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Abstract: We investigated the microstructure of the Zr—2.5%Nb zirconium alloy after subjecting it to equal-channel angular pressing (ECAP)
and found that ECAP at 300 °C increases the strength by 1.4—1.8 times. Notably, unlike other studies, our alloy did not show complete dissolution
of niobium particles, which may be due to the reduced diffusion rates at the lower deformation temperature of 300 °C. Pre-treatment involving
quenching before severe plastic deformation was also studied, which developed a lamellar structure introducing additional boundaries that
facilitated grain refinement during subsequent ECAP. The strength of the alloy was further enhanced by solid-solution hardening, achieved
through the complete dissolution of the Nb particles into the matrix post-quenching. This process resulted in a 2.3-fold increase in yield
strength after quenching plus ECAP compared to the initial coarse-grained state.
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Annoramus: ViccienoBaHa 3BONIONUS CTPYKTYPBI LHUPKOHUEBOro crutaBa Zr—2,5%Nb npu nedopmamuu METOIOM paBHOKAHAJIbHOTO
yruoBoro npeccoBanust (PKYTI). [Mokazano, yto PKYII npu Temneparype 300 °C nprBOAUT K MOBBILIEHUIO MPOYHOCTHBIX XapaKTepu-
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ctuk B 1,4—1,8 pasa. BMecTe ¢ TeM OTMEUEHO, YTO, [10 CPABHEHUIO C IPYTUMMU UCCJIEA0BAHUAMM, B JAHHOM CIIJIaBe HE TPOUCXOAMUT ITOJHOTO
pPacTBOPEHUSI YACTUIL HUOOH I, YUTO MOKET OBITh BBI3BAHO 3aMeJIEHMEM IIPOLIECCOB AU (MY3UK C HOHUXKEHKMEM TEMIIEPATY PbI Ae(OpMaLli
110 300 °C. IIpoBeaeHO UccieI0BaHKeE 10 MIPEIBAPUTEIBHOM MOATOTOBKE CTPYKTYPHBI IE€pe MHTEHCUBHOI T1JIaCTUYECKOI aedhopMalieit
B BUJI€ 3aKaJKH, YTO MO3BOJMIO CHOPMHUPOBATH IJIACTUHYATYIO CTPYKTYPY C JOIOJHUTEIbHBIMU IPAHULAMK. DTO CIIOCOOCTBYET M3-
MeJIbYEH U0 3epHa 1pu nocienytomuieii nepopmanu PKYII. JIomoJHUTEIBHO HOBBICUTH IPOYHOCTH CILJIABa MO3BOJISIET TBEPAOPACTBOP-
HOE YIIPOYHEHME — IOJHOE pacTBOpeHue yacTull Nb B MaTpulie CIijlaBa Moclie 3aKajiku. Pe3yabraToM siBjIsieTCs TOBbIIIeHKE B 2,3 pa3a
npejesia TeKydecTu criasa nocie 3akaiku u PKYII 1o cpaBHEHU IO ¢ KPYITHO3EPHHUCTHIM COCTOSIHUEM.

Kirouesbie cioBa: MUKPOCTPYKTYpa, 3aKaJika, paBHOKaHaJIbHOE€ YIJIOBOC IMPECCOBAHUEC, TPOUYHOCTHBIC XapaKTEPUCTUKU, YaCTULLbI Nb,

M PKOHUEBBIH critaB Zr—2,5%Nb.

Baaronapuocru: ViccnenoBanue BBITIOJTHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro donma Ne 20-79-10189-11,

https://rscf.ru/project/23-79-50039/

MexaHWvecKe UCITBITAHUS U UCCIIEOBAHNS MUKPOCTPYKTYpHI mpoBoauiuck B LIKIT «HanoTex» Ydumckoro yHuBepcuTeTa HayKu 1

TEXHOJIOTUH.

