AN ANALYSIS OF SECOND PHASE PARTICLES

IN ZIRCALOY 2

by
PIERRE LEON JACQUES CHEMELLE
Ingenieur de 1' Ecole Centrale

des Arts et Manufactures
(1979)

SUBMITTED IN PARTIAL FULFILLMENT
CT THE REQUIREMENTS FOR THE
DEGREE OF

MASTER OF SCIENCE

at the
© MASSACHUSETTS INSTITUTE OF TECHNOLJOGY

September 1980

Massachusetts Institute of Technology

Signature of Author f—

N
Department of ﬁgterials Science and Engineering
) Augus‘ 8, 1980

Certified by

AN WWIT T YN rwr y T Y wTw T
John B. Vgnder Sande

Thesis Supervisor

Regis M.N. Pelloux
Thesis Supervisor
Accepted by i . S

v v i
Regis M.N. Pelloux
Chairman, Departmental Graduate Committee

ARCHIVES
MASSACHUSETTS 15777 z
OF TECHNOLOCY

St 251980
LIBRARIES



AN ANALYSIS OF SECOND PHASE PARTICLES IN ZIRCALOY 2

by

PIERRE LEON JACQUES CHEMELLE

Submitted to the department of Materials Science and Engineering
on 8 August 1980 in partial fulfillment of the requirements for
the degree of Master of Science.

ABSTRACT

The different second phase particles present in zircaloy 2 in the
annealed and in the cold worked, stress relieved conditions were
analyzed by transmission electron microscopy (TEM) and by scanning
transmission electron microscopy (STEM) of thin foils. The crystal-
lographic structure of each phase was determined by selected area
electron diffraction with the TEM and the chemical composition was
obtained by energy dispersive X-Ray microaun lysis with the STEM.

In zircaloy 2, two intermetallic phases are present as particles
of 0.1 to 1 im diameter uniformly distributed within an a zirconium
matrix which contains tin in solid solution. One of the intermetallic
phasesih&%a hexagonal structure similar to ZrCrjp (ag = 5.1 A,
co = 8.3 A) and a composition close to ZrCrj jFep g. This phase is
often present as angular particles with twins or stacking faults on
(0001) planes. The second intermetallic phase is a nickel-iron-
zirconium compound of compogition ZgpNigy ,Feq ¢ with the tetragonal
structure of ZrpNi (a,=6.5 A co=5.3A). In annealed zircaloy 2
individual particles were observed as well as heterogeneous clusters
of particles. In addition to these phases, inclusions of 1 um were
identified as Zr4Si. Scanning electron microscopy of chemically
polished surfaces showed only the chromium rich phase as the nickel
rich phase was dissolved by the chemical etching.
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Title; Associate Professor of Materials Science
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I. INTRODUCTION

I.1. Historical background

Even though zirconium is more abundant in the earth's crust
(0.03%) than lead, copper, nickel or zinc, it has been known only for
the last two centuries. Discovered in 1789 by the German chemist
Klaproth in a "jargon" of Ceylon, the element zirconium was not
isolated in its metallic form until 1824 when Berzelius obtained an impure
metal powder by reducing potassium fluorozirconate with metallic
potassium. Hafnium, which is always associated with zirconium in the
ore (about 2%), was not isolated until 1923 (Costes and Hevesy). 1In
1925 Van Arkel, Deboer and Fast prepared the pure metal by decomposition
of the iodide. 1In 1944 W. J. Kroll develop ed the technique of
reduction of the chloride with metallic magnesium which is still the
only method of production.

Zirconium had no specific use until 1952. A very small neutron
capture cross section (0.18 barn) (1) compared to steel (3.1 barn) as
well as an exceptionmal corrosion resistance in water and steam under
pressure . d to the universal use of zirconium alloys as fuel cladding

materials for nuclear reactors.

I.2. Zirconium alloys

Many additions have been studied in order to improve the properties
of zirconium but very few have led to commercial alloys. The limitations
are associated with the following complications:

a. above a few percent of alloying element, complex brittle

structures are often formed
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b. alloying increases the neutron capture cross section.
Today the main alloys can be classified as:

Alloys having good corrosion properties in water or steam:
*zircaloy 2 1.5% Sn, 0.15% Fe, 0.1%Z Cr, 0.05% Ni
*zircaloy 4 1.5%-Sn, 0.2% Fe, 0.1l% Cr, less than

0.0077% Ni
*zirconium 2.5% Nb
Alloys having good corrosion properties in C02:
*ATR 0.5% Cu, 0.5% Mo
*ZU1 1.8% Cu
*7202 2.5% Cu

For chemical applications (hydrochloric acid, nitric acid, organic
acids) unalloyed zirconium is preferred.

The high reactivity of zircomium with oxygen, nitrogen and hydrogen
led to its use in flash bulbs and getters, (Zirconium alloyed with
aluminum, titanium, carbon or nickel).

For the last twu decades research on zirconium alloys has greatly
increased and their applications range keeps broadening. The use of
zirconium as an alloying element in aluminum, magnesium, copper, titanium
or molybdenum alloys, super alloys and even steels (2) is an important

part of the zirconium market.

I.3. Development of zircaloys

‘An early study (3) of the corrosion of Van Arkel zirconium in water
clearly demonstrated a variability of the quality of the material. The

influence of the impurity content and mainly the deleterious effects of
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nitrogen, carbon and aluminum were recognized at that time. The
"alimination of the disturbed surface layer" (3) by etching in a nitric
acid-hydrofluoric acid solution increases the corrosion resistance once
the etchant has been well removed.

The results of corrosion tests of sponge zirconium alloyed with tin
showed that an optimum addition dependant on the impurity content of the
alloy--chiefly nitrogen--could be achieved. For example, an optimum of
2.5% tin was determined for 700 ppm of nitrogen. During corrosion in
water, a black oxide is formed in the first stage, followed by flaking
and white corrosion products which are usually characteristic of the
rapid second stage. The black oxide is more adherent and flaking is
markedly retarded when zirconium is alloyed with tin.

The 2.5% tin alloy, called zircaloy 1, showed variations of
properties from ingot to ingot and an accelerated corrosion rate for
very long exposures to hot water. It is now obsolete. An alloy with
small additions of irom, nickel and chromium was called zircaloy 2. It
is today the main alloy used for the cladding of nuclear fuel in
Boiling Water Reactors (BWR). Zircaloy 3, with a reduced tin content
(0.25 to 0.5%) showed local white corrosion and was never produced
commercially. Zircaloy 4, very similar to zircaloy 2, with iron
replacing nickel, exhibits a lower hydrogen pick up than zircaloy 2
and is preferred in Pressurized Water Reactors (PWR) where the

environment is slightly overpressured with hydrogen.
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II. REVIEW OF THE LITERATURE

II.1. Introduction

The amount of research work done on zirconium during the last two
decades is considerable. ' The volume of publications on zircaloys could
easily fill up several rooms but a single drawer would contain the work
done on the studies of zirconium microstructures and on the identifica-
tion of the phases present. Most publications describe the processing
of zircaloys, report on their mechanical properties, the preferred
orientation (texture) and the effects of heat treatments, the influence
of hydrides and the corrosion properties in various environments at

different temperatures.

II1.2. Plhase diagrams

Phase diagrams of binary zirconium alloys have been studied since
1950. Data on nearly all possible systems are available (4-9). Many
uncertainties regarding the identified phases still remain today even
in the Zr-San, Zr-0, Zr-H or Zr-Fe diagrams.

Zirconium has a hexagonal structure (a=3.232 ;, c=5.147 R) (10)
at room temperature (phase o) and it undergoes an allotropic transforma-
tion at 865°C. The high temperature structure is body centered cubic
(bce) (phase B). The allotropic transformation 8 +a 1is of martensitic
or bainitic type depending on the cooling rate. Allcying drastically
modifies this situation. The binary diagrams present on thlie zirconium
rich side a two-phase domain (a+B). Elements such as oxygen and tin
can be considered as o stabilizers (ralse the B + a  temperature) and

elements such as nickel,iron or chromium as 8 stabilizers.
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The binary diagrams Zr-Sn, Zr-Fe, Zr-Cr, Zr-Ni, Zr-H, Zr-0 from
Kubaschewski, Von Goldbeck (5) are given in figures 1 to 6. The
zirconium-tin diagram (Figure 1) shows that in a 1.5% Sn alloy, tin is
in solid solution in the o phase above 500°C and precipitated as Zr4Sn
with a B-W structure (11) below 500°C. The zirconium-iron diagram
(Figure 2) indicates a very low solubility of iron in the a phase (0.04
at? at 795°C) and the compound Zr4Fe precipitates below 795°C for a
0.1-0.3 wt%.. Fe alloy. Iron is soluble in the B phase up to several
percent in weight. The phase diagram zirconium-chromium (Figure 3) is
characterized by one compound ZrCr2 and two eutectics. The maximum
soiub7lity in o Zr is 0.49 at% (10.3 wt%) and in B Zr it is 7.5 atZ.
Precipitation of ZrCr2 is expected below 835°C.

