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ABSTRACT 

Th; s thes i sis an i nves t i gat i on of the interna l casting defects of 

a ring gear used to drive the cast-iron shell of an ore crushing ball 

mi 11 • Special attention is focussed on the production of a defect 

histogram in which the probabi 1 ity of occurrence i5 presented for the 

vari ous defects di scovered. The character of the casti ng defects is 

needed to cal cul ate the stress concentration factor, Kt, as requi red in 

a predictive fatigue crack initiation oreliability analysis. 

Furthermore. the principles of the sand casting method are reviewed 

followed by a description of radiographie and ultrasonic nondestructive 

i nspect i on techni ques. 

The experi menta l procedure used to character; ze the casting f 1 aws 

incorporates an exhaustive mechanical sectioning technique, a two­

directional radiographie inspection. and a three-direetional ultrasonic 

inspection of 25 sample hl ocks eut from a cast ring gear segment. 

Furthermore, a microscopie inspection of a number of fractured specimens 

i.s carried out using a scanning electron mieroscope.- Final1y, a 

chemical analysis is performed at six locations in the gear to determine 

the variation of the composition of the all oying elements. [) 

In brief, a defect histogram is developed detai 1 ing the probabi lit Y , 

_of occurrence of 8 macroscopic and 6 microscopie f1 aw types d1scovered 
1 

in the investigation. Moreover, the resu1ts of the nondestructive. 

inspection techniques are compared. Finally, the defect orientation 

i s di scussed. 

1 

-', 



". 

r 

1 1 
RESUME 

Le presènt travai 1 porte sur l'èvaluation des d~fauts de coul4e 

d'un engrenage entra1nant un broyeur de mi nera i de fer. Une attention 

parti/culi? est apport~e à l'élaboration de l'histograllllle des défauts 

presents.' La caract6risation des défauts est n~cessaire afin 

d'éval uer le facteur de concentrat ion des cont;.rai ntes à app 1 iquer dans 

une a n a lys e de fia b i lit é, po r tan t sur l' i ri; t i a t ion des fis sur e s d e 

fatigue. 
, 1 

Les methodes de coulage de l'acier seront aussi presentees, 

suivies d'une description de techniques de contrôle non desructif, 

particul ièrement les techniques radiographique et par ultra-son. 
1 l , 

Le programme experimental a porte sur la caracterisation des 

'1 1 / defauts de 25 echantill ons cubiques preleves de l'engrenage. Les 

'f ft' d' 1 lI. 1. de auts ont e e etectes et eva ues par sect l onnement mecanlque. par 

l'inspection radiographique selon deux directions et par "inpection-

,utrasonique sui vant trois di rections. Certains 4chantillons ont 

ensuite été étudiés en microscopie electronique à balayage. De p ll!s, 

une analyse chimique en six endroits différents de l'engrenage a permis 

1 1 
d'etabler la variation des elements d'alliage. 

A partir de cette analyse expèrimentale. l'histogral1ll1e des défauts 

IIi' 1 est trace, mettant en ev dence hUlt types de defauts macroscopiques et 

six types de d~fauts microscopiques'. les resultats des différentes 

techniques de contrôl e sont compar4s et l'orientation des défauts est 

d " 1 
l scutee. 
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1.1 MOTIVATION 

CHAPTER 1 

INTRODUCTION 

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 sectional area to ensure 

that the stresses in the member were kept below the yield strength of 
, 
the partlcular material by means of an arbitrary safety factor. 

Unfortunately, this failure criteria, based upon the material's yield 

strength, proved to be inadequate ln a number of cases. The fai l ure JJf 

the Boston molasses tank in 1919 [1] is one of many structuralîfailures 

that have occurred where this failure criteria was implemented. 

1 n 1 9 48, G. R. 1 r win pro v ide dan'u m ber 0 f con cep tua lad van ces [2 ] 

and, as a result, formed the fo~ndatlon of linear elastic fracture 

mechanlcs (LEFM). LEFM is a process ln which the stress fleld magnitude 

and distrlbution ln the nelghborhood of a crack (or other defect) is 

related to the applled 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 lnvestigating the 

phenomenon whereby engineering components would fail under the action of 

fl.u.c.tuatlng stress. Careful investigation would reveal that the maximum 

stress amplitude of the fluctuating stress would be lower than the 

ultimate strength and even lower than the yield strength of the failed 

materi a 1. Th i s phenomenon J known as fat igue, has long been recogni zed 

as an important cause in fai lures of engineeri~structures. As a 

1 

.. 



( 

result of the ship failures during the 1940'5 and 1950's, and of the 

fatigue initiated failures of thE: pressure cabin of Comet l jetliners in 

the 1950'5 [3], the existence of cracks or sharp1y contoured defects and'-. 

the initiation of cracks ear1y in a structural componentls l ife was 

recogn i zed • 

Through the work of Coffin, Topper, Wetzel, and Morrow, among 
o 

others, a different model,was developed in which the initlation'of a 

fatigue crack in a defect-cont~ining member could be represented by the 

rupture of a fi lament of mater; a 1 as shown ; n Fi g. 1.1. The smooth 

specimen, aS,sumed to have a mechaniral response similar to the fllament 

of material, can be used ta reproduce the stress-strain history of the 

filament as long as appropriate control of the smooth specimen is 

maintained. As a result, the fatigue l ife of the'filament and, the 

smooth specimen are considered to be the same for identlcal stress­

strain"'\l1istories. In brief, this local strain approach model coupled 

with fracture mechanics and a computer based damage analysfs provides 

the basis of a predict~ 'Le fatigue. crack initiation rel iabi l ity study. 

1.1.2 The Motivation for Oefect Characterization 

The recent increase of manufacturing requirements, as speclfiéd by 

the purchaser, has forced the manufacturers of 1 arge 

engineering components to provide reliabi1ity ~tudies prior 

of any su ch components. In particular, Provan et al. [4] have propoS€4 

a fatigue crack initiation reli~bility procedure whereby the re1iabil ity 

against crack growth initiation ;s found for a cast steel ring gear used 

to drive the cast iron shell of an iron ore crushing ball mlll. The 

analysis is based on the fol lowing items: 
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i) the ring gearls geometry, 

ii) the nature of operation of th~gear, 

iii)- a stress and strain analysis of the gear under operating 

conditions, 

iv) a statlstical evaluation or characterization of thé 
o 

inherent casting flaws in terms of their shape, size, 

location, and orientation in the stress field, and 

v) a statlstlca1 evaluation of the gear material's notch 

sensitivity, cyclic stress-strain properties, and its low 

cycle fatigue properties. 

The interaction between the five preceding items in the process of 

determining the fatigue crack initiatlon life is presented in the 

fatigue crack initiation 1 ife diagram of Fig. 1.2. In bnef, present­

day computtng strength a1lows the development and utilization of a 

computer algorithm whose flnal output will be-the probablllstic life 

expectancy of a particular rlng gear. 

As can be seen from box 2 pf Flg. 1.2, determining the stress 

ca n c e n t rat ion fa c t 0 r, K (.. ; s are q.u ire d ste pin the 1 i f e e val ua t ion 
.1 _ 

., 

process. Accordingly, it lS essent)al ta know the character, ln terms 

of the sile, shape and orientatlon, of the defects responsible for the 

stress concentrations. S;nce heavy cast co~pbnents undergo no further 
, 

forming processes' after casting such as forging or ,roll ;'ng (operations 

which te'nd to close up any' defects), the defects occurring in the 
, 

casting process must be careful 1y evaluated. Depending on the Slze and 

shape of the defect and its 10cation and orlentation in the stress 

field, fatigue cracks can be initiated and propagate through the 

c:omponent until reaching a criticaLsize at WhlCh time catastrophic 
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fail'ure occurs o Consequently, to guard against fatigue failure and 

provide probabi l istic 1 He expectancies of cast steel ball mil 1 ring 

gears through a low cycle fatigue analysis, a thorough understanding of 

'" the fnherent ~asting defects is necessary. 

1.2 PREVIOUS RESEARCH 

In the pa~, the American Society for Testing and Materials (ASTM) .. 
has developed reference standards to categorize the defect indications 

obtained From liquid penetrant, magn~tic particle, radiographie and 

ultrasonic nondestructive tests. The ASTM Standard Reference 

Rad;ographs for Heavy-Walled St~el Castings [5J provides reference 

~~à"d-lograPhS for casting defects whictf'lncl ude gas porosit'y, sand and 

- '"" slag inè.~sions, shrinkage, cracks, and hot tears. Furthermore, each 

type of defà.\c~ is arbitrarily classified into 5 severity levels. The 
~. 

ASTM al so pr vides recommended standards for categorizing ultrasonic 

indications. n brief, these reference standards are used on1y to 

classif:r. defec indications; the qual ity level s of the standards cannat 

be used for an acceptance-rejection criteria. Instead, acceptance-

,rejection criteria for individua1 castings must be based on a realistic 

appraisal of service requirements and the normal castlng quality [6J. 

There has been research conducted to determine acceptable levels of 

casting defects present in particular cast c~mponents. For example, in 

1970 R.E. Clark of the West i nghouse E l ~c~[,:;:-~,"corporat ion conducted an 

in-depth fracture mechanics study to determine what type and Slze 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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rcasting with no adverse decrè~se in structural integrity. 

Unfortunately, the qual i~f a cast steel -e~gineering component 1s 

dependent on numerous factor~ ~l vedJ'n the casting process. For 
~"-

instance, metal pour temperature, casting cool ing rate, and the presence 

of chi 11 blocks are only 3 of the vari~bles controlled in the casting 

""" process; however, .varying any one of these cao 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 component. Consequently, any defect characterization 

performed on a compone nt cast under disslmilar conditlons as the ball 

mill ring gear of this investlgatlon would h~ve llttle significance to 
r 

this particular investigation. Although there exist defec~ 

characterizations for other components and processes, their results 

cannot be direct1y app.lied to the cast ball mill ring gears of this 

investigation. 

}.3 THESIS OBJECTIVES 

The prlmary objective of this investigation is to characterize the 

defects, i,n terms of their size, shape, location and ori~tation, of a __ 

cas t ste e l bal 1 mil 1 r i n 9 9 e a r • S P e c 1 a lat t e n t 1 0 n i s f o~ use don the 

production of a defect histogram ln which each class~ defect 

discovered lS presented a10ng with its probabll ity of occurrence\ 

The sand casting process used to produce the cast steel rlng gears 

is explained to provlde an insight into the causes of typical casting 

defects. Furthermore, nondestructive testing techniques such as 

ultrasonic and radiographie inspection, utilized in this investigation, 

are exami ned to prov i de an understand i ng of thei r' under 1 yi ng concepts 
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and 1nherent 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. 

Npxt, the- nondestructi ve testing techniques of radiographie and 

ultrasonic inspection are summarized in Chapter 3. 

Chapter 4 provides the experimental processes followed in this 

investigation. The sectloning operation used on the ring gear segment 

from which sample blocks were obtained is presented. ThlS is followed 

by a summary of the machining operations used to prepar~ the samp~e 

blacks for further testing. Finally, the radiographie and ultrasonic 

tests are described along with the chemical analysis and the method of 

the microscopie examination. 

The results of the experimental investigation are presented and 

analyzed in Chapter 5. 

The final chapter presents the conclusions and proposals for 

further researeh. 

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

provided in the appendices. 

• 
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" CHAPTER 2 

A REYIEW OF SAND CASTING 

There are various casting methods employed in pregent-day.,) 

~ufacturi ng processes. However,' most 1 arge cast components wei ghi n9 

hal~~or more, inc' uding the cast steel ba11 mi 11 ring gears of 

this investigation, are produced using the sand casting method. As a 

resu1t, on1y sand casting and its various aspects wi1 l be dlsèussed in 

this chapter. 

2 • 1 SAND CASTI NG 

The 'method of sand casting is one of the oldest and widespread 

manufacturing processes employed in engineering design. In 1970, 

according to Bownes [8], sand casting was uti1ized ln almost 90% of 

total annual foundry production. Sand casting can be defined as the . 
pr6duction of a desired shape by the introductlon of a molten metal into 

a previous1y prepared sand mold where it then solidifies. Casting is an 

,~ important prOduction process because of its abi 1 ity to make lntricate 

shapes of almost unlimited size. Furthermore, a proper casting 
,-­",-

procedure enab1es the placement of metal where needed to best resist the 

working stress with virtual1y no dlrectiona1 properties [9J. 

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 ta focus on a 

particular process; as with most mafiufacturing methods, the part1cular 
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production detai l s of a sand-cast component vary from foundry te 

foundry. 

2.2.1 The Casting Pattern 

in€: Ti rst stage in sand casting is the production of the casting 

pattern about which the sand mold is formed. The pattern qual ity is an 

important factor in the casting process since a casting cannot be more 

accurate than the pattern equipment from which the mold 1S formed. The 

pattern can be constructed of mater; a l s such as expanded polYstyrene, 

p1aster, hardwood, softwood, alumlnum, and cast irone The selection of 

the construction matena1 depends malnly on the pattern 11fe desired. 

The casting pattern is not an exact hll-scô1e mode1 of the cast 

component Slnce al10wances for shrinkage, draft and machine flnlsh are 

incorporated into the pattern deslgn. Shnnkage allowance is the 
l 

correction on the pattern WhlCh is made to compensate for the 

contraction of the casting as lt cools in the mold from the metal , 
". . 
ofreeZi.n g tempefture ta room temperature. The pattern is constructed 

1 arger than, t~ actua l cast componènt by an amount determl ned by the 

shrinkage a110wance which varies wlth the type of steel used and the 

casting design. The shnnkage al10wance a1so depends on the sand mo1d 

s'ince the comp~cted sand in the mo1d offers conslderable resistance to 

compression. Depending on the sand's content and quality, compressive ~ 

stresses up to 44 MPa Gan be resisted before crumb1ing occurs [lOlo 'The 

.draft. a 11 owance i s the taper that i s i ncorporated on a 11 yert i ca 1 faces 

of a patterr] to permit its removal from the sand mold without tearing 

the mold walls. Finally, a sufficient amount of excess metal is 

provided on ail l surfaces·requiring further machinin,g. The actua1 amount 
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depends on the metal hardness, the shape and condition of the surface to 

be machined, the casting size, and the tendency to warp during cool ing. 

2.2.2 The Casting Mold 

In the process of sand casting, the casting mold is formed of a 

sand base refractorymatenal. Usingthe patter~, themold is shaped 

into the des1red form so that the)llquid metal lntroduced into it will, 

after so 1 i diti cat 1 on, retai n the shape of the mo 1 d. There are a number 

of demands on the casting mold. Flrst, it must be strong enough to 

sustai n the wei ght of the cast i n9 meta 1 and constructed in a manner to 

permit any gases formed wlthin lt ta escape lnto the surrounding 

environment. Furthermore, the mold must resist the erOSlve action and 

the high tempf!rature of the rap1dly moving molten metal. Finally, the 

mold material must be collapsible ta permlt the steel to contract 
1 

freely; the matèrlal must also cleanly strip away from the castlng after 

cooling. 

The most economical material that satisf1es these demands is a 

bonded granulated refractary called silica sand. Silica is the only 

mineral naturally occurring in the required size range in sufflcient 

world wide abundance. However, ather m1nerals, oxides or s111cates such 

as zircon, 01 i vine, chromite, and si 111manlte can be used as the pase 

mater,ia1 in pl ace of si 1 ica; but these must usually be crushed, sleved, 

o and even prefl red before use. The hi gh expansion 1 nherent in si 11ca-

based molds can be counteracted by smaller partlcle size and 

distribution of the sllica 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 
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cohesion between the sand grains in the green or dried state. 

Substances such as c1ays, organic oils, organic res;ns and silicates 

possess bond1ng qua1 ities and may be used singly or in combination to 

produce the required bonding properties. The binder is normal1y either 

in a 1 iquid form or as particles with a size much sma11er than that of 

the sand base grains. Idea11y, the binder forms a uniform, th;n f1lm 

around each grain. In genera1, the compressive strength of mol ding sand 

increases with increasing binder content until a point 1S reached, 

depending on the sand and binder type and moisture content, where the 

strength wi J 1 remai n constant. 

Generally, a mold is produced by p1acing the required pattern in a 

metal box, f1111ng the meta1 box with mo1ding sand, compact1ng the 

molding sand, and then removing the pattern leavlng the finished mold. 
\ 

In the case of\ large castings, individual parts of the mold are 
\. 

fabri cated separate 1 y and then assemb 1 ed together in a large pit to 

produce the flnished mold. Dry sand is usually used in large castings 

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

metal weight and pouring erQsion inherent in large cast'ings. 

2.2.3 Me1ting and Casting 
~ 

The mel ting procedure is used to achieve close control of metal 

composition and to decrease gas contaminat1on and non-metal1 i c 

inclusionse The melting 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 induct'ion furnace. With the open hearth furnace, the charge is 

melted by exposure to the action of a fl ame. The electric arc furnace 
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cons i sts of three graphi te el ectrodes through whi ch three phase current 

is passed. Melting of the metal is accomplished by the heat developed 

From arci ng between the el ect rodes, or the el ectrodes and the meta 1 lie 

charge whi ch serves as the common eonductor between the el ectrodes. The '\ 

electric inductlon furnace is composed of a cruelble, enclrcled by'a 

w~ter cooled eopper lnduction coil, in WhlCh the charge is melted by 

means of a high-frequency or a low-frequency electromagnetlc field. 

. As the furnace mel ts the charge, the surface of the charge may 

react wlth the surrounding atmosphere. The time requlred to melt steel 

alloys is usually sufflclently long for compositional changes ta occur. 

Once the furnace charge is melted, fluxlngand slagglngoperations are­

performed to remove impurlties and metallic and non-metalllc elements 

dissolved ln the metal or flaatlng at the l1qUld metal surface. If any 

compositlonal adJustments are required, the alloy addltlons are made 

towards the end of the process to a vOld losses ln these el ements. 

Furt..hermore, procedures such as degasslng and grain reflnement are 

carned out Just prlor to pourlng, otherwise their useful effect may be 

lost. 

After sufficlent energy has been suppl ied ta ralse the charye to 

its me1tlng temperature, overcome the 1 atent heat of fuslon, and further 

increase the temperature of the now l1qUl d charge ta lts tappiny 

temperature. the charge lS removed From the furnace and poured into the 

casting mol d. The tapplng temperature at which the charge 1S removed 

From the furnace depends on the temperature at which the mol ten material 

is ta be poured and the amount of coo 11 ng the ma 1ten materl a 1 undergoes 

as it is moved in the ladle ta the pouring slte. The pouring 

temperature depends on the design of the castlng and the desired 
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metall ographi c structu re of the casting. 

During the 'pouring process, the Flow of metal must be smooth and 

uninterru#.ted to pre'lent the formatlon of col d shuts and to prevent slag 

From entering the mold. If the lip pouring technique is used, the slag 
, 

caver must be sk immed off pri or ta pouring. The fI ow rate of the pour 

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

to comp l ete the pour before appreci ab 1 e coo 1 i ng has occurred. 

2.2.4 Finishing Operations 

The finishing operations are carried out once the casting metal has 

cooled sufficlently 50 that lt can be removed from the mold. After the 

casting has been removed from the mold, the resldual sand 1S manually 

removed. Following this, the casting is subjected tp a stronger 

shotblastlng, hydraullc, or chemical cleaning process. Shotblastlng is 

accampl ished by high veloclty streams of abrasive partlcles energized by 

compressed air and dlrected onta the castlng surface. The process of 

hydraul ic cleaning uses high pressure water Jets, incorporatlng sand as 

an abrasi vP., that are dlrected onto the casting's surface. Although it 

is a seldom used method for large castings, chemlcal cleaning involves 

" baths of molten caustlc soda used to break down the surface oxide layer 

and loosen the adheri ng sand. Next, the gat,i ng and r1 seri ng systems are 
''1 

cut from the casting through either sawing, abrasive wheel cut off, or 
" 

flame cutting techniques. 

The casting is then subJected to a heat tteatment process dependlng 

on the desired properties of the finished component. Following this, 

the quaI ity of the casting is investigated' using one or more of the 

following non-destructi 'le testing techni ques: li qui d penetrant 
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inspect,ion, magnetic particle inspection, radiographie inspection, and' 

u ltrasonic i nspecti on. If an} severe cast i ng defeçts are dl scovered the 

castjng is usually subjected to an upgrading process where the defects 

are gouged out and fi 1 1 ed us i n~ a submerged arc we 1 di ng techni que. In 

.addition, destructive tests are performed on test samples cut fron) the 

cac;ting to verity its chemical composition and microstructure. 

2.3 THE STRUCTURE OF CASTINGS 

2.3.1 The Solidification Process 

Solidification is a relatively fast process as compared ta the 

other steps required to produce a sand castlng; however~ SOlldlfication 

does not take place csu.ddenly throughout a casting. Instead, the cooling 
~ 

of a cast component from lts initlal tempe rature to the flnal ambient 

temperature of the surroundlng environment 'is a sequential, hlgh"ly 

ordered process. The thinnest sections of a casting S011dify first 

since they exper.ience the highest coo1ing rate as a resu1t of the hlgh 
o , 

heat transfer to the cooler, surrounding mold. As the thln sections 

sol idi fy, they contract and draw 1 iqUld metal from adjacent heavier 
'\-

sectio~s that have not yet SOlldi fied. As heat energy 1 s constantly 

lost to thé mold and surrounding envlronment, these-heavier sections 

SOl;~;fy an(d;:aw liquid metal From other adjacent parts of the casting. 

This sol id; fication and contractlon process progresses throughout the 

casting with 'the heavier sections feeding molten materia1 to the llghter 
, , 

sections; finally, the last sections to sol idlfy draw 11qUld metal from 

the risers. -ThlS process in which the casting èools progressively From 
, 

the e.xtremities to the risers lS know(l dS directional sol idiflcation. 

Directional solidlfication is essentia1 ta avoid any shrinkage defects 
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occurring in the sol idification process. -
2.3.2 Crystallization 

The actual process of solidification in which crystal1i?ation 

transforms the liquid metal al10y into a sol id structure is qUlte 

comp1ex and involves vai'ious aspects of physica1 chemistry, 
"J 

thermodynamics, and crystal1ography.' An in-depth investigation of this 

subJect is beyond' the ,aim of this ;nvesti~atl0n. However, the 

microstructure of a cast component is heavily',dependent on the 

crystall i zation process. Consequent ly, the bas1c mechanism of 

tèry~allization of cast a110ys 1S presented in this section. 

The crystallization of liquid metals follows the pattern of 

crystal.lizationof most other liquids~in which the 1iqU1d phase of a 

substance changes into the solid phase as lt'cools. The coo11ng liquid 
:J 

metal loses some of in.s energy in the form of heat to the surrounding . ~ 

mold and, in doing so, becomes structurally unstable in re1ation to the 

501_ state. When the temperature i.s lowered, the average distance 

between the atoms of' the l iquid decreases" The attracti ve forces 

between n.eighboring atoms become more promi nent as the therma l energy 

which maintains the vibration of the atoms and keeps them apart is lost 

to the surrounding environment. With further cool ing, the attracti ve 

forces between the atoms prevent the atoms from moving away from one 

another and causes crystal l ization ta occur. 

2.3.2.1 Nucleation 

The formation of the crystal 1 attice from the l iquid state invol ves 

the successj ve stages of nucleation and growth .. Nucl eation is the 
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appearance of centers. upon whi ch more atoms can be deposi ted for the 

growth of solid crystals" at random points in the liquide These'nuclei 

can be produced by homogeneous nue 1 eat i on or by hetrogeneous nuc l eat ion. 

Homogeneous nucleation is the formation of ordered groups of atoms 

forming areas of 'higher than average density during their random 

movement within the liquide These embryonic crystals are unstable and 
"'. 

shortlived; however, sorne reach a critlcal size at which they become. 

~ stable and grow. General nucleation theory can predict this critlcal 

size in terms of the change in free energy resulting from the formation 

of a part i cl e. 

Hetrogeneous nucleation is the process ln which lnitial growth 1s 

provided bya foreign particle lncluded or formed ln the melt. In 

foundry practlce, hetrogeneous nuc1eation usual1y dominates the 

nucleation process since sorne foreign nuclel are always present i~ the 

form of lmpurities originatlng in 'he,metal, the wall s of the mold, or 

the atmosphere. Once the initial nucl ei are formed, more sol,d may be 

deposited on the initial nuclei or fresh nucleatlon of the same or 
/ 

different phase may occur in the l iquid. 

4.3.2.2 The'Liquid-Solid Interface 

The growth phase of crystal 1 ization is instrumental in determining 

the final crystal10graphic structure of the solide In the growth 

process, there exists an interface WhlCh separates the sol id from tQ"e. _ 

1i<:lU1d component of the cast metal. At this l1quld-solid interface, 
.\ 

freezi ng occurs wh en the 1 oca 11 zed latent heat of crysta 11 i zat ion, 

generated on the solid side of the lnterface, is insufficient to reverse 

the dl rect i on of heat f 1 ow from the 1 i qui d adj acent to the i nterf ace. 
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With reference to Fig. 2.1, the beat generated during crystall ization 

ma i ntai ns the temperat ure of the su rround i n9 so 1 id T 5 equa l to the 

temperature of ~he 1 iquid TL adjacent to the interface. Only when this 

heat 1s dissipated out through the solid and TS drops below TL can 
\ -

further sol idification prdceed. The typical temperature gradlent at the 
\ 

1 iquid-solid interface i~ presented in Fig. 2.2. The heat flow from 
1 

1 iquid to sol id results from the positive temperature gradlent across 

the interface. However, local evolution of the latent heat of 

crystal 1 ization is sometimes sufficient to produce a negative 

temperature gradient at the interface wi th the minimum llquld 

temperature occurring away from the interface. This leads to zones of 

undercooling as seen in Fig. 2.3. 

In addltion, undercooling can be caused from the dynamlc condltions 
~ 

associated with casting solidification. With respect to the equllibrlum 
, 

phase diagram for the sol id sol ution of Fig. 2.4, the blnary alloy with /' 

a concentration of B equal to Co first SOlldlfies at temperature ~ 

The f-.rst solid formed is a composltion Cl and is deficient in B wlth 

respect to the liqUld. As crystallization proceeds under non-

equllibrium conditions, solute is reJected at the l iquid-solid 

interface. This causes a composltional gradient in the liquid shown ln 

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 s1ngle equil fbrium freezing temperature 
" 

,'. 

below WhlCh crystallization occ,~rs. T~ese points lie 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 correspondlng decrease 

in the equi 1 ibrium. freezi n9 temperature. The variati on of the freezing _ 
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temperature duè to solute transport~ along with the resulting zone of 

under coo 1 i n9~ i s presented in Fi 9. 2.6. 
. 

The conditions are more favorable for crystal1ization in the zones 

of undercooling as compared'to the solid-liquid interface. The presence 

and ext~nt of the underC~l ed zone, which depends on the interface 

temperature and compositional gradients, play important roles in 

determining the microstructure of a casting. 

,­'. 
~ 2.3.3 Crystal Growth and the Cast Structure 

. 
The cast""structure is a function of the type of crystal growth , 

which~ in turn, depends on the conditions in the solidification~ 

interface and the constitution of the a110y. In thlS section four types 

of crystal growth are discussed including columnar growth. dendritic 

growth~ lndependent nucleation, and eutectic freezing. The first three 

growth processes are characteristic of SOlld solutions where 'the metal s 

of the a110y are comp1ete1y soluble in each other. However, eutectlc 

freezing occurs only in mechanica1 mixtures where the metal or al10y 

constituents are inso1ubl~ jn each other. 

2.3.3.1 Co1umnar Growth 

Columnar growth can be found in pure metals.and. under favorable 

conditions, in solid solutions. For co1umnar growth to be present in 

solid solutions, slow cool ing must be present to allow more tlme for 

solute transport. This diminishes the_concentratl,on gradlent and the 

correspondlng undercooling in the liqUld. Columnar growth is a1so 

favored by a steep interface temperature gradlent. This ensures 

renewed growth at the interface occurs before undercoo 1 i ng bri ngs about 
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nucleation at areas distant from the interface. 

With reference ~o Fig. 2.7, columnar growth begins with nucleation 

at the mol d wall. This i s followed by mul ti-di rectional crystal growth 
~ 

at the wall. Growth in the lateral direction (parallel to the mold 

wall) proceeds until no space exists between the crystal s. With lateral 

constraint present" crystal growth takes place by the edgewise extension 

of the now columnar crystals. The col umnar grains are oriented with 
, 

their largest dimension parallel to'the direction of,the heat flow. 

2.3.3.2 Dendritic G'f:owth 

The type of crysta 1 growth most common l y encountered in the 

sol idification of commerci,al cast alloys 15 dendritic growth. Dendritic 

growth 15 favored when undercool ing occurs in the band of l iquid 

adjacent to the interface. Any existing protuberance on the solid face 

tends to act as a center for further growth. The genera l advance of the 

interface, as a whole, is retarded by localized latent heat; however, 

1 oca l growth centers proceed fu rther i nto the undercoo 1 ed zone. Thi s 

preferred growth from an edge or corner of an existing embryonic crystal' 

results in the formation known as a dendrlte as seen in Fig. 2.8. The 
Q 

proJectlOn develops into a needle oriented parallel to the direction of 

heat t'lowe The growth of the dendrite in the direction perpendicular to 
1 

the-'primary stem is restricted by the localized latent heat that 

inhibited general growth at ,the origlnal interface DQ. However, 

secondary and tertiary branches can develop in the same manner as the 

primary needle. Soli.dification progresses through the thickening of the 

branches and' primary stems of the dendri tic ske l eton. 

