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ABSTRACT

This thesis is an investigation of the internal casting defects of
aring gear uged to drive the cast-iron shell of an ore crushing ball
mill. Special attention is focussed on the production of a defect
histogram in which the probability of occurrence is presented for the
various defects discovered. The character of the casting defects is
needed to calculate the stress concentration factor, K, as required in
a predictive fatigue crack initiation .reliability analysis.
Furthermore, the principles of the sand casting method are reviewed
followed by a description of radiographic and ultrasonic nondestructive
inspection techniques.

The experimental procedure usedﬂto characterize the casting f1laws
incorporates an exhaustive mechanical sectioning technique, a two-
directional radiographic inspection, and a three-directional ultrasonic
inspection of 25 samp]e‘blocks cut from a cast ring gear segment,
Furthermore, a microscopic inspection of a number of fractured specimens
is carried out using a scanning electron microscope.- Finally, a
chemical analysis is performed at six locations in the gear to determine
the variation of the composition of the alloying elements. b

In brief, a defect histogram is developed detailing the probabi] ity

_of occurrence of 8 macroscopic and 6 microscopic flaw types discovered

in the investi.gation. Moreover, the results of the nondestructive

inspection techniques are compared. Finally, the defect orientation

is discussed. i



(i

Le presént travail porte sur 1'évaluation des défauts de coulee
d'un engrenage entralnant un broyeur de minerai de fer. Une attention
particu]ié}e est apport;ée a 1'é1aboration de 1'histogramme des défauts
presénts.’ La caractérisation. des défauts est nécessaire afin
d'évaluer le facteur de concentration des contraintes a appliquer dan§
une analyse de fiabilité, portant sur 'imitiation des fissures de
fatique. Les methodes de coulage de 1l'acier seront aussi preséntées,
suivies d'une description de techniques de contr61‘e non desructif,
particul iérement 1_es techniques radiographique et par ultra-son,

Le programme expérimental a porté sur la caractérisation des
défauts de 25 échantil lons cubiques prélevés de 1'engrenage, Les
defauts ont été détectés et evalués par sectionnement mécanique, par

1'inspection radiographique selon deux directions et par 1'inpection

. . . . . / .
_utrasonique suivant trois directions. Certains echantillons ont

ensuite &té étudiés en microscopie electronique a balayage. De plus,

une analyse chimique en six endroits différents de 1'engrenage a permis
d'etabler la variation des éléments d'al liage.

A partir de cette analyse expérimentale, 1'histogramme des défauts
est tracé, mettant en évidence huit types de défauts macroscopiques et
six types de défauts microscopiquesh. Les resultats des différentes
tect:niques de controle sont comparés et 1'orientation des défauts est

R /
discutee,
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CHAPTER 1
p INTRODUCTION

1.1 MOTIVATION

1.1.1 The Development of Low Cycle Fatigue

In the past, the conventional design of engineering components was
based upon selecting a member of suitable cross sectiohal area to ensure
that the stresses in the member were kept below the yield strength of
éhe particular material by means of an arbitrary safety factor.
Unfortunately, this failure criteria, based upon the material's yield
strength, proved to be inadequate 1n a number of cases. The failure of
the Boston molasses tank in 1919 [1] is one of many structuralyfailures
that have occurred where this failure criteria was implemented.

In 1948, G.R. Irwin provided a number of conceptual advances [2]
and, as a result, formed the foundation of linear elastic fracture
mechanics (LEFM). LEFM is a process in which the stress field magnitude
and distribution 1n the neighborhood of a crack (or other defect) is
related to the applied nominal stress, to the size, shape, and
orientation of the crack (or other defect), and to the ‘material
properties,

At the same time, numerous researchers were 1nvestigating the
phenomenon whereby engineering components would fail under the action of
fluctuating stress. Careful investigation would reveal that the maximum
stress amplitude o; th; fluctuating stress would be lower than the
ultimate strength and even lower than the yield strength of the failed
material., This phenomenon, known as fatigue, has long been recognized

as an important cause in failures of engineering structures. As a




result of the ship failures during the 1940's and 1950's, and of the
fatigue initiated failures of the pressure cabin of Comet I jetliners in .
the 1950's [3], the existence of cracks or sharply contoured defects and‘\:
the initiation of cracks early in a structuraj component's life was
recognized,

Through the work of Coffin, Topper, Wetzel, and Morrow, among
others, a different model was devefoped inwhich the initiation of a
fatigue crack in a defect-containing member could be represented by the
rupture of a filament of material as shown in Fig. 1.1, The smooth
specimen, assumed ﬁo have aimechani?al response similar to the filament
of material, can be used to reproduce the stress-strain history of the
filament as long as appropriate control of the smooth specimen is

i

maintained. As a result, the fatigue 1ife of the filament and the
smooth specimen are considered to be the same for identical stress-
strain-histories. In brief, this local strain approach model coup]ed,
with fracture mechanics and a computer based damage analys{s provides

the basis of a predictive fatigue crack initiation reliability study.

1.1.2 The Motivation for Defect Characterization

The recent increase of manufacturing requirements, as specified by
the purch;ser, has forced the manufacturers of\large cast stgel
engineering components to provide reliability studies prior to the sal
of any such components. In particular, Provan et al. [4] have proposed
a fatigue crack initiation reliability procedure whereby the reliability
against crack growth initiation is found for a cast steel ring gear used
to drive the cast iron shell of an iron ore crushing ball mi111. The

analysis is based on the following items:



i) the ring gear's geometry,
ii) the nature of operation of the gear,
iii)- a stress and strain analysis of the gear under operating

p S

JAconditions, L
iv) a statistical evaluation or characterization of thé
inherent casting flaws in te;ms of their ghape, size,
location, and orientation in the stress field, and
v) a statistical evaluation of the gear material's notch
sensitivity, cyclic stress-st;ain properties, and its low
cycle fatigue properties.

The interaction between the five preceding items in the process of
determining the fatigue E;ack initiation life is presented in the
fatigue crack initiation life diagram of Fig. 1.2. In brief, present-
day computing strength allows the development and utilization of a
computer algorithm whoself1na1 output will be the probabilistic life
expectancy of a particular ring gear.

As can be seen from box 2 of Fig. 1.2, determining the stgessq
concentration factor, K¢ is a reqﬂired step in the life evaluation
process. Accordingly, it 1s essent{él to know the character, 1n terms
of the size, shape and orientation, of the defects responsible for the
stress concentrations, Since heavy cast components undergo no_further
forming processes after cagting such as forging or rolling (operations
which tend to close up any defects), the defects occurring in the
casting process must\be carefully evaluated. Depending on the size and
shape of the defect and its 'location and orientation in the stress

field, fatigue cracks can be initiated and propagate through the

component until reaching a critical.size at which time catastrophic
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failure occurs, Consequently, to guard against fatigque failure and
provide probabilistic 1ife expectancies of cast steel ball mill ring
gears through a low cycle fatigue analysis, a thorough understanding of

t%e fdherent casting defects is necessary.

o

Tt

1,2 PREVIOUS RESEARCH

——

In the past, the American Society for Testing and Materials (ASTM)
has developed reference standards to categorize the defect indications
obtained from liquid penetrant, magnetic particle, radiographic and
ultrasonic nondestructive tests. The ASTM Standard Reference

Radiographs for Heavy-Walled Stge] Castings [5] provides reference

-~
Y

rﬁﬂiggraphs for casting defects whichinclude gas porosity, sand and
slag iﬁé’usions, shrinkage, cracks, and hot tears. Furthermore, each
type of jz?éct is arbitrarily clfssified into 5 severity levels. The
ASTM also proyides recommended'standards for categorizing ultrasonic
indications. n brief, these reference standards are used only to
classify defect/indications; the quality levels of the standards cannot
be used for an acceptance-rejection criteriaji Instead, acceptance-
»rejection criteria for individual castings must be based on a realistic
appraisal of service requirements and the normal casting quality [6].
There has been research conducted to determine acceptable levels of
casting defects present in particular cast cbmponents. For example, in
1970 R.E. Clark of the Westinghouse Elecg:;§¥Corporation conducted an
in-depth fracture mechanics study to de€érmine what type and si1ze of
defects could be tolerated in various regions of steam turbine castings

[7]. In this particular study, it was discovered that many of the

previously removed and weld repaired defects could be left in the

>
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“casting with no adverse decré@se in structural integrity.
‘Unfortunately, the qualityN\of a cast steel_é;gineering component is
dependent on numerous factors inv .kii?zﬁn the casting process. For
instance, metal pour temperature, castiné cooling rate, and the presence
of chill blocks are only 3 of the variables controlled in the casting
procesg? however, .varying any one of these can significantly alter the
presence of casting defects known as cold shuts. The variables involved
in the casting process generally vary from foundry to foundry and from
component to Egaﬁonent. Consequently, any defect characterization
performed on a component cast under dissimilar conditions as the ball
mill ring gear of this investigation would have 11ittle significance to
this particular investigation, Although there exist defec{
characterizations for other components and processes, their results

cannot be directly applied to the cast ball mill ring gears of this

investigation.

.3 THESIS OBJECTIVES ‘ y

The primary objective of this investigafion is to characterize the
defects, in terms of their size, shape, location and origgfation, of a
cast steel ball mill ring gear. Special attention is fokused on the
production of a dgfect histogram 11n which each class \of defect
discovered 1s presented along with its probabi1lity of occurrencé\

The sand casting process used to produce the cast steel ring gears
is explained to provide an insight into the causes of typical casting
defects. Furthermore, nondestructive testing techniques such as
u]tfasonic and radiographic inspection, utilized in this investigation,

are examined to provide an understanding of their underlying concepts
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and inherent limitations.

\

1.4 THESIS DESCRIPTION

This thesis begins with a chapter reviewing the method of sand

casting; included in this chapter is a summary of the various types of
casting defects and their causes. e

Next, the nondestructive testing techniques of radiographic and
ultrasonic inspection are summarized in Chapter 3.

Chapter 4 provides the experimental processes followed in this
investigation. The sectioning operation used on the ring gear segment
from which sample blocks were obtained is presented. This is fol lowed
by a summary of the machining operations used to prepare the sample
blocks for further testing. Finally, the radiographic and ultrasonic
tests are described aiong with the chemical analysis and the method of
the microscopic examination,

The results of the experimental investigation are presented and

analyzed in Chapter 5.

-

The final chapter presents the conclusions and proposals for

further research,

To lighten the text, detailed test procedures and test results are

-

provided in the appendices.

L



~ CHAPTER 2

o - A_REVIEW OF SAND CASTING

-
<

There are various casting methods employed in'present-dqx)
,,4m22?facturing processes. However,  most large cast components weighing
half a _or more, including the cast steel ball mill ring gears of
this investigation, are produced using the sand casting method. As a
result,‘only sand casting and its various aspects will be discussed in
- this chapter. ’

¢

2.1 SAND CASTING .

The ‘method of sand casting is one of the oldest and widespread
manufacturing processes employed in engineering design. In 1970,
according to Bownes [8]1 sand casting was utilized 1n almost 90% of
total annual foundry production. Sand casting can be defined as the
’prdduction of a desired shape by the introduction of a molten metal into
a previously prepared sand mold where it then solidifies., Casting is an

“ important production process because of its ability to make intricate
shapes of almost unlimited size. Furthermore, a proper casting

procedure enables the placement of metal where needed to best resist the

working stress with virtually no directional properties [9].

2.2 THE PROCESS OF SAND CASTING -

The general sand casting process, starting with the fabrication of
a casting pattern and ending with the casting shake out and upgrading,
is detailed in this section. However, no attempt is.-made to focus on a

particular process; as with most manufacturing methods, the particular

rd
.
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production details of a sand-cast component vary from foundry to

foundry.

2.2.1 The Casting Pattern
The rirst stage‘in sand casting is the production of the casting
pattern abbut which the sand mold is formed. The patter; quality 1is an
important factor in the casting process since a casting cannot be more
accurate than the pat;ern equipment from which the mold 1s formed. The
pattern can be constructed of materials such as expanded poljstyrene,
plaster, hardwood, softwood, aluminum, and cast iron. The selection of
the construction material depends mainly on the pattern 11fe desired.
The casting pattern is not an exact full-scale model of the cast
component since allowances for shrinkage, draft and machine finish are
incorporated into the pattern design. Shrinkage @1lowance is the
correction on the pattern which is made to compensate for the
contraction of the casting as 1t‘coois in the mold from the metéa
;¥r;ézing temperAdture to room température. The pattern is constructed
largeé than the actual cast component by an amount determined by the
shrinkage allowance which varies with the type of steel used and the
casting design. The shrinkage allowance also depends on the sand mold
since the compacted sand in the’mold offers considerable resistance to
compression. Depending on the sand's content and quality, compressive
stresses up to 44 MPa can be resisted before crumbling occurs [10]. The
.draft_allowance is the taper that is incorporated on all yertiéal faces
of a ﬁatterq to permit its removal from the sand mold without tearing
the mold walls. Finally, a sufficient amount of excess metal 1is

provided on all surfaces'requiring further machining. The actual amount

[




depends on the metal hardness, the shape and condition of the surface to

be machined, the cdasting size, and the tendency to warp during cooling,

2.2.2 The Casting Mold

-

In the process of sand casting, the casting mold is formed of a
sand base refractory material. Using the pattern, themold is shaped
into the desired form so that the\l1quid metal introduced into it will,
after solidification, retain the shape of the mold. There are a number
of demands on the casting mold., First, it must be strong enough to
sustain the weight of the casting metal and constructed in a manner to
permit any gases formed within 1t to escape i1nto the surrounding
environment. Furthermore, the mold‘must resist the erosive action and
the high temperature of the rapidly moving molten metal. Finally, the
mold material must be collapsible to permit the steel to contract
freely; the material must also cleanly strip awéy from the casting after
cooling.

The most economical material that satisfies these demands is a
bonded granulated refractory called silica sand. Silica is the only
mineral naturally occurring in the required size range in sufficient
world wide abundance. However, other minerals, oxides or s1licates such
as zircon, olivine, chromite, and sillimanite can be used as the base

material 1in place of silica; but these must usually be crushed, sieved,

“and even prefired before use. The highexpansion 1nherent insilica-

based molds can be counteracted by smaller particle size and
distribution of the si1lica base, and by special additives which increase

the hot plasticity of the mold face and prevent it from cracking [11],

The binder is the molding material component used to produce



cohesion between the sand grains in the green or dried state.
-Substances such as clays, organic oils, organic resins and silicates
possess bonding qualities and may be used singly or in combination to
produce the required bonding properties. The binder is normally either
in a Tiquid form or as particles with a size much smaller than that of
the sand base grains. Ideally, the binder forms a uniform, thin f11m
around each grain. In general, the compressive strength of molding sand
increases with increasing binder content until a point 1s reached,
depending on the sand and binder type and moisture content, where the
strength will remain constant.

Generally, a mold is produced by placing the required pattern in a
metal box, fi1lling the metal box with molding sand, compacting the
molding sand, ang then removing the pattern leaving the finished mold.
In the case of\\]arge castings, individual parts of the mold are

. fabricated separately and then assembled together in a large pit to
produce the finished mold. Dry sand is usually used in large ca'szings

since a dry sand mold has high strength properties and can withstand the

metal weight and pouring erosion inherent in large casfings.

2.2.3 Melting and Casting

Q

The melting procedure is used to achie\;e close control of metal
composition and to decrease gas contamination and non-metallic
inclusions. Themelting process is initiated by introducing a metal
charge into a melting furnace, There are basically three types of
melting furnaces including the open-hearth, the electric arc, and the
electric induction furnace. With the open hearth furnace, the charge is

melted by exposure to the action of a flame. The electric arc furnace
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consists of three graphite electrodes through which three phase current
is passed. Melting of the metal is accomplished by the heat developed
from arcing between the electrodes, or the electrodes and the metal lic
charge which serves as the c0mm<;1 conductor between the electrodes. The
electric inducti1on furnace is composed of a crucible, encircled by a
water cooled copper 1nduction coil, in which the charge is melted by
_means of a high-frequency or a low-frequency electromagnetic field.

"As the furnace melts the charge, the surface of the charge may
react with the surrounding atmosphere. The time required to melt steel
alloys is usually sufficiently long for compositional changes to occur,
Once the furnace charge is melted, fluxing and slagging operations are-
performed to remave impurities and metallic and non-metallic elements
dissolved 1n the metal or floating at the liquid metal surface. If any
compositional adjustments are required, the alloy additions are made
towards the end of the process to avoid 10sses 1n these elements,
Furthermore, procedures such as degassing and grain refinement are
carried out just prior to pouring, otherwise their useful effect may be
lost.

After sufficirent energy has been suppliedto raise the charge to
its melting temperature, overcome the latent heat of fusion, and further
increase the temperature of the now liquid charge to 1ts tapping
temperature, the charge 1s removed from the furnace and poured into the
casting mold, The tapping temperature at which the charge 1s removed
from the furnace depends on the temperature at which the molten material
is to be poured and the amount of cool'mg the m‘olten material undergoes

as it is moved 1in the ladle to the pouring site., The pouring

temperature depends on the design of the casting and the desired

11



metallographic structure of the casting,
During the -pouring process, the flow of metal must be smooth and
uninterrugted to prevent the formation of cold shuts and to prevent slag
from ent:r:i‘ng thé mold. If the lip pouring technique is used, the slag
cover must be skimmed of f prior to pouring. The flow rate of the pour

is governed by both the need to minimize turbulence and mold erosion and

to complete the pour before appreciable cooling has occurred.

2.2.4 Finishing Operations

The finishing operations are carried out once the casting metal has
cooled sufficiently so that 1t can be removed from the mold. Afte[‘ the
casting has been removed from the mold, the residual sand 1s manually
removed. Following this, the casting is subjected to a stronger
shotblasting, hydraulic, or chemical cleaning process. Shotblasting is
accomplished by high velocity streams of abrasive particles energized by
compressed air and directed onto the casting surface. The process of
hydraulic cleaning uses high pressure water Jets, incorporating sand as
an abrasive, that are directed onto the casting's surface. Although it
is a seldom used method for large castings, chemical cleaning involves
baths of molten caustic soda used to break Jown the surface oxide 1ayer
and loosen the adhering sand. Next, the gating and risering systems are
cut from the casting through either sawing;: abrasive wheel cut off, or
flame cutting techniques.

The casting is then subjected to a heat treatment process depending
on the desired properties of the finished component. Following this,
the quality of the casting is investigated using one or more of the

<&

following non-destructive testing techniques: 1liquid penetrant




inspection, magnetic particle inspection, radiographic inspection, and’
ultrasonic inspection. If anly severe casting defects are discovered the
casting is usually subjected to an upgrading process where the defects

are gouged out and filled using a submerged arc welding technique. In

ua&dition, destructive tests are performed on test samples cut from the

casting to verify its chemical composition and microstructure, s

I '

2.3 THE STRUCTURE OF CASTINGS

2.3.1 Ihe’Solidification Process ; N\

' Solidification is a relatively fast process as compared to the
other step; required to produce a sand casting; however, solidification
does not take place Fugdenly throughout a casting. Inifead, the cooling
of a cast component from1ts initial temperature to the final ambient
temperature of the surrounding environment is a sequential, highly
ordered process., The thinnest sections of a casting soli1dify first

since they experience the highest cooling rate as a Eesu1§ of the high
heat transfer to the cooler,osurrouﬁding moid. "As the thin sections
solidify, they contract and draw liquid metal from adjacent heavier
sectiohs that gave not yet solidified. As heat energy 1s constantly
lost to the mold and surrounding environment, these heavier sections
so]i&ify an&:ZFEw liquid metal from other adjacent parts of the casting.
This solidificagion\and contraction process progresses throughout the
casting with ‘the heavier sections feedjng molten material to the llghger
sections; finally, the last sections to solidify draw liquid metal from
the risers. -This process in which the casting cools progressively from

the extremities to the risers 1s known as directional solidification.

Directional solidification is essential to avoid any shrinkage defects

13
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occurring in the solidification process.

2.3.2 Crystallization

The actual process of solidification in which crystallization
transforms the liquid metal alloy into a solid structure is quite
complex and involves vaprious aspecg of physical chemistry,
thermodynamics, and crystal lography.’ An in-depth investigation of this
subject is beyond- f:he .aim of this investigation, However, the
microstructure of a cast component is heavily dependent on the
crystallization process, Consequently, the basic mechani'sm of
‘crysgallization of cast alloys 1s presented in this section. |

The crystallization of liquid metals follows the pattern of
Pcrysta].lization of most other 1iquids_in which the liquid phase of a
substance changes into the solid phase as 1t ‘cools. The cooling liquid

. ) .
metal loses some of its energy in the form of heag“to the surrounding

mold and, in doing so, becomes struct:u‘a] ly unstable in relation to the
so]“i state. When the temperature is lowered, the average distance
between the atoms of'the liquid decreases. The attractive forces
between neighboring atoms become more prominent as the thermal energy
which maintains the vibration of the atoms and keeps them apart is lost
to the surrounding environmeﬁt. With further’ cooling, the attractive
forces between the atoms prevent the atoms from movingﬂaway from one

another and causes crystallization to occur. o
2.3,2.1 Nucleation
The formation of the crystal lattice from the liquid state involves

~

the successive stages of nucleation and growth., Nucleation is the

14




appearance of centers-upon which more atoms can be deposited for the
growth of solid crystals at random points in the liquid. These nuclei
can be produced by homogeneous nucleation or by hetrogeneous nucleation,
Homogeneous nucleation is the formation of ordered groups of atoms
forming areas of ‘higher than average density during their randonm
movement within the liquid. These embryonic crystals are unstable and
N

shortlived; however, somé reach a critical size at which they become,
stable and grow. General nucleation theory can predict this critical
size in terms of the change in free energy resulting from the formation
of a particle,

Hetrogeneous nucleation is the process in which 1nitial growth is
provided by a foreign particle 1ncluded or formed 1n the melt. In
foundry practice, hetrogeneous nucleation usually dominates the
nucleation process since some foreign nuclev are always present in the
form of 1mpurities originating in l%he\metal, the walls of the mold, or
the atmosphere. Once the initia] nuclei are formed, more solid may be

deposited on the initial nuclei or fresh nucleation of the same or

different phase may occur in the liquid.

2.3.2.2 The Liquid-Solid Interface

The growth phase of crystallization is instrumental in determining
the final crystal lographic structure of the solid. In the growth
process, there exists an interface which separates thesolid from the .
]iqu;’d component of the cast metal, /:t this li1quid-solid interface,
fre‘\ezing occurs when the localized 1atent heat of crystallization,
generated on the s'oh'd side of the 1i1nterface, is insufficient to reverse

the direction of heat flow from the 1iquid adjacent to the interface,
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With reference to Fig. 2.1, the heat generated during crystallization
maintains the temperature of the surrounding solid Tg equal to the
temperature of the liquid TL adjacent to the interface., Only when this
heat is dissipated out through the solid-and Tg drops below T can
further solidification pro\\ceedI The typical temperature gradient at the
l1iquid-solid interface is‘ presented in Fig. 2.2. The heat flow from
liquid to solid results f;‘om the positive temperature gradient across
the interface. However, local evolution of the latent heat of
crystal 1ization is sometimes sufficient to produce a negative
temperature gradient at the interface with the minimum 11qud
temperature occurring away from the interface. This Tleads to zones of
undercooling as seen in Fig., 2.3.

In add1£10n, uxndercooling can be caused from the dynamic conditions
associated with casting solidification. HWith respect to thg equilibrium

phase diagram for the sol id solution of Fig. 2.4, the binary alloy with

a concentration of B equal to C, first sol1difies at temperature TT‘

The first solid formed is a composition Cl and is defici'ent in B with
respect to the liquid. As crystallization proceeds under non-
equilibrium conditions, solute is rejected at the liquid-solid
interface. This causes a compositional gradient in the liquid shown 1in
Fig. 2.5. The composition gradient in the liquid introduces a variation
in the freezing temperature. This is because for each particular
composition of B, there exists a single equilibrium freezing temperature
below which crystallization occurs, Tﬁése points 1ie on the liquidus
line of Fig. 2.4. Thus, with the composition of B increasing in the

liquid as the interface is approached there is a corresponding decrease

in the equilibrium freezing temperature. The variation of the freezing
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temperature dué_to solute transport, along with the resulting zone of
undér cooling, is presented in Fig. 2.6.

The conditions are more favorable for crystallization in the zones
of undercooling as compared to the solid-1iquid interface. The presence
and extent of the undercdgled zone, which depends on the interface
temperature and compositional gradients, play important roles in
determining the microstructure of a casting.

1

2.3.3 Crystal Growth and the Cast Structure i W

The cagtgstructure is @ function of the type of crystal growth
which, in turn, depends on the conditions in the solidification,
interface and the constitution of the alloy. In this section four types
of crystal growth are discussed including columnar growth, dendritic
growth, 1ndependent nucleation, and eutectic freezing. The first three
growth processes are characteristic of soli1d solutions where the metals
of the alloy are completely soluble in each other. However, eutectic
freezing occursonly inmechanical mixtures where éhe metal or alloy

N
constituents are insoluble jn each other,

2.3.3.1 Columnar Growth

Columnar growth can be found in pure metals.and, under favorable
conditions, insolid solutions. For columnar growth to be present in
solid solutions, slow cooling must be present to allow more time for
solute transport. This diminishes the concentration gradient and the
corresponding undercooling in the liquid. Columnar growth is also
favored by a steep interface temperature gradient, This ensures

renewed growth at the interface occurs before undercooling brings about
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nucleation at areas distant from the interface.

With referencehQO Fig: 2.7, columnar growth begins with nucleation
at the mold wall. Th:s is followed by multi-directional crystal growth
at the wall. Growth in the lateral direction (ﬁéra] lel to the mé]d
wall) proceeds until no space exists between the crystals., With lateral
constraint present, crystal growth takes place by the edgewi;e extension
of the now columnar dnysta]s. The columnar g?ains ére oriented with

their largest dimension parallel té'the direction of -the heat flow.

2.3.3l2 Dendritic Growth -

The type of crystal growth most commonly encountered in the
solidification of commercial cast alloys 1s dendritic growth, Dendritic
growth 1s favored when undercooling occurs in the band of liquid
adjacent to the interface. Any existing protuberance on the solid face
tends to act as a center for further growth, The general adva;ce of the
interface, as a whole, is retarded by localized latent heat; however,
local growth centers proceed further into the undercooled zone. This
preferred growth from an edge or corner of an existing embryonic crystal’
results in the formation known as a dendrite as seen in Fig. 2.8, The
prOJeet]on develops into a needle oriented parallel to the direction of
heat f}ow. The growth of the dendrite in the direction perpendicular to
the‘pﬁimary stem is restricted by the localized latent heat that
inhibited general growth at the original interface [lal: However,
secondary and tertiary branches candevelop in the same manner as the
primary needle, Solipification progresses through the thickening of the
branches and primary stems of the dendritic skeleton,

In addition to growing unidirectionally from a major interface to
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produce columnar grains, dendrites can also grow as independent crystals
alone in the liquid. In this case, the fully developed grain is

equiaxed.

2.3.3.3 Independent Nucleation

Independent nucleation occurs when t\he freezing of a liquid alloy
‘occurs under a small temperature gradient or at a very rapid rate., If
the conditions are right, the undercooling ahead of the so11d-1iquid
ini;erface is sufficient to cause nucleation at locations in the 1iquid
ahead of the interface. The solidification structure associated with
independent nucleation is equiaxed grains. These are often found in
sand cast components as a result of the inherent 1low temperature

gradients of the sand casting.

2.3.3.4 Eutectic Freezing .

Casting alloys that are approximately eutectic or contain eutectic
components exhibit eutectic freezing. In this mode of growth, each
eutectic grain is formed by the growth of two or more separate phases in
close association, The resultingstructure may consist of alternate
plates of the two phases or rod-like globular elements of a seemingly
discontinuous phase suspended in a base matrix of the second phase. “The
growth of a plate eutectic starts with the nucleation of one of its
phases. The concentration of the solute of this phase in the liquid
increases until r)ucleatmn of the second phase starts at the liquid-
solid interface. Then, the two solid phases grow simultaneously,

The growth of the eutectic grain proceeds by the simultaneous

edgewise extension of the plates of the two phases. In the final

19 *

¢



N

structure, each eutectic grain is the product of associated growth from
a single center to a microscopically distinct unit [12], The resulting
grain can be equiaxed or columnar in form. Aswith solid solutions,
columnar eutectic “structures can be produced by controlled

unidirectional freezing.

2.3.3.5 Cast Structure Variation

The grain structure of a cast component is rarely uniform
throughout the volume of the casting. Temperature and constituent
variations in the casting produce a multitude of grain types. For
example, the solidification of a solid solution alloy casting begins
with the formation of a thin chill layer gdjacent to themold wall, The
chill layer, formed first because of the lower temperature of the mold
wall, usually is a fine-grained structure caused by the large number of
nuclei formed as a result of the rapid cooling, As the casting cools,
dendrites start to grow from the inner boundary of the* chill layer
towards the highest temperature area of the casting. The resultant
crystals are elongated and continue to grow towards the interior of the
casting as the thermal gradient is diminished by the transfer of heat
through the al ready solidified metal. Finally, withlittle thermal
gradient remaining, other crystals nucleate at locations remote from the
interface to form randomly orientated equiaxed grains. The result of
this process can be seen in Fig., 2.9. Although not all cast steel
components solidify in this manner, the process provides a unique

‘example of cast structure variation.
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2.4 THE GATING AND RISER SYSTEMS

2.4,1. The Gating System

The gating system is a system of channels through which the molten
metal flows into the mold cavity, It is usually connected to the drag
(bottom half of the mold) and is the principal means to control the~
metal flow pattern within the mold. The gating system is an 1mportant
component of the casting mold since it governs the rate and direction of
the metal flow to ensure complete filling of the mold before freezing. -
Also, the gating system_fs required to provide smooth and uniform flow
with minimum turbulence to avoid air entrapment, metal oxidation, and
mold erosion. The system must 1ntroduce molten metal 1n§;o the mold
cavity in a manner that will produce temperature gradients 1in the métai
and mold surfaces such that solidification will occur i1n the direction
of the risers. Furthermore, the gating system must have built-in traps
to remove any non-metallic inclusions dislodged in the gating system or
introduced with the metal, |

The typrcal gating system consists of four main parts: the basin,
the sprue, the runner, and the gates as shown in Fig, 2.10. The basin
enables the poﬁrer to maintain a full ~system and provide the required
metal flow rate; moreover, the basin hellps separate any remaining slag

from the metal before it flows through the system. If meial is poured

“directly into the sprue hole, turbulence and vortexing develop 1eading

to an unsound casting. The sprue carries the molten material from the
basin down to the runners. It is usually tapered so that 1ts cross
sectiona\\] area decreases towards the runners to prevent aspiration
occurring in the metal. The metal then flows through the runners which

must not have any sudden changes in cross section or any sharp corners,

U
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Once through thé runners the metal enters the gates. The gates are the
passages of various shape and dimension that determine the rate, type of
flow, and pos1f?on'at which the metal enters the mold. A properly
designed gating system ensures complete and uniform filling of the mold
nd provides the initial temperature gradierts so that solidification

occurs in the direction of the risers.

2.4.2 The Riser System

The primary function of the riser system is to feed molten metal to
the casting as it solidifies to minimize any internal or external
. shrinkage which might occur in the casting. The casting mold is
designed in such a manner so that the risers, attached directly to the
metal casting, solidify last. As a result, solidification shrinkage of
the casting is minimized since molten metal from the risers 1s able to
flow into the casting to compensate for the contraction. The risering
system also provides passages allowing any mold gases to escape and
¢ provides extra metallastatic “pressure. This extra pressure forées the
molten metal to reproduce the mold details more closely [11]. The
rjsers are always formed into the cope (top si1de of the mold) so that
any slag remaining in the casting can float up into the risers.

The effectiveness of aupartlcu1ar riser depends largely on its
size, If theriser is toosmall, shninkage cavities occurring in the
riser extend i1nto the casting. If the riser is too large, excess metal
is melted per casting and the cost is increased. The size and shape of

a particular riser must satisfy two requirements. First, it must freeze
/

sufficiently slowly to ensure that tiquid metal will be available

throughout the solidification of the casting section the riser feeds.
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This \is required to maintain directional solidification from the casting
into the riser. Second, the riser must be capable of supplying a
sufficient amount of molten material required to compensate for the
‘solidification shrinkage.

There are two basic types of risers: those that are open to the
atmosphere (called open risers) and those that are not open to the
atmosphere (calted blind risers). The open riser 1s the simplest and

.most commonly used type. A valuable feature of the open riser 1s the
function of providing mold venting during the pouring process. However,
open risers are subject to heat loss to the surrounding—;tmosphere.

In contrast, the blind riser 1s totally enclosed 1n the mold. The
blind riser is easy to position 1n a mold since 1t 15 not open to the
atmosphere., Furthermore, the blind riser can be used to promote
directional solidification in thin sections., The larger mass of metal
material 1n the blind riser requires a longer time to solidify as
‘compared to the thin section; consequently, solidification ends 1in the
blind riser. A core that is open to the atmosphere can be 1nserted 11nto
a blind rmser to relieve the vacuum developed from shrinkage and help
push the metal from the riser {nto the shrinkage area of the casting.

f
2.5 CASTING DEFECTS - THEIR DESCRIPTION AND CAUSE

There are numerous types of defects i1nherent in the casting
process; some types can seriously affect the structural integrity of thé
casting while others will only affect the esthetic value of the casting,
In this section, typical casting 1mperfections with the potential of
lowering structural ntegrity will be described., According to

McGonnagle [13], casting imperfections can be broadly grouped as
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follows: segregation, blowholes, inclusions, pipes, shrinkage, hot

tears, and cracks.

2.5.1 Segregation

Segregation is the non-uniform distribution of the chemical
elements in an alloy. Some regions of a casting'may be rich in certain
elements while other regions are impoverished in these same elements.
Segregation occurs in the solidification process and leads to non-
uniform mechanical properties, Moreover, this defect type occurs in
ductile 1ron, wn many nonferrous alloys, and in all metals in which the
composition desired of a particular element is close to, or exceeds, the
maximum solubility of that particular element, Hence, segregation is a
function of metal composition and cooling rate [14]. It can arls; from
A large difference 1n metal sections or from a section of mold or core
that promotes heat retention. Also, the distribution of gates and

risers promoting heat retention in localized areas acts to provide a

cooling rate 1n some sections which would normally be found 1n much

heavier sections. Such a situation does not provide sufficient time for

the concentration of a particular chemical element to equalize
throughout the casting; consequently, segregation occurs. Other
factors that can affect the cooling rate causing segregation are
turbulent metal flow when pouring, incorrect use of exothermic molding

o
materials, and 1ncorrect metal composition.

— .

2.5.2 Blowholes
The class of defects known as blowholes (or gas porosity) are

gaseous cavities that can be spherical, flatfened, or elongated in

24




Ar

shape. They are caused by localized gas pressure that exceeds the metal
pressure as the metal in the casting mold cools. Al1l of the gas that
comes out of solution from the metal cannot escape througg the vent
holes and, as a result, remains entrapped 1n the casting. Blowholes can
dﬁcur as a result of the following: insufficient core venting,
inadequate metal pressure due to poor design, low feed pressure,
turbulence 1n the gating system, and itnadequate riser s1ze.
Furthermore, if themolding sand moisture content 1s high, 1f foreign
’material is in the sand, if the sand s poorly mixed, or if there are
excessive gas producing materials in the sand coatings, then blowholes

can result.

2.5.3 Inclusions
Inclusions are described as impurities either 1n solution with the
metal or as separately held particles. In general, 1nclusions result

fromx%Q£e1gn materyal entering 1nto the mold through carelessness. In

addition, inclusions can arise from the breakdown of the sand coating

whereby sand falls directly 1nto the moid. This breakdown can be from
poor design, careless mold'assembly, or defective core—coat;ng
materials. Finally, inclusions can result from the pouring practice; a
wet 11p on a pouring ladle may chi111 the metal sufficiently to 1nterfere
with proper slag separation, careless skimming o; the ladle prior to
pouring al lows the excess slag to enter into the mold, low pouring
‘temperature or slow pouring lowers the effectiveness of the gating
system slag trap, and dirty ladles can result 1n more slag than the

gating system can remove from the metal,
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2.5.4 Piping and Cold Shuts

L4

The phenomenon known as piping is where a rupture or cavity occurs
in the casting metal which solidifies last. The metal adjacent to the
mold s walls solidifies first and as the liquid metal in the center of
.the mold begins to solidify, it tends to pull the already rigid outer
shell. This 1eads to rupture and the resulting pipe. A cold shut,
similar in appearance to a pipe, is a discontinuity resulting from
imperfect fusion where two streams of metal have converged: Some causes
of cold shuts are interrupted metal flow from faulty casting design,

improper casting cooling, low f1uidity of the molten metal, and poor

pouring practice.

