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Abstract hd

The ettects ot load and temperath;e on the delayed
hydride cracking of Zr-2.5%Nb have been 1investigated by use
of tapered double-cantilever beam specimens. Thesé samples
were manufactured from Candu pressure tube material that was
subsequently hydrided to the range of 92-298 ppm hydrogen.
The progress f the hydride fracture was monitored by
recordind the acoustic emissions that were generatedAby the
cracking samples. This was tollowed by fraé%ographic and
metallograthg‘studies of the specimens.

The steady state cracking rate has been found to depend
on prior conditions of both temperature and load. Generall;

~ - *

faster cracking rates resulted when the load was increased
to the test loadfaor when the sample was cooled to th% test
temperature.

In terms of temperature, hydr{de cracking in samples
contalning at least 92 ppm hydrogen was found to be bounded
below by cracking rates too low to beggconsidered
significant, and bounded above by a crack arrest .
“temperature, Tcat, which occurred in the range of 320°C.
Above this te;perature the loaded samples went into a state
of cracking remission. A long incubation period was then
requiﬁéd to re-establish gracking.

Many features appeared on the fracture surfaces that
could not be attributed to the progreséion of a purely
brittle fractﬁre. Comparison of the acoustic emission

s

history with fractographic features of tests samples showed

iv



that the two were only related in a general way . Th}s, and
other observations, indicated that fracture processés ofher
than the fracture of hydrides occur but do net produce
significant Jacoustic emissions in the frequency range

.

/

monitored. .

Metallographic studies showed that the delayed hydride
fracture produced multiple branching cracks that were often
discontinuous in the plane of observation.

The delayed hydride fracture process_1s thought to
consist of the propagation of two crack fronts: a brittle
crack front, anpd a du;£ile crac; front, A new gualitative

five stage model has been developed for delayed hydride

cracking which includes these two modes of fracture.
’ ~
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. 1. Introduction

Each of us at some time or another has derived a form
of satisfaction from breaking things. A small boy
experiences great delight in breaking an iced puddle with a
stick while a professor happily demonstrates the brittle
fracture Pf a liguid nitrogen-cooled tygon ‘tube with a
‘hammer. The results of these tests aﬁﬁrﬂﬂ.frivolous, but
provide a subliminal type of logic on which many of our
living skills are based:’

: . N

On a slightly more sophisticatéd level destructive
tesfs‘are employed as a basis for engineering design. In
this respect a test that determines the point of failure has
an infinitely greater value than one that demonstrates a set
df conditions under whicl failure does not'occur. The merit
of destructiye tests evolves frém the epitome of good
engineering design, which is structural integrity at the
lowest possigle cost. This economic constraint often
necessigates that the design be as close as possible to the
point of failure and still allow, under the conditions in
_whicB‘th component was infended fo operate, fulfillment éf
the service life. In order to have value it is obvious that
destructive tests must somehow reflect the intended service
conditions, v

During the course of history it has become apparent

that the evaluation of a metal component can not be fully

achieved simply by loading to failure. In the first half



of the 19th centu;y two French engineers worked on thé
failure of stage coach axles, ané recommended that a limit
of 70,000 km be blaced on the life of suchk axles. They had
‘effectively, perhaps even before the word "fatigue" was’
coined for metals, found a solution for metal fatigue.
Today, still following their advice, some metal components
are replaced after a specified service life. The millions of
fatigue tests conducted since this recommendation have
increased our understanding of the phenomenon enabling a
more accurate prediction as to when the failure of a
component will take place.

Metals have shown other disconcerting methods of
failing far below their ultimate strengths. One of the most
recently discovered can be described as a delayed hydrogen
fracture. Failure via this process requires a quantity of
hydrogen in the metal matrix along with appropriate
conditions of time, temperature, and stress. The concept of
delay infers that time for the diffusion of hydrogen is
necessary in the fracture process.

Over the course of time a distinction has been made
between metals that display a stable hydride during cracking
cohditions and those that do not. This distinction manifests

-

itself in the theoretical modeling of the fracture mechapism

"

rather than the name. given to the process. Thus for

materials such as zirconium and vanadium, that form stable

.
-



\
hydrides, the failure may be termed "éelayed hydrogen *
cracking™ or "hydride cracking." | |

To most people the topic of hyd;ide cracking has a
somniferous quality. In reality it.should be exciting.
Nuclear reactors have made extensive use of zirconium

components because of their neutron transparency. The
hydride c¢racking ¢f zirconium alloys had been demonstrated
in the early 1960's, buf it wasn't until service failures in
the reactors began to occur in the early 1970's that the
topic came into vogue. Extensive work has been done on this
topic since the first failure, and methods have been found
to mitigate some of the problems with regard to the cracking
of the pressure tubes in the Candu reactofs, but our working
kngwledge of'the phenomenon is far from complete.

The purpose of this study was to examine the effects of
two variables, stress and temperature, on the hydride
cracking of the commercial alloy, ZL-Z.S%Nb. The use of
acoustic emission to detect cracking allowed emphasis to be
placed on the dynamic nature of the two variables. In order
to ensﬁre that any significant data resulting from this
study would algo have a practical significance, the tést
specimens were manufactured from Candu pressure tube

-

material.



We cannot eliminate hydride cracking any more than we
ca eliminate metal fatigue, but by knowing the conditions
Jndef which it occurs and how the proceés or processes
operate, we can design around the problem. Timely solutions
such as reducing the amount of hydrogen in tﬁe material and
o N .
lowering thé& residual stresses in working components have
already provided some means of avoiding failures. The task .
‘ﬁg’nOQ to achieve a greater understanding of the phenomenon

to allow designs of greater economy that utilize these

materials and still maintain a respectable safety factor.
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2. Literaturé.Survey

2.1 Introduction

The time dependent stepwise cracking of a metal due to
the effect 6f hydrogen had beeﬁ conceptualized by the early
1950's (Petch,52). Work on the effect of hydrogen on the
short term ductility of zirconium was also reported about
this same time by the United States Atomic Energy Commission
(Coleman, 79).

By 1960 the delayed failure of metals containing
hydrogen had been documented in steel and titanium, and a
3ow strain- rate hydrogen embrittlement had been observed 1in
vanadium and niobium (Troiano,60). The susceptibility of
" zirconium and zirconiu? alloys to delayed failure hydrogen
embrittlement was reported a few years later (Weinstein, 64,
Ogtberg,64),’but it was ndot until the first sefvice failures
caused by delayed hydride crackimg of the Candu reactor in
the early 1970's (Perryman,78) that a concentrated research
effort began on the subject. ’

Most studies of delayed hydride cracking have dealt
with either pure zirconiun or the common commercial grade
alloys: Zircaloy 2-and 4 (essentially Zr-1.5%Sn)
(Coleman,79), and Zr—2.5%Nb. Work has also been done on the
cracking .of the Excel ailoy (Zr-3.5%$n-0.8%Nb—0.8%Mo) |
(Eheadle,?Q) and precipitation studies have been carried'9ut

on the alloys Scank 1 (Zr-1%Nb), and Scank .4

(2r-0.5%Nb-0.5%Cr) (Vitikainen,78).

b~f> )



These studies have revealed that three factors are
necessayf'in order for delayed hydride cracking to take
place: a suitable tensile stress within the zirconium metai,
the transport of sufficient hydrogen in the metal to allow
the hydride phase to form in the stressed region, and time
for the ~rack to initiate and grow. The understanding of
these factors is obfuscated by the effects of numerous
metallurgical variables. h

It is the intent of this literature survey to touch on
the metallurgical variables mentioned abové with a blas
towards the Candu pressure tube material manufactured from
Zr—Z.S;Nb. This will be followed by a review of the present
understanding .of the delayed cracking phenomena. The way
will thps be paved for consigering the experimental program
that was carried out. However, it must be noted that the
explanations and interpretations of experimentall results
which are reported 'in this ;ection are not necessarily the
opinion of the writer. Furthermore some of the conclusicns

_resulting from studies reported ‘in the literature are in

direct conflict with the findings of this stui:.'

2.2 Hydrogén Motion in Zicconium and its Alloys
The transport of hydrogen in the zirconium matrix is

one of the fundamental necessities of hydride cracking; Yet

e - ~

because of the difficulty in making measurements and the

compléxity of the system, relatively little is

-

qguantitatively known of this phenomenon. Measurements of
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bulk diffusion rate have been made by numerous workers
(Sawatzky,81, Mazzolai,76, Kearns,72) expecially at
temperatures above 200°C. Although this parameter ‘would be
expected to have an effect on cracking rate, 1t does not
completely describe the hydrogen transport at the
micro-level at which cracking takes placc.

As an example, the diffusion of hydrogen has been
studied in a two phase a-B zirconium system in which the

o - .

diffusion rate of the hydroYjen in the B phase was known to
be higher than the diffusﬂﬁi rate in the a~phase. This study
compared the diffusion rates of samples that coﬁtéined a
continuous network of B filamehts to samples in which the 8
phase was partially or completely decomposed. The diffusion

,
coefficient for hydrogen was found to be the same in both

cases (Sa%atzky,81>. A similar comparison was made to
determine the effect oé&épe B microstruétﬁre on crackiang
rate. The cracking velocities of the two sample groups were
found to be different and the implication was made that this
variation in cracking rate resulted from the chafige in the )
diffusivity of hydrogen due to the decomposition of the B
phase (Simbson,84). | ,
In the zirconium alloys hydrogen can move in several
modes: interstit{ally in the matrix, along grain boundaries,
through precipitates and secondary phases, and along
dislocations. The system may be further complicated because
of the movement ofvdislocatidns duriﬁg the cracking process.

For example, Bastien and Azou have suggested that moving
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dislocations might transport significant quantities of
hydrogen .in metals (Johnson,76).

Pressouyre gives a detailed description of hydrogen
transport in a material during eﬁbrittling conditions which
employs the concept of hydrogen traps. Two types of hydrogen
traps are consideved, reversible and irreverdible. The
reversible traps actively exchange hydrogen, .while the
irreversible traps act only as hydrogen sinks
(Pressouyre,80). Thus if a dislocation sweeping through the
material is carrying an atmosphere of hydrogen with 1t, the
dislocation will lose hydrogen if tﬁe traps are empty and
will not lose hydrogen if the traps are full. The hydrogen
trapping ability of va}ious traps, such as precipitates or
other phases, could lower the effective hydrogen

-
concentrations in‘the zirconium alloy. This could be similar

to the effect of thoria particles in reducing the hydrogen

embrittlement of Ni (Thompson,72).

2.3 Hydrides and Other Precipitates

Hydrogen is present és an impurity in refined zirconium
metal fypically at levels of =15 ppm (Ells,78). Over a
period of time in a superheated water or steam atmosphere
the zirconium will pick up hydrogen from the corrosion
reaction (Weinstein,64).11t is then possible for the
hydrogen to migrate in the alloy due to the effects of a

. w
temperature gradient (Wilkins,69) or a stress gradient

-

(Volkl,72). Figure 2.1 shows the phases present in the Zr-H
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system as proposed by Beck (1962) which is similar to that
given by Mueller (1968). At high te?peratures large amounts
of hydrogen dissolve 1n zirconium as a solid solution. Upon
cooling hydrogen comes out of solution in the form of
hydrides, and a phase transformation takes place 1in the

zlirconium metal.
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Figure 2.1 Phase Relations in the Zr-H System.

There are three possible hydrides in pure zirconium:
the face centred tetragonal y phase (ZrH), the face ;entred
cubic & phase (Zer, where x lies in the.range-of 1.5 to
1.66) aﬁd the face éentred tetragonal e phase (ZrH)
(Elis,68, Libowitz,62, Northwood,78a, Weatherly,81). The &
and the e¢ phases are considered to be stable whileighe Y

phase is generally considered to be metastable, The
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W' gckurrence ot the y phase has been described schematically

R

ﬁi,on Q%e zirconium-hydrogen phase diagram by a solvus line
X. {;‘ ‘-’ -
“wredhning below, but roughly parallel, to the eguilibrium

P 4 ,
‘¥ﬁhus line of the a phase (Nath,75). This concept of a

mgxastable y phase is not universally held. Barraclough and
¢ B;%g?gs (1374) reported that at 300°C the y hydride was
stabﬁe”rather than the & hydride phase.

The crystal structure, distribution and morphology of
the hydrides are dependent upon the cooling rate from the
solid solution temperature (Bradbrook,72). Carpenter (1973)
found y hydride needies in rapidly cooled alloys. Decreasing
the cooling rate ieads to more 6 hydrides and fewer y
hydrides (Bradbrook, 72, Nortﬁwood,?Ba). In furnace cooled
Zr-2.5.%Nb samples both the § hydrides and y hydrjdes were
obsérved (Northwood,78a) whereas 1n puré‘zirconium only &
hydrides were observed after furnace cooling (Nath,75).

Work on zirconium and Zircaloy 2 has shown that

hydrides appeared both intragranularly and at the gfain
boundpries, after high rates of cooling (Bradbrook,72). In
these studies the grain ﬁgundary hydrides apﬂdg;zg as small
needle-shaped precipitates or large irregular ﬁ;dridesewhile

the intragranular precipitates were uniformly distributed

.

. N
and needle-shaped. At very slow rates of cooling, large

precipitates of § hydride were found mainly at the grain

boundaries (Bradbrook,72). ' :
L

Other metallurgical and test variables have been

-

investigated to determine their effects on the nature of the
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precipitating hydride phase. Cann et al. (1984) have
investigated four of these variables: grain size, solution
heat treating temperature, specimen purity, and
hydrogenat ion technique. Only specimen purity, specitically
the oxygen content, was found to influence the hydride
formation. Below oxygen levels of 200 ppm, the y phase
predominated; above 1000 ppm, the & phase predominated.

Since the precipitation and growth of hydrides 1s
thought to play an indispensible role in hydride cracking
(Coleman,85), it is important to consider some of the
characte}istics of this precipitation process\ The format ion
of a & hydride in the zirconium matrix 1nvolves a 17% volume
é%pansion (Carpenter,73) and a shear transformation
(Carpenter,78). It is also thought that the formation of a
single hydride plate will have an autocatalytic effect,
promot ing the formation of additional hydrides
(Bradbrook,72) . |

Zirconium hydrides can occur in a wide range of
morphologies.‘Both needle-shaped and large 1irregular
hydrides have been documented by Bradbrook et al. (1972),
and "clumping" of hydrides has been reported in fine grained
specimens {Coleman,66). Héweve; for the case of Zr-2.5%Nb
pressure tube the hydrides appear in a form that is usually

N

.described as platelets-(Ells,BO), or perhaps more
picturesqguely as a cornflake structure (Perovic,84).

Hydrides will not only precipitate out at grain

boundaries, as previously mentioned, but also on dislocation



lines, along the boundaries of previously existing hydrides
(Arunachalam,67), and between the retained B phase and the a
matrix (Perovic,84). This is especially significant to'the
Zr 2.5%Nb alloy since components of this material, such as
pressure tubes, have a/f microstructures. Studies on a-f
zirconium alloys (Perovic,83) indicate that stacks of 9
hydrides form in the Circumferential or radial direction of
the Zr-2.5%Nb pressure tubes and have the relationship with
the a matrix:

(111) nearly|[(0001) ; [HO](‘)nearlyH[HZO](I

b

When a zirconium alloy is cooled under load, hydride
plates tend to form with normals parallel to\bhe tensile
\stress direction (Ells,68). This preferred orientation is
increasingly marked if the material displays a strong
crystallographic texture, with the basal plane normal
parallel to the direction of stress. In the pressure tubes
of the Candu there are some basal plane normals in the
circumferential direction, and thus the’ Zr-2.5%Nb tubes
could be susceptible to stress orientation of hydride into
the radial-longitudinal planes (Ells,78). In cracking
tests it was reported (Coleman,79) that cracks grew in the
axigl—radial plane (i.e. the radial-longitudinal plane) in
all specimeﬁs. The analysis of the 1974 Pickering failure
showed that.radially precipitated hydrides existed in the

cracked region, whereas the orienfation of zirconium

——



hydrides in the as-fabricated tubes is circumferential
(Perryman,78).

It 1s well documented that thé.hydrides can reorient
under an applied stress (Ells,68). Northwood and Gilbert
(1978) found that hydrides which reoriented under the
tensile stress werk & hydrides. However electron microscope
studies of hydrides growing at the crack tip have shown that
it is the y hydrides that form and not the & hydrides
(Cann,80). Cann and Sexton also noted that in pure zlrconium
the hydrides formed at the crack tip whereas 1in the
Zr-2.5%Nb the hydrides formed at, and also ahead of, the
crack tip. After fracture the hydrides did not redissolve
immediately. This is contrary to the behavior of vanadium 1n
which the hydrides have been shown to dissolve immediately
after th? passage of the hydride crack (Takano,74).

Other precipitates also form in zirconium alloys.

.Vitikainen and Neﬁonen (1978) found four types of
precipitates in,Zircaloy 2. Two_of these were hydrides, the
y hydride and g)}ydride most likely formed during

electropolishing of the TEM specimens. In the Zr-1%Nb alioy
two precipitates were found: the BNb phase and y hydride
neédles. The needles showed poor coherency in the thickness

direction. Often the hydride appeared to have nucleated on

other precipitates in the material. ¢

~



2.4 Terminal Solid Solubility

The temperature at which hydrides begin to form on
cooling, or the temperature at which the last hydrides
dissolve on heating is detinea as the terminal solid
solubility temperaturé, TSS. A plot of the TSS lines for
zirconium under different gbnditions is shown in Figure 2.2

(Puls,81).
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Figure 2.2 Terminal solid solubility curves for
unalloyed zirconium.

\ N N
A hysteresis is observed between the TSS lines measured

on heating and on cooling. The extent of this hysteresis

depends on the temperature, the holding time and the number

~
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of coocling cycles through which the system has been taken
(Puls,81). The explanation of this phenomenon revolves
around the fact that the hydrides forming from the matrix
are less dense and occupy a greater volume than the metallic
zirconium. Thus there is a strain energy associated with the
precipitates. As the precipitate grows, the strailn energy 1is
partially relieved by plastic deformation of the matrix. On
reheating the misfit strain cannot be fully recovered
'(Puls,81).

Applied stress affecgs the terminal solid solubility
both in terms of the hydride formation and the hydrogen in
solid solution. A tensile stress will 1ncrease the
solubility of hydrogen. However since a volume expansion of
the hydrides takes place during their formation, a tensile
stress also increases the tendency to form hydrides which in
turn tends to decrease the TSS (Puls;82). This may be the
reason that little, if any, change in TSS with éppliéd

°
stress has been observed experimentally (Colemaﬁ,?B).

If a thermal gradient is imposed on a zirconium rod
containing hydrogen, the hydrogen will diffuse to the cool
end and form a region of solid hydride (Wilkins,69). The
hydrogen in solution at the high temperature end of the rod
will be below the TSS line. Tests (Marshall, 65) agd
éimulaki%?sv(Waismaq,77) in titaniumLhave also shown that
hydrogen will redistribute towards,the cold énd of a

specimen.



