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The fracture mechanics of Charpy V-notch specimens of

Zircaloy-4 and phosphorus contaminated Zircaloy-4 were

investigated. Three-point bend and impact tests with Charpy

V-notch samples provided an efficient and economical method

of fracture evaluation. Fracture failure was monitored by

the force-displacement curve. Failure was initially

analyzed using fracture toughness values as recommended by

ASTM. Zirconium, a ductile material, failed to meet the

validity criteria for determining Kw. The force-displace-

ment curves were then dissected into four distinct segments

(yield, plastic, crack, and tear) and the integrated energy

values determined and analyzed. The combination of stress

values, energy values, and surface analyses made it possible

to explain the fracture mechanism. Zirconium fracture was

studied as a function of (1) thickness (0.7 to 2.0cm),

(2) orientation (TL, TS, LS, LT), (3) temperature (-200°C to

+100°C), (4) loading rate (static and dynamic), (5) V-notch



configuration (blunt, pre-cracked, and side-grooved), and

(6) phosphorus concentration (10 to 360 ppm).

Fracture toughness criteria could not be met for any

orientation, for temperature as low as -200°C, for thickness

as great as 2.0cm nor for phosphorus concentration as high

as 360 ppm. As a substitute for fracture toughness values,

energies were studied. Energy analysis showed that the

tear energy (or crack arrest energy) dominated at high

temperature. The energy required to initiate cracking was

independent of temperature. Phosphorus concentration

decreased the tear energy and crack propagation energy but

did not affect the energy for crack initiation. Phosphorus

did not seriously affect energy values or fracture tough-

ness. Loading rate strongly affected fracture toughness

but was unimportant to energy values. Sample orientation

strongly affected energy values. SEM studies of different

orientations as a function of temperature revealed several

fracture mechanisms contributing to failure including micro-

void formations microvoid coalescence, and serpentine glide.

Charpy V-notch geometries strongly affected the strain

constraints and the energy required for crack initiation,

propagation, and tear. Sample thickness was independent of

all energies except tear energy.
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ANOVA

ASTM

BL

Charpy

Charpy Test

Correlation
Coefficient

Dimple

Dynamic

E(C)

E (P)

E (T)

GLOSSARY OF TERMS

Analysis of Variance; table of statistical
relationships.

American Society for Testing of Materials; an
association which establishes standard testing
procedures and criteria for material and
equipment evaluation.

Blunt charpy samples. These are standard
Charpy samples with a rounded V-notch.

A material specimen 1 cm by 1 cm by 5 cm with
a V-notch machined into the center of a 1 cm
by 5 cm face.

Fracture test using Charpy samples. A three-
point loading either by static or dynamic
loading.

A statistical measure determining if two
variables are related or independent.

Small recession which occurs below the V-notch
during 3-point loading. The recession starts
to develop just after the elastic deformation
region of the force-displacement curve has
been passed.

Three-point loading using the Dynatup drop
weight tester, head motion approximately 1.62
m/sec.

Crack energy determined by integrating the
force-displacement curve from the maximum
stress to the onset of crack arrest, or the
energy required to initiate a crack and to
maintain rapid or fast fracture.

Plastic energy determined by integrating the
force-displacement curve from yield stress to
the maximum stress or the energy from the loss
of elastic deformation to the onset of non-
uniform deformation.

Tear energy determined by the integration of
the force-displacement curve from the crack
arrest to total failure or the energy required
to maintain fracture after the rapid failure
has been stopped.



E (Y)

Glossary of Terms -- continued

Yield energy determined by integrating the
force-displacement curve from the zero load
along the linear portion of the curve to the
yield stress or the energy from the stress
start to the onset of non-linear sample
deformation.

E(max) Maximum energy determined by integrating the
force-displacement curve from zero stress to
the maximum stress, or the energy used during
uniform sample deformation.

E(total) Total energy determined by integrating the
entire force-displacement curve or the total
(Charpy) absorbed fracture energy.

Energies All energies were divided by the fracture
areas to normalize the effect of sample thick-
ness variation.

Fatigue Cyclic stress loading and unloading of a three-
point bend specimen for the purpose of intro-
ducing a crack of atomic dimension in width at
the root of the V-notch.

f -value A statistical measure determining if the cur-
rent regression model is better than the pre-
vious regression model without the newly added

variable(s).

Force- The failure record of the Charpy three-point
displacement loaded sample with the horizontal axis monitor-

curve ing the sample bending, or cracking, and the
vertical axis monitoring the applied load or

force.

Fracture A measure of a material's ability to withstand

toughness sudden failure when subjected to a given
applied load and for a particular sample

geometry.

General Stress value at the end of the linear portion

yield of the force-displacement curve of a three-
point bend test. Name reflects the similarity
of the bend and tensile tests.

K
C

Fracture toughness values established by the
fracture strength and ASTM E-399.



K
IC

K (Y)

K (M)

LS

LT

Microvoid

Orientation

Plane-
strain

Plane
stress

PC

Critical fracture toughness value for a
particular material which has fractured by
plane-strain condition of Mode I failure.

Fracture toughness value determined using ASTM
E-399 and the general yield stress value on the
force-displacement curve.

Fracture toughness value determined using ASTM
E-399 and the maximum stress value on the
force-displacement curve.

Orientation of Charpy sample. The plane of the
fracture surface is perpendicular to the
longitudinal direction, and the direction of
the fracture is in the short-transverse
direction.

Orientation of Charpy sample. The plane of the
fracture surface is perpendicular to the
longitudinal direction, and the direction of
the fracture is in the transverse direction.

Interior openings caused by stress separating
two surfaces.

Sample directionality with respect to the
fabrication process, V-notch, and sample
dimensions. First letter designates the normal
to the sample fracture plane, the second letter
designates the direction of crack propagation
through the sample.

One principal stress is zero. A typical
example is the deformation occurring in the
central region of a wide strip which is being
rolled; the strip extends as its thickness is

reduced, but its width remains virtually
constant.

Only two principal stresses, third stress equal
to zero. A situation commonly encountered in
the loading of very thin sheets which do not
develop any tensile stress through their thick-
ness.

PreCracked samples. A normal Charpy sample
which has been fatigued to produce a crack at
the root of the V-notch.



R-value

R2-value

A statistical measure determining if and to
what degree the current regression model
explains the experimental data.

See above.

Side- A standard Charpy sample with V-notches added
grooves perpendicular to the standard V-notch, adding

additional constraints to the stress.

SIPS

Slush bath

SS

Static

Statistical Interaction Programming System, a
computer subsystem developed by Oregon State
University for statistical analysis.

A two phase, solid-liquid system maintained at
equilibrium with or without the aid of a
second component, usually liquid nitrogen.

Side Split grooves machined on a standard
Charpy sample.

Three-point bend test using the Instron Univer-
sal testing machine with head motion or loading
rate of 0.02 inches per minute.

Stringer Inclusion which has been elongated during the
sample fabrication.

Thickness Sample dimension along the length of the Charpy
V-notch.

TL Orientation of Charpy sample. The plane of the
fracture surface is perpendicular to the
transverse direction, and the direction of the
fracture is in the longitudional direction.

TS Orientation of Charpy sample. The plane of
the fracture surface is perpendicular to the
transverse direction and the direction of the
fracture is in the short-transverse direction.

Zircaloy-4 An alloy of Zirconium to which Sn, Fe, and Cr
have been added and H and P concentrations have

been reduced.



FRACTURE ENERGIES OF ZIRCALOY AND
SOME ZIRCONIUM ALLOYS

I. INTRODUCTION

Currently it is not possible to predict from theory

fracture failure of zirconium or Zircaloy. In fact, no

theory exists which successfully predicts failure in any

metal under all circumstances although several fracture

mechanical theories exist which have limited scope of

application. Further restrictions are placed on the range

of applicability of each fracture theory by temperature,

sample width, orientation, etc. Although much time and

effort have been devoted to fracture mechanics, theoretical

and experimental results agree with only partial success.

Fracture mechanics theories which predict with the greatest

accuracy are those which attempt to explain the fracture of

high-strength, low-ductility materials. Due to the paucity

of workable theory, fracture experimentalists have

substituted empirically derived equations for theory to

predict the fracture mechanisms of many materials.

All metals exhibit some ductility. Regardless of how,

when, or why metals become, or are, ductile, fracture

theories cannot explain the "brittle-ductile" transition or

ductile fracture. Very brittle materials behave very

simply. Theories and models with very few parameters have

been developed to explain the brittle fracture phenomena.
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One of the earliest theories was proposed by Griffith

(Griffith). He simply compared the surface energy and the

energy released during crack opening in brittle materials.

According to his theory, if the surface energy or absorption

rate is greater than the release energy rate, nothing hap-

pens. If the release energy dominates, catastrophic failure

occurs. Griffith's model was very restrictive and applied

only to extremely brittle materials. In deriving his model,

Griffith adapted the theory of surface energy from liquid

interfaces, where it had been successfully used by chemists,

to a broader interpretation of cohesion of any two inter-

faces. Griffith realized the determination of surface

energies of metals was extremely complicated and, at best,

approximate. However, by combining the stress expressions

of Inglis (Inglis) for cracks and sharp corners and using

approximate values for glass surface energy, he demonstrated

the validity of his assumptions for glass with minute

cracks.

Next Irwin (Irwin) and Orowan (Orowan) extended

Griffith's theory to account for materials with moderate

plasticity. This was accomplished by adding a constant

(plastic energy) term to the surface energy expression.

Irwin then proposed a slightly different approach and

derived an expression for the energy release rate.

Griffith's and Irwin's equations can be shown to be equal

if Irwin's elastic energy release rate is set equal to
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Griffith's value of twice the surface energy plus the

plastic deformation energy. His renewed interest in frac-

ture brought about many new ideas and was responsible for

much current activity in fracture mechanics.

As previously mentioned, Griffith used energies as the

basis for formulating his theory of fracture mechanism. It

is also possible to approach fracture mechanics by using

stress analysis as the starting point. Westergaard

(Westergaard) using Airy stress functions, assigning a pre-

determined stress distribution, and assuming certain

material boundary conditions was able to determine the

stress distribution at a crack tip. He was able to deter-

mine three different cracking modes from which any fracture

could be decomposed. The stress relationships were mathe-

matically very similar for all three fracture modes and can

be shown to be similar to the Griffith equation. The stress

theory equates stress and crack size to a constant, K

(stress intensity factor). The stress fracture theory was

very useful to design engineers because with it a structural

stress can be determined. Proper choice of a material can

then be made by calculating the stress intensity factor for

the design and comparing it to the theoretical fracture

toughness of various materials. If K<K
IC'

the material

will not fracture catastrophically. Derivation of the

stress intensity factor (K) involves a number of assumptions

which limit the applicability and validity to relatively
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high strength, low ductility materials or ductile material

of sufficient thickness to assure plane-strain conditions.

Several attempts have been made to account for

elastic-plastic fracture mechanics: (1) crack-opening

displacement (COD), which uses the yield stress as a

normalizing term to the applied stress to derive a dis-

placement term instead of K; (2) general fracture energy

release rate, or J, which integrates the release energy as

a function of crack opening; (3) material resistance to

fracture, or R-curve, which measures rate of change of

material resistance to crack growth instead of energy re-

lease rate; and (4) equivalent energy, KDC, which is an

attempt to use the release energy as a factor to normalize

K value. Each of these techniques relaxes one of the

assumptions for brittle materials. The validity of the new

elastic-plastic models permits more general use of fracture

mechanics than the previous models but each still remains

very limited in applicability. Every fracture theory has

its proponents and there exist examples to demonstrate that

one model is better for a given material than any other

model. Currently, no one model extends the entire range,

from 100% brittle to 100% ductile, for any material.

Elastic behavior of materials has been modeled very

successfully. The mathematical expressions for linear or

elastic strain are linear,first order,, and the functional

parameters are few and non-interactive. Mathematical
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expressions which have been formulated for elastic theory

agree reasonably well with much of the experimental data.

The same cannot be said for theories ascribed to the plastic

deformation of material. Theoretical expressions for plas-

tic deformation require non-linear, higher order, differen-

tial expressions with interactive terms. Non-linear dif-

ferential equations are extremely difficult to solve.

Models of plastic deformation have been proposed which

explain strain for single crystals due to dislocation move-

ment, slip and twinning systems, diffusion, or cleavage.

Fracture of most material is generally a combination of

several of these variables. In addition, many problems

associated with plastic deformation theory remain unsolved,

i.e. grain boundary properties, movement of dislocations

across boundaries, and impurity interactions at grain

boundaries, etc. A generalized plastic theory of materials

needs to be developed and formulated; then processes, which

change a material from elastic to plasticican be explored.

After that it may be possible to explain fracture mechanics

of elastic-plastic material.

Fracture mechanics theory has produced limited accom-

plishments and, consequently, limited acceptance. However,

engineering materials require fracture testing and evalua-

tion. Experimentalists have been at liberty to derive their

own testing methods to evaluate material fracture properties.

The various fracture theories cannot be tested by a single
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experiment, but they require a variety of experimental

techniques to establish the different fracture parameters:

the Charpy impact test measures energy absorbed, the three-

point slow load test measures crack-opening-displacement

energy, etc. Some of the experimental techniques permit

measurement of several different fracture parameters, there-

by allowing comparison between theories or fracture criteria.

For example, once the standard Charpy ductile-brittle

transition temperature experiment has been performed, the

results may be interpreted and used to explain at least

three different fracture criterias. The experiment may be

used to determine the total energy required to fracture the

samples. In addition, from a given experiment, data could

be obtained from the fracture surface by measuring the area

which shows either shear or ductile fracture. The fracture

samples could also be evaluated by measuring the lateral

contraction at the root of the notch. The Charpy tests are

used to establish a correlation between fracture and

measurable experimental values.

Experimentalists try to design their testing tech-

niques and equipment to explain fracture phenomena. This

freedom of design allows for a large variety of different

experimental procedures (Robinson and Tetelman).

All engineering material are subject to failure.

Design engineers need to know how and when materials will

fail. A sudden, catastrophic brittle failure is normally
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much more disastrous than slower ductile failure. Steel

has been, and remainsIthe most common building metal. Thus,

it was quite natural that most early fracture mechanical

studies centered around high strength steels. When it came

time to establish standards for fracture testing, the type

of equipment, the sample design, and criteria for test

validity, little consideration was given to the problems

which would be encountered when other materials were tested

for fracture properties. Several other high strength

materials have been tested. However, the non-steel

materials have all been high strength alloys such as Al 2024

or Ti-6A1-4V alloys (see R.W. Hertzberg: Deformation and

Fracture Mechanics of Engineering Materials, Wiley, 1976)

which behave much like high strength steels and were

developed basically as steel substitutes. Recently, frac-

ture studies have been performed on materials which cannot

meet the rigid conditions established for valid fracture

tests of steels (Freed). Discussion is currently underway

to modify or liberalize the existing standards, if not for

all materials, at least for specific alloys and metals

(Kaufman and Nelson).