Jas uuruposanus: ['yuaepos /[1.B., Croukuit AT, l'ynaeposa C./1., Aybakuposa B.P., lemun A.10. Bnusinue PKYTII npu remneparype

300 °C Ha CTpYKTYpY 1 CBOWCTBA 3aKajleHHOro criaBa Zr—2,5%Nb. Hzeecmus ey306. Lleemnas memannypeus. 2024;30(1):81-92.

https://doi.org/10.17073/0021-3438-2024-1-81-92

Introduction

Zirconium and its alloys are widely used in such
critical applications as nuclear power and medicine.
Like titanium, this metal is highly bioinert to the hu-
man body [1—4]. Additionally, it is important to note
the lower modulus of elasticity of zirconium compared
to titanium. This characteristic is crucial for osteoim-
plants that integrate with human bone, influencing im-
plant acceptance and preventing bone tissue necrosis.
Such necrosis may be caused by excessive stress con-
centration resulting from a significant mismatch be-
tween the elastic moduli of the artificial implant and
the bone tissue [5; 6]. Stronger materials enable the cre-
ation of implants with smaller cross-sections, leading
to less traumatic surgery. Therefore, a Zr-based bioin-
ert material that possesses a low modulus of elasticity
but higher strength than Zr alloys after conventional
treatments is desirable.

Well-known severe plastic deformation (SPD) en-
hances mechanical properties by grain refining to a na-
nostructured state [7]. SPD increases strength without
altering the chemical composition, thereby preserving
biocompatibility, unlike alloying [8; 9]. SPD processes
such as equal channel angular pressing (ECAP), mul-
ti-axial forging, and rotary swaging enable the produc-
tion of bulk workpieces/semi-finished products for fur-
ther processing.

The Zr—2.5%Nb alloy is a renowned zirconium alloy
utilized in nuclear power facilities and medical implants.
The components of the alloy, zirconium and niobium,
are biocompatible. There have been studies [10—13] fo-
cused on enhancing the strength of the Zr—2.5%Nb al-
loy through ECAP.
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Typically, the initial coarse-grained structure of the
Zr—2.5%Nb alloy consists of a zirconium a-phase and
fine niobium particles, present both at the grain boun-
daries and within the Zr grains. The Zr—2.5%Nb al-
loy was investigated before and after undergoing ECAP
[13]. The initial alloy was obtained through cold rolling
followed by annealing at 530 °C for 1 h. It exhibited a
two-phase structure: o-phase Zr and some high-tem-
perature B-phase Zr, with Nb dissolved in it. The initial
microstructure featured a partially polygonized struc-
ture with 100—300 nm grains, a partially recrystallized
structure with 1—5 um grains, and some 3-Nb particles
sized 5—15 nm.

The ECAP was carried out in four passes at 430 °C
[13]. After ECAP, the Zr—2.5%Nb alloy transitioned
to a single-phase structure of niobium solid solution
in a-zirconium, with the initial f-phase of zirconium
transforming into the o-phase. Studies [10, 13] indi-
cated that, after ECAP deformation at 400 °C, the ni-
obium particles dissolved while the grains refined,
leading to a single-phase, ultrafine structure. ECAP ef-
fectively refines grains to ultrafine sizes, forming a sub-
grain/grain structure. After ECAP at 430 °C, equiaxed
grains (subgrains) sized between 50 and 200 nm were
observed. Initially, the alloy displayed a yield strength
of about 380 MPa, a tensile strength of 570 MPa, and
a relative elongation at break (8) of 26 %. Following
ECAP (n = 4, t = 430 °C), yield strength increased by
1.6 times to 620 MPa, and tensile strength to 770 MPa,
although & decreased to 9 %.

Another study [11] performed a more complex
ECAP process with temperature reduction between
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passes. The Zr—2.5%Nb alloy underwent recrystalli-
zation annealing at 580 °C for 6 hours before ECAP,
leading to a grain size of 1—2 um. Subsequently, the
metal was processed through isothermal ECAP with
a stepwise temperature reduction. Two ECAP modes
were applied: 1) two passes at 425 °C followed by two
passes at 400 °C and then two passes at 350 °C; 2) two
passes each at 450 °C, 425 °C, and 400 °C respectively.
The average grain/subgrain size after ECAP Mode I
was 185 nm. Increasing the final ECAP temperature
from 350 to 400 °C (Mode 2) resulted in a predomi-
nantly equiaxed structure, with the average grain size
growing to 250 nm [11]. XRD analysis revealed a-Zr
as the primary phase in the initial alloy with minor
amounts of B-Nb and B-Zr. After ECAP Modes 1 and 2,
the samples contained only the a-Zr phase, likely
due to phase decomposition and particle dissolution
in the matrix. The grain refinement and increased
dislocation density after ECAP led to a 420 % in-
crease in microstrain. The Zr—2.5%Nb alloy re-
mained a single-phase (o-Zr) material when heat-
ed to temperatures between 23 and 490 °C. The
second B-Nb phase only formed after annealing at
570 °C [11].

