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The influence of treatment in controlled gas environments with subsequent hydrogenation on the physical and
mechanical characteristics of the Zr-1% Nb zirconium alloy has been investigated. The surface hardness and the size
of the diffusion-hardened layer of the ring-samples cut from fuel tubes from the Zr-1% Nb alloy after treatment in
oxygen- and nitrogen-containing gaseous media with subsequent saturation with hydrogen have been established.
The influence of the parameters of the gaseous medium and the modes of thermochemical treatment (TCT) of
specimens-rings on the destructive stresses under static load at temperatures of 20 and 380 °C is shown. It was
revealed that treatment in the investigated gas environment increases the resistance to hydrogen saturation and has a
positive effect on the long-term strength of ring specimens from the zirconium alloy Zr-1% Nb.

INTRODUCTION

A special place in the nuclear power and nuclear
industry is occupied by the problem of creating and
improving structural materials: optimization of the
structure and increase in operational properties. The
structural materials of the core of nuclear reactors
include, first of all, zirconium alloys [1, 2].

During operation, zirconium cladding materials of
fuel elements (fuel tubes) of nuclear reactors are
exposed to a corrosive medium in the coolant. Due to
the interaction of zirconium with a coolant or a steam-
water mixture, hydrogen is released, which is absorbed,
in particular, by zirconium fuel tubes [3, 4]. The near-
surface layer and the product as a whole absorb
hydrogen, the amount of which depends on factors such
as temperature and duration of interaction with the
coolant.

Hydrogen accumulated in products impairs the
physical and mechanical properties of structural
materials and reduces their service life. It should also be
noted that at high temperatures, the probability of a
steam-zirconium reaction increases, which, in turn, can
lead to the accumulation of hydrogen and is explosive in
nature. A significant increase in temperature also leads
to intensive absorption of oxygen, which is
accompanied by oxidation and destruction of fuel tubes
[5-8].

Thermochemical treatment (TCT) is one of the
effective methods of controlling the structure and
characteristics of the near-surface layers of metals,
improves their physical and mechanical properties [9-
12]. Thanks to TCT, it is possible to form hydrogen
barrier layers. The protective near-surface layer can be
obtained by treatment in controlled oxygen- or nitrogen-
containing gaseous environments. The control of gas-
dynamic and temperature-time parameters of TCT
provides the formation of various thicknesses and
compositions of the modified layer with a wide range of
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functional properties. It should also be noted that such a
layer is an oxide or nitride and a diffusion transition
layer, due to which they are strongly adhered to the
matrix. Therefore, their detachment from the product is
excluded. The development of modes of heat treatment
of zirconium alloys in oxygen- and nitrogen-containing
gaseous media, which will ensure a decrease in their
saturation with hydrogen and do not reduce their
mechanical properties, in particular, long-term strength,
is an urgent task of modern reactor materials science.
The aim of this work is to study the effect of
thermochemical treatment in oxygen- and nitrogen-
containing gaseous media on the penetration of
hydrogen into the surface layer and on the long-term
strength of samples cut from the fuel tube of the
zirconium alloy Zr-1% Nb.

MATERIALS AND EXPERIMENTAL
TECHNIQUE

The material for research was a Ukrainian-made
zirconium alloy Zr-1% Nb with the following
composition:  Zr-98.97 wt.%, Nb-1.03wt.%. TCT
regimes in gaseous media (oxygen- and nitrogen-
containing) were carried out with minimal intrinsic
dynamic leakage into the reaction chamber of the
furnace (Table 1).

The samples were saturated with gaseous hydrogen
(“dry” hydrogenation) at a temperature of 425 °C and a
hydrogen pressure of 0.8-10°Pa (saturation with

hydrogen was performed at the KIPT). The
concentration of hydrogen in hydrogen-saturated
samples was determined by gravimetric and

metallographic methods [13, 14].

The long-term strength in air at room temperature
and at an elevated temperature of 380 °C on the basis of
100 h was investigated on specimens-rings 3 mm wide
(Fig. 1,a) with a V-shaped concentrator 0.5 mm deep,
cut symmetrically from both sides of the specimen (see
Fig. 1,a). For research, multi-position equipment was
used, developed at the Karpenko Physico-Mechanical
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Institute of NAS of Ukraine, which provides identical
test conditions for a series of samples.

Table 1
Modes of TCT of zirconium alloy Zr-1% Nb
Conditional
designation
No. Processing modes TCT +
TCT | saturation
hydrogen
Vacuum annealing
T =580 °C,
1| p=13310%pa,c=3h | RO | RO
Oxygenated environment
T =580 °C,
P=133Pa,t=05h+
2 +T =580 °C, R1 R1+H,
P=133-10"Pa, 1t =25h.
T =580 °C,
3 P=133Pa,t=3h R2 | RetH,
Nitrogen-containing environment
T =650 °C,
P=133-10"°Pa,
41 t=1n+T=580°c, | 3| R3H:
P=1.01-10°Pa,1=10h
T =580 °C,
P=133-10"°Pa,
S | t=1h+T=s80°c, | R4 | Ra+H:
P=1.01-10°Pa,7=9h
9,245 mm

b

Fig. 1. Schematic diagram of the manufacture of ring
specimens for tests under prolonged static load:
a— a diagram of cutting a sample ring from the tube of
the fuel element; b — applying a concentrator

The following parameters were used to assess the

effect of regimes TCT on the material under study:
relative increase in surface hardness:
SHV = (HV*"" HV®"®) / HV*"®)x100%, where HV*" —
titanium surface hardness; HV®™® — hardness of the
zirconium core, and the depth of the hardened layer —
I, um. The microhardness of the surface and the
distribution of microhardness over the cross section of
the samples were determined on a PMT-3M device with
a load on the indenter of 0.49 N.

