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INFLUENCE OF THERMOCHEMICAL TREATMENT ON PROPERTIES
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V.S. Trush®, V.N. Fedirko’, A.G. Luk’yanenko*, M.A. Tikhonovsky?, P.I. Stoev?
Karpenko Physico-Mechanical Institute of the National Academy of Sciences of Ukraine,
L’viv, Ukraine
E-mail: fedirko@ipm.lviv.ua;

National Science Center “Kharkov Institute of Physics and Technology” Kharkov, Ukraine

The influence of treatment in the controlled oxygen- and nitrogen-containing gas medium on the mass increment
and properties of the subsurface layers of samples-rings, cut out of the fuel cladding tubes from Zr-1%Nb, has been
established experimentally. Differences in the saturation of internal and external surfaces of zirconium tubes were
described. Results of examining the hardness of external and internal subsurface layers of the ring-samples after
oxidizing and nitriding are presented. It has been established experimentally that prolonged isothermal annealing at
750 °C in the oxygen medium can lead to the initiation of a crack on the inner surface of zirconium tubes.

INTRODUCTION

Zirconium alloys are important structural material
for products of an active zone and the nuclear fuel
cladding (NFC) of nuclear power plants [1-3]. For the
purpose of nuclear safety, the nuclear shell of elements
of nuclear reactors should meet increased requirements.
The most vulnerable element of the NFC is the wall of a
tube [4, 5]. The key to effective use of zirconium alloys
is provision of their proper structural-phase state. The
peculiarity of the zirconium alloy is high sensitivity of
structural-phase state to the content of interstitial
elements [1]. Solubility of interstitial elements (oxygen,
nitrogen) in a-zirconium has practical significance.
According to the chart of states, oxygen has the highest
solubility in a-zirconium that equals to 28 at.%,
nitrogen has 22 at.% [6-8]. High solubility of oxygen in
zirconium makes alloys of the “Zr-O”-system very
promising in terms of the practical use of oxygen
alloying as a method of controlling the structure and
properties of zirconium and its alloys. Among the
interstitial elements in zirconium, oxygen and nitrogen
are seen not only as a harmful impurity, but also as
alloying elements.

Depending on the temperature-temporal and gas-
dynamics parameters of zirconium interaction with
oxygen-containing medium, in the subsurface layers of
metal, an oxide film and/or only a diffusion layers is
formed. In article [9] it was shown that in the “Zr-O”-
system there is only one stable oxide ZrO,, which has
several modifications. Low-temperature monoclinic oz
modification is resistant until T =1205°C; at this
temperature it is converted to tetragonal modification.

Recently, significant attention has been paid to study
the mechanism of the air interaction (in fact,
simultaneous action of oxygen and nitrogen) with a fuel
cladding from zirconium alloys. In particular, it was
established that zirconium nitride is formed only in the
absence of oxygen in the gas phase and, at the same
time, at existence of oxygen in the metal phase [10].
Using the chart po,/pn,, Which is presented in [11], it is
possible to determine the bounds of stability of Zr,
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ZrO,, and ZrN existence depending on temperature.
According to the results of the studies, presented in the
article [12], the mass increment of the nitrated sample
are increases with an increase in oxygen in metal. With
an increase in oxygen content, the grain dimensions
decrease [10]. In article [13], some patterns of saturation
of zirconium alloy Zry-4 after treatment in various gas
media were established. In particular, it was shown that
the highest mass increment of the given alloy is after
treatment in the air, and the lowest is after treatment in
pure nitrogen.

Correlation between the volume content of oxygen
and hardness, as well as distribution of oxygen
concentration and hardness gradient in the subsurface
layers after treatment in oxygen-containing mixture is
shown in articles [6] and [14], respectively.

A number of papers give experimental data
demonstrating differences of saturation of the external
and internal surfaces after treatment in gas and water
media. In particular, it was established that after
treatment of a NFC tube from Zr-1%Nb alloy in steam
at temperature T =600 °C, the microhardness of the
external surface of the tube is higher relative to the
internal surface [15].

Paper [16] also shows differences of saturation of
the external and internal surfaces of the NFC tubes after
saturation in oxygen medium. The authors do not
explain this interesting scientific phenomenon, but only
state the very fact of existence of a difference.

In paper [17], it was shown that solid solution
strengthening of alloy Zr-2.5%Nb with oxygen causes a
uniform distribution of dislocations, makes it difficult to
separate them with the formation of sub-boundaries, and
facilitates the effective relaxation of stresses near grain
boundaries by forming deformation localization bands.
It is the effective relaxation of stresses and the low
mobility of dislocations, which determines the high
shear stability at the microlevel that determine the good
mechanical properties of the alloy under investigation.

