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Abstract

Second-phase hardening in refractory high-entropy alloys (RHEAS) has been recognized as one
of the main routes to significantly improve their mechanical properties. However, their cost—
benefit should not be compromised. Thus, we designed second-phase strengthened RHEAS by a
low-cost powder metallurgy method. We induced the formation of FCC (face-centered cubic) ZrC
second phase, which has not been reported in Ti-Nb-Zr-Ta alloys before and may be easily
confused with the FCC-Zr due to the complexity of identifying carbon by conventional methods.
We used neutron diffraction and electron backscatter diffraction for microstructural studies, as
well as hardness, ultrasonic and compression techniques for assessing mechanical properties. Our
investigation centered on equiatomic and equimassic Ti-Nb-Zr-Ta alloys, both displaying similar
grain morphology and porosity but differing in grain sizes and phases. The variation in grain size
was attributed to the influence of Ta as a grain growth pinning element. Our second-phase ZrC
hardened alloys revealed higher stiffness and hardness, surpassing those documented in the

existing literature.
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1. Introduction

Refractory high-entropy alloys (RHEAS) were reported in 2010 with the objective to overcome
the technological challenge of building high-temperature-resistant components for aerospace,
nuclear and chemical reactors [1]. RHEAs answer the immediate need for high mechanical
properties at elevated temperatures, due to their high melting points, surpassing the commonly
used nickel-based superalloys [2]. Microstructural control and the introduction of second-phase
hardening in RHEAs have been recognized as the main routes to improve their mechanical
properties [2]. Besides, increasing the multidisciplinary applications of RHEA is highly sought
after area. So far, the effect of B2 and Laves phases as second-phase hardening of RHEAS has
been broadly studied, but their formation requires thermo-mechanical processing that decreases
the cost-benefit of the alloy. Seeking feasible and low-cost materials may be the biggest challenge
for the technological application of materials science, including the second-phase hardened

RHEAs.

In this work, we seek to explore the formation of carbides as a second-phase hardening route
during the processing of the alloy, i.e., without further thermo-mechanical treatment. We selected
a powder metallurgy method for promoting carbide formation during sintering. Powder metallurgy
routes have been proven successful for obtaining carbide-reinforced RHEAs [3]. Besides, powder
metallurgy is well recognized due to the minimized cost of machining complex-shaped
components, as well as lower temperature and energetic requirement during processing compared
to casting [4]. However, no multidisciplinary RHEA has explored this option yet. The Ti-Nb-Zr-
Ta (TNZT) alloy was selected as the starting material because of its high oxidation and wear

resistance [2], as well as low cytotoxic effect [5] of the constituent elements. Besides, Zr has a
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high affinity to form carbides. Thus, the TNZT alloy is a RHEA with adequate physical,

mechanical and biological properties for assessing the effect of second-phase hardening carbides.

Considering that carbon is difficult to characterize by conventional techniques, especially at
low fraction content, we used neutron diffraction to demonstrate its presence and quantification in
our alloys. The existence of an FCC Zr phase has been predicted from the elastic stability criteria
[6]. Later, some works have reported its formation in pure elements [7,8] and alloys [9,10].
However, its phase transformation from the room-temperature-stable HCP-phase [10,11] is still
not well understood. It has been usually linked to strain-induced or thermally-induced phase
transformation [7,9,10]. The challenge in identifying carbon through conventional methods,
coupled with ease with which carbon gets introduced from the environment during processing,

may have previously obscured its role and impact in phase transformations.

In this work, we developed two second-phase hardened porous RHEAS based on TNZT alloy
with the addition of a C-rich organic CisHssO2 compound. Equiatomic and equimassic TNZT
matrix were selected because they are the most commonly reported TNZT stoichiometries.
Moreover, they offer broad literature to compare the new alloys produced in this work. We used

neutron diffraction characterization to demonstrate the formation of FCC-ZrC phase.