It is not reasonable to establish a set of standards

for each material separately. Nor is it reasonable to

expect engineers to use and design around only those

materials which meet existing fracture mechanical standards.

Nor can experimentalists wait to perform their material
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evaluations until the theoretician has developed an elastic-

plastic theory. Therefore, experiments must be designed to

obtain the broadest possible spectrum of information with

which to analyze the fracture properties of engineering

materials.

Two such fracture experimental techniques are the

instrumented drop-weight test and the static three-point

bend test which provide a force-displacement curve which

can be analyzed for stress-intensity factors and energies.

The stress-intensity factor is of limited validity for

ductile material, but, as will be shown, a complete study

of energy provides great insight into the fracture mechanism.

Theoreticians also find it much more convenient to formulate

theories using energy rather than stress. The force-

displacement curves which were used to analyze the energies

which were the main thrust of the present study also pro-

vide stress values for fracture toughness studies.

The stress-intensity factor (K) is a function of

sample geometry and applied stress. The stress-intensity

factors have been evaluated for numerous geometries (Freed).

Fracture toughness (KC) is the critical K value for a given

material just before fracture. The KC value is a function,

not only of sample geometry and applied stress, but of each

material itself. Any physical, chemical, mechanical, or

environmental property which affects the material property

also affects the material's fracture toughness.
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Zirconium is an elastic-plastic material. Investiga-

tion into the fracture mechanics of zirconium and its

alloys has been performed very sparsely. A brief summary

of some zirconium fracture studies is given in Appendix E.

Pure zirconium shows ductility at all temperatures.

Applying standard fracture mechanical criteria to Charpy

tests resulted in invalid testing for Kic's. A thorough

examination of the force-displacement (energy) curves of

zirconium fracture revealed much structure which has been

observed but not explained (Walker, Weinstein, Fearnehough,

Walker and Kass, Colema).

Zirconium and Zircaloy have been studied for fracture

toughness (see Table 1)*. The listed authors have measured

the material fracture through such parameters as hardness,

stresses, and total energy. Fracture has been measured as

a function of strain-rates, sample orientation, hydrogen

concentration, metallurgical history (material processing),

temperature, and nuclear radiation. In Appendix E, some of

the zirconium fracture articles have been abstracted and

pertinent results summarized. The authors used many dif-

ferent experimental techniques and sample configurations.

Conflicts exist between these reports. Several authors

assert that they were able to meet the fracture validity

criteria for all samples while others met with only partial

success, and others were not able to obtain any valid

*See Appendices, page 96.
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fracture tests. Almost all the reported fracture measure-

ments were determined using stress values or total energy

to failure values. As previously mentioned, zirconium is a

relatively ductile material and requires much more informa-

tion to explain fracture than fracture toughness values.

The dissection of the fracture energy curve can be

used to determine why, how, and what caused zirconium to

fracture.
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II. EXPERIMENTAL PROCEDURE

Fracture mechanics is a newly developing discipline.

Theories abound, experimental techniques vary, and experi-

mental results permit many interpretations. The experimen-

tal design depends upon equipment available, material to be

tested, and results desired. This experiment was designed

to examine and evaluate the fracture mechanism of ductile

zirconium. The experiment was carefully designed to obtain

the greatest possible information with minimum cost, within

equipment restrictions, and from data reduction.

Material was obtained from Teledyne Wah Chang, Albany,

Oregon. In addition to a generous supply of nuclear grade

Zircaloy-4, five phosphorus-contaminated batches were

supplied. The latter were the remnants of a previous in-

house study at Wah Chang.

Charpy samples provided the most economical use of

material, as well as being the easiest to machine. (Other

sample designs were possible, but each required more

material, more extensive machining, and expensive equipment

modification for fracture testing.) Charpy samples can be

pre-cracked or modified by machining side grooves which

altered the strain constraints. Static bend and dynamic

impact three-point bend tests were inexpensive, simple to

conduct, reliable, reproducible by other workers, and pro-

vided a variety of data for analysis.
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In light of the above experimental considerations, and

limited funding the experiment was statistically designed

in order to obtain maximum information from limited

resources. The material required machining into Charpy

specimens (Figure 1)*. Pre-cracking, when necessary, was

accomplished by cyclic fatigue. Samples were then either

fractured statically in an Instron Universal Tester equipped

to monitor displacement of a sample during a three-point

static loading or dynamically by impact fracture using an

instrumented Dynatup drop-weight tester.

Results of the force-displacement fracture curves were

then prepared for computer analysis.

Following are detailed explanations of experimental

procedures.

A. Experimental Parameters

Six experimental variables were chosen: (1) tempera-

ture, (2) loading-rate, (3) phosphorus concentration, (4)

sample thickness, (5) V-notch geometry, and (6) sample

orientation.

Temperature was chosen as a variable because it

affects most mechanical properties, i.e., ductility, yield

and tensile strengths, elastic modulus, etc. Fracture

toughness values for other materials have also been found

to be strong functions of temperature. Maintaining

*See Appendices, page 78.
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temperatures during fracture limited the testing tempera-

ture range from -200°C to +100°C.

Loading rates chosen were static and dynamic. Ductile

to brittle temperature transition curves have been shown to

be a function of loading-rate. In addition, many strain or

slip mechanisms are known to depend on the fracture rate.

Phosphorus contamination was a natural choice for a

variable due to the material provided. The Zircaloy

samples had a range of phosphorus concentration from 10 ppm

to 350 ppm. A comparison between the fracture effect of

hydrogen and phosphorus contamination would be determined.

Critical fracture toughness for many materials is

determined by increasing the thickness of test samples to

obtain plane strain conditions.

V-notch geometry also changes the fracture constraints.

Three different stress conditions were chosen: (1) blunt,

or standard V-notch, (2) pre-cracked V-notch, and (3) side-

grooved V-notch geometries. Different V-notch constraints

simulate different sample geometries.

Finally, sample orientation was chosen as a variable

because fabrication of zirconium results in a preferred

crystal pattern and grain orientation. Zirconium has a

hexagonal-close-packed crystal structure and orientation of

the crystal lattice affects the mechanical properties (see

Figure 2) .

Summary of experimental variables is given in Table 1.
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B. Statistical Design

The six experimental parameters, the many levels with-

in each parameter range, and the possibility of interaction

between parameters produced an almost infinite number of

parameter combinations to investigate. To limit the number

of tests and still obtain as much information as possible,

the experimental design was based upon the principle of

statistical inference. The experimental design determined

after careful consideration and consultation is given in

Table 2.

In order to facilitate the data reduction and analysis,

the overall experiment was subdivided into three sub-

experiments. In each sub-experiment two of the parameters

were varied over their entire range while the remaining

four parameters were varied over limited ranges (see Table

2). Statistical analysis was possible over the entire

experiment. If any variable warranted further investiga-

tion, it was examined through one of the sub-experiments.

Randomness is important in statistical analysis.

Every attempt was made to maximize sample randomness. As

an example, assignment of samples to experimental para-

meters was delayed until after machining.

C. Material and Sample Preparation

Zircaloy-4 and phosphorus contaminated zirconium were

supplied by Teledyne Wah Chang, Albany, Oregon. They also
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provided chemical analysis of impurities (see Table 3).

Values shown are the average obtained from two different

analyses. The five phosphorus-contaminated sample lots

were machined from small ingots which had been hot rolled

to three quarter inch plate then annealed at 1550°F. The

nuclear grade Zircaloy-4 samples were machined from a

standard production ingot, hot rolled to three quarter inch

plate at 1450°F, and air annealed at 1450°F for thirty

minutes. The plates were then machined top and bottom to

eliminate surface effects.

The sample dimensions were basically those of the

standard Charpy specimens (1.x 1.x 5.cm). Specimens varied

in sample thickness from 0.7 to 2.0 cm. In addition to the

standard V-notch, side grooves 0.1 cm deep and perpendicu-

lar to the V-notch were machined on a number of samples.

Several V-notch samples were also pre-cracked (see Figure

1) .

As previously mentioned, standard blunt V-notch samples

were chosen because they were simple and inexpensive to

manufacture. Pre-cracked V-notch samples are commonly used

for fracture toughness because they possess a crack of

atomic dimension and "better" reflect an actual fracture

condition. V-notch samples with side grooves have been used

in J-integral testing of ductile material, because they

better simulate plane-strain conditions.
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D. Pre-Cracking

Originally all samples were to be pre-cracked since

pre-cracking has become customary for fracture mechanics

studies. However, it seemed desirable to determine a

relationship between pre-cracked and standard blunt V-notch

samples. Since blunt samples were less expensive to pre-

pare, the relationship might be profitable to explore. An

even more important reason for pre-cracking only a limited

number of samples was the pre-crack success ratio. Pre-

cracking of many samples resulted in complete fracture.

There was not enough time or samples available to become

familiar with the MTS machine and Zircaloy pre-cracking

idiosyncrasy. Therefore, only enough samples for one of the

sub-experiments were precracked.

Pre-cracking was accomplished by cyclic loading of the

Charpy V-notch samples with the MTS machine in the Civil

Engineering Department at Oregon State University. ASTM

specifications indicate the fatigue cycling should be

operated in a constant stress mode. In this experiment all

samples were fatigued at a constant load of 0.5 and

cycled about 0.1 Ki. A value of 35,000 psi was chosen for

K
IC

from Walker (Walker), The MTS fatigue apparatus is
(

shown in Picture 1.* Samples were cyclically loaded using

the same three-point loading support which was later used

*See Appendices, page 118.
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for static fracture. A magnifying lamp was used to detect

crack initiation. Cycling load levels and cycling rates

were monitored with an auxiliary oscilloscope. The cycling

rate of the MTS was limited by the compliance of the system,

MTS machine, three-point bend apparatus, and Charpy sample,

to about 100 Hertz.

E. Static Fracture Loading

Static fracture loading was conducted on an Instron

Universal testing machine of the Mechanical Engineering

Department of Oregon State University. The Instron has a

screw-driven, constant head motion loading rate which was

run at 0.02 inches per minute. Instead of monitoring the

loading arm head motion of the Instron, the extensiometer

was attached to the center load of the three-point load

apparatus. This arrangement monitored only the displace-

ment or bending motion of the sample (see Picture 2).

The extensiometer was calibrated before and after the

experiment with no change noted. Force was measured by a

10,000 pound load cell. The Instron load range was

calibrated four times during the experiment. After the

initial compression calibration the remaining three calibra-

tion checks exhibited no drift. In addition, some dupli-

cate Charpy specimens were run on the same day while others

were run on successive days. Sample reproducibility was

consistent and showed no trends.
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F. Dynamic Fracture Loading

The dynamic loadings were conducted on a Dynatup

Instrumented drop-weight impact tester at Effects Technology,

Santa Barbara, California. Fracture samples were supported

between two steel blocks, and an instrumented tup was

dropped, breaking the sample. The tup was an instrumented

hammer with strain gauges in the hammer head. As the tup

struck the sample, the fracture force was measured through

the resistance change of the strain gauges. This force

data and the head velocity were recorded in a mini-computer

which was programmed to compute a force-displacement curve

for each fractured specimen. An integrated force displace-

ment, or energy, curve was also calculated. Further infor-

mation on the Dynatup Impact Tester instrumentation can be

obtained from Effects Technology, Santa Barbara, California,

Bulletin TR-78-53 or Appendix F.

Duplicate samples were tested as before for static

loading with similar results. Reproducibility of all

duplicate samples, both static and dynamic loaded, was

within 10.0 percent.

G. Temperature

Six temperatures were chosen for testing (see Table 1).

Several of the temperatures were maintained by forming a

'slush' bath. A 'slush' bath is a two-phase (liquid-solid)

temperature bath. As long as both phases were present, the
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system was in thermal equilibrium. Before testing, the

samples were kept in a large slush bath and given time to

establish thermal equilibrium. The dynamically tested

samples were removed from the bath, placed immedicately on

the test stand, and broken within five seconds of removal

from the bath. The statically tested samples were placed

in aluminum weighing dishes. The slush bath conditions

were established in the weighing dishes and maintained

before and during the entire static loading. Zirconium and

Zircaloy-4 were inert to the slush bath environment.

H. Fracture Surface Examination

Surface examinations were conducted at low magnifica-

tion, 30X, and, for a few selected samples, with a scanning

electron microscope (SEM). Samples to be SEM examined were

placed in an ultrasonic vibrator for cleaning, first with

soap and water, then with acetone, and finally with methanol.

I. Metallography

Three samples were selected for microstructure

analysis. All three were identical except for phosphorus

concentration. The three samples chosen were nuclear grade

Zircaloy-4, 10 ppm phosphorus, zirconium, 60 ppm phosphorus,

and zirconium, 200 ppm phosphorus. The samples were

sectioned into three pieces so that all three perpendicular

faces could be examined: short-transverse (S), transverse
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(T), and longitudinal (L) (see Figure 2). Samples were

placed in Bakelite and polished. Final polish was with a

0.05 micron alumina. Surfaces were then anodized to bring

out the phosphorus impurities.

Samples were examined using polarized light at low

magnification (100X) and higher magnification (600X).

J. Experiment #4

After the samples had been allocated to the statisti-

cally designed sub-experiments, a number of samples of

various phosphorus concentrations and thicknesses remained.

Attempts were made to pre-crack these samples. However,

before fatiguing them, side grooves were scratched on the

samples, simulating the machined side grooves, and the base

of the V-notch was scored with a razor blade. The same

cyclic fatigue criteria were applied to these samples as to

the previous pre-cracked samples. Due to the random

assortment of samples, no statistical experimental design

was possible. Statistically, results from experiment #4

should have been evaluated differently since equal distribu-

tion of levels were not possible. Initially samples of

experiment #4 were thought to be identical to pre-cracked

samples. However, data analysis showed the pre-cracked and

experiment #4 pre-cracked samples to be different.
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K. Force-Displacement Curve

An idealized force-displacement (F-D) for a fracture

sample of Zircaloy-4 is presented in Figure 3. The curve

has been broken into four different segments. The result-

ing dissected force-displacement curve shows four distinct

energy areas and two load or stress values. Force-

displacement curves for all samples regardless of the

experimental parameter combinations chosen were dissected

into the four areas and two stress values.

