. However, it was observed that
some Mo and Cr particles are agglomerated.

Fig. 2. Morphologies of the elemental powders: (a) Nb, (b) Si, (c) Ti,
(d) Mo, (e) Al and (f) Cr

As it can be seen from XRD pattern in Fig. 3, (at.%) Nb-
18Si-20Ti-8 Al-3Mo-3Cr composite consists of Nb solid solution
(bee, Nbss) and a-NbsSis (D8, [4/mcem CrsBj; type) phases. The
absence of Si and Ti peaks indicates the completed phase trans-
formation. It is worth noting that the niobium solid solution and



NbsSi; phases coexist in a wide range of temperature (from room
temperature to 1765°C) and composition (0.5-37.5 Si at.%), as
shown in Fig. 4. The Nb;Si phase decomposed by an eutectoid
reaction at approx. 1700°C and leads to the formation of Nbss
and NbsSi; phases. According to the Nb-Si binary system, there
are two kinds of NbsSi; phases, which are designated as o and 3,
with tetragonal structures. These phases differ only with respect
to their crystal structure type and lattice parameters; o (CrsB;-
type: at lower temperature (<1940°C) and  ((WsSis-type: at
higher temperature 1650-2520°C) [16,32]. Furthermore, the
lattice parameter of niobium solid solution 0.3288 nm is approx.
0.5% smaller than that of pure niobium (0.3304 nm) [8]. It is
considered that the volumetric change of the lattice is affected
by the size of the substitution elements.
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Fig. 3. XRD pattern of (at. %) Nb-18Si-20Ti-8Al-3Mo-3Cr in-situ
composite

It should be noted that the RS system has superior properties
compared with the conventional sintering process. This process
is characterized by the simultaneous application of electric cur-
rent and mechanical pressure. During RS, the effect of local high
temperature provided by Joule effect caused the temperature
increase between the particles and resulted in synthesizing the
composite. Moreover, this system retarded metastable phases and
inhibited grain coarsening or modified in the phase compositions
of the formed material due to high heating and cooling rates [29].
Therefore, the original microstructure of the Nb-18Si-20Ti-8Al-
3Mo-3Cr composite is maintained, as desired.

When the sintering temperature rises to the melting tem-
perature of Al, liquid phase sintering occurs during the RS
process. This increases the density of the composite and reduces
the pores. Consequently, the composite with almost full density
is obtained by means of electric current and applied pressure.
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Fig. 4. Nb-Si binary phase diagram [30]

Fig. 5 shows SEM-BSE micrographs of the Nb-18Si-20Ti-
8Al-3Mo-3Cr composite. As shown in Fig. 5, the microstructure
of the Nb-Si based in-situ composite consists of Nb solid solu-
tion, NbsSi; and small volumes of Ti-rich Nbss phases. It can
be observed that the regions with gray-white tone are composed
of Nbss matrix which is predominant in the microstructure of
the composite. Besides, it was distinguished that the NbsSis
with dark-gray tone along with Ti-rich Nbss phases with dark
tone distributed in the Nbss matrix. The NbsSi; phase islands
are mainly located at the grain boundaries of the Nbss phase. It

Fig. 5. SEM images of microstructures of Nb-18Si-20Ti-8 Al-3Mo-3Cr
in-situ composite

TABLE 1
EDS analysis results of the present phases
C it Element (% at.)
omposiion Nb Si Al Mo Cr
Nbss 56.9+2.48 0.7+0.03 26.8+1.18 9.1+0.57 2.44+0.19 4.1+0.36
Nb;Si; 45.9+1.87 35.242.06 14.7+1.09 2.8+0.21 0.6+0.03 0.8+0.28
Ti-rich Nbss 49.5+1.92 0.8+0.04 37.4+1.35 7.2+0.57 2.94+0.24 2.24+0.18
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was determined that the Nbss phase was 40 pm in size, while
NbsSi; phase had mean dimensions of 10 pm in width and 20 um
in length and most of the Ti-rich Nbss phases had a round shape
and mean size of 2 pm.