2. Experimental methods

Before processing of the alloys, the phases predictions were carried out by thermodynamic
calculations (CALPHAD method) using ThermoCalc® software and the TCHEAS database. Once
the formation of desired carbides was successfully simulated, commercial powders (Atlantic

Equipment Engineers and Alfa Aesar) of Ti, Nb, ZrH2, and Ta were used as raw materials for



81  producing the TNZT alloys (Table 1). The powders were weighed to obtain two second-phase

82  hardened TNZT alloys as shown in Table 2.

83 Table 1. Raw powder characteristics.

Raw material Purity /wt.% Average particle size / um  Crystal structure

Ti 99.9 44 HCP
Nb 99.8 1-5 BCC
ZrH2 99.9 45-6.5 FCC
Ta 99.9 1-5 BCC
84
85 Table 2. Elemental composition of studied alloys.
Equimassic TNZT Equiatomic TNZT
Element Wt. % At. % Wt. % At. %
Ti 24.75 43.22 11.34 24.65
Nb 24.75 22.27 22.25 2491
Zr 24.75 22.68 21.84 24.91
Ta 24.75 11.43 43.57 25.05
C18H3602 1.00 0.39 1.00 0.49
86
87 Mechanical alloying (MA) was carried out in a planetary ball mill (Retsch model PM 400/2)

88  at 350 rpm for 40 h. The milling was divided in work stages of 8 minutes on and 10 minutes off to
89  improve the homogenization of alloys after press and sintering. Standard stainless-steel jars and

90 chromium-steel balls with a ball-to-powder weight ratio of 10:1 were used for milling. 1 wt.% of
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stearic acid (CisH3s02) was used as a carbon source and debinding agent to avoid powder
agglomeration. The powders were then compacted using a hydraulic press (Metallkraft model
WPP 50 M) and a floating die of 1.8 cm?at 1,000 MPa for 10 seconds. The specimens were sintered
in a high-vacuum tubular furnace (Carbolite HVT 15/75/450) at a pressure between 0.01 to 0.1 Pa
in Ar atmosphere. Sintering was performed in three steps: 1) temperature increment at 5 °C min
until 800°C and holding for one hour, 2) temperature increment up to 1400°C and holding for three

hours, and 3) furnace-cooling at 10 °C min to room temperature.

Phase identification and estimation were carried out by neutron diffraction measurements at the
TAKUMI beamline of the Materials and Life Science Experimental Facility (MLF) at the Japan
Proton Accelerator Research Complex (J-PARC) with a collimator of 5 mm x 5 mm. For
microstructural and mechanical properties characterisation, samples were prepared by
conventional metallography and polishing with a colloidal solution of 0.3 um silica.
Morphological observations were done by electron backscatter diffraction (EBSD) in a Zeiss
Auriga model scanning electron microscope with an HKLNordlys EBSD detector (15 KV). Energy
dispersive X-ray spectroscopy (EDS) point and mapping analyses were performed in a scanning
electron microscope (SEM) Zeiss ULTRA 55. Phase discrimination was performed by EBSD
phase mappings through the “TruPhase” post-processing algorithm of Aztec software, which
matches regions with similar chemical composition based on referenced EDS spectra previously
obtained in the same sample. The content of C was inspected by a LECO ON836 Elemental
Oxygen and Nitrogen Detection Analyzer. Porosity was estimated by the Archimedes method

according to ASTM B962-17. At least five measurements were averaged for each sample.

The elastic modulus (E) was measured by ultrasonic non-destructive technique (Echograph

1090 from Karl Deutsch equipment) considering a Poisson’s ratio of 0.34. At least 3 elastic
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modulus measurements were obtained for statistical purposes. A Shimadzu Vickers HMV-2
microhardness tester was used for microhardness measurements (HVNo.3) by applying 3 N for 15
s. At least 5 measurements were obtained per sample. A Shimadzu Autograph AG-100 KN Xplus
universal testing machine was used for uniaxial compression testing at a strain rate of 0.5 mm min°
1. The tests were stopped before the barreling generated due to friction between the discs and the
sample, which causes triaxial stress states and experimental errors in the stress-strain curves [12].
Yield strength was approximated by the 0.2% offset method. At least 3 compression tests were

performed for statistical purposes.