Therefore, in accordance with the above literature
review, it was shown that physical-mechanical



properties of zirconium are very sensitive to the content
of interstitial elements. It should be noted that the works
mainly describe the impact of volume content of
oxygen, nitrogen or hydrogen on characteristics of
zirconium alloys. At the same time, it is necessary to
consider that because of thermochemical treatment, the
saturation of the subsurface layers with interstitial
elements of finished NFC tubes is possible. However,
there are very few studies dealing with the influence of
the strengthened subsurface layers with oxygen or
nitrogen.

Therefore, the aim of this paper is to study the
influence of modes of thermochemical processing and a
level of saturation by oxygen and nitrogen on the
characteristics of external and internal shell surfaces of
the heat generating elements. In fact, to predict
functional properties of the NFC tubes, it is important to
know depth of the strengthened subsurface layers and
surface morphology after the treatment in gas media.

MATERIALS AND METHODS

We chose as the material of research the nuclear fuel
cladding tubes made of zirconium alloy Zr-1%Nb,
produced in Ukraine [18]. For kinetic studies, we used
the samples-rings, which were cut out of an NFC tube

(Fig. 1).
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Fig. 1. Schematic (a) and general view (b)
and placement of ring-samples in a container (c), which
were cut from the NFC tube

Thermochemical treatment of zirconium alloys was
performed in the controlled oxygen- and nitrogen-
containing gas medium under different modes (Tabl. 1)
using laboratory thermal equipment, which prevent
leakage of air into the reaction chamber (Fig. 2).

Table 1
Modes of thermochemical processing
of ring-samples of Zr-1%Nb alloy

Modes of

Number thermochemical Condlthnal
. denotation
processing
Before processing
! (initial state) RO

Processing in the oxygen-containing medium
01 (T =650°C, P=1.310" Pa)

2 t=3h 01-3
3 t=5h 01-5
4 t=10h 01-10
5 t=20h 01-20
Processing in the nitrogen medium
N (T = 650 °C, Pyo=1-10° Pa)
6 t=5h N-5
7 t=10h N-10
8 t=20h N-20
Processing in the oxygen-containing medium
02 (T=750°C, P=1.3-10" Pa)
9 t=5h 02-5
10 t=10h 02-10
11 t=20h 02-20

oo [Frae]

Fig. 2. Scheme of installation for thermochemical
processing of the Zr-1%Nb alloy samples:

1 —vacuum pump; 2 — stopcock; 3 — the bypass
stopcock; 4 — diffusion vacuum pump; 5 — trap of
diffusion pump; 6 — controlled valve; 7 — leakage valve;
8 — thermocouple vacuum gauge; 9 — ionization vacuum
gauge; 10 — thermocouple; 11 — the system of screens;
12 — the reaction chamber; 13 — furnace; 14 — container
with a samples; 15 — heating control system of furnace

Metallographic research into the samples in the
original and strengthened states was performed using
the scan electronic microscope (EVO 40XVP (Carl
Zeiss, Germany)). Microhardness distribution along the
samples intersection was determined using the device
PMT-3M (LOMO, St.-Petersburg) at load 0.49 N.

Zirconium samples were weighed before and after
treatment on the precision balance, produced by
Voyager (OHAUS, Switzerland), with precision



+0.0001 g. Before weighting and treatment, the samples
were washed in alcohol and dried.

RESULTS AND DISCUSSION

Depending on the availability of gas environment
component (oxygen, nitrogen) the surface of zirconium
tubes have gained a different shade (Fig. 3). For
example, surface of ring-samples after treatment in the
oxygen-containing atmosphere for 20 h (treatment O1-
20) have changed light-metallic shade of tube surface to
gray. Processing in nitrogen-containing atmosphere at
isothermal holding 20 h (N-20 mode) — leads to a light
golden shade of tube surface.

Fig. 3. General view of outer surface of the
Zr-1%Nb ring-samples after processing by the modes:
1-R0; 2—-N-20; 3-01-20

It was established that the character of changes in
the mass of samples, which were treated in oxygen-
containing medium (mode P1) approximates the linear
law (Fig. 4, curves 1, 2). Treatment in nitrogen-
containing medium leads to a change in the mass of
samples by the parabolic law (see Fig. 4, curves 3, 4).

This indicates that during treatment under modes O1
and O2, a dense (continuous) protective oxide film is
not formed on the ring-samples within 20 h [8, 16].
Parabolic law of change in the mass of ring-samples
during nitriding indicates the formation of a dense
nitride film, which controls the process of high-
temperature interaction of samples with nitrogen and
slows down the absorption of the nitrogen [8, 16].