The zirconium nickel diagram shows many intermetallic compounds.
The existence of erNi (12) has not been confirmed. The solubility of
nickel in zirconium has not been determined accurately; it is believed
to be very small (Hansen and Anderko (7)) Below 845°C precipitation of

Zr.,Ni has been indicated by various authors (5). As oxygen and

2
hydrogen effects have been observed in the present study, the binary
phase diagrams Zr-H and Zr-O are included here (Figures 5 and 6).
Characteristic data for the binary systems are compiled in Table 1.
Ternary phase diagrams such as Zr-Cr-Sn and Zr-Fe-Sn have also
been investigated (13, 14). Tanner (14) indicates the presence of a
ternary phase 6 between 7 and 8 wtZ 1iron and about 24.5 wtZ tin.

Sections of the ternary system Zr-Fe-Sn in the zirconium rich corner

are given at 700°C, 800°C, 900°C, 1000°C and 1100°C. At 700°C, the
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Table 1 : Binary phase diagram data (6).

A“a,inj *;a;u:rv;\ E“";‘r{.‘ or l- Cow-rouua\ or
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element n P Zr7 Caw\ros'\\"“" e gq:\\‘\'ebrium
wt% wt/ ‘e
Ein 21.0 23.5 1530 | Zr, Sa,
Lyow 5.5 16.0 931 Zy Fe,_
chrowmiom| 4.5 18.0 1300 Ze Ce,
nicKel 1.9 17.0 361 Zr, Ni
oxyqgen 2.0 { 1340 Zr -0 [33s5i)
Maximum
Sokukili\y
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bin 3.0 5.0 330 Zr,}Sn
Lrow 0.02 2.5 80 Ze Fe,
romivm vevy swall 1.0 835 Zy Cr,
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oxygen 3,15 1940 Is,

20.
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6 phase could be present even for very low iron (0.0l wt%Z) and tin
(0.05 wt7%) contents. Zthe was not observed even in the binary Zr-Fe

system.

II.3. Metallographic techniques

Different techniques have been used to prepare thin foils of
zircaloy for transmission electron microscopy. There are two problems:
(a) the formation of hydrides and (b) the preferential etching of inter-
metallic particles.

J.B. Vander Sande and Bement have used successfully a chemical
rough thinning followed by a final ion milling for zircaloy 4 (15).
D.0. Northwood and R.W. Gilbert (16) describe a suitable preparation
technique for low hydride production. Instead of using a window
technique, as Bedford (17), a jet technique is employed. The thinning
is done in two steps: prethinning by chemical polishing in 45%'HN03

45% H,0, 5% HF; final thinning by electropolishing in a 4/1 ethyl

2
alcohol: perchloric acid at 240°K under 20V, washing in ethyl alcohol.
P. Rao, J.L. Walker and E.F. Koch (18) used a two step electropolishing

technique:

first step: 50 ml perchloric acid
175 ml acetic acid
100 ml ethylene glycol at 0°C

second step: 190 ml perchloric acid

760 ml acetic acid at -54°C
Bailey (19) used a single step electropolishing technique. The
electrolyte was a 10% perchloric acid 90% glacial acetic acid vigorously
stirred and kept cool. The specimen were polished under 20V and washed

in distilled water.
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I1.4. Second phase analysis

The presence of second phase particles in zircaloy has been known
for a long time but their chemical composition as well as their crystal-
lographic structure is still uncertain.

Ostberg has determined the TTT curves for zircaloy 2 (20) and has
studied the variation of microstructure with heat treatment (21). The
transformation study revealed two ''moses' on the TTT curve, one at high
temperature (about 870°C) for a formation, and one at lower temperature
(about 650°C) for precipitation of X, a compound which was later found
by Ostberg (22) to contain 5-6.wt% Fe, 0"to'2 wt% Cr, 4 to 9 wtZ Ni and
4-5 wtZ ' Sn. P. Rao (18) studied the intermetallic particles in
zircaloy 2 and zircaloy 4. The crystallographic structure was determined
by selected area electron diffraction and computer simulation. The
chemical composition was examined by microprobe analysis on aged specimens.
In zircaloy 2, two types of particles are present. One is a chromium-
iron-zirconium compound of structure close to ZrCr2 (hexagonal structure
a = 5.079 Z co=8.279 R). The other type of particle is a nickel-iron-
zirconium compound of structure close to Zeri (tetragonal structure
ao=6.499 R c°=5.270 Z). In zircaloy 4, the only particles present were
those of the ZrCr2 type which is in agreement with the results of Vander
Sande (15) who gives a erFeSCr2 chemical composition based on STEM data.

Vitikainen (23) found a ZrCr, type of particles in a zirconium 0.5 wtZ

2
/
niobium,0.5 wtz,ﬁthromium alloy called Scanuk 4 but with a f.c.c.
(-]
structure (ao=7.195 A). The two varieties of ZrCr2 have been described

by Rostoker (24). According to Rostoker and Pearson (25) the f.c.c.

variety is of type MgCu2 with a0=7.l95'kX and stable at high temperature
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while the hexagonal variety is of MgZn, type and stable at low tempera-

2
ture. In Zircaloy 2 Vitikainen (23) found two types of particles
(precipitates of type A and B). The particles of type A were round
average diameter 0.3-0.6 um) and of body centered tetragonal structure
(ao=bo=6.5 2, co=5.5 R). Some diffraction spots were missing in
particular electron diffraction patterns. The X-Ray analysis with an
energy dispersive system showed little nickel and iron. Many particles
were partially etched. The particles of type B were smaller (0.1-03 um)
and more elongated. The structure as well as the composition was not
determined. Vesaci (26) reported the alternate packing of hexagonal

ZrCr2 and face centered cubic ZrCr2 within the precipitates in

zircaloy 4.
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ITI. MATERIALS AND TEST PROCEDURES

IITI.1. Materials
The zircaloy 2 used for this study was supplied by Teledyne Wah

Chang, Aibany, Oregon. Cold work.stress, relieved.tube as received and
plates further annealed by Exxom weére examined... The chemical composition of
the tubing (external diameter 0.565 inch, wall thickness 0.05 inch) is given
in Table 2. The level of impurities in zircaloy is kept very low.
Many elements have a very low solubility in o zirconium and can
precipitate, for example: phosphorus, silicon, carbon. Elements such
as nitrogen, titanium,'aluminum, silicon and carbon impair the corrosion
properties. Elements as boron, uranium, hafnium-and cadmium increase
the cross capture section for thermal neutron, e.g., the cross capture
section of cadmium is 2400 barns. The main impurities in zircaloy 2
are oxygen (1200 ppm), carbon (170 ppm), silicon (40-80 ppm), hafnium
150 ppm) nitrogen (40 ppm) and aluminum (40 ppm). The tube was in a
cold workedt§tress relieved condition (stress relieved for about 2 hours
at 500°C).’ The plate was alternatively cold worked and annealed as
follows:

cold rolled to 0.150 inch

vacuum annealed at 1350°F (730°C) for 2 hours

cold rolled to 0.105 inch

vacuum annealed at 1300°F (705°C) for 2 to 4 hours.




Table 2: Chemical composition of zircaloy

i
': z.

Dty | Swafiabin | tobing fiah
Top By b w
Sn .20 - 1.30 1.50 1.52 .49
Fe 0.0% - 0.20 0.139 0.6 0.15
Cr 0.05 - Q.15 0.105 0.l 0.10
N 0.03 - 0.08 0.053 0.05  0.0%
(o] 0.0% - 0.1 0.131 0.)23 ol
==
lnrur'nh'u
’nwm
AL < 35 35 4é 41
8 < 0.5 0.2 <0.2% < 0.25
[ < 2710 190 |1+0 160
Ca < 30
ad < 0.5 <0.2 £o0.l§ o025
[J < 20 <S5
Co < 20 <10 <(0 <o
Cv < S0 15 13 13
£ < 20
H < 18 12 7 "
Hf < 100 W3 £3 é2
He < 2 <10
Hu < 50 <25 <2 <25
He < $0 <15
N < 80 L7 39 33
N3 &4 20
Nb < 100 <S0
p < 20
4 £ 130 <50
Si < 1o (23 g7 84
T2 < 200 <io0
T - < $0- < 25 <2s <25
Ubhsl 4 35 <os 1.7 &
Yy £ $So <25 <25 <25
wW < SO <28 <25 <25
n < 100
e + Cr + Ni 0.8 -0.38 0.297% 0.30 0.30

25.
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I11.2. Test procedures

III.2a. Thin foil preparation

Mechanical grinding: Pieces of tube (Figure 7a) were cut to 0.3
inch by 0.3 inch and glued on a brass cylinder with wax. The wax
"Rigidax W1l green' melts at 250°F (120°C) and is soluble in trichlorethylene
(Figure 7b and c¢). They were ground with wet SiC paper No.120 -240-360
and 600 on both sides down to 5-6 mils (0.13 mm). The same procedure was
followed for 1" x 1" pieces of sheet but the final thickness was 7-8 mils.