Dilatometric studies on alloys of zirconium with
Nb,Ti,Hf,Y,In,Pb,Sb, and O have shown that above the 8
eutectoid temperature a stabilizing elements increase the
TSS while B stabilizing elements decrease the TSS as
compared to unalloyed zirconium. Below this eutectoid
temperature (560°C) alloying elements have no siénificant
effect on TSS (Erickéon,64). However in the case where the B8
phase is present at room temperature, as in Zr-2.5%Nb alloy
(Perovic,83) alloying elements may affect the TSS below the
eutectoid temperature. | g

Variations in grain size are reported to have no effect
on TSS and the effects of residual cold work are minor
(Kearns, 67).

A memory effect is also observed. When thermal cycling
across the TSS takes place the hydrides will tend to
dissolve and reform at the same locations. The Zr-2.5%Nb
shows this memory effect, but only when the hydrogen
concentration is below 46 ppm (Northwood,78a). In low
hydrogen material the majority of the hydride in the as
received conditipn is likely to be y hvdride, and after
dissolution and guenching the y hydride is again formed. On
the other hand at higher hydrogen contents the originél
hydride is mainly the & hydride. After resolution and
reprecipitation the y hydride forms but does ,n>t appear to
precipitate at the original & hydride sites (Northwood, 78a)

In comparative tests Coleman andembler sfate-that no

difference in the TSS temperature was found between protium
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and -protiumzdeuterium mixtures (Coleman,83). Herver,
inspection of their data indicates that 1t may be possible
to draw two separate TSS lines that cross-over at" 230°C.
2.5 The Zirconium-Niobium System

The Zr-H system is complicated by the additions of Nb
which acts as a B stabilizer. Fiqure 2.3 shows a section of

the Zr-Nb phase diagram (Rogers,55).
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Figure 2.3 A section of the Zr-Nb phase diagram.

Extruded alloy components such as the hr-2.5%Nb

-

pressure tubes have an elongated grain structure and the
microstructure contains approximatély 10% of the retained
ﬂZr (=x20% Nb) (Perovic,83). The retained BZr phase is:
metastable below 610°C and decomposition reactions occur

which result in the formation first of the w phase and
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finally the B, phase (=85% Nb) (Hehemann,72).

It has been shown that hydrogen has a much higher rate
of diffusion in the B phase then in the « phase, but no
difference in diffusion rates has been detected between
annealed and as-extruded Zr-2.5% Nb (Sawatzky,81)-.

The decomposition bt the B phase has a profound effect
on the precipitation of hydrogen. This has been shown by the
observation of interphase'hydride ;recipitation in samples
where the B phase has not yet started to decompose. On
decompositionfof the retained B phase (to B and w), hydride

precipitation occurs as arrays of hydride plates in B

between the w phase particles (Perovic,b84).

2.6 Properties of Zirconium Hydrides
The determination of many of the mechanical properties

of zirconium hydride has proven to be very difficult. The

major problems are the inherent brittleness of the hydride

and the difficulty in obtaining relatively large crack-free .

test specimens (Mueller,68). However studies on the & phase
zirconium hydride have shown the fracture toughness to be =1
MPaym at 20°C perhaps rising to =3 MPaym at 300°C ,
(Simpson,7%9a). These values are chéractéristic of a very
brittle material. In’comparison‘Zr-z.S%Nb samples oriented
to show minimum\toughness values display a fracture
toughness of =40 MPaVﬁ at room tempera£ure rising to values

greater than 100 MPaym at 300°C (Coleman,85).
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The Young's modulus of the & zirconium hydride is =2/3
of that of zirconium metal, but its thermal conductivity and
expansion coefficient are higher. The thermal expansign
coefficient of the hydride is =1.36 to 2.25 times that of
the zirconium metal while the thermal conductivity is about

1.45 times that of the metal (Coleman,84a).

2.7 Concept of Hydride Cracking

If a notch is created in a sample normal to an applied

" tensile stress, the effective tensile stress at the notch

tip is higher than at other regions in the sample. This
effect of multiplying the applied stress in local regions of
a material because of sample geometry is termed strgss

- concentration. If the effects of load and stress
concentration take a ductile material above its yield
stress, a region of plastic deformation or a plastic zone
will result at the tip of the notch, causingtit to bé
blunted. A léss ductile material. undergoing the same load
.and notch configuration may respond by the formation of a
running crack extending from the tip of the notch. The
teﬂdency to form a\crack is a resulf of both the applied
load and the geometry of the notched sample. A parameter,
~known as the stress intensify factor, K, depends on these
two facto}s an® is used to describe the magnitude of the
stress. state around the crack tib.vStress,intensity usually

has the units of MPa/ﬁ and for the conditions of a tensile

stress the notation K, is used. Given the situation of a

®
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sharp crack of length a, in a large sample undergoing
increasing load normal to the crack plane, the stress
intensity factor, KI’ will increése until the crack begins
to propagate. The critical stress intensity factor at which
unstable crack propagation begins is called K ., and is a
measure of the fracture toughness of the material. 'In the
case of a samble undergoing hyariae cracking the critical -
stress intensity 1s denoted é; K..,. The fact that Koy is not

IH

egual to K implies that hydride cracking represents a more

IC
involved process than just the instantaneous stretching of
metal bonds at the tip of the notch.

A sample of zirconium metal.that contains both hydrides
and a stressed notch or crack has the prerequisites for
hydride cracking. Hydrogen will dissolve from the hydrides
in the matrix and migrate up the stress gradient to the
vicinity of the notch tip where it again precipitates in the
form of a hydride. Thus hydrides must be present both in the
zirconium matrix and at the crack ‘tip (Coleman,85). The
re-precipitated hydrides continue to grow reducing the
fracture toughness of the crack tip region to the point that
the crack begins to move. It propagates rapidly through the 4
hydrided region and arrests in the ductile matrix. The

process is then repeated resulting in stepwise crack growth

through the material (Puls,82).



2.8 Models of Crack Propagation

A genéralized model for hydrogen embrittlement has been
proposed by Westlake (1969) and several mathematical models
appear in the literature specifically for the hydride
cracking of zirconium (Cheadle,79, Dutton,78, Simpson,79b,
Puls,82). The simplest of the crack velocity models 1s given

by Cheadle and Coleman (1979):

VC « D C th _\ﬁ\
where:
. . %
VC 1s crack velocity
D ri.diffusivity
C is terminal solid solubility >

th is the stress gradient

in an attempt to compensate for other parameters

affecting the diffusivity of hydrogen, this concept has been

.

expanded (Puls,82, Dutton,77a) to a gquantitative
Lo , . . .
mathematical model where the cracking velocity, VC, is equal

to:

p.cS

2m8y vaPHCH

exp‘[ﬁinc/xRT]{exp [Q?(L)/xRT]-exp [w_:(l)/xR?]}

QZrQ(l,L)xt ' R
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where:

thd = the atomic volume of the hydride

X = the composition of the hydride phase, ZrHX

D, = the diffusion coefficient of hydrogen in a-Zr

Cg = the TSS at zero stress

QZr = the atomic volume of zircon{um

$(L,¢) = 1In (L,<) |

Jw = the distance between the dissolving hydrides “
and the crack tip

¢ = the distance between the precipitating hydride
and the crack tip

T = the‘thickness of the hydride

;énc = total molal strain energy of matrix (Zr)
and inclusion (hydride), which varies depending
on whether the system 1s heated or cooled to
test temperature

;i = 1is the'hydride molal interaction energy with

’ T an applied stress field
R and T are assumed to be the universal gas constant

and the absolute temperature. —_

This model is based on the .premise tha"the cracking

rate is dependent on the diffuéion of hydragen to the
precipitating hydride at the crack tip..It is assumed that
the hydrides, some distance, L, away from the crack tip,

dissolve and this atomic hydrogen diffuses to a'distance, £,



23

< . . ) . ) .
force for this diffusion 1s considered to arise from the

stress gradient at the crack tip.
The predictions of the theoretical model have been

assuming values for such

compared to experimental data,
w!"C  etc. Figure 2.4 shows

constants as: L, {, 7, X, thd’ t
how the predictions of the theoretical model compare with
experimental data when the dependence of cracking velocity

on stress intensity factors at different temperature is

considered.
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Figure 2.4 Crack velocity versus stress intensity

factors (Dutton,77a, Puls,82).
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In order to ac@ieve the theoretical relationship in
>¢&qure 2.4, 2¢ and 7 were equated to the radius of the
plastic zone and the crack-opening displacement,
respectively. The radiugvot the plastic zone is giverl by:
?ﬁf 3 bnoYZ, where o, 1s the yield strégs\ Similarly one half
of the crack opening displacement 1s givén by Kf / UYE,

P

where E 1s the Young's modulus (Dutton,77a).

2.9 Cracking Stages

The delayed hydride cracking process 1n Zr-2.5%Nb can
be broken down into two or three divisions: an incubation
t jme before cracking begins (Coleman,79), followed by one or
two Ztages of crack propagation,.

' During the incubat{on period the hydrogen must first
collect at the stress concentration, then a hydride must
nucleatg_@ng’grow until 1t reaches a critical size before it,u
cracks {(Coleman,79). It will be seen that the hydride
precipitation and growth processes that take place according
to this definition of incubation time also take place ?qrﬁng
crack propagation. ‘ 0

Stage I craéking is thought to occur at low stress
¢
intensities. In this configuratidén the plate-like hydride is
assumed to be larger than the plastic zone. The tip of the
hydr.de would then be exposed to the elastic field ahead of
the craii tip. Since the dr1v1ng force for diffusional
growth of ".the hydride is.the local hydrostatic stress at the

hydride tip, the crack velocity during this stageWnf



cracking would be dependent on KI’ the stress intensity

factor (Dutton,77b).

During the stage 11 cracking, which occurs at higher
stress intensities, the plastic zone 1s larger.™ The crack
tip hydride is therefore assumed to grow within the plastic
zone ahead of the crack. Thus the driving force for
diffusion 1is relatively insensitive to K  since increase§ in

I

K, will only serve to increase the plastic zone size rather

than increase the tensile stress on the growing hydrideT A

negative dependence of K. on cracking velocity 1s predicted

1
based on the assumption that "the stress at r={( remains

fixed at Moy, thus making the driving force for diffusion
relatively insensitive to KI’ whereas the balance between

the stress sensitivity of ¢ and (' yields the overall

some value

negative KI dependence 'of .v" (Dutton,77a) (Moy

above the yield stress, v = crack velocity, (' effective

-

crack tip réaius, ¢ = distance between the precipitating
hydride and the crack tip)

There is some experimental data indicating that stage
II cracking commences only 1 or 2 MPaym above the stress
intensity of the cragking threshold (KIH). Between the
;racking threshold and stage 11 cracking the crack velocity
is very strongly dependent on K- Therefore Simpson ahd Puls
(1979) suggest that stage I may not exist, leaving only the
incubation time followed by one mode of cracking.

The stress intensity values given for the stage4 of

cracking show considerable scatter. KIH' the threshold
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stress intensity of hydride cracking given by Coleman and
Ambler (1979), 1s apparently temperature dependent rising
from 4.5 MPaym at 150°C to 10 MPaym at 260°C. Simpson and

Puls (1979) give the K. as =6 MPaym and the stage 1 to stage

I
Il transition as 7 to 8 MPaym, with both values independent
of temperature. It is also apparent that elimination of the

.stage 1 cracking would move the threshold value, KIH' up or
lower the onset of the stage 11 with ;espect to KI'

)

‘2.10 Hydride éracking Variables

The effects of stress intensity and the decomposition
of the B phase on cracking behavior have been mentioned
previously i1n sectiors 2.5 and°2.9. This section will
describe the effects of other variables on hydride -cracking.

2.10.1 Test Temperature

In cold worked Zr-2.5%Nb the delayed hydrogen crack

growth rate increases with temperature when the specimens .
are cooled to the test temperature (Coleman,85). However the
rate of delayed hydride cragking is not only affected by
test temperature but it also depends on whether the test
temperature was attained by heating from a lower temperature
or cooling from a higher temperature. Ambler (1984) uses the
parameter Tdat to characterize the effect of the direction
of approach to temperature. Above the [dat temperature, the

cracking rate is reported to actually decrease if the test

temperature is raised by heating from a lower temperaﬂyre,
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while below Tdat the crack growth rates m;éﬁured after
heating to test temperature were similar to those measured
after cooling to the same test temperature. Tdat has been
found to depend on the rate of cooling and the amount of
hydride precdipitated during the cooling cycle prior to

heating, but is typically =150°C (Ambler,84).

2.10.2 Hydrogen

Hydride precipitates are necessary for cracking to take
place (Coleman,85). However once the TSS 1s exceeded the
crack velocity and the time to failure are only slightly
affected by the hydrogen content (Coleman,79). Studies using
acoustic emission have also found the cracking rate to be
insensitive to the amount of hydyide present, in the range

of 0.1 to about 3 weight percent hydride (Arora,81).

2.10.3 Thermal Cycles

When a specimen is cooled under load the hydrides can
reorient so that the hydride plate is normal to the tensile
stress (Cheadle,84). Work done on Zircaloy-2 has shown that
as the number of temperature cycles is increased the number
and size of reoriented hydrides also increases (Mishima,72).
In Zr-2,5%Nb it‘has also been found that the degree of
rearrangement of the hydride plates d pends on: the stress,
the temperature of stressing and the qoncentration of

hydrogen in the material (Hardie,75). In the region near the

crack tip it has been reported that a thermal cycle will
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also cause hydride reorientation (Simpson,77). It 1s
suggested that reoriented hydrides as provided by thermal
cycling may increase the cracking velocity and reduce the
K y- However if all hydrides dissolve on heating, cracking
may be postponed since the conditions for incubation may
have to be reestéblished (Coleman,79). ~

The cracking characteristics during a thermal cycle
have also been studied. Results'from these types of tests
which involve crack growth during a thermal cycle in samples
of 2r-2.5%Nb, have shown that most of the crack growth
occurs during the cooling period, and that at high KI>values
the crack velocity during cooling is dependent on the volume

fraction of hydride precipitated during the cycle

(Nuttall,77).

2.10.4 Grain Structure

In 2r-2.5%Nb tubing, cracks have been shown to grow
faéter in the axial direction than in the radial direction
(Coleman,79). In the radial direction more grain boundaries
per length of crack growth have to be crossed than is the
case in the axial direction. The inference i1s thus made that
the crossing of grain boundaries slows the cracking rate.
This has been substantiated by time to failure tests in
Zr-2.5%Nb where a material of smaller grain size took longer

to fail than a material of larger grain size (Coleman,79).
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2.11 Fractography

Most of the fractographic studies of hydride cracked
Zr-2.5%Nb have taken place on regions of the surface
corresponding to stage 11 crack propagation. Features known
?s~striations have been observed running parSTlel to the
thumbnail shaped crack front. Striations are described as a
series of adjacent dimples, separated by thin ligaments
(Simpson,77) and are reported to be bounded by distinct
stretch zones separating the ®longated fingers of brittle
cleavage (Dutton,77b). The prominence of the striations
varies from specimen to specimen (Simpson,80) and the
conclusion has been reached by some workers that striations
are a rather rare occurrence {(Yuan,82). The spacing of
striations is reported to be dependent on temperaturé, and

is either essentially independent of K (Nuttall,79), or

I

increases as K; increases (Simpson,80). They are usually
observed on fracture surfaces produced at test temperatures
in the range of 150°C.to 320°C (Nuttall,79). Increase in
test temperature causes an increase in striation spacing
which ranges from =10 to 50 microns (Simpson,BO). However
the scatter is considerable, and a variation in the spacing
size has been reported in the order of =35 microns at 325°C
(Nuttall,79).

The motphology of striations changes with st;ess end
-tempe;ature. The size of the stretched regions within the

striations increases with temperature and the size of the

dimples within the striations increases with the stress
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intensity factor (Nuttall,79).

Striations are often grouped in growth bands which
carrespond to the number of thermal cycles (25°C-300°C) a
cracking sample has undergone (Nuttall,77). Other subgroups
may be differentiated, as the stretch marks of an individual
striation are strongly dependent on KI (Simpson,79b).

In terms of the fracture process it has been stated

that each striation represents a period of crack arrest and N

is a manifestation of crack blunting (Dgtton,??a). The
striation spacing is reported to represent a critical length
of hydride required to grow at the crack tip before rupture
occurs (Nutta11,79); However érack initiation tests have
shown that hydrides less than 20 microns in length do not
. crack (Coleman,77a) whereas striation spacings of less th?n
20 microns have been previously mentioned (Simpson,80).
/

2.12 Morphology of Hydrides Associated with Fracture »

There appear to be various shapes, sizes and forms of
hydrides associated with the hydride craéking ﬁ?oéess in
Zr-2.5%Nb. Instead of attempting to differentiate these
va;ioug morphologies with test conditions, it seems to be
more productive to classify them according to laboratories
in which the studies were carried out. ‘

The AECL, Pinawa, Man. group depict the crack .
affiliated hydrides as being a seriss of clusters extending

along the hydride crack. During isothermal tésting at 325°C

the striation spacing‘is.reported to be =50 microns which
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corresponds to a cluster size of =60 microns (Dutton,77a).
These clusters—or~clumps of hydrides become less distinct at

higher values of K (Simpson,80).

I :

The Metallurgical Sciences Laboratory at the University
of Manitoba show regions of heavy hydriding along the crack
front separated. by regions where there 1is little or no

~

hydride precipitation (Tangri,82). The reoriented hydride
near the crack tip grows to a maximum size of abOGt 270
microns in length, about 7 microns in width and about 2.5
microns in thickness (Yuan,82).

AECL Chalk River, Ontario show the’hydriae involved 1in
the fractuting process to-be somewhat carrot shaped; closely
associated with the fractﬁfe (Coleman,77a,82). A variation
on this is Shown in the crackingcof Zircaloy-2 in Hydrogen-
gas (Coleman,84b).- Here a large hydride (=60 mdcrons‘in

thickness) at a crack tip is shown that appears to contain

numerous small disjointed cracks.

2.13 Monitoring Hydride Cracking

An important:feature of the hydride fractu}e is the
occurrence of tunnelling. The thumbnail-shaped crack front
clearly indicates that the maximum growth of the crack
occurs in the midsection of the sample. This emphasizes the

R

potent%al difficultieg invqlzfd in obtaining crack velocity
.data from surface ﬁéasurements (Simpson,77).

