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ABSTRACT

The infuenceof heat inputon the asvelded microstructure and hardness of autogenousdiead
plate gas tungsten arc weldn nuclear grade Zircaleg was investigated. In addi on ,-U t h e
transformation behaviour was examined using dilatometry. In particular, the transformation start

and transformation end temperaturegaatouscooling ratesvere determined.

The microstructure of the wedd joins (heat input 10 to 90/mm) andof the dilatometrysamples
(at cooling rate®f 600 tdl.1°C/s)was predominately basketeave In the range of cooling rate
used the hardness did nathangewith the fraction basketweavestructureor the prior beta grain
size The hardnesef theweld metal and heat affected zomes not sensitive to heat inpat the
use of a pulsed power suppty therange of heat input and welding spaeedestigated. There was
no difference in hardness between contaminated vegldaon-contaminatedvelds Seond phase
particlesfound in the base material dit seem tde present in the weldetalor HAZ .

The transformation start and transformatiorish temperatureson heating, for all the samples
were807°C to 1071°COn cooling, transformation startétransformaon end range wa801°C to
647°C. The cooling time from 906C to 60&C, tgs, calculated forweld metal and HAZ was

thereforeconsideredn appropriatgparameter

The findings show that Zircaley?2 has good weldabilitypver wide range parameters aridat
practical welding problems such as shieldilid) notcompiomise the integrity of the welds.

Keywords: Zircaloy-2, GTAW, Alpha phase, Beta phaséyd3e transformation.



TABLE OF CONTENTS

1.1INTRODUCTION

1.2PROBLEM STATEMENT

1.3OUTLINE OF THE STUDY

2.1 OVERVIEW

2.2HISTORICAL BACKGROUND

2.3NUCLEAR GRADES OF ZIRONIUM

2.4INDUSTRIAL GRADES OFZIRCONIUM

ALLOYS

3.1INTRODUCTION

ALLOYS

4 .3HARDNESS TESTING OF \ELDS

5.1. BASE METAL

5.2.GAS TUNGSTEN ARC WELDNG

CHAPTER 1: BACKGROUN D AND OUTLINE OF STUDY 11

11

11

12

CHAPTER 2: OVERVIEW OF ZIRCONIUM ALLOYS 13

13

2.11Welding of zirconium overview 13

14

14

15

2.5THE EFFECT OF ALLOYING ELEMENTSONTHESABI LI TY OF 16
CHAPTER 3: TRANSFORM ATION BEHAVOUR OF ZI RCONIUM AND ZIRCONIU M

21

21

3.2THE EFFECT OF COOLING RATEON TRANSFORMATION BEHAVIOUR 22

3.3 SECOND PHASE PARTICLE IN ZIRCONIUM ALLOYS 24

3.4DILATOMETRY STUDIES CF ZIRCONIUM 26

3.5IRRADIATION EFFECTSON ZIRCONIUM 27

3.6 EFFECT OF IRRADIATIONON SECOND PHASE PARICLES 28

CHAPTER 4: PRACTICAL GUIDELINES FOR THE W ELDING OF ZIRCONIUM

29

4.1 CONTAMINATION AND GA S SHIELDING 29

4.2 PREHEAT AND POST WELDHEAT TREATMENT 30

30

CHAPTER 5: EXPERIMEN TAL PROCEDURE 31

31

31

34

5.3MATRIX OF WELDING PARAMETERS




5.4.DILATOMETRY 34

5.5.METALLOGRAPHIC TECHNRQUES 37
5.6.HARDNESS 39
5.7.QUANTITATIVE METALLOG RAPHY 39
CHAPTER 6: RESULTS 41
6.1 WELDING PARAMETERS 41
6.2 ARC EFFICIENCY AND COQING TIME FROM 900TO 600°C(re-6) 41
6.2.1 Current adjustment for pulsed welds 43
6.2.2 Calculations of arc efficiency 43
6.2.3 Calculation of cooling timgom 900 to 600°Cdpé-6) 46
6.2.4 Calculation of cooling ra@0°C to 600°C 47

6.2.5 Sensitivity of arc efficiency to errors in the measurement of the welding voltage47

6.3.SUMMARY OF HEAT INPUT CALCULATION, WELD WIDTH, ARC EFFICIENCY, QUANTITATIVE

METALLOGRAPHY AND HARDNESS OF THE WELDS 48
6.4HARDNESS TESTS RESULS 55
6.4.1 Influence of heat input on hardness 56
6.4.2 Hardness of welds that showed evidence of gaseous contamination 58
6.5MICROSTRUCTURAL EVALUATION OF THE WELDEDJOINT 60
6.5.1 Microstructure at the centerline of the weld 60
6.5.2 HAZ microstructure 62
6.5.3MICROSTRUCTURAL COMPARISON BETWEEN PLANARVIEW AND CROSS SECTON VIEW 65
6.5.4CONTAMINATED WELD METAL AND HAZ 67

6.5.5 Metallurgical properties comparison between welded joints and dilatometry 68

6.6 RESULTS OF DILATOMETRY EVALUATION 73
6.7 TRANSMISSIONELECTRONMICROSCOPE IMAGES OBSECOND PHASE PARTICES 80
6.8.SUMMARY OF OBSERVATIONS 81
CHAPTER 7: DISCUSSION 82
7.1 BASE METAL 82
7.2\WWELDING OF ZIRCONIUM- PRACTICAL CONSIDERATONS 82
7.3THE WELDING MATRIX INVESTIGATED 82
7.3.1 Region of feasible welds 82

7.3.2 Mapping of metallurgical and mechanical response to the welding matrix 83



7.4FRACTION BASKET-WEAVE IN WELD METAL AND HEAT AFFECTED ZONE AS A FUNCTION OF

COOLING RATE

85

7.4.1EFFECT OF PULSING

88

7.5WELD METAL AND HAZ HARDNESS

7.6 TRANSFORMATION TEMPERTURES FROM NALYSBIS USINGDILATOMETRY

7.7 SECOND PHASE PARTICLB

89

90
90

8. CONCLUSIONS

92

REFERENCES

93




ACKNOWLEDGEMENTS

| would like to thank my supervisor, Prof Pieter Pigtiisr for his supervision throughout my
mastersdegree | am grateful for the knowledg#hat Prof Pistorius imparted durinbe masters

work. | have grown as person and an eegir from his guidance.

| would like to thank Dr Ettienn&nyders, Dr Johan Nelnd RynoVan der Merwdrom Necsa for

their financial support for my master project.

| would like to thank David kKinado for hissupport and assistance during my master ptojec

| would like to thank my mother, Nomakhwezi Magwentshu and my sister, Nzululwazi

Magwentshu for their suppadtiroughthis journey

| would like to thank Dr Bongani Mvelase, Sazi Makoqolo and Makhotso Tsotetsi for their moral

support and motivatioduring my mastedegree



List of Tables

Table 1: Chemical composition of nuclear grade and commercial zirconium allaitsying

content in %, except where otherwise stated..............cccceiiiiiieeciviiiiiiiiee e 16

Table 2: Summary of microstructures in Zircalbyafter cooling at different cooling rates (in

1C/s), as reported by two authQrS..........ooooiiiiiieee e 23

Table 3: emical composition of the base metal used in this study. (Single figures are maximum

122 LU 1= U SS 31

Table 4: Welding variables for the different weld beads; the classification of variables as

defined in ASME IX for gas tungsten arc welding 33
Table 5: Summary of relevant etchants used in previous metallographic studies................ 39
Table 6: Sensitivity of calculated arc efficiency to errors in welding voltage........................ 48