RESULTS AND ITS DISCUSSION

Dissolution of interstitial elements (oxygen,
nitrogen) in zirconium alloys is associated with
distortion of the crystal lattice, as a result of which the
hardness increases significantly. Therefore, an increase
in the hardness of the near-surface layer indicates that,
as a result of thermochemical treatment, the near-

surface layer has been enriched with interstitial
elements (Table 2, Fig. 2).

Table 2

Characteristics of samples-rings of Zr-1% Nb alloy

after various treatments

TCT mode / | Hardness| Hardness| Growth The size
. . hardened

+ saturation | surfaces, | matrices,|hardness| laver |
hydrogen | HV®" | HV®® | AHV iltm ’
260+25 /| 170£15/ 15...19/

RO/ROTH, | “1a6.00 | 175010 | 2072 | 20. 23
27520 /] 170£15/ 22...27/

RU/RIFH, | 55 00 | 165210 | 199710 59 33
310+£25 /| 17015/ 19...24/

R2/R2HH, | 510100 | 165210 |140743] 24 32
315+£15 /| 17015/ 34...39/

R3/R3tHa | 510415 | 165415 145745 36...43
3204+15 /| 170+15/ 32...37/

R4E/RATH, | o500 | 180210 | 12075 | 23, 37

According to the research results, nitriding by the
mode (R3) in relation to vacuum annealing (RO) and
oxidation (R1 and R2) better protects the near-surface
layer from hydrogen penetration (Fig. 3).

The distribution of hardness in the near-surface layer
of the test specimens-rings after saturation with
hydrogen differs when compared with the
corresponding treatments: in a vacuum, Oxygen- or
nitrogen-containing medium (see Fig. 2). Hydrogen
saturation significantly reduces the hardness in the
subsurface layer. The approximate hydrogen content in
the sample rings made of the Zr-1% Nb alloy after
various thermochemical treatment and saturation with
hydrogen was as follows (ppm): (RO + Hy) — 712; (R1 +
H,) — 617; (R2 + H,) — 471; (R3 + H,) — 188; (R4 +
+ H,) — 890 (see Fig. 3).

According to the experimentally obtained results, the
100-hour long-term strength of the samples-rings
saturated with hydrogen (Fig. 4) at room temperature
after all regimes of TCT exceeds the indices of the
samples not saturated with hydrogen (see Fig. 4).

The properties of the samples-rings saturated with
hydrogen have some differences among themselves (see
Fig. 4). Fracture of sample rings made of Zr-1% Nb alloy
saturated with hydrogen occurs in the stress range
490...510 MPa (see Fig. 4), which is 10 times narrower
than for ring samples not saturated with hydrogen, which
are destroyed upon exposure for 100 h in air at room
temperature at stresses of 400...600 MPa (see Fig. 4).

An increase in the test temperature of the ring
specimens to the operating temperature (380 °C) by
~ 10 MPa (see Fig. 4,b) expanded the range of breaking
stresses of the ring specimens saturated with hydrogen
when held for 100 h in air. When comparing the long-
term strength of ring specimens at a temperature
(380 °C) after different regimes of CTT and those that
are unsaturated with hydrogen (see Fig. 4), it can be
seen that hydrogen levels the difference in this
characteristic, since the dependences of the long-term
strength of hydrogen-saturated ring specimens are
located among the dependences of the long-term
strength of the specimens — rings not saturated with
hydrogen.
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Fig. 2. Distribution of hardness in the near-surface layer of specimens-rings made of Zr-1% Nb alloy after
treatment modes: curve 1 -R0; 2 - R0 + H,; 3—-R1;4—-RI + H,; 5-R2;6 —R2 + H»; 7—R3; 8 - R3 + Hy;
9-R4;10-R4 +H,

Fig. 3. The structure of the near-surface layer as a result of saturation with hydrogen after treatment modes:
a-RO+Hy;;b-Rl+H,;;c—-R2+H;;d-—R3+H,;e-R4+H,
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Fig. 4. Long-term strength of samples-rings made of Zr-1% Nb alloy when exposed to air at room
temperature (a, b) and at T = 380 °C (c, d) after different processing modes:
1-R0;2-R1;3-R2;4-R3;5-R4;6-RO+H,;7-R1+H,;8-R2+H,;9-R3+H,; 10-R4 +H,

The long-term strength of ring specimens saturated
with hydrogen (mode R3 + H,) exceeds the long-term
strength of ring specimens saturated with hydrogen after
other pretreatment modes.