Punching: (Figure 7d-e). Three millimeters discs were punched out
mechanically. Some of the thickest discs mainly from the sheet presented
a small dimple (Figure 7f) due to plastic deformation.

Electropolishing: The jet technique was used with a Fishione
apparatus. The electrolyte was 10-20% perchloric acid with 90-807% methanol
(in volume) mixed at -30°C. The temperature was maintained below =30°C
and down to -65°C by circulation of methanol cooled by a mixture of acetone
and dry ice. A potential of 20 to 25 volts was applied for 3 to 10 minutes
before the hole was detected. The polishing conditions were very
sensitive to experimental parameters such as voltage, jet speed and
current transients. The optimum polishing potential was 20 V for the
annealed material and 22 V for the stress relieved material. If the
potential is too high (26 V and above) or the temperature not low
enough (-20°C) pitting occurs and the second phase particles disappear
more quickly than the matrix. At very low temperatures (-60°C) a
large number of hydrides were formed and --40°C seems to be a good
compromise. Since passivation of the metal can occur as demonstrated

by a sudden decrease of the intensity of the current (usually ranging
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between 15 and 30 mA), the jet strength was set fairly high (position 4
or 5 on the Fishione) and may be a cause of some bending of the foil.
An alternative is to raise, momentarily (a few seconds), the voltage
and jet speed (7-8 position). The voltage was switched on before the
specimen holder was lowered into the polishing bath and switched off
when the polished specimen was in the rinse bath. Different solutions
were used to rinse the specimen (e.g., distilled water, water with
ammonia, methanol). The polished specimensexhibited very different
hydride concentrations and it has not been established what exact
conditions are required to eliminate the hydrides even if this has been
achieved in some specimens. The best foils were obtained with a solution
of only 10% perchloric acid. The temperature was about -35°C and the
foil was rinsed very quickly after polishing, in water first and then
in methanol. A third rinse in distilled water insured a low contami-

nation by the beam during STEM X-Ray analysis.

IIT.2b. Etching techniques and Extraction replicas
For optical metallography and scanning electron microscopy, pieces
of plate were ground with SiC wet paper No.120 and 600 and polished
with alumina. The surface was then etched electrochemically under 20V
at 0°C with a 10% perchloric acid 90% acetic acid.
Extraction replicas were made in one step. The mechanically
polished surface was slightly etched at 0°C by a mixture of 5% hydrofluoric
acid, 40% nitric acid, and 557% distilled water.
A film of Carbon (200-500 R thick) was then deposited under vacuum.

The matrix was dissolved using the same solution and the film removed
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from the solution as fast as possible. Pieces of film were stretched
flat with the usual alcohol-water technique and placed on copper grids.
Some slightly etched plate samples were kept for SEM investigation.

III.2c. X-Ray analysis

In the SEM and in the STEM the X-Ray analysis was performed with
energy dispersive systems. The spectra were recorded on magnetic discs.
For data analysis and computation, windows of 270 eV width were set on
the main peaks and at different energy levels for background analysis.

Figure 8 shows the repartition of the windows. Characteristic
parameters were chosen to define the spectrums (Table 3). Subsequent

computations were done manually and are tabulated in Appendix D.



30.

AT

stsdeue

A3 0LZ% YIPTM MOPUTM
098 (@9 :9wrl burjunod

Aey-Y 103 398 SMOPUTM

:gaanbiy

SMpM €Mp
prpn TMOM TMDM

0000

(A20Z) T@uuERYD/S3UNOD




Table 3 : Characteristic parameters for X-Ray analysis.

Region (&eV)

window from ko cewler | description

wdwl| 132 | 218 | 2.6¢ | L-Ray of Zr

WJ\VZ 2..?8 3011- 2.3 B)r—kgrouvld 1

wiw3 | 23, | 360 | 3.4F | Sw (L-Ray)

wdwlh | 4.642 | 488 | 4.75 BacKgroemd Z

wiws | 5.2¢ | 552 | 533 | Cr (KyRay)

wiwé | €26 | 6.52 | £33 | Fe (K Ray)

wiw? | 7.3 | 760 | 7.46 | Ni (KiRay)

wdw8 | 9.50 | 336 | 9.63 | BacKgroond 3

wdwd | 15.52 | 1594 | 1530 | Zv (K Ray)|.

wdwd + wdw8

BGN = 5
wdw5 - BGN
Cr =
wdw5+wdw6+wdw7 -3 . BGN
Fe = wdwé - BGN
wdw5+wdwb6+wdw7-3 . BGN
Ni = wdw7 - BGN
wdwS+wdwb6+wdw7~3 . BGN
Fe/Bgn = wdwé L/K = wdwl
BGN wdw?9
gr = wdw9
wdwS+wdwb6+wdw7+wdwId-3 . BGN
sn/Bgn = wdw3

wdw 2

31.
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IV. RESULTS

IV.1. Optical observation and scanning electron microscopy

The same specimens were observed with a light microscope and with a
SEM. The optical observation showed the grain size as well as phases
and pits within the grains. The distinction between phases and pits
could not be made by optical microscopy.

In the SEM, with a magnification greater than 1000X, particles
could be observed. The energy dispersive X-Ray analyses provided their
qualitative chemical analysis.

TEM 3 mm discs of cold worked and of annealed zircaloy 2 as well
as pieces of electropolished plate were studied with the SEM (model
AMR 1000). The surface was irregular and revealed the grain structure.
Polishing pits some of which contained "particles', were observed within
the grains. The energy dispersive X-Ray analysis revealed, within the
pits, regions rich in chromium and iron and less frequently regions rich
in nickel and iron. The chemically etched surface of the plate shows
the grain size (Figure 9a). Dimples as well as particles can be
observed with a magnification of 1000 X (Figure 9a). At higher
magnification (Figure 9b), small particles stand out on the matrix
surface. The X-Ray analysis, dome in the SEM, showed that nearly all
the particles present on the surface are chromium and iron rich and only
very few contained nickel.

The X-Ray data obtained could not be treated quantitatively and
the iron or chromium signal level was always low because the particles
were small (0.2-0.3 um) compared to the analyzed volume (1 um3). A

typical spectrum of a particle analyzed with the SEM is presented in



Figure 9

.
.

Scanning electron micrograph
surface of annealed zircaloy
a) Low magnification view.
b) Chromium rich particles.

the chemically etched

33.
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Figure 10. All the particles visible in Figure 9b gave a spectrum of

this type (chromium and iron).

IV.2. Transmission electron microscopy (TEM)

IV.2a. Introduction
The TEM work was performed on a Jeol model JEM7 microséope for low

magnification (20000X) observation and om a.Philips model EM300 for
structure analysis by electron diffraction. Useful parameters of the
instrument were determined by standard methods and are compiled in
Appendix E.

IV.2b. General observation

Artifacts: Several artifacts due to foil preparation such as
hydrides, slip traces, deformation twins and surface oxide layers were
often observed. Bailey (19) studied the hydrides in zirconium thin
foils. At low hydrogen conceuntrations (100-1000 ppm), the hydrides
are of the y tetragonal type. Small round hydrides (0.1 u) as well as
larger platelets (larger than 1 ym) are descri?ed. The latter are
oriented in the matrix with a (1010) habit plane. During their growth,
the hydrideé can punch cut dislocation loops or lines (Figure 11).
This (10I0) habit plane is not in contradiction with the (1017)
identification made by Westlake (27) for zircaloy 2 and zircaloy 4.
\ The material and the hydrogenation technique used were different.
| We observed in zircaloy 2 two types of hydrides. Small round shaped
hydrides (0.1—0.2um) were present on the surface of the foil. Their
disfribution was uniform within the grains. Often, Moiré patterns and

aiternate bending of dislocation lines near the surface of the foil were




—t Pfecipitate

™~ dislocat ion

Line

" Figure 11 :Illustration of the formation
of dislocation segments during
the hydride growth in the [I0.0]
direction.
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0.1-0.2 pm ﬂ
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Punched out dislocations

Interaction with
a dislocation at
the surface.

/////////.

Moiré pattern

Figure 12: Illustration of the contrast associated
with the hydrides.
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associated with these hydrides. Fewer but larger needle like hydrides
(0.5-1 um) oriented in three directions were found within the grains.

Large hydrides were often associated with dislocation loops and
dislocation lines. The contrast of the hydrides,. illustrated in Figure
12, is very-dependant on the orientation of the foil. Slip traces due
to foil bending and corresponding to prismatic slip were often observed
for particular foil orientations. Some specimens exhibited many thin
deformation twins (1 um width) that were probably formed during specimen
punching or foil mishandlihg. On all the specimens,oxidation was

o
responsible for a graininess in the image (100-300 A of structure).

As a result, the observation of features in the 100-300 R range would
be very difficult in bright field. 1In diffraction, elongated additional
spots or rings were due to the oxide. The oxide layer, which was
oriented differently from grain to grain is probably ZrOz. Some
evidence of the ordered Zr30 solid solution was found in very thin parts

of the specimen. The structure and the X-Ray diffraction analysis

of Zr,0 has been described by J. De Buigne (28).