In addition to growing uni,di rectionally from a major interface to 
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produce columnar grains. dendrites can also grow as independent cry~tals 

alone in the liquide In this èase. the ful1y developed grain is 

equi axed. 

2.3.3.3 Independent Nucleation 

Independent nuc1eation occurs when \he freezing of a 1 iquid alloy 

, occurs under a sma11 temperature gradient' or at a very rapi d rate. If 

the conditlons are right, the undercooling ahead of the SOlld-1 iquid 

interface is sufflclent to cause nucleation at locations in the 1iquid 

ahead of the interface. The S011dj fication structure associated with 

independent nucleation is equiaxed grains. These are often found in 

sand cast components as a result of the inherent low temperature 

gradients of the sand casting. 

2.3.3.4 Eutectic Freezing 

Casting a11 oys that are approximate1y eutectic or contain eutectiè 

components exhibit eutectic freezing. In this mode of growth. each 

eutectlc grain is formed by the growth of two or more sepùate phases in 

close association. The resu1tingstructure mayconsist of a1ternate 

plates of the two phases or rod-1ike globular elements t.f a seeming1y 

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 concent-ration of the sol ute of this phase in the l iquid 

increases unti l nucleatlon of the second phase starts at the 1 iquid-

sol id interface. Then, the two solid phases grow simu1taneously. 

The' growth of the eute'ct i c gra in proceeds by the si mu l taneous 

edgewise extension of the plates of the two phases. ln the final 
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structure, each eutectic grain is the product of associated growth From 

a slngle c-enter to a microscopically distinct unit [12]. The resu1ting 

grain can be equiaxed or col umnar in forme As with sol id solutions, 

• columnar eutectic -structures can be produced by control1ed , 

unidirectional freezing. 

203.3.5 Cast Structure Variation 

The grain structure of a cast compone nt ;s rarely uniform 

throughout the vol ume of the cast i ng. Temperatu re and const i tuent 

variations in the casting produce a multitude of grain types. For 

examp1e, the solidification of a solid solution alloy casting begins, 

with the format i on of a thi n ch i 11 1 ayer ~dj acent to the mo l d wa 11. The 

chi 11 1 ayer, formed fi r5t because of the lower temperature of the mo1d 

wall, usualJy i5 a fine-grained structure caused by the large number of 

nuc1ei formed as a result of the rapid cool ing. As the castlng cools, 

dendrites start to grow from the inner boundary of the" chill 1 ayer 

tO\'Iards the highest temperature area of the casting. The resultant 

crysta15 are el ongated and continue to grow towards the interior of the 

cas tin g a 5 the the rm a l 9 rad i e n t i 5 d i min i 5 h e d b Y the t ra n s fer 0 f he a t 

through the al ready 501 idifi ed meta 1. Fina lly, with litt le thermal 

gradient remaining, other crystals nuc1eate at locatlons remote from the 

interface to form randoml y ori entated equi axed gra i ns. The resu 1 t of 

this process can be seen in Fig. 2.9. Al though not al1 cast steel 
\ 

c;omponents sol idify in this manner, the process provide5 a uniqu,e 

examp 1 e of cast st~ucture var; at ion. 
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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 hal f of the mold) and is the pri ncipa1 means to control the 

metal flow pattern withln the mold. The gating sys~em i 5 an 1mportant 

component of the casting 'mo1d Slnce it governs the rate and direction of 

the metal f10w to ensure complete fi 11ing of the mold befare freezing. 

Also, the gating system ;s requ;red ta provide smoath and uniform f10w 

with minimum turbulence to avold air entrapment, meta.l oXldation, and 
, 

mo1d erosion. The system must lntroduce molten metal 1nto the mold 

. cavity in a manner that wi 11 produce temperature grad1ents 1 n the meta l 

and mol d surfaces such that sol id1 fication wi 11 occur ln the di rection 

of the r1sers. Furthermare, the gating system must have built-ln traps 

,r" 

"" to remove any non-metallic inc1uslons dis10dged in the gating system or 

i ntroduced wi th the metal. 

The typlcal gatlng system cansists of four ma1n parts: the basin, 
\ 

~ the sprue, the runner, and the gates as shown in Fig. 2.10. The basin 

enables the pourer to maintain a full system and provide the required 

metal flow rate; moreover, the basin helps separate any remaining slag 

from the meta l before it f l ows through the system. If meL.:! lis poured 

direct1y into the sprue hale, turbulence and vortexiny deve1ap leading 

to an unsound casting. The sprue carries the mol ten materia1 fram the 

basin down to th~ runners. It is usually tapered 50 that lts cross 

sectiona l area decreases towards the runners to prevent aspi ratlon 
" 

occurring in the meta1. The metal then flows through the runners which 

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

D 
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Once through the runners the metal enters the gates. The gates are the 

passages of various shape and dimension that determine the rate, type of 

f 1 0 W , and po s 1 t ion' a t wh 1 c h the met ale r:J ter s the mol d. A pro p e r 1 y 

designed gating system ensures complete and uniform fil 1ing of the mo1d 

nd provides the init1a1 temperature gradients so that sol idification 

occurs in the direction of the risers. 

2.4.2 The Riser System 

The primary function of the riser system is to feed mo1ten metal to 

the casting as it solidifies to minimlZe any interna1 or external 

shrinkage which might occur in the cast1ng. The casting mo1d is 

designed in such a manner so that the risers, attached dlrect1y to the 

meta1 cast1ng, solid1fy 1ast. As a result, solidif1cat1on shnnkage of 

the cast1ng is mlnim1Zed Slnce molten metal from the rlsers lS able to 

f10w into the casting to compensate for the contractlon. The risering 

system al so provldes passages a110wlng any mold gases to escape and 
1 

provides extra meta11astaticpressure. Th1S extra pressure forces the 

molten metal to reproduce the mold details more closely [11]. The 

risers are always formed into the cope (top slde of the mold) 50 that 

any slag remalning in the céfs"ting can float up into the risers. 

The effectiveness of a part1cular riser depends largely on its 

size. If the riser ils too small, shr>inkage cavities occurring in the 
. 

riser extend lnto the casting. If the riser i s ~oo large, excess metal 

i s me 11:ed per cast 1 ng and the cost i s i ncreased. The ~1Ze and shape of 

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

sufficiently slowly to ensure that liqu1d metal wi 1 1 be available 

throughout the sol idificatio~ of the casting se.ction the riser feeds. 
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This ,is required to maintain directional sol idification from the casting 

i nt 0 th e- ris e r. Sec 0 n d, the ris e r rn us t bec a p a b 1 e 0 f su pp l Y l n g a 

suffic; ent amount of mol ten maten al requi red to cornpensate for the 

'solidification shnnkage. 

There are two basic types of rlsers: those that are open to the 

atmosphere (cal1ed open risers) and those that are not open to the 

a t mo s ph e r e (c a l l e d b l l n d rl se r s ) • The 0 pen r l se r l s the s l m p 1 est and 

,most commonly used type. A valuable feature of the open rlser lS the 

functlon of provlding mol d venting during the pourlng process. However, 

open risers are subJect to heat 105s to the surrounding atmosphere. 

In contrast, the bllnd rlser lS total1y enclosed ln the mold. The 

blind riser is easy ta posltlon ln a rnold Slnce lt lS not open ta the 

atmosphere. Furthermore, the bll nd rlser can be used ta pramote 

directional S011d1flcatlOn ln thln sectlons. The larger mass of metal 

matenal ln the bllnd riser requlres a longer tlme ta SOlldlfy as 

'compared to the thln sectlon; consequently, SOlldiflcatlOn ends in the 

bl ind riser. A core that is open ta the atrnosphere can be lnserted lnto 

a blind flser to relleve the vacuum developed From shrlnkage and help 

push the meta 1 from the ri ser i nto the shri nkage area of the cast i ng. 

~ 

2.5 CASTING DEFECTS - THEIR DESCRIPTION AND CAUSE 

There a~e numerous types of defects lnherent in the casting 

process; sorne types can seriously affect the structural lntegrity of th~ 

casting wh11e others wll1 only affect the esthetic val ue of the castlng. 

In this sectlon, typlcal casting lmperfectlans wlth the potential of 

lowering structural lntegrity wi 11 be descrlbed. According to 

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

tears, and cracks. 

2.5.1 Segregation 

Segregation ;s the non-uniforrn distribution of the chernical 

elernents in an alloy. Sorne regions of a casting 'rnay be rich in c~rtain 

elernents while other regions are irnpoverished in these same elements. 

Segregation occurs in the SOlldiflcation process and leads to non-

unlforrn rnechanical propert1es. Moreover, thlS defec;t type occurs in 

ductile lron, ~n many nonferrous alloys, and in all metals ln WhlCh the 

composltlon deslred of a particular element is close to, or exceeds, the 

maximum solubility of that particular element. Hence, segregatlon is a 

function of metal composltion and coollng rate [14J. It can arlse from 

il large difference ln metal sections or fr,orn a section of mold or core 

that prornotes heat retention. Also, the 'dlstribution. of gates and 

risers promotlng heat retentlon in local1Zed areas acts to provlde a 

co01ing rate ln some sections WhlCh wou1d normally be found ln much 

__ heavier sectlons. Such a sltuatlon does not provlde sufflcient t1me for 

the concentratlon of a particular chem1cal element to equalize 

throughout the castlng; consequently~ segregat10n occurs. Other 

factors that can affect the coollng rate caus;ng segregation are 

turbu lent meta 1 f 1 ow when pOUrl ng, incorrect use of exotherml c mol di ng 
o 

materials, and lncorrect rneta1 composltion. 

2.5.2 Blowholes 

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

gaseous cavities that can be spherical, flatt'ened, or elongated in 
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shape. They are caused by local ized gas pressure that exceeds the meta1 

pressure as themetal in th~casting mo1d cools. All of the gas that 

cames out of solutl?n From the meta1 cannot escape through the vent 

ho1es and, as a result, remalns entrapped ln the castlng. Blowholes can 

ôccur as a resu1t of the followlng: insufficlent core venting, 

inadequate metal pressure due to paor deslgn, low feed pressure, 

turbulence ln the gatlng system, and lnadequate rlser Slze. 

Furthermare, if the molding sand mOlsture content lS hlgh, lf fore1gn 

material is in the sand, if the sand lS poorly mixed, or if there are 

exceSSlVe gas producing matenals in the sand coatlngs, then b1owholes 

can result. 

2.5.3 Inc1uslons 

Inclusions are described as impurities elther ln Solutlon wlth the 

meta1 or as separate1y he1d partic1es. In general, 1nc1uslons result 

framM~elgn materla1 enterlng lnto the rnold through carelessness. In 

additlan, lncluslons can arlse From the breakdown of the sand coatlng 

whereby sand fa 1 l s dl rect 1 y 1 nta the ma l d. Thl s breakdown can be f rom 

poor deslgn, careless mold assembly, or defective core-coatlng 

materla1 s. Fwally, incl USlons can result From the pourlng practice; d 

wet l lP on a pourlng lad1e may Chl 1 1 the metal sufficlent1y ta lnterfere 

W it h pro p ers 1 a 9 sep a rat 1 0 n, car e 1 e s s ski mm 1 ~ 9 0 f the 1 a d 1 e p rl (l r t 0 

pouring allows the excess slag to enter into the mold, low pourlng 

"'temperature or slow pourlng 10wers the effectiveness of the gating 

system slag trap, and dir,ty ladles can resu1t ln more 51ag than the 

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

The phenomenon known as piping is where a ,rupture or cav,ity occurs 

in the casting meta1 which solidifies 1ast. The metal adjacent to the 

mo1d's wal1s sol idifies first and as the 11quid metal in the center of 

the mo1d beglns to sol idify, it tends to pull the al ready rigid outèr 

she11. ThlS 1eads to rupture and the resulting pipe. A co1d shut, 

similar in appearance to a pipe, is a discontinuity resu1ting (rom 

imperfect fusion where two stream~ of m~ta1 have converged. Some causes 

of cold shuts are interrupted metal f10w from faulty casting design, 

improper casting cool ing, low fluidity of the molten metal, and poor 

pouring pract1ce. 

2.5.5 Shrinkage 

Shrinkage defects can be described as a co11ect10n of jagged ho1es 

or a spon92 1ike area 11ned with dendr1te crystal~ [14J. Shrinks 
-, 

usually occur ln heav1er sections, at changes of section, and at 
, 

interna 1 hot spots. Si nce these l ocat i ons are al so prone to gas defects 

and hot tears'" it is sometimes d1fflCUlt to diagnose the presence of 
1 

shrinkage. There are two broad categor''ies of shrinkage termed as 

primary shrinkage and secondary shrlnkage. 

An example of pr1mary shrinkage lS the cavlty resu1t1ng from 

i nad e qua t e f e e d met a 1 a v a i l'a b 1 e f rom the rl s e r; n g s y ste m. 1 n t h i s 

" 

instance a shri nkage ca vi ty occurs 1 n the rl ser head and extends i nto 

the, casting. Th1S defect becomes visible on removal of the rlser. 

Secondary shrinkage is internal ~nd occurs ln areas remote From the 

risers or feeder heads. Depending on the conditions of the mold, 

casting metal ~ ~nd pour, seconda'ry shrinkage may be in the form of a 

\" " 
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hollow,cavity or a network of filaments [12]. 

Shrinkage can be attri~uted to changes in sections that are too 

'abrupt, ;nsuff;c;ent metal in a heavy, s~ction, insufflc,ient quantity or 

size of rlsers, movement of the mOld w~11, and poor pouring condit10ns. 

7 
2.5.6 Hot Tears . 

Hot tears are cast1ng defects characterized by partla1 or complete 

fracture fo110wing an lrregular 1ntergranular path. Hot tears form as a 

result ~f contraction of the metal coo11ng at h1gh temperatures when it 

is in a relatlvely brittle condition due to llquid fllms [12]. The 

appearance of hot tears is,o(ten very 'slIn11ar to that of shnnkage 

cavities. 

Tre causes of hot tears lnclude the lack of adequate f1 1 lets ln the 

mold, a rig1d mold preventing a section of the cast1ng to exp and or 

contract in its normal fashion leadlng ta high internal stresses, and 

poorly des1gned r1sering-and gating systems prevent1ng normal metal 

contraction. Pobr col laps1b1 l 1ty of the molding sand and the lnadequate 

use of.chilis., used to, in~uce 10H1al SOlldlflcation at the rnold walls, 

al so contnbute to the iormà::ion of hot tears. Moreover, the rnetal 

composition and the melting, pounng, and cool ing technlques of the 

casting process play 1mportant roles ln the formation 0.( hot tears. 

2.5.7 Cracks 

Cracks are the most detrimental castlng defect ln that they possess 

the smallest notch radius at the crack tlp that radically lncreases 

stress in their vlc;nlty. Cracks are formed 1n a casting when 1t has ..., 

cool ed bel OW the temperature at which hot tears wlll occur but sti 11 

J , 
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lies above the temperature for elastic behaviour and the cooling is 

rapid enough that the ultimate stress of the metal is exceedrd. 
, ~-' ' 

If very high stresses are developed in a cast compônent with-wide 

section variations and poor ductility, fracture can occur with the 

resulting crack being straight, clean, and of a catastrophic length. 

As wlth the previous defects, the gating and risering systems, th~ 

quality of the moldlng sand, the metal composition, and the melting and 

pouring practlce dictate crack formation in a cast component. 

, 
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CHAPTER 3 

RADIOGRAPHIC AND ULTRASONIC INSPECTION TECHNIQUES 

3.1 RADIOGRAPHIC INSPECTION 

3.1.1 Physical Principles 

The nondestructive testing technique of "t~adiOgrap~ employs 

penetrating radiation in the form of e1ther X-rays or gamma radi~t10n to 

produce a radiograph. A rad10graph ;s a two-dlmensional plcture of the 

intens1ty distribution of some form of penetrating radiatlon thatchas 

been proJected from a source and has passed through a material test 

obJect. Any,vo1ds, th1ckness vanations, or regions of dlfferent 

composlt10n attenuate the penetratlng radiation by dlfferent amounts, 

thus produclng a shadow of themse1 ves in the radlograph,. as shawn in 

Fig. 3.1. 

3.1.1.1 Penetrating' Radiation 
, 1 

Gamma rays and X-rays are e1ectromagnetic radiatlon; their position 

in the electromagnetic spectrum ;s shown in Flg. 3.2. X-rays and gamma 

'rays of the same wavel ength are physical1y identlcal. Penetrating 

rad1ation, like al l forms of e1ectromagnet1c radlatlon, transports 

energy in discrete packets cal led quanta or photons. The energy of such 

a p hot, 0 n i-s d ire ct ,1 Y pro p () r t l 0 n. a l t 0 , the f, r e que n c y 0 f the 

electromagnetlc rad1ation and 1S g;ven'by E = hf where E and f are the 

energy and fi"equency of the photon respectively, and h lS PLank's 

con~tant • 

X-rays are produced in two ways. The first method lS·to slowly 

ace e.l e rat e a cha r 9 e d par t. i c 1 e, us u a 1 1 yan e 1 e c t r 0 n, t 0 a ver y h 1 9 h 

29 

.. 

: 



c 

velocity and then rapidly decelerate it through coll ision with the atoms 

of a solid target material. When the electrons strike the target, a 

transfer of energy occurs and X-rays are produced. The second method is 

'to remove one of the orbital electrans ,of an atom ta produce an ion in 
~ 

an excited state. As the orbital electrons of the excited ions 

rearrange themselves, an energy transfer occurs and X-rays are emitted. 

These X-rays occur having particular wave1engths that are characteristic 

to the atomi c number of the ion fram whi ch they are emitted; thus, they 

are called characteristic X-rays. Conversely, X-rays produced by the 

bombardment of hl gh speed el ectrons Wl th a so li d materi al target are in 
..... 

a confinuous spectrum havlng a multitude of wavelengths. 

Three fundamenta1 requirements must be met for X-ray production 

with the c0111sion method: a source of e1ectrons, a means of dlrectlng 

and acce1erating Î the e1ectrons, and a target for the electrons to hit. 

If cer'ta~n substances are heated sufflcient ly, sorne of the substance's 

electrons wil l become extremely energlzed, escape from the material, and 

surround it in the form of a cloud. The el ectrons wi 11 return' to the 

emitting material unless sorne external force pulls them away. Si nce \ 

1 ike charges" repel each other and unl1~e charges attract each other, a 

strong pos1ti ve charge must be used to pull the el ectrons away from 

where they are generated. The location where the electrons are 

generated is ca11ed the cathode, 'whil,e the p05i~ive1y charged target is 

ca 1 1 ed the anode. 

An el ectri c potent i al i 5 connected between the .cathode and anode, 

both of which are in a common vacuum, 50 that the anode is posit;vely 

charged with tespect to the cathode. The electron movement towards the 

anode must be in a vacuum so that energy 1055 due to col lisions with gas 
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molecules is avolded. 

The anode, or electron target, ;s a solid material with a hlgh 

atomic number. The higher the atomic number, the hlgher is the 

efficiency of X-ray production. Unfortunately, only a small amount of 

the kinetic energy available in the electron beam lS converted lnto X-

ray radiatlOn; the remainlng energy is converted lnto heat and must be 

dissipated by the target material. Furthermore, the effl ci ency of X-

ray production lncreases with increaslng target atomlC number and 

increasing cathode-anode voltage [15]. 
, ) 

Gamma rays, on the other hand, are produced from certaln 

radioactive isotopes such as IrridlUffi' 192 or Cobalt 60. Whereas X-rays 

produced by the bombard"nt method ti'a ve vari ous energy le vel s, l sotopi c 
ï . 

9 a mm a r a y s cor r es po n <:t'hn g t 0 a par tic u l a r de c a y pro ces ~. h a v eth e sam e 

energy. Thê decay of sorne -1 sotopes yie 1 ds seve'ra l types of gamma rays 

w,"th different, sharply deflned energies. The strength of the source, 

or lsotope, decays exponentially wlth tlme; cO,nsequently, the source 

must be replenished periodlcal ly. 

3.1.1.2 Penetrating Radlatlon and Matter 

The pen~tration of an X-ray or gamma-ray photon into a materlal can 

r~sult i~ one of three basic processes. Flrst, an atom of the materlal 

may absorb the photon and, as a result, eJect an orbital electron and 

change to an excited 10n. The eJected electron expends its energy 

through coll ision with other atom5. Then the excited lon becomes 

neutralized and emit,s its own characteri5tic radiation. This process 15 

known as the photoelectric effect [16]. Second, the penetratlng photon 

may co 1 l ide with an outer el ect ron, lose part of 1 ts energy to th; s 
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electron, and continue in a new direction with reduced energy. The 

el ectron invol ved in the coll ision is ejected from the at"ofh. This-is 

known as Compton scattering. Finally, if the penetrating photon has 
. 

sufficient energy, part of this energy may be converted lnto the mass of 

an electron and a positron upon coll ision with the atome The remaining 
'> 

eiH:dgy will be in the form of kinetic energy of the electron-posltron 

pair. In brief, depending on the energy of the incident photons, all 

three of the previous processes may contribute to the attenuatlon of the 

penetrating radiation. 

If a narrow, well-coll imated beam of slngle-energy level X-ray or 

gamma ray photons is directed against a sheet of material, the intensity 

(the number of photons per uni t area per ~eCOnd)(wi 11 show an 

a t t e nua t 10 n 1 a r gel y due t 0 the th r e e pro ces ses des cri ble d ab 0 v e. The 

attenuation will followthe law: 1 = 10 e- ux where 1 lS ~he transmltted 

tntensity, 10 is the incldent intensity, x is the thl?kness of the 

attenuator or sheet, a~d u 15 the l inear attenuation coefflc1ent. The 

\ 
val ue of u depends on the energy of the incldent· photons and the ---. -

composition of the attenuator. The linear attenuation coefficient 

measures the probabi l1ty per unit thickness that a photon in the .primary 
, 

beam i5 removed From that beam. The attenuator does not absorb all of 
r;) 

the energy removed From the primary beam; some of th1S secondary 

rad; at i on w; l l escape from the attenuator and poss 1 b l Y i nterfere with 

the recording fi lm. 

Th~ amount of attenuat ion depends on the materl al that the primary 

photon beam. i s bei n9 transmitted through. Any materi al fl aws wi 11 

attenuate the penetrating radiation differently from that of the 

material itse1f; th.erefore, the radiation transmitted through any flaw 
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wi 11 be of di fferent i ntens ity from that transmitted ~throu9h the 

material. It is this difference in transmission of the penetrating 
. 

radiation that indicates the presence of a flaw. 

3.1.1.3 Presentation of Test Results 

There are a number of methods to use in the presentat i on of non-

destructive radiographie test results. 

F!lm Radiography - In this method, an X-ray sensitive fllm is used 

to record the intensity of the X-rays after they have passed through the 

test specimen. This is the most wldely used method and wll l be further 

discussed in Section 3.1.2.5. . 
Fl uoroscopx - Fl uoroscopy lS where X-ray patterns are converted 

directly to visible 1 ight patterns by the use of fluorescent screens. 

T'he sensltivity of the results obtalned with fluorescent screens is 

somewhat less than that of fllm radiography. 

Television Radiographx - With this method, closed-circuit 

televisîon systems, sensitlve to X-rays, are employed. This technique 

provides quick, inexpensive results compared to fllm rad10graphy. 

Xeroràdlographx - ThlS technique lS a combinatlon of X-~~dl09raphy 

and electrostatics. The X-ray lmage is recorded ln the form of an 

electrostatic charge distribution on a spP.cial plate. The 1mage is then 

transferred to paper in the same manner as a Xerox copy. 

, . 
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3.1.2 Radiographic Inspection Eguipment 

3.1.2.1 The Coolidge X-Ray Tube 

X-rays were produced in gas fi 11ed tubes before 1912. This 

invo1 ved sp1 itting the gas molecu1es into io~s and electrons with an 
<..~ 

" 
app1ied high voltage. The positive ions were attracted'to the negative 

cathode; the electrons were acce1~rated towards the positive anode - the 

target. X-radiation was produced from the e1ectron-target coll isions. 

These gas fil 1ed tubes had two major drawbacks; (1) the e1ectron supp1y, 

and th us the X-ray emission, was l imited by the amount of gas in the 

tube, and (2), the gas tended to cause arc-over when high voltages were 

app 11 ed. As a resu lt. X-rays of long wave 1 ength were produced and had 

very 1ittle penetrating power. 

Around 1912, Cool idge introduced a heated metall1c f11ament, or 

incandescent, cathode. The new type of cathode great 1 y i ncreased the 

number of electrons that cou1d be acce1erated towards the target. 

Furthermore, agas was not needed; instead, the tube was evacuated. 

Thistled to the appl1catlon of higher voltages and thus more penetrating 

X-rays. Fig. 3.3 shows a Cool idge type X-ray tube. Most modern X-ray 

tubes -~ùre refinements of the Cool idge tube and have more stable 

emission; a longer life, and more efficient shaping and focusing of the 

el ectron beam. 

3.1.2.2 Accelerating Potentials and Electron Targets 

The m~dern X-ray equipment uses a combination of tube rectifier and 

iron-core transformer to develop accelerating potentials up to 500 kV. 
1)-

High vol tage generatl0n (250 to 4~OOO kV), uses a resonant transformer' 

with an ai r-core instead of an iron-core transformer. Furthermore, 
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electrostatic generators can be used for applied voltages between 500 to 

6000 kV (6 MV) that provide a smal 1er source size and a more coherent X-

ray spectrum than the transformer types. Above 6 MV, acceler-ation by 

means of an applied voltage is no longer efficient. Instead, magnetic 

induction systems (betatrons) must be used that acce1erate the electrons 

by magnetic induction. Betatrons for industria1 radiography oper:ate ,in 

the 20 to 30 MV range and emit extreme1y short wave1ength, highly 

penetrat i ng X- ré;\y s. 

An essential component in generating X-rays 1S the target that 

absorbs high velocity electrons and converts part of their klnetic 

energy into X-rays. Heat dlssipationl shape of emitted beam, and 

radiation qual ity must be cons1dered in target deslgn. Modern targets 

are made of tungsten, gold or platinum, and are usually cooled using a 

circulating liquid or gas. 

As shown in Flg. 3.4, the sharpness of the rad10graph is dependent 

on the target or source si zee The best sharpness 1 s obtai ned when the 

radiation source is small, the source-specimen dlstance is great, and 

the specimen-film distance is smal1. Furthermore, as shown in Fig. 3.4, 

image distortion occurs when e1ther the specimen and the fi lm are not 

paralle1 or the radiation beam is not perpendicular to the film. l 

3.1.2.3 X-Ray Tubes and Linear Accelerators 

Two X-ray producingmachines common1y employed in radlographtc 
,/ 

i ns'pect i on are the X- ray tube and the 1 i near acce 1 erator. Al though 

other types of machines such as the electrostatic generator and the 

betatron are equally important, an X-ray tube and a l1near accelerator 
\ 

are utilize9 in this investigation; consequently, they are briefly 
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described in this section. 

A typi ca l hot catnode, hi gh vacuum i ndusÙi a l X-ray tube i s shawn 

1n Fig. 3.5. As with the Coolidge X-ray tube, the heated filament 

(us ua l 1 Y tungsten) emits el ectron5 whi ch are acce 1 erated towards the 

tungsten target embedded in the copper anode as a resu 1 t of the app 1 i ed 

_ potential. The unwanted radiation is absorbed by lead shields while a 

plastic radiation window provides a path for the X-rays of the useful 

beam [17]. The tungsten target lS liquid cooled for continuous 

ope rat ion. 

The linear-accelerator X-ray unit 15 another common ~ource of X-ray 

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

unit is presented ln Fig. 3.6. Here, electrons are generated in the 

,el ect ron gun in the same manner as the X- ray tube. Once prciduced, the 

electrons move into the acce1erator and are further accelerated to their 

output energy by the axial electrical field produced in the accelerator 

by the high frequency osci 11 ator. At- the output end of the accel erator t 

the accelerated electrons strike a transmisSlon-type X-ray target and 

produce hi gh energy X-rays [17]. 

3.1.2.4 Gamma Ray Eguipment 

/ 
\ 

Any gaTmla ray source undergoes a decay process in which galliTla rays , 

are emi tted. The strength of a part i cu 1 ar gamma ray sou rce i s measured 

by the number of nuc 1 ei whi ch decay each second. A 1-curl e source 

undergoes 3.7 x io10 nuclei disintegrations per second. The sensitivity 

of garmla radiography depénds mainly on the lsotope 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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radi oi ostope sou rce. Regardl ess of the source, a protection conta; ner 

must be used to pro'tect personnel from gamma radiation when a 

radioisotope is not in use. The radioisotope 15 usually stored in the 

geometric centre of a heavy metal (lead or uranium) contalner. 

There are a number of ways to move the radloisotope in and out of 

its protective container. They include man.ual pole handl1ng, cable 

dri ve handl ing, and pneumatic dri ve handl ing. Sorne gamma ray equ1pment 

does not requi re the remova l of the' sou rce from its conta1 ner; i nstead, 

a section of the container is designed ta swing aWèy, permitt1ng an 

unobstructed escape of radiatlOn. Openlng and closing of the container 

is accompl ished from a shlelded, saft! pos1tion • 

There are two basic types of gamma-ray beam conf1gurat10ns. The 

first lS when the rad1ation beam is emitted spher1cally and lS known as 

panoram1c proJect1on. It is used for mak1ng many slmultaneous 

exposures. The second type of beam configuration is known as conical or 

di rect 1 ona l proJ ect 1 on and 1 s v-:/'1en gamma rdys escdpe th rough an open i n9 

in th~ container,' This method lS used with extremely active sources and 

wh e n the rad log r a p h Y i s car r i ed 0 u tin a con fin e d are a • A l s 0, t h i s 

'\ ' 
method reduces beam scatter and i ncrease~ radi ograph qua 1 Hy. 