General yield stress values were determined by drawing

a line which started at the origin with a slope of 95 per-

cent of the elastic modulus of the linear elastic portion

of the force-displacement curve. The intersection of this

new line and the actual sample fracture force-displacement

curve was designated as general yield stress. General

yield stress was essentially the limit of the elastic

strain.

Maximum or tensile stress was chosen as the maximum

stress obtained under sample deformation. Maximum stress

was the point of cracking initiation or the end of uniform

deformation.

Bend yield energy, E(Y), was integrated force-displace-

ment energy during elastic deformation.

Bend plastic energy, E(P), was the integrated force-

displacement energy during plastic deformation or the energy

expended between elastic deformation and crack initiation.
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Bend cracking energy, E(C), included the necking

energy (onset of the non-uniform elongation, or the onset

of the crack) and the cracking energy (rapid crack front

propagation energy). After maximum stress, the crack

initially opened very rapidly. This energy was associated

with the formation and propagation of a crack front.

Bend tear energy, E(T), included the tear energy after

crack arrest. This energy was the energy required to cause

final failure of the fracture.

All force-displacement curve data were converted to

metric units and, along with the sample information, were

placed on computer cards for analysis. Mathematical compu-

tations and statistical evaluations were conducted on the

Oregon State University Computer using SIPS (see next

section).

L. Hardness

Rockwell-B readings were taken with a Wilson Hardness

tester as close to the V-notch as possible without edge

effects becoming important. Two hardness readings were

performed on all samples. Each sample was tested once on

the top (face with the V-notch) and once on the side (face

perpendicular to the V-notch).
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M. Tensile Test

Tensile samples were prepared from a nuclear grade

Zircaloy-4 slab. Sub-standard longitudinal and transverse

tensile samples were cut. Tensile tests were pulled on the

Instron at a load rate of 0.02 inches per minute. Test

temperatures were -200°C, -100°C, 0°C, and +100°C for both

longitudinal and transverse samples.
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III. DATA ACQUISITION AND PROCESSING

Force-displacement curves provided the bulk of the

quantitative data used to evaluate the fracture mechanism.

From these curves stress values and energies were obtained

and statistically evaluated (see Table 4).

A. Force-Displacement Curves

Statically loaded force-displacement curves were

recorded by the Instron on a Honeywell chart strip recorder

(see Figure 3). The Instron was instrumented to measure

compression loads as a function of an externally attached

extensiometer to measure sample bending. The load cell was

calibrated for compression and checked several times during

the experiment (see Picture 2). The extensiometer was

calibrated before and again after all the samples had been

tested. Before each day's testing and each calibration the

instrument was allowed to warm up electrically for 30

minutes. No change in machine calibration was detected

throughout the entire fracture program, nor was any instru-

ment drift detected.

Dynamically loaded force-displacement curves were

generated by the mini-computer which monitored the

instrumented tup strain gauges and the head velocity. The

Dynatup instrumented drop weight impact tester was cali-

brated each day by fracturing standard aluminum Charpy V-
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notch specimens. Formulation of the force-displacement

curve is given in Appendix F.

Accuracy of both static and dynamic force-displacement

curves was believed to be well within 5 percent of the true

sample force-displacement during fracture.

B. Stress Values

From the force-displacement curves, two stress values

were measured: (1) general yield stress, and (2) maximum

(or tensile) stress. Both of these values were used to

calculate a fracture toughness value.

Statically loaded force-displacement curves did not

provide a sharp yield point, or "pop-in" value. Nor did

the curves start from zero energy and immediately establish

an elastic or linear stress-strain relationship. The

initial stress on the sample was followed by an adjustment

period. For the first couple of hundred pounds stress, the

three-point loading apparatus, the sample, the extensio-

meter, and the loading head adjusted and aligned themselves.

After the initial non-linearity, the force-displacement

curve assumed an elastic or linear stress-strain (or force-

displacement) relationship. Zirconium was ductile at all

temperatures used in this experiment. As a result, after

the samples reached the general yield strength, they slowly

and uniformly deformed plastically. Establishing the

beginning and end of the linear strain was not always easy.
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The force-displacement curves were all measured twice and

the resulting stress values compared (see previous section

for details). If disagreement was greater than 10 percent,

the curves were examined a third time. The precision of

the results was found to be within 5 to 10 percent.

The general yield stress was determined through a pre-

programmed analysis for dynamically loaded force-displace-

ment curves. In addition, each dynamically loaded curve

was manually checked for possible disagreement. The pro-

gram was found to give questionable results for several

samples. For each questionable force-displacement curve,

yield stress values were determined as above for statically

loaded fracture samples. Precision of the dynamically

loaded sample was believed to be similar to that of the

statically loaded samples.

Maximum stress value was defined to be the maximum load

encountered on the force-displacement curve. This value

was readily obtained with great precision for both static

and dynamic loading rates.

From the general yield stress and maximum stress

values, two fracture toughness values were calculated:

(1) K(Y), general yield toughness, and (2) K(M), maximum

toughness. The names, yield toughness and maximum toughness,

were meant only to imply that K(Y) and K(M) were evaluated

using the fracture toughness equation (see ASTM E-399).
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K
PSY
BW3/2

Y = stress concentration factor: (=2.9(--a )
1/2 a 3/2

+21.0(Z) 5/2_37.6(a)7/2+38.7(171)9/2)

P = load

B = thickness (0.7, 1.0, 1.4, or 2.0 cm)

S = three point bend span (4.0 cm)

W = width (1.0 cm[-0.2 cm if side grooved])

a = crack length (0.2 cm + pre-cracked length)

C. Energy Values

Force-displacement curves were dissected into four

areas: yield, plastic, crack, and tear (see previous sec-

tion). The area under the curves for statically loaded

samples was determined by counting the number of enclosed

squares on the graph paper and multiplying by the appropri-

ate conversion factor. For dynamically loaded samples, the

mini-computer plotted an energy spectrum in addition to the

force-displacement curve. Once the force-displacement

curves had been dissected, the appropriate energies were

extracted immediately.

Since the fracture samples varied in width from 0.7 to

2.0 cm, a normalization factor was required to make sample

intercomparisons. Once the energy values were determined

for each force-displacement curve, they were divided by the

sample fracture area.
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D. Statistics

Raw data, stresses,and energy values, as well as sample

information and experimental parameters were typed onto

computer cards. To check the computer programming, several

random samples were analyzed by hand calculations and com-

pared to computer printout.

Statistical analyses were carried out using the Oregon

State University CYBER 70/73 computer. The O.S.U. Computer

Center in conjunction with the O.S.U. Statistics Department

has developed a Statistical Interaction Programming System

(SIPS) which allows direct interaction of the data with

numerous statistical formulas and data manipulations.

(Appendix G gives the statistical definitions and formula-

tions of many of the terms used in this section.)

The experiment was designed for all fracture samples

to be used in a preliminary statistical analysis. This

analysis would then be used to facilitate the analyses of

the three sub-experiments. However, after consulting with

statisticians, it was decided that with the funds available,

such an ambitious program was not feasible. Instead, only

the first objective could reasonably be investigated. Even

with this limitation,further constraints were required.

The number of experimental values for regression

analysis could have been quite large. There were six

temperature values, four thickness values, six concentration

values, four orientation values, three V-notch
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geometry values, and two loading rate values for a total of

twenty-five mathematical coefficients to be determined. To

further enhance computing, the six possible temperature

coefficients were reduced to one by changing the tempera-

ture expression from a fifth order polynomal to a natural

logarithmic relationship. The phosphorus concentration was

also changed to a logarithmic function, and the sample

thickness changed to a linear relationship. Reducing the

functional relationships among temperature, phosphorus con-

centration, and sample thickness was possible because they

were continuous variables. Whereas orientation, loading

rate, and V-notch geometry were discrete variables and per-

mitted no further reduction in their numbers. The func-

tional relationship for temperature, phosphorus concentra-

tion, and sample thickness was chosen after comparing the

correlation coefficients of fracture toughness and energy

values against linear, quadratic, logarithmic, etc.

relationships (see Table 7).

Two additional energy expressions were investigated:

E(max) and E(total). E(max) was defined as the sum of E(Y)

and E(P) and could be thought of as the energy required up

to crack initiation. E(total) was defined as the sum of

E(Y) + E(P) + E(C) + E(T) and could be thought of as the

Charpy impact energy.

Linear regressions were performed for each of the

energy expressions, E(Y), E(P), E(C), E(T), E(max), E(total),
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and both fracture toughness values, K(Y) and K(M). Several

regression models were calculated. Each of the energies or

toughness values was analyzed, first as a function of only

one variable, temperature, sample length, orientation, etc.

Then all the variables were put into the analysis and the

regression calculation was determined for the "full" model.

The SIPS regression subsystem has built-in commands

which aid in statistical interpretation (see Appendix G).

Among these are commands to (1) determine the "f-value" for

the independent parameters in the regression model, (2)

generate the analysis of variance table (which includes the

"R
2-value"), (3) provide the "t-value" for each regression

variable as it is brought into the regression model, and

the "t-value" for each variable not yet in the regression

model, (4) request computation of the fitted equation of the

current regression model to each experimental value (YHAT),

and (5) subtract the currently predicted value from the

experimental value producing the residual.

E. Hardness

Hardness values were averaged for each phosphorus con-

centration and orientation and are presented in Table 6.

F. Tensile Test

Results of the tensile test are given in Table 5.

Reduction in area, tensile strength, yield strength, and
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apparent elastic modulus were obtained for longitudinal and

transverse orientations and over the experimental tempera-

ture range of the Charpy V -notch tests.



IV. RESULTS AND DISCUSSION

A. Preliminary

32

(1) Precracking the Charpy V-notch samples proved

very difficult and of questionable value. A very large

portion of the samples cracked through during the fatiguing

process. A low power magnifying lamp was used to enhance

the V-notch image during fatigue cycling and aid in deter-

mining when the crack initiated. This visual monitoring of

the fatigue crack evolution proved ineffective. While pre-

cracking the first couple of samples the cracking progress

was monitored by stopping the fatigue cycling every couple

thousand cycles and physically examining the V-notch (see

Figure 5). The precracking started at the lateral center

of the V-notch. Further fatiguing caused the crack to

slowly spread towards the sides. As the crack slowly pro-

gressed towards the end, its width increased. When the

fatigue crack reached the edge, it stopped. Further cycling

caused the crack to further widen and start the formation of

a dimple. The lateral contraction at the base of the V-

notch continued until the crack suddenly broke through the

side at the point of the contraction.

Post-examination of the fracture surface of pre-cracked

samples showed a variety of pre-cracking surface conditions.

Pre-cracked V-notch samples are required to meet ASTM
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standards to be a valid fracture test, but few of the

samples did. The pre-cracked front is supposed to be level,

or straight, across the V-notch with a maximum depth

variation of 10 percent. During the fatigue cycling the

sample was rotated in the three-point load apparatus to

minimize any effect the apparatus itself might have on the

crack geometry. Regardless of the precautions taken, no

improvement in crack front geometry was noticed.

No relationship between lateral contraction or crack

geometry or the phosphorus concentration of the sample was

determined. The amount of lateral contraction should have

been related to plane-strain conditions. When sample thick-

ness increased, lateral contraction should have decreased

as plastic constraints at the root of the V-notch approached

plane-strain conditions.

The wide variability of unmanageable pre-cracked sample

conditions suggests pre-cracking may not be as effective an

experimental criterion for ductile material as it is for

brittle material in determining Kic.

(2) Hardness readings have been shown to reflect the

metallurgical history of the material (Wheeler and Ireland).

The results of hardness readings are given in two different

representations, Table 6 and Figure 4. As can be seen, the

hardness measurements did not differentiate between

phosphorus concentrations. There was a slight difference

between the nuclear grade Zircaloy-4 and the phosphorus-
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contaminated zirconium. The hardness readings taken per-

pendicular to the rolled surface (S) were always the

highest. For Zircaloy-4, the plane perpendicular to the

transverse direction (T) was slightly harder than, or

approximately equal to, the plane perpendicular to the

longitudional direction (L). For the phosphorus-

contaminated zirconium, transverse hardness readings were

slightly less than those of the rolled surface. The

longitudinal hardness readings were below the transverse

hardness readings, however.

Previous investigators used Vicker's hardness readings,

as a measure of yield, strength, manufacturing process, etc.

(Wheeler and Ireland). In this study Rockwell B readings

were taken. None of the trends observed by the previous

authors were observed here. There exists, however, a

slight suggestion that hardness readings were inversely

proportional to the phosphorus concentration.

(3) A check on the mechanical properties of Zircaloy-

4 was conducted using sub-standard tensile specimens.

Samples were cut in the transverse and longitudinal direc-

tions. Test results are given in Table 5. As previously

reported (Ellis and Cheadle and Evans and Parry), the

tensile and yield strength decreased with temperature.

Fracture strength in the longitudinal direction was greater

than in the transverse direction (Figure 6). Transverse

elongation was greater than longitudinal. Test results of
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the material used for this experiment agreed very well with

published results for Zircaloy (Metals Handbook, Vol. 1,

Rittenhouse and Picklesimer, Evans and Parry, ASTM Nuclear

Standards 1978 E352-78).

(4) Zirconium is a hexagonal-close-packed structure

at room temperature. As such, the mechanical properties

were enhanced during fabrication. After rolling, the (10T0)

plane aligns itself perpendicular to the rolling direction,

the basal plane can be thought of as having originally been

in the S-L plane, with the <1120> direction parallel to the

short-transverse direction. Annealing rotates the basal

plane such that the <1170> direction forms a 30° angle to

the S-axis in the T-S plane, with the (10TO) plane remain-

ing parallel to the T-S plane (Douglas). Slip-planes and

slip-directions for Zircaloy are also shown. Several

investigators have reported different mechanical effects

for different orientations resulting from different

fabrication techniques (Aitchison, Ells and Cheadle, and

Pickesimer) .

(5) Changes in the shape of force-displacement frac-

ture curve have been noted before (Coleman and Hardie,

Evans and Parry, Fearnehough and Cowan). However, no

quantitative analysis has been undertaken before. Fracture

curves have previously been examined only for yield point,

tensile strengths, and total energies. In this experiment,

the force-displacement curves were divided into four
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readily identifiable sections which were subsequently

examined: (1) general yield, (2) tensile or maximum

stress, (3) necking and cracking, and (4) tear.

The criteria for determining fracture toughess values

from the general yield point and the maximum strength for a

given force-displacement curve are given in the ASTM E-399.

