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INCREASING LONG-TERM STRENGTH
OF Zr-1%Nb ALLOY BY DIFFUSIVE HARDENING
OF NEAR-SURFACE LAYER

B.M. Boegooin, B.C. Tpyw, B.M. @edipro, O.I". JIyk snenko, I1.I. Cmoes, M.A. Tuxonoecvkuii. IligBuIEHHS TPUBaJoi MillHOCTI
ciiaBy Zr-1%Nb audysiiinnM 3MinHeHHSIM IPUNOBEPXHEBOro mapy. [[MpKOHi€Bi CIUTaBH IMHPOKO 3aCTOCOBYIOTHCS SIK KOHCTPYKIIHHHI
Marepiall y aTOMHIil IPOMHUCIIOBOCTI [UIsl BUTOTOBJICHHST 000J0OHOK TerwtoBuainsiounx eixemeHtiB — (TBEJIiB). Excrutyarauniitna HagifiHiCTh
LUX KOHCTPYKIii — B)XKIMBHIl €IEMEHT HAAIfHOCTI yChOTO MAIMBHOTO LHMKIY, BPAXOBYIOUH, LI0 KOHCTPYKIII MPAIOIOTh 3 IiIBHIICHUX
temneparyp. Tomy po3pobieHHs pexuMiB dininHOI xiMiko-Tepmiunoi 06podku TBEJIiB 3i craBy Zr-1%Nb € BakIMBOIO 1 aKTyaJIbHOIO
3aj1auero B rajy3i MaTepialo3HaBCTBA LUPKOHIIO Ta HOro cruiaBiB. MeToro pobOTH € BCTAHOBHUTH BIUIUB OOPOOKHU y Pi3HHX KOHTPOJIbOBAHUX
ra3oBUX CEpelOBHINAX (BaKyyM, KHCHEBMiCHE, a30TOBMICHE) Ha TpHUBaly MIIHICTh cmiaBy Zr-1%Nb 3a temneparypu 380 °C Ha moBiTpi.
JlociiqHIM MaTepiaioM € 3pa3KH-KUIbLL IIMPHHOI0 3 MM (30BHIIHIN xiameTp 9,2 MM) 3 V-HOJIOHMM KOHIIEHTPAaTOpOM IIHONHOO 0,5 MM, SIKi
BHpizaHo 3 Tpybok TBEJIiB 3i craBy Zr-1%Nb ykpaincbkoro BupoOHHITBa. [ BUnpoOyBaHb 3paskiB-Kinelp ciuiaBy Zr-1%Nb Ha TpuBamy
MirHicTs 1pu Temmneparypi 7=380 °C Ha MOBiTPI BHKOPHCTOBYBAIH 0araTomo3WLiiHY yCTaHOBKY, po3pobieny y ®MI HAH Vkpainu. s
KpIIUIeHHs 3pa3KiB-KiJelb Ha yCTaHOBILI Ha BUIPOOYBaHHS Ha TPUBAIY MIilHICTb 0yJI0 PO3p0o0JICHO Ta BUTOTOBJIEHO CIIELialIbHI 3aXBaTH. XIMIKO-
TepMiuHy 06poOKY 31ificHIOBaTH Y po3pimkeHoMy (P=1-10"* MM. pT. CT.) ra3oBOMy cepeloBHILi (BaKyyMi), a TAKOXK Y PO3PIIKEHOMY KHCHE- Ta
a30TOBMICHOMY Ta30BHX cepenoBHmax 3a Temmeparypu 7=580...650 °C ta excno3umnii 1=3...10 rox. ExciepuMeHTaIBHO JOCHTIHKEHO BILIUB
OKVCHEHHSI, a30TYBaHHS Ta OOpOOKH y BaKyyMi Ha TOBIUMHY, MIiKPOTBEPIICTh HMOBEPXHEBUX IIapiB IIMPKOHIEBHX 3pa3KiB-Kilelb, a TAKOXK
OMIPHICTb CMOBIIBHEHOMY PYIHYBaHHIO 33 TPHBAJIOTO CTATHYHOTO HABAHTAKECHHs. EKCIIepUMEHTAIIbHO BCTAHOBIICHO, 1110 00pOOKa LIUPKOHIEBHX
3pasKiB-kinenp cmiaBy Zr-1%Nb y KucHeBMiCHOMY Ta a30TOBMICHOMY Ta30BHX CEPEIOBHINAX BiHOCHO BaKyyMHOIO BiIlaiy IIiJBHILye
PYHHIBHI Halpy>XEHHS 3a TPHBAJIOTO CTATHYHOTO HaBaHTa)KeHHs Ipu Temmeparypi 7=380 °C Ha noBitpi. [Toka3zaHo BiIMIHHOCTI OBEPXHI 371aMy
NPUIIOBEPXHEBOrO LIAPY 3pa3KiB-Kijewp cruiaBy Zr-1%Nb B 3a1e)KHOCTI Bifl pexKuMy 0OpOOKH.
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V. Voyevodin, V. Trush, V. Fedirko, A. Luk’yanenko, P. Stoev, M. Tikhonovsky. Increasing long-term strength of Zr-1%Nb alloy