The tensile strength and yield strength of the ini-
tial alloy were 420 and 230 MPa, respectively [9], sig-
nificantly lower than the 6, = 570 MPa and o, =
= 380 MPa of the initial Zr—2.5%Nb alloy as report-
ed in [10; 13]. Mode I ECAP with a final temperature
of 350 °C, significantly increased tensile strength and
yield strength to 8§20 and 700 MPa, respectively, with
8 =10 % (compared to & = 27 % for the initial alloy).
Mode 2 ECAP, at a final temperature of 400 °C, re-
sulted in tensile strength and yield strength of 6., =
= 650 MPa and Gys = 470 MPa, respectively, with
8 = 14 % [11]. The analysis of structure thermostability
and mechanical properties showed no changes below
350 °C. Annealing the ultrafine-grained Zr—2.5%Nb
at 450 °Cled to a 15 % decrease in strength due to grain
growth, while & increased to 15—16 %.

Our literature review indicates that ECAP with
temperature reduction remains insufficiently ex-
plored. Investigating this process for its potential in
enhancing strength, refining grains, and achieving
structural fragmentation to ultrafine and/or nanoscale
levels presents an interesting and significant oppor-
tunity. Additionally, it is worth considering quench-
ing as another method to improve microstructure in
low-alloy metals by dissolving secondary phases into
the base metal.

Additionally, research [14] on high-pressure torsion
(HPT) in the Zr—2.5%Nb alloy found a significant in-

crease in microhardness (almost double) compared to
the material in its coarse-grained state. This suggests
that the Zr—2.5%Nb alloy has the capacity for further
grain refinement and enhancement of mechanical pro-
perties through ECAP conducted at lower temperatures
than those in other studies. Previous research also indi-
cated that quenching the Zr—2.5%Nb zirconium alloy
at 890 °C from the B-phase significantly improves its
mechanical properties. The aim of this study is to exa-
mine the microstructure and mechanical properties of
the Zr—2.5%Nb zirconium alloy subjected to ECAP at
300 °C, considering both its coarse-grained state and
post-quenching.

1. Materials and methods

We studied the low-alloyed EI125 (Zr—2.5%Nb)
zirconium alloy. It is a well-known Russian-made bio-
compatible metal. Its chemical composition is as follow,
wt.%: Zr as the base metal; Nb: 2.46; O: 0.032; Fe: 0.001;
C:0.002; and N: 0.0016.

The initial material was the Zr—2.5%Nb alloy after
recrystallization annealing at 600 °C for 3 h (herein-
after referred to as the CG state), and after quenching
from the B-phase at 890 °C. We used ECAP tooling with
15 mm diameter channels spaced at 120°. The CG state
Zr—2.5%Nb alloy underwent ECAP at 300 °C with 1, 4,
and 8 passes. The quenched Zr—2.5%Nb alloy, which
initially exhibited higher strength and lower plastici-
ty, was subjected to ECAP at 300 °C with fewer passes:
n=2and4.

X-ray diffraction (XRD) analysis was performed us-
ing an “Ultima IV” diffractometer (Rigaku, Japan) with
CuK,, radiation (40 kV, 30 mA).

The metal structure was examined using a JEM 2100
transmission electron microscope (TEM) (Jeol, Ja-
pan). The foil samples for transmission electron mi-
croscopy (TEM) were 3 mm diameter disks cut from a
plate pre-thinned to 100 um. The disk was electropo-
lished on a “Tenupol-5” machine (Struers, Denmark)
using an electrolyte composed of 15 % perchloric acid
and 85 % glacial acetic acid. The electropolishing vol-
tage ranged from 22 to 25V, with a temperature of 15—
20 °C. Semi-automatic electropolishing was used until a
through-hole appeared.