The energy was equal to the integrated area between two

points on the force-displacement curve. Dissection of the

force-displacement curve will be explained below. Use of

the fracture curves to determine fracture toughness (K's)

and energies will also be explained in the following

section.

B. Statistical Interpretation

Statistical interpretation of data requires judgement

as to when a value or parameter has statistical importance.

Several statistical measures or criteria were accessible for

data evaluation when using the SIPS routine. These

included: (1) correlation coefficient, (2) R
2 values,

(3) ANOVA table, (4) t-values, and (5) f-values. The cor-

relation coefficients between experimental variables and

experimental parameters are given in Table 7. Correlation

coefficients were used to determine which mathematical

relationships best fit the data to the experimental para-

meters. The parameters with the largest absolute values

were chosen for use in regression analysis.
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Regression models have several statistical parameters

which aid in interpreting the results. As each parameter

was brought into the regression model, the current model

(equation) was evaluated by calculating the R2 value, t-

value, ANOVA table, and f-value (see Table 8). R2 is the

multiple correlation coefficient for the entire current

model and was used to evaluate how much of the data the

current model explains (R2 values range from -1.0 to +1.0.

The larger the absolute value the "better" the fit). t-

values were also requested for all regression analyses.

They provide a method of analyzing the importance of each

variable with respect to the other variable currently in

the model. In addition, they provided a clue as to which

variable(s) should or should not be included in the regres-

sion model. (t-values assume a t-distribution and are com-

pared to t-percentiles.) The third statistic to be used

was the f-value which was used to determine if the entering

parameter(s) was of statistical importance to the overall

model. (f-values assume an f-distribution and are compared

to f-percentiles.) R
2 and f-values are listed for each

regression model for which the fracture toughness and

energies are given as a function of the experimental para-

meters (Tables 9 through 16).
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C. Fracture Toughness

General yield strength and maximum strength were used

to calculate two measures of fracture toughness. Fracture

toughness values were then used to determine if the fracture

was conducted under plane-strain conditions. (Few samples

met plane-strain conditions.) New variable terminology

will be used to designate fracture toughness values for

this experiment. K(Y) was determined using the general

yield stress and K(M) was determined using the maximum

stress. Use of this new notation is only meant to imply

that these values were determined using the fracture tough-

ness formulas presented in ASTM E-399 and the appropriate

stress values. These values do not imply a fracture

toughness for zirconium or Zircaloy-4 was established. The

plastic deformation as determined by the force-displacement

curves indicated that at only very low temperatures does

K(Y) approximate K(M). The criteria established for Kic

require K(Y), or to to be 95 percent of the value of K(M),

or PQ. These criteria established by the ASTM for fracture

toughness are met only for material samples which are

brittle or for plastic samples in plane-strain condition.

(1) K(Y)

General yield stress fracture toughness values, K(Y),

were determined using the yield stress force and the stress

intensity equation given in ASTM E-399. Results of the

statistical analysis for K(Y) are presented in Table 9.
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Two experimental variables were of strong statistical

importance: temperature and loading-rate. Thickness was

of minor importance. It appears that if all other

experimental variables, except temperature, were held con-

stant and if K
IC

were not established, then Kc is functional-

ly equivalent to yield stress. Yield stress has a very

strong functional dependence upon temperature; yield stress

decreases with increasing temperature. Similarly K(Y) was

a strong function of temperature, decreasing with increas-

ing temperature.

The plane-strain condition has been shown to be a

function of temperature. In addition, the fracture tough-

ness of most material progressing from plane-stress to

plane-strain results in a decrease in the fracture tough-

ness. Zirconium, however, acted in just the opposite man-

ner with respect to both thickness and temperature.

The loading-rate also affected the value of Kic.

Dynamic loading increased the general yield stress. This

phenomenon has been previously reported (Fearnehough and

Cowan, Wullaert and Ireland). As expected, the fracture

toughness, K(Y), increased with dynamic loading. SEM

examination of the surface showed that more rapid loading-

rates inhibit the coalescence of microvoids, reducing the

ductility and increasing the strength.
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(2) K(M)

Maximum stress fracture toughness, K(M), was deter-

mined and evaluated by a procedure similar to that used for

K(Y). Maximum stress fracture toughness was found to be a

function of four experimental variables (Table 10). In

addition to temperature and loading-rate, which were

important for K(Y), phosphorus concentration and V-notch

geometry were of statistical importance to K(M). The be-

havior of K(M) for temperature and loading-rate was the

same as that which explained K(Y).

The effect of sample geometry was much more important

for K(M) than for K(Y). Sample geometry became significant

as the sample strain conditions changed from elastic to

plastic. The maximum stress, or K(M), increased when

changing from pre-cracked to blunt to side-grooved

geometries. Tresca's theory for biaxial and triaxial

stresses predicts greater strength is required for failure

as multiple stresses are applied causing the stress con-

straints to increase. The stress constraints at the root

of the V-notch were increased as the sample geometry

changed from pre-cracked to blunt to side-grooved.

As the phosphorus concentration increased, K(M) de-

creased. From metallographic studies (see below) increas-

ing phosphorus concentration seemed to form an ever increas-

ing percentage of intergranular inclusions and a decreasing

percentage of intragranular inclusions. Through this
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experiment, it was not possible to determine whether any,

or how much, phosphorus existed in the grain boundaries.

It is significant to note here that orientation does

not affect fracture toughness.

ASTM lists several criteria which must be met before a

fracture toughness test is valid. Zirconium failed them

all. Zirconium is not alone. It has been suggested that

some of the fracture standards be relaxed for other

materials (Kaufman and Nelson). It appears that each group

of metals and alloys will eventually require its own set of

fracture criteria. This is not very aesthetic. Brittle

materials fracture differently from plastic-elastic

materials, but metallurgically there is no sharp distinc-

tion between the two. Instead of determining individual

criteria, it would be much better to devise one method and

one set of criteria to evaluate all materials uniformly.

From the above analysis, it is clear that fracture tough-

ness does not work for Zircaloy-4 and probably not for many

other ductile materials. Analyses of various portions of

the force-displacement or fracture energy curves suggest an

innovative method for evaluating the fracture mechanical

properties of materials, brittle or ductile.

D. Energies

The force-displacement (F-D) curve for zirconium varies

as temperature, loading-rate, orientation, and the other
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experimental parameters change. This variation of fracture

curve shape was not random. Statistical analysis revealed

definite patterns and trends. The F-D curve was dissected

and each energy section subjected to statistical analysis.

The functional relationships which were not discernible

when examining the total energy or fracture toughness were

determined. Fracture toughness analysis depended only on

the interrelationship of two stress points. The following

section will show how much more information can be obtained

about the fracture mechanism by understanding the energy

curves rather than measuring only a couple of stress points

or the total energy.

During fracture deformation, the Charpy fracture

samples experienced first elastic, then plastic elonga-

tion and finally necking, cracking, and tearing. Initially

the sample went through elastic and plastic deformation,

the V-notch acting as an elastic hinge. The analysis of

the fracture curve after maximum stress revealed the frac-

ture mechanics. Preliminary analysis indicated that the

fracture mechanism could be separated into two different

energies: a necking and cracking energy and a slow, final

tearing energy (see Figure 3). One energy resulted from

the rapid fracture or release of energy, while the second

energy was due to the slow continuous tearing process.

Evidence and explanation for these phenomena will be given

in the metallography section.
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(1) E(Y)

E(Y) was defined as the elastic energy, or that por-

tion of the stress-strain relationship which was linear.

E(Y) was determined by integrating the F-D curve from zero

to the general yield stress. Since the stress-strain

relationship was linear (a = Ec) in the elastic region, a

high correlation was expected between K(Y) and E(Y). The

correlation coefficient was found to be 0.762, a very good

correlation. The same experimental factors which con-

trolled K(Y) could also be expected to contribute to the

functional dependence of E(Y).

Temperature and loading-rate affected E(Y) in the same

manner as they did K(Y) (Table 11). It was believed that

the same functional analysis for temperature and loading-

rate could be used for E(Y) as was applied to K(Y). Thick-

ness, B, was also of statistical importance to E(Y) as

opposed to being of moderate importance to K(Y). E(Y) in-

creased with increasing thickness.

The importance of V-notch geometry was greater for

E(Y) than for K(Y). The energy employed to elastically

deform the,sample increased from pre-cracked to side-

grooved to blunt V-notch geometries.

(2) E(P)

The plastic deformation region exhibited the first

major difference between the experimental parameters of

fracture toughness and fracture energy values. Plastic
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fracture energy, E(P), was a function of all experimental

parameters, temperature, notch geometry, orientation, load

rate, thickness, and phosphorus concentration. Notch

geometry was most important. The V-notch constraints

determined the energy needed for crack initiation.

Pre-cracked samples required little plastic energy before

onset of cracking. The samples with side-grooves required

slightly less energy than blunt V-notch samples.

Another experimental factor very important to E(P)

values was sample orientation. Orientations were divided

into two energy groups, T-S and L-S, which required less

energy during plastic deformation, and T-L and L-T, which

required more energy.

Phosphorus concentration was the third experimental

parameter important to E(P), with E(P) decreasing with

increasing phosphorus concentration. It is easy to con-

jecture as to the reasons for this behavior, but it is not

possible from this experiment to make any definite state-

ments, i.e. micro-probe analyses of grain boundaries and

the crack surface were not performed.

(3) E(C)

Cracking energy, E(C), was that portion of the F-D

curve which includes the nonuniform plastic elongation

(necking) measured from the sudden opening of the V-notch

to the onset of crack arrest. Following the maximum stress

many samples cracked open releasing much of the stored
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elastic energy. As a result of this sudden splitting, or

cracking, a loud popping noise was heard and the F-D curve

dropped suddenly and linearly. The necking and cracking

energies have been collectively called cracking energy,

E(C).

Orientation was the strongest and most important

experimental variable for E(C) (see Table 13). Once again

orientations T-S and L-S required less energy and were

grouped together. However, orientation T-L required twice

the energy of orientation L-T which, in turn, required

twice the energy of orientations T-S and L-S.

Loading-rate also was an experimental parameter impor-

tant to E(C). Microvoid coalescence was one measure of

fracture ductility. The faster the loading-rate, the less

opportunity microvoids have to coalesce. The larger and

deeper the microvoid coalescences, the greater the energy

required for fracture.

E(C) decreased with increasing phosphorus concentra-

tion.

(4) E(T)

After the initial crack opening, the energy released

may not have been adequate to fracture through the entire

sample. When the crack surface propagation was arrested,

the force-displacement curve became nonlinear. The final

fracture then continued at a much slower rate. This slower

rate of fracture energy was called tear energy, E(T).
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Sample orientation played an important role in expla-

nation of E(T) (see Table 14). The orientation functiona-

lity was similar to the functional dependence of E(C).

Relative difference in energy between orientation increased

from a factor of two for E(C) to a factor of three for E(T).

Loading-rate, sample thickness, and phosphorus concen-

tration were of approximately equal functional importance.

E (T) decreased with increasing loading-rate

and thickness, and increased with increasing temperature.

The crack arrest apparently results from the increased

sample ductility which can be explained by a combination of

effects. As the sample thickness increased, the sample

tended towards plane-strain conditions. This resulted in a

more brittle, less ductile specimen. As the load rate in-

creased the sample also acted as a more brittle specimen,

reducing the tear energy. As the temperature increased, the

material was more ductile and the specimen slowly yielded

rather than shearing (see Figure 2).

(5) Energy Combinations

At the point of maximum stress, sample strain changes

from uniform to non-uniform deformation. Maximum energy,

E (max), equals yield energy, E(Y), plus plastic energy,

E (P). E(max) was dominated by the factors which contributed

most to E(P) (see Table 15). Total energy, E(total), was a

combination of all energies: E(Y) + E(P) + E(C) + E(T).

The total energy, E(total), was most strongly dependent
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upon orientation. E(P) and E(T) contributed strongly to

E(total) (see Table 16). A positive comparison between

Charpy impact energy and total energy is shown in Figure 7

for orientation L-S.

E. Metallography

All samples were examined using a binocular, low power

microscope. In addition, the faces of several samples of

different phosphorus concentrations were polished and their

micro-structure studied under higher power with an optical

microscope. Finally, several Zircaloy-4 samples were

studied using a scanning electron microscope (SEM).

(1) Visual Examination: (using a low power binocular
microscope)

Fracture surfaces were studied as a function of each

of the experimental variables. This visual examination

provided nominal information and very little aid in under-

standing the fracture mechanism.

(a) Temperature: (see Picture #3)

Fracture surface progressively changed from flat to a

highly deformed, bowed surface as temperature increased.

In addition, the lateral contraction at the root of the V-

notch increased with increasing temperature. Little change

in surface contrast was noticed between static and dynamic

loading rates. Lateral contraction appeared to be slightly

greater with static than with dynamic loading rates.
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(b) Sample Thickness: (see Picture #4)

Fracture surface appeared much the same for all of the

sample thicknesses. Lateral contraction appeared to be

greater at higher temperatures and with thinner samples, as

expected.

(c) Concentration: (see Picture #5)

No differences were observed for different phosphorus

concentrations.

(d) V-notch Geometry: (see Picture #6)

Very little difference was apparent between sample

surfaces of different geometries. No lateral contraction

was observed for side-grooved samples.

(e) Orientation: (see Picture #7)

Fracture surfaces of different sample orientations

indicated considerable variation. Orientations T-S and L-S

exhibited horizontal streaks which were absent in orienta-

tions T-L and L-T. The surface of T-S and L-S also appeared

to be much rougher in texture.

(f) Loading-Rate: (see Picture #8)

No change was observed on the fracture surface between

samples loaded statically and those loaded dynamically.

(g) Pre-cracking: (see Picture #9)

After fracture the surfaces were examined and it was

noted that the depth of the crack was irregular and not

straight as required for a valid pre-cracked sample

according t® ASTM E-399.
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(2) Optical Microscopic Examination: (greater than
100X)

The fracture surfaces were generally rough enough so

that optical examination was limited to low magnifications

(less than 50X). Increasing the magnification decreased

the depth of field to such an extent that the fracture

surface could not be brought into complete focus. Fracture

surface examination with the optical microscope provided

little more information than did visual examination with

the binocular microscope.

Microstructure of three different phosphorus concen-

trations was examined optically. Samples were studied from

three orthogonal directions. (For directionality see

Figure 2.) The three concentrations chosen for the metal-

lurgical study were: (i) nuclear grade Zircaloy-4, 10 ppm

phosphorus, (ii) zirconium alloy, 60 ppm phosphorus, and

(iii) zirconium alloy1360 ppm phosphorus. After examina-

tion of the microstructure, an inquiry to Teledyne Wah

Chang revealed that the metallurgical history of the

Zircaloy-4 differed from the phosphorus-contaminated

zirconium. The ingot of nuclear grade Zircaloy-4 was much

larger in size than the phosphorus ingots. After the final

anneal, the slower cooling rate of the Zircaloy-4 resulted

in a more uniform distribution of inclusions.