by diffusive hardening of near-surface layer. Zirconium alloys are widely used as structural material in nuclear industry for fabrication of
nuclear fuel claddings (NFC). The operational reliability of these structures is an important element of reliability of the entire fuel cycle,
given that the structures operate at elevated temperatures. The development of finishing thermochemical treatment modes of Zr-1%Nb alloy
NFC is an important and actual task in the field of materials science of zirconium and its alloys. The aim of the work is to determine the
influence of thermal treatment in various controlled gas media (vacuum, oxygen-containing, nitrogen-containing) on the long-term strength
of the Zr-1%Nb alloy samples at 380 °C in air. The experimental material is 3 mm ring-samples with a 0.5 mm depth V-shaped concentrator,
which are cut from NFC tubes of the Zr-1%Nb alloy of Ukrainian production. In order to test long-term strength of Zr-1%Nb alloy ring-
samples at 7=380 °C in air a multipositional assembly was used. The assembly was designed and manufactured in the Karpenko Physico-
Mechanical institute of the National Academy of Sciences of Ukraine. Special grips were developed and produced for mounting ring-samples
on a long-term strength test. Thermochemical treatment was conducted in a rarefied (P=1-10" mm Hg) gas medium (vacuum), as well as in
rarefied oxygen- and nitrogen-containing gas media at temperature 7=580...650 °C and at the exposure t=3...10 h. The influence of
oxidation, nitration and vacuum treatment on thickness and microhardness of surface layers of zirconium ring-samples, as well as resistance
to delayed failure under a static long-term load are studied experimentally. Also it has been experimentally established that the treatment of
zirconium ring-samples of the Zr-1%Nb alloy in oxygen-containing and nitrogen-containing gas media with respect to vacuum annealing
raises the destructive stresses with a prolonged static load at a temperature of 380 °C in air. The differences in fracture surface of near-
surface layer of the Zr-1%Nb alloy ring-samples, depending on the processing mode, are shown in the paper.
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Introduction. Due to a combination of unique physical-mechanical and nuclear properties, zir-
conium and its alloys are widely applied in nuclear engineering. This makes them almost a non-
alternative construction material for operation in the core of thermal neutron reactors [1, 2].