3.1.2.5 Rad.io9raphic Film 

Most often, the method empl oyed ~o record radiographic test resu l ts 

is that of a radiograph1c film which is basically a sheet of 

transparent, blue tinted. cellulose material that 15 coated on either 

one or both sides w1th a phot05enslt1 ve emul S10n. The approximately 

0.024 mm thick emuls10n consists of gelat1n in.wh1ch 15 di5persed very 

fine grains of si l ver bromide that become sensltized when exposed to 

.' 
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radiation. After being exposed to radiation, the film is developed in 

the usual manner. Once dry, the film is viewe~ in front of a strong 

1 ight and the areas of the fi lm exposed to heavi 1 y attenuated X-rays are 

relatively transparent, while those areas exposed to high strength X-

rays are very dark and opaque. 

There are 3 bas i c grades of fi 1 m for i ndus,tr; a 1 rad i ography: course 

grain~ fine grain, and extra-fine grain. The fine and extra-fine grains 

g1 ve the hi ghest contrast, but requi re long exposure t 1mes. On the 

other hand, the coarse gral n film g; ves 1 ower qua 1 ity or contrast, but 

requires short exposure t1mes. 

3.1.3 Radiation Protection 

(' Naturally occurring radioactivematerials, X-ray machlnes, and" 

artificially produced radioactive material s have found wlde appllcation 

in nondestructive testing. The usefulness of the many available 

radiation sources used ln exposing subsurface flaws has brought about a 

tremendous 1ncrease in the numb~r of persons possessing such material s 
,/ 

or mach i nes and an i nc rease in the rl sk" of personne 1 bei ng exposed. The 

exposure to personnel can be classed as either lnternal or external 
\ 

exposure. External exposure may come From a radiant source, From 

contamination outside a source container, or From contamlnation on the 

skin or clothing of ~ person. Internal exposure may come from 

radioactive material collected lns1de the body through inhalation~ 

ingestion or absorption through the skin. 

Radiation incident on 1 i ving tissue has been shown to result in the 

damage or des t ruct i on of l i vi ng ce 1 1 s. However, the human body can 
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tolerate a certain amount of radlation without lmpairing its overalt 

function, just as it can tolerate a certain amount of sunlight without 

ser;ous effects. In Tabl e 3.1, extracted from the Nondestructi ve 

Testing Handbook [17], the exposure of man to common sources of 

radiation has been estimated.' The units of radlatl0n meas'urement are 

the rem and the roentgen (r). The roentgen lS a quantlty of X or gamma 

radiatlon such that the associated emission per 0.001293 gram of air ln 

air produces ions carrylng elther a +1 or -1 charge. The rem is a 

measure of the dose of any ionizlng radiation to body tlssue, in terms 

of its estlmated biological effect relatlve ta a dose of l r of X-rays. 

The National Commlttee on Radiation Protectlon has recommended the 

basic permissible ~Ieekly doses of ionlzlng radlatlon as shO\'m ln Table 

3.2. As a result, safe \'Iorklng condltions must be ensured by accu rate 

appra 1 sa 1 of radiat ion exposu re and contami nat lOn through the proper use 

of su i tab 1 e l nstruments. 

3.1.4 X-ray Interpretation: Oefect Appearance in a Radiograph 
, 

ln this section, indications of various casting flaws will be' 

explained ln terms of their appearance on a radlograph. 

3.1.4.1 Segregation 

Segrega t i on 0 f meta 1 appea rs as l i ght and dark-b l otches on the 

radiograph and resul ts when one or more of the constituents of a certain 

alloy have cl ustered together. 

3.1.4.2 Gas Porosity 

Gas holes, due ta the entrapment of gas by either pouring metal 
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turbulence,_ ~rapped gas thrown out of solution by the metal itself, !,r 

ga~ evol ved from green sand mol ds, appear on the radiograph as dark, 

smoothly outlined areas. 

3.1.4.~ Inclusions 

l'1c 1 u~ ons appear on rad; ographs as dark or 1 i ght spots or a reas. 

When incl usions are heav;er or denser than the metal in which they 
, 

occurt the inclusions appear lighter than the surrounding metal in the 

rad i ograph. 

3.1.4.4 Cold Shuts 

As previously discussed, a cold shut occurs when a stream of metal 

has practically set and then meets an opposing stream in a mold. The 

metals have cooled to such an extent that they do not fuse into each 

f"\ other; i nstead, they form a co 1 d shut. Co l d shuts appear on the 

) rad; ograph as we 11 -det; ned. i nte rm; t tent 0 r cont; nuous ~:/ ; nes. 

~ 

\ 3.1.4.5 Shrink Porosity , 

1 Shr~nk porosity, caused by the cool ing and contracting of a metal 

in its mold; appears 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 handl ing and thermal stresses resulting from the cool ing 

process. 
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3.1.5 limitations and Advantages 

3.1.5.1 Limitations 

Radiography has a number of inherent disadvantages. In particul..ar. 

the cost of X-ray filf!ls in film radiography is relatively high in 

compari son to other methOds. Radiographi c i nspect>i on of materi al that 

is small can be carried out quite economically; however. lnspection of 

large components is exceedingly expenslve. The cast of complete 

radiographie inspection of critical metal parts can sometimes exceed the 

cost of the material. 

Furthermore, since radiation travell ing in straight llnes from a 
1 

source must lntercept the film at nearly rlght angles, the efficient 

examinatlon of complex geometrles is prevented. 

Since penetratlny radiation has serlOUS biologlcal effects, methods 

must be employed ta protect radiographie personnel. Ultlmately. this 
\.) 

leads to hlgher operatlng costs and hlgh f1Sk for the operators. 

Moreover. small dl scontinultles wlll often be undetected because 

they do not present a sufficlent denslty dlfferentiatlon to affect the 

attenuation of the X-rays. 

..... 
3.1.5.2 Advantages-

Radiography does have its l1mitations; however. these are far 
. 

out wei 9 h e d b Y 'i t sad van t a 9 es. The ex t e n s ive use 0 f rad; 09 ra p h Y b Y 

industry from basic productlon inspectl0ns to in-service tests is proof 

of its performance. 

Thé ra~OgraPhiC method 15 superior ta other non-destructive 

testing methods since it provldes a permanent vlsual representation of 

the inter; or of test obJects. 

/Â 
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Most types of casting defects such as gas porosity. shrink 

porosity, inclusions, cord shuts, segregation af.'ld cracks can easily be 

i dent i fi ed in a radi ograph. Furthermore: 1 arge, th i ck cast i ngs can be 

inspected with hlgh voltage radiographie e9uipment. 

3.2 ULTRASONIC lNSPECTION 

3.2.1 Physical Principles 

The non-destrl\ctt},ve testlng method known as ultrasonic inspection 

is based on the generation, propagation, ref1ection, and detection of 

ultrasound (sound waves hav1ng a freq\ency greater than 20 kHz). The 

underlying physical principle on Wh1Ch this method is based 1S the 
... 

abi lit Y of sound \'faves (whether compress1onal or transverse) to 

propagate through a solid. elàstic material. In compressiona1 waves, 

the displaced partic1es of the transmission media vibrate back a'nd forth 

a101"lg the direction of wave propagation. On the other hand, in 

transverse waves the displaced particles of the wave-conducting material 

vibrate in a directlon perpendlcu1ar to the propagation direction. The 

partic1e vibrat'lon in either a corrrpressional (longitudlnal) or 

transverse (shear) sound wave is, if the displacements'.lre sma'l, slmple 

. harmonie motlon. Thus, the particle displacement, d, is descnbed as 
-.- ---"II. 

d = D sin [21l'(~-1) + p ] where 0 lS the wave ampl itude, x is distance 

measured a10ng a 1ine in the direction of wave propagation,1l lS the 

wave1ength, t is the time of interest, T is the period of partic1e 

vibration, and p 1S a phase angle determined by initial conditions. 

The wave propagation velocity is denoted as V and is equal to V = 1l1T. 

Tne wave front of a wave is the imaginary surface connecting a11 

partiel es having the same phase (i.e., same 2'!1'(t - t) + fi). A regu1 gr 

( 
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succeSSlOn of these wave fronts is a sound wave. An .imp'ortant property 

of small amplitude sound waves is their superposability; the 

disp.1 acement 6f a partlcl e due to two sound waves is the vectorial sum 

cif the dlsplacements corresponding to each of the individual waves. 

3.2.1.1 Ultrasonic Wave Packets 

In nondestructi ve testing using ultrasonics, short bursts of 

ultrasound are employed Wh1Ch propagate through the material belng 

inspected as a wave packet. ~ typical burst 15 shown in Fig. 3.7. Such 

a waye packet is formed by superpo5ing· an inflnite number of lnfinitely 

extended harmonie components, each wlth the proper re l ati ve phase and 

amplitude. 

It can be shown [H3] ~hat as the breadth of a wave packet U~x) 

becomes smaller, the range of wavelengths maklng it up becomes greater. 

Thus, an infinitely short, equal amplitude wave packet eontains harmonie , 
components of all wavelengths from zero to infinlty. This property lS 

important in determining the resolvlng power of an ultrasonic test 

system. 

A short ultrasonie wave_ burst will not generally retain lts lnitlal 

shape as i t propagates. The harmonlC components, propagatlng at 

different speeds, tend to get out of step. Thus, the wave pack et 

broadens and loses its sharp trai 11ng and leadlng 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'i'loth~ medium, reflection, refraction, and 
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mode conversion may occur. The simple case of normal incidence is shown 
.~ 

1 n Fig. 3.8. The phenomenon known as refl ect i on occu rs when a wa v e 

encounters an interface betwee-n two surfa<ees; part of the wave passes 

direct11 through the interface while part is reflected back. The wave 

amp 1 i tude rat i os can be shown to be: 

and ( 3.1 ) 

where p is the respective material densityand V 1S the ultrasound wave 

velocityof the material. The product, pV, is called 1mpedance. When 

tlle--l.mpedance ratio, r =~, is unit y, no reflection occurs; however, 
... ) ~ VI 

when r » 1 reflection 1s nearly total. 

As seen in Fig. 3.9, when a plane harmonie wave is incldent 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 longitudinal and transverse waves with both 

reflection and.,trilnsmission occurring. It can be shown that the 

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

Law where: 

SIN eL -
Vi 

L 

SIN 96- _ 
1 -VL 

SIN <Olr-- = 
v2 

L 

SIN 0t_. 

v2 
f 

(3.2) 

The velocity superscripts denote the rel evant medium" the subscripts 

indicate either longitudinal (L) or transverse (t) waves. If the 

incident wave is trans~rse instead of longitudinal then 9; and v: must 
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pe 5ubst; tuted for eL and vL. 

ihe phenomenon of mode convers1on' can be used to convert 

longitudinal waves iflto transverse waves for a specif1c ultra50nic 

inspection technique. The refracted longitudinal wave may be el iminated 

, From the second medium by adjusting el 50 that !i\ just exceeds ~Oo. 

This val ue of GL _~s cal1ed the fi rst critical angle of incidence and can 

be shown to be: el FIRST = sin- 1 [VL]. Th1S lS i llustrated in Fig. 
CRITICAL v 2 

3.10. ' L 

If el lS further lncreased sa that the angle of refractlon of the 
L 

transm1ttea shear wave (0t) 15 90°, no er'lergy énters medlum 2. The 

resu1tlng wave mode 15 part1ally longitud1nal, partlally transverse, and 

propagates along the interface of the two material s. These waves are 

called Rayle1gh waves and are utllized in the ultrasoni~~spectlOn of 

surface defects. 

Mode conversion generally occurs whenever an ultrason1C wave 

encounters a discontinuity ln elast1c propert1es. Mode converS10n 

result5 in an energy loss from themode of 1ntere-st and 15 a source of 

fal se waves -in the material being ·tested. 

Furthermore-, the loss of energy, or attenuation, of an ultrasonic ~ 

wave travelling through a material lS attributed to three other 

mechanisms: heat conduction, viscous friction, and elastic hysteresis 

[16 J. The diffi cu lty i fi match; ng experi menta 1 attentuat ion resu lts with 

theoret 1.ca l predi ct ions suggest s that there are other mechan i sms Whl ch 

absorb energy From the sound wave. 

3.2.1.3 Ultrasonic Bearn Profile 

As with a11 forms of wave motion, ultrasound waves are subjec,t to 
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witJ an edge; and th~n it bends around that edge. Using the principles 

oIdiffraction, it can be shown [16] that for a cirçular transducer to 

produce a weIl-coll imated beam, free_ From side lobes, its diameter must 

be 1 a rge in compari son to the resu 1 t i ng wa ve 1 ength it p roduces in the 

medium to which it. is attached. 

Ultrasonic beam prof; 1 es can be al tered by the use of acoust;c 

lenses, usually,attached to the transducer. The lens' mater;al must 

ha ve the same acoust i c impedance as the t ransducer and the materi alto 

which it ;s coupled; however, the velocity of sound ;n the lens must be 

quite di fferent from that of the metal medlum. The focusing of an 

ultrasonic pulse increases its sensitivity at the focal point. However, 

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

ta defects as seen in Fig. 3.11. 

3.2.1.4 Reflection and Transmission 

. ,In brief, ultrasonic inspection 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 withln the 

'material is monitor.ed to indicate flaws. The ultrasonic beam travels 

with little 1055 through homogeneous material 'except when it is 

i ntercepted and refl ected by discontinui ties in the el astic medium • 
..." 

Either the decrease in transmitted energy or the reflected energy is 

d~tected 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 f1aw detection. 

Accordingïy, there are numerous types of equipment set ups. However, 0 
the essential components of any ultrasonic test are described belaw. 

a) Pulsed Osci 11ator - This e1ectronic unit generates a burst of 

a1ternating voltage that can be varied in terms of its frequency, 

duration, enve10pe prafl1e, and burst repetition rate. ThlS voltage 

burst is applied to the sending transducer. 

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

ir'fto the elastic medium ta which it is coup1ed by vibrating in 

campl iance to the app1ied voltage fram the pu1sed osei 11 atar. 

c) Rece; vlng Transducer - This Unlt converts ul trasonic waves that it 

encounters into a correspondlng alternating voltage. Depending on the 

type of test, the sending and receiving transdueers can be separate 

un; ts or comb; ned as one. 

d) Receiver - The'"l'eceiver amplifies the signal received from the 

recel vi ng tiransducer. 

e) Di sp l ay Osci 1 loseope - Thi sis used ta observe the ref l ected or 

transmitted U 1 trasound passed through the test specimen. 
"+ 

f) Electronic Cl od -
/ 

:/ctroniC 
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10gic pu1 ses and reference vol tage wave forms requi red by the pul sed 

osc i 11 ator and the sweep generato rs in the osc i 11 oscope. 

Speci fi c test systems ha ve add1t. i una 1" features such as el ectroni c 

-compensators that compensate for signa 1 loss caused by attenuation and 

electronic gates which monitor the return signal for pulses of selected 

ampl itude 'occurring in a selected time delay range. The electronic 

gates are used when looking for a specifi c type of fl aw at some 

pres cri bed depth. 

3.2.3 Common Test Methods " 

Basically, there are two test methods cQlTI11only"employed in casting 

inspection. They are the ultrasonic ilTlTlersion test and the ultrasonic 

contact test. ~urthermore, depe~ding on the component shape, either th'e 

refl ection or transmission method can be lused. 

3.2.3.1 Transmiss;,on Technique 

This was the first technique used for ultrasonic inspection •. In 

thi s method, u ltrasound i s generated from a sendin9, transducer and sent 

through the test specimen. As the ul trasound passes through the fl aws 

t n the speci men, the amount of t ransmi tted ,energy i s reduced. A second 

transducer recei ves the u l trasound as 1 t passes out of the specimen as 

shawn 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 [19J has,used 

this technique to test specimens down to a thickness of 0.25 cm. 
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3.2.3.2 Reflect i on Technique 

Also known as the pulse echo technique, the reflection technique 15 

based on the phenomenon of reflection that occurs when ultrasound 

encounters an lnterface between two material s. In th1S method, 

ul trasound is generated from a sending transducer and passed through the 

specimen. As the ultrasound encounters f1 aws or defects, a part of 1t 

is reflected. The receiving"transducer records these reflect10ns as 

flaw indicatlOns. The reflection technique is generally preferred over 

the transmission technique and is more widely used. However, it cannat 

be used to inspect thin speclmens.c-' Fig. 3.12 (b) shows the reflectio'l 

technique. 

3.2.3.3 Contact Techniques 

The process of moving the transducer over or al,ong the test 
,./ 

specimen i s ca 1 J ed scanning. The two c0!M10n methods of scânning, are the 

irrmersion and contact tests. 

The ultrasonic immersion test utillzes high freqùency me~~ 

vibrations to probe test objects. These vibrations or ultrasound are '''' 
\ " 

coupled to the test specimen by 1mmers1ng the sênding transducer in 

water or other suitabl e liquide The 1 iquid in which the transducer is 

i mm ers e dis calle d the cou pla 0 t • Ac cor d i n g t 0 the N q n des t ru ct ive 

Testing Handbook [17], immersion testing can glve castings of irre~ular 

shape a practically compl.ete inspection, 1ncl udlng fi llet areas. 

Furthermore, si nce the transducer does not contact the surface of the 
't 

specimen being inspected, pre-test surface machining is not requi.red. 

Both refl ection and transmlssion techniques cao be used in ul trasonic 

Q \ 
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immersion tests. 

In the u ltrasoni c contact method, the sendi ng transducer vi brates 

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

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

he almost any liquid providing that it wets the surface and stays 

between the transducer and the test materi a 1. Coup 1 ants must be used 50 

that an intimate material-transducer coupling is achieved ln the uneven 

spaces between them. Bath the transmission and reflection techniques 

are used in this method. The through-transmission technique uses 

sepiirate transducers for the transmitter and recei ver whi le the 

refl ect i on technl que uses ei ther one transducer as bath t ransml t ter and 

recei ver or separal.c transducers for each funct ion. Accordl ng to the 

Nondestructi ve Testing Handbook [17], this technique can be used ta 

penetrate medlum-carbon ste:el castings up to 3 m wlth 1 ta 5 MHz 

ultrasound., The contact method h shown in Fig. 3.12, v/here the 

transducers ~re applled directly to the test specimen's surface. 

3.2.4 Presentation of Test Results 
5 

There' are three basic methods of presenting transmission and 

reflection test osci llosco'pe 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 i s shawn in Fi g." 3.13 and prav i des an 

osci'lloscope display of the envelope of the initial voltage pulse & 

appl ied to the transmitting transducer, the envelope of the voltage 

pu 1 ses gen,erated by the recei vi ng -transd\,lcer as ref 1 ect i ons are 
.. 
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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. Usual1y, the oscllloscope is adJusted 50 that the reflected pulse 

from the surface appears at the left of the trace while the back surface 

~ reflection occurs at the right of the trace. The location of pulses 
\ 

resulting from flaw reflections with respect to the two surfaces enables 

the 1 ocat i on or depth of the f 1 aw to be gauged. The amp 1 i tude of a 
1 

flaw-reflected pulse cannot be simply related to the Slze or severity of 

the defect; only when the nature of the flaw 15 known lS this poss1ble. 

The result of a reflection type test ,using A-scan mode osc; l loscope 

" 
presentation is shown in Fig. 3.14. Irlustrated are: the reflected 

, . 
ultrast"Hld from the top surface (l.e. the surface tlle transmltter 

transducer is on), the reflectlon of a d1scûntlnuity withln the 

material, and the reflection From the back surface. The small fourth 

pulse is a false reading due to interference. The fifth and flnal 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 tlme. The horizontal 

axis is set up so that it represents the l inear scannlng motlon of the 

transducer. The lntensity of the oscilloscope trace is modulated in 

proportion to the amplitude of the reflected slgnal. The resultlng 

image represents a one-dimensional sllce through the specimen with the 

speci.men discontinulties appearing as corresponding discontlnulties in 

the osei lloscope pattern. In praetice, the B-scan has its defic'iencies. 

The 1 imit of the _~~,Q..or ,persistence time restricts the scan range; 

f) 
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'and the more persistent phosphors tend ta produce a smeared image, 

reduc i ng reso lut i on. Consequent 1 y, the B-scan method of tes t resu l t 

presentation is sel dom used. 
il 

A typical B-scan indication ;s sthematically 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 mater~al. The discontinuous bottom 

l ine represents the back surface of the specimen. Between these two 

lines are signals from flaws ln the test material. Note that these 

flaws prevent'the ultrasound from reaching the back surface and 50 

create a shadow on the bottom line. 

3.2.4.3 C-$can Mode 

The essential s of the C~scan mode a're shown in Fig. 3.17. In 

practice, an electromechanical recorder or microcomputer is used to 

produce a permanent record of th.e scan. For thi s mode of ope rat i on, 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 

is quite constant through the material, the electronlc gate actually 
• , ..,- ~ f 

'\"" 1 
records the recel ver output for a plane of the matertal at some specifie ,.. 

, 
depth. Thus, the,,?'C-scan presentation provides a two-dlln€ïlsional plane 

o 
view of the specimen at a selected depth below the surface. 

Unfortunately, this method must be repeated dt various depths in arder 

to determine the flaw detail. 

3.2.5 Limitations and Advantages 

3.2.5.1 limitations 

r 

As with any non-destructive test method, ultrasonic inspection does 
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have its drawbacks. First, it is intnnsically a small area coverage 

v 
method 50 that large area coverage require~ complex mechanical scannlng 

or the use of an array of transducers. Furthermore. a good, direct 

mechanical coupling between the transducer and the test article 15 

required; unfortunately, th,S is often a requirement which lS diff1cult 

to meet. Moreover, the test specimen geometry in terms of size, 

contour\, complexity, and defect orientation g,reatly affects the test 

results. Also, the material's internal structure limits the application 

of ultrason i cs • 

The immerslon method. in particul ar, requl res submerslon of the 

part being inspected. Sometlmes if the couplant is water, th1S may not 

be possible, due to the material's composition or Slze. The contact 

test is 1 imited to ultrasound with frequencles of 10 MHz because the 

required transducer crystals are very th1n and fraglle 50 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 

abil ity to penetrate substantial depth in most materials, its abil ity to 

test from one surface only, and 1tS sensitivity in the detectlon of 

minute flaws. Moreover, th1S testing method uses electronic operation 

which enables the process to be easily automated. 

Furthermore, the ~esponse time of a test 1S next ta nothing; thus, 

it can be employed where rapid, automated inspectlon 15 required. The 

immersion test can be used to give a complete inspection of irregularly 

shaped components and does not require the machining of c3st surfaces 

for an inspection. In addition, high test frequencies can be used with 
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the ilT111ersion test. On the other hand, ultrasonic contact testing can 

c easily be moved from one location to another and requires a minimum of 

test instrumentation and accessories making it i5 the most suitable 

method for the inspection of large components • 

. .; 
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CHAPTER 4 

EXPERIMENTAL INVESTIGATIONS 

The experimental process fol lowed in this investigation is outlined 

in this chapter begi nni ng wi th a descri pt i on of the b l ank gear segment 

casting From which the sample blocks were obtained. A description of 

the sample blocks is provided along with th~ heat treatment and 

machlning procedures fol lowed to facilitate subsequent inspection. 

Moreover, the equipment and procedures util ized ;n the radloyraphic and 

ultrasonic nondestructive tests are explained. finally, aspects of the 

destructive testing including the chemical analysls and the scanning 

electron microscopy are described. -

4.1 PROCUREMENT AND PREP~ION OF.~~E.STEEl SAHPLE BLOCKS 

4.1.1 Cast 4340 Steel Blank Ring Gear Segment Description 

The steel sample blocks- of this investigation were obtained 

From a bl ank segment of a large ring gear used to dri ve the 

rotating cast-iron shell of an ore crushlng bal1 mi 11. 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 remova1 of the risers and gating 

.~" system. 

o 

The gear segment after removal of lts 6 risers is shown in Fig.-

4.1. The thi ck secti ons seen at the gear ends are requi red ta bo 1 t the 

segm~nt to its adjoining segments. The ribs protrudlng 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 gearls wei ght. 

The gear was cast from BB225 which i s the manufacturerls (Domlnion 

Engi neeri ng Works of Montrea 1) des i gnat i on for a norma 1 i zed and tempered 

steel similar in composition to wrought 4340 steel. Table 4.1 prov;des 

the chemical composition 1 imits of 4340 steel. Furthermore, the 

monotonie properties are summar;zed ln Tabl e 4.2. 

4.1.2 The Locatlon and Cuttlng of the Steel Sample Blocks 

An examination of the entire steel volume of the cast gear segment 

was not economically feasible. As a result, flve important locations ln 

the gear were selected as sites from which to cut the steel sample 

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. Finally, 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 hi ghest qua 1 ity. Locations 2 and 4 were chosen 

from the riser side ta investigate the defects in the regions very close 

ta the risers. Furthermore. location 6 was selected to determlne 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 CJ.Jt from locations 1,3, and 4 for a total 

of 12 blocks, whl1e 7 blocks were eut From location 2 and 6 blocks were 

eut From location 6. An oxygen-acetylene torch was used in the cutting 

process. A swath of material approximately 

with the toreh per eut. 

4.1.3 A Description of the Steel Sample Blocks 

cm wi de was bu rned out 

A total of 25 sample blocks were eut From the blank ring gear 

segment. The as-cut sample block weights ranged from 25 kg to 50 kg. A 

surrmary of the as-eut sample block weights is provlded in Table 4.3. ln 
• , 

total, 1061 kg of sample material was removed from the ring gear 

segment • 

The as-eut sample blocks were of varlOUS Slzes as a result of the ,. 
, t' inaccuracies in the manual cutting process. Furthermore, '.:he as-eut 

surfaces of the blocks were rough and eoated with slag from the oxygen-

aeetylene cutting proeess. However, the as-cast surfaces of the sample 

blacks corresponding to the inside, outside, and edges of,t~e 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 

Ta reduce the hardness of the heat affected zone resulting From the 

cutting procedure and ta facilltate future machining, the blacks were 

tempered a!l~ __ ~~n~_~Jed at Dominion Englneering Works to a Brinnel 

hardness number of 200. The details of thlS process are shown in 
t\ 

Ap;"Iendix A. 
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4.1.5 Identification of the Steel Sample Blacks 

The steel sample blacks 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 dri11ed identification number as shown in Fig. 4.4. The first 

number repr~sented the general block location (from area 1, 2,3,4 or 

6) while the second number ldentified the particular block in the 

spec i fi ed 1 ocat i on. The dri 11 ed numbers were pl aced in the upper 1 eft 

corner of each black on the surfaçe corresponding to the outer face of 

the gear for locations 1 through 4 while the identificatlon numbers were 

dril led on the surface corresponding to the gear end face for location 

6. The spec'fic orientatlon of the dri1led identification numbers of 

the samplp- bocks with respect to the b1ank gear segment can be seen ln 

Fi 9s. 4.2 a d 4.3.' 

4.2 MACHI IHG AND SECTIONING OF THE STEEL SAHPLE BLOCKS 

The steel sample b1ocks, once cut From the ring gear segment, heat 

treated, and permanently identified, were machined to provide a suitable 

surface for the ultrasonic inspection, to provide a number of uniform 

block dimensions ta facilitate the radi~~~aphic 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 straight 

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 eut. Initially, oil was used . 
o , 

as a cutting lubricant; however, an excessive amount of smoke was 
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generated as seen in Fig. 4.5. 
)-.. r4.~-!." 

Accordingly, the remaining machining W~~ 

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)hiPs 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-acetylene cutting process. The machlning 

of this reglon resulted in many broken or chipped carbide lnserts. Once 

the outer 3 mm of material was removed, the machining proceeded without 

problem. The setup used ta clamp the blocks during machlning is shown 

in Fig. 4.6. 

4.2.2 A Description of the Machined Steel Sample Blacks 

The machlned steel sample blocks varied in weight from 15.9 kg to 

34.0 kg, depending on the final black dimensions. Table 4.4 provides 

the weight of each machined sample black. In general, the sample blacks 

were machined into 3 Slze categories. In partlcular, 11 blacks were 

machlned ta 14.0:: 0.1 x 14.0~ 0.1 x 16.5t 0.1 cm, 5 blocks were machined 

to 15.9:: 0.1 x 15.9t 0.1 x 16.5! 0.1 cm, and 4 were mach; ned to 

16.5: 0.1 x 16.5~ 0.1 x 16.5~ 0.1 cm. The remaining 5 blocks were were 
\ 

not machined ta any particular size catêgory. Flg. 4.7 shows the 

dimensions of the three size categories whlle Table 4.4 provldes the 
. 1 

actual dimensions of the machined sample blocks. Finally, Flg. 4.8 

shows the dimensions of block 23L, the odd shape black 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 RADIOGRAPHIC INSPECTION 

4.3.1 Radiographie Inspection Eguipment 

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 1 m 

and a focal spot size of less than 2 mm was located in the 

Nondestructive Inspection Department of Canadian Steel Foundries Inc. of 

Montrea 1. 

The Linatron 1500 consisted of the fol lowing four major components: 

the linear acce1erator, the 1inear accelerator positloning apparatus, 

the control panel, and the electronic console. The theory of operation 
, 

of the linear accelerator, the component ln which the X-rays are 

produced, is detailed in Section 3.1.2.3. The actua1 Linatrbn 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 t i me i s cont ro l 1 ed i s shown in Fi g. 4.10. The el ect ron i c 

conso 1 e houses a 11 the el ed:roni cci rcui ts used to cont ro l the 1 i near 

acce1erator. 