An increase in temperature of the treatment medium
from T =650 °C (mode O1) to T =750 °C (mode O2)
leads to an increase in the rate of interaction with the
rarefied oxygen-containing medium approximately by
2.7 times (see Fig. 4, curves 1, 2).
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Fig. 4. The mass changes of ring-samples of zirconium
Zr-1%Nb alloy under different treatment modes:
1 - 01 mode; 2 — 02 mode; 3 — mode N;
4 — the parabolic law of change in mass for compare

As evidenced by the results of measurement of
microhardness before the treatment, in the subsurface
layers, there is no a strengthened layer on both external
and internal surfaces (Tabl. 2). According to research
results (see Tabl. 2), the hardness of external surface of
the ring-samples after treatment at T =650 °C in the
oxygen-containing medium (O1-3...01-20) varies in
the range from  H¥™®=(375+30) HV,4 tO
H™"™ = (1190490) HV49 units of hardness. The
presence of a dense nitride film and lower coefficient of
nitrogen diffusion in zirconium explain approximately
the same dimensions of the strengthened layer at
temperature of T = 650°C after oxidation in the rarified
gas medium and nitriding at atmospheric pressure of
nitrogen (see Tabl. 2 and Figs. 5-7).

Table 2
Characteristics of the samples from Zr-1%Nb alloy after
treatment in the gas medium at different modes

External surface Internal surface

Treat- Size | Mat- Size
st ment Hsurfacev Harde- Hrclgfe' Hsurfacey Har-
media | mode | py ned | av dened

048 | Jayer |, | HVoas 049 | Jayer |,
pm pm
Before
pro- RO |225+15 |10...20 [170+10| 205+10 | 6...15
cessing
sV N-5 440425 [45...55 |170£15| 360+£20 | 35...45
E’S N-10 | 545435 |50...60 |165+15| 385+25 | 45...55
= O
Z &L [N-20 |615£35 [55...65 |170£15| 445£35 | 50...60
o 01-3 |375+£30 |[45...55 |165+10| 325+15 | 40...45
§)°C, 01-5 | 515435 |[55...65 |165+15| 375430 | 45...50
n
gl‘,’ 01-10 | 550+50 [60...70 |170+15| 410+45 | 50...55

01-20 1190490 |(70...80 |170+15| 710+£70 | 60...65
=9 02-5 | 880+55 [55...65 |180+10| 735460 | 50...55
[<5]
gg 02-10 |1000+65 |[75...80 |185+10| 865+75 | 65...70
ol 02-20 1510470 |[95...105190+10| 1205+80 | 85...91
&
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Fig. 5. The hardness distribution in the cross section of
the Zr-1%Nb tubes after processing by the modes:
1-R0; 2-01-3; 3-01-5; 4- 01-10; 5- 01-20

It was found that with an increase in the duration of
maintaining in oxygen-containing medium (O1 mode),
the hardness of the internal surface of the sample-ring
increases from H™e = (325+15) HVo4  tO
H"™ = (710+70) HVo4. The hardness of the inner
surface of the sample-ring after treatment in the
nitrogen-containing medium (mode N) at similar
temperature and time parameters grows less, in



particular ~ from  HY™®=(360+20) HVo4  tO
HU = (445435) HV 40.

An increase in temperature (O2 mode) intensifies the
interaction of zirconium samples with oxygen-
containing gas medium (see Tabl. 2 and Fig.7) and

increases the mass increment of samples (see Fig. 4).
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Fig. 6. The hardness distribution in the cross section

of the Zr-1%Nb tubes after processing by the modes:

1-R0; 2—N-5; 3—-N-10; 4 - N-20
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Fig. 7. The hardness distribution in the cross section

of the Zr-1%Nb tubes after processing by the modes:
1-R0; 2-02-5; 3—-02-10, 4 — 02-20

With an increase in temperature of interaction with
rarefied oxygen-containing medium, the rate of surface
hardness increment is much lower than the difference of
rates of mass increment of samples (compare Fig. 8 with
Fig. 4). This behavior may be explained by the fact that
dependence of hardness on the oxygen content in
zirconium is not linear in nature [16].
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Fig. 8. The changes in time of the hardness of the
outer surface (2, 4, 6) and the inner surface (1, 3, 5) of
ring-samples after treatment by the modes:

1,2-N;3,4-01;5,6-02

Treatment in the oxygen-containing medium leads to
a linear change of the surface hardness of samples-rings.
This indicates the absence of a dense surface oxide film,
which is a substantial diffusion barrier. Treatment in
nitrogen-containing medium leads to a parabolic
dependence of surface hardness of ring-samples on time
(see Fig. 8).

We noted a difference in the rates of growth of the
strengthened layer from external and internal side of the
wall of a sample-ring, regardless of technological gas
media (Fig. 9). In all cases, the strengthened layer on
external side was thicker than on internal side.
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Fig. 9. A change in the dimensions of strengthened
layer on the external surface (1, 3) and internal surface
(2, 4) of ring-samples after treatment under modes:

1,2 -01; 3, 4 — N. Comment: for the nitriding
regime N (curves 3, 4), see the upper scale of abscissas

It is interesting to note, that after treatment in
oxygen-containing medium at 750 °C for 20 h (02-20
mode), cracks on the internal surface of ring-samples
were observed (Fig. 10).