Flat samples for mechanical tests, measuring
1.1x0,5%x4 mm, were cut from Zr—2.5%Nb billets pre-
pared in various ECAP modes. The mechanical prop-
erties were determined by tensile tests at room temper-
ature with a strain rate of 111073 s~!, performed on an
INSTRON 5982 universal testing machine (Instron,
USA).
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2. Results and discussion

2.1. Microstructure

The Zr—2.5Nb zirconium alloy after recrystalliza-
tion displays a coarse-grained structure with Zr grain
sizes of a few micrometers and some niobium particles.
These particles are found both at the Zr grain bounda-
ries and inside the grains, with the average size of the Nb
particles being 52 + 2 nm (Fig. 1, a).

After ECAP with 1, 4, and 8 passes, significant
changes in the microstructure are observed, as showed
in the Fig. 1, b—d. A single ECAP pass begins the pro-
cess of structural refinement and dislocation accumu-
lation, but results in a very heterogeneous structure.
The TEM figures reveal areas of refinement (evi-
denced by small angles between reflexes and identical
reciprocal lattices), fragments up to 1 um with no visi-
ble substructure, and individual grains that are weakly
deformed (Fig. 1, b). The diffraction images of the sub-
grain structure also show a misorientation of no more
than 10° (Fig. 1, b). With four passes (n = 4), the struc-

ture becomes finer and more homogeneous, including
fragmented areas that contain subgrains/grains with
an average size of approximately 280 nm (Fig. 2). The
presence of niobium particles, indicated with arrows in
the figures, and their diffractions showing the recipro-
cal lattice of niobium are also noted (Fig. 1, ¢). As the
number of ECAP passes increases to eight, the micro-
structure exhibits grains oriented at larger angles and
niobium particles. The average size of the grains/sub-
grains is approximately 260 nm. The evolution of the
average grain and subgrain sizes is showed in Fig. 2.
The ECAP process also affects the Nb particles, with
the smallest particles, a few tens of nanometer in size,
dissolving. The particle size decreases only slightly
as the number of ECAP passes increases from four to
eight (Fig. 2).

The microstructure of the Zr—2.5Nb alloy after
quenching exhibits o-Zr oriented lamellae of varying
widths, a consequence of the B — o phase transfor-
mation during martensitic quenching, which leads to
the formation of o-Zr martensitic lamellae. It is re-

Fig. 1. Microstructure of the Zr—2.5Nb alloy in the CG state (a) and after ECAP (b—d)

Number of passes: b —1,¢c—4,d—8

Puc. 1. MukpoctpykTypa cniiaba Zr—2,5Nb B K3-coctosinuu (@) u nocie PKYTI (b—d)

Ywucno mpoxonoB: b— 1, c—4,d—8
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cognized that at high cooling rates (such as in water),
a duplex structure develops in the Zr—2.5Nb alloy,
comprising lamellar o.-grains formed after the p — o
phase transformation within the original f-grains [15].
After quenching, the Nb particles are completely dis-
solved, and the niobium atoms forms a solid solution
(Fig. 3, a, b). Following ECAP with 2 and 4 passes,
the lamellae are refined, resulting in the formation
of equiaxed grains. With four passes (n = 4), lamel-
lae fragmentation becomes more significant compared
to two passes (n = 2), leading to a structure consisited
of ultrafine grains averaging approximately 190 nm in
size (Fig. 3, d).

XRD analysis reveals that the initial structure of the
alloy is predominately the Zr a-phase. While Nikulin S.
et al. [11] and Kishore R. et al. [16] suggested the possi-
ble presence of the B-Zr phase, the lack of characteristic
peaks for the B-phase or their superposition on the Zr
a-phase peaks precludes definitive identification of this
phase. The XRD analysis also detects a minor amount
of the B-Nb phase within the o-Zr matrix, but the (011)
peak corresponding to B-Nb is very weak, making it
challenging to accurately estimate the volume fraction
of this phase from the XRD data (Fig. 4), with its con-
tent evidently under 5 %.