3. Results and discussion

Based on the ThermoCalc® calculations presented in Fig. 1, it is anticipated that equimassic
and equiatomic alloys will exhibit three phases, including the desired FCC-ZrC. The initial
composition of 1.0 wt.% CisH3602 yields 0.76 wt.% of carbon. This specific carbon content was
taken into account for generating Fig. 1a.1 and Fig.1b.1, as well as the phase compositions detailed
in Table 3. Both alloys are expected to form BCC2 and FCC in the region 1500 to 600 °C. BCC2
phase have nearly equiatomic Ti, Nb and Ta contents, and a lower Zr concentration. FCC phase is
enriched in C and Zr with depletion of Ti, Nb, and Ta. From 600 to 200 °C, BCC2, FCC, and
BCC1 phases are formed in both alloys. BCC2 phase is mainly enriched in Nb and Ta with
somewhat depletion of Ti and a low content of Zr between 3 to 4 at.%. The Nb, Ti, and Ta diffused
out of the FCC phase, leaving a ZrC with 60 at.% of Zr and 40 at.% of C. The BCCL1 phase is rich
in Ti and Zr with lower contents of Nb and Ta. Below 200 °C, the FCC remains stable, while Zr

and Ti have diffused from the BCC2 phase to form a new HCP phase, which has 62 to 75 at.% of
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Tiand 25 to 38 at.% of Zr. Both equiatomic and equimassic alloys showed similar phase formation

tendencies.
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Fig. 1. a,b) Phase diagram and a.1., b.1.) cooling path of the a, a.1) equimassic and b, b.1)

equiatomic TNZT alloys calculated by CALPHAD method.



146  Table 3. Chemical composition at the isopleth of 0.76% C from the phase diagram of equiatomic

147 and equimassic TNZT alloys.
Alloy Temperature / °C Phase Composition
BCC2 Ti46Nb23zr18T312C1
1500 ‘
FCC Ti, ,Nb,Zr, Ta,C g
BCC2 Ti47Nb24Zr17Talz
1000 ‘
FCC Ti,Nb Zr.Ta,C,,
BCC1 Ti, Nb, . Zr, Ta,
Equimassic TNZT ‘
600 BCC2 Ti,)Nb, Zr,Ta,,
FCC Zrg,Cyy
HCP Ti,Zr,,
200 BCC2 TiNb,.Ta,,
FCC Zrg,Cyy
BCC2 Ti27Nb27Zr18Ta27
1500 ‘
FCC TiNb.Zr, Ta,C g
BCC2 Ti28Nb27Zr17Ta28
1000 ‘
FCC Ti,Nb Zr . Ta C g
BCC2 Ti, Nb, Zr.Ta,,
Equiatomic TNZT '
600 BCC1 Ti (Nb Zr, Ta,
FCC Zrg,Cyy
BCC2 Tisz49Ta49
200 HCP Tig,Zryg
FCC Zrg,Cyy
148
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From neutron diffraction results, shown in Fig. 2 and Table 4, the equimassic TNZT sample
(Fig. 2a) consisted of three phases, including two BCC (Im3m) phases of lattice parameter 3.3060
A (BCC1) and 3.3359 A (BCC?2), and one FCC (Fm3m) phase with lattice parameter of 4.6016 A.
The larger lattice parameter of BCC2 compared to BCC1 agrees with its higher Ta content (Table
3), which is the constituent element with the largest atomic size. The equiatomic TNZT sample
consisted of BCC1, FCC and HCP phases (Fig. 2b) with lattice parameters of 3.3148, 4.6092, and
a=2.8960 and c=4.8999 A, respectively. Some peaks remained unidentified in both patterns due to
the probable oxidation during sintering and formation of complex oxides or carbides [13,14]. The
unidentified peaks are very low in intensity and due to the structural complexity of the potential

phases, they are expected in low amounts.