Samples were prepared by metallographically polishing

and anodizing the surfaces. Zirconium is an hexagonal-

close-packed material, the greater details of which were
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revealed by polarized light (see Pictures 10, 11, and 12).

The plane of rolling surface (S) indicated stringers

in the direction of rolling in nuclear grade material. The

stringers were both inter- and intragranular. The surface

parallel to the rolling direction (T) had similar

stringers, predominantly intergranular, horizontal to the

rolling direction. The surface perpendicular to the

rolling direction (L) had no stringers, only randomly

placed inclusions.

Only two phosphorus concentrations were studied. The

higher concentration showed larger stringers and more

conglomerated inclusions concentrated between grain bound-

aries. Zirconium phosphorus stringers appeared to grow in

size with increasing phosphorus concentration. It was very

difficult to determine if the concentration of inter-

granularity actually decreased with increasing phosphorus

concentration or if the percentage of intragranular

inclusions increased less rapidly than the percentage of

intergranular inclusions. It appeared that the addition of

phosphorus to zirconium caused the inclusions to coalesce

and precipitate out in the grain boundaries.

(3) Scanning Electron Microscope: (SEM)(see Pictures
13, 14, and 15)

The scanning electron microscope, SEM, provided a very

large depth of field. Magnification of the surfaces varied

from 30X to more than 7000X for this experiment. Rough

areas of the fracture surface, which could not be brought
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totally into focus optically, were easily mapped using the

SEM. The SEM study, however, had to be limited to a small

number of samples. Therefore, only the fracture surface of

nuclear grade Zircaloy-4 standard Charpy blunt V-notch

samples of uniform thickness which had been dynamically

loaded were examined. Temperature and orientation were the

two experimental variables investigated. Only two of the

six temperatures were examined for two of the four orienta-

tions, T-S and T-L, at -200°C, and 100°C. All four orienta-

tions were examined at 0°C.

(a) Temperature: (see Figures 13 and 14)

The microvoid coalescences grew in size for all sur-

faces as the fracture sample temperature increased. Size

of the tear-lip at the root of the V-notch decreased with

increasing temperature for orientation T-S. The opposite

occurred for orientation T-L.

Shear microvoids were obvious in the T-S orientation

and increased in area as temperature increased. During

fracture, shear microvoids formed tear ridges. Tear ridges

became more numerous and longer at higher temperatures.

Shear microvoids were not noticed in the T-L orientation.

Instead, equiaxial microvoids were observed. Shear ridges

were observed, but with somewhat random directionality and

of very limited length even at higher temperatures.

Flat areas appeared between ridges and grew in size

and number with increasing temperature. Dimensions of



52

these flat areas were much greater for orientation T-L than

for orientation T-S. Size and quantity of the flat areas

appeared to be related to the total energy required for

fracture. Flat areas were probably the result of slip or

very extensive microvoid coalescence. The former occurred

only at high temperatures and was probably the reason for

the extreme ductility of orientation T-L at the higher

temperatures. Ripples, or serpentine glide, appeared on

the T-L orientation flat surfaces. These were thought to

be caused by slip planes sliding by one another followed by

plastic flow. Extreme magnification did not indicate that

the microvoids formed at or around an inclusion. The

ridges were not believed to be the result of stringer or

mini-crack arrests.

(b) Orientation:

All four of the orientations were examined at 0°C.

Orientations T-L and L-T were also studied at -200°C and

+100°C. Orientations T-L and L-T showed long shear ridges.

Orientations T-S and L-S exhibited shear (or tear) ridges,

but they were very limited in extent and were visible only

at magnifications greater than 100X. Orientation L-S

showed strong evidence of shear microvoids. Orientation

T-S possessed shear microvoids, although they were not as

obvious as those in orientation L-S. For the other two

orientations, T-L and L-T, microvoids were very definitely

equaxial. Shear lips appeared only at the V-notch root
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for orientations T-S and L-T.

The number and size of the flat areas increased from

orientation T-S to L-S to L-T to T-L. The plates or flat

areas were smooth and featured little surface relief in

orientation T-S. Flat areas of orientation L-S had more

relief and appeared to be the result of large scale micro-

void coalescence, while the flat areas of orientation T-L

exhibited patterns similar to serpentine glide or ripples.

Orientation L-T possessed flat areas similar to those of

T-L, though smaller.

Scanning electron microscope images indicated that

each orientation fractured by a combination of different

methods. Temperature affected the fracture by increasing

the amount of flat, or plate, area and increasing the size

of the microvoid coalescences. Mechanism of plate failure

remained independent of temperature but varied with

orientation.

F. Effect of Experimental Parameters

(1) Temperature: (see Figure 8)

Temperature was an important parameter when determin-

ing fracture toughness for both K(Y) and K(M). It also was

important when determining fracture energies but only for

E(Y) and E(T). Yield stress and tensile stress of ductile

zirconium were strong functions of temperature. Elastic

energy was apparently controlled by the temperature
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dependence of the stress but was independent of strain.

Resurgence of temperature as an important experimental

variable in E(T) may have signified the return to some

elastic yield after crack arrest.

(2) Phosphorus Concentration: (see Figure 9)

Phosphorus concentration became very important to

sample fracture after the sample suffered elastic deforma-

tion. Increasing the phosphorus concentration also caused

a change in the microstructure. Phosphorus strongly in-

fluenced E(P) and E(T),increasing phosphorus concentration

decreased both E(P) and E(T).

As previously mentioned, a difference in the metallo-

graphic history existed between Zircaloy-4 and the phos-

phorus contaminated zirconium. This experimental parameter

was called HISTORY. The experiment was not designed to

statistically accommodate an extra variable or differen-

tiate between concentration and history. Therefore, any

statistical inference given to the parameter history was

subject to question.

(3) Loading-Rate: (see Figure 10)

Loading-rate was important when considering pre-

fracture criteria, i.e. K(Y), K(M), and E(P). However,

following crack initiation the loading rate decreased in

functional importance. Tear energy was independent of

loading-rate.
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(4) Orientation: (see Figure 11)

E(Y)'s for all orientations were approximately the

same. However, after elastic strain, the slip systems of

the crystal fabrication, stringer orientation, and grain

size and orientation became important. Effects of orienta-

tion determined the mode of fracture and energy required to

elongate and yield.

(5) Notch Geometry: (see Figure 12)

E(Y) was approximately equal for all notch geometries,

being only slightly less for pre-cracked samples. Sample

geometry, or V-notch, was very important during plastic

deformation. For side-grooved geometries E(P) was slightly

less than that for blunt, but for pre-cracked samples there

existed almost no plastic energy. Plastic energy was con-

jectured to be the amount of energy required to change from

plastic deformation to crack initiation.

E(C) for pre-cracked samples was only half that for the

other V-notch configurations. As previously described,

necking and sudden-cracking energy were lumped together.

Subtracting the cracking energy of the pre-cracked samples

from the cracking energy of the blunt samples should give

the crack initiation energy. The energy difference

indicated that necking energy was of strength equal to the

cracking energy.

E(T) was very strongly dependent upon notch geometry.

Side grooved samples have little or no tear energy. The
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side-grooved constraints apparently increased the energy

required for crack initiation to such a level that once the

crack had started, it was impossible to arrest it. E(T) for

pre-cracked samples was greater than E(T) for side-grooved

samples, indicating that the crack in the pre-cracked

samples was restrained after some penetration. Blunt

samples required much more energy than either pre-cracked

or side-grooved samples as the crack formed fairly slowly.

(6) Thickness: (see Figure 13)

E(Y) was highly dependent upon sample thickness, the

thicker the sample the less energy used for strain. E(T)

functioned in the opposite manner, with the thicker samples

requiring less energy, as expected when going from plane

stress to plane strain. These dissimilar dependencies of

thickness and energy might explain the observed change in

K with thickness. For many materials, it has been

observed that the critical fracture toughness increases

with sample thickness to a maximum then slowly tails off.

(7) Experiment #4:

Extra samples remained after distributing the phospho-

rus contaminated samples among the three statistically

designed experiments. These extras were grooved with a

razor blade in the V-notch and on the side (side-grooved).

Then the samples were fatigue pre-cracked. However, these

specimens did not produce pre-cracked edges like those pro-

duced by fatiguing the non-grooved specimens. Fracture test
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results for all energies, E(Y), E(P), E(C), and E(T) for

Exp. #4 samples fell in the range between the results of

the pre-cracked specimens and results of the machine side-

grooved specimens.

G. Comparison of Fracture Toughness and Energies

Several attempts were made to correlate fracture tough-

ness with various energies. The only successful comparison

was that between K(Y) and E(Y). All others failed.

Attempts were also made to account for the temperature

dependence of the stress contribution to fracture toughness.

Fracture toughnesses were divided by the temperature cor-

rected stress: K(Y) by yield stress and K(M) by tensile

stress. No successful correlation was found between frac-

ture energy and the temperature compensated fracture tough-

ness. An attempt to derive a simplified version of Kcp, or

equivalent energy, for fracture toughness was made (see

Appendix H). However, no trends or correlations were found.

H. Tensile Test

Tensile specimens showed decreasing yield and tensile

strength values with increasing temperature, longitudinal

values being greater than transverse values (see Figure 6

and Table 5). Elastic modulus decreased with temperature.

Percent elongation increased with temperature, transverse
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being greater than longitudinal orientation. All values

agreed with the reported values for zirconium and Zircaloy-

4.
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V. COMPARISONS

Due to the many conflicting reports on the fracture

properties of zirconium and Zircaloy-4, comparisons between

individual reports and this study are needed and will be

given below.

A. Aitchison

Fracture toughness values were strongly dependent upon

orientation.

Validity criteria were achieved for several orienta-

tions but not for others.

SEM pictures of fracture surfaces show "flat" areas

for hydrated samples.

This Study

Fracture toughness values were basically independent

of orientation. However, all energies except E(Y), (i.e.

E(P), E(C), and E(T)) were strong functions of orientation.

SEM pictures showed flat areas but of two different

types. One type appeared to be formed by void coalescence,

and the other appeared to be formed by serpentine glide.

B. Coleman and Hardie

Load-displacement curve was divided into four regions:

I, plastic; II, elastic; III, sudden drop or yield drop; and
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IV, propagation of crack under reduced load. No analysis

was made using this curve dissection.

This Study

Load-displacement curves were divided into four re-'

gions: I, plastic or yield; II, elastic; III, necking and

cracking; and IV, tearing. Each of the energy regions was

analyzed for its fracture variation.

C. Ells and Cheadle

Total or Charpy energy increased with temperature,

showing a sharp transition temperature.

This Study

E(T) exhibited a sharp transition temperature for two

orientations. The temperature transition was the result of

arrest of crack propagation.

D. Fearnehough and Cowan

Force-displacement curve shape was shown to be a

strong function of temperature.

Slope of the tear energy and the yield stress decreased

with increasing temperature.

Although F-D curves are shown to change shape with

temperature, loading rate, and hydrogen concentration, no

analysis of curve shape is mentioned.
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Total energy increased with increasing temperature.

Slow bend total energy was greater than total impact

energy.

Impact tensile stress was greater than slow bend ten-

sile stress with both decreasing with increasing tempera-

ture.

This Study

K(Y) and K(M) decreased with increasing temperature.

E(total) increased with increasing temperature.

E(total) values were higher for static bending test

than for dynamic loading test.

K(Y) and K(M) values were higher for dynamic loading

tests than for static loading tests.

E. Picklesimer

Impact total energy was a function of temperature and

orientation. Depending on sample preparation, the dif-

ferent orientations showed either a gradual or a sharp

transition temperature when impact energy was plotted vs

temperature.

This Study

Orientations T-S and L-S exhibited a gradual transi-

tion temperature, but orientations L-T and T-L displayed

sharp transition temperatures. At high temperatures, total
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energy for orientation L-T was greater than total energy

for T-L which was greater than total energy for orienta-

tions T-S or L-S.

F. Walker

Fracture toughness values increased with increasing

temperature.

Fracture toughness values were obtained from two

values, "secant" and "failure" strength.

"Secant" fracture toughness of Zircaloy in all four

orientations decreased with increasing temperature.

"Failure" fracture toughness of Zircaloy in all four

orientations increased with increasing temperature.

Fracture surfaces showed flat areas and ridges.

This Study

Fracture toughness values, yield and maximum, de-

creased with increasing temperature.

The energy relationships, however, showed similarities

to those of the "secant" and "failure" toughness values of

Walker. E(Y) decreased with increasing temperature, and

E(P) increased with increasing temperature. E(max) in-

creased slightly with increasing temperature.

SEM orientation study showed fracture mechanism strong-

ly dependent on temperature and orientation.
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G. Walker and Kass

Similar results to the above article.

Fractography pictures presented were incorrectly,

inadequately, and incompletely explained. Fracture sur-

faces showed slip steps, precipitates, and dimple rupture.

As with the previous study almost all samples met ASTM

criteria for valid fracture test. Personally, I find this

quite questionable, since similar Ti studies have required

samples much thicker to obtain Kic criteria.

This Study

Very few if any samples met the ASTM criteria for

valid fracture toughness tests.

SEM showed the surface features to be a strong func-

tion of temperature and orientation.

H. Watkins et al.

Fracture samples were unable to meet the ASTM STP 410

valid criteria for secant values or a,B .5(K /a
y

)
2

.

This study

Even with samples as thick as 2.0 cm and temperatures

as low as -200°C, ASTM fracture criteria could not be met.
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I. Wullaert and Ireland

The load-displacement curve was divided into different

stress regions and analyzed.

General yield and maximum stress values decreased with

increasing temperature at approximately the same rate.

Maximum and general yield stress values converged at

approximately -200°C.

Slew bend test results were lower than those from

impact testing.

This Study

The load-displacement curve was divided into different

energy regions and analyzed.

General yield and maximum stress values decreased with

increasing temperature at approximately the same rate.

Maximum and general yield stress values converge at

approximately -200°C for pre-cracked samples.

Slow bend test values for yield and maximum stress

were lower than those for impact tests.
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VI. SUMMARY

Zirconium, Zircaloy-4, and other zirconium alloys are

ductile materials. At no temperature did these materials

show signs of cleavage during fracture. Fracture mechanisms

were studied using Charpy V-notch specimens in three-point

loading experiments which were instrumented to provide a

force-displacement curve.