Initially the problems of surface observation were

overcome to a certain extent By the use of heat tinting,

3
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that is, correléting{the thermal history with the oxide
bandé visible on the fracture surface. By use of this
technique an average crack velocity can be measured by
calculating an area differentiated by the fracture surface
oxide, and a&tributing the formation of é*is fracture area
to a set of conditions that occurred over a specific time
period (Simpson,77).

cher nondestructive tests are used to monitor hydride
cracki 9. The increase in displacement (crack opening
displacement), resistivity, and acoustic emission all
indicate crack propagation (Coleman,??)..The potgntial drop
method (resjistivity) utilizes the fact that as the crack
grows the potential drop across the sample ip the vicinity
of the crack tip incrgéses'(simpson,79b). The acoustic
emission technigque detects and counts the néise.(acoustic
emissions) within a certain frequency range that is emitted
by the fracturing sample. In hydride cracking failure tests
of zirconium alloys, all three parameters plotted against
time have been shown to produce similar curves (Coleman,77).

N

2.14 Research Topic Selection

The range of unsolvéd problems suitable for research
projects in the field of hydrégen delayed cracking is
virtually unlimited. Even restricting the topic by selecting,\
zirconium or one of its glloys és a host material still

_’I.Ves a large number of variables that cd%id have a

significant effect on the hydride cracking mechanism. In
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order to standardize these metallurgical factors the Camdu
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pressure tﬁbe material, Zr—2.5%Nb: was chosen fgr this
research. This placed a stringent restriction on variables .
such as oxygen content, grain size, texture, and heat
treatment while still retaining the possibility for the
results to have a pracfjcal significance.

Acoustic emission was selected for monitoring the
devélopment of the hydride cracks in the pressure tube
material. Justgfication for the use of this method arises

-

from the numerous literature references (Ambler,77,
Simpson,81, Tangri,?77) that demonstrate its applicablity tg
the study of hydride cracking. |

Having selected both a material and a method of
investigation for this hydride cracking study it was
necessary to consider the choice of test parameters. A
comprehensive report on the delayed hydrogen cracking in
Zr-2.5%Nb has been compiled by Coleman and Ambler (1979). In
this report it was stated that, "Numerical evaluation of the
temperature dependence of delayed hydrogen cracking is thus
still unreliable.” On this basis the expe;imental stages of
this study began by monitoring the effects of test
temperature on the acoustic emissions from samples of .
Zr-2.5%Nb undergéing hydride cracking at constant load. The

scope of this study was latel extended to include the effect “

of load changes op cracking behaviour. ' 4 e



3. Egperimental
3.1 Introduction 5- ;
The experimental procedure consisted of the producgion
of a hydride crack and the\wsnigoring of 1ts progress under
% .
different test conditions. A Zr-2.5.%Nb alloy containing
hydrogen was used as the host material"fog the hydriée
cracking while the variables 1in the test{ﬁg conditions were
limited to changes 1n load anc temperature. The activity of -
the hydride crack was gauge” by the sample's production of
acﬁustic emissions. Visual characteristics of the hydride

fracture were txeg‘éetermined by standard methods of
i _\“'R —

U

microscopy &t fétégraphy.
3.2 Test Samples

Six test samples of Zr-2.5%Nb (by weight) containing
eilther 92,N}56, or 298 ppm of hydrogen were used 1n these
experiments. They were prepared at CRNL, Chalk River, Ont.
from flattened pressure tube material, 4 mm inﬁig}ekness,
into which hydrogen was charged prior to a 4 day anneal at
400°C. The hydrogen contents reported were calculétgd from
the qhstging conditions; no subsequent hydrogen analyses
were performed. These "constant .K", or tapered double-
vcantilever beam spezimens have profilés as shown in Figure
3.1. They had been machined to a shape (Mostovoy, 67) that
provided a relatively lineag correlation between the load

and the compliance (1/slope of the load-deflection curve)

34



35.

over a given range of crack length. Tﬁis allowed the\craék"
to grow in the longitudinal directien (with respect to the?
original pressure tube) from a length of 5 to 15 mm at
constant load without experiencing a significant change in

KI {(Coleman,77b).

Figure 3.1 A constant K specimen.

3.3 Loading Arrangement

The load was appliea to the samples by two forms of
dead weight. In the initial stages of the experiments iron
and lead weights were used. The weights were latér
superseéed by a tank filled with water as shown in Figure
3.2. A éightdglass was used to monitor the ievel of water in

the tank. This level could be adjusted to prbvide a

‘variation of load in the range of 29 to 182 kg.
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Figure 3.2 The load suspensfon system andiéeme'oﬁ‘the

acoustic emission monitoring apparatus. K-

~

A

The suspension of the water tank began from a shaft
subporfed by two-pillow blocks as shown in Figure 3.3. The
shaft was the center of motion for a drum and lever arm. Ewo
parallél bands of steel formed the upper end of the load. \
train that-provided the mechanical link from the drum L

through the specimen to the Qeight (vater tank): These bands

were fastened to "the drum in such a manner that a sméll

-
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rotation of the shaft caused the bands to wind on (or off)

the drum, effecting a vertical displa%?ment of the load

A
)

train and weight.

Figure 3.3 The mechanical loading system.

The rotational movement of the shaft was supplied by
the action of @ cam on the lever arm connected to the drum.
The cam was turned by an electric motdr that was controlled

with a series of microswitches and a timer circuit in the

furnace controller.
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N/
Ultimately in order to create a stress in the sample 1t

had to be incorporated into the load train. For this purpose
[

a fitting was used to=connect fhe drum bands to a 4 mm steel

rod. The sample was then connected to the lower end of this

rod by a pin and clevis arrangement as shown in Figure 3.4.

The rod length was selected in order to allow the sample to

be positioned 1n the center of the turnace.

) [
Figure 3.4 The constant K sample iw the pin and clevis

‘coupling. =
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Another rod ran from the lower sample clevis down to
the transducer plate. A U-shaped rod weldea onto this plate
formed the final flexible link with the hook and bracket
attached to the top of the water tank.

The loading of the sample was thus accomplished 1n two
ways: first the motion of the cam and lever arm lifted the
tank off the floor, and then the level of water could be
varied while the tank was suspended above the floor. There
were a number of advantages to this loading arrangement:

(1Y The bands and drum at the top of the load train
applied a purely vertical displacemenp to the load.

(2) The pin and clevis coupling é&iminated the
possibility of any large bending moment being applied to the
sample.

(3) The hook and U-shaped rod allowed the tank to find
1ts center of gravity when. lifted without puttihg a bending
moment on the rod.

(4) Thé tranducer was isolated from the furnace by the
plate and a sufficient distance so that operaﬁion of the
furnace would not significantly affect the operation of the
transducer.

(5) The electric motor and timer permitted the loading
of the sample to take place at any time, or alternately to
have the loading coordinated with the furnace temperature
programming. )

(6) The dead weight gravity system of loading allowed a

~

constant force to be applied to the sample accommodating any
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minor Ch?HQES in rod and sample’ length due to temperature
and load changes. \

{7) Changing the level of water 1n the tank allowed
smooth adjustments in load to be applied to the sample.

3.4 Acoustic Emission Monitoring

Acoust1c em1ssions weré monitored with a
Dunegan/Endevco acoustic emission apparatus, using a 0.1-0.3
MHz filger, a 40 dB preamplifier, and a model 59204
transdu:zk. Total amplification was set at 87 dB. A two pen
recorder was used to record temperature and acoustic
emissions simultaneously on a single strip chart. Full scale
on the recorder was set at 100,000 counts of acoustic

emission; when full scale was reached an automatic reset to

zero took place.

3.5 Temperature Control and Recording )

The temperature of the sample was controlled by use of
a Barber Coleman 570 furnace controllsr coupled with a
vertical gube furnace. This system had the ability to
consistently reproduce a multitude of temperature-time
profiles. Tw01thermocoup;es were used to measure
temperature. One was used with the controller to regulate
the furnace temperature while the other was used in

conjunction with the strip chart recorder and a digital

panel meter to measure sample temperature.



41

3.6 Microscopic and Fractographic Techniques

Fracture surfaces were viewed with a low power

‘

binocular microscope and a scanning electron microscope.

The metal}ographic samples were prepared by either:
grinding to a 600 grit finish, mechandcal abrasion (as with
a fine tooth file), or lapping with "Lapmaster 3400
compoud” on a "Lapmaster 12" lapping machine. Following
this, samples were prépared by hand,using: 6,3,1, and 1/4
micron diamond paste. Wher required a mixture of 1.2 parts
(by volume) hydréfluoric acid, 20 parts lactic acid, and 10
parts nitric acid was then used to etch the metallographic
samples.

Examinations of metallographic samples were carried out
using conventional optical microscopy, scanning electron

microscopy, energy dispersive X-ray analysis, and

microhardness technigues.
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4. Results and Discussion
4.1 Acoustic emission monitoring

4.1.1 Introduction
The object of these experiments was to study the effect

of temperature and stress on the hydride cracking of
Zr-2.5%Nb. Much of this work involved monitoring of acoustic
emission. The data from these experiments is contained on
strip chart paper on which both the temperature profiles ana
‘Correqupding acoustic activity are recorded as a function
of time. In order to present some of this data in a
manageable form, sections of the strip chart have been
reproduced in photographs. When interpreting the photographs
it is imbortant to note that the temperature pen leads the
acoustic emission pen by =2.5 of the small units on the
strip chart paper or =30 minutes in time. Therefore 1in order
to correlate the two events the temperature curve has to be
displaced backward with respect to the chart d{rection, or
forward with respect to time (i.é; to the left iﬁ\the strip
chart photographs). The acoustic emission line represents
the cumulative, total counts of acoustic activity. Thus

ile the chart paper moves at a constant rate, the recorder
pen is deflected across the paper, proportiénately to the
number of incoming acoustic counts, until fulllscale
(100,000 counts) is reathed. At this pofnt the recorder pen

resets to zero producing a nearly vertical line on the paper

42
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as the process continues. Thus the number of resets can ‘be
used in calculating the total acoustic counts and the
spacing of the vertical lines gives an indication of count
rate.

Since the connotation of a word often varies among
individuals a few of the terms used throughout this section
will now be defined.

‘ "Dynamic" refers to a continual Ehénge, that 1s, not 1in
a condition of steady state. -

. "Waxing and waniﬁ@" refer to increasing and decreasing.
For example, a temperature rise which starts at 30°C would
be ‘referred to as a waxing témperature of 30°C, while a
temperature fall terminating at 30°C would be referred to as
a waning temperature of 30°C.

"Steady state” means that the magnitude of the
variables in the system do mot change with time. An example
of this would be a condition of constant stress intensity
and ;emperatbre producin; a crack propagating at constant
velocity.

) "pPlateau" indicates a halt in progress. A temperature
pléteau corresponds to a period of niée in which the
temperature is constant. k

"Temperature profile" is a number of programmed
temperature changes occurring over a finite time.

"Test series" refers to a number of repetitions of the

the same temperature profile.
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Since the characteristics of a hydride crack
propagating at a single test temperature (above =150°C) were
quite different depending on whether this test temperature
was approached from above or below, the concept of two modes
of cracking has been introduced. The "fast cracking mode”
refers to test conditions where the test temperature was
approached from a temperature at least 30°C higher;
conversely the "slow cracking mode" refers to test
conditions where the test temperature was approached from a

temperature at least 30°C lower.

4.1.2 Acoustic Emission Monitoring

In total over 15,500 hours of testing was carried out
and recorded on strip chart paper. During the course of
testing, especially after some change of design in the
apparatus, a verification was made as to the source of the
acoustic emissions. Figure 4.1 shows an early run where
change of temperature wés"monitored with no load. This graph
shows that over a period of 60 hours with =80 temperature
changes approximately 5000 counts were picked up. This
number of counts is insignificant when compared to the

acoustic emission counts Yhat were produced during hydride

cracking.



Figure 4.1!' A noise calibration run.

In addition to these calibration runs a test was
conducted using a fixed load of 130 kg on a steel sample
instead of the normal Zr-2.5%Nb test sample. In the 55 hour
duration with 28 temperature changes in the range of 90°C to
380°C about 3000 counts were measured. The counts measured
in this case would represent the acoustic emission
background of a loaded test sample.

After the water tank ;as installed to permit variable
loads, emissions during test conditions were monitored
during the filling and emptying of the tank. Initially it
was found that some noise wacs generated if the water was
quickly added or subtracted. To eliminate this noise,
restrictive orifices were i&stalled in the fill an% return
lines. These orifices éllowed about 140 kg of water to be
added to the dead weight in 18 minutes generating about

10,000 counts of acoustic emission. In view of the noise

generated from the sample during cracking, this level of



background during loading .,and unloading proved to be quite

<

acceptable.
Overqlg/:he apparatus was acoustically gquiet but

sensitive to disturbances in the room caused by such factors

as operation of a nearby impact tester, and the cleaning ’
staff. In order to eliminate such disturbances theyghad to1
be‘dentified. Since the chart recoxl*der also acted as a
clock, it proved to be a most valuable asset 1in this regard.

The transducer was coupled to the fracturing sample
with approximately 550 mm of 4 mm steel rod. There was some
concern that a significant proportion of the emissions
generaﬁed by fracture were being absorbed i; the steel rod.
In order to assess this effect, a 0.5 mm pencil lead was
broken on the rod at various points between the sample end
and the transducer end of the rod. These tests showed that
there was little, if any, attinuation along the length of
-the rod. |

In terms of cracking area, "counts" can be
conceptualized as a measuring stick with a variety of
lengths, since a count is not a standardized unit of
measure. Howéver in this study the actual number of counts
is not important in the interpretation of the results. It is
also‘not mandatory that the constant of prop_rtionality
between the number olff counts and cracking area remains
independent of temperature and stress intensity, although

such a relationship between number of counts and cracking

area has been reported (Ambler,84). However there are two
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essential criteria that were fulfilled, and are important
for this study. They are:
N
(1) A low ratio of background to acoustic . emissions
during cracking.
(2) A gtipulation that changes in count rate resulting

from variations in test conditions are detectable and

reproducible in a gqualitative sense.

4.1.3 Effect\of Load and Temperature on Steady State

Cracking

The boundary between dynamic and steady state cracking
is somewhat arbitary as the acoustic emissions occur as a
serles of bursts. Even undervconditiéns of constant load and
temperature the acoustic emission rate continues to
oscillate around an average value even after days of
cracking. Thus the term steady state cracking rate refers to
the most reasonable average value of counts per hour that
occurred over a period of time. ’

In order to establish the range of temperature over\
which hydride.cracking occurred the lower temperaéure
boundary was investigated. However instead of reaching a
boundary the cracking continued at an ever decreasing rate
as the temperature was lowered, until the cracking rﬁtes

{bécame too low to be considered significant.
il The upper temperature boundary was invesfigated by

subjecting test samples to a temperature profile as shown in

Figure 4.2. a

~ e~
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Acoustic emissions during hydride cracking

1804-1,

92 ppm hydrogen.

This confiquration allowed the highest rates” of

cracking to take place, that

since each progressive temperature plateau was approached

™

is,

/Sfom a temperature 60°C higher.

the fast cracking mode,

This series of tests showed an ever increasing acoustic

emission rate with increases in test temperature until the

emissions suddenly ceased during the 60°C rise .on the first

stage of the approach to the next higher temperature

plateau. This caused a halt in crack growth that would

---return 1f the temperature was lowered, although a short

initiation period was sometimes required. The temperature at

which emissions ceased is termed the crack arrest

~,
v



49

temperature or Tcat. Approximate values of this temperature
and the conditions under which 1t occurred are shown in
Table 4.1.

Another effect which 1s perhaps best described as
cracking remission was found to occur at éemperatures above
Tcat. This condition resulted at the end of each run as
given 1n Table 4.1. Once cracking remission took place a
long period of time was required at lower temperatures
before cracking could be restarted. For example 1in order to
restart the hydride cracking after run #4 (Table 4.1) was

completed, a time period of 150 hours was required at 150 kg

load while the test temperature was cycled between 157°'C' and

‘4

219°C.
TABLE 4.1 - CONDITIONS OF HYDRIDE CRACKING TERMINATION
Run ( ~ Test Sample Hyd—rogen ‘TSS °C Load Tcat °C
- Content ppm kg .
1 1804-1 92 330 - 130 295 10 317,
2 148-2 '156 380 130. 288 to 317
3 1804-4 92 330 130 ¥ 32810 358
4 1804-4 92 330 150 325 to 352
B 5F 1804-4 92 330 100 280 to 315
3 ,fv’; By l'e)

* Approximate value from (Coleman, 78)

v

N\
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1t was noted from the output of the strip chart 'paper
that the process of crécking remission seemed togbe a
product of time and temperature. Therefore it is assumed
that a specific time at a temperature at or above Tcat would
be necessary in order for the cracking remission to occur.

A yisual opening %é ;be crack was also noted after
'cooliqg the;samQLgfunder load when Crackiné remission had
been aéhieved. This indicates extensive local plastic
é;formatioh which was Aot préviously apparent in the sample.

. . ‘. -l 3 .
Microscopic examination showed a series of hydrides \

suyrrounding the crack tip as shown in Figure 4.3.

™

3

L

Fijure 4.3 Crack tip hydrides in "sainple' 1804-1, 10x.

.

-
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The dark horizontal line at the center of the figure

~. —~-
———

represents the hydrided crack. At the crack tip, reoriented
hydrides are seen which would suggest a zone of plastic
deformation =8 mm 1n height.

At first glance it may be inferred that cracking
remission is simply the result of excé;ding the TSS. From’
the standpoint of the bulk of the sample this idea would
conflict with tﬁe terminal solid solubility data reported by
Coleman (1978) and would also not agree with the apparent '
independence of cracking remission to the hydrogen content
.of the sample as shown in Table 4.1. However the question of
whether or not TSS is exceeded at the crack tip could be
debated at lehgth, simply because the hydrogen concentration
and the change of TSS with stress conditions Are not known
in this region.

The results of these first two series of tests have
outlined the temperature borders of hydride cracking. At low
temperétures‘hydride cracking proceeds at rates too low to
be considered significant while at high temperatures hydride
cracking is stopped by one or more of three effects:

(1) TSS is exceeded. ~

(2) Tcat is exceeded.

(3) A condition of crack remission occurs which
invclves: hydride reorientation, bulk plastic deformation of

the sample, and a long incubation time before .the hydride

cracking restarts.

o N—
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A certain amount of validation for the two limits of
temperature for hydride cracking is provided 1n the
literature. At low temperatures hydride cracking 1s shown to
decrease with decreasing temperature (Ambler, 84,
Simpson,79b). At high températures, less than 325°C, Simpson
and Nuttall (1977) report that 1t is more difficult to
obtain s%@w crack growth. Room is also provided 1n the
literature for Tcat and cracking remission by an absence of
data on temperatlre vs. cracking rates at temperatures above
300°C, as for example in studies by Ambler (1984) and
Simpson (1878b).

"In another series of vriments incremental loads were
applied between temperature change profiles, one of which 1s
shown in Figure 4.4. These tests showed two distinct trends

' 4

dependin® on whether the test temperature was approached

frd& above or below.\If the test temperature was approached

from above the acoust)c emission rates were generally higher

o

~and ‘therefore the fractiuring sample was said to be 1n the

L
fast mode of cracking; conversely 1f the test temperature
was approached from below the fracturing sample was said to

be in the slow cr&king mode.
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Figure 4.4 A typical time-temperature profile.