CONCLUSIONS

As a result of experimental studies and analysis of
their results, it was established:

— saturation with hydrogen leads to a decrease in the
hardness of the surface layer of the Zr-1% Nb alloy -
thermochemically treated in oxygen- and nitrogen-
containing media;

— treatment of zirconium alloy Zr-1% Nb in oxygen-
and nitrogen-containing media increases the resistance
to hydrogen saturation;

— saturation with hydrogen of both oxidized and
nitrided zirconium alloy Zr-1% Nb has a positive effect

on the resistance to fracture under static load at room
temperature;

— saturation with hydrogen of the nitrided zirconium
alloy Zr-1% Nb makes it possible to increase the static
fracture stress at a temperature of T = 380 °C relative to
processing in vacuum.
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CBOMCTBA TBAJIBHBIX TPYBOK U3 CILIABA Zr-1% Nb
MOCJE TEPMOXUMHUYECKOM OBPABOTKA U HABOJIOPOKUBAHMSI

B.C. Tpyw, ‘ ILH. Cmoes, B.H. @eduprxo,

A.T. Jlykbanenko, M.A. Tuxonoeckuii, B.A. Ilanos

HcenenoBaHo BIMSIHUE TEPMOXUMHUYECKOH 0OpaOOTKM B KOHTPOJMPYEMBIX I'a30BBIX Cpelax ¢ MOCICIYHOLIMM
HAaBOJOPOXKMBAaHUEM Ha (PU3UKO-MEXaHUYECKUE XapaKTEPUCTHUKH LIMPKOHUEBOro ciuiaBa Zr-1% Nb. YcraHOBIEHbI
TBEPIOCTh NOBEPXHOCTH U pazMmep AU dy3UOHHO-YIPOUHEHHOT'O CJIOSI 00pa3LoOB-KOJIEL, BEIPE3aHHBIX U3 TBIIBHBIX
TpyOok u3 cruiaBa Zr-1% Nb mociie 00paboTKu B KUCIOPOA- M a30TCOACPIKAIINX Ta30BBIX Cpelax C MOCISTYIOIIIM
HACBIILICHUEM BOAOPOAOM. I[lOKa3aHBI BJIMSHHS IapaMeTPOB Ta30BOHW Cpelbl M PEKHUMOB TEPMOXUMHYECKOM
00paboTkn 00pa3lOB-KOJIEN Ha HANpSOKEHUS pa3pyLIeHHs NpH CTaTHYeCKON Harpyske npu Temmeparypax 20 u
380 °C. BsIsiBiieHO, 4TO 00pabOTKa B HCCIIEIOBAHHBIX I'a30BBIX CPEJax MOBBILIAET COMPOTHBISIEMOCTh HACBIICHHIO
BOJIOPOZIOM U IIOJIOXKUTENIBHO BIMSET HAa IJIMTEIBbHYI IPOYHOCTh OOPa3lOB-KOJICNl U3 IMPKOHHEBOIO CILIaBa
Zr-1% Nb.

BJACTUBOCTI TBEJIbHUX TPYBOK 3I CILIABY Zr-1% Nb
HICJIA TEPMOXIMIYHOI OBPOBKH TA HACUYEHHS BOJAHEM

B.C. Tpyw, I1.1. Cmoes, B.M. ®edipxo,

O.I'. JIyk’anenko, M.A. Tuxonoecovkuii, B.A. Ilanos

JocmipkeHo BIUIMB TepMOXiMidHOI OOpPOOKHM B KOHTPOJBOBAaHMX Ta30BHX CEPEJOBHINAX 3 HACTYIHHM
HAaCHYCHHAM BOIHEM Ha (i3MKO-MeXaHIuHI XapaKTepUCTHKH NHMPKOHieBoro cmiaBy Zr-1% Nb. Buznadeno
TBEPJIICTh MOBEPXHi 1 po3Mip IUQY31HHO-3MIIIHEHOTO Iapy 3pa3KiB-KiJlelb, BUPi3aHUX 3 TBEJBHUX TPYOOK CIUIaBY
Zr-1% Nb micns o6poOku B KHUCHE- 1 a30TOBMICHHX Ta30BHX CEPENOBHINAX, a TAKOX 3 HACTYITHHUM HACHYCHHSIM
BojHeM. [loka3aHO BIUIMB nmapaMeTpiB Ia30BOT0 CEPEOBHIIA I PEKMMIB TEpMOXiMi4HOT 0OpOOKHM 3pa3KiB-Kijienb Ha
PYHHIBHI Hampy>KeHHS 3a CTaTUYHOTO TPHBAJIOr0 HaBaHTaXeHHS 3a Temreparypax 20 i 380 °C. BusBieno, mo
00po0OKa B OCIIKEHOMY Ta30BOMY CEPEOBHIIII ITiIBUIIY€E OMiPHICTh HACHYCHHIO BOJHEM 1 IIO3UTHBHO BILTUBAE HA
TPHUBAJY MIlHICTh 3pa3KiB-KiNlelb 3 HUPKOHieBOro cruiaBy Zr-1% Nb.
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