Force-displacement curves from Charpy fracture samples

provided stress values which were used to determine frac-

ture toughness values, K(Y) and K(M). The same curve, when

dissected, also provided energy values, E(Y), E(P), E(C),

and E(T), which aided in the determination of fracture

mechanism.

Fracture toughness values for Zircaloy-4 and phospho-

rus-contaminated zirconium were a function of several

variables. Yield stress and tensile stress values were used

to determine a yield fracture toughness value, K(Y), and a

maximum fracture toughness value, K(M). Both fracture

toughness values were strongly dependent upon temperature

and loading-rate. Fracture toughness value increased

directly with increasing loading-rate and decreased with

increasing temperature. K(Y) was also slightly dependent

on sample thickness. K(M) was dependent on phosphorus con-

centration and V -notch geometry and responded to tempera-

ture and loading-rate in the same way as did yield
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toughness. Fracture toughness value, K, did not provide

insight into the fracture mechanism.

Energy value determinations in previous fracture

studies have employed either the total energy required for

fracture or for equivalent energy used the ratio of E(max)

to E(Y) times fracture toughness. A more complete dissec-

tion of the force-displacement or energy curve provided a

minimum of four different energies which combine for the

total fracture energy: (1) yield, (2) elastic, (3) crack-

ing, and (4) tear energy.

E (Y) was a strong function of temperature and was only

slightly dependent on thickness. Yield energy was only

nominally dependent on loading-rate and V-notch geometry.

E (P) was a strong function of phosphorus concentration,

sample orientation, and V-notch geometry, while being only

nominally dependent upon temperature, loading rate, and

thickness.

E (C) was a strong function only of sample orientation

with but a slight dependence upon phosphorus concentration

and loading-rate.

E (T) was a strong function of orientation. It was also

dependent upon temperature, phosphorus concentration, and

sample thickness, and on V-notch geometry.

E (max), pre-fracture energy or the energy to maximum

stress, was functionally dominated by the plastic energy.
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E(total), or total fracture energy, was functionally

controlled by the tear energy and the plastic energy.

Temperature functional dependence of Zircaloy-4 was

most evident during the elastic deformation of the frac-

ture. Temperature was important when considering the tear

energy and slightly less important in plastic deformation.

Tensile stress and yield stress as well as tensile and

yield fracture toughness values, decreased with increasing

temperature. Tear energy and plastic energy both increased

with increasing temperatures. Ductility of Zircaloy-4, as

of most materials, increases with increasing temperatures.

The greater the sample ductility, the greater the plastic

strain region, and the greater the plastic energy before

crack initiation.

Phosphorus concentration was not important during

crack initiation after the specimen had undergone elastic

deformation. The plastic deformation decreased very

rapidly with increasing phosphorus concentration. Increas-

ing the phosphorus concentration apparently led to a

greater percentage of intergranular inclusions. The

greater the phosphorus concentration, the lower the values

for plastic, cracking, andoespeciallyitear energy. Phos-

phorus concentration does not affect the energy values as

radically as does hydrogen contamination.

Stress leading-rate was of minor importance. The

major effect of loading rate occurred during plastic
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deformation, requiring much more energy for rapid loading

than static loading. The microvoid coalescence mechanism

seemed to be controlled by the loading rate. Fracture

toughness was highly dependent on loading-rate, increasing

with increasing loading-rate.

Sample orientation was independent for the elastic

strain but was important for plastic and sample cracking

deformation, and tear energy. Effects due to crystal

orientation were determined by the sample fabrication. Hot

rolling oriented the crystal lattice directions, the

stringer direction, and the grain orientation. However,

none of the above explanations alone could successfully

explain all the differences in fracture energies.

Sample thickness contributed little to E(C), E(P), and

E(Y). However, E(T) was strongly effected by sample thick-

ness. As the sample thickness increased, the stress-strain

constraints changed from plane-stress to plane-strain, or

changing the fracture from ductile to brittle. The more

brittle the sample, the less tear energy was expected or

required for failure.

Different V-notch geometries change the biaxial or

triaxial strain conditions or constraints on the crack

opening. Sample geometry contributed nominally to E(Y).

Pre-cracked samples have minimal stress conditions and re-

quire minimal energy before the onset of plastic deforma-

tion. E(P) and E(C) reacted apparently the same way for
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side grooved and blunt samples but greater than pre-cracked.

E(T) was strongly dependent on geometry. The greater the

strain constraints the smaller the tear energy, side-

grooved samples energy was approximately nil, while blunt

and pre-cracked energies were quite large.

Fracture surface appearance was highly dependent upon

orientation and temperature. Microvoid coalescence formed

shear and tear dimples, equiaxial dimples, shear or tear

ridges, serpentine glide or rippled surfaces depending on

the fracture temperature and sample orientation.
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VII. CONCLUSION

Three-point bend tests of zirconium Charpy samples

provided a force-displacement curve which revealed much

information about fracture mechanisms. Similarity exists

between the force-displacement curves of bend tests and the

stress-strain curves of tensile tests.

Critical fracture toughness values, Kic, could not be

obtained even for samples tested at temperatures as low as

-200°C, samples with thickness as great as 2 cm, and samples

with phosphorus concentrations as high as 360 ppm. Fracture

toughness values were independent of orientation. Fracture

toughness values determined from the linear stress limit,

K(Y), and from the maximum stress, K(M), were strong func-

tions of temperature and loading rate; values decreased as

temperature increased and increased for dynamic loadings vs

static loadings.

Four separate energies contributed to the total frac-

ture energy. Each of the energy segments was independent

of the other. Various energies were functions of several. of

the experimental variables: temperature, orientation,

loading-rate, V-notch geometry, thickness, and phosphorus

concentration. Force-displacement curve dissection pro-

vided greater capability for functional analysis than did

the two stress fracture toughness values. Only E(Y) and

K(Y) were statistically correlated.
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E(Y) was statistically strongly dependent upon tempera-

ture but independent of phosphorus concentration and

orientation. E(P) was strongly dependent upon V-notch

geometry and orientation. E(C) was strongly dependent on

orientation, and mildly dependent on loading-rate. E(T)

was statistically highly dependent on orientation, tempera-

ture, phosphorus concentration, and thickness while being

mildly dependent on V-notch geometry. Charpy or total

energy was dominated by the tear energy which was a very

strong function of all variables except loading rate.

Fracture surfaces revealed very distinct structures

for different temperatures and orientations. No obvious

correlation or explanation existed between the sample pre-

ferred orientation and fracture surface appearance.
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VIII. FUTURE STUDIES AND EXPERIMENTAL DEFICIENCIES

Limitations and hindsight are two features of every

experiment which plague every experimenter after completing

and evaluating his or her work. In this experiment lack of

funding strongly affected the results. For example,

scanning electron microscope studies of the fracture sur-

face were incomplete. However, the limited study revealed

definite trends and variations in the fracture modes which

should be explained. Microprobe analysis of the fracture

surface, especially tear ridges and microvoids, should be

investigated.

Computer analysis was also limited. The experiment

was designed to be analyzed first as a whole and then as

three separate sub-experiments. Limitations permitted only

the first computer phase to be completed. Further analysis

should be conducted for temperature, thickness, and phos-

phorus concentration.

Computer analysis and experimental design could have

been used to better advantage. The experimental timetable

required all samples to be machined and tested before pro-

ceeding. Better use of the material, more efficient

experimental design, and more fruitful computer results may

have resulted if it had been possible to conduct a series

of preliminary experiments, then evaluate the results,

before proceeding and designing the next experimental step.
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The present experimental design was based upon fracture

studies of brittle materials, a few zirconium fracture

studies, and intuition. Division of the force-displacement

curve into yield, elastic, plastic, and tail energies was

informative, but further division seemed possible by

dividing the plastic energy into necking and fast fracture

energy.

Existing techniques do not provide for sufficient

analysis to explain the ductile fracture mechanism.

Ductile materials require more analysis than brittle

materials. Energy analysis of more ductile-elastic

materials should be investigated to determine whether dis-

secting the force-displacement curve can be successfully

applied to metals and alloys other than zirconium and

Zircaloy-4.
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TABLE 1 EXPERIMENTAL VARIABLES 96

TEMPERATURE:
-200°C liguid nitrogen
-100°C slurry bath; liquid Nitrogen and -ntXylexe
-50°C slurry bath; liquid Nitrogen and tetc",.1.
0°C slurry bath; ice and water

+50°C water bath
+100°C boiling water bath

PHOSPHORUS CONCENTRATION:
9 ppm nuclear grade Zircaloy-4
40 ppm phosphorus Zircaloy-4
60 ppm phosphorus Zircaloy-4
150 ppm phosphorus Zircaloy-4
200 ppm phosphorus Zircaloy-4
350 ppm phosphorus Zircaloy-4

ORIENTATION:
LT
LS
TS
TL

SAMPLE THICKNESS:
0.7 cm
1.0 cm
1.4 cm
2.0 cm

V-NOTCH GEOMETRY:

standard size Charpy

Standard Charpy V-notch
Pre-crack Charpy V-notch
Standard Charpy V-notch with side-grooves

LOADING RATE:

Static 0.02 inches per minute
Dynamic 1,61 meters per second
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Explanation of Table 2, Experimental Design

The Charpy samples were divided into three statisti-

cally designed experiments. In each experiment two or

three of the experimental variables, i.e. temperature,

orientation, etc., were varied over their entire experi-

mental ranges. The effect of these variables could be

studied individually in detail. A selected subset of the

other variable ranges was then chosen to permit evaluation

of variable interaction. There was not enough material to

evaluate all possible permutations even for this limited

experimental design. The designation of which experimental

variables and which variable values to each individual

sample was restricted to provide equal allotments of each

variable within the experiment. For example, in Experiment

#3 there are 96 possible variable combinations: 6 tempera-

tures x 4 orientations x 2 loading rates x 2 thicknesses.

However, there was only enough material available for 48

samples. Therefore, twelve samples in each of the four

orientations were cut. Six of the twelve were cut 1.0 cm

thick and six were 1.4 cm thick, giving a total of 24 for

each thickness. A different temperature was then assigned

to the six individual samples in each orientation-thickness

combination. Thus, each of the 48 samples had a unique

combination of temperature, orientation, and thickness

variable values. The final designation of loading rate

(static or dynamic) was assigned randomly but in such a
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Explanation of Table 2 (continued)

manner that (i) each of the six temperatures had an equal

number of samples at each loading rate, i.e. four of the

eight samples at each temperature were assigned to be

tested dynamically and four were assigned to be tested

statically, (ii) each of the four orientations had an equal

loading rate distribution, and (iii) each of the two thick-

nesses had an equal loading rate distribution. Similar

variable assignments were made for the other experiments.

Table Legend

x variable level used in experiment

-*- entire variable range used in experiment



TABLE 2 EXPERIMENTAL VARIABLE DISTRIBUTION

Temperature

EXP. #1

99

EXP. #2 EXP. #3

-*-

-200
-100
-50

0

+50
+100

Geometry
BL
PC
SS

- *-

Thickness - *-

0.7
1.0
1.4
2.0

Phosphorus - *-

10
40
60

150
200
350

Orientation
- *-

TS
LS
LT
TL

Load Rate -*- -*- - *-

St. x x x

Dy. x x x

Total No. 72 54 48

Exp. #4 and
Duplicates 68

Grand total of all samples: 242



TABLE 3 IMPURITY CONCENTRATION

P C 0 N H Sn Fe Cr Si

ppm ppm ppm ppm ppm ppm ppm ppm

Zircaloy-4

nuclear grade 10 110 1370 28 10 1.52 1930 1020

P contaminated 41 120 1440 19 5 1.38 1830 1010 20

II 57 40 1280 26 5 1.46 1750 990 10

148 120 1520 26 5 1.56 1810 1060 22

It 210 80 1210 55 5 1.59 2020 1120 16

330 150 1090 24 5 1.72 2020 1170 30

ASTM Nuclear
Standard E352- 1.20- 1800- 700-

78 - -- <270 <80 <25 1.70 2400 1300 120

Chemical analysis provided by Teledyne Wah-Chang, Albany, Oregon.
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TABLE 5 TENSILE TEST RESULTS

longitudinal

transverse

Temp Y.S. T.S. E.M. E(Y) E(M) E(tot)

°C Red. Elgn. kPsi kPsi Mpsi ft.lb ft.lb ft.lb

- 200 0.33 0.23 6.94 9.75 24.32 2.06 31.96 41.28

- 100 0.37 0.26 4.80 7.13 16.43 1.38 21.72 34.23

0 0.46 0.19 3.97 5.51 15.91 1.04 11.08 21.50

+100 0.50 0.32 2.98 4.53 14.53 0.66 13.17 26.99

-200 0.39 0.25 8.43 9.46 15.99 3.22 21.72 34.90

-100 0.46 0.26 5.44 6.09 12.62 1.71 7.90 18.43

0 0.52 0.30 4.80 5.31 12.71 1.38 4.90 19.08

+100 0.58 0.44 3.63 4.02 8.92 0.86 7.90 20.41



TABLE 6 HARDNESS HRB VS ORIENTATION

Experiment 1
P. conc. (ppm)

10 40 60 150 200 350

Orientation

TS SL TS SL TS SL TS SL TS SL TS SL

top 91.63 93.25 91.25 91.06 89.38 90.50 92.06 92.75 90.81 90.94 88.38 88.94

side 89.63 89.75 88.88 91.06 86.00 90.50 90.00 92.19 89.94 91.81 85.94 88.04

Experiment 2

top 92.22 88.40 90.20

side 88.30 84.60 88.50

Experiment 3
10

TS SL TL LT

top 90.68 91.50 90.41 91.56

side 88.41 88.71 91.64 91.75



TABLE 7 Correlation coefficients
107

>4 z >4

4.1

11.