2.5.5 Shrinkage

Shrinkage defects can be described as a collection of jagged holes
or a sponge like area lined with dendrite crystals [14]. Shrinks
usug11y occur 1n heavier sections, at changes of section, and at
internal hot spots. Since these locations are‘also prone to gas defects
and hot tearéyqit is sometipes difficult to diagnose the presence of
shrinkage. There are two broad categories of shrinkage termed as
primary shrinkage and secondary shrinkage,

An example of primary shrinkage 1s the cavity resulting from
inadequate feed metal available from the risering system. In this
instance a shrinkage cavity occurs 1n the riser head and extends into
the. casting. This defect becomes visible on removal of the riser.

Secondary shrinééée is internal 'and occurs 1n areas remote from the
risers or feeder heads. Depending on the conditions of the mold,

casting meta],‘end pour, secondary shrinkage may be in the form of a
Y -
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hollow.cavity or a network of filaments [12].
Shrinkage can be attributed to changes in sections that are too
- abrupt, insufficient metal in a heavy section, insufficient quantity or

size of risers, movement of the mold wéil, and poor pouring conditions,

]

\

2.5.6 Hot Tearsiv

Hot tears are casting defects characterized by partial or complete
%racture following an 1rreqular 1niergranu1ar path. Hot tears form as a
result of contraction of the metal cooling at high temperatures when it
is in a relatively brittle condition due to li1quid f1lms [12]. The
appearance of hot tears is-often very's1m1lar to that of shrinkage
cavities.

The causes of hot tears i1nclude the 1ack of adequate fillets 1n the
mold, a rig{d mold preventing a section of the casting to expand or
contract in its normal fashion leading to high internal stresses, and
poorly designed risering and gating systems preventing normal metal
contraction. Poor collapsibility of the molding saAd and the 1nadequate
Lse Of‘chi]TSg used to)inquce 1niti1al solidification at the mold walls,
also contribute to the form¥Zion of hot tears. Moreover, the metal
composition and the melting, pouring, and cooling techniques of the
casting process play 1mportant roles 1n the formation of hot tears.

3
2.5.7 Cracks

Cracks are the most detrimental casting d;fect in that they possess
the smallest notch radius at the crack ti1p that radically 1néreases
stress in their vicinity. Cracks are formed 1n a casting wheg 1t has

cooled below the temperature at which hot tears will occur but still



<@
lies above the temperature for elastic behaviour and the cooling is

rapid enough that the ultimate stress of the metal is exceeded.

If very high stresses are developed in a cast compdnent with- wide .
section variations and poor ducti]ity,lfracture can occur with the
resulting crack being straight, clean, and of a catastrophic length.

As with the previous defects, the gating and risering systems, thex
quality of the molding sand, the metal composition, and the melting and

pouring practice dictate crack formation in a cast component.
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CHAPTER 3
RADIOGRAPHIC AND ULTRASONIC INSPECTION TECHNIQUES

13

3.1 RADIOGRAPHIC INSPECTION

3.1.1 Physical Principles

The nondestructive testing technique of radiograpgy employs
penetrating radiation in the form of either X-rayssor gamma radiation to
produce a radiograph. A radiograph is a two-dimensional picture of the
intensity distribution of some form of penetrating radiation thatuhgg
been projected from a source and has passed through a material test
obgéct. Any voids, thickness var1at16ns, or regions of different
composttion attenuate the penetrating radiation by different amounts,
thus producing a shadow of thémse1ves in the radiograph, as shown in
Fig. 3.1.

3.1.1.1 Penetrating Radiation >

Gamma rayé and X-rays are e]ectromagngtic radiaéwon; t@eir pasition
in the e]ectromagﬁetiq spectrum is shown in Fi1g. 3.2. X-rays and gamma
‘rays of the same wavelength are physically identical. Penetraling
rqd1ation, like all forms of e?ectromégnet1c rédwatxon, transhorts
energy in discrete packets called quanta or photons. The energy of such
a‘phoqon is directly propért1oqa1 to. the f.requency of the
electromagnetic radiation and is given:by E = hf where £ and f are the
energy and fhéquency of the photon respectively, and h 1s Plank's

A

constant.

)

X-rays are produced in two ways. The first method 1s-to slowly

accelerate a charged particle, usually an electron, to a very high



velocity and then rapidly decelerate it through collision with the atoms
of a solid target material. When the electrons strike the target, a
transfer of energy occurs gnd X-rays are produced. The second method is
‘to remove one of the orbital electrons of an atom to produce an ion in
an excited state. As the orbital electrons qf the excitgd ions
rearrange themselves, an energy transfer occurs and X-rays are emitted.
These X-rays occur having particular wavelengths that are characteristic
to the atomic number of the ion from which they are emitted; thus, they
are called character;stic X-}ays. Conversely, X-rays produced by the
bombardment of high speed electrons with a solid material target are in
; continuous spect?hm having a multitude of wavelengths,

Three fundamental requirements must be met for X-ray production
with the collision method: a source of electrons, a means of directing
and accelerating;the electrons, and a target for the electrons to hit.
If ceﬁta&p substances are heated sufficiently, some of the substénce%
electrons will become extremely energized, escape from the material, and
surround it in the form of a cloud. The é]ectrons will return to the
emitting material unless some external force pulls them away. Since
like charges-repel each other and unlike charges attract each other, a
strong positive charge must_be used to pull the electrons away from
where they are generated. The location where the electrons are
generated is called the cathode, while the positively charged target is
called the anode. ‘

.

An electric potential is connected between the cathode and anode,
both of which are in a common vacuum, so that the anode is positively
charged with respect to the cathode. The electron movement towards the

anode must be in a vacuum so that energy loss due to collisions with gas
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molecules is avoided.

The anode, or electron target, is a solid material with a high
atomic number. The higher the atomic number, the higher is the
efficiency of X-ray production. Unfortunately, only a small amount of
the kinetic energy available in the electron beam 15 converted 1nto X-
ray radiation; the remaining energy is converted 1nto heat and must be
dissipated by the target material. Furthermore, the efficiency of X-
ray Eroduction 1ncreases with increasing target atomic number and
increasing cathode-anode voltage [15]. o

Gamma rays, on the ofhér hand, are produced from certain
radioactive isotopes such as Irridium 192 or Cobalt 60. Whereas X-rays
produced by the bombardggnt method Have various egergy levels, 1sotopic
gamma rays correspond®g to a particular decay proces;fﬁave the same
energy. The decay of some-i1sotopes yields several types of gamma rays
" whth different, sharply defined energies. The strength of the source,
" or 1sotope, decays exponentially w1th't1me; consequent ly, the source
must be replenished periodically.

S

3.1.1.2 Penetrating Radiation and Matter

The penetration of an X-ray or gamma-ray photon into a material cap
result in one of three basic processes. First, an atom of the material
may absorb the photon and, as a result, e;ect an orbital electron and
change to an excited 16n. The eJeéted electron expends its energy
through collision with other atoms. Then the excited 10n becomes
neutralized and emits its own characteristic radiation, This process is
known as the photoelectric effect [16]. Second, the pgnetrat1ng photon'

‘may collide with an outer electron, lose part of 1ts energy to this
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electron, and continue in a new direction with reduced energy. The
electron involved in the col!ision[is ejected from the atoa. This—is
known as Compton scattering. Finally, if the penetrating photon has
shfficient energy, part of this energy may be converted 1nto the mass of
?n electron and a positron upon collision with the atom. The remaining
energy will be in the form of kinetic energy of the electron-positron
pair. In brief, depending on the energy of the incident photons, all
three of the prgvious processes may contribute to the attenuation of the
penetrating radiation.

If a narrow, well-collimated beam of single-energy level X-ray or
gamma ray photons is directed against a sheet ofrmaterial, the intensity
(the number of photons per unit area per second){will show an
attenuation largely due to the three processes descriéed above. The
attenuation will follow the law: I = I e X where I 13 ghe transmitted
intensity, I, is the incident intensity, x is the thickness of the
attenuator or sheet, and u 1s the linear attenuation coefflc;ég£: The
value of u depends on the energy of the incident. photons and the ~. —
composition of the attenuator, The 1fnear attenuation coefficient
measures the probability per unit thickness that a photon in the_prjmary
beam is removed from that beam, The attenuator does not absorb all of
theoenepgy removed from the primary beam; some of this secondary
radiation will escape from the attenuator and possibly interfere with
the recording film. .

The” amount of attenuation depends on the material that the primary
photon beam. is being transmitted through., Any material flaws will
attenuate the penetrating radiation differently from that of the

material itself; therefore, the radiation transmitted through any flaw

32




N

will be of different intensity from that transmitted .through the
material., It is this difference in transmission of the penetrating

radiation that indicates the presencé of a flaw,

3.1.1.3 Presentation of Test Results -

There are a number of methods to use in the presentation of non-
destructive radiographic test results.

Film Radiography - In this method, an X-ray sensitive film is used

to record the intensity of the X-rays after they have passed through the
test specimen. This is the most widely used method and wil1l be further
discussed in Section 3.1.2.5.

Fluoroscopy - Fluoroscopy 1s where X-ray patterns are convertéd

directly to visible 1light patterns by the use of fluorescent screens.
The sensi1tivity of the results obtained with fluorescent screens is
somewhat less than that of film radiography.

Television Radiography - With this method, closed-circuit

tetevision systems, sensitive to X-rays, are employed. This technique
provides quick, inexpensive results compared to film radiography.

Xerorddiography - This technique 1s a combination of X-radiography

and electrostatics. The X-ray image is recorded 1n the form of an
electrostatic charge distribution on a special plate. The 1mage is then

transferred to paper in the same manner as a Xerox copy.
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3.1.2 Rad&ographic Inspection Equipment

3.1.2.1 The Coolidge X-Ray Tube

X-rays were produced in gas filled tubes before 1912. This
involved splitting the gas molecules into ions and e]q&trons with an
applied high voltage. The positive ions were attracted'tg\the negative
cathode; the electrons were accelerated towards the positive anode - the
target., X-radiation was produced from the electron-target collisions,
These gas filled tubes had two major drawbacks; (1) the electron supply,
and thus the X-ray emission, was limited by the amount of gas in the
tube, and (2), the gas tended to cause arc-over when high voltages were
applied. As a result, X-rays of long wavelength were produced and had
very little penetrating power.

Around 1912, Coolidge introduced a heated metallic filament, or
incandescent, cathode. The new type of cathode greatly increased the
number of electrons that could be accelerated towards the target.
Furthermore, a gas was not needed; instead, the tube was evacuated.
Thissged to the application of higher voltages and thus more penetrating
X-rays. Fig. 3.3 shows a Coolidge type X-ray tube. Most modern X-ray
tubes “are refinements of the Coo]idée tube and have more stable
emission; a longer life, and more efficient shaping and focusing of the

electron beam.

3.1.2.2 Accelerating Potentials and Electron Targets

d
The modern X-ray equipment uses a combination of tube rectifier and
iron-core transformer to develop accelerating potentials up to 500 kV,

High voltage generation (250 to QQOO kV) uses a resonant transformer’

with an air-core instead of an iron-core transformer. Furthermore,

t
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electrostatic generators can be used for applied voltages between 500 to
6000 kV (6 MV) that provide a smaller source size and a more cpherent'x-
ray spectrum than the transformer types. Above 6 MV, acceleration by
means of an applied voltage is no longer efficient. Instead, magnetic
induction systems (betatrons) must be used that accelerate the electrons
by magnetic induction. Betatrons for industrial radiography operate .in
the 20 to 30 MV range and emit extremely short wavelength, highly
penetrating X-rays.

An essential component in generating X-rays 15 the target fhat
absorbs high velocity electrons and converts part of their kinetic
energy into X-rays. Heat dissipation) shape of emitted beam, and
radiation quality must be considered in target design. Modern targets
are made of tungsten, gold or platinum, and are usually cooled using a
circulating liquid or gas.

As shown in Fi1g9. 3.4, the sharpness of the radiograph is dependent
on the target or source size., The best sharpness 15 obtained when the
radiation source is small, the source-specimen distance is great, and
the specimen-film distance is small. Furthermore, as shown in Fig. 3.4,
image distortion occurs when ei1ther the specimen and the film are not

L

parallel or the radiation beam is not perpendicular to the film.

3.1.2.3 X-Ray Tubes and Linear Accelerators

Iwo X-ray producing machines commonly employed in radiographic
jn§pection are the X-ray tube and the linear accelerator. Although
other types of machines such as the electrostatic generator and the
betatron are equally important, an X-ray tube and a linear accelerator

are utilized in this investigation; consequently, they are b}iefly
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described in this section.
A typical hot cathode, high vacuum inqusfrial X-r;y tube is shown
in Fig. 3.5. As with the Coolidge X-ray tube, the heated filament
(usually tungsten) emits electrons which are accelerated towards the
tungsten target embedded in the Eopper anode as a result of the applied
_potential, The unwanted radiation is absorbed by lead shields while a
plastic radiationwindow provides a path for the X-rays of the useful
beam [17]. The tungsten target 1s liguid cooled for continuous
operation,

The linear-accelerator X-ray unit 1s another common source of X-ray

radiation. A schematic diagram of a typical linear-accelerator X-ray

unit is presented 1n Fig., 3.6. Here, electrons are generated in the
;electrongun in the same manner as the X-ray tube. Once produced, the
electrons move into the accelerator and are further accelerated to their
output energy by the axial electrical field produced in the accelerator
by the high frequency oscillator. At the output end of the accelerator,
the accelerated electrons strike a transmission-type X-ray target and

produce high energy X-rays [17].

3.1.2.4 Gamma Ray Equipment

Any gamma ray source undergoes a decay process in which gamma rays
are emitted. The strength of a particular gamma ray source is measured
by the number of nuclei which decay each second. A l-curie source
undergoes 3.7 x 1010 nuciei disintegrations per second. The sensitivity
of gamma radiography depends mainly on the 1sotope used.

The equipment in which to store the gamma ray source must be

radiation safe and provide a system for the remote handling of the

<

—
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radioiostope source. Regardless of the source, a protection container
must be used to protect personnel from gamma radiation when a
radioisotbpe is not in use. The radioisotope 1s usually stored in the
geometric centre of a heavy metal (lead or uranium) container.

There are a number of ways tomove the radioisotope in and out of
its protective container. They include manual pole handling, cable
drive handling, and pneumatic drive handling. Some gamma ray equipment
does not require the removal of the source from its container; instead,
a section of the container is designed to swing away, permitting an
unobstructed escape of radiation. Opening and closing of the container

2

There are two basic types of gamma-ray beam configurations. The

&

first 15 when the radiation beam is emitted spherical iy and 1s known as

is accomplished from a shielded, safe position.

panoramic projection, It is wused for m\akmg many simultaneous
exposures. The second type of beam configuration is known as conical or
directional projection and 15 when gamma rays escape through an opening
in the container. This method 1s used with extremely active sources and
when the radiography is carried out in a confined area. Also, this
m\éthod‘ reduces beam scatter and increases radiograph quality.

A

3.1.2.5 Radiographic Film

Most oftén, the method employed to record radiographic"test resu]ts-
is that of a radiographic film which is basically a sheet of
transparent, blue tinted, cellulose material that 1s coated on either
one or both sides with a photosensitive emulsion., The approximately

0.024 mm thick emulsion consists of gelatin in.which 1s dispersed very

fine grains of silver bromide that become sensitized when exposed to

4
“
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radiation, After being exposed to radiation, the film is developed in
the usual manner, Once dry, the filmis viewed in front of a strong
light and the areas of the film exposed to heavily attenuated X-rays are
relatively transparent, while those areas exposed to high strength X-
rays are very dark and opaque,

There are 3 basic grades of film for industrial radiography: course
grain, fine grain, and extra-fine grain, The fine and extra-fine grains
give the highest contrast, but require long exposure times., On the
other hand, the coarse grain film gives ]ower quality or contrast, but
requires short exposure times,

!
v

3.1.3 Radiation Protection

. Natural ly occurring radioactivematerials, X-ray machines, and.
artificially produced radioactive materials have found wide application
in nondestructive testing. The usefulness of the many available
radiation sources used 1n exposing subsurface flaws has brought about a
tremendous 1ncrease in the number of persons possessing such materials
or machines and an increase in the risk.of personnel being exposed. The
expos-ure to personnel can be classed as either 1nternal or external
exposure, External exposure may come from a radiant source, from
contamination outside a source container, or from contamination on the
skin or clothing of ?a person, Internal exposure may come from
radioactive material collected 1nside the body through inhalation,
ingestion or absorption through the skin,

Radiation incident on 11iving tissue has been shown to result in the

damage or destruction of 1iving cells, However, the human body can
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tolerate a certain amount of radiration without 1mpairing its overal
function, just as it can tolerate a certain amm‘mt of sunlight without
serious effects, In Table 3.1, extracted from the Nondestructive
Testing Handbook [17], the exposure of man to common sources of
radiation has been estimated. The units of radi1ation measurement are
the rem and the roentgen (r). The roentgen s a quantity of X or gamma
radiation such that the associated emission per 0.001293 gram of air 1n
air produces ions carrying either a +1 or -1 charge. The rem is a
measure of the dose of any 1onizing radiation to body tissue, in terms
of its estimated biclogical effect relative to a dose of 1 r of X-rays.

The National Committee on Radiation Protection has recommended the
basic permissible weekly doses of iomizing radiation as shown 1n Table
3.2. As a result, safe working conditions must be ensured by accurate
appraisal of radiation exposure and contamination throughi the proper use

of suitable 1i1nstruments,

3.1.4 X-ray Interpretation: Defect Appearance in a Radiograph

In this section, indications of various casting flaws will be .

explained 1n terms of their appearance on a radiograph,

3.1.4.1 Segregation

Segregation of metal appears as 1ight and dark’blotches on the
radiograph and results when one or more of the constituents of a certain

[4

alloy have clustered together,

3.1.4.2 Gas Porosity

Gas holes, due to the entrapment of gas by either pouring metal
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turbulence, trapped gas thrown odf of solution by the metal itself, or
gas evolved from green sand molds, appear on the radiograph as dark,

smoothly outlined areas. D

‘3.1.4.1 Inclusions b_z///’—

Inciusdons appear on radiographs as dark or light spots or areas,
When inclusions are heavier or denser than the metal in wh;ch they
occur, the inklusions appear lighter than the surrounding metal in the
radiograph.

-

3.1.4.4 Cold Shuts

As previously discussed, a cold shut occurs‘when a stream of metal
has bractical]y set and then meets an opposing stiream in a mold., ‘The
metals have cooled to such an extent that they do not fuse into each
other; instead, they form a cold shut. Cold shuts appear on the

) radiograph as wel1-defined, intermittent or continuous, darifiines.

3.1.4.5 Shrink Porosity .

Shrink porosity, caused by the cooling and contracting of a metal

in its méld; ép@ears radiographically as raggedly outlined structures.

3.1.4.6 Cracks

Cracks appear on radiographs as dark, intermittent or continuous,
lines. There are numerous causes for cracks such as improper casting
design, rough handling and thermal stresses resulting from the cooling

-3

process.
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3.1.5 Limitations and Advantages

3.1.5.1 Limitations

Radiography has a number of inherent disadvantaggs. In particular,
the cost of X-ray films in film radiography is relatively high in
comparison to other methods, Radiographic inspection of material that
is small can be carried out quite economically; however, 1n;pection of
large components is exceedingly expensive, The cost of complete
radiographic inspection of c;itica1 metal parts can sometimes exceed the
cost of the material.

Furthermore, since radiation travelling in straight lines from a
source must 1ntercept the film at nearly right angles,‘the efficient
examination of complex geometries is prevented.

Since penetrating radiation has serious biological effects, methods
must be emp]oyed to protect radiographic personnel, Ultlméte1y, this
leads to higher operating CSZts and high risk for the operators.

Moreaver, small discontinuities will often be undetected because

they do not present a sufficient density differentiation to affect the

attenuation of the X-rays.

A

3.1.5.2 Advantages. - .

Radiography does have its limitations; however, these are far
outweighed by its advantages. The extensive use of’}adiograpﬁy 6}_
industry from basic production inspections to in-service tests is proof
of its performance,

- Thé raliographic method 1s superior to other non-destructive
testing methods since it provides a permanent visual representation of

the interior of test objects.
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Most types of casting defects such as gas porosity, shrink
porosity, inclusions, cold shuts, segregation and cracks can easily be
identified in a radiograph. Furthermore, large, thick castings can be

inspected with high voltage radiographic equipment.

3.2 ULTRASONIC INSPECTION

3.2.1 Physical Principles

The non-destructyve test{ng method known as ultrasonic inspection
is based on the generation, propagation, reflection, and detection of
ultrasound (sound waves having a freq\;ency greater than 20 kHz). The
underlying physical principle on which this method is based 1s the
ability of sound waves (whether compressmn;] or transverse) to
propagate through a solid, e]és;ic material. In compressional waves,
the displaced particles of the transmission media’ vibrate ba‘ck and forth
along the direction of wave propagation. On the other hand, in
transverse waves the displaced particles of the wave-conducting material
vibrate in a direction pe::pendmu]ar to the propagation direction. The
particle vibration in either ‘a —compressional (longitudinal) or
transverse (shear) sound wave is, if the displacementsazre small, simple

-

.harmonic motion., Thus, the parficl e displacement, d, is described as

e,
~

d =Dsin [211(%- 11-,) + ¢ ] where D 1s the wave amplitude, x is distance
measured along a line in the direction of wave propagation,ar 1s the
wavelength, t is the time of interest, T is the period of particle
vibration, and g 1s a phase angle determined by initial conditions.
The wave propé\gation velocity is denoted as V and is equal to V =2 /T,
The wave front of a wave is the imaginary surface connecting all

particles having the same phase (i.e., same 2x(% - -11,—) +g). Aregular
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succession of these wave fronts is a sound wave. An important property
of small amplitude sound waves is their superposability; the
disp,iacement 6f a particle due to two sound waves is the vectorial sum

of the displacements corresponding to each of the individual waves.

3.2.1.1 Yltrasonic Wave Packets

" In nondestructive testing using ultrasonics, short bursts of
_ultrasound are employed which propagate through the material being
inspected as a wave packet. A typical burst 1s shown in Fig. 3.7. Such
a wave packet is formed by superposing an infinite number of infinitely
extended harmonic components, each with the proper relative phase and
amp11itude.

It can be shown [18] that as the breadth of a wave packet (ax)
becomes smaller, the range of wavelengths making it up becomeg greater,
Thu\s, an infinitely short, equal amplitude wave packet‘ contains harmonic
componénts of atl wavelengths from zero to infinity. This property 1s

important in determining the resolving power of an ultrasonic test

» ri

system.

A short ultrasonic wave burst will not generally retain 1ts 1nitial
shape as it propagates. The harmonic components, propagating at
different speeds, tend to get out (Tt’ step. Thus, the wave packet
broadens and loses its sharp trailing and leading edges as the precise

phase relation is altered. This is known as dispersion.

3.2.1.2 Reflection, Refraction and Mode Conversion

When an ultrasonic wave or wave burst propagating in a medium

encounters an interface with a‘noth&‘ medium, reflection, refraction, and

A

|
"
o

43



mode conversion may occur. The simple case of normal incidence is shown
in Fig. 3.8. The phgnomenon known as reflection occurs when a wave
encounters an interface between two surfaces; part of the wave passes
directly through the interface while part is r;flected back. The wave

amplitude ratios can be shown to be:

t
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where p is the respective material density and V 1s the ultrasound wave
yelocity of the material. The product, pV, is called impedance. When
the——ksnpedance ratio, r =%_://$., is unity, no reflection occurs; however,
when r > 1 reflection is nearly total.

As seen in i-:ig. 3.9, when a plane harmonic wave is incident on a
plane interface at an angle of incidence other than zero, mode
conversion occurs, Mode conversion is where part of a wave undergoes a
conversion from a longitudinal type to a transverse wave or vice versa;
the remainder of the wave passes through the interface in the same mode.
This is true for both lTongitudinal a"nd transverse waves with both

reflection and transmission occurring. It can be shown that the

reflection and refraction angles follow a generalized form of Snell's

Law where:
SING - sml o — _SIN®, _ _SNg __S_lN_2Q, . (3.2)
| ! 2
VL Vi Vi vy Ve

The velocity superscripts denote the relevant medium, the subscripts
indicate either longitudinal (L) or transverse (t) waves. If the

incident wave is trans:ﬁrse instead of longitudinal then e; and v: must
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be substituted for ol and v,

The phenomenon of mode conversion can be used to convert
longitudinal waves into transverse waves for a specific ultrasonic
inspection technique. The refracted longitudinal wave may be eliminated

from the second medium by adjusting e, so that @_ just exceeds 90°.

This value of oL ds called the first critical angle of 1}1c1dence and can

be shown to be: &' FrrsT - sin-l V{_ . Thisis illustrated in Figq,
CRITIC AL ve
3.10. , L

a

If e'L 1s further 1ncreased so that the angle of refractmn*of the
transmitted shear wave (¢t) 1s 909, no energy enters medium 2. The
resulting wave mode 1s partially longitudinal, partially transverse, and
propagates along the interface of the twomaterials. These waves are
called Rayleigh waves and are utilized in the u1trason1‘é\1\nspectton of
surface defects. )

Mode conversion generally occurs whenever an ultrasonic wave
encounters a discontinuity 1n elastic properties. Mode conversion
results in an energy 1oss from the mode of interest and 1s a source of
false waves ‘in the material being tested,

Furthermore, the loss of energy, or attenuation, of an ultrasonic -
wave travelling through z; material 1s attributed to three other
mechanisms: heat conduction, viscous friction, and elastic hysteresis
[16]. The difficulty in matching experimental attentuation results with
theoretical predictions suggests that there are other mechanisms which

absorb enerqgy from the sound wave.

3.2.1.3 Ultrasonic Beam Profile

As with all forms of wave motion, ultrasound waves are subject to

[

45



diffraction, Diffraction occurs when a wave encounters a dis%ontinuity
with an edge; ’and then 1E bends around that edge. Using the principles
a/:iiffraction, it can be shown [16] that for a circular transducer to
produce a well-collimated beam, free from side 1obes, its diameter must
be large in comparison to the resulting wave]engtfh it produces in the
medium to which it, is attached.

Ultrasonic beam profiles can be altered by the use of acoustic
lenses, usual ly attached to the transducer. The lens' material must
have the same acoustic impedance as the transducer and the material to
which it is coupled; however, the velocity of sound in the lens must be
quite different from that of the metal medium. The focusing of an
ultrasonic pulse increases its sensitivity at the focal point. However,

the beam diverges after the focal point and thus becomes 1less sensitive

to defects as seen in Fig. 3.11.

3.2.1.4 Reflection and Transmission

- In brief, ultrasonic inspeci:ion utilizes the principles of
ultrasonic wave generation, propagation, reflection, mode conversion,
attenuation, diffraction, and detection, There are two basic methods
by which it is performed, Either the energy transmitted through the

inspection material or the energy reflected from areas within the

‘material is monitored to indicate flaws. The ultrasonic beam travels

with Tittle loss through homogeneous material -except when it is
intercepted and reflected by discontinuities in the elastic medium.

el \
Either the decrease in transmitted energy or the reflected energy is

detected at the receiver indicating the previously undetected flaw.

§
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3.2.2 Ultrasonic Inspection Equipment

There are a number of variations of the basic ultrasonic test that
are in use today for surface and subsurface flaw detection,
Accordingiy, there are numerous types of equipment set ups. However,

the essential components of any ultrasonic test are described below.

a) Pulsed 0Oscillator - This electronic unit generates a burst of

alternating voltage that can be varied in terms of its frequency,
duration, envelope profile, and burst repetitionrate. This voltage

burst is applied to the sending transducer.

b) Sending Transducer - This serves to launch the ultrasonic waves

ifto the elastic medium to which it is coupled by vibrating in
compliance to the applied voltage from the pulsed oscillator,

¢) Receiving Transducer - This unit converts ultrasonic waves that it

encounters into a corresponding alternating voltage. Depending on the
type of test, the sending and receiving transducers can be separate
units or combined as one.

d) Receiver - Thereceiver amplifies the signal received from the

receiving transducer.

e) Display Oscilloscope - This 1is used to observe the reflected or

transmitted ultrasound passed through ghe test specimen,

/ o

f) Electronic Clock - Th\ey]éctronic clock or time;?\is a source of
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logic pulses and reference voltage wave forms required by the pulsed

°

oscillator and the sweep generators in the oscilloscope.

Specific test systems havé addniwahféatures such as electronic
“compensators that compensate for signal loss caused by attenuation and
electronic gates which monitor the return signal for pulses of selected
amp 1itude occurring in a selected time delay range. The electronic

gates are used when looking for a specific type of flaw at some

prescribed depth. ~

v
-
\

3.2.3 Common Tes:; Methods

Basically, vthere are two test methods comon]y"employed in casting
inspection. They are the ultrasonic immersion dtest and the ultrasonic
contact test. Furthermore, depepding on the component shape, either the

reflection or transmission method can be fused.

3.2.3.1 Transmission Technique

This was the first technique used forultrasonic inspectiop. “In
this method, ultrasound is generated from a sending transducer and sent
through the test specimen. As the ultrasound passes through the flaws
in the specimen, the amount of transmitted energy is reduced. A second
transducer receives the ultrasound as 1t passes out of the specimen as
shown in Fig. 3.12 (a). Pulsed ultrasonic beams are used to avoid
setting up standing waves in a specimen since any standing waves
severely influence the transmitted energy [16]. This method is
generally used for inspecting thin specimens. Krautkramer [19] has used

this technique to test specimens down to a thickness of 0.25 cm.
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3.2.3.2 Reflection Technique

Also known as the pulse echo technique, the reflection technique is
based on the phenomenon of reflection that occurs when ultrasound
encounters an 1interface between two materials. In this method,
ultrasound is generatéd from a sending transducer and passed through the
sbecimen. As the ultrasound encounters flaws or defects, a part of it
is reflected. The receiving<transducer records these reflections as
flaw indications. The reflection technique is generally preferred over
the transmission technique and is more widely used. However, it cannot
be used to inspect thin specimens,~ Fig. 3.12 (b) shows the reflectio'q

’

technique.

3.2.3.3 Contact Techniques

The process of moving the transducer over or along the test
. - .
specimen is called scanning. The two common methods of scanning,are the

immersion and contact tests.
‘The ultrasonic immersion test utilizes high freqiency meehanisad
vibrations to probe test objects. These vibrations or ultrasound are

1 -
coupled to the test specimen by immersing the sending transducer in

water or other suitable liquid. The 1liquid in which the transducer is

immersed is called the couplant, According to the Nondestructive
Te‘sting Handbook [17], immersion testing can give castings of irregular
shape a practically complete inspection, including fillet areas,
Furthermore, since the trinsducer does not confact the surface of the

g

specimen being inspected, pre-test surface machining is not required,

Both reflection and transmssion techniques can be used in ultrasonic

ot
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immersion tests.

In the u]frasonic contact method, the sending transducer vibrates

in ‘response to an input signal, sending out mechanical vibrations

through a coupling medium and into the test specimen. The couplant may

be almost any liquid providing that it wets the surface and stays
between the transducer and the test material. Couplants ﬁust be used so
that an intimate material-transducer coupling is achieved 1n the uneven
spaces between them. Both the transmission and reflection techniques
are used in this method. The through-transmission technique uses
separate transducers for the transmitter and receiveé while the
reflection technique uses either one transducer as both transmitter and
receiver or separaie transducers for each function. According to the
Nondestructive Testing Handbook [17], this technique can be used to
p%petrate medium-carbon steel castings up to 3 m with 1 to 5 MHz
ultrasound, The contact method 1is shown in Fig. 3.12, where the
transducers are applied directly to the test specimen's surface.

{

3.2.4 Presentation of Test Results

[}
There  are three basic methods of presenting transmission and
reflection test oscil ]oscobe results: the A-scan, the B-scan and the

C~scan mode,

3.2.4.1 A-Scan Mode

The A-scan mode set up is shown in Fig., 3.13 and provides an
oscilloscope display of the envelope of the initial voltage pulse
applied to the transmitting transducer, the envelope of the voltage

pulses generated by the receiving transducer as reflections are

P

o
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received, and a timing trace. The vertical axis of the oscilloscope is
the pulse amplitude scale while the horizontal axis is a measure of
time. Usually, the oscilloscope is adjusted so that the reflected pulse
from the surface appears at the left of the trace while the back surggce
reflection occurs at the right of the trace., The location of pulses
resulting from flaw reflections with respect to the two surfaces enables
the location or depth of the flaw to be gauged. The ampiitude of a
flaw-reflected pulse cannot be simply ré]ated to the s1zelor severity of
the defect; only when the nature of the flaw 1s known 15 this possible,

The result of a reflection type test using A-scan mode oscilloscope
presentation is shown in Fig. 3.14. Ilﬁustrated are: the reflected
u]tragvdqd from the top surface (1.e. the surface the transmitter
transduce} is on), the reflection of a discontinuity within the
material, and the reflection from the back surface. The small fourth

pulse is a false reading due to interference. The fifth and final pulse

is a repetition of the first signal.

3.2.4,2 B-Scan Mode

The basic B-scan schematic is shown in Fig. 3.15. The vertical
axis of the oscilloscope is made proportional to time. The horizontal
axis is set up so that jt represent§ the linear scanning motion of the
transducer. The intensity of the oscilloscope trace is modulated in
proportién to the amplitude of the reflected signal. The resulting
iﬁage represents a one-dimensional slice through the specimen with the
specimen discontinuities appearing as corresponding discontinuities in
the oscilloscope pattern, In practice, the B-scan has its deficiencies.

The 1imit of the‘%ngaggpr persistence time restricts the scan range;

& - )
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‘and the more persistent phosphors tend to produce a smeared image,
reducing resolution. Consequently, the B-scan method of test result
presentation is seldom used.

A typical glscan indication is schematically shown in Fig. 3.16 and
represents a cross sectional view of the test specimen., The top line
represents the top face of the test material. The discontinuous bottom
line represents the back surface of the specimen., Between these two
lines are signals from flaws 1n the test material. Note that these
flaws prevent the ultrasound from reaching the back surface and so
create a shadow on the bottom line,

4

3.2.4.3 C-Scan Mode

The essentials of the C+scan mode are shown in Fig. 3.17. In
practice, an electromechanical recorder or microcomputer is used to
produce a permanent record of the scan. For this mode of operation, an
electronic gate is used to record only the output of the receiver a
precise time after the pulse is transmitted. Since the pulse velocity
~isquite constant throygh the material, the electron)c gate actually
records the receiver output for a plane of the mate#?él at some specific
depth. Thus, the,C-scan presentation provides a two-&1memsiona1 plane
view of the specimen at % selected depth below the surface.
Unfortunately, this method must be repeated at various depths in ordec

—

to determine the flaw detail.

3.2.5 Limitations and Advantages

3.2.5.1 Limitations

As with any non-destructive test method, ultrasonic inspection does
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have its drawbacks. First, it is intrinsically a.sma11 area coverage
method so that large area coverage requires complex mechanical scann1ﬁ§
or the use of an array of transducers, %urthermore, a good, direct
mechanical coupling between the transducer and the test article 1s
required; unfortunately, this is often a requirement which 1s difficult
to meet. Moreover, the test specimen geometry in terms of size,
contour, complexity, and defect orientation greatly affects the test
resuits. Also, the material's internal structure limits the application
of ultrasonics.

The immersion method, in particular, requires submersion of the
part being inspected. Sometimes if the couplant is water, this may not
be possible, due to the material's composition or s1ze. The contact
test is limited to ultrasound with frequencies of 10 MHz because the

required transducer crystals are very thin and fragile so that normal

wear inherent in the contact method shortens the crystal's useful life.

3.2.5.2 Advantages

The principal advantages of ultrasonic inspection include its
ability to penetrate substantial depth in most materials, its ability to
test from one surface only, and 1ts sensitivity in the detec£1on of
minute flaws. Moreover, this testing method uses electronic operation
which enables the process to be easily automated. ‘ .