Table 7: Summary of measurements of the width of the weld bead at the top and the

bottom surface. The average width is also listed..............ccccceiiiccceeeiviiiiiviiennn. 52
Table 8: Microstructure and hardness of weld metal...............evvviieeniiiiiiiiii e 53
Table 9: Mcrostructure and hardness of heat affected zone..............ccccvveeeeiiiciiiiiiiiiinnnee. 54
Table 10: Summary of the welding parameters for the contaminated.welds....................... 58
Table 11: Comparison of necontaminated and contaminated welds hardness.................... 59
Table 12:Transformation start and end temperature for dilatometry samples..................... 76

Table 13: Comparison of the transformation product of this work with published cooling rates,

expressed as the cooling rate (in °C/s) that resulted in a specific structure, for Z&rcaloy

............................................................................................................................ 86
Table 14: The effect pulsing on the MIiCroStrUCtUre...............vvvviiiireeeeeeee e 85
Table B: Summary of welding parameter of contaminated welds................ocoovvieereiiin.n. 85



List of Figures

Figure 1: The Zirconium Tin equilibrium phase diagram..........ccccceeeeeeiiiiiiiccceeeee e 17
Figure 2: The Zirconium Iron equilibrium phase diagram...............cccuuvviiiiieemiiiiiiiiiiieeeeeeee 18
Figure 3: The Zirconium Nickel equilibrium phase diagram..............cccccovviiiieemiiiiiiiiineeenn. 18
Figure 4: e Zirconiumi Chromium equilibrium phase diagram...........ccccccoeveiiiiaannnninnnnnn. 19
Figure 5: The ZirconiuniOxygen equilibrium phase diagram.............ccccccoiiiiiicc, 20

Figure 6: A mixture of baskateave and parallel plate structures in a Zircdourrent study:
autogenous gas tungsten arc weld metabperd at 35 A, 10V and 0.95mm/s.....22

Figure 7: Second phase pr eciuerncling ofsZircal2z a c
specimens from 1323K At 6.6°C/S........ceuuirruuiiiiiimreeeeese e e erenrs s 24

Figure 8: The formation and decomposition of SPP of Ziredleyth composition of 4rl.2%Sri

0.2%Fé& 0.1%Cr using a calorimetric technique at a heating and cooling rate of 5°C/min

Figure 9 : Dlatometry curves of heat treated-Z/5 Nobium alloy that was quenched from 0.06°C
100°C taken from Saibaba............cooiiiiiiiiiiiee s 27

Figure 10:Trailing shield attached to torch for gas shield arc welding of titanium and other reactive

Figure 11: Experimental setup for mechanised welds...............ccccmmniiiiiiiiiieees 32

Figure 12: Experimental matrix of welding current and welding speed, for pulsed and non pulsed
1T 0 PP UPURR 34

Figure 13: Dilatometry samples; left hand side sample side shows a dilatometry that has not been

heat treated and the right hand side sample shows a heat treated.sample......36

Figure 14: Schematic showing heat treatment cycle00 2C peak transformation temperature of

dilatometry SAMPIES.......uuuiiii i ——— 36

Figure 15: Schematic showirtgeat treatment cycle for 900°C peak transformation temperature

AIlatOMEtry SAMPIES. .. ... aeane s 37
Figure 16: @ientation of polished surfaces for welds and dilatometry...............ccccveennnnn. 38
Figure 17 Schematic of average weld width measuremMent................uueeeeieemiiiieiiiieieeeeenees.s 43

Figure 18: Distribution of calculated arc efficiency of the welds with aredind average at 0.19



Figure 19: The variation of arc efficiency with heat input for both pulsed angusad welds. No

COITEIALION 1S OBSEIVE ... oo 46

Figure 20:aHardness plot of weld 10 (pulsed weld), calculated heat input 40 J/mm, average width
of weld was 3.8 mm. b) Hardness plot of weld 15 (non pulsed), calculated heat input of
30J/mm, width of weld was 3.2mm. c) Hardness plot of weld 16 (pulsed), calculated
heat nput (90J/mm), width of weld was 9.2mm. d) Hardness plot of weld 17(non

pulsed), calculated heat input 90J/mm, width of weld was 10mm...................... 56

Figure 21: Average weld metal hardness as a function of heat input of all pulsed gmassch
current welds. Heat input had no effect on the hardness of the weld metal of zirconium
AUIOY . 57

Figure 22: The influence of heat input on hardness of the heat affected zone for all pulsed and non
pulsed current weld$deat input had no effect on the hardness of the heat affected zone

(o) 41 (oo 01101 =11 0 V28U 57

Figure 23: a) Image of contaminated we|ché&at input 13 J/mm, with an average hardness of 170
HV0.3 b) Image of weld 14 (good weldjlculated heat input of 10 JJmm with average
hardness Of L7HAVO.3.... ..o eer e a e e e e e e e e e e e e e eenas 59

Figure 24: Weld metal microstructure of weld 10, showing fine prior beta grains at x20, 40J/mm
heat input, 83% basketeave and 127061 Om b grain size. The
mixture of basketveave and parallel plate..............ooooii e 60

Figure 25: Weld metal microstructure of weld 15, showing coarse prior beta grains x20, 30 J/mm
heat input, 82% basketeave and 1380+1® m b gr ain si ze. The m

mixture of basketveave and parallel plate................coovviiieeee e 61

Figure 26: Weld metal microstructure of weld 16 showing coarse prior beta grains at x20, 90J/mm
heat input, 96% basketeave and 1640+20m b gr ain si ze. The
predominantly baskaieave..............oooiiiiic e 6l

Figure 27: Weld metal microstructure of weld 17, showing coarse prior beta grains at x 20, 90J/mm
heat input, 90% baskete ave and 1770 N2The fiorostiictuggwasi n s

predominantly bask@EaVve...............ouuuiiiiiiiiiiecee e 62

Figure 28: HAZ microstructure of weld 10 showed fine prior beta grain at x20, 40 J/mm heat input,
77% baskewe ave structure and 780N10 e@asab gr
mixture of basketveave and parallel plate Structure...............ooooieiiiicee s 63

- Vii -



Figure 29: HAZ microstructure of weld 15 showed fine prior beta grain at x20, 30J/mm heat input,
90 %baskewe ave structure and 940 tuwrtureDvas & gr

mixture of basketveave and parallel plate Structure...............oooooeiiiice e 63

Figure 30: HAZ microstructure of weld 16 showed fine prior beta grain at x20, 90J/mm heat input

80% baskewe ave structure and. T Thetniiddobiri@ure@as ab g

mixture of basket weave and parallel plate structure...............oooooiivee s 64
Figure 31: Prior b grain si zesulsedweltlshnereageenithd me
increasing heat i nzp oftthe pulsédewelgs rincreases Wwith gnr a i
i ncrease in heat i nput. Tpulsed pwetds was ndd g r
particularly sensitive t0 Neat INPUL...........oovviiiiiiii e 64

Figure 32: Planar view of weld metal microstructure (10J/mmyvsigpa predominately baskét

weave microstructure (fraction baskegave is 0.9).........c.cccvveiiiiiiiiiiiiiceeiiieeeee, 65

Figure 33: Cross section view of weld metal, 10J/mm, microstructure performed using pulsing
showing a predominately basketeave microstructre ( fraction basket weave is 0.80).
............................................................................................................................. 66

Figure 34: Microstructure of weld metal 3, 52.5J/mm heat input, performed with pulsed current
showing coarse grain sizes. The average hardness of the contaminated pulsed weld was
TS I V.0 R TSROSO 67

Figure 35: Microstructure of HAZ 3, 52.5J/mm heat input, performed with pulsed current showing
coarse grain sizes. The average hardness of the contaminated pulsed weld was 159
[ Y0 PSPPSR 68

Figure 36:The influence of the cooling rate on fraction basketve for weld metal, HAZ and

dilatometry samplesThe percentage basketave structure in the dilatometry samples

increased With the COOlING rae............uuuiiiiie e 69

Figure 37:The influence of percentage basketave structure on hardness for weld metal, HAZ
and dilatometryThe hardness was not sensitive to percentage basket structure
for both weld and HAZ..........coo oo e 69