GLI Lt3

a

0$
4.)
0

conc. -0.09 -0.26 -0.06 -0.40 -0.20 -0.25 -0.41 -0.31

conc.2 -0.13 -0.24 -0.09 -0.30 -0.16 -0,18 -0.32 -0.23

conc.N 0.06 0.32 0.03 0.55 0.27 0.36 0.54 0.44

conc.P -0.06 -0.32 -0.03 -0.55 -0.27 -0.36 -0.54 -0.44

ln(conc.) -0.06 -0.30 -0.04 -0.52 -0.26 -0.33 -0.51 -0.41

ln(conc.N) 0.62 0.32 0.03 0.55 0,27 0.36 0.54 0.44

ln(conc.P) -0.65 -0.31 -0.04 -0.55 -0.27 -0.35 -0.54 -0.44

thick 0.15 0.03 0.30 -0.13 0.06 -0.25 -0.04 -0,18

thick2 0.14 0.00 0.29 -0.16 0.04 -0.26 -0.08 -0.20

temp. -0.52 -0.49 -0.50 0.15 0.09 0,27 0.00 0.24

temp.2 0.28 0.23 0.33 0.09 0.07 0.10 0.00 -0.06

ln(temp.) -0.52 -0.48 -0.52 0.16 -0.06 0.26 0.00 0.22

load rate 0.34 0.31 0.17 0.14 -0.26 -0.09 0.19 -0.09

orient TS 0.16 -0.01 0.02 -0.39 -0.14 -0.22 -0.37 -0.26

LS -0.13 -0.09 -0.05 0.05 -0.14 -0.12 0.03 -0.12

TL -0.04 0.08 -0.02 0.45 0.47 0.62 0.43 0.65

LT -0.05 0.13 0.07 0.30 0.11 0.09 0.31 0.14

V-notch SS 0.14 0.21 0.06 0.04 0.09 -0.18 -0.05 -0.11

BL -0.16 0.16 -0.01 0.50 0.09 0.18 0.48 0.24

PC -0.01 -0.36 -0.18 -0.52 -0.17 -0.02 -0.55 -0.16

#4 -0.08 0.09 0.12 -0.25 -0.04 -0.07 -0.21 -0.09

area 0.14 0.09 0.34 0.36 0.08 -0.25 0,06 -0.16

crack 0.04 -0.35 -0.17 -0.54 -0.10 0.02 -0,58 -0.12

K(Y) 1.00
K(M) 0.72 1.00
E(Y) 0.76 0.64 1.00

E(P) -0.10 0.43 -0.04 1.00

E(C) -0.12 0.02 0.04 0.37 1.00

E(T) -0.27 -0.17 -0.26 0.64 0.74 1.00

E(max) 0.12 0.60 0.24 0,42 0.37 0.40 1.00

E(total) -0.22 -0.01 -0.15 0.64 0.74 0.96 0.58 1.00



TABLE 8 Statistical Analysis 108

0

0
0

SD

4.)
di
cg

'0
cd
0

.--1

0
4)

44
cd

a)

4-4
;40

-0
0

4-/
0
0
1>

(A
Co

a)0
..

c.)
4-I4
E-4 ct

K(Y) f 89.95 0.50 34.67 2.03 2.90 5.47 21.12

R2 0.27 0.00 0.13 0.02 0.03 0.02 0.50

K(M) f 70.90 13.41 25.87 2.35 16.83 0.25 31.55

R2 0.23 0.10 0.10 0.03 0.18 0.00 0.60

E(Y) f 90.65 0.22 6.97 0.54 3.78 24.31 17.51
R2 0.27 0.00 0.03 0.01 0.04 0.09 0.46

E(P) f 5.64 52.42 5.07 39.58 49.07 4.11 60.98

R2 0.02 0.30 0.02 0.33 0.38 0.02 0.75

E(C) f 0.80 9.50 16.72 25.67 3.12 0.74 12.41

R2 0.00 0.07 0.07 0.24 0.04 0.00 0.37

E(T) f 17.14 17.81 1.81 52.64 3.61 15.83 29,47

R2 0.07 0.13 0.01 0.40 0.04 0.06 0.59

E(max) f 0.00 50.72 8.64 36.88 52.16 0.42 59.04

R2 0.00 0.30 0.03 0.32 0.40 0.00 0.74

E(total)f 11.90 29.15 1.98 67.50 5.19 8.21 33.80

R2 0.05 0.20 0.01 0.46 0.06 0.03 0.62

Percentals
f-values

0.50 0.46 0.46 0.70 0.84 0.84 0.46 0.950

0.90 2.75 2.75 2.35 1.99 1.99 2.75 1.60

0.95 3.92 3.92 3.07 2.45 2.45 3.92 1.83

0.99 6.85 6.85 4.79 3.48 3.48 6.85 2.34

0.999 11.4 11.4 7.32 4.95 4.95 11.40 3.02
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Explanation and Use of Tables 9-16

Each of the experimentally determined quantities were

analyzed using a computer. Statistical analyses were

applied to each and regression equations were determined.

The computer analysis also provided means for evaluating

the statistically generated model: f-values and R2 values.

The models are presented in the following tables. The

first equation is the average value for all samples. The

next six equations are models for six individual experi-

mental parameters. (The other five parameters are

averaged out in each case.)

Assignment of variable parameters is given below:

Temperature: In (°K)

concentration: In (phosphorus concentration
in ppm)

thickness: meters

orientation

V-notch

loading rate

0 if variable not present

1 if variable present

The final equation is the regression model using all

of the experimental variables.
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TABLE

K(Y)

9

=

REGRESSION MODEL: K(Y)

K(Y)

46.877

f R2

46.877 + 4.738Dy 34.0 0.13

47.900 - 0.313-1n(conc.)
+ 0.410history 0.5 0.00

= 111.104 - 11.671-1n(temp.) 90.0 0.273

= 44.952 + 3.049orient TS
- 0.010orient LS
+ 0.463orient TL 2.0 0.02

45.758 + 5.00SS
+ 2.98(exp. 4)
+ 1.49PC 2.8 0.03

42.941 + 2.93thick. 5.5 0.02

K(Y) = 102.61
+ 2.61thick(cm)
+ 4.914Dy
+ 5.43orient TS + 2.09orient LS + 1.04orient TL
+ 2.202(exp. 4) + 5.162SS + 0.382PC
- 12.03-1n(temp.)
+ 3.029history
+ 0.222-1n(conc.) 21.12 0.5025
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TABLE 10

K(M) =

REGRESSION MODEL: K(M)

K(M)

60.510

MPat/iii

f R
2

60.511 + 4.677Dy 27.87 0.10

60.711 + 5.265history
- 0.595-1n(conc.) 13.41 0.10

= 126.540 - 12.000-1n(temp.) 70.90 0.23

= 66.423 - 6.00orient TS
- 7.48orient LS
- 2.41orient TL 2.35 0.03

61.801 + 5.241SS
- 3.615(exp. 4)

- 12.04PC 16.83 0.175

59.564 + 0.704thick. 0.25 0.00

K(M) = 122.02
+ 2.45thick(cm)
+ 4.798Dy
+ 1.43orient TS - 2.33orient LS - 1.49orient TL

+ 6.236SS - 2.47(exp. 4) - 12.27PC
- 11.78-1n(temp.)
+ 5.15history
- 0.303-1n(conc.) 31.55 0.60



TABLE 11 REGRESSION MODEL: E(Y) kJm 2

E(Y)

E(Y) = 32.0

32.0 + 2.85Dy

34.4 - 0.576history
- 0.636-1n(conc.)

= 113.8 14.9-1n(temp.)

= 35.5 3.30orient TS
- 4.40orient LS

4.70orient TL

E(Y) =

31.94 + 2.03SS
+ 3.40-(exp. 4)
- 6.16PC

21.8 + 7.55thick.

f R2

112

7.0 0.03

0.22 0.00

90.65 0.27

0.54 0.01

3.78 0.04

24.31 0.09

104.4
+ 8.26thick.(cm)
+ 2.83Dy
- 0.9orient TS - 3.1orient LS - 3.9orient TL
+ 2.8SS + 0.25(exp. 4) - 7.9PC
- 14.7-1n(temp.)
- 0.482history
- 0.20-1n(conc.) 17.51 0.456



TABLE 12 REGRESSION MODEL: E(P) kJm 2

E(P)

E(P) = 71.8

71.8 + 8.52Dy

71.6 + 37.0history
- 3.76-1n(conc.)

= 11.0 + 15.11n(temp.)

= 125.3 - 65.8orient TS
- 50.3orient LS
- 23.2orient TL

E(P) =

86.97 - I0.8SS
- 39.8(exp. 4)

- 76.1PC

86.95 - 11.306thick.

f R2

113

5.07 0.02

52.42 0.31

5.64 0.02

39.58 0.33

49.07 0.38

4.11 0.02

1.820
+ 28.82thick.(cm)
+ 8.11Dy
- 36.0orient TS - 31.0orient LS + 24.1orient TL

+ 0.523SS - I9.6(exp. 4) - 64.2PC
+ 22.31n(temp.)
+ 16.1history
- 5.211n(conc.) 60.98 0.745



TABLE 13 REGRESSION MODEL: E(C)

E(C)

kJm 2

114

E(C) = 39.7

f R2

39.7 - 1.42Dy 16.72 0.065

41.3 + 16.2history
- 2.081n(conc.) 9.50 0.074

10.1 + 5.381n(temp.) 0.80 0.003

58.02 22.4orient TS
- 27.3orient LS
- 58.0-orient TL 25.67 0.244

42.3 + 7.8SS - 6.5(exp. 4)

- 21.4PC 3.12 0.038

33.6 + 4.55thick. 0.74 0.00

E(C) = 1.37
+ 10.3thick.(cm)
- 13.9Dy
- 19.8orient TS - 22.8orient LS + 57.1orient TL
+ 14.1SS + 1.4(exp. 4) - 17.1PC
+ 8.96-1n(temp.)
+ 2.84history

2.71-1n(conc.) 12.41 0.372



TABLE 14 REGRESSION MODEL: E(T) kJm 2

E(T)

E(T) = 92.2

92.2 - 2.03Dy

78.7 + 102.6-history
- 7.00-1n(cenc.)

= -467.3 + 101.7-1n(temp.)

= 157.3 9.3-orient TS
- 96.0erient LS
+ 365.0-orient TL

= 113.6 - 106.0-SS
- 47.6-(exp. 4)

-31.8-PC

f R2

115

1.81 0.01

17.81 0.13

17.14 0.07

52.64 0.40

3.61 0.04

= 208.0 - 86.0-thick. 15.83 0.06

E(T) = -441.0
- 70.0-thick.(cm)
- 19.3Dy
- 56.0-orient TS - 68.0orient LS - 347.0orient TL

- 75.0-SS + 25.0-(exp. 4) + 18.0-PC
+ 128.0-1n(temp.)
- 13.2-history
- 13.2-1n(conc.) 29.47 0.58



TABLE 15 REGRESSION MODEL: E(max) kJm 2

E (max)

f R
2

116

E(max) = 103.7

103.7 + 11.4Dy 8.64 0.03

106.0 + 36.4history
- 4.3-1n(conc.) 50.72 0.30

103.0 + 0.185-1n(temp.) 0.00 0.00

161.0 - 69.0orient TS
- 55.0orient LS
+ 18.6orient TL

119.0 - 8.8SS
- 36.4-(exp. 4)
- 82.2Pc

109.0 - 3.75thick.

E(max) =

36.88 0.32

52.16 0.40

0.42 0.00

102.6
+ 11.4thick.(cm)
- 36.8orient TS - 34.0orient LS + 20.2orient TL
+ 3.34-SS - 18.4(exp. 4) - 72.1PC
+ 7.551n(temp.)
+ 16.6history
- 5.43-1n(conc.) 59.04 0.74
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TABLE 16 REGRESSION MODEL: E(total) kJm 2

E(total)

E(total) = 234.5

f R
2

= 234.5 - 26.9Dy 1.98 0.01

= 222.3 + 155history
- 12.71n(conc.) 29.15 0.20

= -361.5 + 108.01n(temp.) 11.90 0.05

= 363.0 - 170.0orient TS
- 169.0orient LS
+ 434.0orient TL 67.50 0.46

= 271.0 - 101.0SS
- 83.0(exp. 4)
- 132.0PC 5.19 0.60

= 341.0 - 79.5thick. 8.21 0.03

E(total) = -362.7
- 44.3thick.(cm)
- 25.1Dy
- 98.0orient TS - 115.0orient LS
+ 425.0orient TL

- 56.0SS + 13.7(exp. 4) - 7.3PC
+ 145.01n(temp.)
+ 52.1history
- 20.71n(conc.) 33.80 0.62



1/8

PICTURE 1 PRE-CRACKING APPARATUS

MTS MACHINE

SAMPLE SUPPORT



PICTURE 2 STATIC WADING APPARATUS

INSTRON UNIVERSAL TESTER

ibmorrl"T" LoAD CELL & EXTENSIoMETER

'/9



-200°C -100 °C -50 °C 0°C +50°C +100°C

PICTURE 3 FRACTURE SURFACE vs TEMPERATURE and LOADING-RATE

Static

Loading-
Rate

Dynamic



2.0 cm 1.4 cm 1.0 cm 0.7 cm

PICTURE 4 FRACTURE SURFACE VS THICKNESS AND TEMPERATURE

100°C

TEMPERATURE

+100°C



Nuclear
Grade

Phosphorus
Contamination

10 ppm 200 60 40 150 200

10 40 60 150 200 360

Dynamic

LOADING-
RATE

Static

PICTURE 5 FRACTURE SURFACE vs PHOSPHORUS CONCENTRATION (ppm)

and LOADING RATE



100C 0C +100C

PICTURE 6

BLUNT

SIDE
GROOVE

PRE-CRACKED

FRACTURE SURFACE Vs V-NOTCH GEOMETRY and TEMPERATUU



1-s 1.-S T-L
TLi

STATIC

-100C

Temperature

+100C

DYNAMIC

-100°C

Temperature

+100°C

PICTURE 7 FRACTURE SURFACE vs ORIENTATION, LOADING RATE, and TEMPERATURE
-1'



2.0 cm 1.4 1.0 0.7

PICTURE 8 FRACTURE SURFACE vs LOADING RATE and THICKNESS

STATIC

DYNAMIC



410, WHO Oft .11.

IMO

ow. am,

PICTURE 9 FRACTURE. SURFACE OF PRE-CRACKED SAMPLES



L

11-172-T
/21

/2/ d.

S

T

PICTURE 10 METALLURGICAL SURFACE

PHOSPHORUS 10 PPM

MAGNIFICATION 400X

REDUCED TO 250X



L S

12.6 b

PICTURE I I METALLURGICAL

PHOSPHORUS

MAGNIFICATION

REDUCED TO

SURFAC

60 PPM

400X

250X



L S

PICTURE 12 METALLURGICAL SURFACE

PHOSPHORUS 360 PPM

MAGNIFICATION 400X

REDUCED TO 250X



/26 Cl

0°C 100 °C

-200°C

PICTURE )3 cl SEM FRACTURE SURFACE

ORIENTATION T- S
MAGNIFICATION 100 X

REDUCED TO 66 X



0°C I00°C

PICTURE 13 b SEM FRACTURE SURFACE

ORIENTATION

MAGNIFICATION

REDUCED TO

T- S

j000
666 x

e



/26 f

-200°C

PICTURE P-I 1 SEM FRACTURE SURFACE

ORIENTATION T- L

MAGNIFICATION 100 X

REDUCED TO 66 X



PICTURE )4 b SEM FRACTURE SURFACE

ORIENTATION T- L

MAGNIFICATION 100 0 X

REDUCED TO 666 X



/2L4

T L L T

PICTURE I5 (d) SEM FRACTURE SURFACE

ORIENTATION ALL

TEMPERATURE 0°C

MAGNIFICATION 1 00X

REDUCED TO 66X



T- S

.1Sr;11Pr'Ametlill, 1174
44(e' ifi,";

!,*

41/ AN awt
g.