Furthermore, the Fesponse time of a test 1s next to nothing; thus,
it can be employed where rapid, automated inspection 1s required. The
immersion test can be used to give a complete inspection of irregularly
sﬁaped components and does not require the machining of cast surfaces

for an inspection. In addition, high test frequencies can be used with
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the immersion test., On the other hand, ultrasonic contact testing can

e et e e, e

easily be moved from one location to another and requires a minimum of
test instrumentation and accessories making it is the most suitable

method for the inspection of large components,

(/ i i ™
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CHAPTER 4
N EXPERIMENTAL INVESTIGATIONS

The experimental process followed in this investigation is outl?ned
in this chapter beginning with a description of the blank gear segment
casting from which the sample blocks were obtained. A description of
the sample blocks is provided along with the heat treatment and
machining procedures followed to facilitate subsequent inspection.
Moreover, the equipment and procedures utilized in the radiographic and
ultrasonic nondestructive tests are explained. Finally, aspects of the

destructive testing including the chemical analysis and the scanning

electron microscopy are described.

4.1 PROCUREMENT AND PREPARA{ION OF .THE STEEL SAMPLE BLOCKS
!

4.1.1 Cast 4340 Steel Blank Ring Gear Segment Description

The steel sample blocks of this investigation were obtained
from a blank segment of a large ring gear used to drive the
rotating cast-iron shell of an ore crushing ball mill, The blank, cast
ring gear sample used in this investigation was from an eight segment,
split ring gear with a nominal root diameter of 1146.0 cm and an 80.0 cm
gear face width. The gear segment was cast in 1978 as a spare to be
used only in the event of problems with the remaining 8 segments and
weighed approximately 8300 kg after removal of the risers and gating
system.

The gear segment after erova] of 1ts 6 risers is shown in Fig.

4,1. The thick sections seen at the gear ends are required to bolt the

segment to its adjoining segments., The ribs protruding out of the gear
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flange provide support to the outer edges of the 17.8 cm thick gear
face. The through-thickness holes in the gear flange between the ribs
and the end plates are to decrease the gear's weight,

The gear was cast from BB225 which is the manufacturer's (Dominion
Engineering Works of Montreal) designation for a normalized and tempered
steel similar in composition to wrought 4340 steel. Table 4.1 provides
the chemical composition limits of 4340 steel. Furthermore, the

monotonic properties are summarized in Table 4.2.

4,1.2 The Location and Cutting of the Steel Sample Blocks

An examination of the entire steel volume of the cast gear segment
was not economically feasible. As a result, five important locations 1n
the gear were selected as sites from which to cut the steel samp]g
blocks. These locations are shown in Figs. 4.2 and 4.3. Locations 1
and 3 were on the gate side between the face-supporting ribs. The areas
corresponding to 2 and 4 were on the riser side of the gear segment. In
particular, location 2 was directly over a face-supporting rib while
location 4 was between two adjacent ribs. Fina]]y,)location 6
corresponded to the end of the gear including the end plate and the gear
face directly above the end plate.

Although the gate area of a casting is thought to have, in general,
few defects, locations 1 and 3 were selected in an attempt to determine
the character of any defects occurring in the area of the casting
thought to be of the highest quality. Locations 2 and 4 were chosen
from the riser side to investigate the defects in the regions very close

to the risers. Furthermore, location 6 was selected to determine if the

changes in the section at the end of the gear segment were conducive to
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defect formation in this casting.

In brief,4 blocks were cut from locations 1, 3, and 4 for a total
of 12 blocks, while 7 blocks were cut from location 2 and 6 blocks were
cut from location 6. An oxygen-acetylene torch was used in the cutting
process. A swath of material approximately 1 cm wide was burned out

)

with the torch per cut,

4.1.3 A Description of the Steel Sample Blocks

A total of 25 sample blocks were cut from the blank ring gear
segment, The as-cut sample block weights ranged frém 25 kg to 50 kg, A
summary of the’as~cut sample block weights is provided in Table 4.3, In
total, 1061 ké of sample material was removed from the ring gear
segment,

The as-cut sample blocks were of various sizes as.a resu]gﬂof the
inaccuracies in the manual cutting process. Furthermore,‘thé€;s—cut
surfaces of the blocks were rough and coated with slag from the oxygen-
acetylene cutting process. However, the as-cast surfaces of the sample
blocks corresponding to the inside, outside, and edges of the gear face
were smooth and slag free. The dimensions of the as-cut sample blocks

are also presented in Table 4.3,

4.1.4 Heat Treatment of the Steel Sample Blocks

To reduce the hardness of the heat affected zone resulting from the
cutting p?ocedure and to facilitate future machining, the blocks were
tempered and annealed at Dominion Engineering Works to a Brinnel
hardness number of 200. The details of this process are shown in

{
Aﬁpendix A.

57



c ‘ 4.1.5 Identification of the Steel Sample Blocks

The steel sample blocks were removed from the foundry once the heat
treatment was finished. The identification numbers stamped into the
sample blocks prior to the cutting operation were replaced with a two-
digit drilled identification number as shown in Fig. 4.4, The first
number reprgsented the general block location (from area 1, 2, 3, 4 or
6) while the second number 1dentified the particular block in the
specified location, The drilled numbers were placed in the upper left
corner of each block on the surface corresponding to the outer face of
the gear for locations 1 through 4 while the identification numbers were
drilled on the surface corresponding to the gear end face for location
6. The specjfic orientation of the drilled identification numbers of
the sample bflocks with respect to the blank gear segment can be seen 1n

Figs. 4.2 apd 4.3,

3

4.2 MACHINING AND SECTIONING OF THE STEEL SAMPLE BLOCKS
mw’,//////f“\\\\;TETI’ﬁEZ;ining Details

The steel sample blocks, once cut from the ring gear segment, heat

! treated, and permanently identified, were machined to provide a suitable
surface for the ultrasonic inspecti&h :.to provide a number of uniform
block dimensions to facilitate the radiographic inspection and to expose

- internal surface in the search for defects., The machining was
accomplished using a 10.16 cm diameter cup wheel with 8 séraight

tungsten carbide inserts rotating at 212 r.p.m. A 15.24 cm/min feed

rate was selected with a 1.27 mm depth of cut. Initially, 0il was used

as a cutting lubricant; however, an excessive amount of smoke was
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generated as seen in Fig. 4,5. Accordingly, the remaining machining};gg
performed without the use of a cutting lubricant. The blue machine
chips produced in the dry machining process shown in Fig. 4.6 indicate
—an efficient cutting procedure; the heat generated is being effectively
removed through the/éﬁips and is not building up in the cutter tips.
Difficulty was encountered in machining the outer sections of the
blocks because of the presence of the heat-affected zone and surface
slag resulting from the oxygen;acety]ene cutting process., The machining
of this region resulted in many broken or chipped carbide 1nserts. Once
the outer 3 mm of material was removed, the machining proceeded without

problem. The setup used to clamp the blocks during machining is shown

in Fig. 4.6.

4,2.2 A Description of the Machined Steel Sample Blocks

The machined steel sample blocks varied in weight from 15,9 kg to
34.0 kg, depending on the final block dimensions. Table 4.4 provides
the weight of each machined sample block. In general, the sample blocks
were machined into 3 s1ize catégories. In particular, 11 blocks were
machiped to 14.0¢ 0.1 x 14.0* 0.1 x 16.5*t 0.1 cm, 5 blocks werelmachined
to 15.9# 0.1 x 15.9+ 0.1 x 16.5+ 0.1 ¢m, and 4 were machined to
16.ét 0.1 x 16.5* 0.1 x 16.5% 0.1 cm. The remaining 5 blocks were were
not ﬁachined to any particular size category. Fi1g. 4.7 shows the
dimensions of the three size categories wh]le‘Iab]e 4,4 provides the
actual dimensions of the machined éample blocks. Finally, Fi1g. 4.8
shows the dimen$ions of block 23L, the odd shagp block which was removed
from a section of the gear'segment where a gear face support rib meets

\

the inside of the gear face,
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4.3 RADIOSRAPHIC INSPECTION

4.,3.1 Radiographic Inspection Equipment

4,3.1.1 The Linatron 1500

A Linatron 1500 was used as the source of penetrating X-radiation

to produce the radiographs of the steel sample blocks. This 7.5 Mega

Electron Volt (MeV) linear accelerator with a 1500 RAD/min output at I m

and a focal spot size of less than 2 mm was located in the
Nondestructive Inspection Department of Canadian Steel Foundries Inc. of
Montreal.

The Linatron 1500 consisted of the following four major components:
the linear accelerator, the linear accelerator positioning apparatus,
the control pane]n and the electronic console, The theory of operation

of the linear écce]erator, the component 1n which the X-rays are

produced, is detailed in Section 3.1.2.3. The actual Linatron 1500 and

its positioning apparatus, suspended from an overhead crane using steel

cables, can be seen in Fig. 4.9, The control panel through which the
exposure time is controlled is shown in Fiq. 4.10. The electronic
console houses all the electronic circuits used to control the linear
accelerator.

The linear accelerator was located, in a subterranean pit surrounded
with 2.13 m thick concrete walls on three sides while the fourth wall

that shielded the control room and the operators was 2.74 m thick .

4,.3.1.2 Penetrameters and Film Jackets

The source side penetrameters used to control the quality of the

radiograph were in accordance with the ASTM Standard Method for

}
v
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Controlling Quality of Radiographic Testing (E 142-77) [20]. Depending
on the thickness being radiographed, a number 50, a number 60, or a
numger 80 1lead penetrameter was emp]oyed.' The details of the
penetrameter type used are shown in Fig. 4.11, while Table 4,5

summarizes the metal thickness over which each penetrameter size is
applicable. Furthermore, lead numbers were used to identify the
resulting X-ray of the block being radiographed.

The X-ray film was placed in fidm jackets behind the blocks being
inspected. These jackets provided protection against overexposure dué
to X-ray scatteringifrom the sides of the blocks and froﬁ\x-rays
reflected from backgéound sources. The film jacket also protected the
film from scratches and exposure to 1ight prior to development. The
film jacket consisted of a 0,254 mm lead sheet inhfront and a 0,762 mm
lead sheet in back of the film.

~~

4,3.1.3 The Recording Film

Iy

The X-ray recordiﬁg film used to record the radiographic

~

indications was Kodak type AA, Large 35.5 cm x 43.2 cm sections of this

high contrast film were employed to record the radiographic i1ndications
of four steel blocks in single exposures while smaller 20.2 cm x 25.3 ¢m
film was used to record indications from exposures involving a single
steel sample block. The exposure times as a function of the steel

thickness radiographed for Kodak type AA film 1s provided in Fig. 4.12,

4.3.2 Orientation and Direction of X-Ray Exposures

The steel sahple blocks, except numbers 64 and 23L, were

radiographed in two mutually perpendicular directions. The details of
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the tworX—ray directions in addition to the faces of the blocks facing
the radiation source can be seen in Fig. 4,13 and Fig. 4.14. With all
of the blocks except block 64 and 23L, the face of the block with the
drilled indentification nﬁmbap (face A - the face on whichythe gear
'teeth would be mlachined into) was towards the source for the direction 1
radiographs, Face D, the face corresponding to the gate side of the
gé?r.‘was fowaéds the radiation source for the direcp1on 2 radiographs
as seen in Fig. 4.13. This direction specificatfon wias carefully
fol Towed during the entire radiographic inspe;tjon procedure., Finally,
the directions of the radiographé for blocks 64 and 23L are shown in
Fig. 4.14. The multiple shots exposing the two different thicknesses of
block 23L wergﬂperformed separately,

4.3.3 Radiographic Inspection Procedure . x

.The radiographic inspection procedure employed in this

investigation was based on the ASTM Standard Recommended Practice for
: Radiographic Testing, designation E 94-77 [21] with penetrameters
conforming to E 142-77 [20].

4,3.3.1 Initial Preparation

bnée the film was loaded into the l1ead film jacket and placed on
top of the stand, the blocks to be radiographed were moved into position
on top of the film jacket as in Fig. 4.15, " After installing the lead
identification numbers and the appropriate ASTM penetrameter
corresponding to the steei thickness being radiographed (see Table 4.5)
the X-ra& chamber was cleared of personnel and the blocks were exposed .

to the penetrating radiation. -«
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e I
4.3.3.2 The Radiographic Exposure

9

defects being interpreted a§ flaw indications. Using the exposure time
vs. steel thickness graph of Fig. 4.12 for a target ;:}m distance of
1.83}n(6 ft) and an output of 1500 RAD/min at 1 m, the exposure time,
in seconds, was determined and selected on the cohérol panel. For
example, a 19.8 cm (6.5 in) thick block with Kodak type AA film required

a 12 second exposure time. With a 1.83 m (72 1in) source to film

P

2 3

distance, the resulting source to object distance was 1.67 m (65.5 in).
This corresponded to a 500 RAD dose. A summary of the exposure dose,
film type and size, source to object distance and penetrameter size for

each block can be seen 1n Table 4.6.

"4,3.3.3 Developing the Film and Evaluating the X-Ray Quality

After exposure to the penetrating radiation, the film was removed
from the lead jacket in the darkroom and 1nsérted 1nto the X-Omat Model
B automatic processing machine. This machiné carried out the deve]o&ing
procedure 1ncluding 1mmersing and agitating the film 1n developer,
rinsing and fixing, and then washing and drying the film, Once

developed, the X-rays were inspected using an X-ray viewer to determine

if a good quality radiograph had been obtained, 1€ the 2T hole of the

&)
penetrameter, was visible, a high quality X-ray had been achieved,

44,4 ULTRASONIC INSPECTION

4.{,1 Ultrasonic Reference Blocks

» : ' .
4.4.1.1-Description ‘ .

The five d]trasonic reference blocks, cut from sample block'll,

»

In every exposure, two films were exposed to guard against any film__—
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were usé& in the calibrati&n procedure of the ultrasonic 1npsec$ion of
the steel .sample blocks. In particular, the reference blocks were used
to construct .a Distance Amplitude Correction (DAC) curve required ih the
ultrasonic inspectioh procedure. Th1s curve indicated the amount of
%lffasound beam attenuation in the maieriél being 1nspected and how the
atteaﬁ%tion increased as the metal thickness increased.

The design.of the reference blocks was based on the Standard
Specifi@tion for Steel Castings, Carbon Qn&oLow Al]qy, Ultrasonic
Examination Thereof (ASTM designatioﬁ A 609-83) [6]. The reference
block shown in Fig. 4.16 represents those specified in‘the standard
while Fig, 4.17 shows the aétual'b1ocks used 1n this inyestigation. As
can be seen, £Here are a number of differences between the reference

blocks specified in the standard and those actually used. These can' be

summarized as fo]lo@s:‘

. i)

» a) the actual blocks have a square cross section, while those
’ ¢

specified in the standard hqxe a roungd cross section;

b) the specified 32 r.m.s. surface finish was not reproduced

on the top and bottom surfaces of the actual reference

L4

blocks used; and
“c) the r2c0mmended counter bore in the flat bottom hole was
omitted in the actual blocks.

To eliminate any'possibility of corner effects inﬁérferlng with the
ultrasonic signal,,the dimension of the square crossusection Was 1a;ger
than.the recommended diameter of the circular section. Furthermore,
the reference blocks were not machineduto the 32 rms surface finish in

o 2
order to simplify the ultrasonic inspection procedure. The inspection

_face (the top“surfacerpposzte the surface with the flat bottom hole)

B

' ’ ) /
.
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" of the cast steel samplehblocks inspected.

4.4.1.2 Radiagraphic Inspeétion

block 11 radiograph,

surface finish of the reference blocks was identical to the surface

finish of the sample blocks. Thus, the procedure required to
compensate for differences between the surface finish of th‘e reference
blocks and those to be .inspected was not required. Finally, the
counter bore in the 3.175 mm drameter flat bottom hole was omitted for
two reasons,’ The first was to dec.rease the cost and time required for
the machining. The second was to eliminate the possibility of secondary
ultrasonic signals being generated by a counter bore which also was not
encountered 1n any of the industrial applications that were
'invest‘i‘gated.

With ’respect to Fig. 4.17, the modifi‘t}\zld reference blocks had a 6.60
Ch square cCross section with a 3.175 mm drameter flat bottom hole

drilled to a depth of 1.90 cm from the back surface. Inbrief, there

v

were five reference blocks with various metal distances (the metal

distance being the distance from the top surface on which the block is
scanned to the beginn'iﬁ\g,)of the flat bottom hole) spanning the thickness
These distances are

summarized in F1g. 4.17, R . ,

Once the machining had been completed, the ultrasonic reference

D

blocks were raéiographed to determine the presence of fine defects that

-would not have been 1indicated by che original radiographs of block 11.

Since the thickness -of the reference blocks being radiogr&phed was much
less than the thickﬁes; radiographed with block 11, the radiographs of
the reference blocks would have a higher sensitivity than the‘origina]

The reference block radiographs were also used to

1

[ >
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verify the quality of the flat bottom hole,

The radiographs were produced at Crawford McLeish NDE. Inc. wusing
an Irridium 192 point source. Its strength was 52 curie at the time of
the radiographic inspect'ion. The five reference blocks were exposed

simultaneously with a 69.8 cm source to film distance and a 42 min

exposure time. Lead shielding was placed around the blocks to protect

¥ -
against scatter radiation effects, An ASTM number 35 penetrameter was

3
employed and lead numbers were used to 1dentify the blocks.

4.4.2 Ultrasonic Inspection Equipment and Materials

The equipment utilized in the inspection of the 24 cas s§ee1

sample blocks consisted of a Krautkramer USL-38 ultrasonic inspection

unit, The USL-38 was a pulsed, reflection type instrument

-

generatting, receiving, and amplifying ultrasound. ‘Furthermore, a

apab1le of

longitudinal wave-1.90 cmdia. Inotech Gamble SST 2.25 MHz probe was

employed with a 1ight 0i1 couplant,

4.4.3 Ultrasonic Inspection Procedure

The ultrasonic inspection procedure émp1oyed to investigate the
defects in the cast steel sample blocks was based on the ASTM Standard
Specification for Steel Castings, Carbon and Low Alloy, Ultrasonic
Examination Thereof, designation A 609-83 [6]. The test was performed
1n association with ;;he firm Crawford Mcleish NDE Inc., An ultrasound

frequency of 2.25 MHz was used in this A-scan contact type test.

4.4.3,1 The DAC Curve

. The ultrasontc inspection of the cast steel sample blocks began

66
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with the construction of the characteristic DAC curve. This was
accomp 1ished using the five reference blocks which spanned the thickness
of the sample blocks being inspected. Each reference block was
inspected individual 1y; the amplitude ’of the reflected signal from the
3.175 mm dia. fiat bottom hole was plotted against the metal distance
for 11 of the five referenceqb]o'cks. The actual DAC curve was plotted

.on the cathode ray tube shield of the 1inspection unit. A graphical

reproduction of the DAC curve is presented in Fig. 4.18.

As can be seen from the graph, a higher gain (signal amplification)

was employed for the last portion of the curve. This higher gain was

necessary to counterﬂact the increase in attenuation of the ultrasonic
beam at the larger metal distances. The gain was selected to give near
full screen pulse indications for the smallest metal d'i\stance of each
section of the DAC curve. For instance, if again of more than 46 dB
was used in the first section of the DAC curve, tﬂhe indication from the
flat bottom hole at a metal distance of 2.54 cm would have been off the
amplitude scale and, consequently, unknown. Also, an excessively high
gain was avoided close to the scanning surface since it produced
characteristic grass like signal indications immediately after the

couplant-test specimen interface. This tended to mask indications close

to the scanning surface.

4.4,3.2 Ultrasonic Inspection Procedure for Cast Steel Sample Blocks

After construction of the DAC curve, the steel sample blocks were
inspected from three mutually perpendicular surfaces. These inspection
surfaces and their orientation with respect to the blank cast ring gear

are shown in Fig.4.19. During the inspection of each face, every pass
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of the search unit over the face overlapped the previous pass by at
least 10%. The scanning rate was limited to 15 cm/sec.

As any defect indications were discovered, their 1ocation on the
block face, thgir depth as indicated by the inspection unit, and the
corresponding pulse height in terms of the percent DAC curve were
recorded on previously prepared charts. The recording charts
corresponding to the block faces being scannea;:eg carefully
identified. All indications, except those from the drilled
identification numbers, were recorded on the charts., -Since the
reference blocks were machined out of an actual sample block and had an
identical scanning surface finish as the sample blocks, a procedure to

compensate for surface roughness variation was not followed. Fig. 4.20

shows the inspection of a sample block.,

4.5 MICROSCOPIC INSPECTION

A microscopic inspection procedure was utilized to investigate any
microdefects (defects whose largest dimension is 1es§ than 0.5 mm)
occurring in the cast steel samplé‘blocks. This proce;dure 1nvolved
cutting samples from the original sample blocks, pulling thes; samples
until fracture in an MTS machine, and viewing the resulting fracture
surfaces in a scanning electron microscope for the presence of

microdefects. This segment of the overall defect characterization is

summarized in this section,

4,5.1 Fracture Specimens

4.5.1.1 Description

In total, 30 fracture specimens were cut from the original cast
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steel sample blocks. These as-cut fracture specimens were of various
lengths ranging from 12.0 cm to 16.5 cm depending on which block and at
what location in the block they were cut from. Furthermore, the
specimens had a 1.3 x 1.3 cm éross section. The 1ength‘of the specimens
and the dimensions of the cross section were not required to follow
close tolerances since a difference in length could easily be
compensated for in the MTS tensile machine while the cross section
dimensions would become irrelevant once the specimens were notched, The
specimens were notched for two reasons; the smaller cross section area
of the notch would be the weakest point in the specimen and thus the
location of fracture and would require a fracture load within the range
of the MTS machine,

The fracture specimens were cut fromthe corners of the original
cast steel sample blocks by a 46 cmbandsaw using a 4 teeth/cm, 1.3 cm
wide blade moving at 30 m/min, The fracture specimens were removed from
the corners of the original sample blocks at various locations of the
gear to minimize the associated machining costs. Since the heat-
affected zone had already been machined off the original blocks, cutting
fracture specimens from only the corners would not significantly
influence the experimental results, A notched specimen ready for

testing is shown in Fig., 4.21.

4.5.1.2 Location and Orientation

The location and orientation of the 30 fracture specimens with
respect to the original sample blocks are documented in Appendix B,
Every specimen was identjfied with a two digit, single letter code, The

_two digit number indicated the cast steel sample block from which the

<
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fracture specimen was cut while the 1letter indicated the direction of
the largest dimension of the specimen. For instance, the letter A
indicated that the fracture specimen was perpendicular to the gear face,
B indicated the particular fracture specimen was oriented across the
gear perpendicular to its edges. Finally, C represented specimens which
were oriented in a direction tangent to the gear's face, The

orientation of the identification code in Appendix B is identical to the

© orientation of the actual code stamped into the fracture specimens,

With blocks where the specimen face containing the identification is not
in view in the drawing, the corners of the hidden face are labelled and

shown in an auxiliary view along with the corresponding identification

code.

4,5.1,3 Radipgraphic Inspection

Radiog&aphic inspection was performed in an aﬁtempt to locate
defects not)shown on the previous, less sensitive radiographs. As
usual, the fracture specimens were radiographed in two perpendicular
directions. The two perpendicular directions for type A, B,,and ¢
specimens are shown in Fig. 4.22. Fig. 4.23 shows the specimen order in
the associated radiographs.

The radiographs were produced at Crawford Mcleish NDE. Inc using a

150 kV X-ray tube. A number 15 penetrameter was used with a 51 cm.

source to film distance and a 7.2 min exposure time,

4.5.2 The Fracture Test

A Material Testing System (MTS) machine was used to pull the

specimens until fracture.
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4.5,2.1 The MTS Test Facility

The MTS test system consisting of an hydraulic power supply, a
loading unit, a control console, a graphics display monitor, a
decwriter, ar{d a hard copy unit is shown in Figs. 4.24 through 4.27.

The major components are described below,

a) Hydraulic Power Supply

The hydraulic power supply (HPS), illustrated in Fig. 4.24, uses a
37.3 kW motor to drive a(?)6.2 1/min fixed volume pump that provides the
hydraulic power to the loading unit. The pressure output of the pump 1n
the low pressure mode is 0.2 MPa while in-the high pressure mode a
continuous output pressure of 20 MPa can be obtained.

An hydraulic fluid-to-water heat exchanger is incorporated into the
HPS to maintain the working fluid below a maximum safe 1evel, Inthe
event that the working fluid exceeds a preset 1imit, a temperature

sensitive switch deactivates the HPS.

b) Loading Unit

The loading unit, shown in Fig. 4.25, is composed of the load
frame, the specimen grips, the hydraulic actuator, and the servovalves,,

The load frame is a rigid s\tr;ucture consisting of two vertical
columns joined by a moveable crosshead. To accomodate specimens of
different lengths, the crosshead may be raised or lowered by means of
hydraulic lifts, Once in position, the crosshead is hydraulically
locked to the vertical columns to prevent backlash or slippage,

)

A pair of self-aligning grips, incorporating an hydraulically



locked spherical seat arrangement, are used to clamp the fracture
specimens in the loading frame. The two grips are hydraulically
actuated and capable of providing a constant specimen gripping force
independent of the applied axial load.

The axial load is applied to the fracture specimens through an
hydraulic linear actuator. The actuator piston, with a 15 cm stroke, a
45.3 cm 2 effective area, and amaximum available pressure of 20 MPa,
provides a static load capacity of 100 kN.

The hydraulic actuator movement is controlled through two electro-

.mechanical servovalves. The servovalves convert the electrical control

signal from the servocontroller into the mechanical movement of an
internal spool, The movement of the spools regulate the flow of the
high pressure hydraulic fluid into and out of either side of the piston,
depending on the polarity of the command signal. Presently, two
servovalvyes are used inparallel and, coupled with a dual manifold,
double the flow rating to increase the system response.

The load applied to the spef:imgans in the loading unit 1s monitored
through a resistive bridge 1oad cel1 having a 100 kN static rating and
a 75 kN dynamic rating. This transducer's output voltage is directly
proportional to the applied 1oad.

The hydraulic actuator movement is monitored by means of a linear
variable differential transformer (LVDT) mounted on the actuator. The
AC output voltage generated by the LVDT is directly proportional to the

actuator piston displacement.

c) The Control Console

The control console, seen in Fig. 4.26, incorporates various
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controlﬁ,&\oduhs that pre'ci%’eLy confrol and monitor the test paramei:er:s.'

The function and important features of these modules are summarized
below,

The 436 control unit provides on-off control of the electronic
system components, The HPS is also controlled through this unit.
Furthermore, the control unit incorporates a built-in interlock circuit
that automatically deactivates the HPS if any abnormal conditioris, such
as excessive fluid %emperature or low reservoir fluid level, occur.
Finally, the control unit is linked with a function generator through
which waveforms of various frequencies can be selected.

The 442 controller performs the closed ‘100p control functions and
performs the system programming, failsafe, and readout functions through
plug-in modules. These include the feedback selector, the servo-
controller, the valve driver, the 1limit detector, the AC stroke
conditioner, the DC strain conditioner, and the DC load conditioner,
The transducer conditioners supply the excitation voltage to their
respective transducer and condition the output voltages of the
transducers before being sent back to the feedbac‘k selector., The
feedback selector selects the output of a particular transducer as a
feedback signal that is processed by the servocontroller; this selected

transducer output 1s the controlled variable. Finally, the

. servocontrol ler compares the command and feedback signals and generates

a control signal that operates the servovalves once ampliffed by the
valve driver., The limit detector module monitors the load, stroke, and
strain transducer outputs simultaneously and initiates a predetermined
task when any of these variables exceeds a preset limit. This can

include activating an indicator 1ight on the controller front panel or
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activating an interlock to shut the HPS off.

The 430 digitai’ indicator is‘used in the MTS system to continuously
monitor and display, in digital form, the voltage of any one of the
various paramet‘éFs" the test such as load, stroke, or strain.

The Digital E‘j:ﬁpment Corporation PDP 11/04 control processor
incorporates three important features: automatic start up, the ability
to use a conventional keyboard as an operator's console, and a hardware
diagnostics package. Moreover, the PDP 11/04 control processor is
linked to an MTS digital processor interface unit which, in addition to

data acquisition and function generation, provides real time control of

a test, Data storage is achieved through a Digital RX dual disk drive.

d) Input/Output Devices

The remaining components of the MTS system, shown in Fig. 4.27, are
the input/output devices including the Tektronix 4010-1 computer display
terminal, the Digital decwriter II, and the Téktronix 4631 hard copy
unit. The computer display terminal provides a communication link and
display device to interface with the PDP 11/04. A permanent copy of the
disp]ax screen can be produced via the hard copy unit., Finally, the
decwriter, an interactive data communications terminal, incorporates a

low-speed impact printer to provide hard copy printed output.

4.5.2.2 Fracture Test Procedure

The fracture tests were performed in the MTS testing machine using
a tensile rahp loading function., A detailed step-by-step test procedure
is provided in Appendix C. The tests were performed in stroke control

with the relevant test parameters controlled through the computer
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program PULT1IM. This program was obtained from Dominion Engineering
Works Ltd. and modified specifically for use in this investigation, A
printout of PULTIM along with its interactive testing output are
provided in Appendix D. Table 4.7 providés a summary of the blocks
which were pulled until fracture along with their associ-ated notch cross
section area and summary of the relevant test parameters. Finally, a
sample of the stress vs, stroke graphs for the fracture specimens is
provided in Appendix E. Once fractured, the specimens were stored in a
dessicator prior to the fractographic analysis. A fracture specimen is

shown 1oaded in the MTS unit in Fig. 4.28.

4.5.3 Scanning Electron Microscopy

4.5.3.1 The Scanning Electron Microscope

The microscopic investigation of the specimen fracture surfaces and
the microdefects exposed on these surfaces was performed by means of the
scanning electron microscope (SEM) whose photograph is shown in Fig.
4,29, In brief, the SEM features a high resolution, a large depth of
focus resulting in a three dimensional appearance of SEM 1mages, and an
ab1lity to observe specimens at very low magnification. Consequently,
the SEM 1is one of the most versatile instruments used to exammé the
microstructural characteristic of solid surfaces,

The major components of the SEM, schematically shown in Fig. 4,30,
are the electron gun, the magnetic lens system, the vacuum system, the
electron collector, the recording and visual cathode ray éubes, and the
control 1ing electronics including the scan generator, the scan

amplifier, and the video amplifier. The SEM theory of operation is

described as follows referring to Fig. 4.30,
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The electron gun provides a beam of electrons through a heated
t;mgsten filament and an accelerating potential. The SEM used in this
investigation was capable of providing electron beam energies between 1
and 30 kV, After generation by the electron gun, the electron beam
passes through the magnetic lens system, consisting of the condenser
lens, the scanning coils, and the objective lens. The e]ectFomagnetic
condenser lens, attached beneath the electron gun, demagnifies the
crossover image of the electron gun to yield a tiny spot at the specimen
surface-[22]. The condenser lens also determines the current of the
electron beam incident on the‘ specimen under observation. The
electromagnetic objective lens brings the electron beam into focus at
the specifnen surface and governs the final spot size.of the electron
beam,

Located between the condenser and objectivé lenses are the scanning
coils. The scanning coils deflect the electron beam to produce the
scanning motion over the specimen. In operation, the scanning coils are
powered by the scan generator which simultaneously operateS’\the
deflection coil of the cathode ray tubes, This synchronization Proddces

f

a one-to-one correspondence between the position of the electron béam on
the surface under investigation and that of the spot’\on the cathode ray
tubes. |

The electrons of the electron beam are accelerated towards the
target specimen through the evacuated lnic}‘oscope column by means of the
high negative potential of the electron-generating filament. The
electron beam collides with the specimen maintained at earth potential.

This beam-sample interaction produces primary backscattered electrons,

secondary electrons, and X-rays. Primary backscattered electrons are
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electrons from the incident primary beam that are scattered with little

/Zloss of energy and radifte out. from the Specimen‘surface. In contrast,

secondary electrons are ‘released from the outer orbitals of the specimen

atoms as the primary beam electron col lides w1th.these atoms in its

path. Finally, as with all e€lectron-matter collisions, X-rays are

. > ¢ : Y
emitted whose wavelengths are”a characteristic feature of the elements

o

of the taré:at specimen, Co.
Thg primary backscattered and the sécondar‘y electrons are monitored
when information about the specimen topography is required while the X-
ra’ys are monit’Orec; when  information about the compositioh of the
specimen surface is needed.
.Th(; e hectron coMec'tor, maintained at a positive potential with

Fespecf: to the target sp/ecimen, attracts the secondary electrons, The

] electrons, on impact with the scintillator in the collector, generate

-

light which passes down the light gmcfe* and falls on the photocathode of
the photomultiplier. The resulting electrical signals, amplified by the
video amp,l‘ifier, are used to modulate the intensity of brightness of the
CRT disp]e;ys. In brief, it is the intensity of either the backscattered
or "secondar_y electrons whiéh‘produces the SEM topographic image. The
electron gun acce]eraging potential, the lens current, the
magnification, and the other SEM parameters are contolled from the

control console, .

4,5.3.2. Scanning Electron Microscope Procedure .
F

As summarized in Tab]e 4,7, the fracture surface of 8 of tﬁe

fracture specimens were selected to be viewed using the SEM, The

selection criteria was based mainly on the flatness of the fracture
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surface, since focusing on extremely rugged surface topography in the
o SEM would be very difficult, The fracture surfaces selected for SEM.
examination were cut from the fracture specimens and glued onto standard
12,7 mm diameter aluminum stubs using a conductive graphite in
i;opropanol cement, o I
After the cement had dried, the fracture surface specimen was
placed in the SEM vacuum chamber. A 1 x 10-5 torr vacuum was created 1in
the chamber and a 30 KV accelerating potential was selected in the
electron source module. The fracture surface was scanned at 1ow‘
magnification. The best image of the fracture surface was obtained by
rganipulating the focus and condenser controls, by adjust;ing the contrast
and brightness of the viewing CRT, and by adJustin_g the vertical
position of the specimen by means of a micrometric screw mounted on the
vacuum chamber, Once a region of interest or.a particular defect was
located on the specimen surface that warranted recording, the contrast
and brightness of the high resolution recording CRT were adjusted, and a
picture was taken with the SEM camera.
This procedure was repeated for the remaining fracture surfaces
selected for examination. General overviews of the surfaces; at low
magnification along with detailed high magnification shots of typical

microdefects were produced.

‘ 4,6 CHEMICAL ANALYSIS (N

Q A chemical analysis was performed on the cast ring gear segment to
determine if any variation in the constituent elements was present.

This process involveddrilling the steel se;mple blocks to provide a

number of samples-which'were subsequently analyzed through an industrial

o
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" 436525t Atuminum

testing 1aboratory. The chemical composition of 10 elements were
investigated focluding aluminum, carbon, chromium, copper, manganese,

molybdenum, nickel, phosphorus, silicon,, and sulphur,

- —4,6.1. Locations of Chemical Analysis ,

In total, 6 locations in the casting were investigated, One ’samplwe
was removed from a sample block from the end face, 3 samples were
‘removed from blocks on the riser side, and 2 samples v;lere removed from
blocks on the gate side of the casting. Inall the cases, except for
the end face, the samples for chemical analysis were removed from the
gear face where the teethnwc;u]d have been machined. Any 1rregular
conc;entration of a constituent element would be most critical in this
area; for example, a high concentration of silicon would seriously
decrease‘ the integrity of any weld-repaired defects in the area of the
teeth, .
The samples for anal ysis were obtained by drilling two adjacent

1.27 cm dia. holes to yield approximately 10 g of dri11 shavings per

sample. The sample locations in the ring gear are shown in Fig. 4.31.

N

8

4,6.2. Method of Chemical Analysis

The procedures used to determine the composition of the 10 alloying
elemepts, summarized in Table 4.8, are briefly described in this

section., __ : AN

s

The samples were analyzed for aluminum composition using the atomic

- ——%sorption method. Every sample for aluminum analysis was dissolved in

- -
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hydrochloric acid, oxidized using nitric acid, and diluted as specifi(ed
in the relevant standards. The resulting solution was burned in a
nitroﬁs oxide-acetylene flame of an atomic absorption spectrophotometer.
Spectral energ; of 309.3 nm was passed through the flame and the
absorbance was compared with solutions of known aluminum concentrations,
N #
4.6.2.2. Carbon
=

The samples for carbon analysis were burned in oxygen in an
induction furnace. The resultant carbon dioxide was passed through an
infrargd absorption instrument calibrated to National Bureau of
Standards samples. In this instrument the difference in infrared
absorption between the sample and the reference caused an imbalance in
pressure between the two detector tubes. This imbalance was measured by
means of a d1a§hragm and electronically converted to a digital readout.