By observing the cracking rates that occurred on the
temperature plateaus from each temperature profile, two sets
of data were obtained. The plateaus that rise intermittently
are representative of the slow cracking mode, conversély the
plateaus cascading down are representive of thé fast
cracking mode. Load changes also took place after the
completion of the temperature profile. Thus this series of
tests showed the effect of load on crqcking rates in both

modes of cracking over a range of temperatures.
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Grapl.s of the acoustic emission rate vs. temperature
are given ianigure 4.5 and 4.6 for two samples in the slow
cracking mode. Graphs that show two curves represent two
sets of test data repeated under the same conditions. These
figures do not show dramatie changes 1in the cracking rate
vs. temperature relationship as load 1s added. The area
under the count-temperature curve seems to increase with
load to a maximum and then decline. There also appears to be

a trend in the form of a shift 1n maximum count rate to

higher temperatures as load 1s 1ncreased.
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The effect of load on acoustiCAemission was much more
dramatic in the fast cracking mode, that is when the
temperature was approached from above. Figure 4.7 and 4.8
show the effects of load during the fast cracking mode in
the same layout as Figure 4.5 and 4.6 with the exception
that the vertical axis extends to 800 kilocounts/hour
instead of 150 kilocounts/hour.

The area under the acoustic emission rate vs,
temperature curve is seen to incredsg with load to a maximum
and then decline. The temperature that produces the highest
acoustic emission rate increases with load to a maximum.

It is also apparent that motre than just an increase 1in
acoustic emission rates occurs when switching from the slow
to the fast cracking mode. Comparison of Figures 4.4 through
4.8 shows ‘that the temperature of maximum activity is higher
in the fast cracking mode and also that Tcat occurs at a
higher temperature. The shapes of the curves also appear to
be somewhat different as the graphs of the slow cracking
mode data appear more symmetrical than those of the fast

cracking mode data.
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Figure 4.7 Acoustic emission rate vs. temperature,
s

fast cracking mode, sample 1804-2, 92 ppm hydrogen.
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Figure 4.8 Acoustic emission rate vs. temperature,
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As the teét temperature was lowered there was a point
below which the two cracking modes seemed to produce
acoustic emissions at similar rates. This temperature
appeared to be loadlgépendent, decreasing as the load
increased. For sample 148-1 this temperature yaé: 180°C for
77 kg, 150°C for 95 kg, and 123°C for 131 kg. For sample
1804-2 the load dependence of this temperature was less

4
marked, that 1is: j48°C for 77 kg, and 120°C for 140 kg.

This series of tests has demonstrated a substantial

change in hydride cracking behavior in the different

‘

cracking modes. In the fast cracking mode it is apparent

that at high loads the acoustic emissions drop off abruptly
when the Tcat 1§ approached. At lower lé%ds and during
Eondionns-of the slow cracking mode, thére is a more
gradu51 decrease in acoustic activity as Tcat is approached.
The limits Sf Tcat appe%r to be 260°C-300°C in the slow

»
cracking mode and 290°C-314°C in the fast cracking mode.
.
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4.2 Waxing and Waning Temperature Changes

In this section the effects df temperature changes will
be cons{dered ftom a dynamic point of view in terms of both
immediage and long term effects. The immediate effects
represent changes in aco&stic activity that transpired
during a waxing or waning temperature. The long terfi effects
represeht changes 1n acoustic activity that take place after
the temperature change. In this regard it was found that the
effects of a waning or waxing temperature were depend&nt on:

(1) whether or not steady state conditions

existed before the change.

(2) thé range of temperature in which the testing

was carried out.

(3) the g;a;higg mode prior Lo the temperature change.

(4) the direction of the temperature progression.

To understand the effects of a éh;nging temperature it
is necessary to consider three caées of a waxing temperature
and three cases of a waning temperature. To illustrate these
six cases sections of the strip chart recorder paper have
been reproduced in figures that contain the appropriate

- temperature sequences.

£
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1 Waxing temperature ,

4.2.1.1 Post Slow Cracking Mode

- If‘r R . -4 \ 'v-”--~-|~v-1~

) \;, FH
ﬁousnc'enussmns
.xl. o

{19 .
=

Figure 4.9 Rising temperature plateaus.

This case of waxing temperature refers to the
situation after steady state conditions have prevailed
in the slow cracking mode as shown in Figure 4.9. The
temperature sequence represented 1n thils case 1s: the
rise in temperature (A) ;hat establishes the slow
cracking mode, the plateau (B) that ensures steady state

conditions, the region (C) of waxing temperature, and

-



63

the plateau (D) over which steady|state 1s

re-established. \

N

Ip the lower range of temperature (below =150°C)
the temperature rise (C) produces a burst of emissions
in a cracking sample. As this sequence is transposed to
higher temperatures, emissions during region (C)
increase until a point is reached where further
temperature increases cause a-diminishing of emissions.
This trend continues with increasing temperature gntil e
all emissions cease in the range of temperature around
300°cC.

The effect of a waxing temperature on acoustic
emissions has been plotted for different loads in Figure
4.10 and 4.11. The temperature on the horizontal scale
refers to the starting temperature of the 30°C
temperature rise. In cases where the test was repeated

the appropriate graph contains two plots.
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Figure 4.10 Acoustic emission rate vs. periods of

waxing temperature, slow cracking mode, sample 148+1.
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4.2.1.2 After Temperature Fall .

Figure 4.12 Temperature rise and fall.

n

This effect of \a waxing temperature pertains to a

case of dynamic conditions. The temperature seguence
-1

represented here 1S: a temperature fall (A), a waxing

— «
.

temperature (B), and a plateaL (C) over which steady

state 1s established.

At low temperatures (under =150°C) a waxing

tempgrature (B) immediately after a fall (A) does not
give a burst of .emissions and has little effect on

acoustic emission rate during the following plateau (C).

x

If this sequence is transposed to higher temperatures,

as shdwn in Figure 4.12, the waxing teémperature will
L4 e .

P

! N . . . . . )
cause a réduction in Aacoustic emission rate if the fast

.

rF
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cracking mode has been established immediately prior to

the temperature fall.
4.2.1.3 Post Fast Cracking Mode
~
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Figure 4.13 A waxlng temperature in the fast

cracking mode. [ ]

-

This case pertélns to the situation where a

temperature increase is 1mposed after steady state has

beer estaplilshec 1ir the fast cracking mode.

The

temperatureé sequence represented here is: a temperature

fall (A) to establish the fast cracking mode, a

{B) establish steady state, and a

temperature plateau teo
waxing temperature (C).
In the lower temperature regions (below a1SO°Cl a.

waxing temperaturne (C) as shown in Figure 4.13 produces
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a burst of emissions above the normal cracking rate. As
this sequence 1s transpos¢d to higher temperatures the
difference between the acpustic emission rate during the
waxing temperature (C) and the rate on the previous _
plateau (B) becomes less until no difference 1s noted.
Finally transposing the sequence to still higher
temperiétures, a waxing temperature lowers the acoustic
emission rate until all emissions stop at the crack

arrest temperature, Tcat.

4.2.2 Temperature Fall <~

\

4.2.2.1 Post Fast Cracking Mode

Figure 4.14 A waning temperature in the fast
cra¢king mode .

e / ’
7
/

/

/
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This case of waning temperature pertains to the
situation where steady state has been established in the
fast cracking mode. The temperature seqguUence here 1s: a
plateau (A) to establish the fast cracking mode, a
waning temperature (B), and a plateau where steady state
1s again established.

At high temperatures there is a gradual decrease of
emission on temperature fall as shown in Figure 4. 14.
However below =200°C, a decrease in temperature will
cause a noticeable lull in emission rate. (1.e. the

. \
emission rate drops markedly for\a time, then increases
to a steady state value)

Figures 4.15 and 4.16.show the effect of load on
the relationship between tie acoustic.emissions produced
during a 30°C temperature wane and the temperature. The
temperature scale at the bottom of the graphs refers to

-
the final temperature of the change. For example, a

L 4

: 2\
temperature wane from 344°C:'to 314°C is represented by

the point 314°C on the temperature scale. In cases where

.

two plots are shown on the same graph the temperature

profile was repeated twice at the same load.

[
.



~

..

(kilocounts/hour)

}
: Figure 4.15 Acoustic emission rate vs. periods of

‘ |

ACOUSTIC EMISSION RATE

70

800 800 800
73 kg 77 kg 86 kg
600 600 - . 600 -
400 400 400
200 200 200 /\
7
O-M OJ‘M O“A
100 200 300 100 200 300 100 200 300
5001F 800 800
95 kg 104 kg 113 kg
600 600 600
400 400 400
N 4
200- 200 200y
0 0- 0
100 200 300 100 200 300 100 200 300
800 00
122 kg N 131 kg
600 - 600
4001 400
200 2004
-
0 0+
100 200 300 100 200 100
S~

' TEMPERATURE (°C)

waning temperature, fast crackingr mode, sample 148-1.



I-

ACOUSTIC EMISSION RATE (kilocounts/hou

A

600 600 800 .
77 kg 86 kg 95 kg
600 - ' 600 600
4004 400 400
2004 2001 2004
0 B B 0 v Y 0 T A
100 200 300 100 200 300 100 200 300
800 800 800
104 kg
600 600 600 -

400 1

200 A

400 A 400

2004 2001

0 - 04

1 1 |
800 800 800

140 kg

600 " 600- : 600
400 4004 ' 400
200 (\ 200+ 200

0 . - 0 ' Yy

100 200

Figure 4.16

TEMPERATURE (°C)

Acoustic emission rate vs. periods of

300

waning temperature, fast cracking mode, sample 1804-2.

J

\

.



72

4,2.2.2 After Waxing Temperature

)

Figure 4.17 A waning temperature after a

temperature rise.
- ;

) .

This effect of waning temperature refers to a case
of non-eguilibrium conditions. Thg temperature seguences¢
here is: a temperature rise (X{1\3>waning temperature

-(B), and a plateahl(C) over which steady state is

established. s

At high tenperatures in the range of Tcat, a waning

ﬁemperature as shown in Figure 4.17 will cau$Se a 1lull or

depression in acoustic emission rate. At midrange
temperatures ghere appears to be little effect of a
[ 4
. < .
waning temperature. At lower temperatures as in the case

. ) . _ . ~
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-

of Figure 4.17, a cracking sample experiencing a waning
temperature will again show a lull in the acoustic
emission rate. Following this lull acoustic emissions
occur at an accelerated rate before stabilization
:gzcurs. Above =150°C this temperature sequence causes a
change 1n the cracking %ode providing the slow cracking

mode 1S 1n effecij

Ed

4.2.2.3 Post Slow Cracking Mode
v

et prongn e : - - . . we omerpt v

FigJ{e 4.18 A waning temperature in the slow

cracking mode.

2

This case of waning temperature refers to steady
3 ) .

state conditions. The temperature sequence here is: a ﬁ%k

)

. ‘ , N (
.
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rise in temperature (A) to establish the slow cracking
mode, the plateau-(B) to estabiish steady state, a
waning temperature (C), and the plateau (DR) over which
steady state 1s again established.

At lower temperatures, below =150°C, a waning

temperature produces a lull in acoustic emissions. In

L]

the temperature range above =150°C a waning temperature

as shown in Figure 4..18 causes increased cracking during

the fall, as there is a tende cy to change to the fast
cracking mode. 1f the crackind has  stopped és a resylt
of exceéding the Tcat, a period of time is required on
the fall before cracking begins. There may be an

additiondlYeffect of waning temperature since Fiqgure

s

4.18 gives a hint that an acceleration of emissions over
the steady state conditions occurs during a waning
temperature, and Figures 4.2 and 4.13 show that after

cracking remission acoustic emissions will occur as the
.

temperature falls. : f

-

4.2.3 Overall Effects of Waning and Waxing Temperature
’ . . Y -
In the sections above some of the long and short term

. » . 3 . ) A
effects on acoustic emission activity sesulting from a
. : - ‘

waning‘and waxing temper re have been described. From the

‘discussion oh different mcddes of cracking in previods_

-

sections it is obvious that a thermal cycle of‘3QEE could
have a long term effect on the rate of acoustic emissions.

The dynamic temperature effects that could not have been

L
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predicted were the changes in acoustic emission rate which
arose during a temperature changé. The combination of these
effects makes a determination of Tcat difficult. In addition
it Qnst be noted that a rising tempera@ure can exhibit two
opposing tendencies: the tendency for emissions to 1lncrease
on the temperature rise, and the tendency for emissions to
decrease as a result of é change in the cracking mode.
AN
4.3 The Effect of Load on Hydride Cracking
- o
4.3.1 Load vs. Stress Intensify
Care has been taken not to equate load with stress
i;tensity. This;is due to the fact that under constant load
the stress statg‘at the crack tip changes with time as a
result of the migration of hydrogen and the formation~of the
hydrides. Therqfore calculations of stress intehsity which
are based on the geometry of a simple fatiguetcracked
sample, as seen frequentlf in the literature, are incorrect
when applied to hydride»crécking{ However in order to
compare the dead weight load (kg) that was applied to
constant K samples in this study, with the stress intensity
fact?rs givén‘in 6ther work, théfrelationship,fKI = 0.132 x

. | 5y

load MPaym, may be used (Coleman,7jb).

4
<

4.3.2 Effeﬁ of a Waxing Load

v -

"A sample undergoing hydride cracking gives a burst of

emissions during a load increase. In some cases load

h »
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increases of 1 or 2 percent were sufficient to cause up to
-,

approximately 10,000 counts. Larger load increases were

‘capable of increasing emissions up to at least 180,000

counts.
/

The acoustic emissions %?éated bykl&;ding did not occur

- if the sample was unloaded and then 1mmedately reloaded to
the original value. However an extra burst of eﬁ@ssions
occurred if this original load was exceeded‘or if the sample
was left a period of time to crack at the lower load before
reloading. In these circumstances, this accelerated emission
rate continued for a time after the load was épplied,‘but >

£
eventually the acoustic emission rate reached a steady state

. A
level. Somé test result§ showing the effect of a waxing load
are given in Tables 4.2 through 4.4 under the column
"Immediate Effect". \7 . . v
- <

4.3.3 Effect of a Waning Load

| Reductions in load caused an immediate decrease in the
rate of acoustic emissions. Emissions then continued at a
low rate for.a period»of timé before increaéing to some
stable value. Unioading sometimes caused qhacgﬁng to stop
completely, thus if cracking-was to be ménitorea follewing a
large Qecrease in load it was nécessary to remove the load
in stages. In some cases a cracking sample, subjected to a
large unloa?ihg that caused crack stoppage for a period of
time, had fo be‘feloaded.to a value higher thaP tpe.vaihe.at

-

which it had been originally éracking in order to restart

-
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the cracking. Some test results showing the effects of a

-

waning load are given in Tables 4.2 through 4.4 in the

’

qglumn "Immédiate Effect.”
4.3.4 Eff?ct of Prior Load on Acoustic Emissions
« Monitoring the.effect of load on the acoustic emission
. .rate alsg revealed an effect of prior loading. Depending én
the l“history; different emi'ssion rates could be ('Dbtained o
alk theAsame-temperature and load. If a cracking sample
’ experiehced‘a'load increasé to reach a test load, the
cracking.rate would be highe{ than in the case in which the

given test load was attained by reducing the load from a

. .
”Vhigher'value. Some test results are presented in Tables 4.2

through 4.4 for both cracking modes. :
p : ‘
, . ‘
4.3.5 Tables Showing the Efiect of Loading ,

~

»

Tables 4.2 through 4.4 show the effect of loading on

. -~

acoustic emission at three different tempethures. These

tables show the results of a series of experiments involving™ _

~= smooth changes in load by use of the water tapk as descrfbedﬂ

a .

. ¢in section 3.3. f

.
-~

e The "Established Acoustit Emission Rate kcHKt/h"

ﬁindicates the rate of acoustic emissions given off by -the
. i

sample before the loai changef In placeS\ﬁhis column shows:a CL
. % .
“cdhtinue“ggindicaxing that the experiment,was not finished

_— and that additional load changes were carried out after

.
‘ SR ¢ «

various periods of time.. .
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The "Load Change kg" specifies the sample load 1in
kilogrz1s before the load change and after the load change.

The "Immediate Effect” refers to the immediate change
in acoustic activity, either in a burst of emissions or,
alternatively, as a time required before some level of
acoustic acgivity was achieved. ’

The "New Acoustic Em;ssion Rate" refers to the newly

established rate of acoustic emissions emitted by the

Pw

cracking‘samp}éfafter the }Bad change; ftxme hqid" refers to
the time before the cracking sample went throggh another
load change. . o

In the calculation of these tablésjatﬁ}eags 100,000
counts were allotted fo? the cracking rate to stabilize. If

this criterion was not met the cracking rate 1s noted as an

. estimate only.