Figure 38 The influence of the cdiag rate on hardness for weld metal, HAZ and dilatometry0

Figure 39: The influence of prior b grain s
hardness of the weld metal and HAZ was not sensitive to graifiosizembined weld

pulsed and nopulsed, as well as, weld metal and HAZ...............cccooeiviieeeeeiiiennns 71

- Viii -



Figure 40: The influencéhefprcpoboti hggratoae

enzé
the cooling rate for weld metal and HAZ

Figure 41. The influence of grain size on percentage bast@ie stucture. The percentage

basketweave structure was not sensitive to grain size, for combined weld pulsed and
nonpulsed, as well as, weld metal and HAZ..............ooooviiiiii e 72

Figure 42: Change of weld metal grain size with HAZ grain Sihe. mcrostructure of the pulsed

welds was not significantly finer than that of the non pulsed welds but made a more
predictable outcome correlation with grain Size................ovvvviicccrveeeveeiiiee, 12

Figure 43: Full dilatometry heat treatment cycle. Two transfoonaycles can be seen on the heat
treatment cycle of D4, at a cooling rate of 1.1°C/S.........cooovvmriiiiiiiceeieeeeeeeeeiiinns 74

Figure 44: lllustration of the determining of transformation temperature using Atkin approdéh
Figure 45: Dilatometry heating curves from 200 °C to either 1@0r to 1100 °C with

transformation start and end temperatures on heating noted. Individual curves are
identified by the subsequent cooling rate. Hwverage transformation start on heating

was 822+ 8°C and the average transformation end on cooling95£103°C........... 77

Figure 46:Cooling curves of dilatometry samples (transformation start and end temperatures noted

as circles on a curve) for the different cooling rates. Transformation start is taken as 1 %

of transformation onawling and transformation end is taken as 99% of transformation
(o o0 Yo ] [ T TR 78

Figure 47:Continuous cooling transformation diagram of the dilatometry samples showing the

transformation start and end temperature at differemling rates from a peak
temperature of 110C. Cooling rates varied from 1.1 to 6@Js...............cccceeeennnn... 79

Figure 48: Transmission Electron Microscope (TEM) image of the base material of weld no 13

showing second phase particles (denoted 3P a | hmgg aa nb boundary a

Figure 49: A map of b grain siuze..of..t.heB84el d

Figure 50: A map of the weld metal hardness on the weldingmatri.............cccccoeeveeeeeeieens 84

Figure 51: A map of the fraction baskeeave in the weld metal on the welding matrix......... 85



Equation 1

Equation 2:

Equation 3:

Equation 4:

Equation 5:

Equation 6:

List of Equations

PpZ ) Tho ettt 39...
Q59 confidence mmterval=1.96* J[Fp) ............................................................ 39
—
oo @y [z
Tp Tu I:dpzr} MI [[E ....................................................................... 41...
(q/v)>
ﬂtg_ﬁ W .............................................................................................. 41
: : 41




Chapter 1: Background and outline of study

1.1 ntroduction

Zirconium is a metallic material which finds most of its applications énntiaclear industry and

in severely corrosive applications in the chemical processing infusivielding of zirconium

alloy components is one of the most critisdps during thenanufacturingof nuclear reactor

fuel elementsIn the chemical processingdustry, snall amounts of contamination resulting
from inadequate cleanliness or from poor atmospheric control during welding may lead to

diminished corrosion resistance of the weld,am@evere caseto weld failure®

1.2 Problem statement

The pupose of this study was to investigate thevaédded microstructure and hardness of an
autogenous beamh-plate gas tungsten arc weldr nuclear gradezirconium 1.5%Sn In

addititntreahsefbrmati on behavi pusingditameiryn g c ool i

The following experimental techniques were used:
1 Autogenous gas tungsten arc welding (GVA
1 An analysis of the influence of heat input on thevatded microsucture of the weld
metal awl the heat affected zone, usimgftical metallography
1 Dilatometry to evaluate the transformation behaviour under a range of cooling rates that
varied from about 1.1°C/s to 600°C/$hese cooling rates represent a similar raoige
cooling ratedo thoseestimated for the gas tungsten arc welds done during this study

1 Hardness teston the weld beatieat affected zonand dilatometrysamples

11



1.30utline of the study

Autogenous gas tungsten arc welding (GTAW) was used t zirebnium 1.5%Srsheets with
a nominal thickness of 1.2 mm. Argon was used in the welding torch, the trailing gas shield and
as a backing ga3he heat input and cooling rate of the weld was calculiated thewidth of

the weld bead using the Rosentbquation for thin plate.

Dilatometry was used to investigate the phase transformatiarirainium 1.5%Snduring
heating to a range of peak temperatures and subseqooling at various rateBhe heating rate
was 100C/s. The peak temperaturesvigstigated were 900°C and 1200 The cooling rate for
the 900C peak temperatureas 0.9°C/s, 9°C/s and 90°CFor the 1100°C peak temperature
the cooling rate was 1.1°C/s, 11°C/s, 50°C/s, 110°C/s, 300°C/s and 60RfC¥fsstructures

were analysedsingan optical microscope.

Hardness measurements were done for the dilatgnssimples and welded sampléhe
hardness of the base metal, weld metal and the HAZ differ by less than 20.HV 0.3

12



Chapter 2: Overview of zirconium alloys
2.10verview

Zirconium has been studiddr industrial use in nuclear energy forore than seven decades
Parameters ofnuclear reactors likeburn up, neutronflux density, neutron spectrum and
temperaturdiave a significant impact on the ré@ccore elementsThe weldng of fuel rods is
essentialn ensuring the reliabilityf nuclear reactors.he number of fuel rods with fabrication
defects of welded joints is still far from the desired zero valiee propertiesof the welds are
determinedby the presence of contamination, the residual stresses and quenching structures in
weldsand heataffected zone (HAZ)These factors cause increased interest in the development
of welding, brazing and soldering technologies of zirconhased alloys thatnable the

formation ofhigh quality joints.

Most studies focused on modernization of equipment and technology are used for welding end
caps wih fuel rods;,gas tungsten arc weldinmp argan and heliumelectronbeamand resistance
upsetwelding. Laserand resistance spetelding were used for manufacture of spacer grids
Friction and diffusionvelding aresometimes usedResearch on joining of zirconium alloys with
other metals and alloyéuch asstainless and carbon steels, hafnitand AlFe-Ce alloys)

continue®.

2.1.]Welding of zirconium overview

Gas tungsten arc welding

Gas tungsten arc weldiraf zirconium alloy components often donen a welding chamber that

can beevacuated to expel aand therbackfilled with inert gagargon, helium, or argon/helium
mixtures To minimize the risk of nitrogen contamination dfiel rods welds the welding
chamberis usually purged twice with an ime gas before the weldingrocess The quality
features bgas tungsten arweldsare minimum leak path, ngorosty and cracking® In the

past end caps of fuel rods were cladded using GTAW. In this particular study, bead on plate

welds are to be done on 1.2ntinickness zirconium 1.5%Sn.
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Electron beam welding

Electron bam weldingis a fusion welding process in which a beam of higloaty electrons is
applied to the materiddeing joined. The welding intensity may exc&&d kW. The workpiece
melt as thekinetic energy of the electrons is transformed into heat uppact. The penetration
of the electron beam lies between 0.1 and 1 mm. The weldingpre invacuum to prevent
dispersion ofhe electron beam. This means that a shielding gas is not @setamination from
the air is therefore eliminatedhe rapd cooling of the weld pool mayesult in increased
hardness of the fusion zone. A disadvantagethid welding processis the high capital

investment cost of the equipm@#it

Laser beam welding

Nd YAG and CO, lasers aremainly used for welding applicatiorLaser welding is normally
carried out in air. Thysboth argon and heliurmeparately or a mixture of botlre used as the
shielding gasDuethelow heat input, the microstructural change in the heat affected zone is very
small The short welding time suppresses any tendency for chemical reatises.welding is

high capital cost welding procés

2.2 Historical background

Zirconium was discovered in 1788 1949 zirconiumwas sele@das a structural nuclear core
and fuel clad materiaue to its combination of mechanical properties and lowtroe
absorption crossection.In the 1960s, zconium alloys became the main cladding material for
watercooled nuclear reactordn the 1970s, the chemical process industry began to use
zirconium in a variety of everely corrosive environment&irconium is currently available as

nuclear and industal grade$).