With the amount of carbon known, the resultant concentration was easily

calculated. -- ’ .

4.6.2.3. Chromium )

The chromium concentration.was determ{ned .as per ASTMrE 350-84,
section 269 [24]. In this,method, the sample was dissolved in mineral
acids. This sample solution was aspirated into a nitrous oxide-
acetylene flame of an atomic absorption spectrophotomyeter. Then,
spectral energy at approximately 357.9 nm (from a chromium hol1ow-
cathode 1amp) was passed through the flame and the absorbance was

measured. Calibration of the spectrophotometer was achieved with

solutions of known chromium concentrations,
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4.5.2.4. Copper oL

The copper content was determined using the method of atomic
absorption whereby the samples were dissolved in hydrochloric acid,
oxidized through the additon of nitric acid, diluted, and_,the&aspirated
in an air-acetylene flame of an atomic absorption\spectrophotometer.
Spectral energy of 324,75 nm was passed through Ehe flame with the

absorbance being measured and compared with solutions of knewn copper

concentrations.

4.6.2.5. Manganese

Again, atomic absorption was implemented to determine the manganese
composition of the samples. The samples were dissolved in hydrochloric
acid, oxidized using nitric acid, diluted, and burned in the air-
acetylene flame of a spectrophotometer. Spectral energy of 279.5 nm was

used for the absorbance measurements.
N}

4.6.2.6. Molybdenum

The atom/ic absorption method was also used for determining the
molybdenum content. After dissolving in hydrochloric acid, oxidizing
using nictric acid, and diluting, the samples were burned in a nitrous
oxide-acetylene flame. Spectral energy of 313.3 nm was used in the

absorbance measurements.

4.6,2.7. Nickel
The nickel content was also determined with the method of atomic

absorption with the dissolved nickel solution burned in an air-acetylene
3
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flame. Spectral eaergy of 232.0 nm was used in the absorbance

measurements.

4.6.2.8. Phosphorus

The composition of phosphorus was determined by the a[kalimetric
method as specified in section 221 of ASTM E 350-84, In this method,
phosphorus was separated as ammonium ;hosphomolybdate. The precipitate
was dissolved in standard NaOH solution, and the excess NaOH titrated

with nitric acid [24].

4.,6.2.9. Silicon

The analysis for Silicon was carried out according to the

_gravimetric method specified in ASTM E 350-84. The samp]e was dissolved

in hydrochloric acid and oxidized using nitric acid, ~After dissolution

of the sample was complete, silicic acid was dehydrated by fuming with

sulphuric acid. The solution was filtered and then the silica was

ignited, weighed and volatized with hydrofluoric acid. jhe residue was
b

ignited and weighed. The concentration was determined based on the loss

oflweight of the sample.

4.6.2;10 Sulphur

~ The sulphur content was determiﬁed using the combustion-iodate
titration method as specified in ASTM E 350-84. In this method, the
sample was burned in oxygen in an i1nduction furnace. Ouring combustion,
the resultant S0p was absorbed in:an acidified starch-iodide solution
and then titrated with potassium iodate solution to determine the amount

of sulphur present. ’
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: CHAPTER 5
ANALYSIS OF RESULTS

5.1 DATA PRESENTATION

The defect characterization of the cast steel ring gear of this

investigation involved fourbasic tests includinga milling machine
sectioning procedure, a radiographic inspection, an ultrasonic
inspec_:f%on, and a microscopic inspection. Moreover, a chemical analysis
was ;;erfOrmed at various locations in the gear,

The results of the radiographic inspection are presented in
Appendix F and include drawings which detail the radiographs i;u which
d‘efe'cts were indicated. The ultrasonic inspection results of the entire
set of sample blocks are provided in Appendix G. ‘The results of the
microscopic inspection including the radiographs of the fracture
specimens prikor to fracture 'and the fractograph flaw data obtfaxir;ed with
the SEM are presented in Appendix H and Table 5.,10. Finally, the

numerical results of the chemical analysis are provided in Table 5.12.

5.2 DISCUSSION OF RESULTS

5.2.1 The Mechanical Sectioning

AN
The machining of the steel ' sample blocks was carried out to

provide a suitable ultrasonic inspection surface, to provide a number of-
uniform block dimensions, and to expose internal surfaces of the cast
ring gear. This multi-purpose sectioning operation exposed no internal
casting defects vi“sible to the unaided eye. In fact, no defects were
discovered during this procedure when a 100 X portable 1ight microscope

was employed to view the machined surfaces.
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Approximately 15000 ¢cm2 of internal casting surface was exposed
and investigated during this sectioning operation. The lack of
discovery of any defects during this procedure can be mainly attributed
to the action of the milling machine cutter tending to displace metal
over any exposed flaws. This tendency of the cu§ter tocoverdefects
was seen when the surfaces containing the 2.78 mm drilled identification
holes were machined. In general, the 2.78 mm dia holes were half
covered with metal while in 21 cases tﬁe‘entire hole was covered and had
to be cleaned to read the—identification number.

“

5.2.2 The Radiographic Insbection .

Radiographic inspection was the first nondestructive testing
teEhm‘que_ employed to -characterize the internal casting defects in the
ring géar steel sample blocks. Since there was no previous defect
analysis dealing with casting defects in the ring gear‘sectiozs of this
investigation, the typical internal defect size range was unknown,
Theref:)re, a worst-case-scenario-experimental proced:re was synthesized
wh_erebyﬂit was assumed tha{g the ring gear segﬁent contained Targe
classical casting defects. Consequently, the entire set of steel sample
blocks was re;diographed as outlined in Section 4.3,

The X-ray results are summarized in Table 5.1 where the presence
of fla\; indications is presented for the two X-ray directions of the
steel sample blocks. The location and size of the radiographic f1aw.
indications are recorded in the drawings of Appendix F.

Three photographic reproductions of actual sample block X-rays are

shown in Figs. 5.1 and 5.2. The radiograph of block 64 is shown in Fig,

5.1. The number 50 penetrameter can be seen i¥n the center of the shot

-
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while the holes of the drilled 1dentification number can be easily seen
in the upper right corner. Furthermore, flaw indications can be seen in
the lower left ;orner. The f1aw indications in the photogr‘aphs are not
as sharp as in the original radiographs since some radiograph quality 1:5
lost in the photograp\l:ic reproduction process. Fig. 5.2 shows the two
X-rays of block 62 take% in two perpendicular directions as e;plained in
Section 4.3,2, Again, the drilled identification numbers and the lead
identification numbers are clearly visible. A penetrameter is hot in
view in these two X-rays since both were obtained from a multiple block
exposure with the penetrameter placed on one of the other blocks. The
dark areas (areas .receiving a- higher intfnsity of X-rays) on the bottom
and léft sides of the X-rays are due to X-rays being scattered from the
sides of the adjacent blocks in the multiple block exposures. This did
not create any problems when the Eadiographs were vigW‘ed since the
intensity of the viewing light could be adjusted to compensate for this
effect, ) - §

The resullts of the radiographic inspection, summarized 1n Table
5.1, show that of the 25 sample blocks radiographed 15 displayed no
radiographic indications of internal defects. However, the flaw
indications observed in the remain“ing 10 sample blocks could be
classified into 5 categories as summarized in Table 5.2. The'se flaws
are two dimensional since the radiographic inspection provides only two
dimensional flaw indications. However, as will be seen in Section
5.3.6, the nondestructive tests exhibit evidence that the flaws are
planar and can be adequately described in two dimensions.

The first category of radiographic flaw indications were circular

in shape ranging from 0.2 to 0.3 cm in diameter. The second class of




indications were circular in shape with diameters between 0.3 and 0.4

@ cm. The third class were also circular with diameters greater than 0.4
c¢cm. The fourth class of flaw indications discovered in the X—-ra;'s were
rectangular with slightly rounded ends having a width between 0.1 and
0.5 cm and a length between 0.2 and 0.8 cm. Finally, the fifth class of
indications encountered were also round ended rectangu]@ar“ with a width
between 0.1 and 0.5 cmbut with a 1ength greater than 0.8 cm,

A summary of the flaw indications measured from the X-rays is
provided in Table 5.3 where the flawﬁ type and flaw parameters are
recorded along with the radiograph in which the flaw indication was
found. |

v

- 5,2.3 Sectioning and Radiographic Inspection of Sample Block 11

‘ In preparation for the ultrasonic inspection, five reference

blocks were machined from sample block 11 as outlined in Section

4.4,1.1. No internal defects were discovered on the surfaces exposed

during the bandsaw cutting operation of block 11. These newly exposed

surfaces were viewed with a 100 X portable 1light microscope; however, no
-~ - defects were di;covered. Moreover, no flaws were seen on the surfaces
exposed during the milling operation in which the blocks were machined

to the required diménsions. ' |
The five reference blocks !geré then radiographed as outlined in

Section 4,4.1.2. A photographic reproduction of the radiograph of

reference block 4 is presented 1n Fig, 5.3 As seen in the center of the

X-ray, a number 45 ASTM penetrameter was employed with the 2T hle at -

the top of the penetrameter clearly visible. The drilled flat bottom

hole is also easily seen at the top of the X-ray along with-the lead
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identification number"f‘n the upper right hand corner, No‘linternal
defects are visible in the radiograph; the white spots seen in this X-
ray are only dust particies arising in the printing?of the photographic
reproduction.

The results of the radiographic inspection of the five ultrasonic
reference blocks are summarized in Table 5.4, In brief, all five
reference blocks were free of mactos}copic internal defects. The X-rays

also indicated a very good quality flat bottom hole in each of the

reference blocks as required for the ultrasonic tests.

5.2.4 The Ultrasonic Inspection

b

The ultrasonic inspection was the second nondestructive testing
technique used to charactgrize the internal defects of the cast ring }
gear sample blocks, This technique was employed for two reasons; the
first was to attempt to correlate the results of tahehradiographic
inspection and the second was to i%veétigate internal flaws too smal'l to
appear in the ra'diOgraphs. The entire set of steel sample blocks were

ultrasonically inspected as outlined in Section 4.4,

-

* The results of the ultrasonic inspection are summarized in Table .

5.5 where the sample block number, the inspection face, and the absence

or presence of flaw indications are presented. The actual locations and

' severity of the flaw indications are recorded in the drdwings of

3

Appendix G. The ultrasonic indication of the drilled identification

number is not recorded for every sample block. Furthermore, the

———— .

severity of the flaw indication is provided in terms of the percentage
of the DAC curve as explained in Section 4.4,

The results of the ultrasonic inspection, summarized in Table 5.5,
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show that of the 24 sample blocks inspected, Z displayed no ultrajonic
lindication of internal flaws. The indications observed in the remaining
17 sample blocks were classified into 8 categorie;. The small nature of
the flaw indications made iLimpossible to determine the exact flaw
outline due to the Hr;'n’tations of the ultrasoni};c inspection unit. As a
result, it was assumed the flaw indications were circular in shape for
the spdt igdications. Furthermore, the shapés of the running ultrasonic

indications were assumed to be rectangular with rounded corners. A

summary of the flaw indication types is provided in Table 5.6. Nithﬁ

reference to Taﬁle 5.6, the ultrasonic flaw indication categories
consisted of 6 circular categories ranging from less than 0.1 c¢m in dia.
to over 0.4 cm in dia. and 2 rectangu]ai"-categories similar to those
found in the radiographic inspection results. The evidence leading to
the two dimensional chara\cter of the internag casting flaws i's discussed
further in Section 5,3.6, !

A summary of the flaw indications obtained from the ultrasonic
inspection is provided in Tab‘le 5.7 where the flaw type and .flaw
parameters are presented along with the block face from which the fhaw
indication was recorded.

5.2.5 The Radiographic Inspection of the Fracture Specimeng

The results of the radiographic and ultrasonic inspections of the
steel sample blocks indicated that the internal casting defects were
relatively small, As a result of this and a desire to characterize the
microdefects, a microscopic investigation was undertaken as described in

N
Section 4.5. The results of the radio};raphic inspection of the fr"Scture

specimens, detailed in Section 4.5.1‘.3, are presented in photographic -

e
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reproductions of the actua) X-rays in Appendix H. As usual, a
considerable amount of X-ray quality is dost in the photographic

reproduction process; however, this does not affect'the experimental

*

results. w

A summary of the flaw indicat;iz*s obtained from the radiographic
inspection is presented in Table 5.8 where the fracture specimen, the X-
ray directions, as d‘efined in Section 4,5.1.3, and the f1aw indication
description are detailed. Of the 30 fracture specimens radiographed, 18
displayed no flaw indications in either of the two X-rauy directions.

The remaining 12 specimens exhibited indications of shrinkage defects

~

(characterized by their jagged, irregular appearance in the X-ray). The

largest flaw exposed by the X-rays was a 0.5 x 0,5 cm shrink whi le the
smallest observed on the X-rays was a 0.1 cm dia, gas porosity.
Moreover, the flaw indications of this section of the

investigation were in the 'same si{e range ‘as those observed during the

ultrasonic inspection. For example, the largest flaw indication from

the X-raysi_ of the fracture specimens corresponded to a 160% DAC
ultrasonic indication, while the smallest flaw indication from the
fracture specimen X-rays corrésponqed to a 30% DAC .ultrasonic
indication, In fact, the flaw ind'ications obtained from the ultrasonic
inspection ra’hged from a 20% DAC to a 160% DAC indication. Accordingly,
the results of this radiographic inspection and the ultrasonic
inspection are in good agreement. In addition, two of the flaws
indicated on the X-rays were also indicated by the ultrasonic te,st.
With the use of Appendix B, Figs, 4.22 and 4.23, Appendix G, and ‘the
fracture s‘pecim'en,)L-rays (Appendix H) it can be seen that the 0.3 x 0.5

cm shrink indication on the right side of X-ray 43A, direction 2, is

.
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also indicated in the ultrasonic test result of block 43, face B.
Similarly, the 0.5 x 0,5 cm shrink of X-ray 258, difection 2, is also
indica’ted in the ultrasonic inspection resufts of block 25, face Bl
lUnfortunate]_y, further agreement between the fracture specimen X-rays
and the ultrasonic inspection results was not found., This can be
attributed to the fact that al‘l the fracture specin!ens were cut from
edges of the original sample blocks. Any defe¢ts in this area, that is
to say close to the side of the sample block, would not have been easily
~detected since a portion of the initial ultrasound beam would be
v reflected of f the block's side before reaching the defect, Ihus, 5
lower energy u]t‘rasound packet would'be reflected fromthe flaw and
received by the transducer as compared to areas away from the sides of
the block. As a result, the ultrasonic inspection wo}ﬂd i?dicate a
smal ler flaw than there actually is. This was seen fo;lfracture
specimen 43A where the ultrasonic inspection indicated a 80% DAC flaw
(approximately 0,25 cm dia.) while the flaw measured of¥ the X-ray (i.e.
actual size) was 0.3 x 0.5 cm. Similarly, the ultrasonic -~esults
indicated a 120% DAC flaw (approximately 0.38 c¢cm dia,) in block 25 while
the measured X-ray indication was 0.5 x 0.5 cm,

Indeed, the results of the radiographic inspection of the fracture
specimens provide insight into the shape of the flaws which were
indicated from the ultrasonic inspection. Furthermore, in 3 of the
fracture specimens, flaw indications were present in one radiographic
-.inspection direction but absent in the second, perpendicular direction.
This was see; in the u]tlrasom'c inspection results and implies a planar
character of many of the internal flaws. Finally, adefect histogram

was not constructed for the results of this section due to the fact that
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“the sample space investigated was very small,
‘j’ ‘

5.2.6‘The Microscopic Inspection

The microscopic inspection of the surfaces of the fracture

sbécimens using the SEM, as detailed in Section 4.5.3, was carried out

to characterize the internal casting defects too small to be discovered

by the radiographic or ultrasonic inspection techniques. Although the
microscopic inspection was destructive innature and would rarely be
employed in industry as a common inspection method,/it did provide an
extremely valuable insight into the types of internal casting defects
since it provided pictures of the defects exposed on the fracture
surfaces. In total, 8 fracture surfaces were viewed in the SEM as

summarized in Table 4,7. The actual location and orientation of these

specimens in the cast ring gear can be found using Fig. 4.2 and Appendix

B. /

A typical fractograph overview, obtained using the SEM, is

bresented in Fig. 5.4 where a section of the fracture surface of

specimen 12B is shown at a relatively low magnification., The largest
d@(@cts visible on the fractograph were circled and labelled with a flaw
identification number to facilitate the flaw characterization process.
A minimum flaw dimension was arbitrarily selected such that defects
whose dimensions were smaller than this minimum dimension would not be
recorded, Without this minimum flaw size, used in all the fractograph
overviews, it would have been impossible to characterize the
fractographs in a finite amount of tié,. The defect-selection process

was carried out for the fracture surfaces of specimens 128, 13A, 258,

428, 43C, and 62A. The fractute surface topography of specimens - 24A .and
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25A was extremely steep and erratic, making it impossible to focus on a
large section of the fracture surface at one time as required for an
overview. Conseqdent]y, these two specimens were not used in the
microscopic flaw characterization; however, they did provide excel lent
individual examples of typical casting defects. |
The flaws observed 1n the six fractograph overviews were classified
into 6 categories as summariéed in Table 5.9 where the flaw type, faaw
description, and relevant flaw parameters are detailed. The
fractographs provided a 2-dimensional flaw image; consequently, the
flaws exposed through the fracture surfaces were characterized using 2
dimensional shapes which closely approximated the actual flaws. The
first type of flaw encountered on the fractographs were gas porosities,
circular in shape with an actual diameter ranging from 0.01 mm to 0.17
mm. Flaw number 31 of Fig. 5.4, detailed in Fig., 5.5 at a higher
magnification 1s typical of the type 1 defect. The smooth surface of
the flaw and its symmetric shape are indicative of 9as porosity. The
econd 'type of defects encountered were ®ectangular in shape with
rounded ends. These were described by a maximum width, w, and a'ﬁ;ximum
length, 1. The type 2 flaws recorded from the fractographs ranged in
size from the smallest with w = 0.0l mm and 1 = 0.04 mm to the longest
with w= 1.2 mm and 1 = 0.37 mm. The peanut shaped flaw, number 8 in
.Fig. 5.4 and enlarged in Fig. 5.6, 1is typical of the second flaw
category. Type 2 flaws were generally gas porosities as indicated by
their smooth surface and symmetric shape. In addition, the flaw of Fig.
5.6 is an example of the approximation involved in categorizing th;

‘flaws. The third type of flaw exhibited by the fracture surface

fractographs was slit shaped possessing very sharp tips of almost zero
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radius. Two parameters were used to describe these flaws: the maximum
flaw width, w, and the flaw length, 1. The smallest type 3 flaw
recorded had a width of 0.01 mm and a length of 0.04 mm while the
largest recorded had a width of 0.09 mm and a length of 0.81 mm. Fig.
5.7 is a fine example of type 3 flaws which were generally shrinkage
defects" characterized by their rough surface, very sharp ends, and crack
1ike appearance, This particular flaw type also contained micro hot
tears resulting from a localized unidirectional contraction of the metal
when it is in a brittle condition. The fourth type of flaws observed
in the fractographs was similar to type 2 flaws but multi-branched. The
type 4 defects were characterized by 4 parameters witf] n denoting the
number of-branches, o ; denoting the angle, in degrees, between the ith
and (i + 1)th branch, and Wi, 1; denoting the maximum width and length
of the ith branch. These pa}'ameterS'are summarized in Table 5.9. The
smallest type 4 flaw was a 3 branch gas porosity with all branches being
0.01 mm wide. One branch was 0.04 mm long with the remaining two 0.02
mm long. The largest type 4 flaw had two branches with one branch 0,06
mm wide by 0.26 mm long and one branch 0.06 mm wide by 0.24 mm long.
Flaw number 32 of Fig. 5.4, enlarged in Fig. 5.8, is typical of the type
4 flaws. Its smooth surface and rounded ends, as seen in Fig. 5.8, are
indicative of a gas porosity. The fifth type of flaws encountered were
multi-branched slit shaped with very sh;rp tips as type 3 flaws. These
flaws were described s:rith the parameters n, e, wy, and 1; in the same
manner as type 4 flaws. A summary of the flaw parameters and their
meaning is provided in Table 5.9. The smallest type 5 flaw recorded had
two branches wif:h one 'of the branches 0.01 mm wide by 0.06 mm long and

the second branch 0,01 mm wide by 0.04 mm long. The largest type 5 flaw

93

P

d -




encountered was a two branch shrink with the first branch 0.03 mm wide
by 0.12 mm long and the second 0.09_mm long, Fig. 5.9 is a typical
example of the class 5 flaws. Again, the rough flaw surface and zero
tip radius are indicative of a secondary shrinkage defect. The fact
that the defect is multi-branched can be explained by the existence of
localized multi-directional contraction where the casting is solidifying
in more than one direction simultaneously.

Finally, the sixth type of flaw found in the fracture surfaces wgre
inc]usions occurring in a fan like pattern that could be approximated
using a circle of diameter d. These inclusions ranged in diameter from
0.15 mm to 0.31 mm. A typical type 6 flaw 1s shown in Fig. 5.10 where
the elongated inclusions are oriented in a fan like pattern.” Also seen
in Fig. 5.10 are spot inclusions that are probably sand particles.

A summary of the flaws observed in the six fractograph overviews is
provided in Table 5.10 where the flaw identification number, the flaw
type, the fractograph flaw parameters, and the actual flaw parameters
are recorded along with the fracture specimen in which the flaw was
found. Thi?flaw identification number is simply an arbitrary number
assigned to identify the flaw on each fractograph. The flaw type
characterizes the flaw according tOthe previously defined six
categories, The fractograph-flaw parameters are the dimensions of the

—

flaw as measured from the fractograph which are converted into the

actual flaw dimensions of column 5 using the conversion factors of Table

5.11. These conversion factors simply account for the magnification of

the particular fractograph.
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5.2.7 The Chemical Analysis

~

The results of the chemical analysis, carried out to investigate

the VEWiat1oq_jn concentration of the constituent elements throughout
the ca;ting, are presented in Table 5,12, The concentration in percent *
by weigﬁtﬂﬁe? the 10 elements investigated is shown for the six samples
analyzed. The procedure of the individual analyses as well as the
sample locations are given in Section 4,6. The maximum and minimum
compositions found for each of the 10 elements and the samples in which
these extrema occurred are presented in Table 5.13. Furthermore, the
percent variation between the maximum and minimum concentrations with
the maximum used as the reference is also presented in Table 5.13.

. The composition of the constituent elements at the six locations
investigated generally fell within the limits .specified for SAE 4340,
However, there were a number of exceptions such as the carbon
composition of sample 24 at 0.31% (Table 5.12) which was substantially
lower than the lower carbon limit of 0.38% specified for SAE 4340 (Table
4,1). Moreerr? the manganese composition of sample 11 at 0.81% was
marginally higﬁ;r than the upper limit of 0.80% specified for SAE 4340.
The largest variation with respect to the composition limits specified
for-SAE 4340 was that of the silicon composition of the casting which
was almost double the specified maximum composition. Th{s was not
detrimental to the casting since silicon functions as a desulphurizer
and also increases the wear resistance of the alloy. Nevertheless,
special care would have to be taken in welding this alloy since the
localized welding heat could cause surface cavities and weld porosity if
the silicon composition exceeded 0.35% [25]. Inbrief, the elemental

compositions of chromium, molybdenum, nickel, phosphorus, and sulphur
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were well within the compositionsl limits of SAE 4340,

The variation oflfhe composition of chromium, copper, manganese,
mo1ybdenum, nickel, and silicon throughout the six sample locations was
acceptable with all variations less than 10%. Considering the size and
shape of the gear casflng, this degree of variation was expected.
However, there were four elements including aluminum, carbon,
phosphorus, and sulphur that exhibited serious variations of 22.7%,
20.5%, 25.0%, and 44.8% respectively. Although the variations were
quite large, the maximum compositions of phosphorus and sulphur were not
high enough to be critical. For ;6;tan;e, the maximum sulphur
composition of 0.029% was far below the 0.06% level above which welding
problems wou]d,oécur. Likewise, the 'maximum cdmposition of phosphprus
ét 0.024% was also below the level 0.035% above which weldability
quickly decreases. It is important to maintain the chemical composition
such that the casting has excel lent Qe]dability since weld repair of the
casting might be required sometime during the manufacturing process. On
the other hand, the minimum carbon composition of 0.31% found 1n block
24 could be cause for concern since the sample wag taken from the
outside face of the gear where the teeth ﬁould normally be machined.
Any low carbon compositions in thiﬁ area woulq cause areas in which the

hardenability of the steel would be decreased making the gear

susceptible to wear and a possible premature failure,

P

N

5.3 THE DEFECT HISTOGRAM

The principles on which the defect histogram is based are be
described in this section fol lowed by the presentation of the defect

histograms obtained from the radiographic, ultrasonic, and microscopic
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inspections. A combined histogram based on the ultrasonic and
radiographic results is also presented. Furthermore, the orientation
of the defects discovered in this investigation is discussed.

—— e

5.3.1 The Formation of the Defect Histogram

At the outset of this discussion it must be realized that%the
brimary goal of this investigation was to utilize destructive and
nondestructive testing techniques to evaluate and characterize internal

“casting defects. A detailed statistical evaluation of the actual
testing techniques was not a goal of this investigation. As a result,
it is assumed that the results of the nondestructive inspections are
absolute. For instance, it is assumed that a defect is present where
indicated by either the radiographic or ultrasonic inspection,
Furthermore, it is assumed that no defects are present if not indicated
by the inspection methods. Although this is not totally correct since
non&éstructive tests sometimes indicate defects where none are present
and vice-versa, certain simplifying assumptions must be made as in most

other engineering problems. In fact, the performance of a particular

inspection process is extremely difficult and time consuming to evaluate

" since nondestructive testing results are operator dependent and can varj’

day to day as the alertness of the operator changes,

v With this assuﬁBtion of absolute test results, the defect histogram
is fabricated in the following manner. First, the nondestructive (or
destructive) test results are evaluated and a finite number of defect
categories are selected. The entire sample of defect indications are
then classified with respect to the previously selected categories,

Next, the size of the base element area is selected to accommodate the
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largest flaw indicatio&. Moreover, this unit area, once selected, must
satisfy the requirement that the sum of the probabilities of occurrence
of theentire group of defect classes is less than or equal tol. The
total<agga covered in the test is divided by the size of the base
element to yield the number of base elements inspected, Each class of
flaw indication is counted to provide the total number of occurrences of
each defect class. This n;;Ler is then divided by the number of unit
éreas inspected to provide the probability qf the particular class of
defect occurring in the base element or area unit. Finally, the results

are presented in a conventional histogram with the exception that the

probability of no defect occurring is not shown,

5.3.2 The Radiographic Inspection Defect Histogram

The results of the radiographic inspection, summarized in Section
5.2.2, yielded five categories of defects as shown in Table 5.2.
Although the radiographic 1nspection provides a compressed two
dimensiong] vié@ of the internal volume of a particular block undergoing
inspection, only the projected area (the actual area of the X-ray of the
block) is used in the construction of the defect histogram. This X-ray
area (or surface area of the block directly exposed to the incident
radiation) is ysed since the radiographic inspection provides two
dimensional defect images.

The surface area radiographed is calculated by summing the area of
the faces of the blocks exposed to the incident radiation in the various
X-ray directions. In brief, 11,632 cm2 of steel sample block area was
exposed as summarized in Tables 5.14 and 5.15. A 1.0 cm x 1.0 cm base

element with an area of 1,0 cm? was selected since 1t would easily
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_5.5.3 The Ultrasonic Inspection Defect Histogram

1 N~
accommodate the largest indicated defect with an area of 0.6 cm? within
its boundary. Moreover, al.0 cmx 1.0 cmunit 6lement was also quite
convenient and satisfied the constraint that the sum of the resultant
probabilities be Tess than or equdl to I. With the size of the base
element as 1.0 cmz, this meant that 11,632 base elements were inspected
radiographically.

) The number of occurrences of each of the five flaw types found
during the radiographic inspection are recorded in column 2 of Table
5.16. The probability of occurrence is théq found by dividing the
number of occurrences by the number of base elements inspected.
Finally, these probabilities are graphed in the defect histogram of Fig.
5.11. As seen from.éhe histogram, type 3 flaws are the most common with
a probability of occurrence of 2.15 x 103 in a 1.0 cm x 1.0 cm area.

Type 1 flaws are the scarcest with a probability of occurrence of 1.72 x

10-4,

The defects discovered with the ultrasonic inspectio;\yere
classified into thg eight categories of Table 5.6 as described in
Section 5.2.4. In a similar manner as the radiographic inspection, the
ultrasonic inspection provided two dimensional indications as the entire
volume of a particular block was inspected from one face. Thus, the
sample space inspected was based on the area of the face which was
scanned. The total area scanned for the blocks conforming to the three
size categories is provided in Table 5.17, while the area scanned for

the odd-sized blocks is presented in Table 5.18. The total area scanned

in the ultrasonic fnspection was 17,570 cm?,
\

99




The largest flaw found during the u]t£§sonic inspection was 0.476
cm by 1.0 cm and rectangular round ended. Thus, a 1.0'cm x 1.0 cm base
element was used again to calcéulate the number of elements inspected.
This base element could easily accommodate the largest flaw discovered
via ultrasonic inspection, would satisfy the restriction on the
resulting probabilities, and would facilitate the comparison between the
radiographic results, With this 1.0 cm? base element, 17,570 elemental
areas were ultrasonically inspected.

The number of occurrences of each of the eight flaw types arising
from the ultrasonic inspection are summarized in column 2 of Table 5.19.
The probability of occurrence of these flaw types, obtained by dividing

the number of occurrences by the numbeﬁlgf elemental areas inspected,
is provided in column 3 of the same table. These probabilities are
graphed to provide the Qefect histogram in Fig. 5.12. The last five
ulttrasonic inspegtion defect types correspond to the five radiographic
inspection defect types. Faf example, the ultrasonic type 8 is the same
as the radiographic type 5, the ultrasonic type 7 is the same as the
radiographic type 4, and so on. , The ultrasonic and radiographic
probability result$ of these 5 defect types are summari;ed in Table 5.20
along with the % varjation between the two methods.

The variation between the radiographic and ultrasonic probability
of occurrence for the last 4 defect types range from 19% to 41%. On
initial inspection these values seem large. However, when the
subjectiveness involved in interpreting the output of the ultrasonic
inspection instruﬁent is taken into account, the probability of
occurrence from the two tests are in very good agreement. Yet, this is

not true for the first flaw type which exhibits a percent variation

-~
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between the ultrasonic and radiographic results of well over 1000. This
variation can be attributed to the fact that the size of the &efect type
is very close to the radiographic inspection detection threshold while
not ye&knear that of the ultrasonic inspection., The ultrasonic

inspection is still very sensitive to defects of this size and records

.

many more than the radiographic inspection. As a result, the
probability of occurrence achieved through the ultrasonic inspection is
much higher than that of the radiographic inspection.

Fa

3.4 The Microscopic Inspection Defect Histogram ’ .

The microscopic inspection provided six types of internal defects
l‘.'u

as desgribed in Section 5.2.6. In total 91.7 mm2 of fracture surface
was investigated during the test as seen in Table 5.21. The largest

iscovered in this section of the investigation was a 0.073 mm?2
2

defect

shrink defect. Thus, a 0.316 mm x 0.316 mm base element with a 0.1 mm
area was selected. This element was large enough to accommodate the
largest flaw encountered and satisfied the requirement that the sum of
the resulting probabilities be less than 1. This 0.1 mm? unit area
selected led to 917 individual base elements viewed under the SEM.

-- The number of occurrences of the‘six flaw types is summarized in
the second column of Table 5.22 and, using the number of base elements
viewed, is converted into the probability of occurrence shown in column

-

3. The resulting defect histogram is shown in Fig. 5.13. The

probability of occurrence of the flaws discovered through the’

microscopic inspection is 'in general 100 times larger than the
probability of occurrence found in the ultrasonic inspection,

Unfortunately, there was an insufficient number of flaws to compare the
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ultrasonic and microscopic results. The largest flaws discovered from

the microscopic inspectioh were just below the lower threshold limit of

“the ultrasanic inspection. However, the absence of any large flaws in

ghe microscopic inspection does not neceggarify mean that the ultrasonic
inspection was providing false indications. This absence of large flaws
in the microscopic inspection can be explained by the small amount of
fracture surface actually investigated and the fact that the probability
of occurrence of such flaws (obtained from the ultrasonic inspection)
was also small, It is understandable no flaws large enough to overlap

with the ultrasonic indications were discovered.

5.3.5 The Combined Defect Histogram

The defect characterization provides a quantitative indication of
the quality of the ring'gear casting and, more importantly, provides the
size and shape of tﬁ; internal casting defects on which the FEM
calculation of the stress concentration factor, Ke s is based., To
facilitate the calculation 6f K¢ and provide a unified set of results
for the def?ct characterization{ the radiographic inspection defect
histogram and the ultrasonic inspection defect histogram are combined to
produce a sing{e.histogfam. This histogram incorporates the entire set
of defect types found'in the two tests. The microscopic inspection
results are intentionally omitted from the combined defect histogram
since they are already accdunted for in the experimental evaluation of
the fatigue properties. The microdefects in the casting, also presegt
in the fatigue specimeng machined “from casting, provide locations from
which fatigue cracks can be initiated and propagate until failure. A

high occurrence of these microdefects in the casting and thus in the
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fatigue specimen will provide many locations for fatigue crack
inftiation and, in general, lead to a lower fatigue life. Moreover,
large microdefects will provide higher stress concentrations in tﬁe
fatigue specimens leading to earlier fatigue crack initiation and a
lower fatigue life as compared to specimens containing smaller
‘microdefects, Consequently, the effect of these small defects must not
be incorporated into the calculation of the stress concentration factor
since they have already been taken {nto account in the fatigue
properties, - ‘

‘The combined defect histogram is shown in Fig. 5.14, A summary of
the eight defect classes, comﬁrgfing the combined defect histogram and
their equivalent radiographic and ultrasonic inspection defect classes,
is provided in Table 5.23. The probability of occurrence in the
combined defect histogram for the defect classes common to both the
radiographic and ultrasonic inspections was taken as the highest value
yielded by each of the test%nethods. For example, with respect to the
combined defect histogram defect class 8 (radiographic inspecf;;h defect
type 5 and ultrasonic inspection defect type 8), the probability of
occurrence was 7.74 x 10~4 via the radiographic inspection while the
ultrasonic yielded a probability of occurrence of 6.26 x 10-4, Thus, in
the combined defect histogram, the probability of occurrence of defect
type 8 is taken as 7.74 x 10=4, This process of selecting(the largest
probability of occurrence yields a somewhat conservative combined defect
histogram while any attempt to average the probabilities of the two test

A /
methods would have been meaningless.
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5.3.6 The Orientation of the Defects

¢

The defect characterization will not be complete unless the defect
orientation is discussed. First, in the radiographic and ultrasonic
inspection of the cast steel blocks, many blocks exhibited defect
indications in" one direction; however, when the inspection of the same

block was carried out in a perpendicular direction very few defects were

found. Many internal flaws discovered by the two test methods in one

direction remained undetected in the second perpendicular direction.
This occurrence is highlighted in the radiographic inspection of sample
blocks 22, 26, 43, 44, and 64 (Appendix F) which exhibited flaws only in
one of the X-ray directions., This phenomenon is also seen in the
ultrasonic inspection of blocks 14, 21, 23, 32, 33, 62, and 66 (Appendix
G). Even in blocks that exhibited defects in the two radiographic
inspection directions and in the three ultrasonic inspection directions
it was extremely rare that a‘partiCUlar flaw was indicated in more than
one inspection direction. This evidence leads one to conclude that the
flaws discovered in the nondestructive tests are p]ana;.

Since the flaws are planar in shape, their orientation can be
determined from either the X-ray direction in the radiographic
inspection or from the sample block face scanned in the_ultrasonic
inspection., For example, it is seen from Fig. 4.13 and Fig, 4.2 that

X-ray direction 1 is along the radial direction of the ring gear. Thus,

flaws discovered in this direction lie in planes that are tangent to the

~ gear surface and perpendicular to the radial lines. Such flaws will be

defined as direction 1 flaws. Flaws discovered in X-ray direction 2

will lie in planes that are perpendicular to the gear face and parallel

to the gear edges. Such flaws will be da{jned as direction 2 flaws.