XRD results confirm that the primary phase af-
ter quenching is o-Zr, as it remains after ECAP in any
mode. The potential peaks of the B-Nb and B-Zr phases
are either too weak to be discerned or indicate that the al-
loy isin a single phase. Table 1 details the XRD findings,
including a and ¢, which are the interplanar distances for
the (101) peak of the a-phase, Ac representing the dif-

Tabl. 1. XRD of the Zr—2.5Nb alloy
Ta6auua 1. Pesynwratel PCA crinaBa Zr—2,5Nb

Grain size, nm Nb particle size, nm

380 -52
-48
340
T -44
3004 B
-40
260 -36
0 2 4 6 8
Number of ECAP passes

Fig. 2. Variations in the average grain/subgrain
and Nb particle size in the Zr—2.5Nb alloy after ECAP

Puc. 2. I3meHeHue cpeHero pazmepa 3epeH/cyo3eper
un yactuil Nb B crutaBe Zr—2,5Nb npu nedopMannu
meTonoM PKYII

ference in the “c” lattice parameters of the o-phase for
the initial alloy and the alloy after treatment, coherent
scattering regions (CSR), and micro-distortion.

We found that after ECAP with 4 and 8 passes, the
lattice parameter ¢ of the Zr—2.5Nb alloy decreases
in comparison to the initial alloy. This reduction can
be explained by the dissolution of Nb nanoparticles
during ECAP, which is also confirmed by TEM. The
dissolution of Nb, which has a smaller atomic radius,
into the Zr lattice leads to a reduction in the lattice

XRD parameters a A . A Ac A CSR, nm Microdistortions
State e, %
CG
(after annealing at 600 °C) 3.2352 5.1605 - 640 0.0007
Quenching 3.2231 5.1358 0.0247 780 0.0018
(t=890°C) . . . .
CG + ECAP
(t=300°C, n=4) 3.2318 5.1500 0.0105 527 0.0019
CG + ECAP
(t=300°C,n=8) 3.2302 5.1497 0.0108 475 0.0017
Quenching + ECAP
(t=300°C, n="2) 3.2274 5.1436 0.0168 398 0.0023
Quenching + ECAP
(t=300°C, n=4) 3.2331 5.1526 0.0079 313 0.0026
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parameters. After quenching, the “c” lattice parame-
ter of the a-phase decreases most significantly due to
the complete dissolution of Nb into the Zr lattice. Fol-
lowing quenching and ECAP (n = 2, n = 4), the para-

meter “c” increases relative to the quenched-only state,
approaching the value for the initial alloy. This could
be due to the decomposition of the solid solution and
possible precipitation of Nb nanoparticles, which may

Puc. 3. MukpoctpykTypa criaBa Zr—2,5Nb nociie 3akanku (a, b) v mocie gononHutenbHoit PKYII-nedopmanumn

B 2 mpoxoza (¢) u 4 mpoxona (d)

Fig. 3. Microstructure of the Zr—2.5Nb alloy after quenching (@, b) and following further ECAP

in 2 passes (¢) and 4 passes (d)

Intensity, thousands cps

120 4
100 - 4
B
80 - %
60 1
40 2
2 i Jﬂ L it A&t il I
x| i i 2
- s jﬁ% ' TA 3
0 . J{L\ /\)i 1\_l N . J”\ . o _/\-'\ '4
30 40 50 60 70 80
20, degrees

Fig. 4. XRD patterns of the Zr—2.5Nb alloy in various treated states
1— CG; 2 — quenching; 3 — CG + ECAP (n =4); 4 — quenching + ECAP (n =4)

Puc. 4. ludpakrorpammsl criiaBa Zr—2,5Nb B pa3IUUHBIX COCTOSTHHUSIX
1—K3; 2 —3akanka; 3 — K3 + PKVII (n = 4); 4 — 3akanka + PKVII (n =4)
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be undetectable by TEM because of their small size. As
proposed by Straumal B. et al. [17], severe plastic defor-
mation may form a metastable “solid solution—nano-
particles” state with the concentration of the solid solu-
tion and the quantity of intermetallic phase dissipation
particles being dependent on the equilibrium between
the metastable dissolution and phase dissipation pro-
cesses for the specified SPD, rather than on the initial
structure of the alloy [17—19].