3
Structure of zircaloy 2: The typical structure of the annealed
plate of zircaloy 2 is illustrated by Figure 13. The diameter of the
observed grain varied from 4 to 20u m. The grains were of a regular
polygonal shape. Electron diffraction revealed a strong texture.

Very few patterns corresponded to poles further than 70° from (0001)

and the most common orientations were (0001), (1213) and 1102).
Individual particles as well as clusters were observed within the grains

and on grain boundaries. Slip traces, different types of hydrides with

punched out dislocation lines, partially etched particles and oxidation
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Figure 14 : Transmission electron micrograph of cold worked,
stress relieved zircaloy 2.
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~ Figure 15 : Transmission electron micrograph of the dislocation
structure in cold worked, stress relieved zircaloy 2.
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spots can be observed in Figure 13. The foils taken from the cold worked
stress relieved tube exhibited a partially recrystallized structure
(Figure 14). A few dislocation free grains of different sizes (0.5-5 um),
often in clusters, were cbserved within a very dislocated background.

Very small particles (0.2u) were present along with a few particles larger
than 1 um within the grains and not preferentially at grain boundaries.
Their observation was difficult within the very dislocated structure.

A heterogeneity on a finer scale was observed in the high dislocation
density region (Figure 15) where piled up dislocation lines were common.
The unrecrystallized grains were elongated in a common direction probably

close to the longitudinal axis of the tube.

".-IV.2¢c. Second phase;pérticles

Second phase particles were found in the annealed and in the stress
relieved material. Based on their appearance, the individual particles
can be classified basically as six types (Figure 16). The chemical
nature of the particles is the object of part IV.4 of this thesis.
Perfectly spherical particles of small size (0.2-0.4 um) were very
common in the annealed material (Type l). These particles normally
diffracted strongly and were not etched preferentially. Some of the
particles of type 1 showed bend contours and appeared as single crystals.
Fewer, larger ovoid particles (0.4-0.6 um) exhibited a polycrystalline
structure with twins and stacking faults. Particles at grain boundaries
were often of this type (type 25. Very few large ovoid particles
(type 3, 0.6-1 um), some slightly angular (type 6, 1 um), were obsérved.
Most of them were partially etched. Rectangular particles in the 0.2

to 0.6 pym range, exhibiting a thin band structure, probably twins or
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Figure 16 :
Different types of intermetallic particles in zircaloy 2
Ni-Fe-Zr particles type Cr-Fe-2r particles
Ii{4

0.2-0. 4}Jm 0. 2—0.3I,|m

0.4-0. 6pm

0. 6—I.le O.6-I.,.|m

0.4—0.§Fm
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stacking faults for particular orientations of the beam, were very
common (type 5). The largest type 5 particles were sometimes partially
etched. Some small chromium iron zirconium particles of small size
(0.2-0.3 um) (type 4) can be confused with the nickel iron zirconium
particles of type 1 unless electron diffraction or chemical analysis
has been investigated. Particles containing chromium are usually more
angular than particles containing nickel.

In the annealed plate, many clusters were observed and analyzed in
the STEM. Their constitution was well defined: a central particle of
type 2 with 1 or 2 type 5 particles attached on different sides. Most
of the clusters were of 2 or 3 particles (type 7) and larger ones (5-6
particles) could be decomposed into smaller units of type 7.

The distribution of the individual particles and clusters was
uniform. Measurement of the mean spacing between particles is very
difficult in TEM because the foil is a wedge, the thickness is not
always measurable and many particles were partially or completely etched
out. Figure 13 is representative of the material. Particles are between
2 and 5 microns apart. The average size of the particles is 0.3 to
0.4 um. Nickel rich and chromium rich particles were equally common.

The crystal structure of the particles was determined by electron
diffraction. Several patterns were obtained for the same particle in
many cases. The lattice spacings” were determined assuming a hexagonal
matrix with lattice parameters ao=3.232 R and c0=5.147 Z (as pure
zirconium). The accuracy of the calculated parameters is no better than
1% even with very careful measurements made difectly on the emulsion side

of the negative and when the matrix spots used to calculate the camera
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constant were on the same negative.

It has been difficult to index several individual diffraction patterns
of particles because of the lack of accuracy of the measurements and
because the parameters of the phases are not precisely known.

Our resuits are in good agreement with the results of PRAO (18).
Basic crystallography data for zirconium and zirconium binary compounds
are summarized in Table 4. Complementary information is available
in the Appendix C of this thesis.

The result of the present study is: (a) Particles of type 1-2-3
have the same tetragomnal structure as Zeri. A particle of type 3,
partially etched in the center is presenfted in Figure 17. A small
particle containing chromium is attached on one side. The square (001)
electron diffraction pattern included is characteristic of the structure
with dllO = 4.60 R corresponding to a0=6.51 R. Other important patterns
such as (110), (011), (111) and (012) were observed. (b) Particles of
type 4-5-6 have a hexagonal structure and the same crystallographic

parameters as ZrCr, within the accuracy of the measurements. Figure 18

2
is an example of a particle of type 6, partially etched and showing an
internal lamellar structure in dark field (inset d). Figure 19
shows: ' several particles of type:4: . Thé hole on the. right

side probably corresponds to a particle which has been etched out.
Important poles of the hexagonal structure such as (0001), (1210),
(1010), (1213) or (1012) were observed. The cluster shown in picture 20
is of the type 7 previously described. The central particle is of the

type ZrZNi and two chromium rich particles of the ZrCr2 type are

attached. The type 5 particles were twinned perpendicularly to the
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Figure 17

( 10 2) ZrlNi t«jye

Transmission electron micrograph of a
rich particle in annealed zircaloy 2.
a) Bright field image.

b) (001) electron diffraction pattern.
c¢) (102) electron diffraction pattern.

nickel-iron
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Figure 18

Transmission electron micrograph of a chromium-iron
rich particle in annealed zircaloy 2.

a) Bright field image.

b) (1213) electron diffraction pattern.

c) (5416) electron diffraction pattern.

d) Dark field image corresponding to a (2021) reflexion.
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Figure 19

Transmission electron micrcgraph of chromium-iron
rich particles in annealed zircaloy 2.
a) Bright field image.

b) (0112) electron diffraction pattern.
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Figure 20

Transmission electron micrograph of a cluster

of intermetallic particles in annealed zircaloy 2.
a) Bright field image.

b) (110) and (0112) electron diffraction patterns.
c¢) (1210) electron diffraction pattern.

50.



Figure

21

Transmission electron micrograph of intermetallic
particles in cold worked, stress relieved zircaloy 2.
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Figure 22
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Transmission electron micrograph of intermetallic
particles close to an inclusion in annealed zircaloy
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Figure 23

Transmission electron micrograph of a Zr
in annealed zircaloy 2.

a) Bright field image.

b) (0l1l) electron diffraction pattern.

3

Si inclusion
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- Figure 24 :

Transmission electron micrograph of a Zr_Si inclusion
in cold worked, stress relieved zircaloy 2.

a)Bright field image.

b) (013) electron diffraction pattern.
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<0001> direction and, in diffraction, streaks were often observed in

this direction. For the cluster of Figure 20a, it was possible to show
that the two particles have a strong crystallographic relationship, two
sets of planes being parallel. The cold worked stress relieved material
contains the same types of particles but their structures have not been
determined by electron diffraction. The same type of particle was

of smaller average size in the cold worked,stress relieved material than
in the annealed material. Figure 21 shows a type 1 and a type 5 particle

next to a dislocation network.

IV.2d. Inclusions

Large inclusions (1-2 um), often elongated, were observed in annealed
and in stress relieved zircaloy 2. They were not very common (about one
per thin foil in the annealed plate). The inclusions were often too
thick to give good electron diffraction patterns, however a tetragonal
structure with ao=11 Z and co=5.5 Z fitted nearly all the patterns. Such
a structure has been reported for silicides of the type Zr3Si by
Schubert (29) and was suggested by D. Charquet (30). Two such inclusions
are showed in Figures 22 and 23. The cluster of type 7 on Figure 22
presents a slight Moiré pattern corresponding to a hydride. Very few
intermetallic particles were observed on the inclusions but they are
often present in the neighboring matrix. The observed inclusions were
more elongated in the annealed material than in the stress relieved
material. Figure 24 shows the slight misorientation between two components

othrBSi type inclusion in the stress relieved material.
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IV.3. Scanning transmission electron microscopy

In order to determine the chemical nature of the precipitates in
zircaloy 2, a Vacuum Generators HB5 dedicated STEM was used. It provides
a very good spatial resolution for X-Ray analysis (electron beam smaller
than 20 Z in diameter).