¢
i
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The u]trasoqic inspectiop results can also be classified with

P

respeﬁt to their orientation, The ultrasonic inspection. face A was

.1ntentiona11y selected so that the ultrasound beam in inspection from
face A would be parallel to the radiation beam of X-ray direction 1.
Similarly, the ultrasonic inspection face B was selected so that the
ultrasound beam Jou]d be paral]él to the radiation beam of X-ray
direction 2. Therefore, flaws discovered via ultrasonic inspection from
face Awill be direction 1 flaws while flaws discovered from face B will
be direction 2 flaws. The flaws discovered via ultrasonic inspection
from face C will lie in planes that are perpendicular to the gear face
and parallel to the gear ends. These flaws will be defined as direction
3 flaws. For clarity, the‘three flaw directiong are summarized in Fig.
5.15,

The orientation of the flaws discovéi}d in the two nondestructive
tests can be obtained directly from Tables 5.3 and 5.7. Table 5.3
provides the X-ray direction for the flaws discovered in the
radiogrgahic insgection, while Table 5.7 provides the face being ;canned

for the flaws discovered in the ultrasonic inspection. Using Table 5.3,

the number of flaws recorded in the two X-ray directions are counted and

are presented in Table 5.24 for the five rad%ographi; flaw types.

Similarly, the ultrasonic results in Table 5.7 are classified with
respect to the scanned face.for the 8 ultrasonic fléw types. These
results are summarized in Table 5.25.

| The results of Table 5.24 and 5.25 are converted into percentages
and summarized ip Iaﬁle 5.26 where the percentage directionpl,
percentage direction 2 and percentage directjon 3’are provideq'for the 8

combined histogram flaw types for both the radiographic and ultrasonic
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i}s’b’é’ctions. As seen from Table 5.26, the first three flaw types tend
to occur in direction 1 more than directions 2 or 3, Upon initial
comparison, the radiographic and ultrasonic results for the fourth flaw
type are not in agreement at all. However, the radiographic results can
be ignored since only two flaw indicagions appeared with this test.
Thus type 4 flaws also occurred more frequently orientated in direction

1. The radiographic and ultrasonic results for type 5 and 8 f1laws

. generally agree in that the majority of these two types were orientated

in direction 2. However, the radiographic and ultrasonic results do not

agree at all for the type 6 and 7 combined histogram flaws., This

discrepancy can be explained by the fact that only two directions were
radiographically inspected. m,")

In any event, the small flaws tended to be oriented in direction 1,
while the larger flaws tended to be orientated in direction 2, although
there were discrep;n:ies here. However, the casting process is very
‘complicated with many variables that can be purposely or inadvertently
changed and cause the defects to occur 1n a radically different
orientation than the ones encountered in this dinvestigation,
Accordingly, it would be safer to use the orientation of the defect

which would produce the largest stresses in the FEM analysis to

the determine stress concentration factor.

5.3.7 Cemparison of Radiographic and Ultrasonic Inspection Results

The radiographic inspection reswrlts (Appendix F) and the ultrasonic
inspection results (Appendix G) are in good agreement, There are a
number of flaws indicated by both the radiographic and ultrasonic

inspections. In particular, of the 55 radiographic flaw indications

»
L4
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documented in Appendix F, 69.1% were also indicated inthe ultrasonic

inspection. The fact that al 1l of the radiographic indications were not

.detected in the ultrasonic inspection can be attributed to human error

and the planar character of the flaws and their location with respect to
the scanning surface, For example, a planar flaw pa\raHel to and close
to the scanning surface would be masked by the characteristic grass-1like
pattern on the ultrasonic inspection unit's screen due to the
t:ansducer-couplant-scanning surface interface. This interference
pattern occurring just”after the scanning surface pulse was explained in

Section 4.4.3.1. Furthermore, it would be impossible to pick up the

flaw du‘ring the inspectid? of the two remaining perpendicular directions

4
because the edges of the\two/dimensional flaw would not affect the

ultrason%c beam to any appreciable degree, Thus, the flaw would not be
discovered in the ultrasonic inspection,

Conversely, of the 306 ultrasonic flaw indications only 38, or
12.4%, were ipdica_tpd by the radiographic inspection. “This discrepency
can be attributed to the fact that the flaws recarded by the ultrasonic
inspection and missed by the radiographic inspection were very small,
These small defects would not provide enough of a density variat‘wn to
significantly affect the intensity of the penetrating radiation as
recorded on the photographic film. Infact, the three smallest flaw
categories discovered from the ultrasonic inspection were missed
completely by the radiographic inspection. However, if the flaws which

were below the detection threshold of the radiographic inspection (ie,

‘the first 3 ultrasonic inspection flaw types) were ignored, then 55.4%

of the 65 remainingultrasonic indications would be indicated in the

radiographic inspection results., This variation can be explained
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because only two perpendicular directions were radiographed while three

perpendicular directions were ultrasonically inspected,




CHAPTER 6
CONCLUSIONS

6.1 CONCLUDING REMARKS

The objective of this thesis was to‘charactérize the internal

‘casting defects of a cast steel ball mill ring gear. .The conciu§ions

resulting from the analysis of the data obtained in this investigation

can be summarized as follows:

1.

The milling machine sectioning procedure used in this investigation
proved to be an unsatisfactory method in the search for defects
since it tended to displace metal over any exposed fﬁaws.

The radiographic inspection of the steel sample blocks revealed the
presence of internal casting defects., Fi.ve types of f1aws were
discovered in the X-rays. Moreover, this radiographic inspection
technique did not indicate flaws less than 0.2 cm in diameter.

The ultrasonic inspection of the sample blocks revealed 8 internal

flaw types down to a diameter of 0.06 cm, This nondestructive

inspection method was able to detect much smaller flaws than the

radiographic inspection of the sample blocks but did not provide
the flaw shape as did the‘;adiographic inspection.

The radiographic inspectioq of the fracture specimens indicated
flaws in the same size range as those of the ultrasonic inspection.
Furthermore, these X-rays showed the presence of“gas porosit& and
secondary shrinkage type defects,

The radiographic and ultrasonic inspection of the sample blocks and
the radiographic inspection of tﬁe fracture specimens provided

evidence that the internal flaws were planar, or two dimensional,

. 109
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9.

“in character,

The radiographic and ultrasonic test results were combined to
produce a defect histogram with 8 flaw categories.’ These f1aw
categories contained both circular and rectangular round ended
planar flaws with the probability of occurrence in a 1 cm? area
ranging between 7.74 x 10°% and 4.78 x 1083,

The nondestructive tests performed on the steel samp{e blocks

including the radiographic and ultrasonic inspection were in good,

’but not total agreement, Inbrief, 63.1% of the radiographic

inspection flaw indications were indicated 1n the ultrasonic
inspection results. Furthermdre, 55.4% of the ultrasonic flaw

indications capab]e‘df being detected in the radiographic

inspection were indicated in the X-ray résult§.

L

"The microscopic inspection using the SEM to view 8 fracture

surfaces provided 6 categories of microscopic defects including

porosities, shrinkages, and inclusions. The probability of

occurrence 1n a 0.1 mm? area for these f1aws ranged from 4.0 x 10'3

(ﬁﬁ?l.ﬁ? x 10-1,

In general, the composition of the constituent elements at the six

" locations investigated fell within the limits specified for SAE

4340. The variation of the composition of chromium, copper,

- manganese, molybdenum, nickel,ﬁand silicon was less than 10%.

However, aluminum, carbqn, phosphorus, and sulphur exhibited

compositional variations in the six sample locations from 25.0% to

.44.8%.

B
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6.2 PROPOSALS FOR FURTHER RESEARCH

The results of this investigation have shown that the ring gear
investigated was a relatively higthuality casting. However, it must
be remembered that the casting process incoporates many variables that
can be purposely or inadvertently chanqu to affect the casting quality,
Therefore, a number of sampfe blocks, comparable in size to the sample
blocks of this 1nvestigation, should be designed into each ring gear
casting, Prior tq the casting upgrading process, these blocks would be
cut from the blank ring gear and’KBalysed for defects, This would
provide a more accurate defe€t characterization as a result of the
larger sample space. ,

This investigation has focussed on and wmplemented the standard
4

-]

o

ultrasonic pulse-echo inspeé%ion method commonly employed 1n industry.
There is a need to develop this test further and link it with a computer -
program so that a three dimensional image of a particular defect could
pe constructed using the results of an ultrasonic 1i1nspection in thf%e
orthogonal directions.

Moreover, there is a need to investigate other methods to calculate
the probability of occurrence of the flaws discovered through the
inspection methods, | . \

Finally, a micro X-ray analysis and sectioning prpcedure
incorporating a polishing operation ﬁight yield more 1nformation about
the internal casting defects. However, these tests would be expensive -

§inge large amounts of machining would be required to provide dependable

results based on a sample space of sufficient size.
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Fig. 4.1 The cast ring gear segment.
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X-RAY DIRECTION |
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NUMBER 2 2
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SEGMENT y SEGMENT

Fig. 4.13 X-ray directions for regular
shaped blocks.
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Fig. 4.14a X-ray directions for block 23L.
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C=BLOCK LENGTH THAT VARIES
WITH DEPTH BEING INSPECTED

pilioeh |

Fe —— - f
]
)

B

e

FRONT VIEW

635mm DIA FLAT
BOTTOM  HOLE

- 127mm DiA. BY 32mm
DEEP COUNTER BORE

&

5.10 ‘ BOTTOM VIEW ¢

N

Fig. 4.16. ASTM A 609-83 ultrasonic
- referencé blocks,
(A 609-83 (1983))
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wFig.‘ 4,20 The ultrasonic inspection of
a sample block.

: - | SERI
Fig. 4.21 A typical fracture specimen.
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Fig. 4.22 Fracture specimen's X-ray directions,
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L Al 7 1 86 R
12 A S 32aA
13 A 334
21A 42A
24 A 434
285A 62A
(a) Radiographs Al and A2 2
L Bl 71 86 R
2B 328
13 B 338
218 428
248 438
258 628
(b) Radiographs Bl and B2 . L
L Cl ' | 86 R
12C 32C
13 33¢
21C az2c
24C 43C
25C 62C

B
wf

(c)

Radiographs C1 and C2

Note: 1I.D. numbers on left end of fracture specimen in all cases.

Fig. 4.23 Direction and orientation of the
fracture specimens in the radiographs.
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24 The MTS hydraulic pressure supply.

L2

Fig. 4
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Fig. 4.25 The MTS loading unit,
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Fig. 4.26 The MTS control console.
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Fig. 4.28

Typical fracture specimen
loaded in MTS unit.
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- Fig. 5.3 Typical ultrasonic reference
block radiograph.
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Fig. 5.4 SEM fréctograph overview of specimen
12B fracture surface,
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F1g. 5.5 SEM fractograph of typical microscopic
inspection class 1 defect.

165




Fig. 5.6 SEM fractograph of typical microscdpic
inspection class 2 defect.
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Fig. 5.7 SEM fractograph of typical microscopic
inspection class 3 defect.
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Y

Fig. 5.8 SEM fractograph of typical mlncroscopic
inspection class 4 defect.




Fig. 5.9 SEM fractograph of typical microscopic
inspection cliass 5 defect.

l,m,
5
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L

10 SEM fractograph of typical microscopic

5

Fig.

inspection class 6 defect.
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Fig. 5.15 - Orientation of £he three
primary flaw directions, ‘
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TYPE OF EXPOSURE

External exposure to naturally
occurring radioactive materials
and to cosmic rays

Average chest X-ray
Dental X-ray

Treatment of malignant tumors
(1ocal dose)

Fatal dose applied to entire -
body in short period of time

Permanent sterility dose for
males and females
.
6

DOSE

0. 0002I rem/day

h!

0.1to2r,
1.5 to 15 r.
3000 to 7000 r.

200 to 800 r, '

500 to 625 r.

Table 3.1 Estimated dose of common

radiation exposure,
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S —
EXPOSURE PERMISSIBLE AVERAGE -
DOSE . &  PERMISSIBLE
' DOSE
Radiation Workers: '
Total dose in any 13 —_ ' v
consecutive weeks 3 rem 0.3 rem/week
Total dose in any 1 year 12 rem
"Total accumulated dose at )
N, where N is the person’s !
age and greater than 18 5 x (N-18) 5 rem/yr.
Nonoccupational Personnel:
Total dose 1in any 13
consecutive weeks ‘ 0.3 rem 0.03 rem/week
Total dose in any 1 year 1.2 rem (
Total accumulated dose at
_age N, 0.5 x (N-18) 0.5 rem/yr.

”

Table 3.2 Basic permissible radiation doses
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CONSTITUENT COMPOSITION
ELEMENT LIMITS (% W/W)

Carbon 0.38 - 0.43

Chromium 0.70 - 0.90

Manganese . 0.60 - 0.80

Molybdenum 0.20 - 0.30

Nickel 1.65 - 2.00 o
Phosphorus 0.035 max.

Sulphur 0.040 max.

Silicon 0.15 - 0.30

”

Table 4.1 Composition limits of the
constituent elements of
SAE 4340. ’

o

Y
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PROPERTY AVERAGE

VALUE
Modulus of elasticity 203.16 GPa
Yield strength .
(0.2% offset) 776.50 MPa
Ultimate strength 965.29 MPa
Reduction in Area 30%

Table- 4.2 Average monotonic properties
of BB225 [23].
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SAMPLE L
BLOCK (cm)

11 17.1

12 17.8

13 17.8

14 16.5

21 17.1

22 17.1

23 17.8

3L © 17.8

24 17.8

25 - 18.4

26 17.8

31 17.8

32 19.1

33 17.8

, 34 17.8
41 20.3

\ 42 20.3
43 19.1

44 .19.1

61 20.3

, 62 15.2
63— 20.3

64 20.3

66 17.1

67 14.0

Note: see Fig. 4.7 for definition of L, W and T.

W

‘
(9]
e s & & & & e © & e 3

L ] - - L] » - L d L]
BN BN RO O8O 00 000 e b

= et e e b et et b et et pd et et sk ok ot Pt Gt fued ok ik pd fd et pund
M O NN NN NODO NN NN NN SNNO NN~

———

.
(cm)

184
19.7
18.4
19.0
20.3
19.7
14.0
33.0
20.3
20.3
19.1
19.1
18.4
20.3
17.8
18.4
19.1
17.8
20.3
19.7
19.0
18.4
17.8
17.8
15.2

MASS
(kg)

38.5
39.0
36.2
34.9
47 .6
43.0
31.7
43.1
50.3
49.9
47.2
42.2
45 .4
41.7
43.5
49.9-
45.8
47.6
47 .6
49.4
42.6
45.4
24.9
34.0
39.0

Table 4.3 Dimensions and weights of the as-cut

steel sample blocks.
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SAMPLE L

BLOCK (em)
11 14 .07
12 13.95
13 14.06
14 14.03
21 15.94
22 13.98
23 16.48
23L* -
24 16.56
25 16.67
26 16.59

.31 13.97
32 15.84
33 13.97
34 15.90
41 16.56
42 13.95
43 15.94
44 15.94
61 13.96
62 13.97
63 14.06
64 15.33
66 15.25
67 12.75

W
(cm)

14.07
13.98
14,07
14,05
15,96
13.95
16.45

16.51
16.67
16.66
13.97
15.91
13.98
15.90
16.51
13.97
15.94
15.94
13.96
13.97
14.08

7.63

" 10.29

14.63

T
(cm)

16.58
16.50
16.59
16.59
16.48
16.51
12.28

—16.51

L

* See Fig. 4.8 for block 23L dimensions.
Note: see Fig. 4,7 for definition of L, W, and T.

16.52
16.52
16.53
16.50
16.50
16 .50
16.51
16.51
16.50
16 .50
16.50
16 .49
16.60
17.92
15.25
14.62

MASS
(kg).

24.5
24.9
24.9
24.9
31.7
24.9
24.9
31.7
33.5
34,0
34.0
24.9
31.7+
23.6
31.7
34.0
24.5
31.7
317
24,5
24.5
24.9

15.9 .

18.1

23.6

Table 4.4 Dimensions and weights of the
machined steel.sample blocks.
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METAL THICKNESS

RADIOGRAPHED
7.6 - 10,2 cm
10.2 - 15.2-¢m
15,2 - 20.3 cm
20.3 - 25.4 CITI

PENETRAMETER

50
60
80
100

Table 4.5 ASTM penetrameters for
various metal distances.
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SAMPLE X-RAY METAL FILM SOURCE T0 ASTM
BLOCK  DIRECTION THICKNESS TYPE. DOSE  OBJECT DIST. PENETRAMETER ~
. L]

(cm) (rads) = (cm)
11 1 16.5 AR 500 166.4 80
11 2 14.0 AA 300 168.9 60
12 1 16,5 AA 500 166.4 80
12 2 14,0 AA 300 168.9 60
13 1 16.5 AA 500 166.4 80
13 2 14,0 AA 300 168.9 60
14 1 16.5  AA 500 166.4 80
14 2 14.0 AA 300 168.9 60
21 1 16.5 AA 500 166.4 80
21 2 15.9 AA 440 167.0 80
22 1 16.5 AA 500 166.4 80
22 2 14.0 AA 300 168.9 60 .
23 1 12.3 AA 190 170.5 60
23 2 16.5 AA 500 166.4 80 ’
23L 1 15.9 AA 440 167.0 80
23L 2 15,9 . AA 440 167.0 80
23L 3 5.6 M 180 177.3 40
24 1 16.5 AA 500 166.4 80
24 2 16.5 AA 500 166.4 80
25 1 16.5 AA 500 166.4 80
25 2 " 16.5 AA 500 166.4 80
26 1 16.5 AA 500 166.4 80
26 2 16.5 AA 500 166.4 80
31 1 16.5 AA 500 166.4 80
31 2 14.0 AA 300 168.9 6G
32 1 16.5 AA 500 166.4 80
32 2 15.9 AA 440 167.0 .80
33 1 16.5 AA 500 166.4 80
33 2 14.0 AA 300 168.9 60
34 1 16,5 AA 500 166.4 . 80
34 2 15.9 AA 440 167.0 80
41 1 16.5 AA 500 166.4 80
41 2 16.5 AA 500 166.4 80
A2 1 16.5 AA 500 166.4 80
42 2- 14.0 AA 300 168.9 60
43 1 16.5 AA 500 166.4 80
43 2 15.9 AA 440 167.0 80
44 1 16.5 AA 500 166.4 80
44 2 15.9 AA 440 167.0 80
61 1 16.5 AA 500 166.4 80
61 <2 14.0 AA 300 168.9 60
62 1 16.5 AA 500 166.4 0
62 2 14.0 AA 300 168.9 60
63 1 16.5 \AA 500 166.4 0
63 2 _14.0 AA 1300 168.9 60
64 1 7.6 M~ T270 175.3 50
66 1 15.2 AR . 380 167.6 60
66 2 10.3 AA 120 172.7 60
67 1 14.6 AA 330 168,3 ° 60
67 2 14.6 AA 330 168.3 60

Table 4.6 Radiographic inspection parameters
of the steel sample blocks.
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FRACTURE 128 13A 13C 24A 24C - 25A 258 ' 32A 32 338 428 43C 62A 62C
SPECIMEN .

?OTS? AREA 63.6 58.5 56,2 58.8 59.3 48.9 &7.5 44.8 55.1 52,0 61.6_ 58.1 60.4 57.7
m ’ ~

VIEWED IN YES YES N0 YES NO YES YES NO N0 NO YES YES YES NO
SEM \ .

-

MTS LOAD RANGE ALL TESTS (KN) C~—~ 100 ~

MTS STROKE RANGE ALL TESTS (mm) 10 '
RAMP LOAD DURATION ALL TESTS (sec) y ; *

MTS CONTROLLER SPAN 1 ALL TESTS I 300 e

PROGRAM SPAN ALL TESTS (% STROKE) 30 :

Table 4.7 Fracture test parameters,




L A

ELEMENT

Aluminum
®
Carbon
Chromium
Copper
Manganese
. Molybdenum
N;ckel
Phosphorus
~Silicon

Sulphur

v
12

ASTM -

STANDARD

E 350-84

Section 269

[

E 350-84

Section 237

E 350-84

Section 221

E 350-84

Section 46

E 350-84

Section 37

£

K

Table 4.8

T
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METHOD
EMPLOYED

Atomic
Absorption

Infrared
Absorption

Atomic
Absorption

Atomic
Absorption

Atomic
Absorption

Atomic¢
Absorption

. Atomic
Absorption

Alkalimetric
Method

Gravimetric
Method

Combustion-lodate
Titration Method

'
1

Chemical analysis methods.

-

SPECTRAL
ENERGY (nm)

§309.3
/
357.9
324,7
279.5
313.3

232.0

N

B A
.
l‘ .
-
-
— -

|
. |

LY

o



SAMPLE
BLOCK

41

42
42

X-RAYa RESULT COMMENTS : -
/ DIRECTION > \)
- 1 NDI -, -
2 NDI . _ .
1 NDI - @
2 NDI
1 NDI
T 2 NDI
) QR NDI -
2 NDI )
1 , NDI
2 NDI ol
1 NDI
2 D 1 rectangular, 2 circular
1 D 1 rectangular round ends, 2 circular
w 2 D 2 rectangular
1 NDI Drilled 1/8" dia. holes easily seen.
2 NDI The 4 1/8" dia. drilled holes easily -
seen, .
3 D 1 rectangular indication in the rib 7.6,
cm below gear face bottom, ,
1 D 3 light rectangular indications
2 D 1 circular, 2 rectangular indications
1 NDI
2 NDI
1 NDI ‘
2 D 3 light spot indications
1 NDI .
2 NDI
1 NDI - - e
2 NDI
1 NDI o
2 NDI
~o 1 NDI
- 2 NDI
1° D Rectangular round end indication, very
faint shrinkage in center and right
side but too light to measure and
quantify. .
2 D. Randomly distributed spot and
¥ rectangular indications.
1 D 2 spot indications
2 D randomly distributed spot indications
S 3 [N -
NDI = No defects indicated - /
D = Defects indicated :
Table 5.1 Summary of radiographic inspection results,

A

P

186



oA T

1

\ i

SAMPLE . X=RAY RESULT COMMENTS
BLOCK DIRECTION -
o 43 1 NDI
- 43 2 D 2 circular, 1 rectangular. Also
‘ indications too 1ight to quantify,
44 1 NDI
44 2 D Light indications uniform in b1lock,
Probably shrinkage. ’
, 61 1 + * NDI
61 2 ' NDI
62 1 —~ NDI .
62 2 NDI
63 1 NDI oY
63 2 NDI
64 - D 4 circular indications -
66 1 NDI o <
66 ae NDI . .
67 NDI .
67 ‘ 2 -NDI
v NDI = No defects indicated
D = Defects indicated -
. /)
Table 5.1 cont, - N 7
>
. i A
v
) - ‘m. .
4 y )
.187 - ~=
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FLAW

FLAW
INDICATION _ INDICATION
TYPE DESCRIPTION
1 circular
2 circular
3 ci rculér
4 “rectangular
5 rectangular
* Circular flaw {ZT’O‘: d
T
Rectangular \ ) 3w
. fo—ro] ——+f
Table 5.2
At

188

FLAW
INDICATION

PARAMETERS "

PARAMETER
RANGE

(cm)
2 < d<0.3
3 <dc<0.4
4

INIA
— X
A A

AN
et 3
n

Summary of flaw types obtained from
radiographic inspectioen results.



RADIOGRAPH - FLAW FLAW FLAW

NUMBER TYPE PARAMETER(S) AREA
(cm) (cmé)
4

22-2 5 w= 0.4 0.400
’ 1=1.0

22-2 3 d = 0.4 - 0.126

22-2 1 d =0.2 0.031

23-1 3 d=0.4 0.126

23-1 ~* 3 d =0.5 0.196

23-1 4 w= 0.4 0.280
1= 0.7

23-2 4 w=0.4 0.320
.1 =20.8

23-2 4 w= 0.2 0.140
P 1= 0.7

23L-3 5 ¥ w=05 0.500
1=1.0

24-1 4 w= 0.3 0.210
1=0.7

24-1 4 w=20.3 0.240
1 =20.8

24-1 5 w=20.5 0.500
1 =1,0

24-2 3 d = 0.7 0.385

24-2 5 w=20.5 0.500
1=1.0

24-2 4 w=0,3 0.240
1 =0.8

26-2 3 d=0.4 0.126

26-2 3 d = 0.6 0.283

26-2 3 d=0.4 0.126

41+1 5 w=20.4 1.000
1=2.5

41-2 2 d = 0.3 0.071

41-2 4 W= 0.3 0,240
1 =0.8

41-2 2 d=0.3 0.071

41-2 3 d =0.4 0.126

41-.2 3 d= 0.4 0.126

41.2 3 - "d=0.4 0.126

41-2 3 d = 0.5 0.196

41-2 5 w = 0.5 0.500
1=1.0

41-2 2 d=0.3 0.071

41-2 5 wsx 0.4 0.600
1=1.5

Table 5.3 Summary of flaws indicated
by radiographic inspection,
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RADIOGRAPH vi FLAW FLAW FLAW

NUMBER TYPE PARAMETER(S) AREA
(cm) (cm?)
41-2 4 ) w = 0.3 0:240
1 =0.8
42-1 N3 d = 0.6 0.283
42-1- 3 d = 0.5 0.196
42-2 2 d = 0.3 0.071
42-2 . 3 d = 0.4 0.126
42-2 2 d = 0.3 0.071
42-2 3 d = 0.4 0.126
42-2 3 d = 0.4 0.126
42-2 3 —d = 0.5 0.196
42-2 ‘ 5 w = 0.3 0.300
1 = 1.0
42-2 3 d = 0.4 0.126
43-2 4 w = 0,2 0.080
1 = 0.4
43-2 3 d = 0.4 0.126
43-2 3 d = 0.6 0.283
44-2 1 d = 0.2 0.031
44-2 3 d =0.4 0.126
44-2 2 d = 0.3 0.071
44-2 3 d = 0.5 0.196
44-2 5 w= 0.4 0.360
1 = 0.9
44-2 2 d = 0.3 0.071
44-2 4 w = 0.3 0.240
1 =0.8
44-2 4 w = 0.4 0.320
1 = 0.8 ,
64 3 d = 0.4 0.126
64 2 d =0.3 0.071
64 3 d = 0.4 0.126
63 3 d = 0.6 0.196

Table 5.3 cont,

T el
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REFERENCE X-RAY - ——COMMENTS
BLOCK RESULT

1 NDI The 3,175 mm dia. flat
bottom hole clearly

2 NDI seen in - all
ultrasonic reference

3 NDI block radiographs.

4 NDI

5 NDI

NDI = No defects indicated

w

Table 5.4 Summary of ultrasonic reference block
radiographic inspection results,

i
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‘:' SAMPLE ULTRASONIC TEST SAMPLE ULTRASONIC * TEST

BLOCK INSPECTION FACE RESULT BLOCK INSPECTION FACE RESULT
12 A D 33 A . D
12 8 D 33 — B D
12 . c *, NDI 33 C NDI
13 A ~  NDI 34 A NDI
13 B - NDI 34 B NDI
13 c NDI 34 c NDI
14 A NDI .4 A D
14 B NDI 41 B - D
14 C NDI 41 C D
21 A D 42 A D
21 B NDI 42 B D
21 C D 42 c D
22 A D 43 \ A D
22 B NDI 43 ' B D
22 C D 43 C D
23 A D - 44 A D
23 B NDI 44 B NDI
23 C NDI 44 C D
23L A D 61 A D
23L c D 61 B D
23L D D 61 C D
23L E D 62 A NDI -
24 A D 62 B D
24 B D 62 C NDI
24 c — D 63 A NDI
25 A D 63 B NDI
25 B D 63 - C NDI

' 25 ©C ZD .64 A NDI
26 A D 64 B NDI
26 B NDI 64 C NDI
26 C D 66 A NDI -
31 A D 66 B NDI
31 B D 66 c NDI
31 C D 67 A NDI
32 - A NDI 67 B NDT'
32 B8 D~ 67 Cc NDI
32 c D

NDI = No defects indicated
D = Defects indicated

Table 5.9 Summary of ultrasonic inspection results.
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FLAW FLAW FLAW PARAMETER -

INDICATION INDICATION INDICATION RANGE
TYPE DESCRIPTION PARAMETERS (cm)
1 circular d d < 0.1
2 circular d 0.1 <d < 0.§
3. circular ' d 0.15 ¢ d < 0.2
4 circular d 0.2 ¢<d < 0.3
5 circular d 0.3 <d< 0.4 .
6 circular ‘ d 0.4 < d
7 rectangular w,l 0.1 ¢ wxg0.5
¢ 002 \< ] \< 008
8 rectangular w,l 0.1 < wg 0.5
0.8 <1

* Circular: —-O<—-d
Rectangular: Calw -
~ —1

Table 5.6 Summary of flaw indication types obtained
- from ultrasonic inspection results.
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SAMPLE
BLOCK

SAMP
BLO
FAC

OOOOPEZPPrOOOO0O000O00PIRP2PrPrRrrI2PPPOOORPITRIOEI

LE %
CK DAC
E CURVE

30
50
50
35
90
30
30
55
125
160

130

55

t

Table 5.7 Ultrasonic inspection flaw indications.

FLAW
DIAMETER
(cm)

0.095
0.159
0.159
0.111
0.286
0.095
0.095
0.175
0.400
0.507
0.412
0.175
0.222
0.175
0.159
0.206
0.206
0.143
0.254
0.159
0.127
0.159
0.127
0.254,
0.127
0.190
0.111
0.143
0.143
0.159
0.127
0.127
0.476
0.400
0.095
0.095
0.111
0.095
0.095

0.317
0.111
0.095
0.127
0.127
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FLAW
WIPDTH

LI T T N NS T U T S T R T SN T T R TR NS T T SO TR TR S T N NN SN SN T SN N NN SN N TR T T NN N T TR B R |

cm)

FLAW
LENGTH
(cm)

FlaW
AREA
(cm2)

0.007
0.020
0.020
0.010
0.064
0.007
0.007
0.024
0.126
0.202
0.133
0.024
0.039
0.024
0.020
0.033
0.033
0.016
0.051
0.020
0.013
0.020
0.013
0.051
0.013
0.028
0.010
0.016
0.016
0.020
0.013
0.013
0.178
0.126
0.007
0.007
0.010
0.007
0.007
0.317
0.079
0.010
0.007
0.013

0.013

FLAW
TYPE
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SAMPLE
BLOCK

SAMPLE %
BLOCK DAC
FACE CURVE

ORI MMOMOOOOO0D0D 00000000 IZII»PIDDPIPOLZI»IDDIDD»IOOOOOO
o
o

Tab1e15.7 cont,

FLAW
DIAMETER
(cm)

0.159

0.063
0.159
0.428
0.206
0.111
0.111

0.380
0.476

0.238
0.190
0.238
0.127
0.286

0.222
0.111
0.159
0.159
0.095
0.143
0.206
0.175
0.159
0.190
0.175
0.143
0.190
0.190
0.127
0.111
0.507
0.412
0.127
0.206
0.127
0.127
0.095
0.190
0.476
0.159
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FLAW
WIDTH
(cm)

0.175

0.476

0.206
0.412

-
-

[aw]

.

N b
o]
(=2

| RN S DN SN N DR RN S R |

FLAW

LENGTH

(cm)

0

o

6

~J

FLAW
AREQ
(em®)

0.020
0.10%
0.003
0.020
0.143
0.033
0.010
0.010
0.476
0.133
0.178
0.206
0.412
0.044
0.028
0.044
0.013
0.064
0.200
0.039
0.010
0.020
0.020
0.007
0.016
0.033
0.024
0.020
0.028
0.024
0.016
0.028
0.028
0.013
0.010
0.202
0.133
0.013
0.033
0.013
0.013
0.007
0.028
0.178
0.020

FLAW
TYPE
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SAMPLE SAMPLE % FLAW FLAW FLAW FLAW FLAW

BLOCK BLOCK DAC DIAMETER WIDTH LENGTH AREé TYP{\

CZ FACE CURVE (cm) (cm) (cm) (ecm?) ‘
24 B . 55 0.175 - - 0.024 3
24 B 50 0.159 - - 0.020 3
24 C 35 0.111 - - 0.010 2
24 C 40 - . 0.127 0.30 0.038 7
24 C 35 - 0.111 0.60 0.067 7
24 c 130 0.412 , - - 0.133 6
24 C 50 - - 0.159 0.7 0.111 7
25 A 30 0.095 - - 0.007 1
25 A 55 0.175 - - 0.024 3
25 A 50 0.159 - - 0.020 3
25 A 60 0.190 - - 0.028 3
25 s A 50 0.159 - - 0.020 3
25 A 60 0.190 - - 0.028 3
25 A 100 0.317 - - 0.079 5
25 A 60 0.190 - - 0.028 3
25 A 50 0.159 - - 0.020 3
25 A 40 0.127 - - 0.013 2
25 A 85 0.270 - - 0.057 4
25 A 70 0.222 - - 0.039 4
25 A 40 0.127 - - 0.013 2.
25 _g 75 0.238 - - 0.044 4
25 ~ 50 0.159 - - 0,020 3
25 C 45 0.143 - - 0.016 2
25 C 40 0.127 - - 0.013 2
25 C 50 0.159 - - 0.020 3
25 C 150 0.476 - - 0.178 6
25 C 60 - 0.190 "0.70 0.133 7
26 - A 50 0.159 - - 0.020 3
26 . A 75 0.238 - - 0.044 4
26 A 50 0.159 - - 0.020 3
26 A 100 0.317 - - 0.079 5

26 A 100 0.317 - - 0.079 8 N
26 A 50 0.159 - - 0.020 3
26 A 70 0.222 - - 0.039 4
26 A 50 0.159 - - 0.020 3
' 26 A 50 0.159 - - 0.020 3
26 A 60 0.190 - - 0.028 3
26 A 50 0.159 - - 0.020 3
26 A 50 0.159 - - 0.020 3
26 A 40 0.127 - - 0.013 2
26 A 60 0.190 - - 0,028 3
26 A 75 0.238 -’ - 0.044 4
26 8 110 0.349 - - 0.096 5
26 B 150 0.476 - - 0.178 6
26 B 120 0.380 - - 0.113 5

( Table 5.7 cont.
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SAMPLE
BLOCK

SAMPLE

%

BLOCK DAC

FACE
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Table 5.7

40
30
30
70
40
45
45
35
30
65
40
35
25
60
40
40
60
50
50
30

CURVE

cont,

FLAW
DIAMETER
(cm)

0.127
0.095
0.095
0.222
0.127
0.143
0.143
0.111
0.095
0.206
0.127
0.111
0.079

0.127
0.127
0.190
0.159
0.159
0.095
0.190
0.095

0.127
0.095
0.095

0.079
0.079
0.095
0.127
0.127
0.095
, 0.127
0.095
0.159
0.143
0.127
0.111
0.079
0.127

0.111
0.111
0.111
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FLAW
WIDTH
(cm)
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FLAW
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.
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o

30

FLAW
AREA
(cm?)

0.013
0.007
0.007
0.039
0.013
0.016
0.016
0.010
0.007
0.033
0.013
0.010
0.005
0.418
0.013
0.013
0.028
0.020
0.020
0.007
0.028
0.007
0.081
0.013

0.007 -

0.007
0.048
0.005
0.005
0.007
0.013
0.013
0.007
0.013
0.007
0.020
0.016
0.013
0.010
0.005
0.013
0.429
0.010
0.010
0.010

FLAW
TYPE
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SAMPLE SAMPLE
BLOCK BLOCK
FACE

o
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—
PP PPIPOO0O000000R0TOIE® ORI

Table 5.7 cont,

%
DAC

CURVE

FLAW

DIAMETER

(cm)

0.127
0.095

0.143
0.222
0.175
0.127
0.%995
0.190
0.111
0.127
0.095
0.143
0.317

0.159
0.111
0.317
0.127

0.317 ¢

0.111

0.095
0.159
0.175
0.143
0.143
0.444
0.491
0.159
0.079
0.127
0.079
0.476

. 0.127

0.238
0.175
0.095
0.159
0.380
0.476
0.095
0.079
0.127
0.159
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FLAW FLAW
WIDTH LENGTH
(cm) (cm)
0.317 \1.00
#2318 1.00
0.349 1.00
N B

\

FLAW
AREA
(cm?)