14



2.3 Nuclear grades of zirconium

Nuclear grade or reactor grade zirconium is a hafrnem alloy containing controlled impurity
levels. Hafnium and boron levels in nuclear grade zirconium are less than 10Byemuclear
grade zirconim isknown as Grade R1 or Grade 21. Zircaloy is a series of zircetmunuclear

grade allog containing minor amounts of irorhromiumand rickel ©.

Zircaloy grades are available in the followiggoes®A:

1 Zircaloy-2: an alloy withthe principal addition beingin (1.20-1.70%), with minor
amounts ofron (0.07-0.2%),chromium(0.05-0.15%) anchickel (0.03-0.08%).

1 Zircaloy-4: a variation of Zircaloy2 with no nickel but with a higher iron content.
Zircaloy-4 has aigherresistance to hydrogen piclp during corrosion than Zircale®;

1 Grade R60814 and R60824: the same alloy as Ziregloyth a lower oxygen content, to
meet more stringent bend dility requirements

1 Zr-2.5Nobiumalloy: an alloy containing 2.5%obiumand 0.09% oxygenThe Zr2.5Nb
alloy was developed by Atomic Energy of Canada Limited (AECL) for the pressure
tubes of CANDU reactor.

Tablel shows the major alloying eleants of various Zircaloy alloys.

2 4 Industrial grades of zirconium

Industrial grades of zirconium are manufactutsihg the Kroll process antbntain mturally
occurringlevels of hafnium. The use of industrial grademsequently, is limited to nemuclear

applications. The industrial grades inclifie

1 Technical grade: an unalloyed grade for metallurgical alloying. This grade is the least
pure and is available only assponge metal. It is also known as Grade 703 or R60703.

1 Commercial gradezirconium that is not alloyedpecified for general corrosiemsistant
service. It is also known as Grade 702, Grade Il and R60702.

15



1 Grade 704(also known as R60704s a zirconum-tin alloy based on thequivalent
nuclear alloy It is used in urea synthesis equipment and other chemical processes where
the added strength of the alloy is required and the corrosion resistance is adequate.

1 R60705: the indusgtl version of theZr-2.5wt% riobium alloy used in some corrosion

resistant applications where high strength is needed

Table 1. Chemical composition limit of nuclear grade and commercial zirconium

alloys®®, Alloying content in %, except where otherwise stated.

Alloying Nuclear grades Commercial grades
elements ==
Zircaloy-2 | Zircaloy-4 Niobium Grade 702 | Grade704 R60705
Tin 1.201.70 1.201.70 1.002.00
Iron 0.070.20 0.180.24 0.20max 0.200.40 0.20max
Chromium 0.050.15 0.070.13 0.20max 0.200.40 0.20max
Nickel 0.030.08
Nobium 2.402.80 2.03.0
Oxygen | 1400ppm | 1400ppm | g4 13
max max
Hafnium 100 ppm 100 ppm 100 ppm 4.5 max 4.5 max
max max max
25 The effect of alloying elementsoh he stability of U and b

Pure and zirconium alloyarepresent at) phase (hcp) at room temperature arghase (bccht
high temperaturesThere arevarious alloying elements present in zirconium, as noted in the
previous section, which are mostly added to improve the corrgmioperties of the material.

These alloying elements affect thh- transformation behagur by statdi i si ng ei t her t

the temp

phaseT h estabilisingal | oyi ng el ements increase
b . Conversely, the stabilised b
transf or mat i-phase stdbilizéls incladeerfyllium, dadmium, nitrogen oxygen

pallidum and tin. b-phase stabilizers includeobalt chromium, copper, iron, amgansge

phase all oyl

molybdenum niobium, nickel, tantalum thorium, titanium, uranium andingstefV.
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referring to a few selected phase diagrahimese phase diagms were selected because tian,

nickel and bromiumare intentional alloying elements in Zircal@dyConside, for example, the

zirconiumtin, zirconiumiron, zrconiumnickel, zirconiumchromium and zirconium oxygen

equilibrium phase diagramd-{gure1 to Figure5). Ti n
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Due to large fiinity of oxygen for zirconiumathin oxide is formedThe oxidelayer has a high
nucleation rate ahthe size of oxide grains is very sm@ilpically less 5nm)The solubility of
oxygen in azirconium is 28.6%at 500°C At room temperature and low pressure {10rr),
three suboxides of ZsO, ZrO, Zr,0z and ZrO; are reported to form initially on theurface, in
both water vapouand oxygen atmospherk is thermodynamically favourable fthe oxygen to

be in ®lid solution in the matrixbut at room temperature the diffusivioxygen in zirconium

is limited®.
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Chapter 3: Transformation behavour of zirconium and
zirconium alloys

3.1 Introduction

The temperatureange of transformation for pure zirconium is between 980°C and 865°C. Only

t he U phadaowiths tepperatere nanigela s si h agrees with Hol t
phase transformation, on cooling, in Zircaloy alloggn producea basketweave ora parallet

plate structur®. The basketveave structures appear as relatively short intersected plates within

t he p-arairs/Atbaskeiweave structureesuls from random precipitation of alpha plates

on a number of planes in one beta grain. In conttas parallel plate Widmanstétten structure

results from the precipitation of alpha plates on the same habit plane in one prior beta grain.
Refer toFigure6 for images of parallgblate and basketeave structues.

Cotie states thahe cause of the basketave structure is the abundant supply of nucleation
stes for alphawithin the beta graiff. From each site, the alpha plates could grow on the many
habit planes provided by the cubic beta structure. Thkedes are quite short since they cannot
grow very long before they meet other plat€he result is a basketeave structureln the
absence of such nucleation sites, the alpha plates must nucleate on the grain boresldfieg

in a parallel plate sticturé®. Cotie quote®©kvist and Kallstronin statingthat the alpha plates in

the basketveave structure nucleated on second phase particles indé&ameter and consisted

of a particle density of 5 £0° per cni.® The particle size of second phase particles would then

be expected to be a function of the composition of the base material and heat treatment of the
material. The heat treatment would cohtle segregation of alloying elemeriton, chromium

and nckel) that form second phase patrticles.
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Basket-weave structure

Parallel plate

Figure 6. A mixture of basket-weave and parallel plae structures in a Zircaloy-2. Current

study: autogenous gas tungsten arweld metal performed at 35 A, 10V and 0.95mm/9

3.2 The effect of cooling rate on transformation behaour

Holt isothermally heatreated Zircaloyd samples at temperatures of 1000°C to 1100°C astime
intervals of two minutes to four hours. Thengples were then cooled in air. Holt found that the
transformation products ofégh b rarsforidationduring cooling from a high temperature
were independent of the beta soaking temperature andeindent of the beta grain sizdolt
found thatcoolingrates from 2 to 200 °C/s produtfine Widmanstatten plates. Cooling at P00
°C/s produced quenched martensitic structuas seen iTable2®. Perez & Saggese also did a
series of experimestin which the cooling ratevasvaried The observed microstructseare
noted inTable2®:10,
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Table 2. Summary of microstructures in Zircaloy-4, after cooling at different cooling

rates (in xC/s), as reported by two authors

Transformation product Holt®.10) Perez& Sagges®
Martensite 2000 01500
Mixed structure of martensite and basketave not reported 1500600
Basketweave 200- 20 600- 10
Intermediate basketeave and parallel plate not reported 10-2
Parallel plate not reported 2-05
Lenticular not reported 00. 5