One can have a good idea of the repartition of the particles by
looking at the annular dark field image in the STEM (Figure 25). This
imaging mode was also useful when looking at particles in thick regions
of the foil. For X~Ray analysis, the beam was centered on the particle
of interest. A counting time of 15 to 120 seconds was enough to provide
accurate information. The spectra were recorded and characteristic
indices were calculated as described in Part III.2c. of this thesis.
Chemically, two very distinct types of intermetallic particles were found.
(a):Particles_of-type 1-2 and -3 showed only nickel and, iron-besides zirconium.
Figure 26 shows a typical spectrum from a nickel-iron rich particle.

The statistics demonstrate a very precise chemical composition for these
particles. A Fe/Ni ratio of 60/40 can be inferred from Figure 27. The
scatter of the Zr index should be considered as a matrix effect. However
all the data are above 0.5.

(b) Particles of type 4-5-6 showed very similar results. They are
composed of chromium, iron and zirconium (nmo tin or nickel). The Fe/Cr
ratio of 45/55 is fairly constant. An example of spectra and statistics
are given in Figures 28 and 29. The scatter of the Zr index is very
large with a lower limit of 0.22. The extraction on carbon films is
described in Part IIL.2b. of the thesis. The analyses in the STEM

showed that the nickel rich particles were not extracted. All the



Figure 25

Scanning transmission electron microscope (S.T.E.M.)
image of annealed zircaloy 2.
Low magnification annular dark field image.
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analyzed intermetallic particles extracted were of the Zr-Cr-Fe type with
a Fe/Cr ratio of 45/55 and a constant Zr index of 0.2 (Figure 30).

Tin was not detectable in any of the particles. However, a low signal
was obtained for the energy of tin when the matrix was analyzed. A typical
matrix X-Ray spectrum is given in Figure 31. There was no evidence of any
segregation of tin in any analyzed compound or boundary. The inclusions
described in Part IV.3d. were also analyzed and confirmed the presence
of silicon suspected from electron diffraction analysis. In addition
to silicon, weak peaks corresponding to tin, iron and arsenic (or lead)

were observed. Such a spectrum is given in Figure 32.
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V. DISCUSSION

Particle distribution

The mean spacing between particles could not be determined using the
TEM because the thickness of the foil was not comnstant. In addition,
many particles were partiailly or completely etched out. In the SEM, as
the X-Ray analysis indicated, only chromium iron rich particles were
remaining in relief above the surface of the matrix. The nickel rich
particles were etched out. The fraction of pits corresponding to particles
(chromium or nickel) cannot be determined and the mean number of particles
per unit area could not be determined. It is likely that a particular
chemical attack of the surface will etch preferentially the matrix and
show the two types of particles allowing a better measurement of the
particle density which is related to the volume fraction of second
phase.

Clusters of Zeri and ZrCr2 phases

Clusters of particles have not been described in the literature.

They are present in annealed zircaloy and always exhibit the same
constitution: a central nickel particle with one or two attached
particles on‘opposite sides. Two hypotheses can be considered at first
to interpreé the formation of these clusters: (a) a compound containing
iron, nickel and chromium, stable at higher temperature decomposes
during annealing or cooling and transforms to the clusters observed.
(b) The chromium iron phase nucleates on the nickel iron phase.

If the first hypothesis is correct, clusters of the unknown.

"mother" phase should be present in the cold worked, stress relieved material.
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If the iron chromium nickel compound has a defined composition, the ratio of the
volumes of each type of phase in a cluster should be constant and this
has not been observed. The '"reordering' of a single compound is more
likely to occur on a finer scale than 0.2 um.

There are several arguments in favor of the second hypothesis.

The germinating chromium phase can grow more easily on a nickel particle
(a) because some interfacial energy is available and we know by electron
diffraction that the lattices of the two compounds have similarities.

A simple crystallographic relationship between the nickel rich and the
chromium rich particle is concluded from Figure 20 to be:

(1i0)Zr2Ni /1 (lOEI)ZrCrz; (OOZ)ZrZNi,// (leo)ZrCrz

(b) because the chromium rich particles contain little nickel and there
is a depletion of the nickel content of the matrix near the particle-
matrix interface. One should note however that the maximum solubility
of nickel in the chrbmium rich particles and in the matrii are not known
and that there is also a depletion of iron near the interface.

This heterogeneous nucleation wbuld indicate that the nickel‘rich
particles are precipitated first. This cannot be concluded from the
binary systems (which give temperatures of 845°C and 835°C for the
precipitation of ZrZNi and ZrCr2 respectively) because iron is present

in large amount in the identified phases.

Crystallographic structure of the particles

The crystallographic structuresof the two types of intermetallics are
very close to the structure of Zeri and ZrCr2. Within the accuracy

of the measurements (1%) the lattice spacings of Zeri and ZrCr2 can be
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used to index the diffraction patterns. Several electron diffraction

images of ZrCr2 are very close to the patterns of Zeri. e.g. (111)ZrZNi

and (1513)Zrcr or (001) and (1510)2rCr . In general several
2 2

Zer;.

patterns of the same particle are necessary to identify it as chromium
rich or nickel rich unless patterns such as (0001)ZrCr or (001) are

2
obtained). The ZrCr, type compound shows a band structure that has

2
been described as a f.c.c.- h.c.p. packing by Versaci and Ipohorski (26)
with [110]fcc parallel to [1210]hcp and [lll]fcc parallel to [0001]hcp'
No diffraction pattern correspondimng to the cubic structure has been
obtained. The platelet structure of the particle was responsible for
streaks in the [0001] direction. As ZrCr2 has a hexagonal structure, it
is likely that the platelets are twins or stacking faults. These
were present only on large precipitates and could be produced by
deformation on cooling.

A second possible explanation is the formation of hexagonal ZrCr2
from fcc ZrCr2 but there is no evidence of presence of fcc ZrCr2 in
zircaloy 2. Some electron diffraction images corresponding to high
index poles showed variations in intensity related to variations of
structure factor. The structure factor has not been calculated for the
different reflections of ZrCr2 or Zeri but since Fe and Ni and Cr have
close atomic scattering factors, because their atomic mass is similar,
while the Zr atom is much heavier, it is likely that such variations in
spot intensity are present in ZrCr2 and Zeri. For both intermetallic
particles, in particular electron diffraction patterns, additional spots

were observed, corresponding to ordering of the structure on a larger

scale than the ZrCr2 or Zeri structure. Vitikainen (23) reports the
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(101) reflection as missing in the (010) pole but visible in the (111)
pole. Examples of these two phenomena are given in Figure 33.

Chemical Composition of the Particles

According to the electron diffraction data, the structure of the two
" compounds is very close to ZrCr2 and Zeri so that it is probable that
iron is substituting for Cr or Ni, respectively. The sizes of Cr, Ni
and Fe atoms are comparable. However, Cr could not be detected in the
Zeri type of particles, neither could Ni be found in the ZrCr2 type.
As it was shown by the statistics on the composition of particles
(Figures 27, 29 and 30), if there is substitution, the amount of element
substituted is constant for each type of particle. It can be dependent
on heat treatment. Zircaloy 2 contains 0.05wt% Ni, 0.1 wtZ Cr and
0.15:wt% Fe. The atomic mass of Fe, Ni and Cr are close and the
concentrations verify [Crx] = 2[Ni] and [Fe] = [Cr] + [Ni]. 1In the
ZrCr2 type of particles [Cr] = [Fe] and in the Zeri type [Ni] = [Fe]
as a first approximation. As the solubility of Ni and Cr is very small
in a zirconium, one can expect a precipitation of phases depleting nearly
completely the matrix in Fe, Ni and Cr. If the particles are well
defined compounas, one can expect other phases containing Fe, Ni or Cr
to precipitate after long annealing times in most cases. As it has been
shown recently by J.M. Grange (31) in zircaloy 4 the formation of iron
rich phases ( dzeta and Zr4Fe) can occur with adequate heat treatments.
Previous investigators found it difficult to determine the chemical
composition of particles in zircaloy 2 because they are of submicron size
and a conventional microprobe with a volume resolution of 1 um3 is not

accurate enough. ﬁstberg (22) averaged the particles and analyzed only
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particles larger than lum. Vitikainen (23) using a Jeol 200 kV, TEM
with scanning ability did not obtain accurate results.

A dedicated STEM provides a strong X-Ray signal from very small
volumes. To be quantitative, the STEM needs to be calibrated with
known compounds and such standards were not available for this work. If
the intensity of the X-Ray signal was consistent with the number of
atoms of the considered chemical element, a Zr index of 0.33 for the
ZrCr2 type and cf 0.67 for the ZrZNi type should be expected. The result
of the ZrCr2 type of particles extracted on carbon replica is 0.2. The
low values of the Zr index for the Zeri type are around 0.55. When a
particle is analyzed in situ, part of the signal comes from the matrix
and the Zr index presents a large scatter band. Expcrimental and theoretical
results of Zr indices are in good agreement. The smaller experimental
value of the Zr index results probably from the fluorescence of the
K X-Ray energy level of Fe, Cr and Ni by the high energy. X-Rays of
zirconium (15.4 keV) and also from a peak shape difference, the window
width being 270 eV for all Fhe elements. The Ni and Fe peaks in the
Zeri type and the Cr and Fe peaks in the ZrCr2 type of particles are of
comparablg size and of close energy. We will propose a chemical
composition of erNiO.hFeO.G for the Zeri type of particles and Zr:Crl.l
Feo.9 for the ZrCrz‘type of particles. This result is quite different
from the analysis of Vander Sande and Bement (15) of the ZrCr, type of

particles in zircaloy 4 where a erFeSCr2 composition is suggested.