Among the topical problems in the field of metal science of zirconium, the following can be dis-
tinguished: ensuring high resource characteristics of zirconium products by developing new or opti-
mizing existing regimes treatments. Having regard to the fact that physical-mechanical properties of
zirconium are sensitive to the content of interstitial element (oxygen, nitrogen, carbon), the thermo-
chemical treatment is an effective option, namely the purposeful diffuse saturation of the near-surface
layer by the interstitial element, in particular by oxygen and nitrogen.

Analysis of recent publications and problem statement. According to the literary data, the per-
formance properties of zirconium are significantly affected by an interstitial element — oxygen, which
reacts easily and takes part in all processes occurring in the ma-
terial under various conditions: thermal, mechanical, radiation. T °C
However, the data on the regularities of the above-mentioned 1800
influence remain limited and contradictory [3 — 7]. It should ]
also be noted that the presence of nitrogen in zirconium alloys ]
also affects their properties 8, 9]. 1000

The solubility of the interstitial elements (oxygen, nitro-

2200 2130°C

gen) in zirconium is of particular practical importance. Accord- e
ing to the state diagram, the maximum solubility of oxygen in 200 il S
. . . . . 0 10 20 30

o-zirconium is 28 at. % and for nitrogen — 22 at. % (Fig. 1) [10, 0, % (at)
11]. The significant solubility of oxygen and nitrogen in zirco-
nium makes the alloys of the “Zr-O” and “Zr-N” system prom- 2300 “
ising from the point of view of practical use of doping by these T,°C | 1985°C
interstitial elements as a method of controlling the structure and 1900/
properties of the zirconium alloy. 1 r:,':

Dissolution of oxygen and nitrogen in the matrix of zirco- 15002,
nium significantly affects the ductility and strength: with in- ]
creasing content of the elements of the embodiment, plasticity 1100_ a-Zr
is reduced, and strength is increased [7]. 700 v ’

Oxygen also affects the fatigue properties of zirconium al- o 10 2}3 o (28
loys. For example, scientists studied the fatigue life at 7=25 °C b 7

and at 7=350 °C (Fig. 2) of zirconium samples that were cut

from thin tubes with different oxygen content (E110opt alloy  Fig. I. Fragment of state diagrams:
with an oxygen content of 0.007...0.008 mass % and E1100 with ~ “Zr—07"(a) [10], “Zr—=N"(b) [11]
an oxygen content of 0.003...0.004 mass %) [12].

Positive effect of oxygen on fatigue life both at g, MPa 800
room temperature and at elevated 7=350 °C has been
shown in the article [13]. The positive effect of oxy-
gen on the fatigue life of zirconium is also fixed by
other researchers. The authors associate probable
cause of such a positive effect of oxygen on the fa-
tigue life of zirconium with formation of an intersti-
tial solid solution in a metal matrix. The oxygen con- 0 3 4
tent affects the nature of zirconium alloys fracture. 0 10000 20000 30000 N, cycles

The fracture surface of zirconium alloys with
different oxygen content (140...1740 ppm) has been  Fig. 2. The fatigue curves of samples of E110opt
analyzed in the article [13]. The authors note that zirconium alloys (oxygen content
the fracture surface of an alloy with high oxygen  (-007..0.008 mass %) (2, ?and E1I0 (Oxygeon
content contains a large number of fatigue grooves, content 0.003...0.004 mass ?) (2, 4) at =25 °C
which confirms the high energy intensity of destruc- (1. 3) and at T=350 °C (2. 4) [17]
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tion. It was noted in [6] that an increase in oxygen content leads to a decrease in the twinning process
and in the initiation of nucleation of micro pores at later stages of uniform plastic deformation.

Thermochemical treatment is one of the effective methods for controlling structure and character-
istics of near-surface metal layers, and as a result significantly affects the functional properties of the
metal. Therefore, it is advisable to broaden the notion of the influence of the near-surface layer en-
riched by interstitial elements on the properties of NFC tubes of Zr-1%Nb alloy. In particular, it is ad-
visable to establish the effect of treatment in controlled gas media on the long-term strength of the
Zr-1%Nb alloy at temperature of 7=380 °C, which has been investigated in this work.

Purpose. The aim of the work is to determine the influence of thermal treatment in various con-
trolled gas media (vacuum, oxygen-containing, nitrogen-containing) on the long-term strength of the
Zr-1%ND alloy samples at 380 °C in air.

Methodology of experiment. The object of research was the selection of tubes made of
Z1-1%Nb zirconium alloy of Ukrainian production [14].