The predicted phases below 200 °C in Fig. 1 are different from the experimentally observed
phases in Fig. 2. The difference between predicted and experimentally observed phases may come
from the theoretical assumptions. The calculations in Fig. 1 did not consider that the starting
powders do not melt during the press and sintering method. Thus, the TNZT alloys processed here
by powder metallurgy route might have followed a different atomic diffusion path than the
theoretical calculations. The predictions made by the CALPHAD method only show the
thermodynamically stable phases and their quantities. The rate of solid-state diffusion (during
sintering) is lower than in liquid state (assumption during the calculations). Therefore, the limited
atomic diffusion could restrict the formation of the stable phases. The experimental results from
Fig. 2 showed that the limited solid-state diffusion generated an equivalent effect to extending the
BCC2 + BCCL1 + FCC phase region to the room temperature in the equimassic TNZT alloy, and

limiting HCP (only 4%) formation in the equiatomic alloy.

10
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From the neutron diffraction data in Fig. 2, the FCC phase in the equimassic alloy (32.2%) is
higher compared to the equiatomic alloy (25.3%) (Table 4). From Fig. 1 and Fig. 2, the FCC-ZrC
phase is stable either at high-activated diffusion processes, like by assuming melting in the

CALPHAD calculations, or during lower atomic diffusion processes like sintering at 1400 °C.

Figure 2c shows the simulated neutron diffraction profiles for Zr and ZrC with different Zr:C
ratios. Increasing the carbon contents in the intermetallic ZrC causes the disappearance of three
peaks located at 1.06, 1.39, and 2.66 A. Despite the peak located at 2.66 A is the most intense in
the simulated patterns for 1:0.25 Zr:C ratio, neither the equimassic nor the equiatomic samples
showed the presence of any of those three peaks. This evidence suggests that the ZrC has a high C
percentage, while its similar lattice parameter in the equimassic (4.6016 A) and equiatomic (4.6092
A) alloys suggest a similar stoichiometry. Considering the significantly higher atomic mass of Zr
(91.2 amu) compared to that of C (12.0 amu), a higher number of C atoms is expected for
equivalent weights of Zr and C. Thus, a near-1:1 Zr:C atomic ratio may be possible for Zr-enriched
regions. This stoichiometry agrees well with the refined carbon occupancy ratio of 0.475Zr:0.525C
in the equiatomic alloy and 0.43Zr:0.57C in the equimassic alloy. Similar stoichiometry has been
reported for FCC-ZrC with C distributed among octahedral interstitial sites [15]. Evidence of local

Zr enrichments will allow observing the FCC-ZrC distribution and morphology.

Energy-dispersive X-ray spectroscopy (EDS) elemental mapping for equimassic and
equiatomic TNZT alloys are shown in Fig. 3. A part of Zr is distributed in the matrix forming solid
solution with Ti, Nb and Ta, i.e., forming the BCC phases. However, Zr-enriched zones were
evident by the higher Zr presence at Ti, Nb and Ta-depleted zones. Thus, Zr-enriched zones may
correspond to FCC-ZrC intermetallic and HCP-phase predicted by thermocalc simulations in Fig.

1 and confirmed by neutron diffraction in Fig. 2. Thus, the light regions in Fig. 3 correspond to

11



194  BCC phases while the dark regions correspond to FCC and HCP phases. The identification of these
195  regions agrees well with point EDS analyses shown in Table 5 which showed Zr-enriched dark
196  regions, which correspond to the HCP and FCC compositions (Table 3). Besides, homogeneously
197  dispersed BCC1, BCC2, and FCC phases in the TNZT alloys were confirmed by EBSD shown in

198  Fig. 4.

199 The presence of C was shown by an organic-elements analyzer, resulting in 0.814 and 0.851
200  wt.% for the equiatomic and equimassic TNZT alloys, respectively. These values are close to the
201 nominal content of C of 0.76 wt% according to the nominal stearic acid content of 1.0 wt.% in

202  each sample.