The 1inear accelerator was 10cated, in a subterranean pit surrounded 

with 2.13 m thick concrete wa 11 s on three sides whi l e the fourth wa 11 

that shie1ded the control room and the operators was 2.74 m thick • 

4.3.1.2 Penetrameters and Film Jeckets 

The source side penetrameters used to control the qual ity of the 

radi ograph were ; n accordance with the ASTM Standard Method for 
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Controlling Quality of Radiographie Testing (E 142-77) [20J. Oepending 

on the thickness being radiographed, a number 50, a number 60, or a 

number 80 lead penetrameter was employed. The details of the 

penetrameter type used are shown in Fig. 4.11, whlle Table 4.5 

summarizes the metal thickness over whieh each penetrameter size is 

appl icabl e. Furthermore, lead numbers were used to identify the 

resulting X-ray of the block belng radlographed. 

The X-ray film was plaêed in fHm Jackets behind the blocks being 

inspected. These Jackets prov l ded protection agai nst overexposure due 
'-.. 

to X-ray scattering From the sides of the blacks and from X-rays 
)-

ref l ected From backgroun'd sources. The fll m jacket al so protected the 

film from scratches and exposure to llght prior to development. The 

film jacket consisted of a 0.254 mm 1 ead sheet in front and a 0.762 mm 
1 

lead sheet in back of the film. 
1 

4.3.1.3 The Recording Film 
. 

The X-ray recording fi lm used to record the radiographie 

indications was Kodak type AA. Large 35.5 cm x 4J.2 cm sections of thlS 

high contrast fllm were employed to record the radlographic lndications 

of four steel blocks in single exposures while smaller 20.2 cm x 25.3 cm 

film was used to record lndlcations from exposures involving a single 

steel sa,mple block. The exposure times as a functlon 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 sample blacks, exeept numbers 64 and 23L, were 

radiographed in two mutual 1y perpendicular directions. The detai~s of 
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the two X-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 b 1 ocks except b 1 ock 64 and 23L, the face of the b 1 ock wij:h the 

dri l1ed indentification numbep (face A - the face on which the gear 

te~th would be màchined into) was towards the source for the direction 1 

radio~raphs. Face D, the face corresponding to the gate side of the 

gë~r. was -t-owards the radiation sourc~ for the directlon 2 radiographs 
, , . 

as seen in Fig. 4.13. This direction specificatfon wds carefully 

followed dyring the entire radiographie inspectjon procedure. Finally, 

the directions of the radiographs for blocks 64 and 23L are shown in 

Fig. 4.14. The multiple shots exposing the two different thicknesses of 

block 23L were performed separately. 

4.3.3 Radiographlc Inspection Procedure 
, 

, The rad i 0 g'r a phi c i n s p e c t ion pro c e dur e e m plo Y e d i n t h i s 

investigation was based on the ASTM Standard Recommended Practice for 

Radiogrflphic Testing, designation E 94-77 [21] with penetrameters 

conforming ta E 142-77 [20]. 

4.3.3.1 Initial Preparation 
" 

Once the film was loaded into the lead film jacket and placed on 

top of the stand, the blacks to be radiographed were'moved into position 

on top of the fi lm jacket as in Fig. 4.15. "After install ing the 1 ead 

identification numbers and the appropriàte ASTM penetrameter 

corresponding ta the steel thickness being radiographed (see Table 4.5) 

the X-ray chamber was cleared of personnel and the blacks were exposed 

to the penetrat ;,ng rad; at ion. <'. 
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4.3.3.2 The Radiographie Exposure 
l 

In every exposure, two films were exposed to guard'against any film~ 

defects being interpreted as flaw indications. Using the exposure time 
r'" 

vs. ste ê l th i c k ne s s gr a p h 0 f 'F i g. 4.12 for a ta r 9 e t f; l m dis tan ce 0 f 

1.83 m {6 ft} and an output of 1500 RAD/min at 1 m, the exposure time, 

in seconds, was determined and se-l ected on the control panel. For 

example, a 19.8 cm (6.5 in.) thick block with Kodôk type AA film required 

a 12 second exposure~ tlme. Wlth a 1.83 m (72 in) source to fllm 
" 

L \ 
distance, the resulting source to obJect distance was 1.67 m (65.5 in). 

Thi s corr'espond'ed to a 500 RAD dose. A summary of the exposure dose, 

film type and size, source to object dlstance and penetrameter size for 

each b l ock can bè seen ln rab 1 e 4.6. 

'4.3.3.3 Oeveloping the Film and Evaluating the X-Ray guality 

-
After exposure to the penetrating radlatlon, the film. was removed 

from the lead jacket in the darkroom and inserted lnto the X'-Omat Model 
.. 

~ automatic processing machine. This machine carried out the developing 

procedure lncluding lmmersing and agltating the film ln developer, 

rinsHlg and fixlng, and then washing and drying the film. Once 

developed, the X-rays were inspected using an X-ray '/lewer to determine 

; f a go 0 d qua 1 1 t y rad i 0 9 ra p h h ad b e e n +0 b t a 1 ne d • l ç the 2 Thol e 0 f th ë 

penetrameter-tw~s visible, a high quality X-ray had been achieved. 

4~4 UlTRASONIC INSPECTION 

4.4...1 Ultrasoniê: Reference Blacks 
! 

. 4.4.1.1-0escription 

The five ultrasonic reference blocks, cut from sa!'1ple bloclcll, 
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were used in the cal ibration procedure of the ultrasonic lnpsection of 

1 

t~e steel.sample blocks. In particular, the reference blocks werè used 

to construct Ga Distance Ampl itude Correction (DAC) curve requl red ih the 

ultrasonic inspection procedure. ThlS curve indicated the amount of 

~ltrasound beam attenuation in the material being lnspected and how the 
~ 

atten~tion increased as the meta l tni.ckness i ncreased. 
l ' 

The design of the reference blocks was based on the Standard 
. '" 

Specif~tlon for St~el Castings, Carbon andoLow Alloy, Ultrasonic . ' 

Examination Thereof (ASTM designation A 609-83) [6]. The referenc~ 

block shown in Pige 4.16 represent,s ~h.ose speci fled in the stan'dard 
, 

while Fig. 4.17 shows the actual'blacks used ln this investlgation. As 

can be seen, th'ere are a.,number of differences between the referenGe 

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

sUrm1ari zed as fo J l ows: " 
~ 

) ~ 
l' a the actual blacks have a square cross section, wnlle those 

o' 

o 
specified in' the standard have a rau~d cross sectlon; 

\ .... , 

b) the s p e ci fie d 32 "'.m. s. sur f ace f l n i sh\'I as no t r e pro duc e d 

on the top and bot tom surfaces of the actual referènce 

blocks used; and 
; 

'c) the recommended counter bore in the fl at bottom ho le was 

omitted in the actual blocks. 

To e,l iminate any possibi l ity of corner effects interferlng with the 

ultrasonic signal"the dimension of the square cross section WdS larger 

than. the recommended di?meter of the ci rcular section. Furthermore, 

the reference blocks were not machined to the 32 rms surface finish in 
u 

.J 

order ta simpl if y the ultrasonic inspection' procedure. The inspectlon 
" , 

,face (.the top'surface Opposlte the surface, wlth the flat bottom hole) 

/, 

'ri • 
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surface finish of the reference blacks was identical ta the surface 

finish of the sample blocks. Thus, the procedure requi red ta 

compensate for di fferences between the surface finish of the reference 

blocks and those to 'ne _inspected was not required. Finally, the 

counter bore in the 3.175 mm dlarj1eter f1 at bottom hol e was omitted for 

two reasons.' The first was to decrease the cost and time required for 

the machining. The second was to el iminate the possibi l ity of secondary 

ultrasonic slgna1 s being' generated by,a counter bore which al 50 was not 

encountered ln any of the industrial applications that were 

investigated. 

Il 

. With respect to Fi g. 4.17. the mod i fH~d re ference b l ocks hâd a 6.60 
'Ii 

cm square cross section with a 3.175 m{11 dlameter flat bottom hole 

dri 11 ed te a depth of 1.90 cm from the back surface. In brl et", there 

,were five reference blocks with varlous,metal dlstances (the metal 
. 

d'1stance being the dlstance from the top surface on which the black is 

scanned to the beginn·i~ .. of the flat bottom hole) spanning the thickness 

of the cast steel sample blocks inspected. 

sUlTJTlarized in F'lg. 4.17., , 

4.4.1.2 Radlagraphic Inspection 

These dlstances are 

Once the machini'ng had been completed, the ultrasonic reference 
, 

b l ocks were radi ographed ta determi ne the presence of fi ne deJects that 
/ 

.would not have been ln.dlcated by -:he original radiograptî;s of block lI. 
\ 

,Since the thlckness 'of the reference blocks being radiogr~phed was much 

/ less th an the thickiies~ radiographed with black 11,' the r~lagraPhS of 

the reference blocks would have a higher sensitivity than the original 

b l ock ,11 radi·ograph. The reference b l ock radlographs were al so used to 
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verity the qua 1 i ty of the f1 at bottom ho 1 e. 

The radioyraphs were produced at Crawford Mclei sh NDE. Inc. using 

an Irridium 192 point source. Its strength was 52 curie at the time of 

the radiographie inspection. The fi ve reference bl ocks were exposed 

slmultaneously with a 69.8 cm source tQ fi lm distance and a 42 min 

exposure time. lead shielding was pl aced around the blocks to protect 
'y , 

against scatter radiati on effects. An ASTM number 35 penetrameter was 
\ 

emp 1 oyed and 1 ead numbers were used to 1 dent i fy the b l ocks. 

4.4.2 Ultrason;c Inspection Equipment and Materials 

The equi pment ut i l i zed ; n the i nspec t i on of the 24 

sample blocks consisted of a Krautkramer USl-38 ultrasonic 

s jee 1 

unit. The USL-38 was a pu)sed, reflectioh type instrument apable of . ' 

generating, receiving, and amplifying ultrasound. 'Furthermore, a 

longitudinal wave.,.1.90 cm dia. Inotech Gamble SST 2.25 MHz probe was 

emp l oyed with a 1 i ght oi 1 coup l dnt. 

4.4.3 Ultrasonic Inspection Procedure 

The ultrasonic inspection procedure em,ployed to investigate the 

defects in the cast stee 1 samp 1 e b 1 ock s was bc?sed on the ASTM Standard 

Specification for" Steel Castings, Carbon and low Alloy, Ultrasonic 

Examination Thereof, designation A 609-83 [6J. lhe test was performed 

ln associ ation with the firm Crawford Mclei sh NOE 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 u1tra~soni'c inspection of the cast steel sample blocks pegan 
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with the construct i qn of the characteri stic DAC curve. Thi s was 

accompl ished using the five reference blocks which spanned the thickness 

of the sample blocks being inspected. Each reference b l ock was 

inspected individually; the amplitude of the reflected signal from the 

3.175 mm dia. flat bottom hole was plotted against the metal distance 
~ , 

for a'll of the fi ve reference b l ocks. The actua l DAC curve was pl otted 

.o~ the cathode ray tube shleld of the lnspection unit. A graphical 

reproduction of the DAC curve is presented in Fi g. 4.18. 

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

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

necessary to counteract 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 di'stance of each 

section of the DAC curve. For instance, if a gai n of more than 46 dB 

was used in the first section of the DAC curve, the indlcation from the 

Flat bottom hole at a metal distance of 2.54 cm would have been off the 

amplltude scale and, consequently, unknown. Also, an excessively high 

gain was avoided close to the scannlng surface since it praduced 

characteristic grass like signal indlcations immediately after the 

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

to the scannlng surface. 

4.4.3.2 Ultrasonic Inspection Procedure for Cast Steel Sample Blacks 

After construction of the DAC curve, the steel sample blacks 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. Ouring the inspection of each face, el/ery pass 
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of the search unit over the face overl apped the previous pass by at 

least 10%. The scanning rate was 1 imited to 15 cm/sec. 

As any defect indications were dlscovered~ their location on the 

block face, their depth as indicated by the inspection unit, and the 

corresponding pul"se height in terms of the percent DAC curve were 

recorded on previously prepared charts. The recording charts 

corresponding to the block faces being scanned were carefully 

identified. All indlcat"ions, 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 fo11 owed. Fig. 4.20 

shows the inspection of a sample block. 

4.5 MICROSCOPIe INSPECTION 

A microscopie inspection procedure was uti 1 i zed t9 investigate any 

microdefects (defects whose largest dimension is less than 0.5 mm) 
1 . , 

occurring in the cast steel samplê blocks. This procedure lnvolved 

cuttlng samples from the original sample blocks, pulllng these samples 

unti l fracture in an MTS machine, and vlewing the resul ting fracture 

surfaces in a scanning el ectron mlcroscope for the presence of 

microdefects. This segment of the overall defect characterlzation is 

sUlffilarized in this section. 

4.5.1 Fracture Specimens 

4.5.1.1 Description 

In total t 30 fracture specimens were eut from the original cast 
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steel sample blocks. These as-eut fracture specimens were of various 

lengths ranging from 12.0 cm ta 16.5 cm depending on which block and at 

what location in the block they were cut from. Furthermore. the 

\r speci mens had a 1.3 x 1.3 cm cross sect i on. The 1 ength of the spec 1 mens 

and the dlmensions 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 whi le 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 ranye 

of the MTS machi ne. 

The fracture specimens were cut from the corners of the origi nal 

cast steel sample blocks by a 46 cm bandsaw 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 varlOUS locations of the 

gear to mlnlmize the associated machining costs. Since the heat-

affected zone had al ready been machined off the original blocks, cuttlng 

fracture specimens from only the corners,would not significantly 

lnfl uence the expenmental results. A notched specimen readj for 

testing is shawn in Fig. 4.21. 

4.5.1.2 Location and Orlentation 

The location and orientation of the 30 fracture specimens with 

respect ta the original sample blacks are documented in Appendix B. 

Every specimen was identified with a two digit, single letter code. The 

two digit number indicated the cast steel sample black from which the 
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fracture specimen was cut while the letter indicated the direction of 

the largest dimension of the" specimen. For instance, the letter A 

1ndi cated that the fracture specimen was perpendicul ar 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 di rection tangent ta the gear's face. The 

orientation of the identification coële in Appendix B is identical ta the 

ori entat i on of the actua l code stamped i nto the fracture speci mens. 

Wlth blocks where the specimen face containing the identification is not 

in view in the drawing, the corners of the hidden face are labe1led and 

shawn in an auxi 1 iary view a10ng wlth the corresponding identification 

code. 

4.5.1.3 Radiographie Inspection 

Rad i o~taph ici ns pect ion was pe rformed in an a t tempt to locate 
1 

defects not 'shawn on the previous, 1 ess sensitive radiographs. As 

usua1, the fracture specimens were radiographed in two perpendicular 

directions. The two perpendicular directions for type A, B, and C 

spec i mens dre shown in F; g. 4.22. Fig. 4.23 shows the specimen order in 

the assoc i ated radlographs. 

The radiographs were produced at Crawford McLeish NOE. Inc using a 

150 kV X-ray tube. A n':"lmber 15 penetrameter was used with a 51 cm. 

source ta film distance and a 7.2 min exposure time. 

4.5.2 The Fracture Test 

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

specimens until fracture. 
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4.5.2.1 The MTS Test Facility 

The MTS test system eonslsting of an hydraul1c power supp1y. a 

loading unit, a control console, a graphies disp1ay monitor, a 

"'r~ deewriter, and a hard copy unit is shown in Figs. 4.24 through 4.27. 

The major components are described below. 
'1 

a) Hydraul i c Power Supply 

The hydraul..jc pçwer supply (HPS)s i11 ustrated in Fig. 4.24, uses a 
-) 

37.3 kW motor to drive a(76.2 l/min fixed volume pump that provides the 

hydraulic power to the loading unit. The pressure output of the pump ln 

the low pressure mode is 0.2 MPa while in·the high pressure mode a 

continuous output pressure of 20 MPa can be obtalned. 

An hydrau 1 i e f1 uid-to-water heat exchanger i s i ncorporated ; nta the 

HPS to maintain the working fluid below a maximum safe l evel. In the 

event that the workin'g fluid exceeds a preset 1 imit, a temperature 

sensitive switch deactivates the HPS. 

b) Loading Unlt 

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 structure conslsting of two vertical 
, ... 
, -

columns joined by a moveabl e ,crosshead. Ta accomodate speqmens of 

di fferent lengths, the crosshead may be raised or 1 owered by means of 

hydraul lC lifts. Once in position, the crosshead is hydraul ically 

locked to the vertlcal columns to prevent backlash or slippage. 

A pair of self-aligning grips, ineorporating an hydraul ica11y 
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locked spher;cal seat arrangement, are used to clamp the fracture 

specimens in the loading frame. The two grips are hydraul ically 

actuated and capabl e of providing a/constant specimen gripping force 

i ndependent 0 f the app 1 i ed ax i al 1 oad. 

The axial load is appl ied to the fracture specimens through an 

hydraul ic linear actuator. The actuator piston, with a 15 cm stroke, a 

45.3 cm 2 effective area, and a maximum available pressure of 20 MPa, 

provides a static load capacity of 100 kN. 

The hydraulic actuator movement is controlled through two electro-

mechanica1 servoval yeso The servoval ves convert the electrical control 

signal from the servocontroller into the mechanical movement of an 

interna l spoo 1. The movement of the spoo l s regu l ate the flow of the 

high pressure hydraul ic lluid i~to and out of either side of the piston, 

depending on the polarity of the command signal. Presently, two 

servoval ves are used in parallel and, coupled with a dual manifold, 

double the flow rating to increase the system response. 
-

The load applied to the specim~ns in the loading unit 1S monitored 

through a resistive bridge load cell tiaving a 100 kN static rating and 

a 75. kN dynamic rating. This transducer's output voltage is directly 

proportional to the appl ied load. 

The hydrau lie actuator movement i s monitored by means of a l i nea r 

variable differentlal transformer (LYOT) mounted on the actuator. The 

AC output voltage generated by the L VOT i s duect l y proport i ona 1 to the 

actuator piston displacement. 

c) The Control Console 

The control console, seen in Fig. 4.26, incorporates various 
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control~,modules that preti~ely control and monitor the test parameters. 

The function and important features of these modules are summarlzed 

be l OW. 

The 436 control unit provides on-off control of the electronic 

system components. The HPS is also contro11ed through this unit. 

Furthermore, the control unit inco,rporates a built-in interlock circuit 

that automatically deactivates the KPS if any abnorma1 conditionc;, such 

as excessi ve fl uid temperature or 10w reservoir f1 uid leve1, occur. 
(t 

Fina 11y, the control unit is 1 i nked with a function generator through 

which waveforms of various frequencies can be selected. 

The 442 cont ro 11 er performs the cl osed loop cont ro 1 funct i ons and 

performs the system progral11T1ing, fai 1 safe, and readout functlons through 

p1ug-in modules. These include the feedback selector, the servo­

controller, the valve driver, the 1imit detector, the AC stroke 

conditioner, the OC strain conditioner, and the OC load conditioner. 

The transducer conditioners supply the excitation voltage to their 
. 

respecti ve transducer and condition the output vol tages of the 

transducers before being sent back" to the feedback selector. The 

feedback selector selects the output of a partlCular transducer as a 

feedback signal that is processed by the servocontroller; this se1ected 

transducer output 1 s the controll ed variab1 e. Final1y, the 

servocontro 11 er compares the c~)lT1I1land and feedback signa 1 sand generates 
. 

a control signal that operates the servova1ves once amplifled by the 

val ve driver. The 1imit detector module monitors the load, stroke, and 

stra in transducer outputs s imu 1 taneous 1 y and i nit i ates a predetermi ned 

task when any of these variabl es exceeds a preset 1 imite This can 

include activating an indicator 1 ight on the control 1er front panel or 
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activating an inte'r1ock to shut the HPS off. . -, 

, 
The 430 di gita 1 i ndi cator i s used in the MTS' system tO' cont'i nuous 1y 

monitor and disp1ay, in digital form~ the voltage of any one of the 

various parameters'~ the test such as load, stroke, or strain. 

The Digital E~uipment Corporation POP 11/04 control processor 

incorporates three important features: automatic start uR, the abi 1 ity 

to use a conventional keyboard as an operatorls consol e, and a hardware 

diagnostics package. r"oreover, the POP 11/04 control processor is 

1 inked 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 Devi ces 

The remaini ng components of the MTS system, shown in Fi g. 4.27, are 

the input/output devices including the Tektronix 4010-1 computer display 

terminal, the Digital decwriter II, and the Tè,ktronix 4631 hard copy 

unit. The computer display terminal provides a communication link and 

dlsplay device to interface with the POP 11/04. A permanent copy of the 

display screen can be produced via the hard copy unit. Finally, the 
1 

decwriter, an interacti ve data cOlffilunications terminal, incorporates a 

low-speed impact printer ta prov ide hard copy prlnted output. 

4.5.2.2 Fracture Test Procedure 

The fracture tests" were performed in the MTS testing machine using 

a tensile ramp loading function. A detailed step"by-step test procedure 

is provided in Appendix C. The tests were performed in stroke control 

wi th the re levant test parameters contra l l ed through the compûter 
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program PULT1M. This program was obtained from Dominion Engineering 

Works Ltd. and modified speciflcally for use in th'Ïs investigation. A 

printout of PULTlM along wlth its interactive testing output ar'e 
-

provided in Appendix D. Table 4.7 provides a su·mmary of the blocks 

which were pull ed unti 1 fracture aTong wlth their assodated notch cross 

section area and summary of the rel evant test parameters. Fina lly, a 

D 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 loaded in the MTS unit in Fig. 4.28. 

4.5.3 Scanning Electron Microscopy 

4.5.3.1 The Scanning Electron Microscope 

The microscopie i nvest i gat l on of the specimen fractu re surfaces and 

the microdefects exposed on these surfaces was performed by means of the 

scanning electron mlcroscope (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 dlmensiona l appearance of SEM lmages, and an 

ablll ty to observe specimens at very low magnifi cat lon. Consequent l y, 

the SEM is one of the most versati 1 e lnstruments used to examl ne the 

mi crostructura l characterist i c of so 1 id surfaces. 

The maJor components of the SEM, schematically shown ln Fig. 4.30, 

are the electron gun, the magnetic l ens system, the vacuum system, the 

electron collector, the recording and visual cathode ray tubes, and the 

control 1 ing el ectronics incl uding 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 

tungsten 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 magnet i c 1 ens system, consi st ing of the condenser 
'-

lens, the scanning coils, and the objective lens. The electromagnetic 

condenser lens, attaèhed beneath the el ectron gun, demagnifies the 

crossover image of the electron gun to yiel d a tlny spot at the specimen 

surface~[22]. The condenser 1 ens al so determi nes the current of the 

electron beam inddent on the specimen under observation. T~e 

electromagnetic objective lens brings the electron beam into focus' at 

the specimen surface and governs the final spot size.of the el ectron 

beam. 

Located between the condenser and objecti ve l enses are the scanning 

coi l s. The scanning coi 1 s defl ect the el ectron beam to produce the 

scanning motion over the specimen. In operation, the scanning coi l sare 

powered by the scan generator which simultaneously operateS\the 

deflection coi l of the cathode ray tubes. This synchronization 'prodJces 
1 - - ~ a one-to-one correspondence between the positlon of the electron beam 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 mic'roscope 'Column by means of t~e 

high negative potential of the electron-generating filament. The 

electron b'eam col1ides with the specimen maintained at earth potential. 

Thi s beam-samp 1 e interJction produces primary backscattered el ectrons, 

secondary electrons, and X-rays. Pr~mary ,backscattered electrons are 

'j 
l' 
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electrons from the incident primary beam that are scattered \'1ïth little 

/11oss of energy and radilte .out .. from the specimen -surface. In contrast, 

s~condary el ectrons are 'ore l eased from the outer orbita l s of the speci men 

'. 

O~ 

3toms as the primary beam electron collides with.these atoms in its 

path. F-i,nally, as with al1 e'lectron-matter collisions, X-rays are 
... / ~ 

emitted whQse waveleogths area chàracteris,tiè feature of the elements 
. .. .--

oT the target s.pecimen. . ~ 

The pri mary oackscattered and the secondary el ect rons are monitored 

w~en information about the specimen topography i s requi red whi le the X-
~ 

rays are monit~/)r:'ed when 0 information about the composition. of the 

spec i m~n su rfac~ i s needed. 

The ehectron COl,le1tor, ma.intained at a positi ve potential with 

~espect to the target s(ecimen, attracts the secondary electrons. The 

electrons, on impact with the scintilla~or in thecollector, generate 

li ght '(!hich passes down the l ight gUlde- and fa 11 s on the photocathode of 

the photomultip1ier. The resulti"ng electrical signals, amp11fled by ttle 

. video amp,l i fier, are used to modulate the intensity of brightness of the 

CRT displays. In brief, it is the intensity of either the backscattered 

or '''secondary electrons which ,produces the SEM ~ot1oyraphic image. The 

ele,ctron gU,n acce1era!ing potential, the lens current, the 

magnification, and the other SEM parameters are contol1ed From the 

control console. 

4.5.3.2. Scanning Electron Microscope Procedure 
"'7 

As summarfzed in Table 4.7, the' fracture surface of 8 of the . 

fracture specimens were sel ected to be viewed usi ng the SEM. The 

selection criteria was based mainly on the flatness of the fracture 
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surface, since focusing ,on extreme1y rugged surface topography 1n the 

SEM would be very difficu1 t. The fracture surfaces selected for SEM. 

examination were cut from the fracture specimens and gl ued onto standard 

12.7 mm-diameter aluminum stubs using a conductive graphite in 

isopropano1 cement. 

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 in 

the chamber and a 30 KV accelerating potentia1 was selected in the 

electron source module. The fracture surface was scanned at 10w 

magnification. The best image of the fracture surface was obtained by 

manipulating the foc us and condenser controls. by adjusting the contrast 

and brightness of the viewing CRT, and by adJusting the vertical 

pos it i on of the spec imen by means of a mi cromet ri c screw mounted on the 

vacuum chamber. Once a region of ;ntere~t or,a particular defect was 

located on the specimen su rface that warranted record i ng. the contrast 

and brightness of the high resol ution recording CRT were adjusted. and a 

picture was taken with the SEM camera. 

This procedure was repeated for the remai ning fracture surfaces 

selected for examination. General overviews of the surfaces at low 

magnification along with detal1ed high magnification shots of typical 

microdefects were produced. 

4.6 CHEMICAl ANALYSIS 

A chemical analysis was performed on the cast ring gear segment to 

determine if any variation in the constituent elements was present. 

This process invol ved dri 11 ing the steel sample blocks to provide a 

number of samp les -wtti ch 'were subseq~ent ly ana lyzed through an i ndustri al 
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testing 1 aboratory. The chemical composition of 10 elements were 

investigated 1oc1 uding al uminum, carbon, ch,rom i um, 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 sample 
... 

was removed from a samp le bl Qck from the end face, 3 samp 1 es were 

"removed from blocks -on the riser side, and 2 samples were removed from 

blocks on the gate side of the casting. In all the cases, except for 

the e.nd face, the samples for chemical analysi s were removed from the 

gea'r face where the teeth",would have been machined. Any lrregular 

concentration of a constituent element would be most critical in this 

area; for examp1e, a high concentration of sil,icon would seriously 

decrease' the integrity of any wel d-repai red defects in the area of the 

teeth. 

The samples for an~lysis were obtained by drill ing two adjacent 

1.27 cm dia. holes t9 yie1 d approximate1y 10 g of dri 11 shavings per 

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

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 descr'ibed in this 

section. ~ 

.' 
4~.2 .1. Al umi num 

The samples were analyzed for aluminum composition using the atomic 

--absorption m~thod. Every sample for aluminum analysis was dissolved in 

79 



o 

o 

t 
hydrochlol'ic acid, oxidized using nitric acid, and diluted as specified 

in the relevant standards. The resulting solution was burned in a 

nitrous oxide-acetylene flame of an atomic absorption spectrophotometer. 

Spectra 1 energy of 309.3 nm was passed through the fl ame and the 

absorbance was compared with so 1 ut i ons of known al umi num concentrat ions. 

~ 

4.6.2.2. Carbon 
.;;;:r 

The samples for carbon analys"is were burned in oxygen in an 

induction furnace. The resultant carbon dioxide was passed through an 

infrar~d absorption instrument ca l ibrated to Nationa l Bureau of 

Standards samples. In this instrument th'e difference in infrared 

absorption between the s'ample and the reference caused an imbalance in 

pressure between the two detector tubes. Th; s 1mbal anc,e was measured by' 

means of a dlaphragm and electronically converted to a digital readout. 

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

ca 1 cul ated. --

4.6.2.3. Chromium 
-

The chromium concentration was determined as per ASTM E 350-84, 

section 269 [24J. In this method, the sample was dissolved in mineral 

aeids. This sample solution was aspirated into a nitrous oxide-

aeetylene flame of an atome absorption spectrophotometer. Then, 

spectral energy at approximately 357.9 nm (from a chromium hollow­

cathode l amp) was passed through the flame and the absorbance was 

measured. Cal i bration of the spectrophotometer was achieved with 

so 1 ut i ons of known chromi um coneentrat ions. 
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4."6.2.4. Copper 

The copper content was determined using the method of atomic 

absorption whereby the samples were dissol ved in hydrochloric acid, 

oxidi zed through the additon of ni tri c aci d, di 1 uted, and. ,th~ aspi rated 

in an air~acetylene flame of an atomic absorption spectrophotometer. 
\. 

Spectral energy of 324.75 nm was passed through the fl ame with the 

absorbance being measured and compared with sol utï ons of kn-own copper 

con cent rat ions. 

4.6.2.5. Manganese 
• 

Again, atomic absorption was implemented to determine the manganese 

composition of the samples. The samples were di~sol ved in hydrochloric 

acid, oxidized using nitric acid, di1uted, and burned in the air-

acetyl ene f1 ame of a spectrophotometer. Spectral energy of 279.5 nm was 

used for the absorbance measurements. 