Tests of long-term strength in air at temperature of 7=380 °C based on 100 hours were carried
out on 3 mm wide ring-samples with a V-shaped concentrator of 0.5 mm depth cut symmetrically
from both sides of the ring sample (Fig. 3).

©9.15 mm

a b c

Fig. 3. The principal scheme for making ring-samples for testing for a long-term strength: cut
of the ring-samples from the NFC tube (a), grinding and polishing ends (b),
application of concentrators (c)

The multistation equipment
(Fig. 4), developed in PhMI NAS of
Ukraine [15], was used for long-term
strength tests. The advantage of this
system is its multistation device,
which makes it possible to provide
identical test conditions for a large
number of samples and will acceler-
ate the duration of the research.

The base part of the equipment
(Fig. 4) is a massive plate 1 on four
supports 2 with cushion pad. A load-
ing mechanism is mounted on the !
plate for testing samples for long- o > faral aa
term strength. The electric pit fur- .
nace 4 of the SShOL1.1.6/12 type is
strengthened below on the two
screws 3. The test samples 5 are lo-

10, 11

o

! I
I
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Fig. 4. The general view (a) and scheme (b) of the equipment for
long-term strength tests (delayed failure under static long-term

cated radially around the central load): 1 — plate, 2 — support, 3 — screw, 4 — electric furnace,
support rod 6. The lower stationary 5 — sample for tests, 6 — central support rod, 7 — immobile delight,
excitement 7 is pivotally connected 8 — active thrust, 9 — double—armed levers, 10 — support,

to a support ring fixedly positioned 11— prism, 12 — suspension, 13 —weights, 14 — protective glass,
under the rod 6. 15 — support table
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In the plant six ring-samples can be placed simultane-
ously, each of which has an individual load mechanism.
The top position of the active rod 8 makes it possible to
conveniently place the load device consisting of two-arm
levers 9 (shoulder ratio 1:5) and supports 10 with prisms
11. Active pull rod is suspended on the prisms from the
short end of each lever, and suspension 12 with weights 13
— from the long one. The supporting prisms 11 of the lev-
ers are arranged in a circle on the flanges of the cylindrical
support 10. The fastening of the samples in the grippers is
carried out with the help of pins. Samples are closed with a
u b removable cup 14, designed to equalize the temperature in
the working area of the chamber in conditions of conduct-

Fig. 5. The three-dimensional model (a) and ing studies under higher temperatures.

the general view (b) of the gripper for fixing The equipment has a remote control panel, on the
the ring-samples on delayed failure under ~ front panel of which there are control elements of the in-
static long-term load: 1 — lower base, stallation, monitoring systems and signaling of breakage of

2 —side bar, 3 — ring—samples, samples. The results of tests for delayed failure were given

4 —upper base, 5 —pin in the coordinates “destructive stress ¢ — the logarithm of

time to failure”.

In order to fasten the ring-samples to the installation, special grippers have been designed and
made (Fig. 5).

The surface gas-saturated layer was formed by diffuse saturation from a controlled oxygen- and
nitrogen-containing gas medium under various conditions (Table 1). Thermal treatment of the ring-
samples was carried out on laboratory thermal equipment.

The following parameters were used to evaluate the effect of the thermochemical treatment re-
gimes on the studied material: the surface hardness increase AH=(Hgyr—Hcore), Where Hg,s— hardness
of the metal surface; H... — the hardness of the metal core, and the depth of the strengthened layer — /,
pum. The microhardness distribution over the cross section of the samples was determined on the
PMT-3M instrument for loading 0.49H.