Massih found that Zircale® and Zircaloy4 billets, that contaied 50 120 ppm carbon, 260
ppm silicon and 610 ppm phosphorous, formed a basketve structure after beingaver
guenched f r oQarban,bsieconhangphasEherus form inaus in these zirconium
alloys. Carbon, silicon and phosphorus havevlsolubility in zirconium and may act as
nucleation sitegor the basketveave structurdnclusion free zirconium materials form parallel

plate structures on prior beta gréths

From the information iTable2, in Zircaloy4, a high cooling rate (10 to about 6Q@s) resulted

in a basketveave structure, while a lower cooling rate (below aboG{<) resulted in a parallel

plate structure. Similar data on Zircal@ycould not be found. Zircale4 has a higher Fe (0.48

0.24%) content compared to Zircal@y(0.070.20%) and no Ni ashown Table 1. The Fe

content is considered not to be high enough tacaffe t r an s f or mdtisicansiderédr o m b
likely that, as in Zircaloy, a high cooling rate will favour basketa\e structurein Zircaloy-2,

and a low cooling rate will result in a parallel plate structiites is due to the formation of

second phase particléS8RPs) which arepossible nucleatiositesfor basketweavestructura®.
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3.3 Second phase particles in zirconium alloys

In zirconium alloys, iron, nickel and chromium in solid solution at high tempesdtad to the
formation of intermetallic compounds which are mostly found on the grain boundariegpénd tr
points along the boundari€$?. These compound&rsFe, NiZr, and ZrCs) are brittle and

can absorb large amounts of hydrdg@nThe early stages of nucleation and growttsetond
phase particke (SPP) occur by diffusional growth of isolatediorrinteracting precipitates.
Microclusters of atoms caaining alloying elementske iron and diromiumwill form along the
grain boundaries. It is generally assumed, initally, the second phase patés have a uniform
dimension. Coarsening occushien the particle size distribution develops towards the end of the
nucleation aslarger particles grow at the expense of smalletiggas Figure7 shows SPRin a

chainlikefomat i on after ®eing b quenched.

—4um

Figure 7: Second phase precipitatesn a chain like formation a f t equenching of
Zircaloy-2 specimens fronl323K at 6.6°Qs®

Alloying elements can be divided into thermal fast diffusing elements anchah slow diffusing
elements.Thermally fast difusing alloy elements sucas chromium, fon and vanadiumare
associated with reversible phasansformations upon heating and cooftig Thermally sbw-
diffusing elements such a®bium or molybdenumshow metastable phase transformations and
are characterised by a partial transfornmatio o &ndthe precipitation of send phase particles

on cooling.
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Figure8 depicts the heating and cooling peaks at acgb®C/min on Zircaloy alloy. The peak
corresponding to the heating cycle is assummdoé endothermic and corresponds to the
transformation of Zr(FeCr). t o-Zrband the second peak corresponds tordmesformation of
UZr 4ZroOnfooling, the exothermic peaks correspond to the inverse redttidnsan be
noted tle formation of SPPs in Zircaled/ was repded at a cooling rate of about 8@s on

Figure 7and at 300°C/en Figure8.
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Figure 8: The formation and decomposition of SPP of Zircaloyd with composition of Zri
1.2%Sni 0.2%Fei 0.1%Cr using a calorimetric techniqueat a heating and cooling rate of
5°C/min®d

To conclude this section, it is evident that the transformation behaviour of zirconiurgely lar
influenced by composition of the specific zirconium grade and cooling rate. It is possible to
influence the cooling rate of the weld metal and the heat affected zone by changing the heat input
during welding. High heat input welds result in lower loup rates ompared to low heat input

weld. A change in heat input may therefore change the microstructure of the welded joint.
Specifically, a higher heat input will result in lower cooling rates, and the formation of a parallel

plate structure rather tha basketveave structure.
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3.4 Dilatometry studies of zirconium

Saibaba performed dilatometry experiments hmat treaté Zr 2.5% mbium alloy. Several

quenching rates were investigated from 0.06 to 108“C/s

Figure 9 shows the heating and cooling curvé heating, the transformation legng and

transformation end temperatsrevere 694 to 716°C and 874 to 879°Custman published
results ofthermal dilation curves done @rade 1 WAPD crystal bar zircam. On heating,he

transformation statiemperaturavas reported as 853°C and the transformationtemgerature
as 902°C19,

The dilatometry curves shad a contraction as the transformation from alpha to beta occurs.
Such contraction is apparentlgconsistent with the fact that alpha has a hexagonal closely
packed (hcp) structure, and betda structure.Skinneret al attributed this contractiorto the
differences in thermal expansion of the two pE&8e The thermal expansion of hexagonal
zirconium between 298 and1143K is 5.3x10°K* along thea axis and 10.8x16K* alongc

axis. For arandomly oriented polycrystallin@siple, the thermal expansion7i x10°K . The
average value for thankar coefficientof cubic zirconium between 1148 and 1600K is

9.7x10%K ™. At the transition between alpha and beta there is a decrease in wHlQ®@%6. 1©
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Figure 9 : Dilatometry curves of heat treated Zr2.5 nobium alloy that was quenched from
0.06°C-100°Ctaken from Saibabd'?

3.5Irradiation effects on zirconium

Irradiation damageof zirconium alloysis mainly caused byfast neutrons.Fast neutron
irradiation negatvely influences the microstructure of the metal. Dislocatiorptoareformed
and may develop into metwork structure. The nucleation and growthhe loops are caused by
the supersaturation of vacancies and interstitiagluced by the irradiation. Twaypes of
irradiation induced dislocations have been obsetwveexist, <a> and <ctype. Thedominant

type of dislocationis the <a>type ands associated with high irradiation
The formation of a <c> typef dislocation is associated with the staristdady state irradiation

growth inrecrystallized materialrradiation causeshe metako expand anthe cladding tubeo
lengther®.
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3.6 Effect of irradiation on second phase particles

Irradiation causes morphologicand structural changes of the second phase particasaioy
grades Griffiths et al studied the morphological changes oif(Mit Fe) and Zr(Cr,Fe)
intermetallic particles due to irradiation as a function of tempera@niéfiths et al found that
77°C, Zp(Ni, Fe) and Zr(Cr,Fe} both become amrphous between 24B27°C Zp(Ni, Fe)
remain crystalline while Zr(CrFe» becomes amorphousnd thatbetween 36-437°C both
experienceadiationinduced dissolutin. At the higher temperaturesa redistrilution of alloying
element results in the formation pfecipitates in the matrix and at the grain boundariesicn

precipitates are also formedthese temperatures, due to radiatmmanced diffusidf.
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Chapter 4: Practical guidelinesfor the welding of zirconium
alloys

4.1 Contamination and gas shielding

Ettienne noted that zirconium is very sensitivehi@lrogen, oxygen and nitrogegirconium
welds become brittle when exposed to these elefiéftsis propershielding when welding
zirconium is extremely importanEurthermorethe shielding has to be dor@n both sides of the
material. A trailing gas is used to shield the top of the weld whileacking plate is sed to
shield the bottom of the weldt. was suggested that the shieldisgiot to be removed until the

temperature of the worgiece is below 480°Crigure 10 shows a image of atrailing shield
attached to gorchfor gastunggenarcwelding®.

r\cﬁ WELDING DIRECTION
INERT GAS

A O METAL INLlET

- CHAMBER

A
L]
)4
/
=

A7

e
<
/ \\ POROUS
TORCH METAL
WELD NOZZLE DIFFUSION
SCREEN

Figure 10:Trailing shield attached to torch for gas shield arc weldingof titanium and other
reactive metalg!®
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A glove box may alste used to create anernt environment while weldingdowever, he use
of a glove box limitsaccessibility of the work pee by the operatoAlso, to create an inert
environmentinside a glove boxs timecconsuming. These glovieoxes can also be used in

vacuum®

There isa spectrum of colours which indicate the level of oxidation by a weld, as noted by
Ettienne:

silverT light yellowi dark yellowi light bluei dark bluei light grayi dark gray

According to SANS 15618, for titanium and zirconium, the acceptable colour of the weld
metal surface is silver or stra@arker brown, purple, blue, grey and flaky white surfaces are no
acceptablé”. The SANS 15614 requirement ishereforeconsistent with the change in colour

with an increasing degree of oxidation, as noted by Ettienne.