4.6.2.6. Mo1ybdenum 

The atomic absorption method was a1so used for determining the 

mOlybdenum content. After"dissolving in hydrochloric acid, oxidizing 

using nictric acid, and di1uting, the samp1es were burned in a nitrous 

oxide-acetylene f1ame. Spectral energy of 313.3 nm was used in the 

absorbance measurements. 

4.6.2.7. Nickel 

The ni cke 1 content was al 50 determi ned with the metho(Jof atomi c 

absorption with the dissol ved nickel solution burned in an air-acetylene 
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flame. Spectral e . .ergy of 232.0 nm was used in the absorbance 

measurements. 

4.6.2.8. Phosphorus 

The composition of phosphQ.rl-/s was determined by t:he alkalimetric 

method as speèified in section 221 of ASTM E 350-84. In this method, 

phos{!.h.orus was sepa rated as al1ll1on i um phosphomo 1 ybdate. The precipitate 

was dissol ved in standard NaOH sol ution, and the excess NaOH titrated 

with nitric acid [24J. 

4.6.2.9. Silicon 

The analysis for Silicon was carried out according to the 

_ gravimetric method specified in ASTM E 350-84. The sampl e was dissol ved 

in hydrochloric acid and oxidized using nitric acid. -After dissolution 

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

sulphuric acid. The solution was filtered and then the si1ica was 

ignited, weighed and volatized with hydrofluoric acid. The residue was 
• D 

ignited and weighed. The concentration was determined based on the 10ss 
/ 

of weight of the sample. 

4.6.2.10 Sulphur 

•. The sul phur conten~ was determined using the combustion-iodate 

titration metho9 as specified in ASTM E 350-84. In this method, the 

sample was burned in oxygen in ao lnduction furnace. During combustion, 

the resultant S02 was absorbed in" an acidified starch-iodide solution 

and then titrated with potassium iodate solution to determine the amount 

of su 1 phu r p r.esent • 
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5.1 DATA PRESENTATION 

CHAPTER 5 

ANAlYSIS OF RESUlTS 

Co 

" , 
,. " .. 

The defect cha racte ri zat i on of the cast s tee l ri ng gea r of th i s 

investigation invol ved four, basi c tests inc1 uding a mi 11 ing machi ne 

sectioning procedure, a radiographie ins'pection, an u1trasonic 
,', 

inspection, and a microscopie inspection. Moreover, a chemica1 analysis 
, 

was performed at var; ous 1 ocat ions ; n the gear. 

The results of the radiographie inspection are presented in 

Appendix F and include drawings which detail the radiographs in which 

defèets were indicated. The ultrasonic inspection resu1 ts of the enti re -
set of sample bloeks are provided in Appendix G. The resu1ts of the 

microscopie inspection ineluding the radiographs of the fracture 

specimens pri or to fracture' 'and the fractograph f1 aw data obta,i ned wi th 

the SEM are presented in Append i x H and Tab 1 e 5.10. Fina11y, the . , , 

numeriea1 results of the ehemica1 ana1ysis are provided in Table 5.12. 

5.2 DISCUSSION OF RESUlTS 

.. 5.2.1 The Mechani ca 1 Section i ng 

• 

The maehining of the ste'e'l'sample blocks was carried out to 

provide a suitab1e u1trasonie inspection surface, to provide a number of-

-uniform b10ek dimensions, and to expose internal surfaces of the cast 

ring gear. This multi-pur'pose seetioning operation exposed no internal 

casting defects vi_sib1e to the unaided eye. In fact, no defects were 

discovered during this procedure when a 100 X portable 1 ight microscope 

was emp l oyed 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 cutter to cover' defects 
, . . 

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 whi,le in 21 cases the entire hole was covered and had 

to be cleaned to 'read the--identification number. 

5.2.2 The Rad1.ographic Inspection 

Radiographie inspection was the first nondestructive testing .. 
techniqu~ empl'oyed to -characteri ze the interna 1 casting defects in the 

ring gear steel sample blocks. Since fhere was no previous defect 
~ 

analysis dealing with casting defects in the ring gear sections of this 

investigation, the typical )nternal defec.t size range was unknown. 
"-

Therefore, a worst-case-scenari o-experi menta 1 procedu r.e was synthes i zed 
", 

whereby it was assumed that the ring gear segment contained 4arge . . -- ~ 

classical casting defects. Consequently, the entire set of steel sample 

blocks was radiographed as outl ined in Section 4.3. 

The X-ray results are summarized in Table 5.1 where the presence 

of flaw indications i5 presented for the two X-ray directions of the 

steel sampleblocks. The location and size of the radiographiç flaw. 

indications are recorded in the drawings of Appendix F. 

Three photographi c reproduct ions of actua 1 samp 1 e b 1 ock 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 identification number can be easily seen 
.... 

in the upper right corner. Furthermore, 'flaw indications Catl be seen in 

the lower left corner. The f1 aw indications in the photographs are not 

as sharp as in the original radiographs since some radiograph qual ity is . 
1 ost in the photographi c reproducti o~ process. Fi g. 5.2 shows the two 

~ -
X-rays of block 62 take6 in two perpendicular directions as e-xplained in 

, ' 

Section 4.3.2. Again, the dri l l ed i dentifi cation numbers and the 1 ead 

identification numbers are clearly visible. A penetrameter is not in 

view in these two X-rays since both were obtained From a multiple b10ck 

exposure with the penet rameter pl aced on one of the other b l ocks. The 

dark ~reas (areas.receiving a- hi-gher in~nsity of X-rays) on the bottom 

'and left sides of the X-rays are due to trays being scattered from the 

si"des of the adjacent b10cks in the multiple block exposures. This did 
J" 

not create any probl~ms when the iadiographs were view"ed since the 

intensity o~ the viewing 1ight could be adjusted to compensate for this 

!!ffect. 

The resul'ts of the radiographie inspection, summarized ~n Table 

5.·1, show that of the 25 samp 1 e b l ocks rad i ographed 15 di sp l ayed no 

radiogra-phic indications of internal defects. However, the flaw 

indications observed in the remaining 10 sample bl:ocks cou1d be 

classified into 5 categories as summarized in Table 5.2. The'se f 1 aws 

are two dimensional since the radiographie inspection provides only two 

dimensiona1 f1 aw indications. However, as wi 11 be seen in Section 

5.3.6, the nondestructi ve tests exhibit evidence that the flaws are 

pl anar and can be adequate1y described in two dimensions. 

The first category of radiographie flaw indications were circular 

in shape ranging from 0.2 ta 0.3 cm in diameter. The second cl ass of 
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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 

cm. The fourth cl ass of f1 aw indications discovered in the X-rays were 

rectangular wHh slightly rounded ends having a width between 0.1 and 

0.5 cm and a 1ength between 0.2.and 0.8 cm. Finally, the fifth class of 

indications encountered were also round ended rectangu1ar with a width .. 
between 0.1 and 0.5 cm but with a l ength 9 reate r than 0.8 cm. 

A summary of the flaw indications measured from the X-rays is 

provided in Table 5.3 where the flaw type and flaw parameters are 
, . 

record-ed al ong with the radiograph in which the flaw indication was 

found. 
, , 

, 5.2.3 Sectioning and Radiographic Inspection of S~mple Block 11 

In preparation for the ultrasonic inspection, five reference 

bl~ek.s were machined from sample block 11 as outlined in Section 

4.4.1.1. No interna 1 defects ,were discovered on the surfaces exposed 

during the bandsaw cutting operation of b10ck 11. These newly exposed 

surfaces were v iewed with a 100 X portable li ght mi croscope; howe ver, no 

defects were discovered. Moreover, no fl aws were seen on the surfaces 

exposed during the milling operation in which 
" 

to the required dimensions. 

were machi ned 

The fi ve reference bl ocks ~ere then radiographed as out 1 ined in 

Section 4.4.1.2: A photographlc reproduction of the radiograph of 

reference block 4 is presented ln Fig. 5.3 As seen in the center of the 
, 

X-ray, a number 45 ASTM penetrameter was employed with the 2T hlàle 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 -{n the upper right hand corner. No .internal 

defects are visible in the radiograph; the white spots seen in this X­
~ 

ray a~e only dust particles arising in the printin'of the photographie 

reproduct ion. 
, 

.. ' . , 
The results of the radiographie inspection of the five ultrasonic 

reference blocks are summarized in Table 5.4. In brief, all fi ve 

reference b 1 ocks were free of mac"'o~copi c interna 1 defects. The)(- rays , 

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

"reference b 1 ocks as requi red for the ul trasoni·c tests. 

5.2.4 The Ultrason; c Inspect; on 

The ultrasonie inspection was the second nondestructive testing 
~ 

technique used to eharact~ize the internal ctefects of the cast ring 

gear sample blocks. This techniquewas employed for two reasons; the 

first was to"attempt to correlate the results of the radiographie 
\'J . 

inspection and the second was to investigat-e internal flaws too small to 
t 

appear in the radiographs. The entire set of steel sample blocks were 

ultrasonically inspeeted as outl ined in Section 4.4. 

~ The results of the ultrasonic inspection are summarized in Table 

5.5 wherethe 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 dr~wings of 

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 exp lai ned in Sect ion 4.4 • 

The results of the ultrasonic inspection, summari'zed in Table 5.5, 
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r --show that of the 24 sample b10cks inspected. 7 displayed no ultrasonic 
< b 

indication of internal flaws. The indications observed in the remaining 

17 samp1e blocks were élassified into 8 categories. Thesmall nature of 

the flaw indications made it impossible to determine the exact flaw 

outline due to the limitations of the ultrasonv: inspection unit. As a 

result, it was assumed the flaw indications were circular in shape for 
, , 

the spot i~dications. Furthermore, the shapes of the runn; ng ul trasonic 

indications were assumed to be rectangular with rOtl11ded corners. A 

summary of the flaw indication types is provided in Table 5.6. With 
fi' 

reference to Table 5.0, the ultrasonic f1 aw indication categories 

consisted of 6 circular categories ranging from less th an 0.1 cm in dia. 

to over 0.4 cm in dia. and 2 rectangu 1 ai- categori es sim; l ar ,to those 

- found in the radiographie inspection results. The evidence leading ta 

the two dimensional charafter of the interna] casting flaws i.s discu.ssed 

further in Section 5.3.6. 1 

A summary of the flaw indications obtained from the ultrason1c 

inspection is provided in Table 5.7 where the flaw type and -f)aw 

parameters are presented along ~ith the block. face from whJch the ffaw 

indication was recorded. ~ 

5.2.5 The Radiographie Inspection of the Fracture Specimen~ 

The results of the radiographie and ultrasonic inspections of the 

steel sample b10cks indicated that the internal casting defects were 
1 

re1atively small. As a resu1t of-this and a desire to characterize the 

microdefects, a microscopie invest~tion was undertaken as described in 
\ 

Section 4.5. The resul ts of the radiotraPhic inspection of the fr\cture 

specimens, detai led in Section 4.5.1.3, are presented in p-hotographie 
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• reproductions of the actuaJ X-rays in Appendix H. As usual, a 

considerable amount of X-ray quality is 'lost in the photographic 
,< 

reproduction process; however, this does not affect'the experimenta.l 

results. 

A sunmary of the fhw i ndicat i cts obtained From the radi ographi c 

inspection is presented in Table 5.8 where the fracture specimen, the X­

raydirections, asdefined in Section 4.5.1.3, and theflawindication 

description are detailed. Of the 30 fracture specimens radiographed, 18 
• 

displayed no flaw indications in either of the two X-ray directions. 

The remaining 12 specimens exhibited indications of shrinkage defects . ~ 

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

1 argest 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 w~~e in the 'same size range 'as those observ~c1 du.rin g the 

ultrasonic inspection. For example, the largest flaw indication From 

the X-ray~ of the fracture specimens corresponded to a 160% DAC .;:i 

ultrasonic indication, while the smallest flaw indication from the 
. 

fractu re spec i men X-rays corres ponded to a 30% DAC -ultrasonic 

indication. In fact, the flaw indications obtained from the ultrasonic 

inspection ra-nged 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 test. 
( 

With the use of Appendix B, Figs. 4.22 and 4.23, Appendix G, and'the 

fracture specimen.;t-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, di rection 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 25B, direction 2, is also 

indicated in the ultrasoni,c inspectio'n resu.f.ts' of block 25, face B~ 

,Unfortunately, further agreement between the fracttïre specimen X-rays 

and the ultrasonic inspection results was not found. This can be 

" att,ributed to the fact that al1 the fracture specimens were cut From 

, . 

edges of the original sample blocks. Any defetts in this area, that is 

to say close to the side of the sample block, would not have been easily 
1 

detected since a portion of the initial ultrasound beam would be 

refl ected off the b 1 ock's side before\ reaching the defect. Thus, a 
n 

lower energy ultra sound p acket wou 1 d'lb e ref 1 ec ted f rom the f 1 aw and 

recei ved by the transducer as compared to ar,eas away f rom the si des of 

the block. As a result, the ultrasonic inspection wo~d indicate a 
f, 

... ' 

smaller flaw than there actually is. This was seen for fracture 

specimen 43A where the ultrasonic inspection indicated a 80% DAC flaw 

(approximately 0.25 cm dia.) while the flaw measured oH' the X-ray (i.e. 

actual size) was 0.3 x 0.5 cm. Similarly, the ultrasonic "esults ". 

fi indicated a 120% DAC flaw (approximately 0.38 cm dia.) in block 25 while 

the measured X-ray indication was 0.5 x 0.5 cm. 

Indeed, the resul~s of the radiographie inspection of the fracture 

specimens provide insight into the shape of the f1 aws which were 

indicated From {he ul trasonic inspection. Furthermore, in 3 of the 

fracture specimens, flaw indications ,were present in one radiographie 

-inspection dic.e.ction but absent in the second, perpendicular direction. 
D' 

This was seen in the ultrasonic inspection re~u1ts and ;mpli,es a planar 

character of many'of the internal' flaws. Finally, a defect histogram 

was not constructed for the resul ts of thi s section due to the fact that 
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't'he sample space investigated was very small. 
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. 
5.2.6 The Microscopie Inspectiow 

The microscopie inspection of the surfaces of' the fracture 

spècimens using the SEM, as detai 1 ed in Sectlon 4.5.3, was carried out 
-

ta characteriz~ the interna1 casting def~ts too sma11 to be discovered 

'" by the radiographie or u1trasonic inspection techniques. A1though the 

mie r 0 seo pic i n s pee t ion wa s des t rue t ive 1- n na t ure a ~d wou 1 d ra rel y b e 

empl'oyed in industry as a common inspection method)it did provide an 

extreme1y va1uable insight into the types of internal casting defects 

sin c e it pro v ide dpi ct ure s 0 f t·h e de f è c t s exp 0 s e don the f ra c t ure 

surfaces. In total, 8 fracture surfaces were viewed in the SEM as 

sUl1111arized 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 typica1 fractograph overview, obtained using the SEM, is 

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

specimen 128 is shown at a re1ative1y low magnification •• The largest 

dêt{ects vis i b 1 e o~ the fractograph were circ 1 ed and 1 abe l 1 ed wi th a f 1 aw, 

ide~tification number to faci1itate the flaw characterization process. 

~ minimum f1 aw dimension was arbitrari 1y se1ected such that defects 

whose dimensions were smal 1er than this minimum dimension wou1d not be 

recorded. Without this minimum f1 aw size, used in a11 the fractograph 

averviews, it wou1d have been impossib~e to characterize thé 

fractographs in a finite amount of ti/e. The defect-se1 ection process 

was carri ed out for the fraèture surfaces of specimens 128, 13A, 256, 

428, '43C, and 62A. The fracture surface topography of specimen~'24A ,and 
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25A was extreme1y steep and erratic, making it impossible to focus on a 

1 arge section of the fracture surface ,'at one time as requi red for an 

overVlew. Consequent1y, these two specimens were not used in the 

microscopic flaw characterization; however, they did provide excellent 
~ 

individual examples of typical casting defects. 

The flaws observed ln the six fractograph overviews were classified 
, 

into 6 categories as summarized ln Table 5.9 where the flaw type, flaw 

description, and relevant flaw parameters are detalled. The 

fractographs provided a 2-dimensional fla'w image; consequently, the 

flaws exposed through the fracture surfaces were characterized using 2 

dimensional shapes which cl osely approximated the actual flaws. The 

first type of flaw encountered on the fractographs were gas porosities, 

circular in shape with an actual dlameter -ranging from 0.01 mm to 0.17 

mm • Fla w n u m ber 31 0 f Fig. 5 .4, d e t ail e d i n Fig. 5 .5 a t a h i 9 h e r 

magnification lS tYPlcal of the type 1 defect. The smooth surface of 

the flaw and,its symmetric shape are indicative of gas porosity. The 
" 

\econd Itype of defects encountered were ~ectangu 1 ar i n sha~~ with 

rounded ends. These were described by a maximum width, w, and a maximum 

length, 1. The type 2 f1 aws recorded from the fractographs ranged in 

si ze from the sma 11 est wi th w = 0.01 mm and l = 0.04 mm to the longest 

with w = 1.2 mm and l = 0.37 mm. The peanut shaped flaw, number 8 in 

,Fig. 5.4 and enlarged in Fig. 5.6, is typica1 of the second flaw 

category. Type 2 f1aws were genera11y gas porosities as indicated by 

their smooth surface and symmetric shape. In addition, the f1aw of Fig. 

5.6 is an examp1e of the approximation involved in ~ategorizing the 

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

fractographs was slit shaped possessing very sharp tips of a1most zero 
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radi us. 'Two parameters were used to descri be these fl aw~: the maximum' 

f1aw width, w, and the flaw 1ength, 1. The sma11est type 3 f1aw 

recorded had a width of 0.01 mm and a 1 ength of 0.04 mm whi 1 e the 

1argest 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 f1aw type a1so contained micro hot 

tears resu1ting from a 10calized unidirectional contractl0n of the meta1 

when it is in a brittle condition. The fourth type of flaws observed 

in the fractographs was similar to type 2 flaws but mu1ti-branched. The 

type 4 defects were characterized by 4 parameters with n denoting the 
1 

number ot--branches, ai denoting the angl e, in degrees, between the ith 

and (i + l)th branch, and wi' 1 i denoting the maximum wldth and l ength 

of the ith branch. These parameters-are summarized in Table 5.9. The 

sma1Test type 4 flaw was a 3 branch gas porosity with al 1 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 f1aw 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. 

F1aw number 32 of Fig. 5.4, enlarged in Fig. 5.8, is typical of tire type 

4 fla w s • It s s m 0 0 t h sur f ace and r 0 und e den d s, a s s e e n' i n Fig. 5.8, are 

indicative of agas poros;ty. The fifth type of flaws encountered were 

mu lti -branched s 1 it shaped with very sharp t i p5 as type 3 f1 aws. These 

f1aws were described ~ith the parameters n, ai, wi' and 1 i in the same 

manner as type 4 f1aws. A summary of the f1aw parameters and their 

meaning i5 provid~d in Table 5.9. The 5mal lest type 5 flaw recorded had 
t-

two branches wi th one of the branches 0.01 mm wi de by 0.06 mm 10n9 and 

the second branch 0.01 11111 wide by 0.04 mm long. The l argest type~l aw 
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encountered was a two branch shrink with the fi rst branch 0.03 mm wide 

by 0.12 mm long and the second 0.09 mm long. Fi g. 5.9 i s a typi ca 1 

example of the c1ass 5 flaws~ Again, the rough f1aw 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 di~ection simu1taneous1y. 

Finally, the sixth type of flaw found in the fracture surfaces w~re 

inclusions occurring in a fan like patte'rn 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 f1 aw lS 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 Tabl e 5.10 where the fl aw identification number. t'he f1 aw 

type, the fractograph f1 aw parameters, and the actua 1 f l aw parameters 

are recorded along with the fracture specimen in which the flaw was 

found. The flaw ldentificatlon number is simply an arbitrary number 
v 

assigned to identif,y the flaw on each fractograph. The flaw type 

characterizes the flaw according ta /the previously defined six 

categori es. The fractograph;-f l aw parameters are the dlJnensi ons of tne 

flaw as measured from the fractograph which are converted into the 

actua1 flaw dlmensions 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 

the 

The results of the chemical analysis, carried out to investigate 

v~r1at'10n in concentration of the constituent e'lements throughout 
\ - -

casting, are presented in Table 5.12. The concentration in percent" 

by weight(JJr the 10 elements investigated is shown for the six samples 

analyzed. The procedure of the individual analyses as well as t.be 

sample locations are given i,n 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 Tab 1 e 5.13. Furthermore, the 

percent variation between the maximum and minimum concentrations with 

the maximum used as the refe!~nce is also presented in Table 5.13. 

N The composition of the constituent elements at the six locations 

investigated generally fe11 within the l imits .specified for SAE 4340. 

However" there were a number of exceptions such as the carbon 

composition of sample 24 at 0.31% (Tab-le 5.12) which was substantially 

lower than the lower carbon limit of 0.38% specified for SAE 4340 (Table 

4.1). Moreover, the manganese composition of sample 11 at 0.81% was 
~ 

marginally higher than the upper l imit of 0.80% speci fied for SAE 4340. 

The largest variation with respect to the composition limits speciffed 

for"SAE 4340 was that of the si 1 icon composition of the ~asting which 

was almost double the specified maximum composition. This was not 

detrimental to the casting since silicon functions as a desulphurizer 

and also increases the wear resistance of the a110y. Nevertheless, 

special care would have to be taken in welding this a110y since the 

localized welding heat could cause surface cavities and weld porosity if 

the silicon composition exceeded 0.35% [25]. In brief, the elemental 

compositions of chromium, molybdenum, nickel, phosphorus, and sulphur 
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were we l 1 with in the compos'it ions l 1; mits of SAE 4340. 

The variation of the composition of chromium, copper, manganese, 
'" 

molybdenum, nickel, anq silicon throughout the six sample locations was 

acceptable with all variations less than 10%. Considering the size and 

shape of the gear castlng, this degree of variation was expected. , 

However, there were four elements including aluminum, carbon, 

phosphorus, and sulphur that exhibited ser;ous variations of 22.7~, 

20.5%,25.0%, and 44.8% respectively. Althougti the variations were 

quite large, the maximum compositions of phosphorus and sulphur were ~t 

high enough to be critical. For instançe, the maximum sulphur 

composltion of 0.029% was far below the 0.06% level above which welding 
1 , 

problems would .occur. Likewise, the ~aximum composition of phosphorus 

at 0.024% was al so below the level 0.035% above which wéldabi l ity 

quickly decreases. It is important to maintain the chemical compositlon 

such that the cast l ng has exce l lr,ent we l dabi 1 i ty si nce we l d repa i r 0 f the 

casting might be required sometime durlng the manufacturing process. On 

the other hand, the minimum carbon composltion of 0.31% found ln block 

24 could be cause for concern Slnce the sample was taken from the 

outside face of the gear where the teeth ~ould normally be machined. 

Any low carbon compositions in this area would cause areas in which the 

hardenabi 1 i-,ty of the steel ~Quld be decreased making the gear 

susceptible to wear and a possible premature failure. 
r 

5.~ THE DEFECT HISTOGRAH 

Th~ principles on which the defect histogram is based are be 

descrlbed in this section foll owed by the presentatlon of the defect 

histograms obtalned from the radlOgraphlc, ultrasonic, and mlcroscopic 



inspections. 
\.1 

A combined histogram based on the ultrasonic and 

rad; ographi c resu l ts i s al so presented. Furthermore, the orientation 

of the defects discovered in this investigation is discussed. 

5.3.1 The Formation of the Defect Histogram 

At the outset of this discussion it must be realized that the 

primary goal of this investigation was to utilize destructive and 

nondestructive testing techniques to evaluate and characterize internal _ 

• 'casting defects. A detai l ed statistical eval uation of the actual 

testing techniques was not a goal of this investigation. As a result, 

it is assumed that the results of the nondestructive inspectlons are 

absolute. For instance, it is assumed that a defect is present where 

indicated by either the radiographie 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 Slnce 

nondestruct ive tests somet i mes i ndi cate defects where none are present 

and vice-versa, certafn slmpl ifying assumptions must be made as in most 

other engineering problems. In fact, the performance of a particul ar 

inspection process is extremely difficult and time consuming to evaluate 

since nondestructive testing results are operator dependent and can vary' 

day to day as the alertness of the operator changes. 

With this assum~tion of absolute test results, the defect histogram 

is fabric-ated in the followingmanner. 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 si ze of the base el ement a rea i s se 1 ected 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 theJent ire group of defect classes i s l ess than or equa 1 to 1. The 

tot.l~a~e. 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 classa This number is then divided by the number of unit 

areas inspected to provide the probability of 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 Radiographie Inspection Defect Histogram 

The results of the radiographie inspection, summarized in Section 

5.2.2, yielded five categories of defects as shown in Table 5.2. , 

Although the radiographie lnspection provides a compressed two 
, 

dimensional view 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 bloek directly exposed to the incident 

radiation) is vsed since the radiographie inspection provides two 

dimensional defect images. 

The surface area radiographed is caleulated 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 2 was selected since lt would easi ly 
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" accommodate the largest indicated defect with an area of 0.6 cm2 within 

Hs boundary. Moreover, a 1.0 cm x 1.0 cm unit élement was also quite 

convenient and satisfied the constraint that the sum of the ....œsultant 

probabi 1 Hies be less than or equàl to L With the size' of the base 

element as 1.0 cm2, th1s mêant that Il,632 base elements were inspected 

radiographically. 

The number of occurrences of each of the five flaw types found 

during the radiographie inspection are recorded in column 2 of Table 

5.16. The probability of occurrence is then found by dividing the 

number of occurrences by the number of base el ements i nspected. 

Finally, the se probabi 1 ities are graphed, in the defeet histogram of Fig. 

5.11. As seen from "Jhe histogram, type 3 flaws are the most common with 

a probabi 1 i ty of occurrence of 2.15 x 10:- 3 in a 1.0 cm x 1.0 cm area. 

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

10-4• 

5.3.3 The Ultrasonic Inspection Oefect Histogram 
...... 

The defects discovered with the ultrasonic inspection were 

classified into the eight categories of Table 5.6 as described in 

Section 5.2.4. In a simi 1 ar manner as the radiographie 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 blacks 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. 

in the ultrasonic inspection was 17,570 em2• 
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The largest flaw found during the ul~4sonic inspection was 0.476 

cm by 1.0 cm and rectangul ar round ended. Thus, a,1.0· cm x 1.0 cm base 

e1ement was used again to calculate 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 

radiographie results. With this 1.0 cm2 base element, 17,570 elemental 

areas were ultrasonical ly 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 number of el ementa l "areas i nspected. 

is provided in column 3 of the same table. These probabillties are 

graphed ta provide the defect histogram in Fig. 5.12. The last five , 
ultrasonic inspeç.tion defect types correspond ta the fi ve radiographie 

inspection defect types. FQr example, the ultrasonic type 8 is the same 

as the radiographie type 5, 'the ultrasonic type 7 is the same as the 

radiographie type 4, and so on. , The ultrasonlC and radiographie 

probabi l i ty resu l tS of these 5 defect types are summari zed in Tab 1 e 5.20 

a10ng w{th the % varjation between the two m~thods. 

The vari at ion between the radl ographi c and u 1 trasoni c probabi l i.ty 

of occurrence for the 1 ast 4 defect types range from 19% ta 41%. On 

initial inspection these values seem large. However, when the 

subjectiveness invol ved in in~erpreting t,he output of the ultrasonic 

inspection instrument 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 ultrasonie and radiographie results of wel lover 1000. This 

variation ean be attributed to the fa ct that the size of the defect type 

1s very close to the radiographie inspection detection threshold while 

not y~near that of the ultrasonic inspection. The ultrasonic 

i nspee~ ion i s st il l very sen~ it ive to defects of thi s si ze and records 

many more than the radiographie inspection. As a result, the 

probability of occurrence achieved through the ultrasonic inspection is 

much higher th an that of the radiographie inspection. 

3.4 The Microscopic Inspection Defect Histogram 

The microscopie inspection provided six types of internal defects 

as ribed in Section 5.2.6. 1 n t 0 t a 1 91.7 mm 2 0 f' f ra ct ure sur f ace 

was inv stigated during the test as seen in Table 5.21. The largest 

iseovered in this section of the investigation was a 0.073 mm2 

shrink defect. Thus, a 0.316 mm x 0.316 mm base element with a 0.1 mm 2 

area was selected. This element was 1 arge enough to accQil1f!1odate the 

largest flaw encountered and satisf-ied the requirement that the sum of 

the resulting probabilities be less th an 1. This 0.1 mm2 unit area 

selected led to 917 individual base e'ements viewed under the SEM. 

- - The number of occurrences of the six fl aw types i s summari zed 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 

probabi 1 ity of occurrence of the f1 aws discovered through the; 

microscopie inspection is 'in general 100 times larger than the 

probabi 1 ity of occurrence found in the ultr~~nie inspection. 

Un~ortunately, there was an insufficient number of flaws to compare the 
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u l trasoni c and mi croscopi.c resu lts. The l argest fl aws di scovered from 

the microscopie inspection were just below the lower threshold limit of 

~the ultrasonic inspection. However, the absence of any large flaws in 

the microscopie inspection does not necessarilj 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 actual ly investig~ted and the fact that the probabi lit Y 

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 dtscovered. 