Table 1

The regimes of thermochemical treatment of Zr-1%Nb alloy ring-samples

Ne treatment Treatment regimes Symbol
| Initial state (vacuum annealing) Rl
7=580 °C, P=1-10"* mm Hg, t=3 hours
Treatment in an oxygen-containing medium
T=580 °C, P=1-10" mm Hg, t=0.5 hour +
+ =580 °C, P=1-10"* mm Hg, 1=2.5 hours
Treatment in a nitrogen-containing medium
T=650 °C, P=1-10"° mm Hg, t=1 hour. +
+ 7=580 °C, P=760 mm Hg, N,, 7=10 hours

R2

R3

Results of the research. According to the results of measuring the microhardness after vacuum
treatment, oxidation and nitriding, the surface layer is not hardened and has small dimensions
[=9...14 um (Table 2). Apparently, this is due to the low treatment temperature. However, it should be
noted that oxidation and nitriding leads to an increase of hardness of the sample surface with respect to
vacuum treatment. The existence of a strengthened surface layer after treatments is due to the gradient
distribution of the elements of the interstitial elements (oxygen, nitrogen) in the near-surface layer [15].
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Table 2

Characteristics of the near-surface layer of Zr-1%Nb zirconium alloy
ring-samples after various regimes treatment

Regimes Microhardness HV 49 Increase in surface hardness | Depth of the hardened
treatment Surface HV™" Core HV®® AHV (HVsurf —HV®™™®) layer, [ um

R1 225+35 180+15 45 R1

R2 295420 180+20 115 R2

R3 240420 185+20 55 R3

It has been established that treatment in controlled gas media affects the long-term strength of
ring-samples from Zr-1% Nb alloy at 7=380 °C in air for =100 hours (Fig. 6).

380

Goo» MPa
2501 |
gl 350 220
230- TS 1I3 G0~
. ‘K MPa
I — 200
\‘ ’\-_>~
2104 el
. 180
190 T T T T 160
0.01 0.10 1.00 10 1005 h 1 2 3
a b

Fig. 6. Long-term strength of zirconium alloy Zr-1%Nb ring-samples in air at temperature T=380 °C after
various treatment regimes: 1 — RI regime; 2 — R2 regime; 3 — R3 regime: fatigue curve (a), failure stress
on the basis of 100 h (b)
The failure stress of ring-samples at 7=380 °C in air at a base of =100 hours after treatment in
R2 and R3 regimes in oxygen-containing and nitrogen-containing gas media, respectively, are larger
than the failure stress of ring-samples after annealing in vacuum (Fig. 6). Especially this applies to
treatment in a nitrogen-containing medium (R3 regime). This behavior of oxidized and nitrided ring-
samples can probably be explained by the fact that as a result of thermochemical treatment the near-
surface layer of the metal was enriched with the interstitial elements (oxygen, nitrogen). It was this
modified layer that contributed to an increase in resistance to fracture. In order to further elucidate the
reasons for this behavior, additional research will be carried out.
It is also necessary to note that the fracture of the studied Zr-1%Nb alloy ring-samples after the
tests for the resistance to delayed failure under a static long-term load at 7=380 °C in air for
=100 hours occurred in the zone of the V-shaped concentrator (Fig. 7).

a b

Fig. 7. General view of ring-samples of Zr—1 %Nb alloy rings during long-term static strength tests:
before the tests (a), after the tests (b)
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According to the analysis of the fracture surface of rings-samples after loading at 7=380 °C in air
for t=100 hours, there are no significant differences in the mechanisms of destruction; all samples are

destroyed mainly by a ductile mechanism (Fig. 8).

e A R “r

Fig. 8. The fracture surface of near-surface layer of the ring-sample after treatment at T=380 °C for 100 h

after various treatment regimes: R1 regime (a); R2 regime (b); R3 regime (c)

The practical value of the obtained results is that the results of the research can be used in the de-
velopment of new schemes for the finishing treatment of zirconium alloys in order to increase the du-
rability in air for 100 hours at temperature of 7=380 °C.

Conclusions. The thermochemical treatment of ring-samples of Zr-1%Nb alloy cut from NFC
tubes in various gas media (oxygen containing, nitrogen-containing) increases their long-term strength
in air tests for 100 hours at temperature of 7=380 °C in comparison with standard heat treatment
in vacuum.
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