7 0.013

0.007
0.317
0.016
0.039
0.024
0.013
0.007
0.028
0.010
0.013
0.007
0.016
0.079
0.238
0.020
0.010
0.079
0.013
0.079
0.010
0.349
0.007
0.020
0.024
0.016
0.016

0.155°

0.189
0.020
0.005
0.013
0.005
0.178
0.013
0.044
0.024
0.007
0.020
0.113
0.178
0.007
0.005
0.013
0.020

g
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SAMPLE
BLOCK

SAMPLE % -
BLOCK DAC
FACE CURVE

150
120
130
140
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-9
(e ]

Table 5.7 cont.

——

FLAW
DIAMETER
(cm)

I

0.476 -
0.380
0.412
0.444
0.412

0.079
0.190
0.143
0.095
0.175
0.159
0.095
0.270
0.222
0.095
0.095
0.286
0.127
0.380
0.222
0.317
0.127
0.444
0.428
0.143
0.222
0.317
0.254
0.159
0.143
0.175
0.127
0.206
0.127
0.222
0.159
0.143

0.143 .

0.127
0.111

0.159

0.095
0.111
0.190

Q
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WIDTH
(cm)

[ IS U TR N DY N D N Y S TN DN N N SN N N N DN N DU S N TN RN DU DN NN JNN SN DN SN R BN NN RN RN BN N TN B TR BN B

FLAW
LENGTH
(cm)

i TN I T T R N N R R R T NN S R NN R N TN TN RN U N DN AN SN NN N DN NUN SN N R NN Y DN RN B R N N SN B R B

FLAW
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0.178
0.113
0.133
0.155
0.133
0.070
0.005
0.028
0.016
0.007
0.024
0.020
0.007
0.057
0.039
0.007
0.007
0.064
0.013
0.113
0.039
0.079
0.013
0.155
0.143
0.016
0.039
0.079
0.051
0.020
0.016
0.024
0.013
0.033
0.013
0.039
0.020
0.016
0.016
0.013
0.010
0.020
0.007
0.010
0.028

FLAW
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SAMPLE SAMPLE % FLAW FLAW FLAW FLAW FLAW

BLOCK BLOCK DAC DIAMETER WIDTH LENGTH " AREA " TYPE
C (cm) (cm) (¢m) (em?) ~
i N w
44 B 85 . 0.270 - - 0.057 4
44 B 130 0.412 - - 0.133 6
44 B 120 0.380 - . 0.113 ‘5
44 B 90 - 0.286 0.80 0.229 7
44 B 85 - 0.270 0.80 0.216 7
44 "B 100 - 0.317 1.00 0.317 8
44 c 30 0.095 - . 0.007 1
44 C 85 0.270 - . 0.057 4
44 ¢ 60 0.190 - - 0.028 3
a4 C 85 0.270 - — - 0.057 4
44 C 75 0.238 - - 0.044 4
44 C 55 0.175 - - 0.024 3
44 c 150 0.476 - - 0.178 - 6
44 C 150 0.476 - - 0.178 6
44 - C 50 0.159 - - 0.020 3
44 C 35 0.111 - - 0.010 2 -
a4 C 55 0.175 - - 0.024 3
61 A 70 0.222 - - 0.039— 4~
61 A 50 0.159 - - 0.020 3
61 A 50 - 0.159 Z.60 0.413 8
61 A 30 0.095 - ‘- 0.007 1
61 A 30 0.095 - - 0.007 * 1
61 A 40 0.127 - - 0.013 2
61 A 60 0.190 - - 0.028 3
61 A 45 0.143 - - 0.016 2,
61 A 50 0.159 - - 0.020 3]
61 B 100 0.317 - N 0.079 5
61 B 75 0.238 - = 0.044 4
61 C 35 P 4 1565 1 s EENEE— - 0.010 2
61 C 45 0.143 - - 0.016 2
61 C 40 0.127 - - 0.013 2
61 C 4 40 0.127 - - 0.013 2
- 61 c 30 0.095 - - 0.007 1
61 C 50 0.159 = - 0.020 3
62 B 30 0.095 - .- 0.007 1
66 c 30 0.095 - - 0.007 1

»
Yy

Table 5.7 cont.
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FRACTURE X-RAY RESULT PESCRIPT;SN_QF FLAW INDICATION

SPECIMEN DIRECTION
12A 1 NDI .
12A 2 N1 - ' D
13A 1 NDI )
13A 2 NDI

—21A 1 NDI
21A 2 «5 NDI

. 28A D | NDI —-
24A 2 D 0.2 x 0.3 cm S .
25A 1- NDI
25A 2 D 0.2 cm dia. S, 0.05 «x Oéb cm S
32A 1 D 0.25 cm dia. GP p
32A 2 ) I 0.3 x 0.5¢cm S
33A 1 NDI
33A 2 NDI
42A 1 NDI '
42A 2 NDI
43A 1 D 0.2 cm dia. S . ,
43A 2 D 0.3 x0.3cm$S, 0.3 x0.5¢mS§S,
0.2 x0.2cm$S, 0.1 x0.2¢cm$S
62A 1 NDI . ’
62A 27 ND1
128 1 NDI
128 2 NDI
138 1 NDI
138 2 NDI
218 1 D 0.2 x 0.4 cm §
218 2 D 0.3 x 0.6 cm S
- 248 1 NDI .
248 2 D 0.3 x 0.6 cm §
258B. 1 NDI
258 2 - D 0.1 x0.3cmS, 0.5 x 0.5¢émsS,
0.2 cm dia. S, 0.05 x 0.2 cmiS

328 1 NDI
328 2 NDI -
338 1 NDI
338 2 NDI -
428 1 - D 0.1 x 0.4 GP
428 2 D 0.1 x 0.6 GP -
438 1 NDI -
438 2 NDI
628 1 NDI

Note: S = shrinkage defect \ ) -
GP = gas porosity defect

Table 5.8 Summary of flaws indicated in radiographic
inspection of fracture specimens.’
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FRACTURE X-RAY RESULT
SPECIMEN = DIRECTION

628
12C
12C
13C
13C
21C
21C
24C

24C

25C
25C
32C
32C
33C
33C
42C
42C

43C |

43C
62C
62C

Note:

RN =N N

~N

PO = N = PN = PN = PN = N\ s

S = shrinkage defect

NDI

NDI-

NDI

NDI ﬁQk

* GP = gas porosity defect

Table 5.8 cont.
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DESCRIPTION OF FLAW INDICATION

cm dia. S, 0.1 ¢m dia. GP,

6 cm S, 0.1 cm dia. S
0.2 cm dia. GP,

cm S, 0.1 x 0.2 cm S
cm S, 0.05 x 0.15 cm S
cm

w
)

0.2 cm dia. GP, 0.4 cm dia. GP



i

FLAW
TYPE

FLAW
DESCRIPTION

Circular

Rectangular, round ends

S1it, sharp ends

Multi-branched ]
rectangular, round ends

Multi-branched
slit, sharp ends

Circular inclusion

FLAW
PARAMETERS

O

—

i

} m
ot 1
Y ei /Z
branch (i + 1) g branch i
e

n.= total number of branches

wl
e
branch (i-+ 1) SNA branch i
§

n = total number of branches

, —+{(O-d 3

Table 5.9 Flaw types and their parameters observed
in microscopic inspection.
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FRACTURE FLAW _ FLAW FRACTOGRAPH ACTUAL -~ —

c SPEC IMEN 1.0. TYPE FLAW PARAMETERS FLAW PARAMETERS
NUMBER (cm) (mm)
128 1 1 d = 0.07 d = 0.02
128 2 2 w=0,05 1=0.16 w=0,02 1=0.05
128 3 3 w=0.04 1=0.5 w=001 1=0.18
128 4 2 w=20.17 1=0.31 w=0.06 1=0.10
128 5 1 d-= 0,21 d = 0,07
128 6 3 w=0,03 1=0.215 w=0.01 1=0,07 -
128 7 1 d = 0.13 d = 0.04
128 8 2 w=10.,22 1= 0.53 w=0.07 1=0.18
128 g 1 d = 0.11 d = 0.04
128 10 1 d = 0.31 . d =0.10
128 11 2 w=20.,07 1=0.65 w=002 1=0.22
128 12 ° 2 w=0.23 1= 0.5 w=0,08 1=0.17
128 13 1 d = 0.06 d = 0.02
128 14 3 w=0.00 1=0.28 w =001 1= 0.09
* 128 15 1 d = 0,09 d = 0.03
12B 16 1 d = 0,11 d =0.04
128 17 \3 P w=0.11 1= 0.42 w=0.08 1=0.14
128 18 2 w=0,10 1=0.30 w=0.03 1=0.10
128 19 1 d = 0.10 d = 0.03
128 20 2 w=0.06 1=0.25 w=0.02 1= 0.08
128 21 1 d = 0.10 d =0.03
128 22 3 w=0,08 1=0.30 w=0.03 1=0.10
128 23 1 d = 0.10 d = 0.03
128 24 2- w=20.08 1=0.18 w=0.03 1= 0.06
128 25 1 d = 0.18 d = 0.06
128 26 3 w=20.05 1=0.3 w =0.02 1=0.11
128 27 3 w=0.09 1=0.30 w=0.03 1= 0.10
128 28 2 w=20.10 1= 0.5 w =0.03 1= 0.17
128 29 1 d = 0.10 d = 0.03
128 30 4 n =2 9 = 200 n =2 6 = 20°
Wy = 0,04 17 = 047 wp = 0.01 1) = 0.16
. — wp = 0.10 1, = 0.30 wp = 0,03 1, = 0.10
128 31 1 d“= 0.25 d"= 0.08
128 32 4 n=3 n =3
8, = 1209 6, = 40° 8; = 120° 8, = 40°
wp = 0.14 17 = 0.64 ™ wi = 0.05 1; = 0.21
Wy = 0.12 15 = 0.58 wp = 0.04 1, = 0.19
w3 = 0,14 13 = 0.70 w3 = 0.05 13 = 0.23
128 33 2 w=0,10 1= 0.35 wo=0.03 1= 0.12
128 34 3 w=0,03 1=0.15 w=0.01 1=0.05
128 35 2 w=0.10 1=0.24 w=0.03 1=0.08 ~
128 36 2 w=20.14 1=0.46 w=0.05 1= 0.15
128 37 1 d = 0.12 d = 0.04

Table 5.10 Details of flaws obtained from fractographs
of fracture specimens.

~
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| FRACTURE

SPECIMEN

128
128
128
128
128

13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
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13A
13A
13A
13A
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13A
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Table 5.10 cont,

N

FRACTOGRAPH

»

FLAW PARAMETERS

(cm)

0.10
0.07
0.12
0.09
0.06

notonounon

0.03 1
0.20
0.19
0.14
0.10
0.06
0.05
0.09
0.09
0.14
0.03
0.04 1
0.07

0.14
0.06 1
0.10

0.11 1
0.06 1
0.10

0.15 1
0.03 1
0.11

0.12

0.04 1
0.11

0.12 1
0.08

0.07 1
0.08 1
0.04 1
0.07

0.07 1
0.16

0.16

0.14 1
0.06 1
0.23

0.10 1

—
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FRACTURE
SPECIMEN

13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A

13A°

13A
13A
13A
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13A

13A
13A
-13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A
13A

FLAH
1.D.
NUMBER
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42
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a4
45
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= 0,05 1=0.20
= 0.10
= 0,16 ~
=005 1=0.27
=0.12 1=0.63
=007 1=0.24
=2 8, = 95°
= 0.08 1; = 0.30
= 0.07 1, = 0.23
= 0.11
=0.08 1=0.33
= 0.07
= 0,07
= 0.10
=3

= 110° 9, = 80°
=0.09 177= 0.27
= 0.05 1, = 0.13
= 0.07 13 = 0.1l
=0.07 17= 0.2
=0.07 ] =0.90
= 0.07 1= 0.52
=0.05 1=0.36
=0.04 1=0.18
= 0.27 -
= 0.13
=0.08 1=0.38
= 0.10 o
=0.10 1=0.18
= 0.25
= 0.12
= 0.10
= 0.11
=0.08 1 =0.2
= 0.10
=0,10 1 =0.2]
=2 91 = 900
= 0.05 1y = 0.19
= 0.09 1, = 0.20
= 0.07
=0.07 1=0.22
= 0.11
= 0.08
=0.08 1=0.17
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= 0003
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= 0.11
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FRACTURE FLAW FLAW FRACTOGRAPH J ACTUAL

SPECIMEN ~ I.D.  TYPE FLAW PARAMETERS FLAW PARAMETERS
o NUMBER (cm) (mm)
258 45 2 w=0.10 1 =0.23 w=0.04 1 =0.09
258 46 4 n =2 6y = 30° n=2 9; = 30°
wp = 0.07 1 =0.20 W, = 0.03 1) =0.08
- : Wy = 0.06 15 = 0.16 Wwp = 0.02 13 = 0.07
258 a7 2 W= 0,11 1%=0.29 W=0.04 172 0,12
258 48 1 d=0.10 d = 0.04
258 49 1 d = 0.06 d = 0.02
258 50 1 d = 0.06 d=0.02
258 51 1 d =0.11 d = 0.04
258 52 1 d = 0.09 ' d = 0.04
258 53, 1 d = 0.08 d = 0.03
258 54 1 d=0.14 d = 0.06
258 55 1 d = 0.12 d = 0.05 ‘
258 56 1 d = 0.06 d = 0.02
258 57 1 d=0.09 d = 0.04
258, 58 2 w=0.07 1 =021 w=0.03 1 =0.09
258 59 1 d = 0.09 d = 0.08
258 60 3 w=0.05 1 =0.17 w=0.02 1 =007
258 61 ! d = 0.10 d=0.04 -
o~ 258 62 3 Ww=0.06 1 =020 w=0.02 1 =0.08
258 63 2 . w=0.08 "1 =0.17 w=0.03 1 =0.07
258 64 2 w=0.05 1 =018 w=0.02 1 =0.07
258 65 1 ds= 0.07 d = 0.03
258 66 1 d=0.11 d = 0.04
- 258 67 2 - w=0.13 1 =0.24 Ww=0.05 1 =0.10
‘ 258 68 4 n=2 8 =120° n=2 8y = 120°
w; = 0,08 1) =0.23 w = 0.03 1] =0.10
. Wy = 0.08 15 = 0.15 Wy = 0.03 1, =0.06
258 69 1 d= 0.13 d°= 0.05
258 70 2 w=0.04 1 =0.8 Ww=0.02 1 =007
258 71 1 d=0.14 d = 0.06
258 72 2 w=0.07 1 =0.16 w=0.03 1 =007
258 73 3 w=0.04 1 =0.30 w=0.02 1 =0.12
258 74 2 w=0.06 1 =0.48 w=0.02 1 =0.2
258 75 2 w=0.15 1 =0.38 Ww=0.06 1 =0.16
258 76 1 d=0.15 ) d=0.08
258 .77 3 w=0.05 1 =0.34 w=10,02 120,14
258 78 2 w=0.17 1 =0.52 CWE0.07 1 =0.22
258 79 4 n=2 0y = 10° n=2 6; = 10°
w; = 0.14 1 =0.63 w = 0.06 1] =0.26
Wy = 0.15 15 = 0.59 Wy = 0.06 1, = 0.24
258 80 w=0.09 17=0.2 W= 0.04 1%=0.08
258 81 2 w=0.14 1 =0.45 w=0.06 1 =0.19
258 82 1 d = 0.16 d=0.07
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FRACTURE FLAW FLAW FRACTOGRAPH ACTLAL

SPECIMEN 1.D. . LYPE FLAW PARAMETERS FLAW PARATETERS
NUMBER (cm) (mm)

258 83 1 \d = 0,11 d = 0,04

258 84 1 d = 0.12 d = 0,05

258 85 2 w=0.10 1 =0.33 w=0.04 1 =0.14

258 86 3 w=0.05 1 =0.25 w=0.02 1 =0,10

258 87 1 d = 0.41 d = 0.17

258 88 2 w=0.,15 1 =0.31 w=0.06 1 =0.13

258 89 2 w=0.08 1=0,22 w=0.03 1 =0.09

258 90 1 d=0.22 d = 0.09

258 91 1 d=0.15 d = 0.06

258 92 3 w=0.10 1 =0.38 w=0.06 1=0,16

258 93 1 d=0.10 d = 0.04

258 94 1 d=0.17 d = 0.07

258 95 1 d=0.18 d = 0.07

258 96 2 w=0.08 1 =0.30 w=0.03 1 =0.12

258 97 1 d = 0.22 d=0.09

258 | 98 1 d=0.10 d = 0,04

258 99 4 n=2 8, = 700 n=2 9 = 700

Wl = 0.05 ]1 = 0,11 Wl = 0.02 ]1 = 0.04
wp = 0.06 15 = 0.13 W, = 0,02 15 =0.05

258 100 1 d"= 0.13 . d“= 0.05

258 101 2 w=0.09 1=0.,23 w=0.,06 1 =0.09

258 102° 2 w=0.08 1 =0.,12 w=0.02 1 =0.05

258 103 2 w=0.17 1 =0.47 w=0.07 1 =0.19

258 - 104 3 w=0,07 1 =0.62 w=0.03 1 =0.26

258 105 2 w=0.11 1 =0,18 w=0.08 1 =0,07

258 106 2 w=0.13 1 =0.20 w=0.05 1 =0.08

258 107 1 d=0.12 d =-0.05

258 108 1 d=0.08 d = 0.03

258 109 2 w=0.07 1 =0.15 w=0.03 1 =0.06

258 110 1 d=0.14 d = 0.06

258 111 3 w=0.06 1=0.30 w=0.02 1=0.12

258 112 1 d = 0.08 d = 0.03

258 113 3 w=0.,05 1=0,18 w=0.02 1 =0.07

258 114 2 w=0.,10 1 =0.23 w=0.06 1 =0.10

258 115 1 d=0.,10 d = 0.04

258 116 1 d=0.12 d = 0.05

258 117 3 w=0.06 1 =0.18 . w=0.02 1 =0.07

258 118 2 w=0.13 10,20 w=0.05 1 =0,08

258 119 1 d = 0.11 d = 0,04

258 120 1 d=0.12 d = 0.05

428 1 2 w=0.,10 1 =0.26 w=0.02 1 =0,04

428 2 2 w=0.17 1 =0.29 w=0,03 1=0,05
2 w=0.3 1 =0,54 w=0.06 1 =0.09

428 3

-
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FRACTURE FLAW FLAW FRACTOGRAPH ACTUAL

SPECIMEN 1.D. TYPE _ FLAW PARAMETERS FLAW PARAMETERS
o , NUMBER , (cm) (mm)
428 4 2 M= 0.07 1= 0.40 w=0.,01 1=0.07
428 5 2 w=0.08 1-=0.22 w=0.01 1=0.,04
428 6 2 W= 0.2 1=0.32 w=0,02 1 =0.05
428 7 2 w=0.07 1-=0.24 w=0.01 1=0.04
428 8 1 d = 0.17 d = 0.03
428 9 4 n =2 9, = 90° n =2 g, = 90°
\ Wy = 0.15 1] = 0.30 wp = 0.02 1) = 0,05
) - Wy = 0.09 15 = 0.33 Wy = 0,01 15 = 0.06
428 10 2 W= 0,10 1°= 0.9 W= 0.02 1% 0:16
428 11 4. 3 w=0.09 1-=0.3 w=0.01 1=0.06
428 12 £ 3 W= 0.3 1=0.45 W=0.02 1=0.08
428 13 3 w=0.08 1=0.27 w=0.,00 1=0.05
428 14 2 w=0,07 1=0.28 w=0.01 1=005
428 15 4 n=2 8 = 70° n=2 9, = 70°
B Wl = 0.14 ]1 = 0.69 Wl = (0,02 ]1 = 0,12
Wy = 0,12 15 = 0.28 Wy = 0.02 1, = 0.05
428 16 3 W= 0,06 1°= 0.25 w'= 0.01 1°= 0.04
428 - 17 2 w=0.08 1=0.30 w=0.00 1=0.05
428 18 1 d = 0.12 d = 0.02
428 - 19 1 d = 0.15 d = 0.02
428 20 2 w= 0,10 1=0.30 w=0.02 1=0.05
428 21 1 .d = 0.16 d = 0.03
428 22 2 w=0.7 1=0.3 d = 0.03 1=0.05
428 23 3 w= 0,08 1=0.42" w=0.010 1=0.07
- 428 24 1 d = 0.17 - d = 0.03
428 Y 25 1 d = 0.30 d = 0.05
428 26 3 w=0.07 1=0.48 w=0.01 1=0.08
428 27 2 w=0.30 1=0.58 Ww=0.05 1=0.10
428 28 2 w=0.1 1=0.20 w=10.,02 1=0.03
428 29 1 d = 0.14 d = 0.02
428 30 1 d = 0.19 d = 0.03
428 31 2 w=0.0 1=1.83 w=0,02 1=0.3]
428 32 1 d = 0.14 d = 0.02
428 33 2 w=0,09 1=0.26 w=0,01 1=0.,04
428 34 2 w=0.8 1=0.30 w=0.01 1=0.05
428 35 2 w=0,0 1=0.28 w=0.2 1=0.05
428 36 3 w=0,0 1=0.48 w=0,02 1=0.08
428 37 2 w=0.08 1=0.88 w=0.01 1=0.15
428 38 3 w=0.8 1=0.38 w=0.01 1=0.06
428 39 3 w=0.04 1=0.58 w=0.001 1=0.10
428 40 2 w =008 1=0.8 w=0,01 1=0.15
428 41 5 n =2 6; = 90° n=2 8, = 90°
Wp = 0.09 1j = 0.40 wp = 0.01 1 = 0,07
Wy = 0,07 1, = 0.26 wy = 0,01 1, = 0.04
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FRACTOGRAPH
FLAW PARAMETERS
(cm)
=0.11 1=0.31
=0.11 1 =0.27
= 0.11
= 0.13
= 0.11
=0.08, 1 =0.31
=0.04 1 = 0.50
=2 81 = 60°
= 0.08 1; = 0.35
=0:05 1z - 0.24
= 90% 8, = 90°
= 0.07 1; =0.23
= 0.07 1p = 0.13
= 0.07 13 = 0,10
=0.10 17= 0.64
= 0.15
=-0.18
= 0.24
=0.22 1 =0.48
= 0.32
= 0.64
=0.14 1 = 0.82
=0.24 1 = 0.8
= 0.25
=0.05 1=0.22
= 0,17
= 0.28
=0.05 1= 0,69
= 0.06 1.= 0.65
=0.13 1= 0.53
=0.13 1 =0.3
=0.08 1 = 0.63
= 0.28
=0.69 1 =2.18
=0.07 1 =0.36
= 0.30
=0.13 1=0.2
=0.10 1 = 0.56
=0.17 1= 0.40
=0.08 1=0,2
=0.04 1= 0.60
=0.07 1= 0.64~
=0.06 1 =0.54
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FRACTURE FLAW FLAW FRACTOGRAPH ACTUAL
SPECIMEN I.D. TYPE FLAW PARAMETERS FLAW PARAMETERS
o NUMBER (em) (mm)

43C 1 1 d=0.10 d = 0.02

43C 2 1 d = 0.08 d = 0.01

43C 3 1 d=0.16 d = 0.03

43C 4 2 w=0.39 1 =0.48 w=0.07 1 =0,08

43¢ 5 3 w=0.18 1 =0,71 w=0.03 1 =0,12

43C 6 2 w=0.23 1 =0.52 w=0.048 1 = 0,09

43C 7 3 'w=0.04 1 =0.28 w=0.01 1 = 0,05

43¢ 8 3 w=0,06 1 =0,27 ws=0.01 1 = 0,05

43C 9 3 w=0.06 1 =0.49 w=0.01 1 =0,08

43, 10 3 w=0.05 1 =0.27 w=0.01 1 =0,05

43C 11 1 d=0.12 A od=0.02

62A 1 2 w=0.12 1 =0,17 \ w=0.05 1 = 0,07

624 2 3 w=0.00 1 =0.26 w=0.02 1 =0.11

624 3 6 d = 0.44 d=0.18

62A 4 2 w=0.13 1 =0.30 w=0.05 1 =0.12

62A 5 2 w=0.28 1 =0.61 w=0.12 1 =0.25

62A 6 1 d=0.14 d = 0.06

624 7 6 d=0.76 d=0.3]

62A 8 2 w=0.10 1 =0.19 w=0.00 1 =0,08

62A 9 2 w=0.10 1 =0.14 w=0.008 1 = 0,06

62h 10 3 w=0.08 1 =0.32 w=0.03 1 =0,3

62A 11 1 d=0.12 d = 0.05

62A 12 3 w=0.07 1 =0,25- w=0.,03 1 =0,10

62A 13 3 w=0.07 1 =0.18 w=0.03 1 =0,07

62A 14 2 w=0.12 1 =0.26 w=0.05 1 =0.11

62A 15 2 w=0.10 1 =0.19 w=0.048 1 = 0,08

62A 16 1 d=0.15 d = 0.06

62A 17 2 w=0.,08 1 =0.19 w=0.,03 1 = 0,08

62A ' 18 1 d=0.13 d=0.05

62A ' 19 1 d=0.12 — d=0.05

62A 20 2 w=0.07 1 =0.23 w=0.03 1 =0.,10

62A 21 2 w=0.05 1 =0.,24 w=0.02 1 =0,10

62A 22 5 n=2 Gl = 900 n=2 ) 91 = 9(]0
wp = 0.06 1y =0.27 wp = 0,02 17 =0.11
Wy = 0.04 1p =0,29 Wy = 0,02 12 =0

62A 23 3 w=0.10 1°= 0.33 W= 0.04 1°= 0.14

62A -~ 24 6 d=0.35 d=0.15

62A 25 1 d = 0.08 d=0.03

62A 26 3 w=0.06 1 =0.39 w=0.,02 1 =0,16

62K 27 2 w=0.,08 1 =0.,27 w=0.03 1 =0.11

62A 28 2 w=0.11 1 =0.,24 w=0.04 1 =0,10

62A 29 3 w=0.06 1 =0.25 w=0.02 1 = 0,10

62A 30 3 w=0.08 1 =0.,48 w=0.,02 1 =020

4 v
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FRACTURE FLAW FLAW FRACTOGRAPH ACTUAL

SPECIMEN 1.D. TYPE FLAW PARAMETERS FLAW PARAMETERS
c NUMBER (cm) (mm)
\ t

62A 31 2 w=0.31 1 =0.50 w=0.13 1 =0.21
62A 32 3 w=0.,06 1 =0.30 w= 0.02 1 =0.12
62A 33 P | d= 0,14 ' d = 0.06
62A 34 3 w= 0.05 1%0.44 w= 0.02 1 =0.18
62A 35 2 w=0.00 1 =0.22 w= 0,03 1 =0.09
62A 36 1 d = 0.12 d = 0.05
62A 37 2 w=0.10 1=0.30 w= 0.0 1 =0.12
62A 38 3 w=0.12 1 =0.34 w=0.05 1 =0,14
62A 39 1 d = 0.15 d = 0.06
62A 40 1 d =70.16 d = 0.07
62A 41 1 -d = 0.08 d = 0.03
62A 42 1 d = 0.09 d = 0.04
62A 43 2 w=0.08 1 =0.24 w= 0,03 1 =0.10
62A 44 1 d = 0.11 d=0.05
62A 45 2 w=0.07- 1 =0.18 w= 0,03 1 =0.07
62A 46 3 w=0.50 1 =4.,25 w=0.09 1 =0,81
62A 47 3 w=0.05 1 =0.51 w=0.02 1 =0,21
62A 48 3 w=0.07 1 =0.34 w= 0,03 1 =0.,14
62A 49 6 d= 0.42 d = 0.17
62A 50 2 w=0.14 1 =0.70 w= 0,06 1 =0.29
62A 51 2 w=0.15 1 =0.24 w= 0,06 1 =0.10"
62A 52 2 w=0.10 1 =0.34 w=0.04 1 =0,14"
62A . 53 2 w=0.09 1 =0.30 w=0.04 1 =0.12

U“ 62A 54 2 w= 0,14 1 =0.,61 w=0.06 1 =0.25

h Table 5.10 cont.
<
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FRACTURE FRACTOGRAPH CONVERSION
SPECIMEN MAGNIFICATION FACTOR
(mm/cm)
12B 30 X 0.333
13A 24 X 0.417
258 24 X ° 0.417
428 58 X 0.172 ‘
43C 58 X 0.172
62A -, 28X 0.417
] {
~ T Table 5.11 Conversion factors for fractographic
7 overviews of fracture surfaces.
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SAMPLE

CONSTITUENT 11 23 2 34 2 66
ELEMENT - . ,
ALUMINUM 0.034% _ 0.036%  0.036%  0.036%  0.034%  0.041%
CARBON 0.39%  0.38%  0.31%  0.39% \_0.38%  0.36%
CHROMIUM 0.86%  0.85%  0.85%  0.86%  0.85%  0.85%
COPPER 0.14%  0.13% 0.3 0.4 0% 0.13% N
. MANGANESE 0.812  0.79%  0.76%  0.80% 0%  0.77%
MOLYBDENUM - 0.214  0.21%  0.206  0.21%  0.22%  0.21%
 NICKEL - 1.89%  1.81%  1.83% 1.86%  1.84%  1.83%
PHOSPHORUS © 0.021%  0.024%  0.018%  0.022%  0.019%  0.021%
SILICON 0.5  0.53%  0.50%  0.55%  0.53%  0.51%
SULPHUR 0.024%  0.029%  0.016%  0.026%  0.023%  0.022%

Table 5:12 Chemical composition at six Tocations
in cast ring gear.
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CONSTITUENT MINIMUM COMPOSITION MAXIMUM COMPOSITION % VARIATION

ELEMENT SAMPLE % COMP. SAMPLE % COMP.  Max.-Min. x 100
BLOCK(S) BY WEIGHT BLOCK(S)  BY WEIGHT T Max.
ALUMINUM 11,44 0.034 66 0.041 22.7
CARBON 24 0.31 11,34 0.39 20.5
CHROMIUM 23,24 ,44,66 0.85 11,34 0.86 1.1
COPPER 23,2466 0.13 11,34,44  0.14 7.1
MANGANE SE 24 0.76 11 0.8 6.2
MOLYBDENUM 24 0.20 T 0.22 9.1
NICKEL 23 1.81 B! 1.89 4.2
PHOSPHORUS 24 0.018 23 0.024, 25.0
SILICON 24 0.50 34 0.55 . 9.1
SULPHUR 24 -~ 0.016 23 0.029 44.8
©

Table 5.13 Maximum and minimuii chemical composition
for elements investigated.
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BLOCK X-RAY
SIZE DIRECTION 1 DIRECTION 2 X-RAY QREA BLOCKS PER
CATEGORY  AREA (cm®) AREA (cm¢) (cme)

1 196.0
2 252.8
3 272.3

Table 5.14

U,

X-RAY SINGLE BLOCK  NUMBER OF
CATEGORY
231.0 427.0 11
262.3 515.1 5
272.3 544,6 4
TOTAL
CATEGORY
AREA

Radiographic inpsection area for
block size categories 1, 2 and 3.

218

\
CATEGORY

ARE
(cmé)

4,697.0
2,575.5
2,178.4

9,450.9



. BLOCK X-RAY
IDENTIFICATION  DIRECTION 1
NUMBER AREA (cm?2)
23 267.3
23L 251.0
64 115.5
66 155.0
67 213.2

Table 5.15 Radiographic inspectioﬁ area of steel
sample blocks not conforming to three

DIRECTION 2
AREA (cm?)

X~-RAY

198.9
151.5
270.5
231.0
204.4

size categories.

219

X-RAY
DIRECTION 3
AREA (cm?)

TOTAL
BLOCK
AREA

TOTAL
AREA PER

BLOCK (cm?)

.

466.2
525.1
386.0
386.0
417.6

2,180.9



RADIOGRAPHIC NUMBER ‘ PROBABILITY*

INSPECTION OF FLAW OF
FLAW TYPE INDICATIONS OCCURRENCE
1 2 1.72 x 1074
2 8 6.88 x 10-4
3 25 2.15 x 1073
3 11 9.46 x 10-4
5 9 7.74 x 1074

* probability ‘calculated on the basis of 11,632 unit
argas radiographically inspected,

i

Table 5.16 Probabi]fty of occurrence of radiographic
’ inspection flaw types.
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BLOCK ULTRASONIC INSPECTION SINGLE BLOCK NUMBER OF AREA INSPECTED

SIZE FACE AREA (cmé) ULT. INS BLOCKS PER ~  PER CAJEGORY
CATEGORY A B C AREA( (cm CATEGORY (em€)
1 196.0  231.0  231.0 658.0 11 7,238.0
2 252.8  262.3  262.3 777.4 5 " 3,887.0
3 272.3  272.3  272.3 816.9 . 4 3,267.6
o TOTAL )
CATEGORY  14,392.6
AREA

Table 5.17 Ultrasonic inspection area for block
size categorles 1, 2, and 3.




BLOCK " ULTRASONIC INSPECTION ' TOTAL i

IDENTIFICATION FACE AREA (cm?) AREA PER
NUMBER A B C D E BLOCK (mm2)
23 267.3 198.9 200.1 - - 666 .3
64 115.5 270.6 135.3 - - 521.4
66 155.0 231.0 155.0 - - 541.0
67 213.2 204.4 213.2 - - 630.8
23L, 249.6 - 165.7 251.0 151.5 817.8
o o . TOTAL
BLOCK 3,177.3
AREA
’
Table 5.18 Ultrasonic Inspection area of steel sample blocks
not conforming to three size categories. ,j
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ULTRASONIC NUMBER PROBABILITY™

INSPECTION OF FLAW OF

FLAW TYPE INDICATIONS OCCURRENCE
1 47 2.67 x 10-3
2 84 4.78 x 1073
3 73 4.15 x 10-3
4 37 2.10 x 1073
5 17 9.68 x 10-4
6 - 26 1.48 x 1073
7 11 6.26 x 10-4

-4

8 . o1 6.26 x 10

Pfobability calculated on the basis of 17,570
¥ unit areas ultrasonically 1inspected. .
3

Table 5.19 Probability of occurrence of ultrasonic
inspection flaw types. .

©
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( ” FLAW*
TYPE

RAD 1
ULT 4

RAD 2
ULT

($4]

RAD
ULT

RAD
ULT

~ O W

RAD
ULT

coo,m

*
RAD
’ ULT

Note:

PROBABILITY OF
OCCURRENCE FROM

PROBABILITY OF
OCCURRENCE FROM

RADIOGRAPHIC INSPECTION ULTRASONIC INSPECTION

1,72

6.88 x

2.15 x

9,46 x

7.74 X

4 ou

o

10-4

10-4

10-3

2.10 x 103
1 9.68 x 10-4
1.48 x 10-3
6.26 x 10~4

6.26 x 10-%

RADIOGRAPHIC INSPECTION DEFECT TYPE.
ULTRASONIC INSPECTION DEFECT TYPE

%
VARIATION
1,120
41
31

34

19

% VARIATION is calculated with radiographic inspection
probability assumed as true value., -

Table 5.20 Comparison of probability of occurrence of

the five common defect types.
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FRACTURE FRACTOGRAPH FRACTOGRAPH CONVERSION
SPECIMEN MAGNIF ICATION SURFACE _AREA FACTOR
(cme) (mmé/em©)
128 30X 81.6 0.1110
13A 24X Co 185.4 0.1740
258 24X 167.0 0.1740
428 - 58X ~ 161.5 0.G296 ,
43C 58X 81.3 0.0296 /
62A 28X 81.3 - 0.1740
- - TOTAL
, ACTUAL
- . - AREA

Table 5.21 Surface area investigated to construct
- microscopic inspection defect histogram,
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ACTUAL

9.06
32.30
29.00

4.78

2.41
14.10

91.70

A




&

MICROSCOPIC NUMBER
INSPECTION OF FLAW
FLAW TYPE INDICATIONS
153
2 143
3 90
4 17
4
6 4

* Probability calculated on the basis of 917 unit

areas viewed under the SEM,

Table 5.22 Probability of occurrence of mic}oscopic

inspection flaw types,
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PROBABILITY*
OF

OCCURRENCE

1.67
1.56
9.80
1.80
4.00
4.00

x 1071
x 10-1
x 1072
x 10-2

x 1073/

x 10-

TN

-
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RADIOGRAPHIC  ULTRASONIC  COMBINED

INSPECTION INSPECTION  HISTOGRAM  AND PARAMETERS
FLAW TYPE FLAW TYPE FLAW TYPE
- 1 1 circular, d
- 2 2 circular, d
- i 3 ciruclar, d
1 4 4 circular, d
.2 5 5 circular, d
3 6 6 circular, d
4 7 y rectangular

round ends, w, 1

* Circular: —()—d
Rectangular round ends: () Iw
| F—T1—

FLAW DESCRIPTIQN

rectangular
round ends, w, 1

FLAW
PARAMETER
RANGE (cm)

d

< 0.10

0.1 ¢ d <0.15

0.15 ¢ d < 0.2

0.2

0.3

$ d<0.3

N IA

IN AN

A A

d

< 0.4

AN
o oo
L ]
(8, [o oS,

/A

Table 5.23 Combined defect histogram flaw types
and their probability of occurrence,

=

COMBINED HISTOGRAM

PROBABILITY Or

OCCURRENCE
2.67 x 10°3
4.78 x 10-3
4.15 x 10°3
2.10 x 10-3
9.68 x 10~%.
2.15 x 10~3
9.46 x 1974
7.74 x 1072



RADIOGRAPHIC
INSPECTION
FLAW TYPE

N W N

# FLAWS
RECORDED
X-RAY DIR, 1

N W s O O

# FLAWS
RECORDED
X-RAY DIR. 2

Table 5;24 Number of flaws recorded in the

two X-ray directions.