With ECAP at n = 4 and 8 passes, there is an in-
crease in micro-distortions as a result of grain refine-
ment. However, an increase in the number of ECAP
passes from 4 to 8 does not lead to further growth in
micro-distortions. Four passes seem sufficient to
reach an equilibrium between dislocation formation
and relaxation processes under the given SPD condi-
tions [19—21]. Additional passes do not generate ex-
tra dislocations; instead, the new dislocations created
by further deformation are redistributed to the grain
boundaries, causing increased grain misalignment, as
indicated by TEM.

After quenching, micro-distortions increase
compared to the initial annealed state, likely due to
the higher quenching stresses and the formation of a
fine lamellar structure. ECAP following quenching
leads to further growth in micro-distortions, more so
than in the quenched and ECAP-plus-annealing al-
loys, which is attributed to the grain refinement and
higher dislocation density achieved by ECAP. The
ECAP of the quenched alloy results in a higher dis-
location density and the formation of a more refined
structure.

For the commercial alloy, after hot rolling and an-
nealing, the ratio of the XRD peaks corresponding to
the Zr o-phase significantly deviates from the nom-
inal value, attributed to the pronounced texturing of
the commercial bar. After quenching, the peak ratio
for the Zr a-phase shifts, indicating that rapid cooling
in water tends to weaken the texture in Zr alloys [22].
It appears that ECAP on the quenched alloy further
diminishes and blurs the texture. After quenching +
+ ECAP (n = 2) and quenching + ECAP (n = 4), the
(101) peak of the c.-phase emerges as the most intense,
aligning with the expected behavior for a texture-free
o-phase of Zr.

2.2. Tensile tests

Fig. 5, a presents the engineering stress vs. strain
curves for the initial alloy and the alloys subjected to
ECAP. For comparison, Fig. 5, b displays these curves
after quenching and subsequent ECAP. Table 2 lists the
results of the tensile tests.

Deforming the initial Zr—2.5Nb alloy results in
significant hardening. ECAP in 4 and 8 passes in-
creases the strength by 140 to 180 %. After ECAP (n =
= 4, n = 8), the ultimate strength rises from 500 to
720 MPa. However, the ductility and uniform elonga-
tion decrease from 21.4 to 8.6 % and from 12.0 to 1.3 %,
respectively, which is typical for metals after SPD. It
is noteworthy that there is no significant increase in
strength when the number of ECAP passes increases
from 4 to 8. ECAP with n = 4 at 300 °C leads to sub-
stantial refinement of the structure. Further deforma-
tion achieves an equilibrium between refinement and
relaxation in the nanostructure [8; 20; 21], hence no
further notable refinement of the structure or increase
in strength is observed. This is also supported by the
micro-distortions detected by XRD. Post-ECAP, the
tensile strength and yield strength in the cross section
are slightly higher than in the longitudinal direction, a
phenomenon also observed in other metals and alloys
[9], attributable to the formation of an ECAP-specific
texture [9].

Quenching the Zr—2.5Nb alloy significantly in-
creases its strength due to the formation of a lamellar
structure, the complete dissolution of Nb particles, and
consequently, solid-solution hardening. After quench-
ing at 890 °C, the alloy exhibits improved strength
(comparable to that after the initial state + ECAP in
8 passes): 635 MPa yield strength and 718 MPa tensile
strength. Plasticity post-quenching drops to 19 %, and
the uniform elongation decreases from 12.0 to 3.6 %,
typical for hardening through quenching and the forma-
tion of a fine lamellar structure. Applying ECAP with
n = 4 to the quenched alloy increases the yield strength
and tensile strength by 120% to 6, =772 + 11 MPa and
Oues = 864 = 8 MPa (longitudinal), with plasticity de-
creasing from 18.8 to 11.7 %, and uniform elongation
to 1.7 %. The strength of 864 + 8 MPa is slightly higher
than that reported [11] after a complex ECAP treatment
involving 6 passes with temperature reduction to 350 °C.
For ECAP of the quenched alloy, the tensile strength
and yield strength in the cross section are slightly high-
er than in the longitudinal section. So tensile strength
and yield strength in the cross section after ECAP of the
quenched alloy with n = 4 reaching 935 and 846 MPa,
respectively. These are the highest values for the current
study and for ECAP of the Zr—2.5Nb alloy reported in
the literature.

