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Abstract

Zirconium alloys (Zr-alloys) are used in many engineering applications (such as nu-
clear reactors, bioimplants, chemical processing industries, etc.) due to their low
absorption cross-section to thermal neutrons, good mechanical properties and good
corrosion resistance. Based on these qualities, zirconium alloys are widely used as
nuclear core structural material. During the operation of the nuclear reactor, some
of the core components are subjected to fluid flow-induced vibrations, which may
result in surface degradation, viz., material wear, delamination, spalling etc., de-
pending on the contact conditions prevailing at the contact interface. Mechanical
loading parameters such as frequency, normal load, displacement amplitude and
number of cycles/test durations control the degradation mechanism under a given
set of environmental conditions. The prevailing environment at the contact inter-
face, temperature, water chemistry, etc., significantly contributes to the degradation
process. Some components are exposed to the coolant water having LiOH, resulting
in the corrosion and fretting corrosion of the components. The work presented in
the thesis quantifies the effect of mechanical loadings and the environment on the
degradation mechanisms prevailing at the contact interface. The study also deter-
mines the effect of the alkalinity of water and exposure duration on the corrosion
behavior of Zr-alloys. Materials considered in the study are Zr alloys (Zr-4, Zr-2.5
Nb) and Stainless Steel (SS-410). Comprehensive investigations have been carried

out to identify the wear mechanisms involved in the degradation process.

Reciprocating wear experiments were performed by varying the reciprocating test
duration/number of cycles, frequency, and displacement amplitude. Experiments
were performed using a cross-cylinder configuration under dry and water-submerged
conditions. Friction and wear response were recorded in terms of coefficient of fric-
tion (COF) and normalized wear depth, respectively. Worn surfaces were analyzed
using Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive
Spectroscopy (EDS), Raman Spectroscopy and X-ray Photoelectron Spectroscopy

(XPS) to quantify the prevailing wear mechanisms and the associated phenomenon.

In the case of self-mated zircaloy-4 (Zr-4 alloy) fretting wear, COF increases with
increasing fretting duration but decreases with increasing frequency and amplitude

under dry conditions. COF remains nearly constant w.r.t. the fretting duration,
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frequency and amplitude under submerged condition. COF and normalized wear
depth are lower under water-submerged conditions than that under dry conditions.
Normalized wear increases significantly with increasing amplitude under both sub-
merged and non-submerged conditions. With increasing amplitude, the wear mech-
anism changes from adhesion (under fretting) to mixed adhesion-abrasion. The
studies show that the tribo-oxide layer formed on the wear surface controls the wear

mechanism prevailing at the contact interface.

Reciprocating wear tests at low displacement amplitudes were conducted between
Zr-2.5Nb alloy and SS-410 at Room Temperature (RT) and High Temperature (HT).
COF is higher at HT (260 °C) than at RT. COF decreases with increasing recip-
rocating frequency and displacement amplitude but remains nearly constant with
increasing duration. The sp. wear rate is higher at RT than that at HT. Sp. wear
rate decreases with increasing the reciprocating duration and frequency but increases
with increasing the displacement amplitude. The wear mechanism changes from ad-
hesion to mixed adhesion-abrasion with increasing amplitude. Here, also tribo-oxide

layer (mechanically mixed layer) is also formed at the worn surfaces.

To observe the effect of hydride formation on the tribological response of Zr-2.5Nb
alloy, fretting wear experiments were conducted between hydrogen-charged Zr-2.5Nb
(Hydrided Zr-2.5Nb) and SS-410 and compared the friction and wear response with
that of uncharged Zr-2.5Nb (Unhydrided Zr-2.5Nb) alloy. The COF is observed lower
for hydrided Zr-2.5Nb (Zr-2.5Nb-H) alloy than that for unhydrided (as-received) Zr-
2.5Nb (Zr-2.5Nb) alloy. To observe the tribological response of the hydride (Zr-H)
phase, tribo-experimets were also conducted using Atomic Force Microscopy (AFM)
with Diamond-Like Carbon (DLC) tip. The friction force during AFM tribology is
higher on the Zr-H phase than on the Zr-matrix and Zr-2.5Nb alloy.

To study the corrosion response of Zr-alloys, electrochemical corrosion experiments
were conducted on Zr-4, Zr-2.5Nb and Zr-2.5Nb-H alloy in the aqueous solution
of LiOH. Electrochemical Impedance Spectroscopy (EIS) and potentiodynamic po-
larization studies were performed for varied concentrations (conc.) of LiOH and
exposure durations. Measurements were recorded in terms of impedance, corrosion
potential, and corrosion current. The studies showed that the corrosion resistance
increases with the increasing exposure duration and decreases with the increasing

concentration of LiOH in the water. An oxide layer is observed to form on the



surface of the Zr-alloys during the corrosion process, which protects the substrate
from further corrosion. The corrosion resistance of Zr-2.5Nb-H alloy is observed
to be lower than that of Zr-2.5Nb alloy. Zr-4 alloy shows slightly more corrosion

resistance than Zr-2.5Nb alloy for the same environment.
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qIRA