5.3.5 The Combined Defect Hlstogram 

The defect characterization provides a quantitative indication of 

the quality of t~e ring gear casting and, mor~ importantly, provides the 

s i z e an d s h a p e 0 f the i nt e r na l cas tin 9 d.e f e c t son wh i ch the F ~ M 
'-, 

calculation of the stress concentration factor, Kt, is based. To 

facilitate the calculation of Kt and provide a unified set of results 

for the defect characterization, the radiographie inspection defect 

histogram and the ultrasonic inspection defect histogram are combined ta 

produce a sing~e histog~am. This histogram incorporates the entire set 

of defect types found\in'the two tests. The microscopie inspection 

results are intentionally omitted from the combined defect histogram 

since they are al ready accôunted for in the experimental eval uation o'f 

the fati gue propert i es. The mi crodefects in the cast i ng, a 1 sa present ... 
o 

in the fatigue specimens machined ""Trom casting, provide locations from 

which fatigue cracks can be initiated and propagate unti 1 fai l ure. 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 

initiation and, in general, l ead to a lower fatigue 1 ife. Moreover, 

large microdefects wi 11 provide higher stress concentrations in the 

fatigue specimens leading to earlier fatigue crack initiation and a 

lower fatigue l ife as compared to specimens containing smaller 

·microdefects. Consequently, the effect of these small defects must not 

be incorporated tnto the calculation of the stress concentration factor 
1 

si nce they ha ve al ready been taken i nto account in the, fat igue 

propert i es. 

The combined defect histogram is shown in Fig. 5.14. A summary of 

the eight defect classes, comP't--l.,sing the combined defect histogram and 
'.J 

their equivalent radiographie and ultrasonic inspection defect classes, 

is provided in Table 5.23. The probabi 1 ity of occurrence in the 

combi ned defect hi stogram for the defect classes common to both the 

radiographie and ultrasonic inspections was taken as the highest value 
'\ 

yi e 1 ded by each of the test methods. For examp 1 e, wi th respe.ct to the 

combined defect histogram defect class 8 (radiographie inspection defect 

type 5 and ultrasonic inspection defect type 8), the probability of 

occurrence was 7.74 x 10-4 via the radiographie inspection while the 

ultrasonic yielded a probability of occurrence of 6.26 x 10-4• Thus, in 

the combined defect histogram~ the probability of occurrenc~ of defect 
( 

type 8 is taken as 7.74 x 1,0-4• This process Otf sel ectin-g the 1 argest 

probability of occurrence yields a somewhat conservative combined defect 

histogram while any attempt to average the probabilities of the'two test 
'-/ 

methods would have been meaningless. 
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5".3.6 Th§ Orientation of the Defects 

The defect characterization will not be complete unless the defect 

orientation is discussed. First, in the radiographie 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 interna1 flaws discovered by thè tWÇ> test methods in one 

direction remained undetected in the second perpendicular dlrection. 

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 a1so 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 J 

f1 aws di scovered in the nondestructi ve tests are pl anar. 

Since the flaws are p1anar in shape, their orientation can be 

determined from either the X-ray direction in the radiograph1'C 

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 a10ng the radial direction of the ring gear. Thus, 

flaws discovered in this dire,ction Lie in planes that are tangent to the 

gear surface and perpendicular to the radial lines. $uch flaws wi 11 be 

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

w.ill lie in planes that are perpendicu1ar to the gear face and parallel 

to the gear edges. Su ch fl aws will be dt ned as di rect i ôn 2 fl aws. 
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The ultrasonic inspectio~ results can also be classified with 

respect to their orientation. 'The ultrasonic inspection.face A was 

1ntentional1y se1ected 50 that the u1trasound beam in inspection from 

face A wou1d be parallel to the radiation beam of X-ray directi-on 1. 

Similarly, the ultrasonic inspection face B was selected 50 that the 

ultrasound beam would be parallel to the racflation beam of X-ray 

direction 2. Therefore, flaws discovered via ultrasonic inspection from 

face A will be direction 1 flaws whlle flaws discovered from face B will 
l' 

be direction 2 flaws. The flaws discovered via ultrasonk inspection 

from face C will lie in planes that are perpendicular ta the gear face 

and parallel ta the gear ends. These flaws will be defined as directio9 

3 flaws. For ~larity, the three flaw directions are summarized in Fig. 

5.15. 

The orientation of the flaws diSCOVéNd in the two nondestructive 

tests can be obtained directly from Tables 5.3 and 5.7. Table 5.3 

prov;des the X-ray direction for the flaws discovered in the 
CO'<' 

radiographie inspection, while Table 5.7 provides the faëè being scanned 
, ' 

for ,the flaws discovered in the ultrasonic inspection. Using Tabl·e 5.3, 

the number of flaws recorded in the two X-ray directions are counted and . 
1 

are presented in Table 5.24 for the five radiographi~ flaw types. 

S ~ m il a r 1 y, the u 1 t ras on i cre sul t sin T a b 1 e5 • 7 are c 1 a s s i fie d w i t h 

respect ta the scanned face,for the 8 ultrasonic flaw types. These 

results are surnrnarized in Table 5.25. 

The resuTts of Table 5.24 and 5.25 are converted into percentages 
. 

.and summarized i,n Table 5.26 where the per,centage direction 1, 
, 

percentage direction 2 and percentage direction! are provided for the 8 

comb1ned histogram flaw types for both the radiographie and ultrasonic 
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i n .... sp-e'ct i ons. As seen from Tab 1 e 5.26, the fi rst th ree fl aw types tend 

to occur in direction 1 more than directions 2 or 3. Upon initial 

comparison, the radiographie and ultrasonie results for the fourth flaw 

type are not in agreement at a11. However, the radiographie results ean . ~, 

be ignored sinee only two fl aw indications appeared with this test. 

Thus type 4 flaws also occurred more frequ~ntly orien~ated in direction 

'1. The radiographie and ultrasonic resul ts for type 5 and 8 fl aws 

general1y agree in that the majority of these two types were orientated 

in direction 2. However" the radiographie and ultrasonic results do not 

agree at al1 for the type 6 and 7 combined histogram fl aws. This' 

diser_Etpancy can be exp1ained by the fact that only two directions were 
> 

radiographically inspeeted • 

. In any event, the small f1 aws tended to be oriented in direction 1, 

while the larger flaws tended to be orieritated in directlon 2, although 

there were discrepancies here. However, the casting proeess is very 

'cômp-ficated with many variables that can be purpose1y or inadvertently 

changed and cause the defects to occur 1 n a rad; call y di fferent 

orientation th an the ones encountered in this ~nvestigation • 
• 

Aecording1y, it would be safer to use the orientation of the defect 

w-hieh would produce the largest stresses in the HM analysis to 

the determ; ne st ress concentrat i on factor. 

5.3.7 Comparison of Radiographie and Ultrasonie Inspection Results 

The radiographie inspection restrlts (Appendix F) and the ultrasonic 

inspection resul ts (Appendix G) are in good agreement. There are a 

number' of flaws indicated by both the radiographie and ultrasonic 

inspections. In particu1ar, of the 55 radiographie flaw indieat'ions 
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documented in Appendix F, 69.1%were also indicated inthe ultr.asonic 

inspection. The fact that aIl of the radiographie indications were not 

,detected in the ultrasonic inspection ean be attributed to human error 

and the pl anar character of the f1 aws and thei r 1 oeat ion wi th respect to 

'" the scanning surface. For example, a planar flaw paraI leI to and close 

to the scanning surface would be masked by the characteristic grass-like 

pattern on tHe ultrasonle inspection unït's sereen due to the 

transducer-couplant-scanning surface interface. This i nterferenee 

pattern oceurring just'after the scanning surface pul~e was explained in 

Section 4.4.3.1. Furthermore, it would be impossible to pick up the 
1 

flaw during the inspectio~ of the two remaining perpendicular directions 
\ " /' because the edges of the two dimensional fI aw would not affect the 

ultrasonic beam to any appreciable degree. Thus, the flaw would not be 

diseovered in the ultrasonic inspection. 

Conversely, of the 306 ultrasonie flaw indications only 38, or 

12.4%, were indicated by the radiographie inspection. 'This diserepeney 
t.... --

can be attributed to the fact that the flaws recorded by the ultrasonic 

inspection and missed by the radiographie inspection were very smal1. 

These small defects would not provide enough of a density variatlon to 

significantly affect the intensity of the penetrating radiation as 

recorded on the photog raphi c fil m. Infaet, the three smallest flaw 

categories discovered from the ultrasonic inspection were missed 

eompletely by the radiographie inspection. However, if the flaws which 

were below the detection threshold of the radiographie inspection (ie. 

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

of the 65 remaining ul trasonic indications would be indicated in the 

radiographie inspection resul ts. This variation can be expl ained 
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because only two perpendicul ar directions were radiographed whi 1 e three 

perpendicular directions were ultrasonical1y inspected. 
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6.1 CONCLUDING REMARKS 

CHAPTER 6 

CpNCLUS 1 ONS 

, \ 

The object ive of th i s thes i s was to characteri ze the interna 1 
. 

'casting defects of a cast steel ball mill ring gear •. The conclusions 

resulting from the ana1ysis of the data obtained in this investigation Co 

can be summarized as follows: 

1. The mi 11 ing machine sectioning procedure used in this investigatiQn 

proved to be an unsatisfactory method in the search for defects 

since it tended to displace metal over any exposed flaws. 

2. The radiographie inspection of the steel sample blocks revealed the 

presence of interna l cast i ng defects. F :j·ve types of f l aws were 

discovered in the X-rays •. Moreover, this radiographie inspection 
\ 

technique did not indicate flaws 1ess than 0.2 cm in dlameter. 

3. The ultrasonic inspection of' the sample blocks revealed 8 internal 

f 1 aw types down to a di ameter of 0.06 cm. This nondestruetive 

inspection method ~as able to deteet much smaller f1aws than the 

radiographie inspection of the sample blocks but dld not provide 

the flaw shape as did the radiographie inspection. 

4. The radiographie inspection 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 porosity and 
'" 

seeondary shri nkage type defects. 

5. Ttle radiographie and ultrasonie inspection of the samp1e bloeks and 

the radiographie inspeetio.n of the fracture specimens provided 

evidenee that the internal flaws were p1anar, or two dimensional, 
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. in character. 
. 

The radiographie and ultrasonic test results wer~ combined to 

produce a defect hi stogram with 8 fl aw categori es. These f 1 aw 

categories contained both circul ar and rectangular round ended 

planar flaws with the probability of occ,urrence in al cm2 area 

ranging between 7.74 x ,10-4 and 4.78 x 1~3. 

7. The Iiondestructive tests performed on the steel sample blocks 

including the radiographie and ultrasonic inspection were in good, 

but n~t. tota 1 agreement. Inbrief, 69.1% of the radiographie 
t. 

inspection flaw indicatlons were indieated ln the ultrasonic 
, . 

inspection results. Furthermore, 55.4% of the ultrasonie flaw 

indications capabl e' of being detected in the radiographie 

inspection were indicated in the X-ray result? 

8. The microscop'ic inspection using the SEM to Vlew 8 fracture 

surfaces provided 6 categories of microscopie defects including 

porosities, shrinkages, and iTT~l usi'ons. The probability of 

occurrence 1 n a 0.1 mm2 area for these f'1 aws ranged from 4.0 x 10-3 

(to1.67 x 10- 1. 

9. In general, the eompo'sition of the constituent elements at t,he six . 
locations investigated fell within the 1 imits spec1fied for SAE 

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

- manganese, m01ybdenum, nickel, and si 1 ieon was less than 10%. 

~owever, aluminum, carbQn, phosphorus, and SUlph,ur exhibited 

compo$itional variations in the six sample locations from 25.0% to 

·44.8% • 
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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 high quality casting. However, it must 
v 

be remembered that the c-asting process incoporates many variables _t.bat 

can be purposely or inadvertently chang~d to affect the casting qual ity. 

Therefore, a number of sample blocks, compar,..able in size to the sample 

blocks of this lnvestigation, should be designed into each ring gear 

cas t i ng~ Prior to the casting upgrading process, these blocks would be 

eut ,from the b 1 ank ri n9 gear and ana l ysed for defects. ThlS 'would 

provide a more accurate defect characterization as a result of the 

larger sample space. 

This inv~stigation has focussed on and lmplemented the standard 
..." 

" ultrasonic pulse-eeho inspection method commonly employed ln industry. 

There is a need to develop this test further and l1nk it with a computer-

program 50 that a three dimensional image of a particular defect could 
.. 

be constructed using the results of .an ultrasonic lnspection in three 
" 

orthogonal directlons. 

Moreover, there'is a need to investlgate other methods to ca1culate 

the probablllty of occurrence of the f1 aws dlscovered through the-

inspection methods. 

Final1y, a micro X-ray analysls and sectloning pr?Cedure 

incorporating a po1ishing operation might yie1d more lnformatlon about 

the interna 1 casting defects. However, these tests wou 1 d be expens ive' 
, ' 

sin~e large amounts of machinlng ~ou1d be requHed to provide dependab1e 

results based on a samp1e space of sufficient size. 
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Fig.!.l Smooth specimetl representation of a 
ma.teri al fi 1 ament at a defect. 
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Fig. 1.2 ratigue crack initiation life diagram. 
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SOLI 0 
INTERFACE 

LIQUID 

MACROSCOPIC HEAT FLOW REQUIREO 

FOR L IQUID TO CRYSTALLIZE 

Ts - TEM PERATURE OF THE SOLID 

TL - TEMPERATURE OF THE LlQUID 

q L - LOCAL LATENT HEAT OF 

CRYSTALLlZATION 

Fig. 2.1 Crystall ization heat flow • 

• 

INTERFACE 

SOUD LlQUID 

GROWTH DIRECTION 

Fig. 2.2 Liquid-solid interface temperature gradient. 
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Fig. 2.3 
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Interface temperature gradient 
and, undercoo 1 i ng. 
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SOLID 
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COMPOSITION % 8 

Fig. 2.4 Thermal equi1ibrium diagram for a 
two metal sol id sol ution. 
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~ig.>2.5 Sollfte concentration in 1iquid 
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Fig. 2.6 Variation of the freezing temperature 
and the zone of u(ldercoo 11 ng. 
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-------------------------+ General growth direction 

D,rectlort of mocroscoplc heot flow 

Fig. 2.7 Columnar growth. (Beeley (1972» 

Fig. 2.8 Schematic of a dendrite formation. 
(Syl via (1972» 
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Fig. 2.9 Schematic of cast structure variation. 
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Fig. 2.10 Gating and riser systems 
of a sand castinQ. 
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Fig. 3.1 General principle of X-radiography. 
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PHOTON ENEAGY (IV) 

Id' 

1 1 1 - 1- VISIBLE LI()HT 
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CHARACTERSTIC 
X-RAYS 

-1 

INFRAlŒ.D 1 MICROoVAVES 

lk.. TRAIICl.ET 
T 

WAVELENGTH (çm) 

Fig. 3.2 The electromagnetic spectrum. 

r 

Fig. 3.3 The Cijblidge X-ray tube. 
(Gardner (1973)) 
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(a) The effect of source 'size on image sharpness." 
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(b) Sources of image distortion • 

Fig. 3.4 The effect of source size and 
sources of image distortlon. 
(Gardner (1973)) 
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Fig. 3.5 The industria1 X-ray tube. 
(McMaster (1959)) 
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Fig. 3.6 The \1 i near-acce 1 erator X-ray 'un'it .. 
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Fig. 3.7 Ultrasound wave packet. 
(Leonard and Gardner (1973)) 

~I it, ~2 

AO A, A2 

INCIDENT REFLECTED TRANSMITTED 
WAVE WAVE WAVE " 

Fig. 3.8 Normal incidence - reflection, 
refraction, and mode conversion. 
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REFRACTED WAVE 
(TRANSVERSE) 

Fig. 3.9 General incidence of a plane harmonie 
wave on a plane interface. 
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Fig. 3.10 The first critical angle. 
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Fig. 3.12 

o 

Focal Point 

'«1 TransmiSSion Medium 

Acoustic Lens ~/ / / / / / / / 

Fig. 3.11 Focussing transaucer. 

---

( b) 

Reflection and transmission ultrasonic 
inspection,technlques. 
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Fig.,3.13 General ultrasonic testounit 
in the A-scan mode. 

-

(Leonard and Gardner_(1973)) 

1 
TlME 'CAIoE 

0 .. DISTr.NCE SCALf O!n'tOlHG 
ON MAl(E 0" INST"UII[NT 

CATHODI IIAY 
TUII OIIl"l.AY 

Fig. 3.14 A-scan mode test results. 
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Fig. 3.15 B,a,s,;c B-scan system with persistent 
phosphor CRT display. 

i 
<) 

~ 
lU 

(Leornard and Gardner (1973)) 
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Fig. 3.16 B-scan mode test results. , 
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Fig. 3.17 
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Basic'pulse echo C-scan system. 
(Leonard and Gardner (1973)) 

Fig. 4.1 The cast ring gear segment. 
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F;g. 4.2 Location of theQsteel sample blocks 
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Fig. 4.3 Location of the steel sample blocks 
removed from the gear end. 

-', 

, -- -

'. 

134 

.. -

~ 



" --

Q 

<-

--=:;....--- - ..,--

f-- --
1 

\ 

.-

CAIL:'EO OUTER f'ACE OF 
10E,.TlFICArtON GEAR SEG-.lENT 

",JM~R 

RISER SIOE GATE SIOE 

OF GEAR OF GEAI! 
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(·â) Blocks removed from gear face. 
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(b) 810cks removed from gear end. 
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OF GEAR 

SEGMENT 

9LOCI< 

Fig_ 4.4 The orientation uf the two digit 
block identification number. 
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Fig.4.5 Smoke generation in the lubricated 
machining process. 

Fig. 4.6 The dry machining process. 
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RISER SIDE 
OF GEAR 
SEGMENT 

1 

DRILLED 
IDENTIFICATION 
NUMBER 

10.1'---- W ----...-..1 

• 

SIZE L W 

CATEGORY (cm) (cm) 

1 14 0 14.0 

2 15.9 15.9 

3 16.5 16.5 

ALL DIMENSIONS + 0.1 cm 

Fig. 4.7 The as-machined dimensions of 
the three size catego\ies. 
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1 ... -­, 
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'---------- ----. ' , 
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219 

ALL DIMENSIONS IN cm 

Fig. 4.8 The as-machined dimensions of black 23L • 
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Fig. 4.9 The Linatron 1500. 
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Fig. 4.10 The Linatron 1500 control panel. 
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.. Made III OOIO-tn incrcmcnls 

Fig. 4.11 ASTM lead penetrameters. 
(E 142-77 (1983)) 
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Flg.4.12 Kodak type AA film exposure tlme 
vs. metal thickness. (Courtesy of 
Canadian Steel Foundaries Ltd.) 
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DRILLED 

IDENTIFICATION 

NUMBER 

RISER SIOE 
OF"GEAR 
SEGMENT f 

1 

x- RAY OIRECTIa-4 1 

Fig. 4.13 X-ray directions for regular 
shaped blocks. 
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RISER SIDE 
OF GEAR 
SEGMENT 

",-

DIRECTION 
OF X-RAY 

EXPOSURE 2 

OF X-RAY 

EXPOSURE 3 

GATE SI DE 
OF GEAR 
SEGMENT 

- DIRECT ION OF 
~---- X-RAY EX POSURE 1 

Fig. 4.14a X-ray directions for block 23L. . 
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Fig.4.14b X-ray direction for block 64 • ... 
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C= BLOCK LENGTH THAT VARIES 

WITH DEPTW BEING INSPECTED 

FRONT VIEW 

635 mm DIA FLAT 

BOT TOM, HOLE 

12.7 mm DIA. SY 32 mm 

DEEP COUNTER BORE 

ALL TWO- PLACE DECIMALS ± 0.02 cm 

!.---- 5.10 -_...:.--.-t BOTTOM VIEW 

; 

Fig. 4.16. ASTM A 609-83 ultrasonic 
reference blacks. 
(A 6p9·83 (1983)) 
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BOTTOM VIEW 

~ 

REFERENCE 
BLOCK 
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2 

:3 

4 

1 5 , 

\ 

3175 mm DIA. FLAT 

BOTTOM HOLE 

C 
cm:!:O.02cm 
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698-

952 
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14.60 

ALL TWO- PLACE DECIMALS:t 0.02 cm 

Fig,I4.17 Modified ASTM ultr.asonic ~efe~ence blocks.' 
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Fig. 4.18 Graphical presentation of the DAC curve • 
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FACE A 
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Fig. 4.19 Orièntation of the ultrasonic 
inspection surfaces. 
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Fig; 4.20 The ultrasonic inspection of 
a sample black. 

Fig. 4.21 
~ 1 • 

A typical fracture specimen. 
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FRACTURE 

SPECIMENS 

TYPE B 

FRACTURE 

SPECIMENS 

TYPE C 

~, FRACTURE 
SPECIMENS 

X- RAY DIR.I 

IDENTI FICAT ION 

NUMBER 

.: 

X-RAY DIR. 2 

x- RAY Dlft 1 

X- RAY DIR.2 

, 1 

x- RAY OIR. 1 

~-t-- X-RAY OlR.2 

Fig. 4.22 Fracture specimen's X-ray directions. 
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L AI 7 1 86 R 
12 A 32 A 
13 A 33A 

21A 42A 

24A 43A 

25A 62A 

(a) Radi ographs Al and A2 

L BI 7 1 86 R 
12 B 328 

13 8 338 

218 428 
248 438 
258 628 

(b) Rad; ographs BI and B2 

L CI 7 1 86 R 
12 C 32C 

13 C 33C 

21C 42C 

24C 43C 
25C 62C . 

(c) Radiographs Cl and C2 

Note: 1.0. numbers on left end of fracture specimen in aIl cases. 

" f
" 

Fig. 4.23 Direction and or;ent4tion of the 
fracture specimens in the radiographs. 
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Fig. 4~24. The MTS hydraulic pressure supply. 
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Fig. 4.25 The MTS loading unit. 
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Fig. 4.26 The MTy control console. 
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Fig. 4.27 The MTS input/output devices. 

Fig. 4.28 Typical fracture specimen 
loaded in MTS unit. 
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Fi.9. 4'.29 The scanning electron microscope. 
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Th~ scanning electron microscop~ 
schematic. 
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Sample block 64 X~ray. 
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Fig. 5.3 Typical ultrasonic reference 
b 1 od rad i ograph • 
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Fig. 5.4 SEM fractograph overview of specimen 
12B fracture surface. 
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Flg. 5.5 SEM fractoyraph of typical microscoplC 
lnspection class 1 defect. 
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Fig. 5.6 SEM fractograph of typical microscopie 
inspection class 2 defect. 
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Fig. 5.7 SEM fraetograph of typical microscopie 
inspection class 3 defeet. 
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Flg. 5.8 SEM fractograph of typical mlcroscopic 
inspection class 4 defect. 
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Fig. 5.9 SEM fractograph of typical microscopie 
inspection class 5 defect. 
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Fi g. 5.10 SEM fractograph of typi ca 1 mi croscop' c 
inspection class 6 defect. 
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Fig. 5.11 Radiographie inspection defect histogram. 
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Fig. 5.12 Ultrasonic inspection defect histogram. 
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Fig.5.13 Microscopie inspection defect histogram. 
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GEAR SEGMENT 
OUTER FACE 

DIR. 2 Ft.AWS 

GEAR SEGMENT 
EDGE 

GEAR SEGMENT 
END FACE 

Fig. 5.15 - Orientation of 
primary f1 aw d 
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c: 

TYPE OF EXPOSURE 

External exposure to naturally 
occurring radioactive materials 
and to cosmi c rays 

Average ches,t X-ray 

Dental X-ray 

Treatment of ma 1; gnant tumors 
( l oca 1 dose) 

Fatal dose applied to entire 
body in short period of time 

Permanent \steri 1 it9 dose for 
ma l es and fema 1 es 

DOSE 

\~ 
1 

a .0002 rem/ day 

0.1 to 2 r. 

1.5 to 15 r. 

3000 to 7000 r. 

200 to 800 r. 

500' to 62S r. 
c 

Table 3.1 Est imated dose of COlTInon 
radiation exposure. 

\' 

• 

176 

··_·1,· ....•. .. "'i' 

r 



.. - ---------, 
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o 

EXPOSURE PERMISSIBLE AVERAGE· 
DOSE t PERMISSIBLE 

, ~ DOSE 

Radiation Workers: 

Tota 1 dose in any 13 '" 
consecutive weeks 3 rem 0.3 rem/week 

Tota 1 dose in any 1 year 12 rem 
, 

Tota'1 accumul ated dose at 
JN. where N is the persan' S 
age and greater than 18 5 x ( N-18) 5 rem/yr. 

Nonoccupat i ona 1 Personnel: 

Tota 1 dose 1 n any 13 
consecut ive weeks 0.3 rem 0.03 rem/week 

Tota 1 dose in any 1 year 1.2 rem 

Tota 1 accumu l ated dose at 
age N. 0.5 x (N-l8) 0.5 rem/yr. ( 

Table 3.2 Basic permissible radiation doses 

o ... , 
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.. 

CONSTITUENT 
ELEMENT 

Carbon 
Chromi um 
Manganese, 
Molybdenum 
Nickel 
Phosphorus 
Sul phur 
Sil i con 

COMPOS 1 T ION 
LIMITS ('.t W/W) 

0.38 - 0.43 
0.70 - 0.90 
0.60 - 0.80 
0.20 - 0.30 
1.65 - 2.00 
0.035 max. 
0.040 max. 
0.15 - 0.30 

Table 4.1 Composition limits of" the 
constituent elements of 
SAE 4340. 
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o 

PROPERTY AVERAGE 
VALUE 

Modulus of elasticity 203.16 GPa 
Yield strength 

(0.2% offset) 776.50 MPa 
Ultlmate strength 965.29 MPa 
Reduction in Area 30% 

Table,4.? Average monotonie properties 
of 88225 [23] • 

. . 

179 

. , 

• 

Il 

" 



( 

" ..:' 

.. 

ca 

SAMPLE L W T 
BLOCK (cm) (cm) (cm) 

---11 17.1 17.1 1804 
12 17.8 17.1 19.7 
13 17.8 17.1 18.4 
14 16.5 15.9 19.0 
21 17.1 17.8 20.3 
22 17.1 17.8 19.7 
23 ~f7 .8 17.8 14.0 
23L - 17.8 H.8 33.0 
24 17.8 17.8 20.3 
25 18.4 17.8 20.3 
26 17.8 18.4 19.1 
31 17.8 16.5 19.1 
32 19.1 17.1 18.4 
33 17.8 16.5 20.3 
34 17 .8 17.8 17 .8 
41 20.3 18.4 18.4 
42 20.3 16.5 19.1 
43 19.1 17.8 17.8 
44 , 19.1 18.4 20.3 
61 20.3 17.1 19.7 
62 15.2 15.2 19.0 
6.1..- 20.3 16.5 18.4 
64 20.3 10.2 17.8 
66 17.1 11.4 17.8 
67 14.0 16.5 15.2 

Note: see Fi g. 4.7 for definition of 

Table 4.3 Dimensions and wei ghts of 
steel sample blocks. 
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1 

MASS 
c-. 

( kg) 

38.5 
39.0 
36.2 
34.9 
47.6 
43.0 
31.7 
43.1 
50.3 
49.9 
47.2 ,r 
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 

L, W and T. 

the as-eut 
( 

...; 



o 

_~ .s:r ~ 

G, 

.". 

o 

... _. __ .... _. -------------------------------

SAMPLE L W T MASS 
BLOCK ( cm) (cm) (cm) (kg) 

11 14.07 14.07 16.58 24.5 
12 13.95 13.98 16.50 24.9 
13 14.06 14.07 16.59 24.9 
14 14.03 14.05 16.59 24.9 
21 15.94 15.96 16.48 31.7 
22 13.98 13.95 16.51 24.9 
23 16.48 16.45 12.28 24.9 
23L* ..; 31.7 
24 16.56 16.51 ___ 16.51 33.5 
25 16.67 16.67 16.52 34.0 
26 16.59 16.66 16.52 34.0 

, 31 13.97 13.97 16.53 24.9 
32 , 15.84 15.91 16.5'0 31. 74 
33 13.97 13.98 16.50 23.6 
34 15.90 15.90 16.50 31.7 
41 16.56 16.51 16.51 34.0 
42 13.95 13.97 16.51 24.5 
43 15.94 15.94 16.50 31.7 
44 15.94 15.94 16.50 3hl 
61 13.96 13.96 16.50 24.5 
62 13.97 13.97 16.4~ 24.5 
63 14.06 14.08 16.60 24.9 
64 15.33 7.63 17.92 15.9 , 
66 15.25 1 10.29 15.25 18.1 
67 12.75 14.63 14.62 23.6 

, . 

r\ 

* See Fig. 4.8 for block 23L dimenslons. 
Note: see Fig.. 4.7 for definition of L, W, and T. 