3. Discussion

The structure of the Zr—2.5Nb zirconium alloy in
its coarse-grained state consists of equiaxed Zr grains
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Tabl. 2. Results of tensile tests for the Zr—2.5Nb alloy

Tabauua 2. Pe3ynbraThl MEXaHMYECKUX UCTTbITaHU criiaBa Zr—2,5Nb

. . . Percent Relative
Engineering Tensile Sl uniform
State yield stress strength .
... MPa - MPa to fracture elongation
ys» ucs> 8, % 8uniﬂ%
CG 335+9 500 =8 21.4+0.5 12.0£0.8
CG + ECAP (n =4), 601 + 18 720+ 6 1.6+ 15 21402
longitudinal section
CG + ECAP (n =4, 638 £ 14 732+ 8 8.8+0.3 1.3£0.1
Cross section
CG + ECAP (n =8), 622+ 12 724 +9 10.4+0.8 1.5+0.5
longitudinal section
CG + ECAP (n =3), 658 + 12 786+ 5 8.6+0.7 1.440.2
Cross section
Quenching " " " "
(+= 890 °C. t = 30 min) 635+ 20 718 £ 10 18.8 £0.5 36+0.5
Quenching + ECAP (n =2), 750 + 5 817+ 16 128+0.7 1.5+0.2
longitudinal section
Quenching + ECAP (n =2), 784 + 20 849 + 11 10.2+0.6 L140.1
Cross section
Quenching + ECAP (n =4), 772 + 11 864 + 8 11.740.5 17402
longitudinal section
Quenching + ECAP (n =4), 846 + 20 935+ 15 9.0+ 0.6 1.2+0.1
cross section
Stress, MPa Stress, MPa
a b

900 ~ 900

0 4 8 1I2 16 20 0 4 8 12 16 20
Relative elongation,% Relative elongation,%

Fig. 5. Mechanical properties of the Zr—2.5Nb alloy in its CG state and after ECAP (a), as well as after quenching + ECAP (b)
a. 1 — CG; 2— CG + ECAP (n = 4), longitudinal section; 3 — CG + ECAP (n = 8), longitudinal section;

4— CG + ECAP (n =4), cross section; 5§ — CG + ECAP (n = 8), cross section

b: 1 — quenching; 2 — quenching + ECAP (n = 2), longitudinal section; 3 — quenching + ECAP (n = 4), longitudinal section;

4 — quenching + ECAP (n = 2), cross section; 5 — quenching + ECAP (n = 4), cross section

Puc. 5. Mexanunueckue coiicTBa crinaBa Zr—2,5Nb B K3-coctositnum u nocne PKVYII (@), a Takxe nmocie 3akaaku u PKYII (b)

a: 1 —K3; 2 — K3+ PKVII (n = 4), npononbHoe ceueHue; 3 — K3 + PKVYII (n = 8), npoaosibHOE ceueHue;

4 — K3 + PKVII (n = 4), nonepeyHoe ceueHue; 5 — K3 + PKVII (n = 8), nonepeyHoe ceueHue

b: 1 — 3akanka; 2 — 3akanka + PKVII (» = 2), npononsHoe ceuenue; 3 — 3akaika + PKVII (n = 4), npoponbHOe ceueHue;
4 — 3akanka + PKVYII (n = 2), nornepeuHoe ceueHue; 5 — 3akanka + PKYII (n = 4), nonepedyHoe ceueHue
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several micrometers in size and Nb particles, which are
often distributed non-uniformly within the grain body
and at the grain boundaries. ECAP at 300 °C leads to
grain refinement, reducing the grain size to approxi-
mately 260 nm. The Nb particles are also refined and
partially dissolved due to strain-induced “dissolution”
during SPD. Previous studies of ECAP at 400 °C re-
ported complete dissolution of the Nb particles after
SPD. It may be attributed to the higher temperature
of deformation. ECAP at 300 °C results in incomplete
dissolution (as seen in Fig. 1). Potential mechanisms for
the dissolution of Nb particles include the active sliding
of dislocations through the particles, the formation of
vacancies under deformation, and more intense diffu-
sion at an elevated temperature, which all contribute
to the transition of Nb atoms into the zirconium lat-
tice, resulting in the partial dissolution of the Nb par-
ticles [9].