Serifam fgrengstt (Zr-alloys) o1 IUANT &g ATSITAG! &5 | ST & (S IHT] Wgl, Sa-
YARIYUT, THTeh TEHERIUT JNT A1), Teh! THe I T HH HAATIUT hid-HaH, 3
gifaeht ToTe 3R TS SHT ARWIAT & HRUT| S OTEHT o TR R, i g -
TR R g 9l & $U § AU $U F YA Sl ST @ | GTHTI] Wel o URETe &
SR, Fueh R § o g 3l ! aXe TaTg Sgfohd U ol HIHHT 3T U8l &, STl &g &
faeres, i arht g, stermma, gear e, W ek ohear g1 Fif3dhr YR iR wafearor grdew
yfcharatt # Hgeaqul i T €1 FifFd ¥R S8 g, YR, ST AW SR Tohi 6l
T/ aRgruT Srafy fow v yatavetia <t & arefi fame wishan @t fFeifaa owa €1 gud Rafa
UR AT UGROT, TATIH, STel THIEH, 1M, feres vishan # Aecaqul e sed 81 o 3
forferm gregioTss gar fidares Ul o Hueh § W& & |, Sad geant # ST 3R i S glar o |
AT & T 1 fage Uohal W FifAh! YR 3R TITaR0T & THTE i AU &, Sl e fafa
TR TS ¥4 F TeTT 3Gl & | 3reaa- ag ot (eiiid sear & fob Uil ohl eImiarar iR Wueh srarer
T Rehi-ae 9ergatt o SivT agR TR 9RIT UH1d Ugdl | AeFa- | & faU S aret uere
Srrifraw fasrarg (Zr-4, Zr-2.5Nb) 3R LH0E et (Taua-410) €1 fawe forar 7 amfia
foraTa wfeRanatl <l Uga™ & folT ATgeh 3TN uT fhy T £ |

YARTHT ferdra aRReror ol UA&Tur 37afey / =kl ohl G&AT, AGT R LI A il 9e-
A Toram | Reror gEt R Sa-dee [Rfd & ded dddd- s fa=ame &1 3uaiT o
foram a1 gefur 3R foard ufaferar o6t avur =Imar iR Adhind foars Tews o ¥ H g6l
foram | fErdit g2 Sde &si-3cHst hAd 1T Seidrei-l HIgshIEehiUl (THBUHSTH), Froll TR
WFRIERITT (SSITH), THT WU 3R TR RlIgalaei- Sagendl (TRdiH) &l 39-
TN ek AT s 3refi farerest wfepanati 3iy defera et ot qrum & feru fasafvra fomam mam

HATH Ha oReaa-4 (Zr-4 Fgrarg) i foars (gt f[Rufa) 7, axor g dedt thicr
Hafe o AT Sl &, Aok Wi AT AR AW & 1Y gedl ¢l Ta-deey [&fd & d&a
TRICTT 31afe, ST 3R SATIATH o T THUT HEATATH R THIT FRR BT & | STot-dee Rafd 7 auor
FeEATaTE R Uldehd fereTs Mg gut (AT ol JoT § o ¢ | STades R gEt a1 fefaat &
HTITH 9g1 & 1 Ufddhd Terdms sigdt & | AT Se- o e, foras ufshan smrgur (hfe & swa-
) & fafsra smweur-wiia # ufkafda gidt 21 sreaae femrd € for foramd ade W eed-sifeargs
Rd Hueh fRIfd 1R ada s ufshan &t ffd s &
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Zr—2.5Nb fAsreng 3R Taua-410 & 9 Y o dTaem (SR 3R 3T drad (TaEh) R
I A & YearmH! forard gieror fory 01 3= araE (260 °C) TR auuT HEarEr feen g
A o ATYHT bl o1 H | TuuT GHTaTh Sgd gU Tt gt SR SIHIR0T ATATH & 91
W T 8, Aok Sgdl §8 STafd & a1y wTeT fRR BT B1 sidffed foremd o weammHt srafy
3R TgRT & T Tl &, Aok ITIARUT SATH o AT Sedl & TerTg Ulohar 3™ a9+ o
e AR | 9 swrgur-wiia # uRafdd gidt &1 Tel, fodt g2 |del W greel-sAiadrss wd
(d=aq fsrd wa) a9 St 81

Zr—2.5Nb fosrarg &1 grediaitciera ufafhar TR g12ges a9+ & W &l qE- & fog, gre-
SIS STMAfIT (8T1881888) Zr—2.5Nb 3R Taqug-410 & 7 i uferor fhu v 3k srmafda
(3TET381888) Zr—2.5Nb fisrenq o |1 o <l 18| 3F-Tgegises Zr—2.5Nb fsrarg & g-
A1 H g18g1888 Zr—2.5Nb fsrdrq uR aefur Semardt s T STl & | 8188188 (Zr-H) ae
& CTEaIdioTehel UlATehal ol ¢l & felu, TeiiHe il ATgehiThidl (TTHTH) &l IUIRT Hich
Traar-uiker oft forw o, o9 srve-arss o (Svad) feu o1 3wt foran an tuwun
STEIATSI o G ONUT g Zr-H 3T W Zr-A1egg AR Zr-2.5Nb fsreng &t o # sAfden
gl

renifram farsrgrqatt bt S ufaforan 1 sreas o & forg, forform eredioarss & seiia ga
¥ Zr-4, Zr-2.5Nb 3R Zr-2.5Nb-H fAgrerg W fagaeamaies S giieror fg o) fafde
Tl S Heh SRl o oy Seiergichiiiehet SRS q Tergieehldl ($3EUH) iR Uicfrsiersiae
TeRTIeIL 31eaa fohT 10| Ao fafera) ot wiaRie, ST erar, 3R ST UaTg o €9 § Hie foar
T 37ema femard & for ST ufadty faesra Sedt Wueh S1afe & a1 9gdT & ok Ut | ferferam
BISS RIS hl TGl HTdl o H1 T&dT | ST UfehdT o <RI foiahiT-rae fsrardat i dde
Teh ATaATEE WA o@l Sl &, i SUfH &l 3T & ST & S1dT €1 Zr—-2.5Nb-H firsreng &
ST gty Zr—2.5Nb frsrenq & &w uran Sidn @1 Zr-4 fsrarg 38 arararor & fag 2-2.5Nb
A1 & ofver atferer ST Wity fegman &1
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