ULTRASONIC # FLAWS # FLAWS - # FLAWS

INSPECTION  _ RECORDED RECORDED RECORDED
FLAW TYPE FROM FACE ‘A FROM FACE B -FROM FACE C
1. 23 14 10
2 _ 42 17 25
3 38 15 20
4 23 8 6
5 5 12 0
6 4 8 14
7 - 0 3 . 8
8 3. g 0

b

Table 5.25 Number of flaws recorded in the three
ultrasonic inspection directions.
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COMB INED RADIOGRAPHIC INSPECTION ULTRASONIC INSPECTION

HISTOGRAM_ RESULTS RESULTS
FLAW TYPE® % DIRECTION % DIRECTION % DIRECTION % DIRECTION % DIRECTION
1 FLAWS 2 FLAWS 1 FLAWS 2 FLAWS 3 FLAWS
1 - - 48.9 29.8 21.3
2 - - 50.0 20.2 29.8
3 - - 52.0 20.6 27.4
4 0 100.0 62.2 21.6 16.2
‘5 0 100.0 29.4 " 70.6 0
, 6 16.0 84.0 15.4 30.8 . 53.8
7 21.3 72.7 0 27.3 72.7
8 25.0 75.0 27.3 72.7 0

Table 5.26 Directional distribution of flaw types.

(
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Heat

Heat

4

1.

APPENDIX A
CAST STEEL SAMPLE BLOCKS HEAT TREATMENT DETAILS

Treatment Descriptions - Normalize ‘and temper 25 cast steel BB225
sample blocks.

Treatment:

Charge into cold furnace (one of the two pit furnaces at shop #1).
Load in 2 or 3 batches.

Heat at a rate of 100°F/hour maximum up to 1,650CF

Soak for 7 hours at 1,650 25°F, A
Air cool to room temperature. ‘
Charge 1nto cold furnace (shop #1).

Heat at a rate of 1009F/hour up to 1,200°E.

Soak for 10 hours at 1,200 25°F, e

Air cool to room temperature.



APPENDIX B

LOCATION AND ORIENTATION OF THE FRACTURE SPECIMENS
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Fig. B.1 Sample block 12 fracture specimens,
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Fig. B,2 Sample block 13 fracture specimens.
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Fig. B.5 Sample block 25 fracturé&specimens,
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Fig. B.7 Sampie block 33 fracture specimens.
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Fig. B.8 Sample block 42 fracture specimens,
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APPENDIX C

i

STEP-BY-STEP FRACTURE TEST PROCEDURE

In the following procedure, it is assumed that the static and

dynamic calibrations have been performed for all the electronic modules

in agreement with the relevant procedures as described in the MTS

reference manual., With reference to Figs., 4.24 through 4.27, the

fracture test procedure reads as fol lows:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

——
Turn the POWER switch of the 436 CONTROL UNIT to the on

position,

Turn on the PDP 11/04 COMPUTER CONSOLE, the TEKTRONIX 410
GRAPHICS DISPLAY MONITOR, /Ehe DIGITAL DECWRITER, and the
TEKTRONIX HARD COPY UNIT. !

Place the HALT/CONT sm‘i:ch on the PDP 11/04 COMPUTER CONSOLE

to the CONT position.

Mount the floppy disk containing the program PULTIM in DRIVE O

of the DISK DRIVE unit,

Press the BOOT/INIT switch on the PDP 11/04 COMPUTER CONSOLE

to the INIT position, then release it,

Verify that the LINE/LOCAL switch of the TEKTRONIX 410
GRAPHICS DISPLAY MONITOR is in the LINE position.

"
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Step

Step

Step

Step

Step

Step

‘Step

Step

Step

10:

11:

12:

13:

14:

{
15:--Adjust the ZERO dial on the DC LOAD CONDITIONER to 500.

Type "DX" on the TEKTRONIX GRAPHICS DISPLAY MORITOR keyboard.

Type in the current date. (The date must be input in the
following form: "“DATE 02-FEB-86",)

~

Type "R BASIC".

Type "A" in response to the star. This loads all of the
optional functions into the PDP 11/04. Type "N" in response
to "DIAGNOSTICS?" if the hardware diagnostics are not

required.

When "USER FNS LOADED" is displayed on the TEKTRONIX GRAPHICS
DISPLAY MONITOR fol1lowed by "READY“M, load the c‘ontrol 1ing
program .PULTIM by typing "OLD PULT1M", The program is ceady.
tohrun when the "READY" signal is displayed.

'Y

Turn on the cooling water supply of the HYDRAULIC PRkSSURE
N . i -
SUPPLY (HPS). E ‘

Turn on the power of the HPS.

h Yoo
Move the ERROR SWITCH of the 442 CONTROLLER into the D.C.
ERROR POSITION. '



C

_s—

Step 16:

A

Step 17:

P

Step 18:

Step 19:

.Step 20:

Step 21:

Step. 22:

Select RANGE 1 on the D.C. LOAD CONDITIONER.

-

Select 100% STROKE CONTROL by depressing the STROKEt% FS
button on the 442 CONTROLLER and selecting RANGE 1 on the A.C.

STROKE CONDITIONER.

Adjust the SET POINT dial on the 442 CONTROLLER to null the
0.C. ERROR METER. (THIS ENSURES NO DRIVE SIGNAL IS SENT TO
THE SkRVOVALVES WHICH CONTROL THE HYDRAULIC FLUID FLOW OF THE
ACTUATOR. THIS STEP MUST ?E FOLLOWED EVERY TIME THE HYDRAULIC
SYSTEM IS ACTIVATED,) Press the INTERLOCK REStT button on the

442 CONTROLLER.

Depress the LOW button on the 436 CONTROL UNIT to activate the

HPS LOW PRESSURE. ' ,

8§

Depress the HIGH button on the 436 CONTROL UNIT to activate

the HPS HIGH PRESSURE.
Select a 1 Hz sine wave on the 436 CONTROL UNIT.

Adjust SPAN 1 on the 442 CONTROLLER‘fo 0. Depress the RUN
button én the 436 CONTROL UNIT and slowly increase the SPAN 1
dial to 100. Let the hydraulic system warm up for 30 minutes.,
If the SPAN 1 cannot be increased to 100 without the lower
grip contacting the upper grip, then tﬁe crosshead must be

raised, To raise the crosshead execute Steps 33 through 37




Step 23:

Step 24:

Step 25:

k|

Step 26:
Step’ 27:
Step 28:
Step 29:

Step 30:

Step 31:

Step 32:
§

and proceed to step 23, S )

Return the SPAN 1 dial to 0 and depress the STOP switch on the
436 CONTROL UNIT.

Press the LOW button to move the HPS to low pressure.

Turn the HPS off by depressini the HYD OFF button on the 436
CONTROL UNIT.

At

Adjust the ZERO dial on the A.C. STROKE CONDITIONER to 500.
Ensure RANGE 1 is selected on the A,C. STROKE CONDITIONER.
Adjust the SET POINT to null the D.C. ERROR METER.

Depress the INTERLOCK RESET button on the 442 CONTROLLER,

<

Activate the HPS low pressure by depressing the LOW button on
the 436 CONTROL UNIT.

Activate the HPS high pressure by depressing the HIGH button
on the 436 CONTROL UNIT. o

"v-f."/m 5

Adjust the SET POINT to 500. (The stroke, as indicatéed

through input 3 of the DIGITAL DISPLAY, should read 0.00;

otherwise, the servovalve electronic balance procedure must be

245
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Step

40:

followed.)

Close the UP and DOWN hand va]yes on the CROSSHEAD LIFT

CONTROL MANIFOLD.
Switch the CROSSHEAD LOCK control to the UNLOCK POSITION.

Wait at least 5 seconds to allow the hydraulic fluid in the

HYDRAULIC LOCKS to return to a condition of zero pressure.

s

Open the UP hand valve to move the CROSSHEAD up so that the

_ UPPER GRIP is sufficiently far away from the LOWER GRIP to

facilitate specimen mounting. Once the CROSSHEAD is at the

appropriate height, close the UP hand valve,

Switch the CROSSHEAD LOCK CONTROL to the LOCK POSITION.

< m

VR s

™
»

Open the' UPPER GRIP RELEASE valve on thé "HYDRAULIC GRIP

PRESSURE SUPPLY CONSOLE, leave open for approximately 5

seconds then close. This ensures the grip is fully open,

Insert the specimen into the UPPER GRIP with at least 3.0 cm

of the specimen in the grip.

Open the UPPER GRIP PRESSURE VALVE, 1leave open for

approximately 10 seconds then close.
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Step 41: Select INPUT 1 on the 430 DIGITAL DISPLAY to determine if the

LOAD CELL is zeroed. If the readout is not 0,00, the load

cell must be zeroed following the procedure in Step 42, If

the LOAD CELL is already zeroed, select INPUT 3 on'the 430

\

" DIGITAL DISPLAY, turn the HPS qff, and proceed to Step 43,

Step 42: Zero the LOAD CELL using the following -procedure:

a)

i)

?tep 43: With the HPS off, select 10% STROKE CONTROL by pressing"the

Return the HPS to LOW pressure.

Turn the HPS off,

Select LOAD*% FS range on the 442 CONTROLLER.

Note the setting of GAIN 1 on the FEEDBACK SELECTOR.
Turn GAIN 1 to maximum.

Reduce the commands of the SPAN controls to O,

Adjust the SET POINT to 500.

Adjust the ZERO dial on the D.C. LOAD CONDITIONER to
zero the digital readout while monitoring 1nput 1.
Return GAIN 1 on the FEEBACK SELECTOR to 1ts initial
setting.

Select INPUT 3 on the 430 DIGITAL DISPLAY. \
\

STROKE+% FS button on the 442 CONTROLLER and selecting RANGE

4 on the AC STROKE CONDITIONER.
Step 44: Adjust the SET POINT to null the D.C. ERROR METER.

Step 45: Depress the INTERLOCK RESET button,

i
!
1
- J
|
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Step
Step

Step

Step

Step

Step

Step

Step
J

Step

48:

49:

50:

51:

52:

53:

54:

Activate the HPS LOW pressure.

Activate the HPS HIGH pressure.

Adjust the SET POINT so that the STROKE readcut (INPUT 3 on
the DIGITAL DISPLAY) is 0.00. The SET POINT should indicate

500.

Open the LOWER GRIP RELEASE VALVE on the HYDRAULIC GRIP

PRESSURE SUPPLY CONSOLE, leave open for approximately 5

seconds to fully open the grip, then close.

Switch the CROSSHEAD LOCK CONTROL to the UNLOCK position.

Open the DOWN hand valve to lower the crosshead so that at

least 3.0 cm of the specimen will be din the lower grip.

-

Switch the CROSSHEAD LOCK control to the LOCK POSITION.

Close the LOWER GRIP By opening the LOWER GRIP PRESSURE VALVE
on the HYDRAULIC PRESSURE CONTROL CONSOLE, leave open for
approximately 5 seconds to ensuréﬁhefgripis fully closed,

then close the valve,

Return the HPS to low pressure then off-
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Step 55:

Step 56:

Step 57:

Step 58:

Step 59:

Step 60:

Step 61:

Step 62:

Step 63:

Move the system into 100% LOAD CONTROL by pressing the LOAD
+#4FS RANGE button on the 442 CONTROLLER.

Be sure the D.C. ERROR METER is nulled and press the INTERLOCK

RESET button.
Select INPUT 1 on the 430 DIGITAL DISPLAY.
Activate low, then high pressure of the HPS.

Open the ALIGNMENT RELEASE VALVE for 5 seconds then close. ,

L

N

Slowly apply an alternating tension-compression 1 kN load to
the specimen by adjusting the SET POINT and monitoring INPUT 1

on the DIGITAL DISPLAY (1kN = 0.10 volts).

Open the ALIGNMENT PRESSURE VALVE with the 1kN tensile load

applied. Leave open for 5 seconds then close.

Adjust the load back to 0 by turning the SET POINT while

monitoring INPUT 1 of the DIGITAL DISPLAY.
Return the HPS TO LOW pressure then off.
Select 10% STROKE CONTROL by depressing the STROKE#% FS button

on the 442 CONTROLLER and selecting RANGE 4 on the A.C. STROKE
CONDITIONER. Select INPUT 3 on the DIGITAL DISPLAY. If the
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Step 65:

Step 66:

Step 67:

Step 68:

readout is not 0.00, the STROKE TRANSDUCER must be zeroed
following the procedure in Step 65. If the STROKE TRANSDUCER

is zeroed then proceed to Step 66.

Zero the STROKE TRANSDUCER in the following manner:

a) With the system in 10% STROKE CONTROL, note the setting
of GAIN 3 on the FEEDBACK SELECTOR, then adjust to
maximum gain, ,

b) Reduce the SPAN controls on the 442 CONTROLLER to 0.

¢) Adjust the SET POINT to 500.

d) Adjust the ZERO control on the A.C. STROKE CONDITIONER
to ZERO the STROKE readout. (INPUT 3 on the DILIGITAL
DISPLAY).

e) Return GAIN 3 back to its initial value.

Adjust the UPPER and LOWER STROKE LIMITS on the LIMTT DETECTOR
to 800 and select the INTERLOCK positidn of the STROKE
INTERLOCK/INDICATE/PROGRAM toggle switch., Also, move the

(\\

STROKE UPPER POLARITY toggle switch to the +VE position. Move

the STROKE LOWER POLARITY toggle switch to the -VE position,
Move the REMOTE/LOCAL switch on the FEEDBACK SELECTOR to thé
REMOTE position and verify that all the FEEDBACK SELECTOR

GAINS are back to their initial values,

Depress the INTERLOCK RESET button.

250



Step 73:

Step 74:

Activate the HPS LOW pressure.

Activate the HPS HIGH pressure,

w1tp the HPS in the high pressure mode, adjust the SET POINT
to 500 to zero the STROKE readout indicated on the DIGITAL
DISPLAY.

Select INPUT 1 on the DIGITAL READOUT. With full hydraulic
pressure applied, the SET POINT at 500, and the SPAN controls

ag_O;madjust the ZERC on the A.C. STROKE CONDITIONER to ZERO

the LOAD on the specimen as indicated by the INPUT 1 readout.
This will not affect the zero of the STROKE transducer as long

as the HPS is activated.

Select INPUT 3 on the DIGITAL DISPLAY.

Record the initial stroke readings in terms of the STROKE
TRANSDUCER output voltage (INPUT 1 of the DIGITAL DISPLAY) and

the actual physical position.

Type "RUN" on the TEKTRONIX GRAPHICS MONITOR KEYBOARD to

ihitiate execution of PULTIM.

When the test is completed record the final stroke position of

the lower grip and the output of the STROKE TRANSDUCER.

Return the HPS to LOW pressure,
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Step 78:

Step

Step

Step

Step

Step

Step

Step

Step

Step

79:

80:

81:

82:

83:

84:

85:

86:

87:

-

Depress the STOP button on the 436 CONTROL UNIT.

Turn off the HPS.

Retd}n the REMOTE/LOCAL switch on the FEEDBACK SELECTOR to the

LOCAL position.

Select 100% STROKE CONTROL by depressing the STROKE*% FS
button on the 442 controller and selecting RANGE 1 on the A.C.

STROKE CONDITIONER.

Adjust the SET POINT to null the D.C. ERROR METER and depress

the INTERLOCK RESET button.

Set SPAN 1 TO O.

Activate LOW pressure of the HPS, Activate HIGH preésure of

the HPS.

Increase the SET POINT to move the LOWER GRIP down,

Open the HEAD ALIGNMENT RELEASE VALVE, leave open for

approximately 5 seconds, then close.

Open the LOWER GRIP RELEASE VALVE and remove the lower half of

the fractured specimen then close the valve,

252



Step 88: Open the UPPER GRIP RELEASE VALVE and remove the upper half of
the fractured specimen then close the valve.

Step 89: Turn off the HPS., If another test is to be performed then
return back to Step 26. Otherwise turn off the HPS power and

cooling water and proceed to Step 90.

Step 90: Remove the floppy disk from the disk Hrive. Turn off the

components listed in Step 2.

W hn
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APPENDIX D

MTS CONTROL PROGRAM PULT1M AND INTERACTIVE TEST OUTPUT

D.1 MTS CONTROL PROGRAM.

“ULTIM OQ3-FER-86 MTS BASIC VOLE-02U

tO COMMON R1€400) 1RI(400) rK3(400),L03,E0%r508sAVS U0 GOy T LBy TLrH59% 01
20 COHMON DO/R9

100
t10
t20
v30
140
tS0
140
170
{80
190
200
210
220
130
'31
135
241
242
'3
245
*6H0
M0
280
%0
100
{10
320
330
140
360
170
420
130
160
170
300
310
120
330
240
350
160
370
570
580
590
7200
710
720
‘50

PRINT *THIS FROGRAM DEFORMS A TEST ITEM IN LCAD OR STRURF CONTROL®

FRINT *FROM AN INITIAL LOAD Ok STRONE OF ZERO TU A MAXIMUM LOAD °
FRINT °*OR SThOKE SELECTEL BY THE OFERATOR ( UF TO FULL SCALL 1.0OAKS
FRINT *"ORh STRORE ) IN A TIME SFECIFIED BY THE OFERATOW.®

FRINT *THROUGHOUT THE TEST + LOAD AND STRONE DATA FOINTS®

PRINT °"ARE STORED, AT THE CONCLUSION OQF THE TEST» THLC STUht D DATA®
PRINT *FOINTS ARE PRINTED IN A TABLE: LOAD FOINTS ARE DIVIDED hv®
FRINT *SPECIMEN AREA AND DISFLAYED IN UNITS OF STRESS. THE OFLKATH S
FRINT °"MAY REQUEST THAT THE DATA KE STORED ON DISK AND HE HAL Mk °
FRINT *OPTION TO CHAIN THIS I"ROGRAM TO THE GRAVHIC FROGRAM UL T. "
PRINT "WHICH WILL FERFORM A DETAILED ANALYSIS OF THC DATN ORIYN-f0 "
PRINT "IN THIS FROGhRAM, "\FRINT \FRINT

PRINT “xxxxxx SHOULD YOU FREFER NOT LHAINING WITH "FULTZY PXXAENS
PRINT "XXk¥kX¥ BE SUKE YOU REQUEST STOUKING OF THL Dinfn. [ X2 £ A
PRINT “doxiokxx [ FURTHER ANALYSIS IS REQUIKRLD IR RA SIS

Q1$-°STILL HAS AN OFUSLT OF *\FRINT
FRINT *YOU HAY TURN ON THL HYDKRAULICS» ZERU THO STRONL®
FRINT *TRANSDUGCKRy MOUNT SFECIMEN TN UMFLK Ukl y ZPRO THRE®
FRINT *LOAD CELI» AND €I AME SFECIAEN LN LUWE L Gildl®

FRINT M RINT *TURN ON HARD TOF ¢ DHITL A0 LR NGOSUB S 00
DIl 203 -

FRINT *FNTER DATE OF TEST (OAY-MONTH-YUARY * 7 NINFUT L
FRINT *DATE IS *sD0%i". IS THAT CORKRLLT (YCGH-NOJ iNINLDT Qb
IF S °*YES® THEN IF 9%  °*NU® THCH 2080

IF S$="NO® THEN 270

FRINT *D0 YOU FAEFER 10 CONDUCT T 1EST [ SThULE LCUNTROL*SNINFL: M3
IF M$  *NO°* THEN IF ™MB  "YL9® JHUtE ~1ONIE &3 2%y 3% THEN LU o9
LOS="KNH"

FRINT *ENTER LOAD RANGE (IN KN)*3NEINFUT L

SO =*MM \EO$ =" MM/MM®

PRINT "ENTER STRORNL RANGE (IN MM.) * NINFUT S1

PRINT *ENTER NOTCH ARED (LQUAKE MM "iNINEUT DO

A0S ="50.M. *\AL -L0/1,V0000E 06

FRINT NPRINT *TIME MAY RANGE FRUM ©.L TO 2047 Sil,

S$=° STRONE *NIF M$:"NO" THEN MSWL(0) H%=* LOAD *

PRINT *ENTER TIME FOR RAME FRUM O TU MAX*#S3%*(SELY*3NINFHDL 11
T=INT(T1/200%100)\IF M%=°"NO" THEN MSW1(V)

C(1)=INTCA09S/(2XTL) INTL=4095/2/0(1) .

IF C(1) =1 THEN .50

FRINT *RAMF TIME T0O LONG*\GO TO 460

IF C(1) 4096 THEN 570

FRINT *KAMF TIME 100 SHORT*N\GU TO 4460

FRINT "RAMF TIME WILL BE®;3 715 °*SECONUS*®

FRINT \FRINT *PLEASE ZERU ALL TRANSHUCERS AT 1HIS TIME®

PRINT °*TO ASSIST YOU IN LOING THIS 1 WILL tRINT LOAM AND ®

FRINT °*STROKRE ABOUT EVERY SECOND FOh 10 SELONDS®

PRINT \IRINT * LOAL*," STRONE"

FRINT ° (VOLTS)*,® (VOLTS) "

FOR 1=1 10 10

DACUCOrZ1v0 s O \DAEQ(O 237 2v0)
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740
730
770
780
790
810
820
860
870
890
900
?10
920
©30
940
250
?70
980
990
1000
1010
1030
1070
1075
1080
1090
1100
1110
1120
113C
1140
1150
1170
L1200
1210
t21t
1212
1213
1216
1218
1220
1230
1240
1290
1300
1310
1320
1330
1340
1350
1370
1380
1385
1390
1410
1420
1430
1440
1450
1460
1470
1480
1520
1340
'S570
1570

PRINT Z1%10/2047+Z3k10/2047

FOR J=1 TO 1000\NEXT J\NEXT [

PRINT "WOULD YOU LIKE 10 TKY THAT AGALIN (YES-NO) °iNINFUt $%

IF S$=*YES* THEN 700

IF ARS(Z1) -20 THEN GOSUR 8000\Z1=.3

IF ABS(Z3) 20 THEN GOSUR 8020N\Z1=.%5

IF Z1 .S THEN 890

FRINT °"ARE YOU SURE YOU WANT TO START TESTING (YES-NOQ) *iNINFUT 4B
IF S$=°"NO* THEN 700\IF S% °"YES" THEN 840

F1=2047\1F M3$=°"YES*®* THEN GOSUB 7020\M1i-=\GO IO ¢ 30 -
FRINT *"D00 YOU WANT THE RAMP TO STUF HEFURE 7% LOADTININEUT 9%

IF S% °NO® THEN FRINT "INFUT MAX LUAD (RN TENIRFUT FINFL 20471 871
PRINT ‘PUSH *RUN®* SWITCH ON CUNTHKOL UNIT AND ADJULT *SrAN® 10 10.09
FPRINT "SET SAFETY INTERLOCKS ANLY KETURN TO CRTI*#NINIUT 6%
C(2)=FINC(3)=PINC=3\QUIT\FG1(0O)

DACQ(3IyR1,0+ TI\NLACQ(AHYRIP 27 0)

CNTR(3IINFHYL (10092759 0L0r 750

CNTR{SINFRINT »"SFECIMEN ¢ *S9%y*DATL ¢ “LO% Ny
SCAL(C+0rS1:0.1_1)

LARL(*STRORE s MM » "LUOADL AN »S1/5¢ L1751 0)
LABL(S1/10:L1/20+3)\SCALC0+0+2047,0+2047)\IF M1=0 THEN LUTN(3000. 1)
EDMFN\FG1(Cr1+7,»7)

TIMECL1OO)NBUTNCIINSTARNI=0

IF R3=L THEN 1O75N\FLUOT(RI (KLY v LONTIDIDOINT -1 1

IF R1&7T/100 1.,09%T1 THEN T.-11.0L0 10 110

IF R1 400 THUN SDMI «1»Z9)X\ 11 Z?=9 THiLN LO/Y

T2=R1%XT/100

QUIT\RUTN(=1)\GOSUE &6VOONLNTRC 3 T+ M1-2 THEHN L1211

FRINT *1 WILL MAINTALNY CUNTRUL AT THE CURKRENT VallUt *®

FRINT *00 YOU WANT TO RETURN TO 1k STAKTING LOAR vaL UL *:

INFUT Sb

IF $S$="N0* THEN 1230NIF7 3% *YES* THFN t130 N
CMGUWLCOINCEL) - CL/2¥20) %40, 75 L (2 -0ONC () -0OU-S

FG1¢Cr19e717) PR

BUS LCXINIF X =0 THUIL 1210 .
FOW 1:1 TO RINRICL) ~R1CI)KLL/2047
R3C1)=R3(IYASL/2047\NEXT 1

FRINT *WOULD YOU LLIKE TO NECKEnbLE THE SFA OF THE STRORE *
FPRINT *SCALE ON THE 10AD US. STRURE FLUI"iNINFUL RS,

IF R$="NO* THEN 1230\IF K% “YES" THEN 121Y

GOSUR 8050

FOR I-1 TO RINRLCIY RICID/ZAINNEXT I

FRINT “LELECT *LOCAL® ON [HE *LUCAL-LINL® SWITCH THEN FhE49s LK ORC
FRINT *TELETYFE 10 UETAIN IHE TABLE O DATA FOINTS®iINEUT 9%

PRINT *SFECIMEN : *iSP$\FILINT “FIRINT ¢ TIME®,

FRINT * STRESS"+*STRORE®

FRINT ® (9EC.) "y " C RLOSK* /" 3N0SK° 1"+  (*RLOSX") "NFRINI

FOR I=1 1O P\FRINT FI1%F/1001h1€¢1) rk3CII\NELT |

FOR =10 IO R1 STEF S\ERINT 5 IXT/100sh1CI) vhE¢ 1) \NEXT 1

IF I R1 THEN FRINT iR1XT/100,R1ChE)rh3ChIINIE RhY @ THEN 1410

FRINT *CONTROL WAS SWITCHED 1O STRUKE AFTER "3 T/100KRY; S OMNG "
PRINT *AT THIS TIME, LOAD WAS®*#LOXLL1/204750L0%,

FRINT *» STRESS WAS"SRI(R7),LOB4*/* (A0, *

FRINT *STRORE WAS*iC2¥51/2047;50%+

FRINT *TOTAL LURATIUN OF TEST WAS*i 125 *SELONUS. .
FRINT \FRINT ‘NOW 5,0 BACKN TO "L INL® THEN RKLSS  (h 0N [ TERMINGL o
INFUT 53

FRINT *SHOULL I FLOT THE DATA *iNInkUT F9

FHYL (L1007 / 00550 750)

L?-0\59=0

FOR I=1 TO, R1

IF L7 =R1CT) THEN LL20NL%:h1C1)

IF 59 =h3(I) THEN 1510\GT 2R3,

NEXT INL8-LPKALNIF F£-"N0" THEN L0i30)

N9=L9\GOSUE S8OO\LY MY

NP=59" GOSUR 300N\87 -nY

285



~e

[T

1600
1610
1620
1630
1640
1675
14680
1690
1700
1710
1720
1730
1760
1850
3000
1010
3020
5000
2010
2300
2310
3400
5410
3420

L9430

EY

5450
3470
2480

-'3485

SCAL(O0r0»S59790,L9)
ENTROIINCNTRCDINPRINT »*SFECIMEN ¢ *iS5%98»"LATE? *+DOS

LMEL(*STROKE »"250%y*STRESS +"3L0%3%*/°%A0%,59/5,L%/35+0)

LABL(S?/10/L2/10+3) . .
FOR I=1 TO RINFLOT(R3(I)»R1CI)INNEXT INGOSUR 60000

PRINT *SHOULL I SAVE THE DATA “i\INFUT D$

IF U$="NO* THEN 1700 .

IF D% *YES® THEN 1675\T$-="YES"\GOSUE S400
FRINT "DO YOU WANT TO CHAIN TH1S FROGRAM WIFH®
PRINT °THE GRAFHIC FROGRAM “FULT2’"iNINPUT Ss
IF S$ °*YES® THEN IF S%° *NO* THEN 1700

IF S3="YES* THEN 1850

STOF

CHAIN *UXOIFULT2,HAS® LINE
BUTN(-1)\MSWL (2, C2) ML=
CO1)=INT(AODS/ (2T LACL=(C2/204/))))INFG1(Cr 97+ 7)
R=R1INCO=RI(RIINT1:1/100KhG+3095/ 2/ INTCC L) /\BUTN
FRINT *WHEN YOU HMAVE COMFLETEN_ THIS,

INFUT S3I\RETURN
FRINT *ENTER SFECIMEN NAME (FIRST CHARACTER L8 A F»®j

FRINT *& CHAR MAXIMUM)® iNINFUT S9$\RETURN -
PRINT *INSTALL A DATA DISN IN DX1"#NINFIT 454

DFEN *DIX1:'85%9% FOnh OUTEUT AS FILE &1 DOURLE" DUk

FRINT F1:RINFOR I=1 FU RI g

FRINT PLIRLCINERINT BLIR2CONFRINTG BLIRZCONNEXT I

IF M1=0 THEN RY=Ri

FRINT $1:LOSNCRINT $LIEOSNFRINT $1:SOS\FRINM #1:A0%
PRINT .#1:DOSNFRINT BLIGONPRINT BLITS\FRINT BLITL

FRINT 4 LILBNFRINT FLIDOSFRINT #1IRY\LLUSE #UNKETURN

20 s

IYFE A CARRIAGE KRIURN

a
b4
,

NP=INT(NXIOT CINT(I-LOGLIOND I 1)+ /(10 (INTCOL-LULLEQINY ) )2
NP?=N?+(10T CINT(LOGLIO(ND ) )))INRETURN

5800
%810

4000
6010
%020
-.7000
7005
7010,
7020
27030
.7 7040
8000
8020
8050
8060
8070
8080
8090
2000
9010
9020
9030
9040
2050
9060
9070
9080

READY

CNTR(4)
FOR I=1
CNTRC3)\RETURN
FRINT
FRINT
FRINT
FRINT
FRINT

"FUSH °"RUN®

INFUT
FRINT

FRINT

F2\RETURN
"LOAD
“STROKE

T0 B80O0NJ=SINCII\NEXT 1

"SWITCH HYDRAULIC OFF TO FUT MACHINE
*AND FEEDEACKN SELECTOR TO REMOTETININFUT S$NPRINT

*TURN HYDRAULIC ON"#iNINFUT SSNhETURN
ALLJUST SFAR | OR HAX10UM O TRUKE’

*DESIRED AND INFUT SFAN VALUE(Z UF STRONE [LANGE9 Y3

ON CONTROL UNIT»

FHYLC100 97555, 750)

L?=0\52=0

FOR I=1 TO R1

IF LY =h1(l) THEN
IF S? =R3(I) THEN
NEXT I\L8-L9
N9?=L?\GOSUE
N?=S?2\GOSUR
SCAL(0,0+52,0,LY)

CNTR CIINCNTR (SO W RINT

S800NLY=NY
S800\8% -1y

S090\L?=h1 (1)

F000NGY K3

» “SEECIMEN @

IN STROME

"&N147Z21%10Q/720475 *VOLTS*\RETURN
CAQ1BIZ3%K10/20475 *VILTS* \RETUARN

:iSViJ'UATE L 3

LABLC*STRONE »MM* » "LOALUP BN 182 /0sLP,510)

LABL(S?/10,L9/10,3
FOR I=1 TO RINFLOT(R3CL)sRICI)INNEXT INGISUU

RETURN

)
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CONThOUL
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Cau

D.2 ,PULTIM INTERACTIVE OUTPUT C

3

- - e -

TOT0TT DO SO0 CuIunn |

L I L LR L LR

Jiﬂlf {OHETSTENT o
0 IUHET L TSTENT : - X

. Bt 1r HnlE’ R -
YRIGAT 1507, HT STEML CORFORAT N
tH \ '
OImGHOSTIC= H 5
LSEFR FHz LO~DED

FERD .
 OLD “FULTIN® -
REM

S
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RUN | | C
PULTIM 10-FEB-86 MT3 EHHIP UB1E-E20

THIS PROGRAM DEFORMS & TEST ITEM IH LOHDO OR STROKFE FDNTPDL
FFOM AN INITIAL LOND OR STROKE OF ZERD TO A MaXIMUM LOAD
fDR STROKE SELECTED EY THE OPEFAWTOP ¢ UP TO FULL SCALE LOMD ’
0F STROKE > IM A TIME SPECIFIED EY THE OPEFHTOP

THFROQUGHQUT THE TEST . LORD @HD STROVE DrTa POINMNTS

HFE STORED. AT THE CONCLUSIOM OF THE TEST. THE <TOPED DATA
POIMTS RARE PRINTED IM A TABLE: LOAD POINTS wWRE DIVIDED EY
SFECIMEN AREA GMD DISPLAYVED IM UMITS OF ZTPESS THE OPERPATOR
Muy REGUIZST THART THE OATH BE STORED OH DISE wWHEL HE Has THE
OPTION TO CHAIH THIS PROGRAM TO THE GRAFHIC FFOGPAM FULTZ
WHICH WILL PERFORM ~ DETHILED HHHLthr OF THE DAHTH ﬁETHIHED

IN THIS PROGFAM. | - ™

FAKERE SHOULD YOU FREFER HOT CHAIMIMG WITH 'PULT2' . 434444
F443%44 0 BE CSURE WOU RECUEST STORIMG OF THE OWMTH A¥4444
FERARX IF FURTHER AHALYZIZ IS PEOUIRED FAEINL

Yo MRy GCTIVATE THE HYDRAULICS . MOUMT SPECIMEM IM UPPER

GFIP, ZEPO THE LOaD CELL.CLAMF SFPECIMEN IN LOWEP GRIP

TURN OFF THE HYDRAULICS. ZERO THE STROKE TRANSOUCEF.REACTIVATE
THE HYDRAULICS.AND ZERO THE APPLIED LOAD USING THE STROKE ZERO

TURH OH HERD COPY UNIT. . “ .

ENTEP. SPECIMEN NAME (FIRST CHARACTER 1S & F.& CHAR MAXIMUM V?F24¢
EHTER O4TE OF TEST ¢DAY-MOMTH-YEAR »>703-FEB-36

DATE 1S @3-FEE—-86. IS THAT CORRECT ¢ YES-HO Y?YES

D0 YOU PREFER TO COMDUCT THE TEST IN STROKE CONTROL7?YES

SWITCH HRORAULIC OFF TO PUT MACHIME IN STROKE COMTROL

AMD FEEDERCK SELECTOR TO REMOTE?