TABLE 4.2 - EFFECT OF LOAD CHANGE AT 119°C

\

Fast Cracking Mode Sample 1804-3  «
~ Established Acoustic  * Load Change Immediate Naew Acoustic
Emission Rate kg ' Effect _ Emission Rate
- e.
’ . \ .
9.3 kents/h 170 to 136 Stop 14 h1/ 7.6 Kents/h A
7.6 kents/h 136 to 104 Stop 13 h ~ 5.3 kentsth T
5.3 kents/h 104 t0 73 . StopS52h 1.1 kents/h ‘
1.1 kents/h . 73 t0 104 105 kents 12.8 kents/h

128 keatsh 104 10 136 100 kents 183 kents/h



12.3 kents/h v -
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TABLE 4.3 - EFFECT OF LOAD CHANGE AT 140°C ‘
Fast Cracking Mode Sample 1804-3
Established Acoustic " Load Chang’ lmmed‘ate “ New Ac‘ousTic
Emission Rate kg ° Effect - " Emission Rate
o . e & IS \;
14.0 kents/h 176 to 136 436 h 1o 100 kent 6.6 kents/h
6.6 kcntsrh 136 to 104 825 h to 100 kcnt 2.5 kents/h
2.5 kentsrh 104 to 121 26 kents .6.8 kents/h
o 6.8 kents/h 121 t0 136 62 kents 16.9 kents/h .
r ‘ 0
TABLE 4.4 - EFFECT OF LOAD CHANGE AT 200°C
Fast Cracking Mode Sample 1804-2# . 4’ 4
,
Established Acoustic Load Change Immediate Time Held or New Acoustic S
Emission Rate kg ﬁ Effect Emission Rate * ':‘%'- ,
7.1 (kents/h) 64 1o 73 52 kents. ‘<oth . .-
/ continue 7310 64 Stop 2 h 101 (est.) kents/h. s
10.1 (est.) (kcnts/h) 64 to 73 42 kents Hold 3.8 h
continue 7310 64 Stop 155 h + 9.5 kents/h
9.5 (kents/h) 6410 91 103 kents 96.8 kents/h
96.8 (kcnts/h) 9110100 . 72 kents ‘0.1h g
continue 100 to 91 . 1.8 h to 100 kcnts 83.3 kents/h
83.3 (kents/h) 91 to 100. 68 kents 0.2h
continue 100 o 91' 2.2 h to 100 kents 56.3 kents/h
56.3 (kcnts/h) 91 to 100 . 64 kents 75.0 kentsth
75.04kents/h) 100 to 91 5.2 b to 100 kents 52.6 kcnts/h ,
52.6 (kents/h) 91 to 64 110 ho 0.0 kents OOkentsh <
16.3 (kents/h) 64 10 91 " 180 kents 65.9 kentsth ' L
65.9 (kents/h)® 91 to 100 . 98 kents - <0.1h o
continue 1001091° 2.4 h 1o 100 kents 50.8 kentsh
50.8 (kcnts/h) 9110100 - 55 kents 0.4 h '
continue 100 to 91 3.5 h to 100 kents 46.2 kents/h
46.2 (kents/h) 9110 100 _ 55 kents 57\ kents/h :
57.1 (kents/h) 1001091 4.7 hto 100 kents 29.6/kents/h’ ‘ ‘
29.6 (ktnts/h)-» 91 to 8 2\ _ < - <D1h : '
continue 821091 S 40.4 kentsih - .
<. 40.4 (kcnts/h) © 9110 82 12.4 h to 100 kent



4.3.6 Comparﬁson of Load and (Smperature Effects
- ‘Jt has been shown that a sample of Zr-2.5%Nb undergoing
delgyed hydride cracking is ¢apable of producing acoustic

N

emissions through a.steady state process, and through a*™
dynamic process. The steal8y state process would be one for
which the amount of acoustic emissions ﬁg'dep ndent only on
time, and would be rgéched when ali variables sthch as
temperature, load, and cracking rate are coﬁstant. It 1s
also Possible by the manipulation of load or temperature to
alter the acoustic emission rate of a cracking sample 1n a

’ 3
. -
manner comparatively i1ndependent of time. This is referred

. _ v
to as a dynamlc process.

. .

in the case of hydride crisiing thgre may be a whole
range of cracking rates possible, that is, a variety of
steady staté conditions at the same load and temperature. It
has been shown by approaching the test temperature froh
above (below) that a fast (slow) mode of cracking can
result. In terms of the load parameter, if the test load is
attained by loading from below, a faster rate of cracking
occurs than if the test load is reached by unloading.

When obtaining two cracking rates by manipulation of
load and temperature it is apparent that the two parameters
have a different sense of direction. A test load achieved by

£
*

a -'ising load produces fast cracking, and test temperature§\v

-



a

.4
. oo . ¢
achieved by rising temperature produce slow cracking,

Alternatively, in terms of dynamic effects, increases in
load or in temperature both produce an increase in acoustic
emisslons., .

9

There were other differences between the load and
temperature parametergﬂin the way steady state cond{tions
were approached. Changes in cracking mode appeared to
stabiliie quickly whereas ®hanges in load drifted into
steady‘%tate 1n a.-more asymptotic fashioﬁ.

The dynamic effects of load and temperature on hydride
cratking have not Qeen previously reported, where;S the
pre%ent work has to a gertain exteng, validated the sgéady

» .
state effects reported in the literature. fhe two ques of

cracking due to temperature are confirmed somewhat by Ambler

(1984) in connection with his description of the Tdat

temperature. In terms of the steady state changes due to

104d vigiations Coleman and Ambler (1979) reported that

lowering the stress iftensity results in delay times before
: . . ,
hydrided cracking reappears. This has also been verified in
L ]

the present work. A

., / | o,
< -

.
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4. i 7 Effeéﬂﬁbf Load Changes on Cracking Modegs

Whenkggb static and dynamic effects of load and
temperature on acoustic emission were described above, it
may have becomé obvious to #he reader that the fast and slow
crackang ques which result from differeny/ai(ections of
approach to temperature could be simply explained 1in terms\
of load qhanges. In the literagure section it was seen that
\hydridé cfacking deals with the fracture of hydrides and
that the specific Jblume o} the zirconium hydride is greater
than that of the zirconium metal. 1A the last section 1t has
been shown that a load increase to the test load will cause
a faster crate of cracking than a load decrease to the test
load, and tﬁat a Zr—2.5iﬁb sample is-very sgnsitive to load -
during steady state cracking, since small increases 1n load
will produce a sdbs;antial amount of emissions. Further, it
has been demonstrated that a waxing temperature will cause a
bﬁrst of emissions. Thus, the logical hypothe51s could be
made that a r¥se in temperature causes aamomentary local -
load.surge, e to the expansion of the fractured hydride,
which in turn causes a change from the fest cracking mode to
the slow cracking mode.

‘

A further investigation was made into this aspect of

load variation. Figure 4.1y suuws a photograph of the st}ip

- - | & *
chart recorder paper used to monitor the temperature and

acoustic emissions during part of this experiment. At a
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tompordture of 207°C, sample #1864~3 (92 ppm hydrogen) was
.subjected to changes in cracking dee by ramping the
. : 3
temperature down’to 157°C 1n a %O minute L{me interval \
tollowed by a 30 minute ramp back to 207°C. After the*
cracking rate was established, the temperafﬁre was ramped to
257°C 1n 30 minutes. This was followed by a 30 minute fall
to 207°C-where steady state was again established. Prior to
-,

. >
one of these downward spikes 1n temperature, the 178 kg
|

weight was unloaded to 161 kg then reloaded to 178 kg after
A ]

~

the spike. No difference in the Steédy state acbustic
emilssion rat‘g was Fvé’f‘etted by making the load Q_ha‘.

.The test was repeated decreasing the level of water 1in
the .tank until a load of 91 kg was reachea before reloading
to 178 kg. This resulted agaln 1in no_change in the slow
cracking mode.

The test was repeateé Pppositely, that is, with an
upward temperature spike just after a load drop to 161 kg.
Following the temperature spike-(test temperature again
207°C) the load was returned to 178 kg. The normal burét of
emissions from the waxing temperature of the spike was not

"present, but there was no apparent change in the rate of the

fast cracking mode after returning to the 178 kg load.
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Figure 4.19 The temperature profile and acoustic

emissions generated during part of a load variation

experiment.,

- The results of this experiment indicate that the
different cracking modes are not simply a result-of prior
load. It is also apparent that more information in terms of
fractoéraphy and metallograpy quld be helpful in
combination with the acoustic emission data in attempting to

explain the characteristics of hydride cracking.
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4.4 Ffactography

4.4.1 Optical Surface Features? > . |

In specimens 1804-2 and 148-1 hydride cracks were -
allowed to progress until the samples could no longer
sustain the test load. The samples then déformed plastically
until the weight came to-rest on the floor. Since these were
the sample specimens used to determine the acoustic emission
rates vs. t%ﬁperaturé at varying loads (sec?ion 4&1.3) their
thermal, a;oustic, and loading histories were known. The
samples wére each separated intébhalves to expose the
surface features. A

The final separation of the fracture surf;ces was
accomplished by ;iking a shallow saw.,cut in the planeeof
fracture. This allowed the samples'to be pulled apart by
hand. The saw cut of sample 1804-2 is Ehown in Figure 4.21.
However the saw cut was not visible in the fracturel;urfacé
of sample 148-1, as shown in Figure 4g22. The fracture in
sample 148-1 continued to propagate along its original pléne

v .

rather than join the saw éut; The relationshlp between' the
facture surface and the saw cut of this sample is shown ‘in

Figqure 4.20.
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Figure 4.20 The fracture path in the region of a saw

cut, sample 148-1, 6x.

The final separation of sample 148-1 is out of the
ordinary. It would be e;pected that the ffacture would join
up with the saw cut instead of continuing te propagate in
the oréginal fracture plane. It is also totally unexpected
that an individual would be able to rip a; area of =18mm’ of
zirconium metal by hand. Since the area of-the fracture
éurface created by the final fracture was shin} (not 4?
oxidized) it is clear that some form of damage or ﬂ?

degradation to the metal can extend ahead of .the crack front/

as defined by the okide bands.



Figure 4.21 The fracture surface of sample 1804-2,

92 ppm hydrogen, 6x. “
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Figure 4.22 The fracture surface of sample 148-1,

298 ppm hydrogen, 6x.
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Two features of the fracture surface were.immeaiétely
visible to the naked eye: oxide bands, aﬁd texture markings.
The oxide bands, which are especially prominent in the lower
half of Figure 4.21, consisted of shaded bands about 0.3 mm
in width, spaced at intervals in the range of 0.5 to 1.5 mm.
These bands were found to be invisible in the scanning
electron microscope and are therefore attributed to an oxide
layer of varying thickness. Only a few texture markings were
visible to the naked eye, but Qith the aid of the binocular
microscope these m;rkings appeared as a series of
striations.

Striations, which were prominent on both fracture
surfaces, are the vertical lines shown in Figure 4.23.
Striation lines run'approximately normal to the direction of
fracture propagation. In the binocular microscope they
appeared as narrow grooves scribed across the sample surface
in a thumbnail pattern roughly parallel to one another, They
were spaced at intervals varing from approximately 70

-

microns to %ess.than 20 microns. At a magnification of 40x
3

the striations shown in Figure 4.23 were found to be similar

to those illustrated by\Dutton (1978).
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Figure 4.23 Striations (oriented vertically),

.

sample 1804-2, 40x.
*

4.4.2 Surface Features in the Scanning Electron Microscope

The fracture surface features werefobserQed in the T
scanning electron micrescope. The suriace oxide bands were
not visible,“bqt Wwith some difficulty it was possible to
locate and observe the striations. Figures 4.24 and 4.25
show fracﬁure surface featpreé and striations on sample
1804-2 (92 ppm hydrogen) which were visible in the sc;nning

electron microscope at different magnifications. ' .



Figure 4.24

Figure 4.25 A striation linei(shownlwitﬁ arrdws), 1900x.

Striations (oriented horizontally), 500x.

- . ..

-

\..
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Scanning electron fractography has pfeviously been
. . ) ~

conducted on surfaces resulting from ﬁhe hydride cracking of
Zr-2.5%Nb pressure tubing. Tﬁe resuiting appearance of the
fracture surfaces has been déséribed'as "feathery platelets”
(E11s,80). Electron microscope fractographs from these
studies are similar in appearance to those illustrated 1in
Figure 4.24 and‘4.55.

Other workers (Dutton,77a) have reportea britgle
cleavage between the striations. Areas of cleavage were not °
apparent in sém[‘ales 18(@2 and 148-1., It 1s possible that
cleavage would have been vjsible in very small regions of
the fracture surface if the higher resolving power of the,
transmission eléctron microscope had been used.

4.4.3 Acoustic Emission and Fractography

During the hydride cracking of samples 1804f2 and 148-1
acoustic emissions were mﬁnitored as a funcetion of thé
varying loads and temperatures. It would be expected that
some of the events related to changes in emission rate cogid
be correlated with the fracture surface markings. To this
end trahsparencies were placed.over en.iargments of Figures .'
"4.22 afd 4.23 and tracings made ©f each band\or striation
gro.. The areas outlined by the successi&:e bands wefe then
. measured using a -.'o:mputerized digitizer bcard: The result of’
. these area computations are listed in Tahles 4.5 and 4.6.

¢



° ' *
It was also necessary to group the acoustic emissions

according to variations in activity resulting from changes
1n the test parameters. During testing both samples had been
subject to repeated temperature profiles such as showp 1n

\

Figure 4.26.

<§;j$ﬁc .
emissions -
¥

Figure 4.26 A temﬁerature profile and acoustic

. . -
eml1ssions.

Periods of low acoustic activity were noted during both
;he low temperature periods and the high témperature periods
of each profile. Load changés were imposed during pericds of
‘lTow teﬁperature between the individual temperature pro 11es;
This allowed the acoustic\emissions to be grouped ‘in fou
different Qays, corresponding to the f%llowing four

intervals: ’



(3)

(4)

Ol

® ()4

from a period of low activity to the next period of
low activity.

from minimum temperature to minimum t empora}t ure on
one temperature profile.

from peak temperature to the next peak temperature.

trom load change to load change.

k]

the four methods of grouping the acoustic activity,

number three (peak temperature to peak temperature)

correlated best with the fracture su:face markings‘.

Therefore the emissions trom the hydride cracking tests on

samples

1804-2 and 148-1 have been divided 1nto groups

corresponding to the emissions detected from one to the next

peak temperature. The total acoustic emission counts that

occurred

order 1n

in these groups 1s listed 1n reverse chronological

Tables 4.5 and 4.6, starting from the last test

conducted on each sample in Tables 4.5 and 4.6.

TABLE 45 - COUNTS VERSUS FRACTURE AREA ON SAMPLE 1804-2

Region Area Acoustic Activity Mcnts/mm2 Mcnts/mm2
(as per Figure 4.21) (mmz) (Mcnts) (if region 1 disregarded)

1 79 325 0.41 _
2 38 275 0.72 0.85
3 45 2.15 0.48 0.61
4 42 2.80 0.67 0.51
5 o 48 3.26 0.68 058
6 59 3.40 0.58 0.55
7 4.7 3.60 : 0.77 0.72
8 6.0 3.45 ™ 058 0.60
9 50 3.10 0.62 069

10 4.4 2.00 0.45 0.70

1 36 1.55 0.43 0.56

12 29 1.25 0.43 0.53

13 - 2.6 0.48 -
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TABLE 46  COUNTS VERSUS t RACTURE AREA ON SAMPLE 1481

Hegion Area Acoustic Activity Mcnts/mm’ Mcnts/mm2
{as pur bigure 4 22) (mm”) (Mcnts) (it region 1 disregarded)

110
380
350
3.80
3.10
220
290
205
090
085
042
048
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From a logical standpoint the fracture surface markings
would be expected to correlate very well with acoustic
activity denerated during the c@urse of the hydride -
fracture. It is reported in the literature-that on.a single
sample, acoustic emissions produced from a hydride cracklare
directly proportional to the created fracture surface area,

.
the constant of proportionality being indepéndent of stress

intensity and temperature (Ambler,b 84, Arora,81). Oxidel bands

have also been used to mark the progress of a hydride crack
‘ {
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(Siﬁbson,??). Accordingly the number of kilocounts per unit
area shown in Tables 4.5 and 4.6, should be a constant as.it
repreSents the acoustic emissions generated as the hydride
crack propagates the distanée from one oxide band to
another, yet 1t shows considerable scatter. Furthermore the
scatter of this parameter did not change significahtly 1f
the last area to fracture (region 1) was disregarded and all
the groups of acoustic emissions were correlated to
different areas on the fracture surface (last column Tables
4.5 and 4.6). Nor did regrouping the acé&stic emissions
according to the temperature profiles and correlating these
groups with fracture surface features, make a significant
change to the parameter.

Thus the concdusion is reached that although acoustic
emissions represent cracking that occurs in the sample,
perhaps even proportionally to the fracture area, 1t 1s not
known where in the sample the fracturing originates. For
example subsidiary cracking would result in the creation of
fracture surface which would produce additional acoustic
emissions, but would not contribﬁte to -a large\\measured

fracture surface area. '

~
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4.5 Metallography

4.5.1 As-Received Tubing .
A section of Zr-2.5%Nb pressure tubing with an owtpide
diameter of =110 mm and a wall thickness of =4 mm was
obtained for metallographic examination. This tubling was
manufactured to thé same specificaﬁions as the Candu reactor
pressure tubes and would normally be expécted to contain =10
to 15 ppm hydrogen. Sections were remove.d from the tube 1n
order to Qiew three planes as referenced 1n Figure 4.27.

These sections were then mounted, polished and etched for

viewing in the optical microscope.

Radial - tangential

RRadial - longitudinal

| Longitudinal-tangential

Figure 4.27 The orientation of three planes in the

pressure tube.
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Figuge 4.28 shows the microstructure of the
radial-longitudinal plane in the pressure tube. This plane
displays the most pronounced banding of all three
orientations with the mayor grain elongation occurring in

the langitudinal direction. These lomg narrow grains have

the apﬁroximate dimensions of 0.3 by 40 microns.

©

<—— longitudinal ———

Figure 4.28 The radial-longitudinal plane of a

Zr-2.5%Nb tube, etched, 1400x.



Figure 4.29 shows the longitudinal-tangential plane.
The micfo;tructure has ta wood d%ain appearance and the gfain
boundaries appear .somewhat woolly. The grains age elongated
in the longitudinal direction, but appear to have aspect

ratios less than those observed in the radial-longitudinal

plane.

<«<—— longitudinal ——

Figure 4.29 The longitudinal-tangential plane,

etched, .1400x.

\

The radial-téngehtial plane is shown in Figure 4.30.

The grains are*appréiimately‘0.4 by 7 microns in size with

L4

the banding occurring in the'tangen;ial direction.



100

<—— tangential ——»>

ngure 4.30 The radial-tangential plane, etched,

1400x.

The microstructure of the préssuré tube consisted of
two phases. The white colored phase in the abové figures is
?epnesentative of the a zirconium which is outlined by a
network of retained BZr-phase. Each individual graih of the
a zirconium resembled a squashed sausage with the major axis
generally parallel to the axis of the pipe while thé ﬁ;nor
axis showed some random deviation about the tangential
direction. These results are similar to those from other
metallographic studies (Yuan,82) completed on Zr-2.5%Nb
pressure tube, with some differences noted in the esgimation

//\‘\ 3 .
of the grain dimensions.
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4.5.2 Hydride Orientation

N Sample 1804-3 (92 ppm hydrogen) was sectioned to view

/ three planes in the pressure tube aé referenced in Figure
4.26. These sections were mounted and polished in order to
ascertain the orientation énd morphology of the zirconium
hydride phase. The appearance of the radial—loﬁgitudinal
plane 1s shown in,Figure 4.31. The dark markings 1in the\

figure are hydrides elongated parallel .to the longitudinal

direction of the pressure tube.

<«<—— longitudinal ——>

Figure 4.31 The hydride orientation in the

radial-longitudinal plane, unetched, 110x.
4



Figure 4.32 shows the hydrides in the longitudinal-
tangential plane. Here it is seen that a small amount of
elongation occurs in the longitudinal direction, but
hydrides also appear as rounded wispy blotches without any

discernible orientation.

b

«—— longitudinal ——

N

-

Vd
Fiqure 4.32 The hydride orientation in the

longitudinal-tangential plane, unetched, 110x.
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The hydrides in the radial-tangential plane as shown in
Figureﬂz.33 were oriented primarily in the tangential
direction. A certain amount of deviation from this direction
was noted along with a waviness in the hydride plate&etsl
This feature is possibly related to thé waviness in the
grain structpre which is also appérent in the
radial-tangential plane shown at higher magnification in

Figure 4.30

<—— tangentidl ———>

~ . ~
~

o S\
_ Fiqure 4.33 Hydrides in the radial-tangential

direction, unetched, 110x. | P
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4.5.3 Grain Structure and Hydridés

Figufe 4.34 shows optical micrographs taken from tﬁe
same region of a delayed hydride cracking specimen before
and after etcbing. The hydrides in this orientation appear
as worm like entities extending vertically from the region
of the crack tip at the bottom of the micrographs. It’can be
seen that the original grain structure has been maintained

in the hydrided region, andcthat each of the hydrides

encompasses more than one dgrain.