TL

/2 2,*

LT

PICTURE I5 (b) SEM FRACTURE SURFACE

ORIENTATION ALL

TEMPERATURE 0°C

MAGNIFICATION 10 00 X

REDUCED TO 660X



I dit ,
mo, r

MICROVOID COALESCENCE

f.

1. 4/
Po 40

FLAT

SERPENTINE GLIDE RIDGE

PICTURE 16 SE M FRACTURE SURFACE

FEATURES

MAGNIFICATION 5000 X

REDUCED TO 3000 X



APPENDIX D: ZIRCONIUM

References: Handbook of Physics and Chemistry
Metals Handbook, Vol. 1
ASTM Nuclear Standard 1978

General Properties:

Atomic symbol
Atomic weight
Atomic number
Phase (R.T.)
Phase transition temp.
Phase (High temp.)
Melting point
Boiling point
Specific gravity
Thermal expansion

Specific heat
Electric resistivity

Material Characteristics:

Zr
91.22
40
HCC (a-phase)
862°C
BCC (8-phase)
1852°C
3578°C
6.53
5.85*10-6/°C
5.65*10-6/°C C-axis
6.96*10-6/0c C-axis
6.92*10-4T
4011Q-cm

127

-fine powder ignites spontaneously in air
- low absorption cross section for neutrons
- exceptional resistance to corrosion by common acids,
alkalis, and sea water

- Good super conductivity properties
- Magnetic below 35°C

Mechanical Properties (room temperature):

Yield strength
Tensile strength
Elastic modulus
% elongation
Hardness
Strain hardening coef.

Zirconium Zircaloy-4

30,000 psi 303 MPa
50,000 psi 392 MPa
15,000,000 psi
32% 15%

83 RB
0.25



APPENDIX E: ZIRCONIUM FRACTURE STUDIES SYNOPSIS

Aitchison

Coleman & Hardie

Ellis & Cheadle

Evans & Parry

Fearnehough & Cowan

Howe

Lee, Koch & Rogers

Picklesimer

Ramaswami & Craig

Rittenhouse &
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Walker & Kass

Watkins et al.
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APPENDIX E: SYNOPSIS OF ZIRCONIUM FRACTURE STUDIES

A short summary of fracture mechanics of zirconium and
Zircaloy-4 fellows. Each study will be discussed individu-
ally because of the different experimental techniques,
specimen design, experimental variables, and measured
quantities which do not readily lend themselves for com-
parison.

1. Aitchison:
Sample Geometry: Single-edge-notch. C.O.D. & tensile
Variables: Orientation, hydrogen concentration, alloys
Measured: Fracture toughness, SEM
Results: (a) orientation affects fracture toughness

(b) Increasing hydrogen concentration de-
creases fracture toughness

(c) Strong difference existed between
fracture load and crack-opening-
displacement fracture toughness values

2. Coleman & Hardie:
Sample Geometry: Charpy V-notch, 3-point bend test
Variables: Material composition, temperature, hydrogen

concentration
Measured: Pole figures, yield stress, strain, hard-

ness
Results: (a) Three distinct types of load displace-

ment curves
(b) Maximum load decreases with increasing

temperature
(c) Maximum loading decreases with increas-

ing hydrogen concentration
(d) Maximum load values increase with in-

creasing loading-rate

3. Ells & Cheadle:
Sample Geometry: Tensile specimens
Variables: Orientation, temperature
Measured: Yield stress, strain, hardness
Results: (a) Yield stress values varies with

orientation
(b) Yield strength generally decreases

with increasing temperature
(c) Hardness decreases with increasing

temperature

4. Evans & Parry:
Sample Geometry: Tensile
Variables: Orientation, hydrogen concentration,

temperature
Measured: Ultimate tensile, % reduction in area



Results:
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(a) Shape of the force-displacement curves
depends on orientation, temperature,
and hydrogen concentration

(b) Ultimate tensile stress decreases with
increasing temperature

(c) Hydrogen concentration sharpens the
"ductile-brittle" transition curves

5. Fearnehough & Cowan:
Sample Geometry: Charpy V-notch
Variable: Load rate, hydrogen concentration, tempera-

ture
Measured: Yield and fracture loads, energy total
Results: (a) Load-displacement curves function of

temperature and hydrogen concentration
(b) Total energy absorbed is greater for

impact than for static loading-rate
(c) Yield and tensile stress decrease with

increasing temperature
(d) Hydrogen adversely affects fracture

properties generally

6. Howe:
Sample Geometry: Charpy, tensile
Variable: Temperature, fabrication techniques
Measured: Absorbed energy
Results: (a) Total energy absorbed increases with

increasing temperature
(b) Material fabrication affects fracture

7. Lee, Kock, & Rogers:
Sample Geometry: Sheet tensile
Variables: Grain size, strain rate, notch constraints
Measured: TEM, strain, elongation, maximum load
Results: (a) Regardless of strain rate samples

failed under ductile conditions
(b) Increase in intergranular appearance

with decreasing strain rate

8. Picklesimer:
Sample Geometry: Sheet tensile
Variables: Temperature, orientation
Measured: Impact energy, yield stress
Results: (a) Impact energy increases with increas-

ing temperature
(b) Orientation strongly effects impact

energy
(c) "Brittle" fracture of a-zirconium re-

sults in highly localized necking and
low strain hardening

(d) Shape of the impact energy-temperature
curve depends on material fabrication
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9. Ramaswami & Craig:
Sample Geometry: Tensile
Variables: Strain rate, temperature
Measured: Strain rate
Results: (a) Rate-controlling process in a-zirconium

above 800°K is most probably disloca-
tion climb

10. Rittenhouse & Picklesimer:
Sample Geometry: Standard and sheet tensile
Variables: Material fabrication, orientation
Measured: % reduction, % elongation, tensile and yield

strength
Results: (a) Compression strength can be twice ten-

sion strength for certain orientation
(b) Orientation and material fabrication

affect yield strength and tensile

11. Steward & Cheadle:
Sample Geometry: Ring, axial, tensile, bust tube,

sheet tensile
Variable: Orientation, sample configuration, tempera-

ture
Measured: Yield and tensile stress, elongation and

reduction
Results: (a) Yield and tensile stress decrease with

increasing temperature

12. Walker:
Sample Geometry: Wedge-opening-loading, compact tensile
Variable: Sample geometry, orientation, temperature
Measured: Failure value, secant value, SEM
Results: (a) Failure values increased with increas-

ing temperature
(b) Secant values decreased with increas-

ing temperature
(c) Fracture toughness, Kic, increases

with temperature
(d) Orientation affects fracture toughness
(s) Fracture surface is predominately

microvoid coalescence

13. Walker & Kass:
Sample Geometry: Wedge-opening-load, compact tensile

Variable: Orientation, irradiation, temperature
Measured: Secant, pop-in, and maximum stress, SEM
Results: (a) Fracture toughness increased with in-

creasing temperature
(b) Fracture was ductile regardless of

temperature irradiation, orientation,
or hydrogen concentration
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14. Watkins, Cowan, Parry, & Pickles:
Sample Geometry: Tubes
Variable: Split-width, hydrogen concentration,

temperature
Measured: Failure stress, impact energy
Results: (a) Very hard to meet ASTM STP 410 validity

criteria

15. Weinstein:
Sample Geometry: Sheet tensile
Variables: Grain diameter, temperature
Measured: Stress, strain
Results: (a) Yield point exist for higher tempera-

tures
(b) Yield stress decreases with increasing

temperature

16. Wheeler & Ireland:
Sample Geometry: Sectioned tubes
Variables: Orientation
Measured: Hardness
Results: (a) Hardness is a function of fabrication

and orientation

17. Wullaert & Ireland:
Sample Geometry: Charpy V-notch
Variables: Hydrogen concentration, loading-rate,

temperature
Measured: General yield load, maximum load, brittle

fracture load
Results: (a) Yield and maximum load decrease with

increasing temperature
(b) Impact load values are higher than

static loads

18. Zanner, Vennett, & Clough:
Sample Geometry: Tensile
Variables: Temperature
Measured: TEM
Results: (a) Fracture of zirconium is ductile

(b) Surface microvoid coalescence
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APPENDIX F: DYNATUP

The Dynatup Model 8000 is a free fall impact tester.

The velocity was determined at a point just before impact.

The head, or tup, of the impact hammer was equipped with a

series of strain gauges. During the fracture impact, the

change in stress, or load, as measured by the strain gauge

rossette, was monitored by a computer. The strain was

monitored using a fixed time base. Displacement was

di
measured using the relationship v = The time base was

dt

constant and, for exact determination of di (=vat), the

continuous change of velocity has to be known. However, by

using a very large impact load, the change in energy was

kept small. The average impact energy was approximately

270 joules. The maximum energy loss was determined to be

about 30 joules. Energy was determined by,

E = fP.di = .0-177dt = Nicof.Pdt

Error, or approximation, was introduced by assuming

was constant, Tr
o'

and can be taken outside the integral.

2E0
The initial velocity was approximately vo m= = 1.61 m/

sec. The final velocity is given by

f m
-v fTE =v1-74--=-- v FT

of
=

fE----1 Ev2
f o

En -E 1-E

E
o

o E
o

0 E
o

0 E
o

AE 30

Eo
2-2,0 + ")= vo (1 - + ..) = v0(1 ---w-

= v
o
(1 -

18
+ ..) = v

o
(0.95)
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Therefore, the maximum error introduced by using vo in-

stead of v is 5%.

However, the model 8000 system was quasi-continuously

monitored by a PIN diode and light source. The velocity

was updated every few micro-seconds. The continual re-

evaluation of the velocity minimized the error to even less

than the above figure of 5%, assuming a better than 99%

accuracy of the experimental force-displacement curve and

the recorded force-displacement curve.
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APPENDIX G: STATISTICAL FORMULAS AND DEFINITIONS

Reference: Applied Linear Statistical Models, J. Nater &
W. Wasserman)

I. Correlation Coefficient:(eq. 3.71)

(Relation between variable X & Y, 100% correlation
±1.0)

R
(Eoci-502(yi-y)2ii

II. F-value: (eq. 4.14)

MSLF treatment mean square lack of fit
)

MSPE error mean square pure error

End (.-i.)2/(c-2)
F

EE(Y..13 -V.3 )2/(n-c)

III. ANOVA Table:

Source of variance

between treatment

ss df ms E (MS)

sstr =
3

r-1 MSTR=SSTR/(r -1) no
2 +al

error w/in treatment

sse = M.
13

nt-r MSE=SSE/(nt-r) a
2

total

ssto =
2

n
t
-1

IV. R
2

: (eq. 11.4)

(R2
SS

2
SSRp regression sum of squares
SST

o
total sum of squares

=0, if regression is horizontal
=0, if all observations are equal)

)
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R2
E(41 -4)2

E(Y.-Y)

V. T-value: (eq. 1.39)

(t-value predicts the fit to a given distribution)

t
Y. -Y

(EYi)
2

i
I n 3

Y. (or XI .) = individual experimental data

4 (or Y) = average value

= predicted or estimated value

c = number of levels

n = number of samples

Note: numbers in parentheses are the equations in the
reference.
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APPENDIX H: DERIVATION OF A SIMPLIFIED VERSION OF
EQUIVALENT ENERGY FRACTURE TOUGHNESS

Fracture toughness for a three-point bend test is given by

K = 1.5
P. S--*a -Y
13-W

2

where: P = applied load

S = span between supports

a = crack depth

B = sample thickness

W = sample width

Y = stress concentration factor

EQ. 1

Equivalent energy changes P to P* for ductile materials,

2E
P* = (cf) EQ. 2

where: P* = equivalent energy fracture load

Ef = absorbed energy at estimated fracture load cor-
rected for the elastic energy absorbed by
machine

C
s
= sample compliance

This, in effect, amounts to changing the force-displacement

from a ductile curve to a brittle curve (see Figure 1). A

new "equivalent" stress point is then determined which re-

places the value P in EQ.. 1.

Note: All terms in brackets are measured or experimental
values.



1:
Yr1_ ,4 v.

IQ
r:/

k I

y.I / '

cot I COO v,*

I .:
AC

7)1.5-PL C)C. 6"-fi9 CA/ T

138

The measured value of energy at maximum load is the sum of

energy absorbed by the sample and machine.

E
f
= E(M) = Em + Es

where: Ef = fracture energy

E(M) = energy absorbed at maximum load

Em = machine energy absorbed at maximum load

E
s

= sample energy absorbed at maximum load

EQ. 3

The machine energy is assumed to be all elastic; that is,

no permanent damage occurred to the machine during testing.

Then,

2
Em = P Cm/ 2

where: Pf = P(M) = maximum load

Cm = machine compliance

EQ. 4
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The machine compliance can be determined during the elastic

portion of the force-displacement curve by

PlYT Ct Cm Cs
EQ. 5

where: C
t
= reciprocal of the elastic slope

a = compliance of the total system

Cm = compliance of machine

C
s
= compliance of sample

P* is replaced by P(Y)
E(M)fru

2E'

P* E(M) fli
E (Y) Cs

by combining Eq.'s 2, 3, 4, and 5

p2

(ME(M) 2 (E(M) -1- "P(Y)P
2 (y) E-Tyy

EQ. 6

Cs]) EQ. 7

Note: P(M) can be varied without varying E(M) and vice
versa.

Rearranging terms of Eq. 7

P
2
(Y) 2

P2 (M) (1 - = (M) EQ. 8

If P(M) and E(M) can be varied independently, but the terms

in the brackets can be shown to be varied independently of

P(M) and E(M). This is true because the terms inside the

brackets are functions of the linear portion of the curve

while the two expressions, P(M) and E(M) are functions of

both the linear and the elastic portion of the force-



displacement curve. Therefore, from Eq. 8

a 2E (Y)
Cs
s FTYT -T---

P (Y)

which is true by definition and construction.

Therefore,

E (M)P* = P(Y) i
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EQ. 9