Fig. 10. View of inner surface of Zr-1%Nb tube samples
after treatment under mode 02-20



The cause of cracks appears to be the stresses arising
during cooling resulting from the difference between the
coefficients of thermal expansion of the oxide and the
metal matrix and the effect of the ratio of the volume of
the oxide to the volume of the metal (Pilling-Badworth
ratio) on the concave surface.

CONCLUSION

Analysis of the results obtained allows us to draw
the following conclusions:

— change in mass of sample-rings at the treatment
under reduced oxygen pressure (mode O1 and O2) is
close to a linear law, while at the treatment at
atmospheric pressure in nitrogen (mode N) the law mass
change is close to parabolic;

— the strengthened layer on external side of
Zr-1%Nb ring-samples was thicker than on internal side
at all modes of heat treatment in the controlled oxygen-
or nitrogen containing gas medium;

— the hardness of the outer surface of the tube
samples as upon oxidation and upon nitriding higher
than the hardness of inner surface.

The researches in the direction of the study of
influence of different modes of thermochemical
processing of samples-rings Zr-1%Nb alloy on their
short-term and long-term mechanical properties and
interaction with hydrogen are in process.
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BJUSHUE XUMHUKO-TEPMUYECKON OBPABOTKH HA CBOMCTBA TPYBOK
N3 CIIVTABA Zr-1%Nb

B.C. Tpywi, B.H. ®@eoupxo, A.I. JIykvanenko, M.A. Tuxonosckuit, I1.H. Cmoes

OKCHEepUMEHTANBHO YCTAHOBJICHO BJIMSHHE TEPMHUYECKOH OOpabOTKM B KOHTPOJHMPYEMBIX Ta30BBIX Cpelax,
COJIepXKAIMX KHUCIOPOJ U a30T, Ha INPUPOCT MAcChl U CBOMCTBa IOBEPXHOCTHBIX CJIOEB OOpPa3LOB-KOJIEL,
BBIPE3aHHBIX W3 TBIJIBHBIX TPyOOK. OmNHCaHbl pa3inyusi B HACBHIIICHHHM BHYTPEHHUX W BHELIHUX IOBEPXHOCTEH
UPKOHUEBBIX TpyOOok. OmpenesneHa TBEpJOCTh BHEIIHEW M BHYTPEHHEH MOBEPXHOCTEH 00pa3loB-Koel Iociie
OKHCJICHHS W Aa30THPOBAaHMS IO pa3sHBIM pEXHMaM. OKCHEPHMEHTAIbHO OOHAapY)KeHa IPOAOIDKUTEIBHOCTD
M30TCPMHUYECKON BBIICPKKH B KHCIOPOIHOW CMECH, KOTOpas MOXET NPHUBECTH K OOpa30BaHMIO TPEIIUHBI Ha
BHYTPEHHEH MMOBEPXHOCTH LIUPKOHNUEBBIX TPYOOK.

BILJIUB XIMIKO-TEPMIYHOI OBPOBKH HA BJJACTUBOCTI TPYBOK
31 CIIUVIABY Zr-1%Nb

B.C. Tpywi, B.M. @eodipko, O.I'. JIyk’anenxo, M.A. Tuxonoecokuii, I1.1. Cmoce

ExcnieprMeHTalbHO BCTAHOBJICHO BIUIMB TEPMiYHOI OOPOOKM B KOHTPOJBOBAHHMX Ta30BUX CEPEIOBHUINAX, IO
MICTSTh KHCCHb Ta a30T, HA MPHUPICT MacH Ta BIACTHUBOCTI MPHUIIOBEPXHEBUX MIApiB 3pa3KiB-KiNeIb, BUPI3aHUX 3
TBEJNBHUX TPYOOK. OmHMCaHO BiIMIHHOCTI B HACHYCHHI BHYTPIIIHIX 1 30BHINIHIX MOBEPXOHb HUPKOHIEBUX TPYOOK.
IIpencraBneni pe3yabTaTH TBEPAOCTI 30BHINIHIX Ta BHYTPIIIHIX MOBEPXOHB 3pa3KiB-KiJIeIb IMICII OKUCICHHS Ta
A30TyBaHHA 32 PI3HUMHU peKUMaMH. EKCIIepUMEHTAIbHO BHSBICHO TPHBAICTh 130TEpMi4HOT BUTPUMKH B KUCHEBIH
CyMilll, sIKa MOKe MPHU3BECTH JI0 YTBOPEHHS TPILIMHYU Ha BHYTPILIHIN MOBEPXHI UPKOHIEBUX TPYOOK.