4.2 Preheat and post weld heat treatment

Generally, no preheatr postweld heat treatment is regqad excepif it is deemed necessary to

reduce theesidual stress welded joints in commercial grade zirconi@n

4.3 Hardness teshg of welds

Hardness measuremsrdre recommended as a check forcadde gas shielding. An average
value of 200 HV is reported for grade 7Gh unalloyed commercial grade of zirconffimrNo

published hardness values for contaminated welds could be found.
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Chapter 5: Experimental procedure
5.1. Base metal

Nuclear gradeirconium 1.5%Smwith a thickness of 1.2 mm was used for this investigafibe.
material was selected based on availabiliigble 3 gives the chemical composih of the base
metalandthat of Zircaloy2 and Zircaloy4. The chemical composition of the base material used
in this investigation id not strictly adhere to specification limits Zircal@y Specifically, the
absence of ickel would indicate that thedse metal wagirconium 1.5%SnThe ron content
met the Zircaloy2, but not the Zircaloy requirementsThis suggests that the base metal is a

zirconium 1.5%Srthat is off specification.

Table 3: Chemical composition of the base etal used in this study(single figures are

maximum values.)

Element Sn Cr Fe Ni @) Nb Hf
Specification limit 1.21.7% 0.05 0.07 0.03 1400 - 100 ppm
Zircaloy-234 - 0.15% | 0.20% | 0.08 % ppm
Specification limit 1.221.7% 0.07 0.13 - 1400 - 100 ppm
Zircaloy-4-34 0.13% 0.24% ppm
Actual composition 1.5% 0.09% | 0.087% | No Ni No O <58 | 50 ppm

detected| detected| ppm

5.2. Gas tungsten arc welding

This investigation used the gas tungsten arc welding (GTAW) process, as this process is
commonly used to weld nuclegrade zirconiur?. Mechanised gas tungsten arc welding was
performed using a Lincoln Electric Squaitave TIG355 welding machinditted with high
frequency arc startingThe welding torch was stationaryThe samples were clamped &
backing plate and transéal at various speedsnging from 0.95 to 4.08 mm/3he welding

current was set on the welding maching¢he nearest ampere.
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A two-step arc start metld was used for arc initiatiorthis methodinvolved pressing and
holding the foot pedal for the ato initiate and releasindhé pedal to terminate the welthe
welding voltage was manually observed on the buikoltmeterduring welding, to the nearest

volt. Figure11 shows the experimental setup.

e e A —

Backing plate

Figure 11: Experimental setup for mechanised welds

Autogenous beadn-plate wetls with back purging were don&echnical grade gon (99.9%
purity) was used as welding gdmck purging ad for the trailing gas shield range of trailing
gas shielding flow ratesastested and the optimum was used as listed in

Table 4. The preflow and dter flow of the welding gas wer8 seconds and 15 seconds,
respectively. A tungsten electrodath 2 % ThQ addition was used with DCEN polarityhe
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diameter of the electrode was 2.4 mm and the electrode tip angle was edaithim constant
angle of 60°A constant arc length of 2 mm was used on all welds.

Table 4 lists welding variables for the bead on plate welds, based on the list of welding
parameters as noted in ASME IX for gas tungsten arc welfling.

Table 4: Welding variables for the different weld beads; the classificatiof variables as

defined in ASME IX for gas tungsten arc welding

Paragraph as Variable Value

per ASME IX
QW-402.1 Groove design Beadon-plate
QW-402.5 Backing None
QW-402.10 | Root spacing Not applicable
QW-402.11 | Retainers Mechanical clamps
QW-403.6 Thickness 1.2 mm
QW-404.3 Filler metal Not used
QW-405 .1 Position Flat
QW-406.1 Preheat temperature Ambient
QW-407.1 Postweld heat treatment Not used
QW-408.1 Shielding gas Technical grade argon
QW-408.3 Flow rate 15 liters per minute
QW-408.5 Bading gas flow rate 15 liters per minute (includes

gas flow to trailing gas shield)

QW-408.9 Backing gas Technical grade argon
QW-408.10 | Trailing gas Technical grade argon
QW-409.1 Heat input Refer toFigure12
QW-409.3 Pulsing current Appendix A
QW-409.4 Polarity DC electrode negative
QW-409.8 Welding current and voltage | Appendix A
QW-409.12 | Tungsten electrode EWTh-2 2.4 mm diameter
QW-409.13 Tip angle 60x
QW-410.1 String /weave String
QW-410.3 Orifice, cup, or nozzle size | 16 mm bore (no.10, 5/8 in.)
QW-410.5 Method of cleaning Acetone
QW-410.6 Method of back gouge None
QW-410.7 Oscillation Not used
QW-410.9 Multi to single pass/side Single pass fromone side
QW-410.11 Closed to out chamber Out-of-chamber
QW-410.25 | Manual or automatic Mechanised
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5.3 Matrix of welding parameters

A matrix of pulsed and nepulsed welds, with welding current and weldsgeed as the main
variables, wereised, as seen

Figure12. The matrix waslesignedo test the limits of the welding process and welding mode
for thebase metahickness as well abe region wkre suitable welds can be maddotal of 19
welds ofboth pulsed and nospulsed were donelhe pulse parameters were: 70% of the pulsed
period at full current and 30% of pulse period at a low current of 20% of the peak cuhient. T
procedurewas done to investigatde effect of pulsingn the structure and propges of the
weld metal The pulse frequency was3 pulses per secondf the nineteen welds, one
combination of welding current and welding speed resulted in burn through. Another
combination of current and speed did not resulfusion refer to section6.4.2 for details
contanminatedweldsthatwere made usingnproper shielding.

100 Pulsed
—_— @] Non Pulsed
f:, 90 W No fusion
*E ® Burn Through
e 20
T
z
- /0
=
‘g 60
C)
z 50 ||
40
0.00 2.00 4.00 6.00 8.00 10.00

Welding Speed (mm/s)
Figure 12 Experimental matrix of welding current and welding speed, for pulsed and non

pulsed welds.

5.4. Dilatometry

The dilatometry samples wert from the same base material used for welding and folded
double to increase the stiffness and avoid mechanical deformation when clamped in the

dilatometer.Folding the specimen sometimes results in the formation of a crack on the tensile
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surface A dilatometry sampm canbesee in Figurel3. The experiments werede on a Dil 805

Bahr dilatometer. A new sample was used for every dilatometry run. Dilatometry@avio

heat treatment cycle¥he objective offte first heat treatment cycle was to anneal the cold work
associated with the folding of the plate samples. The annealing cycle was done by heating the
samples tdl100°C at a heating rate of@&'s, followed by a soaking period of 5 minutes and
cooling ata rateof 5°C/s to 200C. The annealing was designedgive the dilatometry sample
enough time at elevated temperatute relieve residual stress caused by the medal
deformation of foldingGi ven t he peak ithehggeeransfdrmatioaccurredh e U

during the annealing cycle.

The second heat treatment cycle simulated the weld thermal cycle in the high temperature heat
affected mne by heating from 200 to 1100°C at 105, a brief soaking period (80 and

cooling at a specific cooling t® The peak temperature during dilatometry was a compromise
between simulating phase transformations in the high temperature heat affecteddioagng

theuse ofa high peak temperature) and reliability of the intrinsic thermocouple (that indicated a
lower peak temperature). Six different cooling rates were:u8@d, 300, 110, 50, 11 and
1.1°C/s.Figure 14and Figure 15 show the heat treatment cycles for 1100 and 900°C peak

temperatures.