12
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Fig. 2. Neutron diffraction patterns of a) equimassic and b) equiatomic TNZT alloys and their

comparison with ¢) simulated patterns of different Zr:C atomic ratios.
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207 Table 4. Experimental lattice parameter of equimassic and equiatomic TNZT alloys calculated
208 from neutron diffraction measurements.
Equimassic TNZT Equiatomic TNZT
Phase Lattice parameter Phase percentage Lattice parameter Phase percentage
A vol. % A vol. %
BCC1 a =3.3060 30.4 a=3.3148 70.7
BCC2 a=3.3359 374 - -
a=2.8960
HCP ) ) ¢ =4.8999 40
FCC a=4.6016 32.2 a=4.6092 25.3
209
Q
: e
g’ BCC phases
L
Q
£
S
kS
3
o
L
210
211 Fig. 3. EDS mapping of equimassic (upper panel) and equiatomic (lower panel) TNZT alloys.
212
213 Table 5. EDS point analyses of equimassic and equiatomic TNZT samples.
Element Dark zones Light zones
Wt.% At.% Wt.% At.%
Ti 7.0+0.1 13.2+0.3 12.7+0.3 28.2+0.6
Nb 57+0.1 56+0.1 24.8+0.5 28.4+0.6
Zr 76.4+15 758+15 11.3+0.2 13.2+0.3
Ta 109+0.2 55+0.1 51.2+1.0 30.2+0.6
214
215
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From Fig. 4c,d, both alloys showed nearly equiaxed grain morphology. The grain size of the
equimassic is bigger than the equiatomic TNZT alloy. The quantitative differences in grain size
are shown in Table 6, where there are two types of averages, the standard and the area-weighted.
The first one represents the average when the maximum grain size is dominated by the diameter
of the grains that exist in higher number. On the other hand, in the second type the maximum grain
size is dominated by the diameter of the largest grains. The larger grain size of the equimmasic
alloy agrees with the lower quantity of Ta compared to those in the equiatomic alloy (Table 2). As
the Ta atomic weight (180.9 amu) is the highest among the constituent elements (Ti =47.8; Nb =
92.9; Zr = 91.2; C = 12.0 amu), a lower quantity of Ta atoms corresponds to the same weight
percent in the equimassic TNZT alloy. The lower Ta diffusion compared to the other constituent
elements in TNZT alloys has been reported [16]. Due to the large difference of Ta atomic weight,
many physical phenomena, including higher density and lower diffusion are expected. Low
element diffusion is commonly correlated with grain growth anchor due to pinning effect. This has
been observed in powder metallurgy processed Tizs+xNb2sZrasTazsx (X = 0, 5, and 10) alloys,
where the higher the Ta, the lower the grain size [16]. To evaluate the effect of the microstructural
features on the mechanical properties, hardness, compression and ultrasonic techniques were

applied.

15
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Fig. 4. EBSD a,b) phase contrast mappings and c,d) inverse pole figure mapping of the a,c)

equimassic and b,d) equiatomic TNZT alloys.

Table. 6. Grain size of the equimassic and equiatomic TNZT alloys.

Alloy Min / Max / Standard Area-weighted Standard
pm pm mean / pm mean / pm deviation / pm
Equimassic 1.4 10.6 3.0 4.6 1.5
Equiatomic 1.1 7.9 1.9 3.0 0.9

Table 7 shows the results of mechanical properties, where it can be observed that the equimassic

alloy has 6.9% higher hardness than the equiatomic alloy. Meanwhile, the stiffness indicated by