Table 4.4 Dimensions and welghts of the 
machined steel."s.ample blocks. 
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METAL THICKNESS 
RADIOGRAPHED 

SOURCE SIDE ASTM 
pENETRAMETER 

7.6 - 10.2 cm 50 
10.2 - 15.2~ 60 
15 .• 2 - 20.3 cm 80 
20.3 - 25.4 cm 100 

Table 4.5 ASTM penetrameters for 
various metal distances. 
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SAMPLE X-RAY "ETAL FILM SOURCE TO ASTM 
BLOCK DIRECTION THICKNESS TYPE- DOSE OBJECT DIST. PENETRAMETER / 

(cm) ( rads) (cm) 

11 1 16.5 
r--

AA 500 166.4 80 

0 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 AÀ 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 Q 

23 1 12.3 AA 190 17Q.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 6~ 
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 

~ 62 1 16.5 AA 500 166.4 
62 2 14.0 AA 300 168.9 60 
63 1 16.5 \AA 500 166.4 0 
63 2 _14.0 AA 300 168.9 60 
64 1 7.'6 M - 270 175.3 50 
66 1 15.2 AA 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 

0 Table 4.6 Rad; ographi c inspection parameters 
of the steel samp 1 e biocks. 

183 

J 



~ ~ 

),5 

t;; 

FRACTURE 128 13A 13C 24A 24C c 25A 258 '32A 32C 33B 42B 43C 62A 62C 
SPECIMEN 

48.9 ~7.5 NOT~H AREA 63.6 58.5 56.2 58.8 59.3 44.8 55.1 52.0 61.6 58.1 60.4 57.7 
(rrm ) ", 

VŒwED IN YES YES NO YES NQ YES YES NO NO NO YES YES YES NO 
SEM 

..... MTS LOAD RANGE ALl TESTS (KN) .-- 100 
co 

1 

~ MTS STROKE RANGE ALl TESTS (mm) 10 ,1 
1 

RAMP LOAD OURATION ALL TESTS (sec) 30 
, 

1 

\ 
, "\ 

MTS CONTROLlER SPAN 1 AlL TESTS \ 300 :,. 
, , 

. , PROGRAM SPAN ALL TESTS (% STROKE) G 30 

Table 4.7 Fracture test parameters. 
\ 
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" 
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f 1-

0 "):-: . ", 
- , , - l, --. -

ELEMENT ASnf ' METHOD SPECtRAL 

'.- STANDARD EMPLOYED ENERGY (nm) 
-'. 

:~ 

Alum1num Atom1c ,309.3 

'iD 
Absorption 

Carbon Infrar~d -, 
Absorpt ion 

Chromium E 350-84 Atomic 357 .~ 
Sect ion 269 Absorpt i ()n 

Copp'er Atomic 324.7 
Absorption 

ft 

Manganese Atomi c 279.5 

II*' 
Absorption 

Molybdenum Atomit 313.3 
Absorpt ion 

') Nickel E 350-84 '1 Atom; c 232.0 
Section 237 ~bsorpt ion 

f 

Phosphorus E 350-84 A 1 ka li met ri e 
Sectlon 221 Method 

, 
.. .silicon E 350-84 Gravimetrie 

Sect ion 46 Method 

Sulphur E 350-84 C embus t ion -1 oda,te 
Section 37 Titratien Methed' 

.-

~ 

./ 

Table 4.8 Chem;cal analysis method~.~ 
1 

o ~-
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SAMPLE ' X-RAY~ 
BLOCK ./ DIRECTION 

il 
11 
12 
12 
13 
13 

-14 
14 
21 
21 
22 
22 
23 
23 
23L 
23L 

23L 

24 
24 
25 
25 
26 
26 
31 
31 
32 
32 
33 
33 
34 
34 
41 

41 

42 
42 

1 
2 
1 
2 
1 

~ .. 2 
1 
2 
1 
2 
1 
2 
1 

~'" 2 
1 
2 

3 

1 
~ 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 . 

2 

1 
2 

RESULT 

NOl 
NOl, 
NOl 
NOl 
NOl 
NOl 
NOl 
NOl 
NOl 

., NOl 
NOl 
o 
o 
o 

NOl 
NOl 

o 

o 
o 

NOl 
NOl 
NOl 
o 

ND l "-
NOl 
NOl 
NOl 
NOl 
NOl 
,~Ol 

NOl 
o 

o 
~< 

o 
o 

NOl .' ~o defects indicated 
D • Oefects indicated 

\ 

- , 

1 rectangular, 2 circular 
1 rectangular round ends, 2 ci rcular 
2 rectangul ar 
Drilled 1/8" dia. hales easily seen. 
The 41/8" dia. drilled hales easily 
seen. 
1 rectangular indication in the rib 7.6~ 
cm be 1 ow gear face bot tom. 
3 11ght rectangular indication.s 
1 circular, 2 rectangular indications 

3 light spot indications 

Rectangular round end indication, very 
faint shrinkage in center and right 
side but too l ight to measure and 
quantify. 
Randomly distributed spot and 
rectangular indications. 
2 spot i ndi cat ions 
randomly distributed spot indications , 

) 

Table 5.1 Sumnary of radiographic inspection results. 
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SAMPLE 
BLOCK 

0 43 
43 

44 
44 

61 
61 
62 
62 
63 
63 
64 
66 
66 
67 
67 

-.r 

o 

... . .. _ ... -- ..... ---.-----.----,,7""", '~~: -'-'-" ~ .. " ... ~' --.,~ . ....,....... ... --.... - -
" e' 

h' '.-' '': 

, 
X-RAY RESULT 

DIRECTION 

1 NOl 
2 0 

1 NOl 
2 0 

1 . . NOl 
2 NOl 
1 NOl 
2 NOl 
1 y NOl 
2 NOl 

0 
1 NOl 

-~ NOl 
NOl 

·NOI 
,< 

--
\ 

1 

COMMENTS 

2 circular, 1 rectangular. Also 
indication~ too light to quantify. 

Light ;nœications uniform in block. 
Probably shrinkage. 

4 circular indications 

, 

NOl = No defects indicated 
0 = Defects i ndi cated 

• ) 
Table 5.1 cont. ' 

) 
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G FLAW FLAW FLAW PARAMETER 
INDICATION INDICATION INDICATION RANGE 

TYPE DESCRIPTION PARAMETERS* ( cm) 

1 ci reul ar d 0.2 ~ d < 0.3 
1Ii> ,,' ~ . 

2 ei reul ar d 0.3 ~ d < 0.4 
, 

3 . eireular d 0.4 ~ d 

4 rectangul ar ),1 0.1 ~ w ~ 0.5 
0.2 ~ 1 ~ 9.8 

5 rectangu1ar ,1 0.1 ~ w ~ 0.5 
0.8 < 1 

* Ci rcul ar fl aw •. ~d 
Rectangular ~ ~Iw 

Table 5.2 Summary of flaw types obtained from 
'-- radiographie inspeet .. itm results. ~ 
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RAOIOGRAPH FLAW FLAW 
NUMBER TYPE PARAMETER(S) 

(cm) 

(1 

22 .. 2 5 w = 0.4 
1 = 1.0 

22 .. 2 3 d = 0.4 
22 .. 2 1 d = 0.2 
23-1 3 d = 0.4 
23-1 Il 3 d = 0.5 
23-1 4 w = 0.4 

l' = 0.7 
23-2 4 w = 0.4 

.1 = 0.8 
23-2 4 w = 0.2 

/ l = 0.7 
23L-3 5 w = 0.5 

1 = 1.0 
24-1 4 w = 0.3 

l = 0.7 
24-1 4 w = 0.3 

l = 0.8 
24-1 5 w = 0.5 

l = 1.0 
24-2 3 d = 0.7 
24-2 5 w = 0.5 

l = 1.0 
24-2 4 w = 0.3 

1 = 0.8 
26-2 3 d = 0.4 
26-2 3 d = 0.6 
26-2 3 d = 0.4 
41!.l 5 w = 0.4 

l = 2.5 
41-2 2 d = 0.3 
41-2 4 w = 0.3 

l = 0.8 
41-2 2 d = 0.3 
.41-2 3 d = 0.4 
41-2 3 d = 0.4 
41-2 3 -- ~ d = 0.4 
41-2 3 d = (}"5 
41-2 5 w = 0.5 

l = 1.0 
41-2 2 d = 0.3 
41-2 5 W '" 0.4 

l = 1.5 

Table 5.3 Summary of flaws indieated 
by radiographie inspection. 
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FLAW 
AREA 
(cm2) 

0.400 

0.126 
0.031 
0.126 
0.196 
0.280 

0.320 

0.140 

0.500 

0.210 

0.240 

0.500 

0.385 
0.500 

0.240 

0.126 
0.283 
0.126 
1.000 

0,071 
0.240 

0~071 
0.126 
0.126 
0.126 
0.196 
0.500 

0.071 
0.600 



,~~ , . 

RADIOGRAPH 'II' FLAW FLAW FLAW 
NUMBER TYPE PARAMETER(S) AREA 

( (cm) (cm2) 

41-2 4 w = 0.3 0~240 
l = 0.8 

42-1 " 3 d = 6:6' 0.283 
142- 1- 3 d = 0.5 0.196 
42-2 2 d = 0.3 0.071 
42-2 0 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 

~-- l = 1.0 
42-2 3 d = 0.4 0.126 
43-2 4 w = 0.2 0.080 

l = 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 

l = 0.9 
44-2 2 d = 0.3 0.071 
44-2 4 w = 0.3 0.240 

l = 0.8 
v~ 44-2 4 w = 0.4 0.320 

l = 0.8 
64 3 d = 0.4 0.126 
64 2 d ='-0.3 0.071 
64 3 d = 0.4 0.126 
64 3 d = 0.6 0.196 

Table 5.3 cont. 

" 

.. 

. , 

.... _~ 

190 



o 

, , 

. : 

o 

REFERENCE X-RAY - ---tOHMENTS 
BLOCK RESULT 

1 NOl The 3.175 mm dia. fla t 
bottom ho 1 e clearly 

2 NOl s e 'e 'n i n a 1 1 
ultrasonic reference 

3 NOl block radiographs. 

4 NOl 

5 NOl 

NOl = No defects indicated 

Table 5.4 Summary of ultrasonie reference bloek 
radiographie inspection results. 
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C SAMPlE 
BLOCK 

./ 

12 
12 
12 ~ 
13 
13 
13 
14 
14 
14 , 21 
21 
21 
22 
22 
2,2 
23 
23 
23 
23L 
23L 
23L 
23L 
24 
24 
24 
25 
25 
25 
26 
26 
26 
31 
31 
31 
32 
32 
32 

UlTRASONIC TEST 
INSPECTION FACE RESULT 

A 0 
B 0 
C ,.----) NOl 
A NOl 
B NOl 
C NOl 
A NOl 
B NOl 
C NOl 
A 0 
B NOl 
C 0 
A 0 
B NOl 
C 0 
A 0 

< B NOl 
C NOl 

,A- D 
C 0 
0 0 
E 0 
A 0 
B 0 
C 0 
A 0 
B D 
C ,;i 0 
A D 
B NDI 
C 0 
A 0 
B 0 
C 0 
A NOl 
B D ' 
C 0 

NOl • No defects indicated 
o = Oefects indicated 

SAMPlE ULTRASONIC 
BLOCK INSPECTION FACE 

33 A 
33 B 
33 C 
34 A 
34 B 
34 C 

_ 41 A 
41 B 
41 C 
42 A 
42 B 
42 C' 
43 A 
43 B 
43 C 
44 A 
44 B 
44 C 
61 A 
61 B 
61 C 
62 A 
62 B 
62 C 
63 A 
63 B 
63 C 

·64 A 
64 B 
64 C 
66 A 
66 B 
66 C 
67 A 
67 B 
67 C 

Table 5.5 Summary of ultrasonic inspection results. 
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. TEST 
RESULT 

,0 
0 

NOl 
NOl 
NOl 
NOl 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

NOl 
0 
0 
0 
0 

NOl 
0 

NDI 1 

NDI 
NOl 
NOl 
NOl 
NOl 
NOl 
NOl 
NOl 
NOl 
NDI 
NOl' 
NOl 



0 

il' 

o 

.... 
f 

FLAW FLAW FLAW PARAMETER ' 
INDICATION INDICATION INDICA TION* RANGE 

TYPE DESCR 1 PTION PA'RAMETERS (cm) 

l ci rcu l ar d d < 0.1 

2 ci rcu 1 ar d 0.1 ~ d < oJ 
3,· circular d 0.15 ~ d < 0.2 

4- circular d 0.2 ~ d < 0.3 

5 ci rcul ar ·d 0.3 ~ d < 0.4 

6 ci rcul ar d 0'.4 ~ d 

7 rectangul ar w,l 0.1 ~ w '~ 0.5 
0.2 ~ 1 $. 0.8 

8 rectangul ar w,l . 0.1 ~ w $. 0.5 
0.8 < 1 

* Circular: -Q-d 

Rectangular: ~l==trw 

Table 5.6 Summary of flaw indication types obtained 
from ultrasonic inspection'results. 
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SAMPLE SAMPLE % FLAW FLAW FLA\l Fl.\W FLAW 
BLOCK BLOCK DAC DIAMETËR WrcTH LENGTH AREA TYPE 

( FACE CURVE (cm) cm) (cm) (cm2) 

12 A 30 0.095 0.007 1 
12 A 50 0.159 0.020 3 
12 B 50 0.159 0.020 3 
12 B 35 0.111 . - 0.010 2 
12 B 90 0.286 0.064 4 
12 B 30 0.095 0~007 1 
12 B 30 0.095 0.007 1 
12 B 55 0.175 0.024 3 
12 C 125 0.400 0.126 6 

12 C 160 0.507 0.202 6 
.14 C 130 0.412 0.133 6 
21 A 55 0.175 0.024 3 
21 A 70 0.222 0.039 4 
21 A 55 0.175 0.024 3 .. 

50 0.159 0.020 3 21 A 
21 A 65 0.206 0.033 4 
21 A 65 0.206 0.033 4 
21 A 45 0.143 0.016 2 
21 A 80 0.254 0.051 4 
21 A 50 0.159 0.020 3 
21 A 40 0.127 0.013 2 
21 A 50 0.159 0.020 3 
21 A 40 0.127 0.013 2 
21 A 80 0.254 0.051 4 
21 C 40 0.127 0.013 2 "-

21 C 60 0.190 0.028 3 
21 C 35 0.111 0.010 2 
21 C 45 0.143 0.016 2 
21 C 45 0.143 0.016 2 
21 C 50 0.159 0.020 3 
21 C 40 0.127 0.013 2 
2-l- C 40 0.127 0.013 2 
21 C 150 0.476 0.178 6 
21 C 125 0;400 0.126 6 
22 A 30 0.095 0.007 1 
22 A 30 0.095 0.007 1 
22 A 35 0.111 .. 0.010 2 
22 A 30 0.095 0.007 1 
22 A 30 0.095 0.007 1 
22 B- 100 0.317 1.0 0.317 8 
22 B 100 0.317 0.079 5 

:-, 22 C 35 o .lll 0.010 2 
22 C 30 0.095 0.007 1 
22 C 40 0.127 0.013 2 
22 C 40 0.127 0.013 2 

Table 5.7 Ultrasonic inspection flaw indications. 
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SAMPLE SAMPLE % FLAW FLAW FLAW FLAW FLAW 
BLaCK BLaCK DAC DIAMETER WIDTH LENGTH ARE~ TYPE 

0 FACE CURVE (cm) (cm) (cm) (cm) 

22 C 50 0.159 0.020 3 
22 C 55 0.175 0.6 0.105 7 
22 C 20 0.063 0.003 1 
22 C 50 0.159 0.020 3 
22 C 135 - 0.428 0.143 6 
22 C 65 0.206 0.033 4 
23 A 35 0.111 0.010 2 
23 A 35 0.111 0.010 , 2 
23 A 150 0.476 1.0 0.476 8 
23 A 120 0.380 0.133 5 
23 A 150 0.476 0.178 6 
23 B 65 0.206 1.0 0.206 8 
23 B 130 0.412 1.0 0.412 8 
23L A 75 0.238 0.044 4 
23L {:, A 60 0.190 0.028 3 
23L A 75 0.238 0.044 4 
23L A 40 0.127 0.013 2 
23L A 90 0.286 0.064 4 
23L 0 90 0.286 0.7 0.200 7 
23L 0 70 0.222 0.039 4 
23L 0 35 0.111 0.010 2 
23L 0 50 0.159 0.020 3 
23L 0 50 0.159 0.020 3 
23L 0 30 0.095 0.007 1 
23L 0 45 0.143 0.016 2 
23L 0 65 0.206 0.033 4 
23L C 55 0.175 0.024 3 
23L C 50 0.159 0.020 3 
23L C 60 0.190 0.028 3 
23L C 55 0.175 0.024 3 
23L E . 45 0.143 0.016 2 
23L E 60 0.190 0.028 3 
23L E 60 0.190 0 .• 028 3 
24 A 40 0.127 0.013 2 

\ 
24 A 35 0.111 0.010 2 
24 A 160 0.507 0.202 ~ 6 
24 A 130 0.412 0.13~ 6 
24 ,A 40 0.127 0.013 2 
24 A 65 0.206 0.033 4 
24 A 40 0.127 0.013 2 
24 A 40 0.127 0.013 2 
24 A 30 0.095 0.007 1 
24 ,j B 60 0.190 0.028 3 
24 B 150 0.476 0.178 6 
24 B 50 0.159 0.020 3 

o Table 5.7 cont. 
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SAMPlE SAMPLE % FLAW FLAW FLAW FLAW FLAW 
BLOCK BLOCK DAC DIAMETER WIOTH LENGTH ARE~ TY~ 

C FACE CURVE (cm) (cm) (cm) (cm ) 

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 , , A 50 0.159 0.020 3 

25 A 60 0.190 0.028 3 
25 A 100 o .31.} 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 75 0.238 0.044 4 
.~ 25 ., 50 Q.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 q, " 
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 B 110 0.349 0.096 5 
26 B 150 0.476 0.178 6 
26 B 120 0.380 0.113 5 

." 
" 

C Table 5.7 cont. 
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SAMPLE SAMPLE % FLAW FLAW FLAW FLAW FLAW 
BLOCK BLOCK DAC DIAMETER WIOTH LENGTH AREA JYPE 

0 FACE CURVE (cm) (cm) ( cm 1- (cm2) 
~' 

26 C 40 0.127 0.013 2 
26 C 30 0.095 0.007 1 
26 C 30 0.095 0.007 1 
26 C 1 70 0.222 0.039 4 
26 C 40 0.127 0.013 2 
26 C 45 0.143 0.016 2 
3I A 45 0.143 0.016 2 

\. 31 A 35 0.111 0.010 2 
31 A 30 0.095 0.007 1 
31 A 65 0.206 0.033 4 
31 A 40 0.127 0.013 2 
31 A 35 0.111 0.010 2 
31 B 25 0.079 0.005 1 
31 B 60 0.190 2.2 0.418 8 
31 B 40 0.127 0.013 2 
31 B 40 0.127 .,. 0.013 2 
31 B 60 0.190 0.028 3 
31 B 50 0.159 0.020 3 
31 B 50 0.159 0.020 3 
31 B 30 0.095 0.007 1 
31 B 60 0.190 0.028 3 
31 C 30 0.095 0.007 1 
31 C 85 0.270 0.30 0.081 7 
31 C 40 0.127 0.013 2 
32 B 30 0.095 • 0.007 1 
32 B 30 0.095 0.007 1 
32 C 50 tt 0.159 0.30 0.048 7 
32 C 25 0.079 0.005 1 
33 A 25 0.079 \ 0.005 1 
33 A 30 0.095 0.007 1 
33 A. 40'9 . 0.127 '''"'- 0.013 2 
33 A 40 0.127 0.013 2 
33 A 30 0.095 - , 0.007 1 
33 A 40 ,0.127 0.013 2 
33 A 30 0.095 - 0.007 1 
33 A 50 0.159 0.020 3 
33 ri 45 0,.143 0.016 2 
33 B 40 0.127 0.013 2 
33 B 35 0.111 0.010 2 
33 B 25 0.079 0.005 1 
33 B 40 0.127 0.013 2 

'33 B 50 0.159 2.7 0.429 8 
33 B 35 0.111 0.010 2 
41 A 35 0.111 0.010 2 
41 0 A 35 0.111 0.010 2 

" 

0 Table 5.7 cont. .,. 
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SAMPlE SAMPLE % FLAW FLAW FLAW FLAW FLAW 
BLOCK BLOCK DAC DIAMETER WIOTH LENGTH AREA TYPE 

C " 
FACE CURVE (cm) (cm) (cm) (cm2) 

41 A 40 0.127 0.013 2 
41 A 30 0.095 h:oo 0.007 1 
41 A 100 0.~17 0.317 8 
41 A 45 0.143 0.016 2 
41 A "- 70 0.222 ... 0.039 4 
41 A 55 0.175 0.024 3 
41 A 40 0.127 - 0.013 2 
41 A 30 0.~95 0.007 1 
41 A 60 0.190 0.028 3 
41 A 35 0.111 0.010 2 
41 A 40 0.127 0.013 2 
41 A 30 0.095 0.007 1 
41 ; B 45 0.143 ,- 0.016 2 
41 ........ "", B 100 0.317 

~~38 
0.079 5 

41 " B 75 1.00 0.238 8 
41 50 0.15~ 0.020 3 
41 B 35 0.111 0.010 2 
41 B 100 0.317 0.079 5 
41 B 40 0.l27 

,. 0.013 2 
, 

41 B 100 a.3171? 0.079 5 
41 B 35 0.111 0.010 2 
41 B 110 0.349 1.00 0.349 8 
41 C 30 0.095 0.007 1 
41 C 50 0.159 0.020 3 
41 C 55 0.175 0.024 3 
41 C 45- 0.143 0.016 2 
41 C 45 0.143 0.016 2 
41 C 140 0.444 0.155 ' 6 
41 • C 155 0.491 0.189 6 
41 C 50 0.159 0.020 3 
42 A 25 0.079 0.005 1 
42 A 40 0.127 0.013 2 
42 A 25 0.079 0.005 1 
42 A 150 0.476 - 0.178 6 -
42 A 40 0.127 t 0.013 2 
42 A 75 0.238 0.044 4 
42 A 55 0.175 0.024 3 
42 B 30 0.095 0.007 1 
42 B 50 0.159 0.020 3 
42 B 120 0.380 0.113 5 
42 B 150 0.476 0.178 6 
42 B 30 0.095 0.007 1 
42 B 25 0.079 0.005 1 

,42 B 40 0.127 0.013 2 
42 B 50 0.159 0.020 3 

/ 

~ Table 5.,7 cont. 
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SAMPLE SAMPLE % FLAW FLAW FLAW FLAW FLAW 
BLaCK BLOCK DAC DIAMETER WIOTH LENGTH AREA TYPE 

0 FACE CURVE (cm) (cm) (cm) (cm2) 
~\ 

42 B 150 0.476 ' 
l, 

0.178 6 • 
42 B 120 0.380 0.113 5 
42 --a 130 0.412 0.133 6 
42 C 140 0.444 0.155 6 
42 C 130 0.412 - . 0.133 6 
42 C 55 0.175 0.40 0.070 7 

..... ~,... -;r 

42 B 25 0.079 0.005 1 
43 A 60 0.190 0.028 3 
43 A 45 0.143 0.016 2 

, 43 'A 30 0.095 0.007 1 
43 A 55 0.175 0.024 3 
43 A 50-- 0.159 0.020 3 
,43 A 30 0.095 0.007 1 
43 A 85 0.270 - - 0.057 4 
43 A 70 0.222 0.039 4 
43 A 30 0.095 0.007 1 
43' B 30 0.095 0.007 1· 
43 B 95 0.286 0.064 4 
43 B 40 0.127 0.013 2 
43 b- B 120 0.380 0.113 5 
43 B 70 0.222 0.039 4 
43 B 100 0.317 0.079 5 
43 B 40 0.127 0.013 2 
43 C 140 0.444 0.155 6 
43 C 135 0.428 0.143 6 
43 C 45 0.143 \ ' 0.016 2 
43 C 70 0.222 0.039 4 
44 A 

. 100 0.317 0.079 5 
44 A 80 0.254 0.051 4 
44 A 50 0.159 0.020 '3 

0 44 A 45 0.143 0.016 2 
44 A 55 0.175 0.024 3 
44 A 40 0.127 0.013 2 
44 A 6.5 0 0.206 0.033 4 
44 A 40 0.127 " - 0.013 2 
44 A 70 0.222 0.039 4 
44 A 50 0.159 0.020 3 
44 A 45 0.14.3 0.016 2 
44 A 45 0.143 0.016 2 
44 A 40 0.127 0.013 2 
44 A 35 0.111 0.010 2 
44 A 50 0.159 0.020 3 
44 A 30 0.095 0.007 1 
44 A 35 0.111 0.010 2 
44 A _ 60 0.190 r- 0.028 3 

o Table 5.7 cont. 
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SAMPLE SAMPLE % FLAW FLAW FLAW FLAW FLAW 
BLOCK BLOCK DAC DIAMETER WIDTH LENGTH - AREA ' TYPE 

C ,j (cm) (cm) (ém) (cm2) -

"-
44 B 85 0.27a 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 o.. 007 1 
44 C 85 0.270 0.057 4 
44 C 60 0.190 0.028 3 
44 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 d.010 2 \,-
44 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 -. - 0.079 5 
61 B 75 0.238 "- 0.044 4 . 
61 C 35 ---0-.1-1-1 0.010 2 
61 C 45 0.143 0.016 2 
61 C 40 0.127 0.013 2 
61 C \. 40 0.127 0.013 2 
61 C 30 0.095 0.007 1 
61 C 50 0.159 0::- 0.020 3 
62 - B 30 0.095 0.007 1 
66 C 30 0.095 0.007 1 

tI/i 
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FRACTURE X-RAY RESULT ~ESCRIPTIjN _OF FLAW INDiCATION 
SPECIMEN DIRECTION 

----
12A 1 NOl 
12A 2 NOl 
13A 1 NOl 
13A 2 NOl 

_21A 1 NOl 
21,A 2 "tf' NOl 

. 24A ' 1 NOl 
24A 2 0 0.2 x 0.3 cm S 
25A 1-- NOl 

x ot cm S 25A 2 0 0.2 cm dia. S, 0.05 
32A 1 0 ·0.25 cm di a. GP ~ 

32A 2 U 0.3 x 0.5 cm S .. 
33A 1 NOl 
33A 2 NOl 
42A 1 NOl 
42A 2 NOl 
43A 1 0 0.2 cm dia. S 
43A 2 0 0.3 x 0.3 cm S, 0.3 x 0.5 cm S, 

0.2 x 0.2 cm S, 0.1, x 0.2 cm S 
62A 1 NOl 
62A 2 /' NOl 
12B 1 NOl 
12B 2 NOl 
13B 1 NOl 
13B 2 NOl 
21B 1 0 0.2 x (}.4 cm S 
21B 2 0 0.3 x 0.6 cm S 

. 24B 1 NOl 
.24B 2 0 0.3 x 0.6 cm S 
25B- 1 NOl 
258 2· 0 0.1 x 0.3 cm S, 0.5 x 0.5 cm S. 

32B 1 NOl 
0.2 cm dia. S, 0.05 x 0.2 cm; S 

32B 2 NOl 
33B 1 NOl 
33B 2 NOl 
42B '1 0 0.1 x 0.4 GP 
42B 2 0 0.1 x .0.6 GP 
43B ___ 1 NOl 
43B 2 NOl 
62B 1 NOl 

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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\.n 

FLAW 
TYPE 

1 

2 

f\ 3 

4 

5 

6 

o 

FLAW 
DESCRIPTION 

Circular 

Rectangu 1 ar, round ends 

Sl i t, sharp ends 

Multi-branched 
rectangular, round en~s 

Mul t i -branched 
slit, sharp ends 

Circular inclusion 

. "" 

.. 