In respect to the Nb-Si binary phase diagram, the solubility
of Si in Nb solid solution is smaller than 0.5 (at.%) at 1600°C,
even a minor amount of silicon (atomic radii of 0.115 nm) may
significantly decrease the unit cell volume of Nb solid solution
[18]. As seen in Table 1, the contents of Si in the Nbss were
remarkably smaller than those in the NbsSis. It was reported the
Si was mainly present in the silicide phase [19]. Furthermore,
the Si content determined the volume fraction of the silicide
phase/s and hence played an essential role in the behavior of the
creep and fracture toughness of the material [ 16]. In contrast, the
contents of titanium, aluminum, molybdenum and chromium in
the Nb solid solution phase were more than those in the NbsSis
phase. Considering the effect of substitutional alloying ele-
ments, the atomic radii of pure substances were as follows [33];
Ti (0.146 nm), Mo (0.136 nm) and Al (0.143 nm) were closer to
those of Nb (0.143 nm) and thus these elements preferentially
substituted for Nb. The reason why Mo was higher in Nbss than
in NbsSi; could be attributed to the reasons above. Furthermore,
as mentioned before, the lattice parameter of the Nbs could be
reduced by substitutional elements.

The bulk density of the composite was calculated using
the Eq. (1) [34]:

wt. %Nb  wt. %Si  wt. %Ti
+ + +

(,0 _ )—1 _ PNb Psi Pri 1)
bilk wt. %Al wt. %Mo wt. %Cr
pAl pMo pCr

The density of the composite determined on the basis of
Archimedes’ was listed in Table 2. The relative density obtained
by dividing the experimental density value and the calculated
theoretical density value gave information about the porosity
amount of the specimen. It could also be noticed from Fig. 5 that
the microstructure of the composite had low porosity.

TABLE 2
Density of the Nb-18Si-20Ti-8Al-3Mo-3Cr in-situ
composite
Experimental | Theoretical | Relative
Material density density density
(g em™) (g em™) (%)
Nb-18Si-20Ti-8Al-3Mo-3Cr 6.025 6.114 98.54

However, the application of mechanical load, one of the
RS parameters, played an important role in the porosity control
of RSed materials [28]. It is important to note that the mechani-
cal property of metallic alloys was considerably influenced by
their density [34]. The obtained micro hardness values for Nbss
and NbsSi; phases in the present study and literature are listed
in Table 3.

TABLE 3

The micro hardness values that were measured and obtained
from the literature

Materials Reference Nbss NbsSi;
Nb-18Si-20Ti-8Al-3Mo-3Cr | Thisstudy | 593+19 | 1408+33
Nb-20Si-10Mo [25] 71248 1760£16
Nb-20Si-10Mo-10W [25] 798+10 1433+8
Nb-18Si—10Mo—10Ti—15W [18] 700 1480
Nb-10Si [35] 338+41 —

It was reported that the Nbs phase (at <1%) demonstrated
a hardness of 230-250 Hv with the addition of alloying elements.
However, the hardness of this phase could be increased up to
677 Hv depending on the alloying elements [35]. As it can be
seen from Table 3, the hardness of the RS alloy was considerably
higher than that of the Nbss phase in the binary alloy and was
lower than that of the Nb-20Si-10Mo and Nb-20Si-10Mo-10W
alloys. This result can be attributed to the fact that the alloy-
ing elements Mo, W and Cr significantly increase the micro
hardness of these alloys with solid solution strengthening. It
was also suggested that the combination of W and Mo alloying
elements played a key role in increasing the micro hardness of
the Nb solid solution phase [25]. In addition, differences in the
hardness values of the alloys can be attributed to the prepara-
tion techniques which may narrow the grain sizes, as well as the
volume fraction of the silica phases.

4. Conclusions

In this study, resistive sintering (RS) technique, which al-
lows the preparation of materials with advanced physical and
mechanical properties compared to those obtained with conven-
tional sintering techniques, was used.

The following conclusions can be drawn from this study:
1. Nb-18Si-20Ti-8Al-3Mo-3Cr (at.% ) composite was pro-

duced at 4800 A and 60 MPa for 35 minutes by RS in air.
2. XRD analysis revealed that the composite was consisted of

a two-phase (Nbss and NbsSi;) microstructure, as desired.
3. The micro hardness of constituent phases of the composite

was found to be as 593+19 and 1408+33 Hyv,, , respectively.

The relative density of the composite was % 98.54.
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