L4

Y

4

Figure 4,34 Hydrides at a crack tip, before etching

(left), and after etching (right), 1400x.
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As Figure 4.34 shows, the hydrides are difficult to
identify at high magnification in the optical microscope,
especiélly after the specimen syrface has been etched. The
hydrides appear slightly darker on“the etched sample, but 7
the boundaries of the hydrides are masked b{ the appearance
of the retained B phase that also marks the a grain
boundaries. Therefore fon optical microscopy, in order to
differentiate hydrides from the background, the best method
of sample preparation.was found to be light Pressure hand
polishing to 1/4 micron diamond paste. This provided some
surface relief on.the sample surface in which hydridés were
slightl? pronounced. This appeared as contraét in the light

optical microscope.

4.5.4 Microhardness

The difficulty in identifying hydrides with the optical
microscope led to the use of other techniques to
differentiate the hydrides from the matrix. In-this vein a
microhardness tester was- employed using a 15 gram load on a
diamond pyrémid indentor for a 5 second duration to
" ascertain the hardness values of the microstructural
componéntsi At these low loads the hydrides gave the

appearance of being slightly harder than the base metal as

Figure 4.35 shows.
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Figure 4.35 Hardness indents of 15 grams on the

Zr-2.5%Nb matrix containing a hydride, 1400x.

The computation of 20 hardness values confirmed that
the hydrides were slighély harder than the matrix material.
The hydrides had an average Vickers hardness of 233 while
the average hardness values for the 10 hardness tests
conducted on the matrix was 213. These results compare

favorably with those reported by Mueller et al. (1968).

4.6 Artifacts in the Metallographic Preparation of Fractures
A metallographic sample prepared for viewing with the
optical- microscopé is subject to damage and modlf;catlon

during preparat1on. F1ne cracks are espec1a11y troublesome
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- ad¢ they can be approximately the same size as the abrasive

i .
o poilshing compound and are often too small to allow
. POW

I

R ‘?
o dMfiltration by the mounting material. This allows at least

%%’ee types of artifacts to exist when specimens containing

éine cracks are prepared for metallographic examination. One
{ tiﬂgﬁsf artifact occurs when the polishing compound 1s
wedded into the open crack. With the advent of the energy
dispersive analysis on the scanning electron microscope,
this is often the easiest to distinguish. A guilck
gqualitative analysis will identify grinding components such
as si1licon (from siiicon carbide), magnesiumv(from magnesium
oxide), etc. leav;ng diamond to be determined by other
means. The other two types of artifacts that occur during
polishing.are more difficult to recognize and evaluate;
these being the filling-in of the crack and the widening of
;he crack. |
A diamond stylus scratched acréss a crack will pull a
small amount of ductile material into the opening. If just
enou%hvpolishing is done afterwards to remove .the scratch, a
small jetty of material will extend beyond algggigular crack
surface. This. is an artifact in that 1t was ndglpreseht_
before scratcﬁing the surface and would serve to fill-in or
narrow.thg crack opening. It is therefore a basic
requirement that each polishing step must remove all the
material disturbed by the prior polishing. However, there is
nothing to support the edges of.the crack and thus they are

\\fespecially susceptible to degradation and removal. In the
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case of hydride cracking, the hydride is very brittle and 1s
often found at the édge of the cracks. It 1s therefore
extremely prone to fracturing and degradation during the
polishing procedures which would serve to widen or enlarge
the Crackropening.

The innate brittleness of the hydride phase allows the
possiblity of another type of artitact, that 1s, the
creation of a crack. A small very brittle phase might well
be coherent in plane strain but sectioning the sample
changes the stress state. This factor combined with the
stresseé applied in cutting, grinding and polishing, could
cause the 1nclusions to fracture.

It is therefore apparent that a certain amount of
deliberation is required, both 1n preparation and

interpretation of a fracture in a metallographic sample.

4.6.1 Fracture Path

For this study the hydride-cracks in the samples were
propagated in the radial-longitudinal plane, 1n the
longitudinal direction as referenced to the original
pressure tube as sh;wn in Figure 4.27. When viewed 1n the
longltudlnalr;angentlal plane the metallographic features
associated with the hydride fracture showed a high degree of
di;ersificatian. Therefore the fracture, which is the

progression of one or more cracks, is characterized in terms

of four zones.
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The first zone occurs near the crack root, that 1s the

region associated with the tip of the crack. Here, as Figure
§4.36 shows, the wispy crack like entity 1is barely
i(‘

o

discernible in the optical microscope. This micrograph
not sharp simply because the dimensions of the fracture
cause the features to fade in the twilight zone that marks
the limit of the resolving power 6} light optics. An
estimation of the crack opening in this region without an

applied load is something less than 3000 A.

Figure 4.36 The root of the hydride crack polished to

show hydrides (above) and polished flat (below), 2000x.

o
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The cracks of zone one become increasingly visible as
they are followed away from the crack root. The fracture
appears to be mau> up of a series of small cracks and may
also show major branching. Hydrides are generally aSsociated
with the the fracture. |

Etching the fracture surface created more contrast
between the crack and the backaround once the Ope$ing of the

cracks reached a certain size. The etched surface also ”

/
demonstrated that the fracture propagated both

transgranulérly and intergranularly as shown in Figure 4.37.

Figure 4.37 The interaranular and transgranular

components of the fracture path, 1400x.

. L



Zone two is characterized by a coarse phase that has
the appearance of an oxide and is associated with the wispy
crack of zone one. Figure 4.38 shows the interface of the

wispy cracks of zone 1 on the right and dark coarse phase of

zone 2 on the left.

D

Figure 4.38 The intérface of zone 1 and.zone 2,

2000x.



Zone three 1s marked by a region of material that
appears to contain a multitude of CFaCkS, oxides and
cavities as shown in Figure 4.39. In the samples studjed the
width of this region ranged from about 5 microns towards the

crack root and increased in size up to about 30 microns near

the fracture mouth.

.

v e TN BN
R . T

Figure 4.39 The powdery cracking of zone three,

1400x.
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Zone four is the final separation of the fracture

surfaces. Figure 4.40 shows cracking in zone 4 along with

o+

some of the zone three material.

/

-~

Figure 4.40 The final fracture separation with some

of the zone three material, 650x.

From the preceding discussion on artifacts it is
apparent that some changes will have been made to the
fracture during the sample preparation. Some questions may
arise conéerning the powdery component in fone three; in
particular whether it is entirely an afﬁifaét that has been
packed in during polishfng, or whether it is a region

s
(’ - ~ ~
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perhaps consisting of fractured zirconium metal, oxides and
,
hydrides thif slowly increases in the thickness direction
towards the mouth o£ the crack. With this question in mind
several experiments were carried out on the material in this
region, and the fracture was examined in detail after
various stages of the polishing procedure. Figure 4.41 shows
that three heavy scratches from polishing tended to remove

the phase.

—~

Figure 4.41 The effext of heavy polishing scratches

on the stage three material, 1400x.- °
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Particles in the phase showed sufficient cohesion and
adhesion to allow hardness tests to be carried out as shown

in Figure 4.42.

Figure 4.42 A hardness indent of 15 grams on *the
Ve

stage three material, 600x. ‘

2
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Etching revealed that many of the large particles
associated with the fracture in zone three have elongated
grain structures and oriengations similar to the bylk
material. Figure 4.43 shows a wedge-shaped particle in this

region after etching.

Figure 4.43 An etched section of zone three, 1400x.

An energy dispersive analysis using the scanning
electron microscope was conducted on the material appearing
in the region of the third fracture zone. This analysis
showed no sign{ficaht amounts of the elements associated

with polishing or grinding compounds that would have been
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present had such material been packed in during the sample
preparation. ’

The oxide phase that made up part of the material 1in
the third zone was identified by comparing the appearance of
this phase with that of other phases known to be oxides. For
thig purpose it was assumed that oxides would be visible in
the surface regions of the metallographic samples and
perhaps in some regions neSr the fracture surface. To

facilitate the observatiorn of these oxides 45° taper

sections were made. The fracture Surface as shown in Figure

4.44 showed a dark rounded phase comparable in morphology to%.

the phase associated with the hydride crack of Figure 4.38.

R
Figure 4.44 The oxide phase adjacent to the fracture =
p X
surface of a tube sample as shown by a 45 degree taper

section of sample 148-1, 1400x.

When the efternal surface of the sample was viewed, a

rounded dark phase also appeared as shown in Figure 4.45,

-
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This phase appeared to be very similar to those associated
with the fractﬁre, as in zone 2 through zone 4. Thus on the
basis of this optical comparison it was concluded that the
rounded dark phase associated with the hydfide crack was an

oxide.

Figure 4.45 The oxide phase adjacent to the outside
surface of a tube sample as shown by a 45 degree ;taper
b

section of sample 148-1, 1400x.

As a final test as to what type of material could be
accumulatgd in a crack dﬁring the préparation of Zr—Z.S%Nb,
a hole was drilled in sample 148-2 and a plug was machined
out of sample 1804-2. The plug was then filed on two sides
and presséd into the hole with a v;sef This provided two
crevices of varying thickness that wére prepared
cdhcurrentlf‘with the.hydride crack for microscopic

examination. Fiéure 4.46 shows a portion of the hydride

crack and avportion of the artifical crack after pqlishing.
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Figure 4.46 Material found in a hydride crack (above)
and material found in a crack—lgke defect created in

the same sample (below), "1120x. =

I
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At first glance the section of the artifical crack -
appeared similar to the hydride crack. However closer
examination revealed that the artifical crack did not
contaln the oxide phase nor did it exhibit the sameAtype of
geometry as the hydride crack. If the material found in the
region of the third zone of the hydride fracture was totally
a result of sample preparation it should have been identical
to the material seen in the artifical crack. Since this- was

not the case the material 1n zone three must represent some

-
-

aspecp\if hydride cracking. K N
There were regions in the artifical crack where the
surfaces were in‘close contact with one another. When the
sample was polished to expose the hydrides this tight
interface between the plug and the hole was accented by a

narrow dark zone .as shown in Figure 4.47.

Figure 4.47 Hydrides associated with a drilled hole

-\ and plug in a hydrided zirconium sample, 320x. \
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The dark zone did not have the appearance of a layer
&fesultinq from a work hardening process, and it formed
preferentially on the outside of the interface where a
tensile stress would be ‘encountered. Singe a tensile" stress

is conducive to hydride tormation and the phases 1in the zone

had the same appearance as hydrides-in the optical

e

~

microscope, this zone was assumed to be a series of hydrides
that formed after the plug was pressed into place. It may be
noted that the hydrides éppear to be oriented incorrectly
with the tensile stresses that would be expected around the
drilled hole. However the orientation of the submicroscopic

lates that make up the hydride could still be normal to the
ten>‘le stress while the hydrides, as they appear in the
optical microscope,:onld run parallel to the tensile
stress.

The appearance of the artifical crack i1s important in

the analysis of the microstructure for 1t emphasizes tha£

the hydride phase, as it appears in metallographic samples,

may not have been present during the fracturing process.&b
- o



122

4.6.2 Load and Crack Displacement
The above descriptions of the hydride fracture are

limited because the fracture 1s viewed 1n a condition of
zero load, and because the amount of degradat?on that occurs
during the sample preparation 1s unknown. In order to obtain
a better understanding Qf the hydride cracking process,
metallographic information was reguired in addition to that
obtained by viewing the unstressed crack in one plane. To
this end a cracked sample under a tensile load was observed
in the optical microscope and 1n the scanning electron
microscope. )

| The hydride crack created 1n 1804-3 was loaded to 80 kg
while the track opening displacement was monitored with an .
extensometer. Prior to loading the sample had been polished
on the longitudinal-tangential plane for microscopic
examination. The preparatory procedures had reduced the
thickness to approximately 3.4 mm. Once the sample was
extended to full load a steel wedge was inserted in the
machined opening near the crack mouth. This provided a
residual strain in the region of the fracture equivalent to
a tensile load of about 57 kg after the sample was removed

from the tensile machine.
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The sample was then viewed in the scanning electron
microscope. The mouth of the radigl~longitudinal crack 1is
shown in Fiqgure 4.48. The crack does not appear to be a
continuous straight line but contains a number of steRg or
protrusions from each fracture face. Since the sample had
been previously mounted in epoxy, it is likely that at least

(
some of the matter seer 1n the crack 1s mountina material.

.

Figure 4.48 An electron micrograph of a stressed
° rd
hydride crack (the longitudinal direction of the crack

extends from the lower left corner at =45°), 300x.
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The sample was also viewed 1in th;\ﬁphical microscope

and a portion of the hydride crack is shownlin Figure 4.49.

Figure ¢.49 The hydrfde crack under load, 5€x.

The areas surrounding the two hydride cracks ‘near the
TN N
hardness indents seen in Figure 4.49 are shown gnlarged

" before and after stressing in Figure 4.50.



N

.

Figure 4.50 A prepared hydride crack without load
(left) and with load (right). The‘upper.cracklof
Figure 4.49 is shown abové while the longer, lower

crack is shown below, 800x. g
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The above micrographs serve to substantiate the concept
that at least locally a hydride crack can propagate on two
or more parallel planes. Furthermore the secondary érack
that runs close to the major crack has also been opened by
the application of the tensile stress. It would be expected
in the presehce of a continuous crack that the tensile
stresses 1n adjacent regions, normal to the crack face would
be very low. This 1mplies that the hydride cracks are not

contl1nuous.

4.6.3 Fracture Appearance 1n the Radial-Tangential Plane

The expansion of parallel cracks under load (section
4.6.2) and the appearancesof protrusions on the fracture
surface (Figure 4.48) necessitated further metallographic
investigations 1n the radial-tangential plane. To acomplish
this, sample 1804-3 was mounted 1n epoxy while under a
regidual stress as described in the previous section. The
sample was then sectioned in the radial-tangential plane as
referenced to the original pipe in orper to view the hydride
fracture from a difection parallel to the direction of crack
propagation. Figure 4.51 shows the hydride fracture in this

<

plane near the mouth of the crack.
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<«—— radial ———>

Figure 4.51 The appearance of two regions of the
hydride fracture viewed in the radial-tangential plane

neaf the mouth of the crackv 112x.

/ N
”~ P
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In some regions of the fracture the hydride crack
ppeared reasonably continuous. Fiqure 4.52 shows a

ontinuous section of gpe\crack at two magnifications near

he root of the fracture.

« <«—— radial ——

o

84

Figure 4.52 A region of the hydride fracture at 240x
(above) and 1400x (below) near the root of the crack

in the radial-tangential plane, sample\{804-3.f
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Transverse cracking in the radial-longitudinal plane,
»
that is cracking parallel to the applied stress, was
“apparent near the root of the crack as well as in regions

near the crack mouth. Figures 4.53 and 4.54 show examples of

\

transverse cracking.

«—— radial ——

Figure 4.53 Cracking parallel to the applied stress
viewed in the radial-tangential plane near the crack

tip, 1400x.
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There were also some instances of the transversescrack
progressing ahead of the major crack. Fiqure 4.54 shows a
number of these transverse cracks propagating near the crack

root.

<«—— radial ——

Figure 4.54 Transverse cracking ahead of the major

crack in the radial-tangential plane, 225x.
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The discontinuous nature of the hydride crack front was also
apparent in the radial-tangential plane. Figure 4.55 shows a

number cf reoriented hydrides that were observed near the,

’

root of the hydride fracture. Some of these hydrides were

fractured, but the fractures were only visible when viewed

i3

at higher magnification. It is apparent that the fracture

¢
normal to the applied stress originates as a number of

»

5%

individual cracks growing 1n different éianes.

LY

«— ragilt —

e ' | | -

‘Figure 4.55 The root of the fracture in the
radial-tangential piane,»230x. S

e
.The metallographic observations in the radial-

tangential plane have served'to validate the findings of the
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previous sections. The material in zone three is now seen as
a logical consequence of a fracture that is made up of a
multitude of closely spaced brarching cracks. Furthermore
the discontinuous nature of hydride cracking has been
reiterated from a slightly different perspective. It has
also been shown that reoriented hydrides thatﬁappear.
uncracked in the light optical microscope occur in the
region of the root of the fracture. Unfortunately 1t is not

known precisely when these hydrides formed relative to the

formation of the hydride crack.
4.7 The Modelling of Delayed Hydride Fracture

4.7.1 Introd ctﬂon

The purpose of a scientific model 1s to consolidate a
series of results into an abstraction that will describe the
beﬁavion of a phenomenon ;ithin a given set of boundary
conditions. If the boundary conditions are too narrow or if
data appears that cannot be accommodated by the model, it
loses'value, and eventually it will be modified or replaced
by something more useful.

In this section a data base for hydride cracking will
be assembled and the current model will then be evaluated in
terms of this data. iince a substantial d}sparity‘exists : \\\\
between the actyal behavior of hydride cracking and the
behavior predicted by the current model, a new model will be

-~

' conceptualized and evaluated.

¢
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4.7:2 Components of Hydride Cracking
| i

i ~ - : T“x\\
4.7.2.1 Hydri&és | “

The role that hydrides play in delayed.hydrogen
fracture is diff;cult to assess since hydrogen is quite
mobile at room temperature énd above. This has been
demonstrated by the series of hydrides that formed in
the tensile region-of the artifical crack shown in
section 4.6.]. It iss therefore apparent that the hydride .
form;tion visible in the metallographic samples may not
have been present at the timékﬁhe crack formeq;

£t has been shown &n the 1&¢erat5fe section that
hydrides are a necessary prerequiﬁ}te for hydride
fracture. This\is chsistent with fhe observation of - -
‘reoriented>hydrides that appeared to be Uncacked near
the root of the fracture.‘These rebrieﬁ@ed hyé{iaes
indicate that the hydride formation preéeefs cracking,

%

assuming of course, that the hydrides do not contain

-

cracks below the resolution of the optical microséoge.

Fractured transverse hydrides were also éeen\agead
of the main crack. The fractured transvefse hydrides\
have a similar appearance to other!hyarides in the same
orientation. This indicatés that ‘the hydride cracking
process at least pértially involves the fracture ofiﬁ\'
hydrides that are normally found in the hydridéﬁ )
2r-2.5%Nb material. t

An equilibrium is reached between the hydrbgen in

?
solid solution and the hydrides in the metal matrix.