Tin in Zircaloy 2

According to the phase diagrams, in the binary alloy zirconium

1.5 WwtZ tin, precipitation occurs below a temperature close to 500°C.
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However, at temperatures below 500°C, the kinetics of precipitation
can be very slow. In the annealed and in the cold worked stress relieved
zircaloy 2 considered here, tin could be detected only in the matrix.
There was no concentration of tin in other intermetallic particles or at
interfaces. If tin rich particles were present, they were not observed in
bright field. If they are small enough to be confused with the graininess
of the image due to oxidation, they are probably coherent with the matrix
and might give rise to additional spots in electron diffraction. We did
not find these features and we will conclude that tin is in solid solution
in the as received material.
Inclusions

Only one kind of inclusibn was observed in zircaloy 2. The electron
diffraction as well as the chemical analysis led to the identification

of the Zr3Si type of silicide. Some diffraction patterns are given in

Appendix C. The chemical analysis in the STEM showed the presence of
other elements in these inclusions. For example, lead or arsenic. The
distinction between lead and arsenic could not be made because the
signal is weak and mainly one line is observed. The energy resolution
and the accuracy of calibration of the energy dispersive X-Ray analyser
were insufficient. The arsenic content of zircaloy 2 is net:usually
determinated. No recorded compound fitted all these data. No carbide
or other inclusion than the ones containing silicon were observed.
Zirconium carbides of ZrC tvpe can be easily identified in electron

(-]
diffraction as they are of cubic structure with ao=4.7A.
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VI. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

Conclusions:

Zircaloy 2 in the annealed and in the cold worked, stressrelieved
condition was studied by SEM, TEM and STEM. The structures and the
chemical composition of the different second phase particles were
determined by electron diffraction in the TEM and by energy dispersive
X-Ray microanalysis in the STEM. The alloying elements were found to
he partitioned as follows:

1. Nickel is present in a tetragonal phase with ao=6.5 Z,
c°=5.3 2 similar to Zeri containing iron in partial substitution for
nickel. The composition of this phase is ZrZNiO.hFe0.6'

2. Chromium is present in a hexagonal phase with ao=5.l Z
co=8.3 Z, similar to ZrCrz, containing iron in partial substitution for
chromium. The chemical composition of this phase is ZrCrl.lFeo.g.

3. 1Iron is partitioned in the two phases described above and very
little remains in solid solution in the matrix.

4. Tin is in solid solution in the textured hexagonal matrix of
o zirconium.

These intermetallic phases are uniformly distributed within the matrix
with an average size of 0.3 ym. 1In TEM and STEM, individual precipitates
as well as heterogeneous clusters of 2 to 5 particles were observed. The
second phase particles were also studied with the SEM after chemical
etching. The nickel rich particles were etched out. Large inclusions
(1 ym) having the structure of Zr3Si were identified.

In the cold worked,stress relieved condition, the material is

partially recrystallized with elongated grains and a dense network of

dislocations.
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Suggestion for further work:

The following topics are suggested for further work:

1. Determination of the volume fraction and mean interparticle
spacing in the annealed condition.

2. Quantification of the STEM X-Ray energy dispersive aralysis
results with CrNi-Fe-Zr standards.

3. Analysis of the size and distribution of second phase particles
in the cold worked, stress relieved material.

4. Analysis of the microstructure after B processing.

5. Investigation of further precipitation and cavitation after
creep deformation.

6. Correlation between corrosion rate and corrosion initiation sites
and second phase particles.

7. Stability of the solid solution of tin.
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APPENDIX A

CRYSTALLOGRAPHY OF HEXAGONAL MATERIALS

The crystallography of hexagonal close packed metals has been
reviewed recently by P.G. Partridge (32). It is not the aim of this
appendix to describe the hexagonal lattice but the reader will find here
some tables and basic information that were useful for the present study.

The most important directions and planes are given in Figure Al. The
four Miller-Bravais index notation has been used. This notation conserves
a similarity between equivalent directions or planes and is used in the
stereographic projection. The reader not familiar with the stereographic
projection is referred to Cullity (33). For hexagonal materials, on a
(0001) standard projecgion, the position of the poles corresponding to
pyrami&al planes depends on the c/a ratio of the material. Tor precise
work, a stereographic projection corresponding to the specific material
of interest is necessary. The angles between the most important
planes are given for zirconium in Table Al.

In order to facilitate one's construction of poles in the stereographic
projection as well as to find a pole quickly, the following set of
coordinates are proposed: As h+k+i=0, (hkil) being the Miller-Bravais
indices, two integers among {h,k,i} areof the same sign. (Zero can be
considered as positive or negative indifferencly.) In the following, we
will consider h and k both positive as an example. We will choose thé.
smaller of h/k and k/h as a first coordinate x. (For instance, x=h/k if
h<k). This coordinate is always between O and 1. The choice of these
two indices indicates in which 1/12th of the standard (000l) stereographic

projection the pole of indices (hkil) lies. To know how far from (0001)
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the (hkil) plane is, one needs a second coordinate and we will choose
y= 1/u where u is the third index remaining after the choice of the two
others to define x. In our example y= 1/1i .

Figure A2 shows the standard (000l) stereographic projection for Zra.
The sign of the different indices as well as the net of coorrinates
(x,y) for zirconium are indicated. The data to construct such a net

is given in Figure A3 and Table A2.
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Figure A3 : Definition of the (x,y) coordinates system.
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Table A2 : Ccmputed parameters for the construction of the (x,y) net
' [of coordinates.

ba[Wix,y) /2] )
x \P(xf =5 y=l|y=2|y=3|y=t
o 30. | 0.7 | 0.9, 0390 | 0.282| 0.219
A | 253 | 0956|0582 | 0378 | 0272 0210
C9 | 210 | 0339 0.983 | 0.348 | 0.265 | 0.04
.3 1 133 | o] 0.5¢6 | 0362 | 0253 | 0.200
oo 139 | 0| 0542 0357 | 0256 | 0.197
.5 | 103 | 0.738| 0558 | 0354 | 0253 | 0.195
.6 | 8.2 | 033¢ | 055¢ | 0.352 | 0.251 | 0.194
JF | 58 | 038 | 0ssi | 0351 | 0250 0193
8| 37 | o735 | 0553 | 0350 | 0.249 | 0.92
3 1F | 0| 6553 | 0350 | 0.24810.192
I O | o3| 0553 | 0349 | 0.249 | 0192
¥ given )(o?~ c/a=1.593
*

4 tg[ \‘P(x,g)/?_]

x=0 x=1

- 025 0.9%3 0.355

0.33 0.835 0.8)2

0.67 0.701 0.465

0.75 0.672 0.434

1.33 0.-510 0.467

1.5. 0.5 0432

\.6% 0643 0.40!
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APPENDIX B

ELECTRON DIFFRACTION OF ZIRCALOY 2

In electron diffraction, two main features are to be considered:

(a) the spot patterns and (b) the Kikuchi lines. For electron diffraction
theory, the reader is referred to Hirsh (34) and for Kikuchi lines to

G. Thomas (35). One should consider the spot as part of the 'reciporal
lattice" (Figure Bl). Some reflections are not observed in high order
index poles but occur usually by double diffraction in poles such as
(ZIIO). Twelve of the most densely populated reciprocal lattice planes
are presented in Figure B2. They can be partitiomed into three

categories as shown in Table Bl. The repartition and the angular
relationship between these 12 poles is given in Figure B3.

When the crystal is thick enough, sets of lines can often be observed
superimposed on the diffraction patterms. These lines are very useful
to determine precisely the direction of the electron beam with respect
to the foil and the exact diffraction conditions. A band structure
relating the spot patterns is often visible and characteristic of the
crystal. Maps and composite pictures of this "Kikuchi network' can
be found in the literature but they are very incomplete mainly in the
spherical quadrangle [(1213), (1210), (01110), 0112)].

It has been very useful to consider the simple network of "thin
diffuse bands" to quickly identify the position of the beam on the map.
The map of Figure B4 is given by Loretto (36). The more detailed partial
maps of Figures B5, B6 and B7 have been drawn using the composite maps
B8 and B9. They should not be used for measurments of angles since a wide

spherical triangle has been developed on a plane resulting in abberations.