16
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the elastic modulus is 16.4% higher for the equiatomic. A directly proportional trend between
hardness and stiffness can be expected in dense materials. However, porous materials, such as the
studied TNZT alloys, might follow a different trend as a function of the applied load during
mechanical testing. In a similar way, porous zirconia toughened alumina has been reported with
variable hardness values depending on the indentation load [17]. This phenomenon is related to
densification and pore collapse during loading. As shown in Fig. 4, both equimassic and
equiatomic alloys possess the typical porous microstructure by powder metallurgy processing
route (Table 8). Thus, the different tendency between hardness and elastic modulus might be
related to the applied load during hardness measurements, while the ultrasonic testing does not
involve the application of mechanical loads. This hypothesis is also in agreement with the higher
precision for determination of elastic properties reported by dynamic methods compared to
mechanical tests [18]. It is noteworthy that the hardness values of the equiatomic and equiatomic
alloys might overlap considering the measurement deviation indicated in Table 7. The comparable
hardness of both alloys could be due to their similar total porosity (Table 8), equiaxed grain

morphology (Fig. 4), and elemental distribution (Fig. 3).

Table 7. Mechanical properties of ZrC-containing TNZT alloys evaluated by microhardness,

ultrasonic and compression testing.

TNZT alloy HVNos E/GPa Ultimate strength / MPa Yield strength / MPa
Equimassic 489.1+35.0 111.2+0.0 1178.9 + 149.7 865 + 109.8
Equiatomic 455.2+20.7 133.0+0.0 1229.2 + 158.2 1005 +129.3

17
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Table 8. Porosity of the studied TNZT alloys.

TNZT alloy Open porosity / %  Closed porosity / %  Total porosity / %
Equimassic 2.71+1.07 2.53+0.39 5.86 +£0.70
Equiatomic 0.95+0.90 417+0.11 5.12+0.97

On the other hand, the strongest contribution to elastic modulus of metallic materials comes
from the atomic bonding instead of from microstructural features, such as grain size [19]. Then,
the higher elastic modulus (Table 7) in the equiatomic alloy may be related to local interatomic
bonding disparities due to the presence of HCP phase in addition to the FCC phase that is present
in both alloys (Table 4). As the BCC matrix contents of both alloys is similar (67.8 and 70.7% for
equimassic and equiatomic alloys), its effect has been discussed with the reported TNZT alloys in
literature. As shown in Fig. 6, reported TNZT alloys with at least 90% of BCC phase produced by
melting or powder metallurgy have elastic moduli ranging from 73 to 91 GPa [16,20].
Contrastingly, the TNZT alloys with 67.8 to 70.7% of BCC phase produced in this work, showed
higher elastic moduli ranging from 11.2 to 133 GPa. Thus, the highest contribution to the elastic
modulus of the TNZT alloys came from the phase contents, where the BCC phase seems to
decrease the elastic modulus of TNZT alloys. Besides, phase contents, the TNZT alloys also
showed different grain sizes. However, its effect can be considered negligible when the grain is
larger than some dozens of nanometers [19,21]. To distinguish better the effect of the
microstructural differences between both alloys, i.e., phase contents and grain size, compression

testing was performed.

Figure 5 shows the stress vs. strain curves obtained from compression testing in the equimassic
and equiatomic TNZT alloys. The mechanical properties obtained from compression testing are

included in Table 7. The 4.1 and 13.9% higher ultimate and yield strength for the equiatomic alloy

18



282

283

284

285

286

287

288

289

290

291

292

293

compared to the equimassic one are within the experimental errors. Thus, as hardness, the ultimate
and yield strengths of both TNZT alloys are comparable. From hardness and compression testing,
which are techniques with a strong dependence on microstructural features, it is suggested that the
microstructural differences between both samples (given by grain size and phases contents) did

not have a significant contribution to cause a substantial change of mechanical properties.
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Fig. 5. Stress vs strain curves obtained from compression testing in the equimassic and

equiatomic TNZT alloys.
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Fig. 6. Elastic modulus as a function of the BCC phase contents on reported TNZT alloys
[16,20] and the ones produced in this work.
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The strong effect of second-phase hardening particles can also be observed by comparing the
hardness and stiffness of reported RHEA with the equimassic and equiatomic second-phase
hardened TNZT alloys of this work (Fig. 7). Despite the alloys from the literature have similar
chemical composition to the second-phase hardened TNZT alloys in this work, they have shown
somewhat lower hardness and Young’s modulus. Thus, the FCC-ZrC second-phase hardening was
proven as a successful strategy for improving mechanical properties of refractory TNZT alloys.
This hardening strategy in TNZT alloys was more efficient than the use of dispersed a.-Ti particles

reported elsewhere (Fig. 7a) [22].