-
)
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Both the hydridés and the hydrogg% in solid solution are
a{fec;ed by changes in stress. Aé?increase in tensile
stress tends to increéase the solubility of hydrogen
which would tend to dissolve hydrides. However hyarides
are seen near the root of the fracture indicating that
the anisotropy of the volume expansion that occurs
during the formation of a hydride, and the unequal
distribution of hydrogen in the metal matrix arising
‘from stress gradients, makes the hyd;ide formation
favorable in these areas. Hydrides tend to form in these
areas of high tensile stress even though the partial
molar volume of hydrogen in the form of a hydride may be
lower than that of hydrogen in solid solution. (MacEwen'
et al. (1985) have repbrted the partial molar.voiume of
hydrogen in solid solution to be 1.67x10° mm®/mole as
compared to 1.4x10J mm®/mole in the & hydride and
1.7x10° mm*/mole in the y hydride)

A tensile stress;fs necessary for hydride cracking.
%ﬁgever because of the assoc1ated volume increase the
formatlon of a hydride 1nvolves the creation of a
compressive stress, or at least a partial relief of
tensile stresses at root of the fracture. Thus it is
apparent that conditions could arise where the hydride
fricture is self arfésting.

J Exper.iments have also shown that hydrogen migrates
down a temperature gradient. Thus it must be conéluded’

that the hydrides are more stableiat low temperatures.
. g ‘



Changes in the terminal solid sclubility line with
stress are assumed to occur, yet have never been shown .
C ’
experimentally. Howeveﬂ?since the stability of the
hydride decreases with 1ncreasing temperature the effect
cf stress on the TSS temperature may indeed be more
pronounced at higher temperatures. In other words
stresses at high temperatures may cause gydrides to
dissolve and also act as a limiting factor to hydride

cracking.

4.7.2.2 Hydrogen

The movement of hydrogen ié required 1n order to
reorient and form hydrides prior to the crack formation.
The migration of hydrogen 1s dependent on three factors:
the amount of hydrogen available to move, the speed at
which the individual hydrogen atoms can move, and the
driving force for the movement to occur.

The amount of hydrogen available is dependent on
the condition of the hydride phase. In conditions of a
'waning temperature the hydrides are growbng in volume.
This implies that the atomic hydrogen‘is supersaturated
to some extent in the metal matrix since elastic strains
are created by a growing hydride. Conversely a waxing
temperature implies an unsaturated condition for the,
hydrqgen which results from the plastic strains that
were created previously by the priqi growth of the
hydride. These plastic strains would tend to leave the

”
shrinking hydride in tension which would shift the
L .
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equilibrium and tend to preserve the shrinking hydride.
In short the hydrides act as large hydrogen traps in the
Zr-2.5%Nb system controlling the amount of hydrogen 1in
solid solution. Other traps, along grain boundaries or
dislocation lines may @also be operational but would be
expected to play a lesser role than the hydrides.

The speed at which hydrogen moves 1s dependent on
temperature. As the temperature increases the diffusion
rate increases which decreases the time necessary for
equglibrium to occur.

The driving force to move hydpog?n 1s dependent on
concentration gradients, temperatur€ gradients, and
stress gradients. Hydrogen moves down a concentration
gradient, but in the case of these tests the samples
were annealed after hydrogen was added. Thus a
concentration gradient .would only be possible on a
microscopic level. It has also been shown that hydrogen
will migrate down a temperature gradient 1n zirconium.
However with the sample configuration and’furnace design
utilized here, temperature gradients would not be
expected except during temperature changes. Therefore
the only major driving force remaining to move hydrogen

is the one provided by stress gradients.

4.7.2.3 Crack Morphology
The metallographic samples showed that the hydride
-crack was discontinuous both in the radial-tangenfial

plane and the tangential-longitudinal plane. Many
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instgnces of parallel cracks were apparent, and
transverse cracks were also observed‘when the fracture
was viewed 1n the radialvtangential plane.

Thé morphology of the hydride fracture gave khe
impression*that cracking continued 1n a region even
after the major crack had propagated through. Thus 1t 1is
necessary to differentiate between the fracture
formation that results in the primary separation of the
m&tal and the fracture processes that continue
afterwards. On this basis any region of the fracture
that contains an oxide will be considered to have been
affected by a process that occurred subsequent to the
opening of the major crack 1in that area. fherefore only
zone one cracking, as defined in the microscopy section
will be considered to be revelant to the critical

hydride cracking mechanism.

4.7.2.4 Acoustic Emission

Therg is little dobbt that acoustic emissions arise
from the brittle propagation of cracks. Examples of
previous work showing this effect have been mentioned in
the ljter?ture survey for the'case of hydride fracture
in zirconium alloys, but acoustic emissions have also
been detected in other materials undergoing different
types of failures. In the case of a ductile failure in
.carbon manganese steels the source of acoustic emissiqns
has been attributed to the propagation of cracks which’

form at the interface between the inclusions and the
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matrix rather than to void growth and ligament rupture
in the steel (Jaffrey,81): Therefcore if ligament rupture
and void growth are occurring in the hydride fracture
process they are most likely not detected under the
conditions employed 1in these tests.

Monitoring the acoustic emissions during the
delayed hydride fracture of Zr-2.5%Nb gives’ an
indicafion as to the amount of brittle fracture that
occurs. Therefore in regions where parallel cracks or
transverse‘cracks occur the number of counts per unit
crack extension will be high. Conversely 1n regions
where crack extension occurs by void formation and
ligament rupture fewer counts per unit crack extension
will be detected. This would provide a partial
explanation as to the difficulty in correlating acoustic

emissions with crack extension as mentioned previously.

4.7.2.§ Temperature

The temperature regime in which delayed hydride
cracking takes place is bounded above by the terminal
solid soiubility temperature or if sufficent hydrogen
exists, by Rhe Tcat temperature. At low temperatures the
cracking becomes too éiow to be of préctical
significance.

Cracking can occur in two modes depending on
whether the test temperature is.approached from above
(fast cracking mode) or below (slow cracking mode). In

both cracking modes, {Bcreaéing,the test temperature
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causes an increase an cracking rate up to a maximum}
temperature. An increase 1n temperature above this
maximum causes a decrease 1in cracking rate. In terms of
the dynamic effects, a waxing test temperature can
produce a burst of acoustic emissions 1n both cracking
modes . ‘

Above the Tcat temperatﬁre a delayed hydride

.
fracture goes into a condition of remission 1f held for
a sufficient time. This condition produces: bulk plastic
deformation of the sample, reoriented hydrides 1f cooled
ubder load, and a long i1ncubation period at lower
temperatures before cracking restarts.

Temperature affects the system in other ways. Asg
the temperature 1s raised the diffusion rates increase
allowing spheroidization and growth of microconétituents
as well as affecting the availability and mobility of
hydrogen. Temperature alsoc affects the strength,

ductility and cohesive properties of all the phases

present.

4.7.2.6 Load

A lower limit of load exists for hydride cracking.
As the lodd is increased above this value the cracking
rate increases to-—a—maximum. Affer the maximum cracking
rate has been reached further additions of load either
have no effect on cracking rate or cause a reduction in

cracking rate. If plane strain conditions persist a load
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will be reached at which the Kic for the metal matrix 1is
exceeded. This produces a fast propagating ungtable
fracture not related to hydrige cracking, but possibly
assisted by hydrides in the matrix.

Cracking rate is also dependent on the prior test
load. Increasing load to the test load will cause a
faster rate of cracking than decreasing to test load.

A waxing load will cause extra acoustic emissions
in addition to those expected at the normal cracking
rate, while a waning load will cause a lerr rate of
cracking or complete arrest of the hydride crack.

4.7.3 Limitations of the Current Hydride Crackiné Model
The current model for hydride cracking as described in
the literature section, 1s based on the transport of
hydroéen atoms to the region of the crack tip. Each
striation of the fracgure surface is considered to be a
result of hydrides building up in a region ahead of the
‘crack tip until this region becomes embrittled to the point
)of fracture. The fracture then initiates and quickly runs
through this embrittled zone to be agrested in the ductile
matrix. Thus the q&éck propagates simultaneously all along .
the crack front in a stepwise fashion. This concept of
hydride cracking has been expressed in terms of a
quantitative mathematisfl model (section 2.8) which is

repbrted to predict the average crack velocity for a given

condition of stress and temperature (Puls,82).
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There are many problems with the mathematical model:

(1) There 1is no provision for the changes in the stress
state at the crack tip which result from the formatiorn of
hydrides or the movement of atomic hydrogen.

(2) The crack is reported to be arrested in the
zircomium matrix (Simpson,77), yet no provision is provided
in the model for the fracture of the zirconium metal.

(3) The model is based on the assumption that the
hydride crack moves Continuously, whereas it 1s actually
reported to propagate in a series of jumps (Dutton,77a)

(4) Transverse cracking is not considered. This woulad
change thq loading conditions and produce acoustic emissions
that would not represent fracture penetratién.

(5) A threshold stress intensity factcr exists that is
not incorporated into the mathematical model (Puls,82).

<. (6) The fracture toughness of zirconium hydride is
given at 1-3 MPaym yet delayed hydride fracture occurs over
a wide range of stress intensities above this value. This
indicates that something other than hydrides is fracturing
{Puls,82), which is not accounfed for in the model.

(7) Hydrogen is said to come from source hydrides yet
there has been no docunjentation 6f shrinking of the bulk
hydrides in the vicinify of a hydride crack.

(8) There is no provision for the reduction in cracking
rate that occurs above 250°C when the test temperature is
approached from above, that is when the crack arrest

$

temperature, Tcat, is approached.
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(é; There is no provision for the dependency of
cracking rate on prior load in the model. :

(10) The critical length of a hydride at the crack tip
is given as somewhere between 10 and 50 microns (Dutton,77).
In tﬁe present work there were no indications of regions in
this size range having failled in a brittle manner when the
fracture surface was viewed 1n the scanﬁing electron
microscope.

(11) There is‘no provision for striations in the
mathematical model.

(12) 1f variations in the hydride thickness occur as.
stated in the model, loading conditions of 20 MPa/& would
produce a hydride of 12 miérons in thickness. A hydride of
this size has not been reported as a product of normal
hydride cracking. |

(13) AcoustNc emissions generated from a sample
underéoing hydride &racking continue to oscillate around an
average value rather} than reaching a true steady state.
There are no provisions for this type of behavior in the
model.

(14) The model does not provide an upper temperature
limit for cracking, nor are there provisions for a change in

cracking behavior when the load is reduced or when the

fracture is in a state of remission.
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4.7.4 The Proposed Delayed Hydride Cr:sking Model

The ilure of a metal is normally classified as
brittle or ductile. Generally a brittle failure occurs
guickly by cleavage or intergranular fracture with little
distortion of the metal in the vicinity of the fracture
surface while a ductile failure occurs slowly with W
substantial amount of plastic deformation. A hydride crack
in Zr-2.5%Nb does not fall clearly into either
classification. On a micro;cpg&c level cracking occurs
quickly, as characterized by the acoustic emission behavior
yet severe distortion of the fracture surface is observed 1in
the déanning electron microscope. At the same time on a
macroscopic level the cracking progresses slowly with almost
no detectable amount of plastic deformation. Therefore both
the brittle and ductile modeﬁgof fractufre are incorporated
into the delayed hydride cracking model.

In thg conskruction of a modelythe assumption will be
made that the de ayed hydride failure occurs by the
propagation of tSQ crack "fronts." The discontinuous brittle
., crack "front" in wgich hydrides are fracturing is followed
by the mainly continuous ductile crack "front" where Yoid
groch and ligament rupture are taking place. Other changes
in the metal matrix are a{so egpected to occur in order to
accommodgte these fractureyprocesses. If it were possible to
"freeze frame" a propagatin; hydride crack it would have

many of the characteristics depicted schesmatically in Figure
N

4.56.
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Figure 4.56 A schematic representation of the five

Istages of hydride cracking (not to scale). >
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The delayed hydride failure is not conceptualized as an
"on-off" occurr®nce such as the movement of a dislotation,
but rather the manifestation ¢f a malady that can be broken
dowr into five stages of development.

The first stage involves the movement of the atomic
hydrogen in response to the stress field created by the
applied load in the fegibn of the crack tip. Tﬁis 1s assumed
to be similar to movement of hydrogz2n in niobium and
vanadium which is referred to as the Gorsky effect

{Volkl,72). Hydrogen would be expected to preferentially

\ﬁiffuse into this region causing further lattice distortion

but reducing the stress concentration and increasing the

elastic (anelastic) deformation caused by the applied load.
Once the atomic hydrogen has begun to migrate up the

tensile stress gradient other changes take place in the

metal matrix prior to fracture. Stage two involves the

" creation of the prerequisites necessary for tJe brittle

.

fracture to occur. This process is then followed by stage
three: the brittle fracture event that produces acoustic
emissions. ;

The specific prereguisites and the actuai fracture
processes of stage two and stage three are left open for
future experimental work. In this study hydrides =2 microns
in thickness containing fractures have been observed, hut
just how this condition arose in the métal mafrix is not

known. Nucleation, groyth and fracture of y hydrides in

Zr-2.5%Nb have been observed in the transmission electron
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microscope (Cann,80), but these processes were observed in
the condition of plane stress and cannot be simply adopted
to describe the stage two and stage three fracture that
occurs in plane strain. )

The outcome of the second and third stages of hydride
cracking is a ribbon of material that 1s not plast{cally ’
deformed, but contains a multitude of discontinuous crécks.k
Thus the mechanicél properties of this ;egion aré.dependent
only on the cracked area and the properties of thé ligaments
of unfractured material. The density of the brittle c;écks
would increase as stage fou; 1s approachéd. ’

Stage four is the propagation of a ductile crack
through the metal matrix which is riddled with pre~eki§tipg
cracks. Since the ductile crack is relatively continpohs.a;d

tends to be a singular event all of the cracks that occurred

+

in stage three will not open up to form,the stage fqur
crack. The onset of this stage begins with plastic‘

deformation of the ligaments and it terminates with the

creation of two separated fJacture surfaces)\since‘the

propagation of this ductile crack occurs by the>

rocesses of

~

ustic
¥ 4

L .

void formation and ligament rupture, it would’
expected to create a significant quantit;\ni/éco
emissions.
.égﬁgyﬁkfter the stage four fracture has progressed through a
"regioQ the stage five cracking processes contiéue in the N
material. These processeé arise from stresses createdxpy:

-

differential expansions and contractions of the hydride and

®
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metal matrix during thermal fluctuations, the growth of
oxide layers in.the unopened cracks, and the propagation of
the main crack. These stresses manifest themsglves near the

main crack by the nucleation, growth and fracture of

hydrides, and the'consequent generation of secbndary cracks.

Acoustic emissions generatéd from this stage of cracking
could be incorrectly attributed to the progression of the
main crack. ' .

Stage five, in the hyqxlde cracking proce®ss, is nat
expected to contribute significantly to the main fracture
event. Rather, .it acts in conjunction with the growth of
hyérideé that occurs during the cooldown\of the sample to

obfuscate features that were associated with the main

~

fracture event when the samples are observed
y

metallographicglly.

L)

4,7.§?Discussibn of the Five Stage Model
The delayed hydritdé cracking phenomenon has been
dESchPed %in terms of a five stage cracking model which

involved the propagation of a brittle and a ductile crack

<

front. This model will now be discussed in the light of the

* . ' N
experimental evidence reported in the literature and the

experimental results obtained iﬁ-this‘ftudy.

4.7.5.1 Load ' , -

5

A sample containing'a shérp crack normal to a

tensile force will resist the force by the creation of
. ‘ . ’ ’
an uneven elastic stress field around the crack tip. The

. . " .
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elastic stress will be greétest next to the crack tip
and will decrease with distance away from this region. A
number of processes, including hydride cracking, respond
to this situation and serve to mitigate the intense
tensile stress gradient that has. been created.

Partial alleviation of high stresses occurs by the
generation and/or movement of dislocations to form a
. plastic zone at the crack tip. Permanent deformation of
the sample occurs and the region of thé surrounding
elastic strain field becomes enlarged.

In the casé of zirconium containing hydrogen, the
atomic hydrogen in the metal matrix begins to migrate up
the tensile gradient as soon as it occurs. Hydrogen
causes a further dilation of the strained metallic bonds
creating an anelastic deformation that increases the
size of the elasfic strain field, thereby reducing the
stress gradient .=

A large volume expansion, especially in the
thickness direction takes place when the hydride plates
form. In the bulk matrix the volume expansion nbrmally
creates a compressive strain field around tHe hydride,
but when hydrides form at the crack tipvthe expansion
overcomes part or all of thé tensile strain in this
region which causes a redistribution of the surrounding
elastic strain field.

Ve :
- The hydrides that form are not limited to one plane

in this region, but form in a dispersed fashion on a

»
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number of roughly parallel planes, possibly dependent on
the location of most favorable nucleation sites created
by propit:ious cryskallographic orientaticns, and stress
states, The overall effect is the creation of a layer or
ribbon (with a finite‘thickness) of material containing
"hydrides that 15 roughly parallel to the crack plane.
‘Should the load be increased, the size of the highly
stressed region at the crack tip 5ill increase. This
will allow more hydrides t9 form over a wider region, \
increasing the thickness and the length of the hydrided
ribbon.

The nucleatio drides has an autocatalytic
y Y

effect in that the formation of one hydride will help to

nucleate another. This creates a tendency for hydride

”

inue in the plane of «@ formed hydride
&

ate 1n a new area. Therefore the

growth to

rather than nuc
thickness of the ribbon 1n the siFond stage has a
reluctant dependency on stress.

Since the hydrides grow in an elongated fashion and
have the above-mentioned autocatalytic tendency, it 1is
favorable f& the hydride to grow furthér into the
region of tensile stréss rather than expand laterally.
Thus as the hydrided r#bon, grows ahead of the crack tip
causing more dilation of material, the region at the
crack tip again undergoes an increase 1in tensile s!rain.

This can cause further nucleation,of hydrides in this

area and/or, the fracture of existing ’ydrides which is
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the thitd stage of the cracking protess,
. .

The cracking that occurs 1n stage three causes

additional elastic strain at the crack tip 1n the

’
s1rcontum ligaments and 1ncreased stress at the taip of
the growing hydrirdes an f;ta«u‘/tww. It 15 then appatent
that a sudden load 1ncrease will cause a burst of
cracking {stage 3) from the (stage two) hydrades.

I1f an experiment was conducted 1n which the test
load was reached by 1ncreasing the load, the stag - two
.
ribbon would be expected to grow at a faster rate,
rather than additional hydrides being nucleated.
Conversely lowering to test load would tend to propagate

"
the same stage two ribbon thickness; this would cause a
slower than normal cra“king rate since the stress
(j‘['ddlf’llt would have been repluced. It the load was
reduced turther, a condition could result 1n whicn the
Cegron at o the crack tip would be 1n ¢ompression. ln this
situation cracking would not occur until the hydrides
were redistrxbuteq, or stage two continued to grow to
the point LhaY/f;; crack tip was agaln in tension.