Figure Bl :

Reciprocal lattice.  a Section parallel to (€01). b In 3
dimensions, with lattice points omitted where (h + 2k) is

a multiple of 3 and / is odd.
a,,a,direct lattice axes; a,*, a,® reciprocal latice axes; A;*, A,* Miller-

Bravais axes in reciprocal space.
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Figure B2: Twelve of the most densecly populated reciprocal lattice planes
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Table Bl: Twelve of the most densely populated reciprocal
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F:l..gure B6 :
KIKUCHI MAP of zircaloy-2

part II
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Composite Kikuchi map for zircaloy 2. Part I.
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APPENDIX C

STRUCTURE OF ZIRCONIUM COMPOUNDS

The compounds of interest in this work are ZrCrz, Zeri and Zr,Si.

3

Tables useful for indexing diffraction patterns and comparisons between

interplanar spacings are given in this appendix.

Table C1l

Table C2

Table C3

Table C4

Figure C1

Table C3

Calculated spacing of the (hkil) plane for hexagonal

Zr and ZrCrz.

Twelve of the most densely populated reciprocal lattice
plane for ZrCr2 (Similar to Table B for Zra).
Calculated interplanar spacing of the (hkl) plane for
tetragonal Zeri.

Calculated interplanar spacing of the (hkl) plane for
tetragonal Zr3Si.

Some observed electron diffraction patterns corresponding
to Zr3Si.

Calculated interplanar spacing of the (hkl) plane for

f.c.c. ZrCr2



Table(ﬂ;CalculatedO interplanar spacing of the (hkil) planes
*
for hexagonal Zr ( c=5.I47A, a=3.2324 ) and

* %
7rCr. ( c=8.279A, a=5.0794 )

2

- %%LQ Zra( A Zr C\'Z
1010 2.79%9 » I .399
0002 2.5F,y ¥ b Ih0 x
1011 2.459 «» 3. 834
1072 .89k «* 3.0y
0003 2.F0  x
4420 1.616 * 2.5.4
1013 {.463 * 2.333
2020 1.299 x 2.099 ¥
1422 |.369 X 2,165 %
202 ) |.350 * 2.026 2
0004 1.28F = 2.070 X
2022 (L2295 % .92 ¥
107 & [.1691 % [.873 »
1023 1.08L x 1.F20
21390 |.0S§ * 462 »
213} 1.036 # [. 430
12k 1.00% X \. 40k
2132 0.915 * [.543  *
10T S 0946 £ 1.550
202 4 0.9LF X i.50% X
3030 0433 % (Lbéé »
2133 0.900 x [ 424 X
3032 0.37F ~ 1.382 X
0006 0.358 ¢ 1.380
2025 0.529 * |.323 %
107 4 2.820 % (.37
213 1.23¢ *
2240 1.270 X
1174 1.212 »

x:observed in X-Ray diffraction *&**

*. ASTM X-Ray card # 5-0665
x%. ASTM X-Ray card # 6-0613

o: | = —l’—-—— (‘\1+\nk+kz)+—cl—il.z

—

2 33’
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Table C3 :Calculated® interplanar spacing of the (hk1)

planes for tetragonal Zr Ni (a=6.499A c=5.270A *).

[

Y VR B dne g
|00 § 429 410 1.5%4
o0 | 5.2%0 L 0| 1.553

1 1O L.595 023 [ 9L3

) o | 4.093 330 |.532 +
(1] 3. L 6¢% Ll 1.510
200 3.250 123 1.503 +
210 2.906 322 I.48Y

20| 2.744 331 L LF]

oo 2 z.435 + L 20 l.1.53 +
AN 2.545 + 223 |.39¢

| 02 2,442 Loz 1.383  +
220 2.298 4 033 | 364k

1 2 2.236 _ + 332 |.324 +
300 2. 14¢ 00k 1313

22! 2.)06 104 [.291
310 2.055 t A 1.244

202 2.0kt 52| L1tg  *
301 2.00L 413 133 +
212 1.952

ES N (915

320 - 1.802

003 . 757

222 1.¥32

321 1.705

013 |. 634

302 I.473

113 . 6L1

L 00 I. 425

312 1. 42)

observed in X-Ray diffraction.*

*: A.S.T.M. X.Ray card #19-857.
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R P dege 3 WRe doee
1 4143 100 [1.0]
200 3.605 10 7755
220 2.543 200 5.505
311 2.1 00| §.450
222 2.08| 210 L .32
00 | 03 10} L 884
33| .65 a1 b5
420 i.412 220 3.833
k22 [ 432 201 3.8%3
§11 - 333 1.338 300 3.470
Table CS : ZrCr2 Table C4 : Zr3Si

Calculated® interplanar spacing of the (hkl) planes
for cubic ZrCr2 (a0=co=7_21A %) and for tetragonal ZrSSi

(ao=ll.OlA co=5.45A (29))

°. 1 /4% = 1/a% [hFeK2) 41/ L*
*: A.S.T.M. X-Ray card # 6-0612.
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(100) (C11)
210
. . . o-
‘ s
000 001 0G5 031
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: Some observed electron diffraction patterns

corresponding to tetragonal Zr3Si.
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APPENDIX D

X-RAY DATA OBTAINED IN THE STEM

The computed characteristic indices described in Part III.Z2c. of

this thesis are recorded in the following tables.

The abbreviations used in the 'description''column of the tables are:

P:

px:

GB:

CW:

particle

particle of type x. x being 1, 2, 3, 4, 5, 6 or 7 as described
in Figure 16.

matrix

inclusion

extraction replica

grain boundary

cold worked, stress relieved material.

Each letter of the''spectrum number corresponds to a different

STEM session. For example, B4 is the fourth particle analyzed during

the second STEM session.
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Table D1 : Computed data for X-Ray analysis. (I)

spegrom| bime | on | oo | Fe Ni | Fefsen| L/W| Zv | Snison) deseription
A I R 59 39 | 674 | 03F | b 1,83 pi
12 | 120 | 885 2 §0 39 | %22 | ¢30 | 63 | 23 pt
A3 §0 20.19 | 53 L3 0.3 | .7 .28 k3 112 P
ve | 6| gz | se | wr | o [ sz o | 1M P L
AS 40 2.45 56 L4 U | 553 oS | 73 .93 p
hé 90 2.49 | 56 43 L2729 | 042 | 83 1.03 pZ
AT | b | £33 | 3k 99 | -33 | ¥ Lot | 39 .22 w
AE | 120 | 90 | 40 g8 | 28 | 123 | Lol | 93 .25 w

A9 120 6.10 43 (37 | -vse | g | 0.97 | too AY wm

A0 120 $93 §8 49 -7 log 0.93 | 23 (.09 m

A} Qo 3. §3 47 .31 1545 ) 0.7k | 4L 113 P
gl 30 goz | -! 43 52 304 | 007 | 9i l.o0 p 7
B2 30 | 09 ke | ¢ D | 1306 | o6 | 42 | Lo Pl
B3 | 30 | 1312 i S3 | k¢ 736 | o | 80 | 103 pt
By, | 30 | 1o | -1 | 56 46 sor | 003 | €5 | 1M pt
85 30 2344 113 80 7 3% | 0.50 | 93 131 6.8
B¢ 30 3330 | 0. 61 3¢ tol | paz | 72 1.13 pz
8? 30 {3448 | <8 £9 0F | L2 | 13 | 2D (.32 W

83 30 3923 | 34 A .2¢ 12t 1994 | 99 1.35 w

83 | 30 | | 60 Lo | o3 | 0S| 77 | Ll pl
glo | 30 45.43 | o 5% wo | toz | 032 | T4 | 133 p
Bl | 15 4320 | 0.3 59 | 38 | 5£39 | 056 | &4 | 138 p2

B | s kst | 43 5t [+ |08F | 43 |13 Pt
B3 | 1S W W] b s? 30 | 635 (08 | 78 | 134 P
Bl e l,sn L3 52 ; 9.8 099 gh L8 pP7
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Table D1 : cont d (L)
R A = ) e e

g5 19 EENAA 56 30 $97 | 08| 78 |30 p?