Reducing the ECAP temperature to 300 °C, com-
pared to 400 °C as studied in [10; 13]), improves struc-
tural refinement, and the remaining particles may hard-
en the matrix via the Orowan mechanism. At 300 °C,
the yield strength surpasses the values achieved in the
above-mentioned studies [10; 13].

Pre-queching of the Zr—2.5Nb alloy dissolves the
Nb particles in into the matrix, forms a thin-lamellar
structure, and significantly increases strength. Subse-
quent ECAP of the quenched alloy causes fragmen-
tation of the lamellae and results in the formation of
an ultrafine structure with nearly equiaxed grains of
~190 nm in average size. ECAP on the quenched al-
loy contributes to greater strength growth. Quenching
and subsequent ECAP with n = 4 results in the highest
strength, surpassing that of the initial alloy after ECAP
with eight passes.

It is recognized that ECAP deformation for most
metals and alloys refines the structure to a grain size of
200 to 300 nm. Typically, to further enhance strength,
materials undergo additional ECAP with temperature
reduction or other deformation processes, such as draw-
ing, although these approaches can make challenges
due to the low ductility of SPD-hardened materials.
Nonetheless, specific heat treatments, like quenching
or aging, can prepare the initial structure for ECAP by
forming additional boundaries that aid grain refine-
ment during ECAP. For the Zr—2.5Nb zirconium alloy,
quenching leads to solid-solution hardening due to the
dissolution of Nb atoms into the matrix and the creation
of numerous martensitic thin-lamellar boundaries in the
structure. The greater strength observed after quenching
plus four-pass ECAP can be attributed to an increase in
solid-solution hardening and a more substantial refine-

ment of the initial thin-lamellar structure. It is also pos-
sible that ECAP of the quenched alloy results in a partial
decay of the solid solution with potential presepitation of
the hardening Nb nanoparticles (which may not be de-
tectable by TEM). However, the dissolution of the solid
solution is evidenced by the lattice parameter measured
by XRD.

Conclusions

The microstructural and mechanical properties
analysis of the Zr—2.5%Nb zirconium alloy sub-
jected to ECAP at 300 °C in both its initial coarse-
grained state and after quenching revealed several key
findings:

1. ECAP led to the refinement of the initial alloy
structure, creating boundaries oriented at large angles
and forming grains with a size of ~260 nm. However,
ECAP at 300 °C did not completely dissolve the Nb
particles, which might be attributed to reduced diffu-
sion during strain-induced dissolution, as opposed to
what has been noted in other studies at higher tempe-
ratures.

2. The strength of the initial alloy increased by 1.4—
1.8 times after ECAP with 4 and 8 passes. Conversely,
the ductility decreased from 21.4 to 8.6 %, and the uni-
form elongation decreased from 12.0 to 1.3 %, typical for
metals after severe plastic deformation.

3. Pre-treatment via quenching before ECAP de-
veloped a thin-lamellar structure, thus creating more
boundaries that enhanced grain refinement during
ECAP. Quenching also resulted in solid-solution har-
dening due to the complete dissolution of the Nb parti-
cles into the matrix.

4. Mechanical testing indicated that the yield
strength of the alloy, once quenched and then su-
bjected to ECAP, was by 2.3 times higher than that
of the initial coarse-grained alloy. The ultimate
strength in both longitudinal and cross-sectional di-
rections increased to 864 and 935 MPa, respective-
ly. Pre-quenching followed by 4-pass ECAP yielded
higher strength than that achieved by 8-pass ECAP
without pre-treatment.
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