=4

t
g
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L<:>

&
A

TURN HYDRAULIC ONT

ENTER LO&D RANGE ¢ IH IN"IZE
ENTER STROKE RANGE <IN MM.
EMTER NOTCH AREA (SEURFE M ‘4-8.8

TIME MAY RANGE FROM 6 5 TO 2047 SEC .
EMTER TIME FOR RaMP FPOM O TO Ma STROKE ¢ SEC »730
FAMP TIME WILL BE Z3G.11673 SECOHDS ‘

FLERSE TERU WLL TRHMSOUCERS AT THIS TIME .
TOORSSIST YO IN DOING THIS I WILL PRINT LOAD wHD
STROVE REBOUT EUERY 9§CDHD FOR 10 SECOHDS

ﬂl"'

LOsO STROKE

s UOLTS CUOLTS )

& -4 . 98820E-G7 ,

5] g

a @ , ]
© 4.E68520E-02 4 GESIOE-O3 ‘

5] A

& B

4.E8526E-93 O

4 EE52OE-03 O >

4 £8520E-03 O

4 BE52GE-02 0

"WOULD YOU LIKE TO TRY THAT AGAIN CYES-NO > THO

PUSH "RUN" ON COMTROL UNIT. ADJUST SPAM FOR MAKINMUM STROKE
DESIRED aHD THPUT cPHN UALUEC >% OF STROMNE RANGE O>73a@
SET SAFETY IMTERLOCKS AMD RETUPN TO CRT?Z
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i

>
\
6-.\ r
WOULD "YU LIKE TG CECREASE THE SFWM OF THE STROFE - )

AND LOAD SCHLES OM THE LOAD 15 STROVE PLOTSWES

SELECT "LOCAL" ON THE “LOCAL-LINE™ SWITCH THEM PRESZ <CR> OM
TELETYFE TO OBTAIN THE TRBLE OF DATA POINTSY
SHOULD I PLOT THE DATAR %YES

SHOULD I SAUE THE DATA “HO

DD YOU WANT TO CHRIM THIS PROGRAM- WITH
THE GRARPHIC FROGRAM 'PULTZ' TMO '
STOF AT LINE 1760

RERDY
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SFECIMEN © FJ4A :

TIME
(SEC,)

.15
.3
45
b
e 70
.?
1,05

. . e - o = e
[ N SO SRR
(43 w (2] [&]

-
[ RN
(&1 (]

. ey
3N toh A
(] (%]

(R

e e s = 000 N0 (D G

LA DI IO O -

TOTAL [HJRATION

STRESS
(RN/SQ. M.

3323.26
27416.9
56495.5
83081.¢6
107175
132100
159517
182780
208535
231798
352266
461934
571601
&744623
766843
849094

? 10584
PE9592
994148
1.02859E+06
1.055997E +04
1.08006E+06
1.,09448E +06
1.11329E+06
J1.12492E +06
1.13074E406
1.12976E+06
24972,45
3323.2
830.816
330.816

0

830,816

0

830.814
830.816
830.814
830.816
830.816 *
830,816
830,814
830.816
830,816
1661.63

o)

830,816
830.816
830.816
o]
830.816
0

SThOKE
(MM

0

9.77040E-03

L02931(2
048852
0683928
,0781632
\0879336
1107474
112213
‘1319
1210064
V293112
L351734
429897
v503175
V576453
L5497
. 718124
. 786517
JB6Y565
L2 37958
TVEPIN
1.08345]
1.16268
1.23596
L. 20923
1.3874
1.4802)
1.55349
1.62677
1.70982
1.77333
1.35149
1.92965
2.00293
2.07621
2.,1543/
2,020077
2.29604
2.37421
2.4426
2.52074
2.59404
2.4702
2. 7406
2.8138/
2.89204
2.9702
3.04348
3.,04348
3.04348

QF TEST WAS 30.1103 SECONDS.

NOW GO EACKN TO "LINE*® THEN FRESS CKR
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APPENDIX E
STRESS VS. STROKE FRACTURE RESULTS
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DO M A~ ’

§59¢

Qe SPECIMEHN FZan DATE : A2-FEB-26

Q}l

gl
ot

&0

.40

i ee 1 —1 - 1 1
8.00 6.80 1.60 2. 40
. - STROKE .MM

0
o
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fum

B.e

.46

(512
o

SPECIMEN -

DATE : A3-FEB-E6

[ng
=

3
B

|

G.86

1.60 &40
STROKE .MM

4.00
E 64



OATE - @3-FEB-86

2.40

.MM

B
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1.60
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ALL OIMENSIONS IN CM
BLOCK NO. 12 FACE a4 & DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (§'#FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK
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3.4 e 480 )
90% DAC ssvLoAc 57 o
? 190
30%DAC a8
82 :

' 73 -

440

'3 30%0AC
22
L
f - - 4 0 — ¢
ALL ODIMENSIONS IN TM

BLOCK NO 12 FACE B DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY AXKENDRICK
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BLOCK NO. 12 FACE C DATE SEPT 2, 1985

INSPECTION TECHNIQUE ASTM A 609-83 (4'g FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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BLOCK NO. |3 FACE A DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 609-83 (4'9 FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY A XENDRICK
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ALL DIMENSIONS IN CM )
BLOCK NO. 13 FACE B DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH MDE INC
M ESKAMEL DRAWN BY AKENDRICK
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5 RUNNw:} INDICATION S
i ALL DIMENSIONS IN CM
BLOCK NO. 13 FACE C DATE SEPT 12, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK
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BLOCK NO. (4 FACE A 0RTE SEFT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (§'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM . CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK -
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INSPECTION TECHNIQUE ASTM A 609-83 (4'g FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC a
TECHNICIAN M.ESKAMEL  DRAWN BY A KENDRICK
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INSPECTION TECHNIQUE ASTM A 609-83 (&'¢FLAT BOTTCM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
TECHNICIAN M ESKAMEL DRAWN BY AKENDRICK
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ALL DIMENSIONS IN CM
BLOCK NO. 2l FACE B DATE 'SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (§'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
TECHNICIAN

M ESK AMEL DRAWN BY A KENDRICK
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50 %e DAC 60 0
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4 | 22D et Bt
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5% e 44 |
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6 0 63 67 1259
DAC
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® i
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e Ll; 139 ~
* ALL DIMENSIONS 'IN CM
BLOCK NO. 2| FACE C DATE SERPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 ('é"ﬁ FLAT BCTTOM HQLE)
INSPECTION FIRM CRAWFORD McLEISH NDE (INC
TECHNICIAN M ESKAMEL DRAWN BY A KENDR!CK
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BLOCK NO. 22 FACE A DATE SEPT. 12,1985
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BLOCK NO. 22 FACE B DATE SEPT 12, 983

INSPECTION TECHNIQUE ASTM A 609-83 (4's FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC
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3%:}.00“ 68 % 0hc ‘ bac
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' A
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e
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. 50% DAC
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51 5 is
= f
e f 14 0O _i.m
& .
AlLL OIMENSIONS IN CM .
BLOCK NO. 22 FACE C DATE SEPT 12, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (4§'¢FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK
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FACE B

FACE

ORILLED I1DENTIFICATION NUMBER

d

L~FACE C

BLOCK 23

-

BLOCK 2 3L

IDENTIFICATION AND ORIENTATION OF

THE FACES OF BLOCKS 23 &

23L FOR THE ULTRASONIC PULSE-ECHO, STRAIGHT-BEAM INSPECTION

DRAWN BY: A.KENDRICK

DATE: SEPT. 6, 1985
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35% DAC

3.5

i[s.0

[

4

510
35% DAC

"3

7.5

76

4

1.0
-+

440D
150% DAC

/

380

8.2

f 120% DAC

o

2.90
150% 0DAC

5.4

54

o3

—p——

e

ALL’ DIMENSIONS N CM

.

BLOCK NO. 23

FACE A

DATE SEPT.

12,1985

INSPECTION TECHNIQUE

ASTM A 609-83 (%'¢9 FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD MCcLEISH NDE

INC

TECHNICIAN. M E SKAMEL

DRAWN BY A KENDRICK
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i
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h 29
' A
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f A -q t
ALL OIMENSIONS ‘N CM
BLOCK NO. 23 FACE B DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY AKENDRICK
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.

SNO DEFECTS  INDICATED

¢ \

-
—

ALL DIMENSIONS N CM.

.\4

BLOCK NO. 23 FACE C DATE SEPT "12, 1985

INSPECTION TECHNIQUE ASTM A 609-83 (4'gFLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE

INC

TECHNICIAN M ESKAMEL

DRAWN BY A KENDRICK
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c d
Y -x
- .
1.8 ’
“ 88
" 8.00
90%DAC
4.4
I 1
K 5.7 .
M g 8.6D :
75% DAC -~
y
v 190 {9
40% ®
DAC 0
, 4
o\
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60%DAC
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— >
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A e -
N T os40._
\ T 75%DAC T~
19 *
Tos
[ 4 ' .
v o
lﬁ 158 ]
b- t? \ a
~
» ) ALL DIMENSIONS N CM
BLOCK NO. ,23L P FACE A DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 609-83 (§'g FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE

INC

TECHNICIAN M ESKAMEL

DRAWN BY A KENDRICK
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8.3 8.3 9.2
: {
5.4 380 - 1.60
N 85% DAC 50% DAC

1 30 60%DAC
440 55%DAC

ALL OIMENSIONS IN CM

12 o

BLOCK NO. 23L FACE C DATE

SEPT. 12,1985

INSPECTION TECHNIQUE ASTM A 809-83 (%'gFLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE. INC

c\ TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK
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a 22 07, d
* '3 250 " h 13 A
SR 1 31 T
380 z
a4pi\ | 50% . |
7O%DAC DAC ) 72 )
51 2.50 ¢
« oo| [0 30%0AC | <
~ 35% DAC - 7.2 ‘
38 2.90
. 3 = 45% DAG
50% DAC 33 ,
h ,
58 —-——-l
) .
. L3 L 63D -
65%DAC ﬁ
- o
g 5
~ _
14,1
\l
I i
——ss —
ALL DIMENSIONS N CM M
, ) J
BLOCK NO. 23L FACE D DATE SEPT 12, 1985 /
INSPECTION TECHNIQUE ASTM A 609-83 C@"g FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M.ESKAMEL DRAWN BY A KENDRICK
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15 8

7.0

v

87

+°

7

8.8 76 76

ALL OIMENSIONS N CM

-k

BLOCK NO.

23L FACE E DATE SEPT 12,1985 °

INSPECTION

L7
TECHNIQUE ASTM A 609-83 (4'¢FLAT BOTTOM HOLE)

INSPECTION

FIRM CRAWFORD McLEISH NDE. INC

TECHNICIAN

M.ESKAMEL DRAWN BY A KENDRICK
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a 19 b
° 13,
i 09
3sp |'°
40%DAC
41 290
30% cac |
79 |
[
43D - 4
40% DAC
70
5.1 0 4a4p 4t
40% DAC < 65%DAC |
13 o)
57 ©
5.1 380
35%DAC 510
40% DAC
| |
10
.- fo—t— s s !
'76 - ;
73 380
160% DAC
19 f
4 s10 '
130%0AC | |
19 !
1
"
i r +
e 16.5 - <
ALL OIMENSIONS N CM
BLOCK NO .24 FACE A DATE SEPT 12,1985

INSPECTION

TECHNIQUE ASTM A 609-83

(%'# FLAT BOTTOM HOLE!

INSPECTION

FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN

M ESKAMEL

DRAWN BY A XENDRICK
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c 7.0 [ b
O I |
1 o.eI
51D
[ 3 2.8 S0 % DAC 29
{
63D, 930 :
13 60 % DAC 150% DAC 7.30 57 |
55% DAC ;
|
I
|
|
i
i
}
Fe)
: Q
. |
!
¢ - .l
440
50% DAC 70 |
s |
2
} 165
' g
ALL DIMENSIONS N CM
BLOCK NO. 24 FACE B DATE SEPT 2, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (%'¢F_AT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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d | 70 AJC
| b 63 —
co UO 9
14 D
50% DAC
4 4 4490
35%0AC 1|
51
1
3|
25D
130% DAC
|
- 2
|
22 - ;
19 " 2.90 o 410 |
40% DAC 35% DAC
i Y| 31
—
41
3. 25 }
i
N RN
. e 63 v i f
ALL DIMENSIONS N CM
BLOCK NO. 24 FACE C DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢ FLAT BOTTOM HOLE!
INSPECTION FIRM CRAWFORD McLEISH NDE INC ;
TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK
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79
a D
L 3.8
b
-x 9 4
19 6
> a4l 2.50
a4 290 : 70%
30% DAC DAC 5 !
b 54 60
44D
28p
| 31 55%‘&\% 40% DAC 85% DAC
- 29
60 250
50% DAC aap =
40% DAC i
I
Ko
310 2
- 89 ; 50 % DAC 5 ]
76 1 ‘ ]
63 . |
S |
180 70 - !
\ L4 1D ‘50'/. GO%A%EQ 3.1 ‘
( 60% 0ac 480
DAC 100%
1380 | DAC ,
60%
aa DAC 38 |
3 |
25 |
y 4 2
dk- 165 ¢
; ALL OIMENSIONS ‘N CM
BLOCK NO. 25 FACE A DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (%'¢FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE

INC

TECHNICIAN M ESKAMEL

DRAWN BY A KENDRICK

317




|
Y !
!
|
2,
. |
86 12 10 i
75 % DAC \’
v 57
'uso
12C% OACO7 i
05 _;_
fl—lf 65 - g
ALL DIMENSIONS N CM
BLOCK NO. 25 FACE B DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (§'¢ F_AT BOTTOM HOLE!}
INSPECTION FIRM CRAWFORD McLEISH NDE
TECHNICIAN

M ESKAMEL DRAWN BY A KENDRICK
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a@ ¢
19
A
W 700
50% DAC '3 ‘|
|
57
190
44 ® ~ eowoac ‘
! ' \
5| al
!
r
e
@
630
48% DAC
38 -
3.8 0 !
150 % DAC 63 |
1 !
5 510
“}s50% |
DAC 67 80 -
' 44 so0%
0AC ,
3 - l
}v 168 - .—‘}
€ f
5,
ALL DIMENSIONS N CM
BLOCK NO. 25 FACE C DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 609-83 (43 FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL

DRAWN BY A KENDRICK
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) 79
[S - 3
4 4
a b
( 3
2s 25 23 o 31
51D i 60 :
50 %DAC 2904 230 440 |s54p
- 67 504 40°% 60% | ~5%DAC
44 57 DAC DAC  pac
60 a4 te
® 860 {
™. go%/?ot\c
L 51D !
. 5| 75 *%DAC ;%9/. 30 J 7
) DAC 50% 220
' pac 60% DAC
44 570
22 510 : o
100% DAC n
[2e)
250 - i
70 % DAC 4t .
= I
: 70 |
’ {
' 3180 5
: 50%
B a8 440 Dac ‘
100% DAC '
— 19 3t |
| 4
ab 185 — e
5]
ALL DIMEMSIONS N CM
BLOCK NO. 26 FACE A DATE SEPT 12,1985
INSRECTION TECHNIQUE ASTM A 609-83 (4'¢ FLAT BOTTOM HOLE"®
lN&J’ECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL, DRAWN BY A KENDRICK
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C ’ b
: 19 3 |lzg°r/). DAC
4 8
40 570 &0
150% DAC - »
& ‘;
33 130
\ 11 0% DAC
£
. 9
N
I
- i
|
|
¢ [ 16.8 i g
. ALL OIMENSIONS N CM
BLOCK NO. 26 FACE B DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (%'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK
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Lo




d T to ¢
] ) ‘Ioe
_ 440
- 40%
- DAC
‘ - , 4|
- p . . ' 54 380
a5%
DAC
. 13
\ 1
380 22 -
70% DAC
! - ’y’
S / o
9
. 44D |
40% DAC )
16 -

' i
|
|

A50 h
= 30% b -
29 DAC ,
8.2 1
L 41 ,
250 I !
13 _30% !
DAC °
13 .
, r ~ 4 o 2 _l_
* e i—. 165 . .-{ f
ALL OIMENSIONS N CM ~
BLOCK NO 26 FACE C DATE SEPT 12, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢F_AT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC '
TECHNICIAN M ESKAMEL

DRAWN BY A KENDRICK
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51
o] }- 4']1
3.5 5.1 4.4
A
. 7o 3.10
35% DAC 09
- 4410
65%00C
= 4 40F% o
40%0ACc 25
25 b 440
45% DAC 5
2 \
4 40 9 - .
82;/. t 303;%2c
57
57
d e 140 -
ALL DIMENSIONS IN CM
BLLOCK NO. 3I FACE A DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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5
41 b
13 | 25 N « — 29 N
¢ T / [ [ [ [ I
/ 25
8.2
250 o g
90% DAC 54 51 76
13,2538 |0 s
2 5%DAC S0% DAC 1
70 | -
— 350
30%0AC ;
44 | :
22
i ' \ 86 09
410 ) ‘ 57D
L 2 U I 60 % DAC 50 %pac| o
. 2 50 4 o
40%DAC 290 -
il 50 % DAC
220 |
40%DAC
70
8.9 :
4
2 % 19
60%DAC
)
f 4 y . A
- 14 0 -
g
ALL DIMENSIONS IN CM
BLOCK NO. 3! FACE B DATE SERT (2, 1985
INSPECTION

TECHNIQUE ASTM A 609-83 (§'g FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK _
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TECHNICIAN

— “\
d 23 dot 2 ¢
l‘/ P I_F
// 25
-~ 13 =
220% DAC
89 8.2
1 ")
250 TS e 2
a1 3150 40%0AC
30%0AC
130
83% DAC
19 r’,—'
‘ 2.2
44
1 . 2
e 'rv ~ 14 Q _]! f
ALL DIMENSIONS IN CM
BLOCK NO. 3I FACE C DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (%'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
M ESKAMEL  DRAWN BY AKENDRICK
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-



5
¢
* . [+ ]
- ]
. A
' )
Vs J—L
1 159
d' o e
o NO DEFECTS |INDICATED.
ALL DIMENSIONS IN CM
BLOCK NO. 32 FACE A DATE SEPT 12, 1985 -
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
TECHNICIAN M ESKAMEL  DRAWN BY AKENDRICK
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[Te]
©
$ : ’
! 350 03
L 0% 0ac {
38 _ 5.1 0
b 30% DAC
35
2s (
¢ 'L¢ 159 — Jl g
o, ALL DIMENSIONS IN CM
BLOCK NO. 32 FACE B8 DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (%'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McAEISH NDE INC .

TECHNICIAN M ESKAMEL  DRAWN BY—T KENDRICK
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328

¢
d T
2.9
3.8 36
35D
- 25%0ac ©O6
” X =
350 57
__ 50% DAC
’ -

'y}

4
/

3t i
4/F
/
e p— 7 —789 - -
ALL DIMENSIONS IN CM

BLOCK NO. 32 FACE C DATE SEPT i2, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢F_AT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
e

S

ot




a4
qa |.‘_l__9_¢
3 A
'3
3.5
2 90
30%
DAC
73 4
950
50% DAC 6.3
A -
44D
Lo 40%DAC
3150
2 %% DAC °
3 380 N
30% DAC
380
40% DAC gu 57
' 1 4 4
5.7 I 19
’ u 31D i
25 3180
40'/‘ 30./
13 {pAC i3 *
DAC
1
i
d [ 140 -

ALL DIMENSIONS IN CM

BLOCK NO. 33 FACE A DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 609-83 (§'4FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M.ESKAMEL  DRAWN BY A KENDRICK
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L a1
. 2.9 !/ 25 ! P )
\ S
200%
3s DAC / .
+ S! 4 40 89 "
4 5% DAC 3
2.50
35%
DAC
a6
{
{ k
13 ., 480 / o
40 % DAC s0% Bac -
70
2 20
25% DAC
09
12 20
35% DAC
70
54
5 4
6 00
(g | 90%DAC
p A —L
f IL— - 14 0 -
ALL DIMENSIONS IN CM
BLOCK NO 33 FACE B DATE SEPT (12, :985
INSPECTION TECHNIQUE ASTM A 609-83 (zlé"ﬁFLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY AXENDRICK
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¢ 2.90
185% DAC

16 b

1
—-

b sl I
e ;A 14 0 ‘}

G

ALL DIMENSIONS IN CM

BLOCK NO. 33 FACE C DATE SEPT 12, 1985

INSPECTION TECHNIQUE ASTM A 609-83 (¥'¢FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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) 159

. =

NO DOEFECTS INDICATED

A
ALL OIMENSIONS iN CM

(%)

BLOCK_NO. 34 FACE A DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 609-83 (%'¢ FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

 GECHNICIAN M ESKAMEL DRAWN BY A KENDRICK

v

332 -

d }
s T .




165

o

o F 15 9 ~ .
NO DEFECTS INDICATED
ALL OIMENSIONS IN CM
BLOCK NO. 34 FACE B DATE SEPT 12,1985
INSPECTION* TECHNIQUE ASTM A 609-83 (%'gFLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
TECHNICIAN M ESKAMEL  DRAWN BY AKENDRICK
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T

159

NO DEFECTS INDICATED

ALL ODIMENSIONS IN CM

(4]

165

BLOCK NO

34 FACE

C DATE SEPT 12, 1985

INSPECTION

TECHNIQUE ASTM A 609-83 (§'¢FLAT BOTTOM HOLE)

INSPEC TION

FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN

M ESKAMEL

DRAWN BY AKENDRICK
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“
v
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A

a \ b
{ 79
I* 1
1 3
250
b 30% pAc
7.0
\
8.8
63
\—‘) 2.9D 35% DAC o ¢
{ 730 40% DAC
380 30%0DAC 2 2
890 60 % DAC
57 0
510 @
35% DAG '
13 290
¥ 35% DAC
|
5 63 o
|
25 250 ‘
o l 30% DAC 425?/? ) 5 1 '
osf2 S0 I 6 0AC } ,
r a0 23 |
5o 100 %DAC :og/o oel
s 23 38 360 ‘;58.2 DAC
'3 oac1|3 pac 9
—:ﬂ-— 165 — ¢
ALL DIMENSIONS In CM
BLLOCK NQ. 4l FACE A DATE SEPT 12, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (§'¢FLAT BOTTOM HOLE!
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY AKENDRICK

(
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\ a
c, L 76 b
|
16
e, 1 0 LONG 310
1 730
35 1 73%DAC 50 ',
: 3 31D |
50% DAC il
50 3
. . 00 %DAC i
34570 440 '
100% - 5 a |
DAC 1;
¢
" }
' i
Fel
o
.79 )
%4 67 i
23 - :
i !
J22,,760 70 :
e fronase | e | bl 2
1270 oA |,
32C/., 0+ T 140% Dac
4 | 32
44 440 29 *e |
35% DAC i
i 06 ) s
] 168 i
£ 0 q
ALL. DIMENSIONS N CM
BLOCK NO. 4I FACE B DATE SEPT (2,1985
INSPECTION TECHNIQUE ASTM A 609-83 U&"a’ FLAT BOTTOM HOLE!
INSPECTION FIRM CRAWFOQORD McLEISH NDE INC
TECHNICIAN MESKAMEL DRAWN BY A KENDRICK
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c
d
0.6 I
! n4e 0.9
50%
31 * DAC
54 :
380 ‘
06 30% DAC < |
- 35 4400
ISS% DAC
- 0
67 ]
i
5.7 'l
oel!
130 |
51 190 P 45% a5 |
"4 50 i
0% 7.60 g DAC DAC ‘
OAC 559 4
- DAC
4 570 .
140% 51
DAC a8 51 :
44
3s |
fe 169 {
e f
1
K ALL DIMENSIONS N CM
BLOCK NO. 4| FACE C DATE SEPT 12,1985

lNSPECTIéN TECHNIQUE ASTM A 609-83 (4'¢FLAT BOTTOM HOLE !

INSPECTION: FIRM CRAWFORD McLEISH NDE

INC

TECHNICIAN M ESKAMEL

DRAWN BY A KENDRICK

’
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22
a P
5.7 44 44 4.1
6 30
53%04g o
8.6 .
*512 oac N rram—
s 13 \
3.80 g ¥
25% DAC
/
—— Q
<
73 N
%46 0D ! 350, 440,600 3
’ 25%DAC s 70
| 3] 90% Dac '3 s | Som
> DAC
d et - = 2
f 140 -l
,
ALL DIMENSIONS IN CM
BLOCK NQ. 42 FACE A DATE SEPT 12, i985

INSPECTION TECHNIQUE ASTM A 609-83 (49FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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5

ALL DIMENSIONS iN CM

¢ y
]
6.7
sS4 73 9.2
a0 o
2.20
120%0AC | 41
63 380 .
3 80 30%DAC 30% DAC
570 50% 0C
‘ 600
\ ,y JL 150% DAC g
. >
63D
50%DAC 35
6.00 2 440D
“ 28 *120% DAC ® 40% 0AC
3.50
15Q%DAC §0
570 63
54 32  130% DAC
as
23 4 40
30% DA 80
5S4 2 oe §%0acC 5 7
L
16 1.3
f y
f— 14 0

+— P
_‘!J
el

Q

- g

BLOCK NO. 42

FACE B

DATE SEPT 12, 1985

INSPECTION TECHNIQUE ASTM. A 609-83

(5'¢ FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE

INC

TECHNICIAN M ESKAMEL

DRAWN BY A KENDRICK
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d -
. T
32
350 v
549 140% DAC
jo)
']
®
N .5 4
70 25 % DAC
i T
T 600
58% OAC
45 220 ‘| ’
130% DAC a8 a4 ;
- 2.5
e n
h 14 0 Ai ’
ALL OIMENSIONS IN CM
BLOCK NO. 42 FACE C DATE SEPT 12,1985"
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK
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~

7

3

L%
[

v 7 e ‘,_7“.
~—

6.7
a e 60 —b
. 3 4 9 . '
48 18 44 3
41 57
, 22
380
-J, )¢ 30%DAC
P b 380
28 4 40 - 70 %DAC
80%: DAC 4’ 250 38
6 30, 85% DAC
N 30% DAC
4.4 3.80
43% DAC
|-
2]
)
13 510 ‘ ' 2 .
L 30%0AC
. ' |
! 55%DAC re S . !
: L
1
d },_ - 159 J} c
ALL DIMENSIONS IN CM
BLOCK NO. 43 FACE A DATE SEPT 1271985
" p—
INSPECTION TECHNIQUE -ASTM A 609-83 (/'é"sﬁFLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
TECHNICIAN M ESKAMEL DRAWN BY A XKENDRICK
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a
¢ b
[ T8 1 i_
, ]
| 2.5
32 3s
C*DEC
. 63 b
st w00 o0 b
54 80% DAC ;
|
70 -
. 700 1
0 352 oac 30 %DAC '\
( R
W l"‘-—\ ~ n
¢ &30 * 70 2
) 40% DAC 530
73 40% DAC
73
20% DAE,_ 57 A
2s
f }ﬁ < 159 - 9
e ALL OIMENSIONS IN CM '
BLOCK NO. 43 FACE B DATE SEPT i2, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (§'¢FLAT BOTTOM HOLE) v
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
TECHNICIAN M ESKAMELV’RRAWN BY AKENDRICK

¢
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165

ALL OIMENSIONS IN CM

57
8.2
2
350
48 140% DAC
380
9.5 45% DAC LT
250
70% DAC 29
22 510 :
135% DAC |
- J
* 48
4|
e § gt
7
£ s
| -
e I+ LE:] 1
14

—mr
.

BLOCK NO. 43 FACE C DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 609-83 (§'¢FLAT BOTTOM HOLE)

INSPECTION FJRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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57
4 4
95 31
q e 5 1 A_% | 25 | b
] [ Y 1 T
25
22
19 3 3
4
or \
250 ' &7 60 4.4 ;;‘2
100 % DAC ‘ DAC I 440 09
51 3In% 220
440 DAC  40%
30%
- DAC
/ DAC
150 . 630
31 60% DAC 50%
630 DAC
B80Y%DAC *
31D
38 45%, DAC
380 ,
50 % DAC
o
e
22 57D 55% DAC 7.00 45% DAC
e 860 45% DAC
T 510D 40%DAC J 5 1
4
70D 50%DAC 63 !
73 8.20 -2 :
65% DAC [ 70D |
d 70% DAC
_ I
n
M b 670 ‘
a4, 40%0AC 57 .
) |
13 ;
¥ 9 4 L
' &
4 159 ¢
/ N
’ ALL DIMENSIONS IN CM
BLOCK NO. 44 FACE A DATE SEPT 12, 1985

INSPECTION. TECHNIQUE ASTM A 609-83 (%'¢ FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL

DRAWN BY A KENDRICK
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C ’ e
T
°f
» »
I O LONG
100% DAC
- 630
89
220
73 - 120% DAC
O 8 LONG 0
60 80 630 . ©
Py 130% 85% DAC
aa 30 ' pac 51
85% /i
DAC
4 N 0 8 LONG
86 510
90% DAC
w 44
83 ' 70
79 i
2 ’ |
r 5 f
\ ¥ !
. I
}: i59
f q
- ALL DIMENSIONS IN CM p
BLOCK NO. 44 FACE B DATE -SEPT 12, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (%'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM: CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY AKENDRICK
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PN
d c
a ‘[»
76 79 6.3 57 ,‘ _ !
310 - |
150% DAC
51D
35 %DAC 54
gtl.)D‘/ > 4
. 440 87
DAC '8 5 % DAC
13
980 -
) 85% DAC 2
570
150% DAC
38 nio 48
~—** 50% DAC 3
41D
" 50% DAC -
o | 38 6 0D 63
85 % DIC |
1 9 i
440D |
, 8 5, ,
0 pacC '
6 30 3.8 29 1
86 . 75 % DAC L
g Io 6 ;
}. 159 -
e 7 f
N : ALL DIMENSIONS IN CM
BLOCK NO. 44 FACE C 'DATE SEPT 12, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (%'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL  DRAWN BY A KENDRICK
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| 60 J
a I )
K} ) 19 1]
2s 18
so-/}o%% 16
6.3 4.4D 67 3.8
70% DAC
i ! 5ip Wl
eg'zc&c 45% DAC
o 450 :
29 50%DAC
sarders  Jp—ra——————
] 29 5
790
150 40% DAC o
50% DAC ¢
. 29 '
1
i 06
35D
19 250 30% Dac
"1 30% 0AC
r9
t3
4
d b 140 - —~
ALL DIMENSIONS IN CM
BLOCK NO. 6l FACE A DATE SEPT. 12,1985
INSPECTION TECHNIQUE .ASTM A 609-83 (§'¢ FLAT BOTTOM HOLE)
« ¥ -
INSPECTION FIRM CRAWFORD McLEISH NDE INC
TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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= N

ALL DIMENSIONS (N CM

BLOCK NO. 6] FACE B DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 609-83 (§'gFLAT BOTTOM HOLE)

INSPECTION 'SIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK

S &
( .
c)
N ¥
\ : 89
Ml aat
0
I t1 D [T}
-+ >4 100% DAC -
22
4
10 2D
25 7 5% DAC ‘o
5
( N
f : 2.
} 14 0
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d " 4,1 c
4 4 . T
) 13 * b
L9 1
+ 380 )
13 4 40 45 % DAC °
3 5% DAC
79

[#)

h 4

510 30%DAC g
7.3D0 50% DAC -
" [
5 7 5.40 |
40%DAC
! ‘ 34
4
Lo
e iv 14 0 _i

ALL ODIMENSIONS IN CM

_ | BLOCK NO. sl FACE C OATE SEPT 12, 1985

INSPECTION TECHNIQUE ASTM A 609-83 (§'¢FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD" McLEISH NDE INC

c TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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=

’ (=]
, b4
# »
e )
X 2
d l[: \\\\:/ 140 ‘={ ¢
: NO DEFECTS INDICATED
1\3 e
ALL OIMENSIONS IN CM A i
BLOCK NOQ. 62 ° FACE A DATE SEPT i2, 1985
INSPECTION TECHNIQUE ASTM A 609-83 (»‘éusﬂ FLAT B8OTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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T
2 9.
K ¢
70 3.10
30% DAC
2]
b4
™
-
’r"_f N A—L g
} 14 0

ALL DIMENSIONS IN CM

BLOCK NO. 62 FACE B DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 809-83 (%'¢ FLAT BOTTOM HOLE) -

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL  DRAWN BY AKENDRICK
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o=

\A.‘%

165

X3

14 0

NO DEFECTS |INDICATED

ALL DIMENSIOGNS IN CM

BLOCK NO.

62 FACE C BATE SEPT 12, 1985

INSPECTION

TECHNIQUE ASTM A 609-83 (4'¢FLAT BOTTOM HOLE)

INSPECTION

FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN

M ESKAMEL DRAWN BY A KENDRICK

3%2




i40

:'_”_

NO DEFECTS

14 Q

1

?

INDICATED

ALL DIMENSIONS IN CM

BLOCK NO.

63 FACE' A

DATE SEPT 12,1985

‘NSPECTION

TECHNIQUE ASTM A 609-83 (¥4 FLAT BOTTOM HOLE)

INSPECTION

FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN

M. ESKAMEL

DRAWN BY A KENDRICK
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165

3

I AR

§

14 0

NQ DEFECTS [INDICATED

G

ALL DIMENSIONS IN CM.

BLOCK “NO.

63 FACE B | DATE SEPT 12,1985

INSPECTION

TECHNIQUE _ASTM A 609-83 (§'¢ FLAT BOTTOM HOLE)

INSPECTION

FIRM CRAWFORD McLEISH NDE. INC .

TECHNICIAN

MESKAMEL  DRAWN BY A KENDRICK
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A M

VIR EE TG

(o}
d - T
% - , o
1] ‘ (j : . , 3 ‘
’ T ) )
. - A .
\ . -
' e N ~
H
. i - 3 - o
©
e e
y 4 - a7
#& A @9
.8 o
J:‘ \'& ‘
) .
e - f
; - 14 0 |
NO OEFEC,TS INDICATED
’ ALL DIMENSIONS IN CM
BLOCK NO. &3 FACE ¢ DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (4'¢ FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE INC |
TECHNICIAN M.ESKAMEL  DRAWN BY AKENDRICK
{3 355 :
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W

13
X

15 2

Q
—1
X

(¢]

NO DEFECTS INDICATED

ALL DIMENSIONS N CM

BLOCK NO.

54 FACE A DATE SEPT 12,1985

INSPECTION

TECHNIQUE ASTM A 609-83 (4§'¢FLAT BOTTOM HOLE)

INSPECTION

FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN

M ESKAMEL  DRAWN BY AKENDRICK
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178

152

NO DEFECTS INDICATED

ALL OIMENSIONS IN CM

1

BLOCK NO.

64 FACE B

DATE SEPT 12, 1985

INSPECTION

. TECHNIQUE "ASTM A 609-83 (49 FLAT BOTTOM HOLE)

INSPECTION

FIRM CRAWFORD McLEISH NDE ING

TECHNICIAN

M ESKAMEL

DRAWN BY A KENDRICK
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k%

3

d C
'y
8
¢
4
®©
Vil r~
S ! - 4
®
\
2
1
e 76 -
e f
NO OEFECTS INDICATED
ALL DIMENSIONS N CM
BLOCK NO 64 FACE C DATE SEPT. i2,1985

INSPECTION TECHNIQUE ASTM A 609-83 (%'¢ FLAT BCTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK
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152

X
- 102 -]
d c
NO OEFECTS INDICATED
ALL DIMENSIONS N CM
BLOCK NO. 66 FACE A DATE SEPT 12,1985
INSPECTION TECHNIQUE ASTM A 609-83 (&'¢FLAT BOTTOM HOLE)
INSPECTION FIRM CRAWFORD McLEISH NDE. INC
TECHNICIAN

MESKAMEL  DRAWN BY A KENDRICK
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(2

(=2

15

X

152

NO DEFECTS |INDOICATED

ALL DIMENSIONS N CM

BLOCK NO.

66 FACE B DATE SEPT 12,1985

INSPECTION

TECHNIQUE ASTM A 609-83 (¥'#FLAT S8OTTOM HOLE)

INSPECTION

FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN

M ESKAMEL DRAWN BY A KENDRICK
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d C
T
(/‘" T
32
» -~ )
32 320
30%DAC
N
0
bl
g ™ __7_
1 e ]
e f

ALL DIMENSIONS IN CM

BLOCK NO. 66 FACE C DATE SEPT 12,1985

INSPECTION TECHNIQUE ASTM A 609-83 (8'¢FLAT BOTTOM HOLE)

INSPECTION FIRM CRAWFORD McLEISH NDE INC

TECHNICIAN M ESKAMEL DRAWN BY AKENDRICK
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3

149

NO  DEFECTS

INDICATED

ALL ODIMENSIONS ‘N CM
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APPENDIX H
FRACTURE SPECIMEN RADIOGRAPHIC INSPECTION RESULTS

Fig. H.1 Direction 1 X-ray results of
type A fracture specimens. N
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Fig. H.2 Direction 2 X-ray results of
Type A fracture specimens,
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Fig. H.3 Direction 1 X-ray results of
type B fracture specimens.

Fig. H.4 Direction 2 X-ray results of
type B fracture specimens.
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Fig. H.5 Direction 1 X-ray results of
type C fracture specimens.

-

Fig, H.6 Direction 2 X-ray results of
type C fracture specimens
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