B4 s | Looo A 58 39 | 438 | 083 | &3 | L4 P

air | 15 | 3750 & | 5% 38 | 648 | 0.3F | ¢ 139 P

gBiy | 15 1726 | 2 59 33 | 898 | og0 | 6F |21 p3

3E) (S 13.20 5 §l 3l 376 |0.48 | §8 1.35 p2

B | 15 | 22.8k| 95 &S 2 | 888 129 | 9 | LH pS

g2t | 50 133 A s9 | 3% 835 | 093 | 7! 1.03 p2

ez | 20 | 1392 | 48 | owy |-92 |r2s | 133 99 | 1.9 w (area)
g2z | zo | 1993 & 53 | o | Lz | 030 | 83 | LI P

Bay 20 14.30 5 59 36 2.8% | p.64 | 92 (29 P

gas | 20 | 2243 7 58 33 | 5.57 | 0.6 | 82 | 122 P (same a5 Ba2y)
g2s | 20 | 23s0 | k¥ | §3 [0k |1208 0:46 | 53 |1z | F

B2# | 20 17-10 2 55 43 539 | 0.43 go .02 7

geg | zo | 2083 ) 53 | 42 992 | 043 | F2 | 1.25 p (swal)
829 20 33831 29 5% 12 .39 6.9 93 1.23 w

¢ oV o) 23 98 -25§ 1.28 oo ! 99 [.oo ",

¢ So | 336 | ¢ 56 bz | 402 | 06y | 84 | 094 pz

€3 S0 | 3.46 z 5¢ | 4o 436 {0H | 71 | 0.9 P

Cl so | 3.06 | 45 by g2 | oy loss | s8 | 09! P5

s So | SuS| 3 55 vz | L43 | 053 | 85 | 097 P

ce | so |43 3 |53 | 3% |54 | 040 | & 0.9¢4 p (edse)
c? so | bzg | Le | 6o | 03 | 139 | ofF a8 125 wi

s | so | ssu] 3 | #3 | 19 [ 134 | o20]99 | LN hele count
9 so | 8.1 53 | 4¢ | wgd | 051 | 59 | 0.¥% p2

cio SC | 3554 53 30 - 23 l.2s | 113 | 99 Leo | v
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Table D1 : cont” 4 {II)

spectrom hmes BN Ce Fe Ni | Fefeon| L/X| Zr | SniBeN] deserighion
-t so | 1563 | 49 gl -50 117 115 39 E w
(12 S0 7.23 2 51 Ll g4z | 633 | IF | 0.98 p2
€13 so | 194 | 31 7y | -9 .30 | 093 | 99 (.26 )
cy | so | & | 4 39 | 818 {092 | H .00 p2
as | So | 49% | 57 43 02 | 1099 | os2 | 56 |09 P U
clig So S | 55 45 _o.2 11395 | 03k w4 693 p
cF | SO |49t 2 58 w | g2z | 03 | 3T | 093 P
¥ | so 902 | 54 Ll o2 | 1280 | 0.65 5 0.99 F5
13 ) 8.20 2 S3 k! (.23 | 038 | 18 1.01 P
€20 | 50 7.38 3 5¢ A 240 | 0.80 | 93 114 p (erhed)
ct 50 606 | 56 L3 | 5.98 | o.4s | {3 .00 P L.
c2 | So S8 | 54 W _03 | 1lg | ost | §F 64% 7
c23 | so | 193 ' 59 ko (60 | o33 | 35 | 09 PlowbB.
Cag | S00 | 831 | 4! 32 l_z22 | 12 | 09% | 99 | lok |(same s C y
Dl {0 243 | 52 49 J 13.88 | 286 | 42 113 fa
02 | do | 789 ; (o 39 393 | 0.92 | 62 .0l Pt

- vs 50 849 52 L3 ) 134t 639 | 42 .03 pF
DY 60 1228 | &5 | #6 | -2 L2y i 99 .26 v
DS N, 1309 | 73 56 |-29 143 | 103 | 99 1.2{ v
pg | g0 | 1031 2 go 38 | Loz | 034 | 87 | Il P
D | g0 | 259 | Ss LS 0.l 7.0 | 037 | 5 .2 pS
D3 | 4o (95 1 55 45 | -0z | V60| 030 | 4F .07 p5
pg | 49 | 4.33 | 9% yé | -0k | SEF | 03| 37 117 p
Do | 60 b 16 53 L ¢ I §.20 | 0.80 13 113 p
DIt | £O 53 52 Le 0.3 2381 o8 | 43 L1l pT
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Table D1 : cont ¢ (I¥)

S| e B Cr Fe Ni | Fefgen| L/W| Zr |SniBed desceiption
piz | e | SkS | 3 sy | 39 | 99L | 087 | ¢9 | 107 v
D13 | g | Lo | 3% 47 l 1849 | C45 | 4é LoF PT
Dil §o L .30 \ 57 Lo 7.65 | 2.8 | #4 06| P 1onw&B.
D15 | 4o | 1.2 7S Lo |16 | 15 | 123 | 100 l.46 p
E 60 4V S5 45 | 1073 | 0.83 | €0 1.0] F‘.}
€z |60 |230| 2 5F | 4! £.13 | o6k | g1 | 085 p7
E3 0 | ¥Lé] 35 3o -5 1.1o | 1o | 1eo | 1.37 Wl
F) {fc | &#! SS by 0.2 | 212 | 200 20 | g9 R
F2 §0 7.8 St bé I 2468 | 189 70 103 A
F3 30 |13.22 | 56 43 02 | 2131 182 2! 030 R
Fi 20 | 23981 &4 by 0., | 2303 | 134 | 20 Lo R
Fs§ 20 §63 | 9 45 0.2 | 2040 | 197 21 095 A
F{ 20 803 55 b ] 25.02 | 13! 21 Y R

' F? 20 | ILse | Su LS l 25.45 | 1.36 20 097 R
F3 20 | 923 | su 4s | o |26sc| 138 | 20 | 112 2N
F9 20 | 1099 | 55 by V{2390 | L8F | 2! l.ol R
co | 20 | guo| 56 | ee |02z | 205 ) 182 | 20 090 R
F I 20 | k.03 | ¢ 4s os lzsrs | 182 | 20 099 R
Fiz | 20 | 749 | S5 L4 | 02 |es83 | t&F | 20 lo2 R
Gl 50 |319c | 53 b3 -0 |23.83) 116 25 115 Pé
62 50 9,54 2 5S¢ 42 13.06 | 183 | 5S4 .00 p3
3 | 50 | 402 | S5 45 | -0 | 260 | 1B 22 | 09i P
6L | S0 |48 53 | L2 | 13049 | 190 | 23 | 087 PS5
45 150 tsoz| 2 |59 |39 [ 123|143 |57 125 | ¢t
66 |50 | 535 sk | W |23 | 132 L2 | 4s fra2l | gt
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Table D1 : cont d{(Y)

‘P"i'"-" bime BGN Cr Fe Nt Feleon] L/W] Zv SalBG6N| descriphiom
- S

a7 €0 l74 |27 b _22 | 2506143 23 | o5 pT

- . -~ . . - ) . -~ n 2

Gi 50 Lgs | 55 L RO B R VAN BN 73 P23 pT

ca |50 |4uz| 2 |53 |38 [0 53)eic | 59 Jtes | PF

Gle | 50 | 341 | 54 Ly |53 | 24981 149 | 23 | teo | PF

el 150 |saz | 2 |58 | 39 |wear | 15557 |098 | P2

Glz | 80 | L4d 2 s§ | ko {izse | 191 | 53 | los | P

Gi3 | 50 | 44t 2 |58 o | NSL | LLg | 56 e | e?

Gl | S0 |3068 | Sk 45 6.2 | Z59F | 143 | 4 175 P

G1s 20 3.83 | 5¢ A -0l | 943 | L) 5¢ [33 P

6l6 | 20 | 3528 {673 | by |-o0 | 2398 | 14D | < 295 | P7

G1F | 20 | 345 | S¢ by _e2 283135 | 29 (089 | P

18 120 | gis {66 | Lg [-03 [ Mol | Lk | 5] lss | ¢t

G19 | 20 |4.50 | 5¢ Le |-02 |08y | 138 | S LSI ) p

G2 | So | 3.55 3 §2 Le | nog|l.se | 93 ek jcw 93
—631 25 {759 4 53 45 sz | 138 | 55 o | ¢w p3
Gae | S¢ Lilk | 57 43 0.2 | 2290 | 137 25 12 | cw p
GI3 | 75 534 ¢ 79 0-2 14— |39 —|—23 125 | Cw P
G 125 S0 | 55 A [ 2013 | 131 27 Lod | cw P
G625 | 2S 6318 | 52 ké 2 2a5L | 135 | 2% 63 | cw P
G26 V25 | 34s | €0 o | -0z | 8eo | 133 | 56 fog | cw P
G24 | 45 |32 | 58 L2 | -c2 | 69 | 1Sk | 43 (13 | cw ¢
G258 | 50 | Lol | 4S 36 (9 [z | 1.26 | 99 13g | cW wm
623 | 2s | LIS | 4P | 47 1 e {es |99 | st | cw m kg
630 | 25 | 258 | 3 50 19 | 33 | l¢d -33 2o | CW v

L8 ' 7o | 124 | Y L eF | W

DS
A
AN
N
o
o
o
W
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cont "« (%)

Cr fe Nt | Fefeen! L/¥ | Ze | SniBoN| deserighion
2 )¢ s¢ |93 | ez ] 63 |pe | oV op3
2= 25 | gz loss | i | g | 95 |19 v
25 2 66 38 217 Led _s’f 17 P
P
) §2 | 3% | L8 159 | B! 15 | r2




AVPINDIN L

CHARACTERISTICS OF THE TEN PHILIPS EM300

The carera constant was detertiined with a gold sputterved rifm
and with Mo, <dnele crvstals. The rotation between dmaece and clection
o]

dirfraction pattern was measured using the edye of Moﬂ3 single crvstals,
Pictures of the same area of a specimen at different knob settings

were used to measure the masnification. The determination of the
magnification by A. Carratt-Reed was supposcd correct at the 15 Mag.

knobs setting. These characeristics of the microgscope are given Figure 1.
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