These cooling rateapproximately covered the range of cooling rates previously published for
Zircaloy-4, that is 0.5 to 200/sT Table2. Three dilatometry samples wdreated to a peak
temperature 0B00°C on the second heat treatment cycle, these sasmptre cooled at 0.9, 9
and 90C/s respectivelyThis procedurenvas done to inw&igate thealpha to beta transfoiation

ata peakemperaturef 900°C.
The dilatometry heat treatment cycles were done in a helium environn#itér the heat

treatment in the dilatometer, the sample had a darker surface, indicating saamicationby

gaseous elements.
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Figure 13: Dilatometry samples; left hand side sample side shows a dilatometry that has
not been heat treated and the right hand side sample shows a heat treated sample.

A 1100°C 1100°C
300s 108
1.19C/s
&
2 11°C/s
o
§ 50°Cfs
[E, 110°C/s
200°C 600°C/s>00°Crs
Times(s)

Figure 14: Schematicshowingheat treatment cycle for 1100C peaktransformation
temperature of dilatometry samples.
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Figure 15: Schematicshowing heattreatment cycle for 900°C peakransformation

temperature dilatometry samples

5.5.Metallographic techniques

In this study, he orientation of the polished section for the wel the top viewthat is, the
polished surface was parallel to the original sheet surfdgs orientation was chosen to sample

as largea weld metalsurfaceas possibleOne sample was polished in cross section view for
comparison purposefor dilatometrysample the longitudinal surfageas shown orrigure 16,

was ground and polishedMounting and polishing échniques are notliscussed in cited
literature In the current study, metallographic preparation involved grinding at 80, 400, 600, 800
followed by 1200, 4000 grit papefhe final polishwas done with colloidal silica.
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Figure 16: Orientation of polished surfaces for welds and dilatometry

Electrolytic polishing is rarely performed on zirconium and oalfew authors are cited as
having used this tecique. Bangaruused a 10% perchloric acid and 90% ethanol mixture
5% pechloric acid and 9% acetic acid mixture on Zircale§'?. The pdishing voltages quoted
were 70/ and 40/, respectively, and the polishing temperatures were 50 and i&Sgaectively.

Various etchants are used for the etchingiofonium.Most of the é&hants cited in literature
containH20, H202, HNOs or HF. Vandervoort discussed the roles of each of the reagents in the
chemical solution. HF attacks the surface the material whilesiph®vents stainidg®. Water,

or hydiogen peroxide, acts a solver{s the solution is very acidic, the samples should be
swabbedShabaaret al etched Zircaloy2 with a solution of 10 % HF, 45 % HN@nd 45 %
H.0®Y, Ahmad etched Zircale® with a solution of 50% kD2, 47% HNQ and 3% HI?. Baek

& Jeong prepared sampley chemical etchingircaloy-2 with a solution of 10 % HF, 45 %
HNO;3 and 45 % HO.?® Ahmad revealed the microstructure of Zircayy chemical etching

with a solution of 50 ml ED2, 47 ml HNQ and 3 ml HF and with ¥D2: 45 ml, HNQ: 45 ml

and HF: 10 mrespectively?49

Table5 summarizes the different etching reagents discu3gesletchant used during this study
contained3 % HF, 47 %, HN®and 50 % HO». This specific etchant composition was chosen
becawse the ratio of nitric acid to hydrofluoric acid should be a minimum of 16:prevent
hydrogen pickup during etchiff§. The etclant used by reference 1as used in the cume
study,as noted inmableb.
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Table 5: Summary of relevant etchants used in previous metallographic studies.

Reference | vear HF HNO: H-0 H:0;

13 1977 10 45 45 No present

14 2001 3 47 not present 50

15 2002 10 45 not present 45

16 2005 3 47 not present 50

17 2006 10 45 45 not present

Published range of 3-10% 4547% | 0or4550% | O or 4550%
concentration
current study 3 47% not used 50

5.6. Hardness

Vickers hardness testere done on the welded samples dildtometry using a load of 2900

mN (0.3 kg) and a dwell time of 10&. mechanised hardness machine at the CSIR and a manual
Vickers hardness at University of Pretoria were used to perform the hardness measurements.
The indents were spaced 0.5 mm apadi thie indentationsiere made starting from omelge of

the HAZ through the weld and ending on the edgehef HAZ at the opposite siddhe
indentations on the dilatoriig samples were made randomi8imilarly to the hardness
indentations on the welded jj the spacing of the indentations on the dilatometry samples was

at least 0.5 mm.

5.7. Quantitative metallography

The procedure to measure the fraction baslegtvestructurestarted with the construction of a

grid consistingof 100 points in the fornof 10 x 10matrix on a transparent she€his grid was
randomly superimposed on ammage of theoptical microstructureA point on the grid was
marked according to the microstructure type the point fell masketweave/ paralleplate
structurg. The sum of all the points on the grid was calculated and expressed as a percentage of
basketweavestructurefor the weld and HAZ. The grid always covered more that 60% of the
weld metal. A 95% confidence interval was calculated from the standard dewatmgnthe
Underwood equatioff®(see Equations land Equatiorjs Phe magrfication was set at 20x

More than one structural feature was avoided in selecting a magnification.
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o 42
otFp) ) =1 Equationl
( = o, Equatio

95% confidnce intervall.96* ¢(,) Equation2

The linear intercept method wasuded e st i mat e Atghdecon$isting ofaallsthas i z e .
are 10 x10 mm of known length was drawn on the microstructure. The number of times the line
intercepted lie grain boundary was countéethe length of the line running through the grain
boundales was then divided by the number of intercepts and an avgrageintercept length

was calculatedA standard deviatiolf the measurementd a 95% confidence intervakre
calculated.The magrfication onthe optical microscope was calibratedensire accuracy of

measurement
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Chapter 6: Results

6.1 Welding parameters

Welding current, voltage, speed and average weld width megsuredFor this study, it was
assumed that the arc voltage was identical to the welding voRkeg®. the weld widththe heat
inputwas calculated usintpe thin-plateRosenthal equation3 hereafter, the heat input was used
to calculate the arc efficiencyhe calculated arc efficiency was compared to published values.
From the heat inputhe coolingtime from 90&C to 60xC, ((pé-6.) was calculatedA summary

of the welding parameters can be seen in Appendix A.

6.2 Arc efficiency and cooling time from 900 to 600°@f-6)

Rosenthal equationgere used to calculate the arc efficien@he conditions for which the

Rosentlal equation is valid are the followigrror! Bookmark not defined.’

1 The plate is semnfinite.

1 A moving point source (or line) represents the welding arc. This assumption leads to a
prediction of an infinitdemperature under the arc, therefore, the solution is a reasonable
approximationonly some distance away from the heat source. Rosenthal indicated that it
should only be used at, and beyond, the fusion boundary (in the HAZ).

1 Material properties such akermal conductivity and specific heare unaffected by

changes in temperature or state (solid or liquid).

1 Heat transfer is by conduction only (no heat Idss to radiatioror convective flow).

Heat losses at the plate surface are negligible.

1 Latent heatlecanges due to phase transformations are neglected.
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The thinplate Rosenthal equatiomvas used to estimate the weld thermal cycle in the heat

affected zone.

The followingthermal propertiesvere used at an absolute temperature of approximaieé8: T
Themelting point Tawas taken as 2125K (1852)?"

§ thermal diffusivity a = 7.8 x 1&m?.s?®

f thermal conduttki®ty o = 16 J. m
From these values, the volume thermal capacity was derived as:
;] = o/ a *3FmX!'05 x 10

Equation 3was used to calculate the heat infroim the widthof the weld bead (se€rror!
Reference source not found. This heat input wassed throughout th document. Equation 4
was used to caltate the cooling tim800 to 600°Aé-6).