20



L | .
mH_ LVBL-8VIZ-LEZAN-LBIL R (| I 0¢iZ01ANSCeLSYIL
mm_ w | £ G14Z0LANGZe10G!L
: ‘Lel-eviz-, - ROl = .
o L 1B1-81iZ-/ €ZAN-L 691 5 |l m 011701 ANSZE LSSLL
) .
: 2l L1el-gviz-1ezaN-269L E |1 m GIZ0LANGZe109!1
3 g |l g 019NGZELG9IL
2Ly GlLB1-GZIZ-GZAN-GEIL 3 |1 "
: 2 : 1ZI1aN
: “ 0ZBL-G24Z-GZAN-0€E!L 4 " : 118 14H
. (o) .
: = . |
| GZB1-GZIZ-GZAN-SZ!L e |l : HLANH
- | 1ZILANIH
m _ .m .m\' 8'cel-+'917-8°€CAN-8'99! L | m 11eldNIH
P mm 9'Zel-7'91Z-8 €ZAN-8'99!1 _ MELHAN
: “ =¥ “ : MeLOWAN
" a . m - . |_ - . - . _ —_ n
- L1e1-8'¥iZ-1 €ZAN-L 691 5 [ 121121 ANO" LOVIH
I 0Z4Z01ANGZBLGHIL = _ 171181GNSG/ 00NIH
S & | 171181 9NS 00NIH
: G14Z0LANGZe10G!L @ : _
ol < ___n_ : 171121GNSZ 00NIH
N -
mm_ 0}4Z0LANGZB1GS!L a 1z : 1ZI1B1qNIH
m.w_ le : 171 | o
) ST ENEEGE] JE 0S(ZI1IH)SZINGZoD
mm_ _.m : BLIHANIZIL
= =3 =
s 01ANSZeLS9lL i B LJHANIZIL

W0 W < 10 M WU N W -— W O o o o o o o o o

¥ o o < o ¥ 8 ¢ © © ¥ «

© Bd9) / ssaupieH m-. edo / shinpouw onse|g

21

303

Fig. 7. Comparison of a) hardness [16,20,22-24] and b) elastic modulus [20,25-29] of the TNZT

304

alloys of this study (blue and green dashed lines) with other RHEAs from the literature.
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Conclusions

Equimassic and equiatomic second-phase hardened TiZrNbTa alloys were produced by powder
metallurgy method. An organic CisH3s02 compound was added before sintering for promoting the
formation of FCC-ZrC intermetallic in the BCC matrix. Both alloys showed similar grain
morphology and porosity but different grain size and phases. Equimassic alloy showed two BCC
and one FCC phase with mean grain size of 4.6 um, while the equiatomic alloy showed BCC,
HCP, and FCC phases with mean grain size of 3.0 um. The different grain size was related to the
effect of Ta as grain growth pinning element. The equimassic alloy showed a higher FCC-phase
content and larger area-weighted grain size (32.2 % and 4.6 um) compared to the equiatomic alloy
(20.20 % and 3.0 um). While the hardness and strength of both alloys can be considered
comparable considering porosity and statistical deviation effects, the stiffness slightly increased in
the equiatomic alloy (133.0 GPa) compared to the equimassic alloy (111.2 GPa). The higher
stiffness may be related to local interatomic bonding disparities promoted by the presence of HCP

phase in addition to the FCC phase which is present in both alloys.
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