It 1s also apparent that a competition takes place

Letween the nucleating and growing, hydrides. 1f hydrides

LN

can nucleate and grow to cause dilation in the thickness

’

direction, and are able to mitigate the tensile stresses
1n the plane of the crack faster than the stage two
>

ribbon can propagate 1in the direction of the crack and

increase tensile stresses at the root of the crack, the
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cracking will stop. %his is thought to cause the load
dependency of crack velocity at high temperatures 1in
which crack velocity will only increase with temperature
at high loads.

1t has been shown that an increase 1in load can also
cause a decrease 1n cracking rate. It 1s thought that
this effect is at least partially caused by the
appearance of transverse cracking. In a loaded sample a
tensile stress is felt parallel to the crack front as
well as perpendicular to the crack plane. As the load
increases the stress parallel to the crack front builds
up to a point where cracking 1s able to occur normal to
this transverse stress. These secondary transverse
cracks serv4 to change the stress state félt‘by the
major crack toward conditions of plane stress, which
would reduce the cracking rates.

Load also has /an effect on stage four cracking. As

?

the_lpaé/is‘?\cfgased more ductile ligaments can be torn
/7’—__

B and the ductile crack front will become physically

[ 4
closer to the stage one region.

It has been reported that acustic emission per
unit fracture surface area 1is relative1§ independent of
load even though the surface roughness increases with

,load. This can be explained if only stage three cracking
produces acoustic emissioné, and an increase in load
\\ extends the thickness of thé stage three layer without a

change in the number of stage 3 cracking events. Thus
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the same.amount‘gj/étage three cracking could take place
even though an increased amount of ductile tearing is

necessary to propagate the fracture.

4.7.5.2 Striations

The utilization of the five stage hydride fracture
process allows qualitative explanations of striations
visible on the fracture surface. Striations would mark
the stepwise progress of the stage four crack. The
process which results in striations could be described
in terms of a hydride craéking cycle. The start of the
cyc1e~could be defined as the instant after the stage
four‘crack propagation has taken place. An opening
remains separating the fracture surfaces at the crack
tip. Still remaining ahead of the crack tip there are
regions of stages 1 through 4. The thickness of tﬂé
stage 2 and stage 3 ribbons are assumed to be relatively

-

constant as they are expected to be primarily dependent
on external load and temperature which are fixed for )
this particular example. .

As time progresses hydrogen diffuses into ‘ne stage
two region adding to the length of the ribbon as the.
hydrides form. This decreases the tensile stresses in
the region that was previously the stage 1-2 interface.

.
This causes a redistribution of the elastic strain
field, an increase in the tensile strains in the stage
2-3 interface from which some acoustic emissions result,

and an increase in the opening of the stage four crack

- PN



tip. This process continues until the crack is ready to
propagate. At this point the tensile strain at the stage
1-2 1nterface 1s gt a minimum, and the individual !
lengths of stages 2 through 4 are at a maximum.

M

The stage four crack then begins to propagate. This
causes an increase 1n the tensile strain ahead of tﬁ%
crack which results in additional stage 3 cracking,
additional hydrogen migrating to the growing hydrides at
the stage 1-2 intertace, and an extension of the elastic
strain field. Since the progression of the stage four
crack 1is faster than the growth of the stages 2 through
4, the crack opening continues to decrease until the
crack stops progressing. This marks the end of a
striation cyle.

The striation spacing is dependgﬁt on the relative
crack tip openings that are required to initiate and
propagate the ductile crack, and the relative velocities
of the ductile fracture ana stage three advancement. It
1s apparent that striations would disappear i; the
ductile fracture was either very fast or very slow in
comparison to the advancement of stage three cracking.

In the explanation of striations it has been
mentioned that the stre;ses in the regions of.the
cracking stages would oscillate., Variations -of stress on

. ,
the stage three events would be expected to‘have a
direct relationship to the acoustic emissions generated

by the sample. Therefore it would be expected that the
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acoustic emission rate would also oscillate around an.
average value rather than reach steady state. This
deviation from the steady state production of acoustic
emissions during hydride cracking has been observed

experimentally in this study.

4.7.5.3 Temperature

Temperature affects hydride cracking by its
influence on the mobility and availability of hydrogen,
on the nucleation.and growth rates of the hydride, and
on the mechanical propertiés of the matrix.

The mobility of the hydrogen in terms of
Femperature"is straightforward as it is a result of the
diffusion process, but the availability of hydrogen
depends on the hydrogen traps in the matrix. Either of
these processes (diffusion and trapping) can be rate
determining in that they affect the speed at which
hydrogen atoms can be delivered to the crack tip. In the
fast cracking mode the rate determining process would
likely be diffusion because an increase in load has been
shown to cause a substantial increase in the cfacking
rate in this cracking mode. This idea i's basedgon the
concept that the driving force for diffus&q? 1% the
stressfgradieﬁt. In the slow cracking mode the rate
determining factor is expected to be the améunt of
hydrogen in solid solution that is available to be
moved. The slow cracking mode could result from a lower

concentration of hydrogen in solid solution or from an

-
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increased difficulty in transferring hydrogen atoms from
the bulk hydrides into solid solution.

A temperature_ exists below which both cracking
modes produce apprgximately the same cracking rate. The
conclusion can be reached that one of the rate
determining components has become dominant in both
cracking modes. An increase in load can cause a lowering
of the temperature at which the cracking rates are
similar. This results from a larger cracking rate
increase in the fast cracking mode compared to the slow
cracking mode, when the load is increased. It 1is
therefore possible that the rate determining process
that has become dominant at low temperatures is hydrogen
diffusion.

Supersaturation of hydrogen 1s also expected to
affect the nucleation rates of the hydrides. If the
nucleation rate is high, as may be possible in the case
of high hydrogen supersaturation and high temperature,
cracking may be stopped due to the relief of the tensile
stress by the formation of hydrides. ~

A temperaturé'increase will cause a decrease in the
yield strength of zirconium and may possibly activate
some relaxation process in the material that would iower
the stress gradiént at the root of the crack. If the
stress gradient became too low hydride nucleafion and
: growth would no longer take place which would also cause

cracking to cease.
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Fracture toughness tests (Simpson,79a) performed on
the zirconium hydride have shown it to be a very brittle
material with little, if any, perceptible increase in
ductility with temperature. Thus it has been reported,
since the toughness of the hydride 1s so low, that
changes in cracking rate due to temperature are not
attributable to changes in hydride properties. However
as the temperature increases,’small changes 1in
ductility, which would be difficult to measure, could
make large changes in cracking rates. These changes 1in
cracking rate could arise because the response to stress
may be either fracture of hydrides, or nucleation of
hydrides. Therefore if the nucleation stress 1s very
close to the fracture stress of the hydrides, a small
increase in the fracture toughness could make.nucleation
more favorable than hydride fracture, éausing fractﬁre

to cease.

4.7.5.4 Hydride Cracking Arrest

Conditions of crack arrest should also be included
in a comprehensive hydride cracking model. Crack arrest
can be achieved by: decreasing load, temperature
increases to the crack arrest temperature, Tcat, and by
reaching the condition of crack remission.

Reduction of load' causes crack arrest by the
removal of tensile stresses in the crack tip region; The
previous 1oad caused plastic and anelastic strains in
this region that are not immediately recovered as the

{
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load is removed. It is then possible for these regions
to gc into compression removing the driving force for
hydride cracking.

Tcat was differentiated from crack remission since
the remission was associated with plastic deformation of
the sample and produced a long term stoppage of hydride
cracking. In this condition cracking did not resume
immediately when the temperature was lowered, as was
observed in the case of the crack arrest temperature.

In terms of temperature there are a number of
changes that could occur in the h&dride fracture process
that would cause cracking to stop. These changes will
now be discussed in order to determine thg& mechanisms
most likely responsible for Tcat and crack remission.

) Changes in material parameters could directly stop
cracking, for example if a large increase in the
toughness of zirconium or zirconium hydride occurred at
some temperature the cracking would be terminated. Based
on the studies of changes of the material parameters
(Ambler,84, Simpson,79a) with temperature this appears
unlikely. |
* The subtle changes in material éroperties would be
more likely to produce G(aCk arrest. This would include
cases in which the stress gradients are lowered due. to
‘
relaxation of the metal and cases where‘there is a

change in the ratio of hydride nucleation stress and

hydride fracture stress. The relaxation of the matrix

a
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could be so pronounced that’bydride formation at the
crack %ip would no longer be favorable, whereas small
iﬁcreases in the fracture stress could make additional
hydr}de'pucleation'more feasible as a stress relief
mechanism rather than the fracture of the hydrides.
‘Changes in the hydride nucleation and growth
behavior may directly stop cracking. This would be the
case ig a Femperature existed where nuglg?tion aﬁd
growth ¢f hydrides were no longer éfgsiblg, or 1f the
stress began to have_a major effect on TSS, causing the
dissolution of all hydrides in the region of thg crack
root. Cracking would also be stopped if hydride
thickening began to prééomingte over hydride growth in
the length direétion. By the same token if the
activation energy for hydride nu;leation‘became very

A

low, hydrides would nucleate throughout the crack tip
region eliminating the tensile stress gradiént. )

The proposed explanation of Tcat i1s based on the -
experimental evidence that showed: a decrease in
cracking rate as Tcat was approached, the load
dependence of cracking rate as Tcat was approached, the
quick return of cracking velocity when ;émgpréfure was
reduced below Tcat, and the insensitivity of Tcat to
applied load. Based on the" obse:vations it appears
there are.two meghanisms which occur, one during the

approach to Tcat,” and the other @t the timeﬁlf @ack

arrest. -The apppoach td Tcat likely involves a

~ it
ﬁ v
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competition between processes, eithgr hydride nucleation
versus hydride fracture or, hydriae growth versus
hydride nucleation, or hydride growth 1in the thickness
direction versus hydride growth in the-length direction.
With any of these combinations an increase in load would
still increase the possibility of stage tpree cracking
before stfess relaxation could occur from the
development of the hydrides in directions normal to the
crack.

The actual temperature at which Tcat occurs must-
represent a q;ﬁhatic change in the mechanism of hydride
cracking. One poss8ibility here would be the existence of
a critical temperature above which precipitation of a
hydride in a stressed region is no longer energetically ¢
favorable. Alternatively a temperature could be reached
whereupon the uneven distribution of atomic hydrogen was
sufficient to reduce the stresses below the cracking
threshold of the hydrides at the crack tip. Thus any
increase in the toughness of the hydride that occurred
with temperature would work conéurrently in this process
of crack arrest. Whatever the mechanism is that so
curtly stops the cracking, it does not make large
. changes in the stress state at the crack tip, since
cracking resumes al@ost imnediatély after the
temperature ié lowered. ‘,

The process of craék remission in which hydride

]

fracture terminates must involve large scale changes in
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the stress distribution at thg crack tip. Test samples
showed bulk plastic deformat on after crack remission
was.achieved, while tﬁe metallographic specimen showed a
region of reorienteé hydrides approximately 8 mm by 5 mm
in size. Thus it seems readily apparent that a major
relaxation took place at the crack tip. Since the
thermodynamic state of the hydrogen at the crack tip is
not known, the effect could be caused by the deformation
of zirconium pqssibly é§sisted by atomic hydrogen, ore
assisted by massive amount of hydride nucleation and
growth. This plastic deformation would serve to

drastically lower the stress concentration at the crack

tip and eliminate the possibility of cracking.

4.7.5.5 Literature Support for the Cracking Model

As previously mentioned the stage one movement of
Hydrogen-has been validated in the literature. The
effect has beerr well documented in similar Qte“fals
.such as niobium and vanadium (Volkl,72) and hydrogen
diffusion rates in Zr-2.5%Nb have been caiculated by use
of this method (Mazzolai,b76).

Metallographic studies (Tangri,82) have shown the
formation of hydride platelets on adjacent planes along
the fracture surface. Thes‘ hydrides are assumed to be
either stage 2 or stage 3 gyérides.‘

Simps9n (1980) has reported discrepancies between
the potential drop and acoustic emission\outputs of a

delayed hydride cracking sample. The suégestion is made
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that the hydride platelets fracture soon after they

form, but the crack faces do not separate. This

suggestion is easily acccmmodated in the stage three of
the proposed hydride cracking model. ‘

Support for the concept of a propagating ductile
crack, that is stage four cracking, seems to appear only
through the micrographs of the fracture surface. The
‘features of the fracture surface have been described as
"feathery platelets” (élls,BO), or as ductile tear
ridges cohnecting brittle regions (Yuan,81).

In summary, the bydride'cracking behavior both
observed in this study and’}eported in the litemature
gives support to the propose® model. As further
experimental data is collected the model may have to be
modified or even deleted entirely, but at this time of
writing the qualitative aspects of delayed hydride

cracking can be accommodated withiﬁ the five stage

cracking model.
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5. Cohclusi&ns

This study has been primarily based oniihe observed
acoustic emission behaviour supplemented by the
fractographic and metallograph{c characteristics of.delayed
hydride fractures in Zr-2,5%Nb pressure tube material. The.
conclusions arising from this'étudy are p(gsented below 1in
point form,

(1) Acéustic emissions appear to represent,én}y the
brittle,component of the fracture process, like}y i‘?volving
fracture of hydrides.

\/ﬂ {2) Oxide bands, visible on the fracture surface, are
associated with acoustic activity bug‘not directly.

(3) The metallographic studies Kéve shown parallel
cracking and transverse cracking which woufd generate
acoustic emissions but would not be reflected in amount of
fracture surface area observed frac&bgraphicaily.

- (4) The secondary transverse cracking would tend to
impede the progress of the main fracturgkby chaqging the ¥
stress stage toéglane stress in regions along the crack

front.

(5) Thevdelayed hydridé fracture proceés consists of
) | . N ;
the propagation of two’crack fronts: a brittle crack front,

and a ductile crack‘froht.

« - 162
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(6) From the experimental resul{s a five $tage model

tor delayed hydride cracking has been conceptualized which

. L
inclydes the bBrittle and the ductile mode of fracture.

(a) Stage one 1s the migration of at;mic hydrogen up
the. stress gradient at the crack tip which 1n turn serves .to
reduce this stress gradient,

(b) Stage two involves the creation of a hydride entity
'£hat relieves tensile stresses in the region of 1ts

formation.
(c) Stage three 1s“the brittle fracture associated with
the hydrides which produces the measurable acoustic

emissions.

(d) Sta four repi¥¥sents the full separation of two
9¢ ¢

fracture surfaces. The heavily deformed fracture surface

~

features indicate the ductile nature of this final fracture.

(e) Stage five 1s tye producf of the sample response to

o

minor stresses associated with the newly created fracture
. 1

surface. These stresses would consist of-: residual stresses

- ) «
P N

from the main fracture event, stresses created from uneven

‘

expansion of the hydrides during thermal fluctuations, and

stresses arising from the formation of oxides on the

.

fracture, surfaces. . \

(7) The propagation of the hydride crack js B5ensitive

to subtle changes of. temperature, and stress.:

a

. - w‘
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(8) The two modes ot cracking have been attributed to
changes in the microstructural proportion of the hydrides in
the matrix which in turn affects the availability of atomic
hydrogen to the forming hydrides.

(9) Bursts of brittle cracking that are apparent during
a waxing temperature are most likely the result of stress
changes due to the large coefficent of expansion of the
hydride compared to that %f the matrix.

{ .

(10) An upper temperature boundary exists for hydride
cracking both 1n terms of a crack arrest temperature, Tcat,
and the full termination of crack propagation referred to as
cracking remission. These tempcrature boundaries appear to
be independent of the terminal solid solubility temperature
which until now has been considered to be the upper
temperature limit for hydride cracking.

(11) Changes in test load were found to have a major
infiuence on cracking rate. ,

(12) Load was thought to influence the th:ckness of the
region in which the second stage of cracking occurred. This
combined with the autocatalytic nature of the hydride
fprmatiOn allowed more than one cracking rate to be attained
at the same test load by changes in the load applied prior

to the test. , '

{-“A_
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(13) Use of the five stage hydride cracking model 1s
expecially useful in the explanfption of the striation
spacing on the fracture surfacd and also explains the
tendency for the acoustic emissions to oscillate around an
average valde rather than reaching steady state conditions.

(14) KHydride cracking will continue to be a potentially
fertile reSearch topic since its true mechanisms are
physically hidden underneath the metal surface where plane
strain conditlons exist, and the adroit nature of hydrogen
serves to cbfuscate whatever cracking evidence may be

attainable through metallographic techniques. (“



6. Further Study

Ultimately further work on the topic of delayed hydride
cracking Zr-2.5%Nb will lead to a complete understanding of
the fracture process. This would include a Quantitative
mathematical model that could be used to accurately predict
the cracking velocity under all conditions. Some of the
research topics that would assist in reaching this objective
are listed below:

() A«quantitat}ve analysis of the effect of prior
temperature on cracking rate would be valuable. It has been
shown that a temperature spike or trough of 40 to 60°C
changes the cracking mode. However changes that occur in
cracking rate with variations of size, shape, and duration
of this prior temperature profide over a gange of
temperatures are not known.

(2),Experiments.could be undertaken to demonstrate the
qhantitative aspects of load changes over a range of -
. temperature. The immediate burst of emissions that “occurs
rhen a load increase is applied to a cracking sample could .
be investigated or the long term changes thaf occur in
acoustic emmision rate after an increase or decreaSe 1n
load. / .

(3) The'positive »dentification of the hydride and
oxide phases would clarify some doubts oh the
microstructural constituents in’various positions along the

hydride crack. This could be dope, with an electron

microprobe for the oxide phase and with 2 lithium nuclear
) |
166 A
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microprobe for the hydride phase.

(4) A degradation of properties has been noted in the
Zr-2.5%Nb metal ahead of the oxide bands as seen on the

fracture surface. A research project could be undertaken to

3

determine the volume of material inyolved, the properties of

4

this material and the metallurgical nature of this damage.

(5) It is alsd apparent that the acoustic emissions
contain more information than just number of counts. In
terms of this study it was noted that the same acoustic
emission rate could be attained by a large number of small
bursts or a small quumber of large bursts. This would be
expected to represent a difference in cracking

characteristic?’ that could perhaps be identified. Other
#

information may be apparent if signal processing packageg
were available similar to the energy dispersive analysis
'used on the scanning electron microscope. Perhaps a
distinction could thi? be made between the acoustic output

of a pencil lead breaking ,and the output of a running

4

<

delayed hydride crack.

% (6) The effects of hydrogen content are not well kdown,

and would also be expected to play a role in hydride

cracking. For instance increasing the hydrogen content may

v

slow the cracking rate by providing locations for extra
v transverse cracking, thus creating additional areas of plane

§th€57—6TJit may increase the cracking rate by increasing

3§he rate of hydrogen migration to the crack tip.
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(7) Most work has been done in which the delayed
hydride crack\propagation occurs 1n the radial-longitudinal
plane of the pressure tube material. For a complete
undarstanding of the system other planes would also be
worthy of investigation, especially the longitudinal-
circumferential plape which.would be parallel to the

existing hydrides.
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