Equation 3 is presented belovand Figure 17 shows a shematic of average weld width

measuremenihis measurementas used to determirtee distance (r) from thieeat source

P e
T —T, = & |2
p (i - |

- Equation3
(dp2r) e

Equation 4is used to estimate the time taken to cool between 900 to 600°C

* -2
_ {g/v) .
Atoe = tripola Equation4
where
1 1 1 .
87 (873-Tpl  (1173-Tp)2 Equation5
With:

Tp Peaktemperature C or K)
To preheatig temperature (assumed to bé@0293 K)
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( g/ Beptinput (J/mm)

d plate thickness (m)

r distance from heat source (m)

J volume thermal capacity (J-hK™)
a thermal diffusivity (nf.s?)

o thermal conductivity (J.nst.K™?)
pée cooling time from 900 to 600°C (s)

Top width

*+———  Average width

*+—®  Bottom width
Figure 17: Schematic of average weld width measurement.

6.2.1Current adjustment for pulsed welds

As stated in section 5.3, tipailsed welds were pulsed at 70 % peak current and thegroand
was 20 % peak currenthus the current was adjustasl folows

Adjusted pulse current = 0.7(Peak currenp.3)(0.2)(Peak current)

Adjusted pulse current = 0.76 (Peak current)

This adjusted pulsed current waed in the calculation of the electrical heat input for the

determination of the arc efficiency.

6.2.2 Calculations of arc efficiency

Error! Reference source not found.contains a summargf the average of weld width of

zirconium alloyand the calculated heat inplihe calculation for weld Wwas manually vefied
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to confirm the values irError! Reference source not found. As stated above, Rosenthal

equationsvereused to estimate the weld thermal cycle in the heat affected zone.

The calculated Rosenthal heat infartweld 7was determined using Equatiora8 follows:

(g /vy |I? .
T, — Ty = (dpzs) s Equation3

e
q/’v = (dp2r) (T—T,) ||?
N
e
1/, = (0.0012)(2.05x10%)(0.00213)(2)(2125 — 298) ||?
N

qf}?.:l = 40 ]/mm

Thevalue for theneat input was therefore derived from the measurement of the average width of
the weld bead, and not from theslding voltage, welding current and welding speEge arc
efficiency wascalculatedas acheck on the estimated heat inptihe electrical heat input of weld

7 wes calculated usingquation?:

(E} =% Equation6

(Q‘) _ (9 Vj(fl? J-'L:]

v, 316 mm/s

(%] = 162]/mm

-]

(2) (fromwidth of weld)

Arc efficiency =
(%) (from elctrical heat input)

Arc effici 0
rc efficiency = —
<y 162

44



Arc efficiency = 0.25

The ac efficiencyvaried between 0.11 and 0.44 (see Appendix A) with the avaragjenedian
being 0.22 and 0.19, respectively, as sedfignre 18 Moreover, the arc efficiency was similar
to published values of 0.22 to 080 There washo correlatiorof calculated arc efficiencyith

heat input, as seen Gigure19.

e
o TR O ]

Number of welds
= o oo

| ]

0.00 0.20 0.40 0.60

Calculated arc efficiency ()

Figure 18: Distribution of calculated arc efficiency of the welds with nedian and average at
0.19 and 0.22, respectively
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0.50
0.45 - B Non pulsed welds
0.40 Pulsed welds
o
E 0.35 O
=
g 0.30 O
2 0.25 0O
-
0.20 o
0.15 -
0.10 m . .
0 0.02 0.04 0.08 0.1
Heat input (k.J/mm)

Figure 19: The variation of arc efficiency with heat input for both pulsed and nonpulsed

welds. No correlation is observed

6.2.3Calculation of cooling timefrom 900 to 600C (gpé-6)

Themisis the time taken for the weld to cool from 900 to 60G§@¢is an important parameter

in understanding the phase transformation behaviour from beta to alpha on cooling, as well as the

resulting mechanical and métegical behaviour dZircaloy-2 for both weldsand dilatometry.

Equation 2 wasised to calculatepgs Below, a sample calculation gpésfor weld 7.

whereﬂl—z is given

1 1
. 12 Y
(873-Tp (1173-Ty)

1
o7
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1 1 1
62  (873-—293)2 (1173 — 293)2

= 1.68e"°

Iy
Py

B (0.04)°
" 4716(2.05%)(5.9525)(0.0012)?

Atg_g

Aty_, = 4.4s
6.2.4Calculation of cooling rate900°C to 600°C

The cooling time from 900 to 6004€as estimateds follows:

(900 — 600)°C
441s

cooling rate =

cooling rate = 68°C/s

6.2.5 Sensitivity of arc efficiency to errors in the measurement of the welding
voltage

The voltage was nmaally recorded during the welding cycle. The power supply recorded the
welding voltage to the nearest volt. As a result, a recorded welditage of, for example, 9
volt, may have been, e extreme, 8 volt or 10 volThe effect of possible errorstine welding

voltage, on tharc efficiencyis considered in this section.

Table6 shows the sensitivity of thealculatedarc efficiencyto an error irreading of the voltage

at highand low heat inputsAn errar in the welding voltage ofre volt resulted in a small

change n the calculatedarc efficiency. Furthermorethe heat input used to calate the cooling

rate from 900C to 600°C was based on the width of the weld beml not on the welding
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voltage) The estimated cooling rate was therefore not sensitive to errors in the measurement of

the arc voltage.

Table 6: Sensitivity of calculatedarc efficiencyto errors in welding voltage.

Weld No 7 Welding Welding Welding Bead width | Calculated
Voltage (V) | current (A) | speed (mm/s) (mm) arc
efficiency
Actual
voltage 9 57 3.14 4.25 0.24
Low voltage 8 57 3.14 4.25 0.28
reading
High voltage 10 57 3.14 4.25 0.22
reading error

6.3. Summary of heat input calculation, weld width, arc ef€iency, quantitative

metallography and hardness of the welds
Table 7gives a summaryf the weld width and average of weld widtds well as, calculated

heat input and arc efficiency

Weld 7 basketweavestructure95% confidence calculation:

The variance is given by,

TP }2) :i .
(_P_sz Pe Equation 1

Therefore,
P
o(R) = —=
v Pl::

Where:
w2 is the variance
PU is the number of points counted in the baskeave microstructure
Pp point fraction in the baskateave microstructure
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0.9
E = —_
(%)= 755

o(B,) = 0.0942
The 95% confidence interval is given by,
95% confidence interval=1.96#(F, ) Equation 2
95% confidence interval=1.9@:.0942

95% confidence interval=0.19

Weld 7 grain size calculation:

The average of the grain size was determined as follows.

2x(200) + 67 + 9x( 100) + 170 + 140 + 190
15

average =

Average 425um

The standard deviation was calculated as follows.

|E X — X )
Standard dewviation = |ﬂ
y (-1

||(190— 125)2 + (140 — 125)2 + 2x(200 — 125)2 + (70 — 125)2 + 9x(100 — 125)% + (173 — 125)?

|
\ 14

standard deviation 44 um

where

The 95% confidence interval was determined as follows
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and Table 9 give the results of the quantitative metallography evaluatemd hardness
measurementsf weld metal andof HAZ of zirconium alloy, respectivelyA 95% percent
confidence intervalvas calculatedirom the standard deviation. The number of hardness indents
varied according to the width of the weld. As a consequence, the confidence interval for the
hardness was not constahtinderwood equations were usf@elquation 1 andequation 2)to
calculate the 95% interval of the percent baskeavestructure A sample calculation is shown

below:

Weld 7 basketveavestructured5% confidence calculation:

The variance is given by,

= Equation 1
Therefore,
Where:
» 2 is the variance
Pu is the number of points counted in the baskeave microstructure
Pp point fraction in the basketeave microstructure

50
























































































