FLAW 
PARAMETERS 

-Q-d 

C )Iw 
~l-i 

.,\1, 6Wi 
" 8i "lÀ 

branch (i + 1) "'''/l/'''branch 
(/1 

Q.= total number of branches 

~
6Wi 

" 8 1 ./?' 
branch ~ i. + 1) "', ~'I branch 

n = total number of branches 

-{)-d .~ 

Table 5.9 Flaw types and their parameters observed 
in microscopie inspection. 
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FRACTURE 

( SPEC lMEN 

128 
128 
128 
128 
128 
128 
128 
12B 
128 
128 
128 
128 
128 
128 

.., 12B 
12B 
128 
12.B 
12B 
128 
12B 
12B 
12B 
12Jj 
128 
12S 
128 
12S 
12B 
12S 

128 
128 

12S 
12S 
12S 
12S 
128 

c 

te 

F~~W FLAW FRACTOGRAPH ACTUAL 
1.0. TYPE FLAW PARAMETERS FLAW PARAMETERS 

NUMBER ( cm) (11111) 

1 1 d = 0.07 d = 0.02 
2 2 w = 0.05 1 = 0.16 w = 0.02 l = 0.05 
3 3 w = 0.04 1 = 0.54 w = 0.01 l = 0.18 
4 2 W = 0.17 1 = 0.31 w = 0.06 l = 0.10 
5 1 d'= 0.21 d = 0.07 
6 3 w = 0.03 = 0.215 w = 0.01 = 0.07 
7 1 d = 0.13 d = 0.04 
8 2 w = 0.22 = 0.53 w = 0.07 = 0.18 
9 C-J 1 d = 0.11 d = 0.04 

10 1 d = 0.31 d = 0.10 
11 2 w = 0.07 1 = 0.65 w = 0.02 1 = 0.22 
12 2 w = 0.23 l = 0.50 w = 0.08 1 = 0.17 
13 1 " d = 0.06 d = 0.02 
14 3 w = 0.04 1 = 0.28 w = 0.01 = 0.09 
15 1 1 d = 0.09 d = 0.03 
16 '" 

\~ d = 0.11 d = 0.04 
17 w = 0.11 1 = 0.42 w = 0.04 = 0.14 

/ 
18 2 w = 0.10 1 = 0.30 w = 0.03 = 0.10 
19 1 d = 0.10 d = 0.03 
20 2 w = 0.06 = 0.25 w = 0.02 = 0.08 
21 1 d = 0.10 d = 0.03 
22 3 w = 0.08 1 = 0.30 w = 0.03 = 0.10 
23 1 d = 0.10 d = 0.03 
24 2~- w = 0.08 = 0.18 w = 0.03 = 0.06 
25 1 d = 0.18 d = 0.06 
26 3 w = 0.05 l = 0.32 w = 0.02 = 0.11 
27 3 w = 0.09 1 = 0.30 w = 0.03 = 0.10 
28 2 w = 0.10 1 = 0.50 w = 0.03 = 0.17 
29 1 d = 0.10 d = 0.03 
30 4 n = 2 81 = 200 n = 2 91 = 200 

w1 = 0.04 1 1 = 0.47 w1 = 0.01 11 = 0.16 

31 1 
w2 = 0.10 12 = 0.30 w2 = 0.03 12 = 0.10 
d = 0.25 d = 0.08 

32 4 n = 3 n = 3 
91 = 1200 92 = 400 el = 1200 92 = 400 

w1 = 0.14 11 = 0.64 "- w1 = Q.05 11 = 0.21 
w2 = 0.12 12 = 0.58 w2 = 0.04 12 = 0.19 

33 2 
w3 = 0.14 13 = 0.70 w3 = 0.05 13 = 0.23 
w = 0.10 1 = 0.35 w = 0.03 1 = 0.12 

34 3 w = 0.03 1 = 0.15 w = 0.01 1 = 0.05 
35 2. w = 0.10 1 = 0.24 w = 0.03 1 = 0.08 
36 2 w = 0.14 1 = 0.46 w = 0.05 1 = 0.15 
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 FLAW FLAW FRACTOGRAPH ACTUAL 
SPECI.MEN 1.0. TYPE FLAW PARAMETERS , FLAW PARAMETERS 

0 NUMBER (cm) (mm) 

12S '38 3 w = 0.10 l = 0.22 w = 0.03 l = 0.07 
12S , 39 3 w = 0.07 l = 0.41 w = 0.02 l = 0.14 
12S 40 2 w = 0.12 l = 0.30 - - w = 0.04 l = 0.10 
12& 41 2 w = 0.09 l = 0.28 w :: 0.03 l = 0.09 
12S 42 2 w = 0.06 l = 0.20 . w = 0.02 1 :: 0.07 

13A 1 3 w = 0.03 = 0.41 w = 0.01 = 0.17 
13A 2 1 d = 0.20 d = 0.08 
13A 3 1 d = 0.19 d = 0.08 
13A 4 1 d = 0.14 d = 0.06 I, 
13A 5 1 d = 0.10 d :: 0.04 
13A 6 2 w :: 0.06 = 0.21 w = 0.04 = 0.09 
13A 7 2 w = O. 05 = 0.18 w :: 0.02 = 0.07 
13A 8 2 w :: 0.09 = 0.31 w = 0.04 :: 0.13 
13A 9 2 w = 0.09 = 0.24 w = 0.04 = 0.10 
13A 10 1 d = 0.14 d :: 0.06 
13A 11 2 w :: 0.03 = 0.17 w :: 0.01 :: 0.07 
13A 12 2 , w = 0.04 :: 0.25 w = 0.02 = 0.10 
13A 13 1 d = 0.07 d :: 0.03 
13A 14 2 w = 0.14 = 0.30 w :: 0.06 = 0.12 
13A 15 3 w :: 0.06 = 0.27 w = 0.02 = 0.11 
13A .. 16 1 d = 0.10 d = 0.04 
13A 17 2 w=O".l1 = 0.26 w = 0.04 = 0.11 
13A 18 2 w = 0.06 = 0.23 w = 0.02 :: 0.10 
13A 19 1 d = 0.10 d = 0.04 
13A 20 2 w :: 0.15 = 0.32 w = 0.06 = 0.13 
13A 21 3 w :: 0.03 = 0.18 w :: 0.01 :: 0.07 
13A 22 1 d = 0.11 d = 0.04 
13/f" 23 1 d = 0.12 d = 0.05 
13A 24 2 w = 0.04 = 0.18 w = 0.02 :: 0.07 
13A 25 1 d = 0.11 d :: 0.04 
13A 26 3 w = 0.12 = 0.53 w ::: 0.05 = 0.22 
13A 27 1 d = 0.08 d = 0.03 
13A 28 2 w = 0.07 = 0.33 w = 0.03 l :: 0.14 
13A 29 3 w = 0.08 = 0.14 w = 0.03 l = 0.06 
13A 30 3 w :: 0.04 = 0.26 w :: 0.02 _ 1 = 0.11 

.' 13A 31 1 d :: 0.07 d :: 0.03 
13A 32 3 w = 0.07 = 0.50 w = 0.03 = 0.21 
13A 33 1 d :: 0.16 d :: 0.07 
UA 34 1 d :: 0.16 d :: 0.07 
13A 35 3 w :: 0.14 = 0.28 w = 0.06 = 0.12 
13A 36 2 w = 0.06 = 0.14 w :: 0.02 = 0.06 
13A 37 1 d = 0.23 d :: 0.09 1 
UA 38 2 w = 0.10 = 0.25 w :: 0.04 :: 0.10 

Table 5.10 ,cont. 
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FRACTURE FLA'~ FLAW' FRACTOGRAPH ACTUAL 
SPEC IMEN I.D'. TYPE FLAW PARAMETERS FLAW PARAMETERS 

( NUMBER - (cm) (mm) 
, 

~ 

13A 39 1 \\ d=O.ll, d = 0.04 
f'i 13A 40 2 w =..0.16 l = 0.39 w = 0.07 l = 0.16 

13A 41 3 w = 0.06 1 = 0.35 w = 0.02, 1 = 0'.14 
13A 42 3 w = 0.07 l = 0.18 w = 0.03 1 = 0.07 
13A 43 2 \Ji = 0.10 1 = 0.24 w = 0.04 l = 0.10 
13A 44 2 w = 0.06 1 = 0.20 w = 0.02 l = 0.08 
13A 45 2 w = 0.06 l = 0.20 w = 0.02 - ,_ l = 0.08_ 
13A 46 2 w = O.ll l = 0.26 w = 0.04 l = 0.11 
13A 47 3 w = 0.07 l = 0.18 w = 0.03 , = 0.07 
13A 48 3 w = 0.05 l = 0.26 w = 0.02 , = 0.11 
UA 49 2 w = 0.08 , = 0.22 w = 0.03 , = 0.09-
13A 50 1 d = 0.10 d = 0.04 ' 
13A 51 3 w = 0.05 = 0.50 w = 0.02 = 0.21 
l3A 52 1 d = 0.11 d = 0.04 
13A 53 1 d = 0.10 d = 0.04 
13A 54 2 w = 0.07 = 0.26 w = 0.03 , = 0.11 
13A 55 3 w = 0.07 , = 0.40 w = 0.03 , = 0.17 
l3A" 56 4 n = 2 91 = 120° n = 2 91 = ,120° 

w1 = 0.06 '1:: 0.14 w1 = 0.02 '1 = 0.06 

UA 57 2 
w2 = -0.09 '2 = 0.19 w2 = 0.04 '2 = 0.08 
w = 0.13 , = 0.27 w = 0.05 , = 0.11 

13A 58 1 d = 0.07 d = 0.03 
13A 59 1 d = 0.09 d = 0.04 
13A 60 2 w = 0.36 l = 0.63 w = 0.15 , = 0.26 
13A 61 4 n = 2 91 = 90° 

, 
2 91-=- 90° -n = 

w1 = 0.12 11 =0.27 w1 = 0.05 11 = 0.11 

13A 62 3 
w2 = 0.15 12 = 0.20 w2 = 0.06 12 = 0.08 
w = 0.13 1 = 0.32 w = 0.05 1 = 0.13 

13A 63 3 w = 0.07 1 = 0.41 w = 0.03 1 = 0.17 
·13A 64 1 d = 0.17 d = 0.07 
UA 65 1 d = 0.10 d = 0.04 
13A 66 3' w = 0.06 :; 0.23 w = 0.02 = 0.10 
13A 67 1 d = 0.13 d = 0.05 
13A 68 1 d = 0.10 d = 0.04 
13A 69 1 d = 0.12 d = 0.05 
13A 70 1 d = 0.34 d = 0.14 
13A 71 2 w = 0.13 = 0.21 d = 0.05 = 0.09 
13A 72 2 w = 0.05 = 0.19 w = 0.02 = 0.08 
13A 73 1 d = 0.20 d = 0.08 
13A 74 1 d = 0.29 d = 0.12 
13A 75 1 d = 0.15 d = 0.06 
13A 76 1 d = 0.11 d = 0.05 
13A 77 2 w = 0.06 = 0.15 w = 0.02 do l = 0.06 
UA 78 1 d = 0.10 d = 0.04 

Table 5.10 cont. 
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F~:TURE 
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j 
FLAW FLAW fRACTOGRAPH ACTUAL 

SPECIMEN 1.0. TYPE FlAW PARAMETERS FlAW PARAMETERS 

0 NUMBER (cm) (mn) 

13A 79 3 W = 0.05 = 0.22 w = 0.02 = 0.09 
13A 80 1 d = 0.12 d = 0.05 
13A 81 1 d = 0.10 d = 0.04 
13A 82 1 d ::: 0.07 d = 0.03 
13A 83 3 W = 0.10 1 = 0.24 W = 0.04 l = 0.10 
13A 84 3 W = 0.07 1 = 0.34 W,= 0.03 1 = 0.14 
13A 85 3 W = 0.07 1 = 0.33 W = 0.03 -1 = 0.14 
13A - 86 2 W = 0.12 , l = 0.25 ~ = 0.05 l = 0.10 
13A 87 3 w = 0.05 1 = 0.19 w = 0.02 1 = 0.08 
13A . 88 4' n = 2 81 = 100° n :: 2 91 :: 100° 

w1 = 0.12 11 :: 0.19 w1 = 0.05 '1 c 0.08 

13A 89 2 
w2 = 0.06 
W = 0.10 

'2 = 0.26 ,_ = 0.20 
w2 :: 0.02 
W = 0.04 

'2 = 0.11 
1 :: 0.08 

13A 90 1 d = 0.09 d = 0.04 
13A 91 2 W = 0.05 , :: 0.24 w :: 0.02 " = 0.10 
13A 92 3 W = 0.04 , = 0.12 w :: 0.02 1 :: 0.05 
13A 93 1 d = 0.09 d = 0.04 
13A 94 1 d = 0.17 d :: 0.07 
13A -95 4 n =-2 .81 :: 90° n = 2 91 :: 90° 

w1 :: 0.09 '1:: 0 .. 19 w1 :: 0.04 '1 :: 0.08 
w2 :: 0.13 12 = 0 .. 25 , w2 = 0.05 12 :: 0.10 

13A 96 3 W = 0.04 1 :: 0.26 W = .0.02 , = 0.11 
13A 97 2 .w ="0.05 ,1 = 0.12 w :: 0.02 , :: 0.05 
13A 98 4 n :: 2 91 :: 95° n :: 2 91 = 95° 

wl :: 0.11 11 :: 0.23 w1 :: 0.04 11 :: 0.09 
w2 :: 0.08 '2 = 0.26 w2 = 0.0,3 12 =0.11 

13A 99 1 d :: 0.25 d = 0.10 
13A 100 1 d :: 0.15 d :: 0.06 
13A ' 101 1 d :: 0.15 d :: 0.06 
13A 102 3 w :: 0.10 1 :: 0.25 w = 0.04 , = 0.10 
13A 103~ 4 n = 2 81 :: 100° n = 2 81 :: 100° 

w1 :: 0.05 ,11 :: 0.20 w1 :: 0.02 '1 :: 0.08 
w2 :: 0.04. '2 :: 0.16 w2 :: 0.02 12 :: 0.07 

13A 104 .3 w :: 0.07 1 = 0.24 w :: 0.03 l :: 0.10 
13A 105 2 w = 0.09 1 :: 0.25 w = 0.04 l = 0.10 

. 
-~ 

25B 1 3 w :: 0.06 r = 0.65 w :: 0.02 = 0.27 
25B 2 2 w = 0.14 1 :: 0.24 w = 0.06 = 0.10 
25B 3 3 w = 0.04 , = 0.18 w = 0.02 = 0.07 
25B "4 - 1 d :: 0.18 d = 0.07 
25B 5 2 w :: 0.04 = 0.15 w = 0.02 = 0.06 
25B 6 2 w = 0.05 =: 0.11 w = 0.02 = 0.04 
25B 7 1 d = 0.05 d = 0.02 
25B "8 1 d = 0.06 d :: 0.02 

'. 
r" 
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FRACTURE 
SPECIMEN 

25B 
25B 
25B 
258 
25B 
25B 
25B 

. 25B 
258 
25B' 
258 
258 
258 

25B 
258 
258 
25B 
25B 
25B 
258 
25B 
258 
258 
258 
258 
258 
258 
258 
258 
258 
258 

258 
258 
258 
258 
258 

FlAW 
1.0. 

NUMBER 

9 
10 
11 
12 
13 
14 
15 

16 
17 
18 
19 
20 
21 

~ 
23 
24 ' 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36. 
37 
38 
39 

40 
41 
42 
4.3 
44 

FlAW 
TYPE 

3 
1 
1 
2 
2 
3 
5 

1 
2 
1 
1 
1 
4 

,2 
3 
2 
2 
2 
1 
i 
3 
1 
2 
1 
1 
1 
1 
2 
1 
2 
4 

1 
2 
1 
1 
2 

FRACTOGRAPH 
FlAW PARAMETERS 

(cm) 

w = 0.05 
d = 0.10 
d :: 0.16 
w = 0.05 
w = 0.12 
w = 0.07 
n = 2 
w1 = 0.08 
w2 = 0.07 
d = 0.11 
w = 0.08 
d = 0.07 
d = 0.07 
d = 0.10 
n = 3 
81 = 110° 
w1 = 0.09 
w2 = 0.05 
w3 = 0.07 

.. w:: 0.07 
• w:: 0.07 

w :: 0.07 
w :: 0.05 
w = 0.04 
d :: 0.27 
d :: 0.13 
w :: 0.04 
d :: 0.10 
w :: 0.10 
d :: 0.25 
d ::, 0.12 
d :: 0.10 
d :: 0.11 
w :: 0.08 
d :: 0.10 
w :: 0.10 
n = 2 
w1 :: 0.05 
w2 = 0.09 
d = 0.07 
w :: 0.07 
d = 0.11 
d :: 0.08 
w = 0.08 

= 0.20 

1 :: 0.27 
1 = 0.63 
1 = 0.24 

,91 = 95° 
11 = 0.30 
12 = 0.23 

1 = 0.33 

92 = 80° 
11 *= 0.27 
12 = 0.1-3 
13 = 0.11 
1 :: 0.24 

. ..,1 = 0.90 
1 :: 0.52 
1 = 0.36 
1 :: 0.18 

= 0.38 

= 0.18 

1 :a- 0.21 

1 = 0.21 
91 = 90° 
11 ~ 0.19 
12 = 0.2'1 

1 = 0.22 

1 = 0.17 
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ACTUAL 
FlAW PARAMETERS 

(mm) 

w = 0.02 
d = 0.04 
d = 0.07 
w :: 0.02 
W :: 0.05 
w = 0.03 
n = 2 

" wl = 0.03 
w2 = 0.03 
d = 0.04 
W = 0.03 
d = 0.03 
d = 0.03 
d :: 0.04 
n = 3 
91 = 110° 
W1 :: 0.04 
w2 = 0.02 
w3 = 0.03 
W = 0.03 
w = 0.03 
W = '0.03 
W = 0.02 
W :: 0.02 
d :: ,0.11 
d :: 0.05 
W :: 0.02 
d = 0.04 
W :: 0.04 
d = 0.10 
d = 0.05 
d = 0.04 
d = 0.04 
W ;; 0.03 
d ;: 0.04 
W :: 0.04 
n = 'lJ 
wl = 0.02 
w2 :: 0.04 
d = 0.03 
w = 0.03 
d = 0.04 
d = 0.03 
W = 0.03 

1 = 0.08 ---_---.---- ~~-

1 = 0.11 
1 :: 0.26 
1 = 0.10 
91 :: 95° 
11 = 0.12 
12 :: 0.09 

1 :: 0.14 

92 = 80° 
11 = 0.11 
12 = 0.05 
13 = 0.05 

:: 0.10 
= 0.37 
= 0.22 
= 0.15 
:: 0.07 

= 0.16 

= 0.07 

1 :: 0.09 

1 = 0.09 
el = 90° 
11 :: 0.08 
12 :: cr .08 

1 = 0.09 

1 = 0.07 



FRACTURE FLAW FLAW FRACTOGRAPH ACTUAL 
SPECIMEN I.D. TYPE FLAW PARAMETERS FLAW PARAMETERS 

0 NUMBER (cm) (mm ) 

25B ,45 2 W :: 0.10 l :: 0.23 w :: 0.04 l :: 0.09 
25B 46 4 n :: 2 QI :: 30° n :: 2 91 '" 30° 

w1 :: 0.07 '1 = 0.20 w1 :: 0.03 11 :: 0.08 
~ ... \ w2 :: 0.06 ' 2 :: 0.16 w2 :: 0.02 '2 .. 0.07 

258 47 2 W :: 0.11 1 :: 0.29 w :: 0.04 1 :: 0.12 
25B 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 l d ='0.11 d :: 0.04 
258 52 1 d = 0.09 d = 0.04 
25B 53 . 1 d :: 0.08 d :: 0.03 
25B 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 
25B 57 1 d :: 0.09 d :: 0.04 
258, 58 2 W = 0.07 = 0.21 w :: 0.03 = 0.09 
258 59 1 d :: 0.09 d = 0.04 
25B 60 3 VI :: 0.05 l :: 0.17 w :: 0.02 :: 0.07 
258 61 1 d :: 0.10 d :: 0.04 -

<:J 25B 62 3 w :: 0.06 l :: 0.20 w ::: O. 02 l :: 0.08 
258 63 2 VI :: 0.08 ' 1 ::: 0.17 w :: 0.03 l :: 0.07 
25B 64 2 W = 0.05 1 ::: 0.18 w = 0.02 1 = 0.07 
25B 65 l d~= 0.07 d :: 0.03 
258 66 1 d = 0.11 d = 0.04 . 258 67 2 W = 0.13 1 ::: 0.24 w :: 0.05 l ::: 0.10 
25B 68 4' n = 2 91 :: 120° n = 2 91 :: 1200 

w1 :: 0.08 '1 :: 0.23 w1 :: 0.03 '1:: 0.10 
~ , w2 :: 0.08 '2 :: 0.15 w2 = 0.03 ' 2 :: 0.06 

258 69 1 d = 0.13 d :: 0.05 
258 70 2 VI :: 0.04 , :: 0.18 w :: 0.02 1 :: 0.07 
258 71 1 d = 0.14 d :: 0.06 
25B 72 2 W = 0.07 1 :: 0.16 w :: 0.03 1 = 0.07 
258 73 3 W :: 0.04 1 :: 0.30 w = O. 02 1 ::: 0.12 
258 74 2 W :: 0.06 1 = 0.48 w = O. 02 1 :: 0.20 
258 75 2 W = 0.15 l ::: 0.38 w :: O. 06 ~1 .: 0.16 
258 76 1 d = 0 .. 15 d :: o. of)' / 

:: 0.34 w :: à .02 
,/ 

258 77 3 W :: 0.05 1 :: 0.14 
25B 78 2 W :: 0.17 l = 0.52 1 W '" 0.07 1 :: 0.22 

91 :: 10° 
' , , 

91 :: 10° 258 79 4 n :: 2 n = 2 
wl :: 0.14 ' 1 :: 0.63 w1 :: 0.06 '1 = 0.26 
w2 :: 0.15 '2 :: 0.59 w2 :: 0.06 '2 :: 0.24 

25B 80 2 w :: 0.09 1 :: 0.20 w = 0.04 1 :: O. Oij 
25B 81 2 w = 0.14 1 :: 0.45 w :: 0.06 l :: 0.19 
258 82 1 d .: 0.16 d :: 0.07 
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FRACTURE FLAW FLAW FRACTOGRAPH ACTL '\L 
SPECIMEN 1.0. 1 l,YPE FLAW PARAMETERS FLAW PARA7'tTERS 

( NUMBER (cm) ( lIIT1 ) 

256 83 1 \ d = '0.11 d = 0.04 

256 84 1 d = 0.12 d = 0.05 

256 85 2 ~ = 0.10 1 = 0.33 w = 0.04 1 = 0.14 

25B 86 3 ~ = 0.05 , = 0.25 w = 0.02 l = 0.10 

256 87 1 d :: 0.41 d = 0.17 
258 88 2 W = 0.15 , = 0.31 w = 0.06 , :: 0.13 

25B 89 2 w = 0.08 , = 0.22 w = 0.03 , :: 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 , = 0.38 w = 0.04 , :: 0.16 

258 93 1 d = 0.10 d = 0.04 
25B 94 1 d = 0.17 d = 0.07 
258 95 1 d :: 0.18 d :: 0.07 

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

258 97 1 d = 0.22 d = 0.09 
256 98 1 d :: 0.10 d = 0.04 
258 99 4 n = 2 8 1 = 70° n = 2 9 1 = 700 

w1 = 0.05 '1=0.11 w1 = 0.02 11 :: 0.04 

258 100 1 
w2 = 0.06 12 :: 0.13 w2 = 0.02 '2 :: 0.05 
d = 0.13 d = 0.05 

258 101 1 -2 w :: 0.09 = 0.23 w = 0.04 1 :: 0.09 

25B 102" 2 w :: 0.04 , :: 0.12 w :: 0.02 l :: 0.05 

25B 103 2 w = 0.17 l :: 0.47 w :: 0.07 , :: 0.19 

256 . 104 3 w :: 0.07 l = 0.62 w :: 0.03 1 :: 0.26 

25B 105 2 w = 0.11 1 :: 0.18 w :: 0.04 l = 0.07 
25B 106 2 w = 0.13 1 = 0.20 w = 0.05 l :: 0.08 

25B 107 1 d :: 0.12 d =-0.05 
25B 108 1 d :: 0.08 d = 0.03 
25B 109 2 w = 0.07 , :: 0.15 w = 0.03 l = 0.06 

25B 110 1 d :: 0.14 d :: 0.06 

25B 111 3 w = 0.06 1 = 0.30 w = 0.02 1 = 0.12 
25B 112 1 d :: 0.08 d = 0.03 
25B 113 3 w :: 0.05 l :: 0.18 w :: 0.02 l :: 0.07 

25B 114 2 w = 0.10 1 :: 0.23 w :: 0.04 , :: 0.10 

256 115 1 d = 0.10 d :: 0.04 

25B 116 I- d :: 0.12 d :: 0.05 
25B 117 3 w = 0.96_ l = 0.18 r w= 0.02 l :: 0.07 

25B 118 2 w,::0.13 l <il 0.20 w :: 0.05 l :: 0.08 

25B 119 1 d :: 0,.11 d :: 0.04 
25B 120 1 d :: 0.12 d = b :-05 

42B 1 2 w :: 0.10 l :: 0.26 w :: 0.02 l :: 0.04 

42B 2 2 w :: 0.17 l = 0.29 w.=: 0.03 l :: 0.05 

42B 3 2 w :: 0.35 1 = 0.54 w :: 0.06 l :: 0.09 

., 

" 
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FRACTURE FLAW FLAW FRACTOGRAPH ACTUAL 
SPEC IMEN 1 .0. TYPE FLAW PARAMETERS FLAW PARAMETERS 

0 NUM6ER (cm) (mm) 

426 4 2 \,. = 0.07 l = 0.40 w = 0.01 l = 0.07 
426 5 2 W = 0.08 1 = 0.22 W = 0.01 l ., 0.04 
426 6- 2 W = 0.12 l = 0.32 w = 0.02 1 = 0.05 
426 7 2 w ::: 0.07 1 = 0.24 w ::: 0.01 1 ::: 0.04 
426 8 1 d ::: 0.17 d ::: 0.03 
426 9 4 n = 2 91 = 90° n ::: 2 91 = 90° 

w1 = 0.15 11 = 0.30 w1 = 0.02 11 = 0.05 
- w2 = 0.09 12 = 0.33 w2 = 0.01 12 = 0.,06 '"' 

426 10 2 w = 0.10 1 = 0.94 w = 0.02 1 ::: 0 :16 
426 11 

1'" 
3 w = 0.09 l ::: 0.35 w = 0.01 l ::: 0.06 

426 12 3 w = 0.13 l = 0.45 w ::: 0.02 1 ::: 0.08 
426 13 3 w = 0.08 1 = 0.27 w = 0.01 1 ::: 0.05 
426 14 2 w = 0.07 1 = 0.28 w = 0.01 l :: 0.t{)5 
426 15 4 n = 2 91 ::: 70° n ::: 2 91 :: 70° 

w1 ::: 0.14 11 = 0.69 w1 ::: 0.02 11 ::: 0.12 
w2 = 0.12 12 = 0.28 w2 = 0.02 12 = 0.05 

426 16 3 w ::: 0.05 l ::: 0.25 w ::: 0.01 l :: 0.04 
426 17 2 w = 0.08 1 = 0.30 w = 0.01 1 :: 0.05 
426 18 1 d = 0.12 d = 0.02 

" 426 19 1 d ::: 0.15 d = 0.02 
426 20 2 w = 0.10 ::: 0.30 w ::: 0.02 1 :z 0.05 
426 21 1 d -. - 0.16 d = 0.03 
426 22 2 w = 0.17 ::: 0.32 d ::: 0.03 ::: 0.05 
426 23 3 w = 0.08 ::: 0042-- w = 0.01 ::: 0.07 
426 24 1 d ::: 0.17 d = 0.03 
426 

..., 
25 1 d = 0.30 d = 0.05 

426 26 3 w ::: 0.07 1 = 0.48 w = 0.01 :z 0.08 
426 27 2 w = 0.30 1 ::: 0.58 'II = 0.05 :: 0.10 
426 28 2 w ::: o .ll 1 :: 0.20 w ::: 0.02 ::: 0.03 
426 29 

, 
d = 0.14 d ::: 0.02 .L 

426 30 1 d = 0.19 d ::: 0.03 
426 31' 2 w ::: 0.10 = 1.83 w ::: 0.02 ::: 0.31 
426 32 1 d ::: 0.14 d = 0.02 
42B 33 2 w ::: 0.09 1 =,0.26 w = 0.01 l ., 0.04 
42B 34 2 w ::: 0.08 l ;: 0.30 w = 0.01 l ::: 0.05 
426 35 2 w ::: 0.10 1 :: 0.28 w =- 0.02 1 ::: 0.05 
426 36 3 w = 0.10 l ::: 0.48 w = 0.02 l ::: 0.08 
426 37 2 w ::: 0.08 l ::: 0.88 w = 0.01 l ::: 0.15 
42B 38 3 w ::: 0.08 l :: 0.38 w = 0.01 1 ::: 0.06 
426 39 3 w = 0.04 l = 0.58 w ::: 0.01 1 ::: 0.10 
426 40 2 ,w ::: 0.08 , ::: 0.89 w ::: 0.01 1 ::: 0.15 
42B 41 5 n = 2 91 :: 90° n = 2 91 = 90° 

Wl = 0.09 11 = 0.40 wl = 0.01 11 ::: 0.07 
w2 = 0.07 '2 = 0.26 w2 = 0.01 12 :: 0.04 
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FRACTURE FLAW FLAW FRACTOGRAPH ACTUAL 
SPECIMEN 1.0. TYPE FLAW PARAMETERS FLAW PARAMETERS 

( NUM8ER " (cm) ( Iml) 

428 42 2 w = 0.11 1 = 0.31 w = 0.02 = 0.05 
42B 43 2 w. = 0.11 1 = 0.27 w = 0 .. 02 = 0.05 
428 44 1 d = 0.11 d = 0.02 
428 45 1 d = 0.13 , d = 0.02 
428 46 1 d = '0.11 , d = 0.02 
428 47 2 w = 0.08 , l = 0.31 w = 0.01 1 = 0.05 
428 48 3 w = 0.04 1 = 0.50 w = 0.01 1 = 0.09 
42B 49 5 n = 2 91 = 60° 

, n = 2 91 = 60° 
w1 = 0.08 11 = 0.35 w1 = 0.01 11 = 0.06 

428 50 4, 
w2 = 0.05 12 = 0.24 w2 = 0.01 12 = 0.04 
n = 3 n = 3 
91 = 90° 82 = 90° 91 = 90° 82 = 90° \ 
wl = 0.07 '1 = 0.23 wl -'" 0.01 11 = 0 .04 
w2 = 0.07 '2 = 0.13' w2 = 0~01 12 = 0.02 
w3 = 0.07 '3 = 0.10 w3 = 0.01 13 = 0.02 

428 51 2 w = 0.10 , = 0.64 w = 0.02 , = 0.11 
428 52 1 -d = 0.15 d = 0.03 
428 53 1 d ~,0.18 d = 0.03 
428 54 1 d = 0.24 d = 0.04 
428 55 2 w = 0.22 = 0.48 w = O.Oft = 0.08 
42B 56 1 d = 0.32 d = 0.05 
42B 57 1 d = 0.64 'd = 0.11 
428 58 2 w = 0.14 , = 0.82 w = 0.02 , 1 = 0.14 
42B 59 2 w = 0.24 , = 0.84 w = 0.04 1 = 0.14 
42B 60 1 d = 0.25 d = 0.04 
428 61 2 w = 0.05 = 0.22 w = 0.01 = 0.04 
42B 62 1 d = 0.17 d = 0.03 
42B 63 1 d = 0.28 d = 0.05 
42B 64 3 VI = 0.05 l = 0.69 w = 0.01 = 0.l2 
428 65 3 w = 0.06 , _=7 0.65 W = 0.01 = 0.11 
428 66 2 W = 0.13 , = 0.53 w = 0.02 = 0.09 
42B 67 2 w = 0.13 , = 0.36 w = 0.02 = 0.06 
42B 68 , 3 w = '0.08 , = 0.63 w = 0.01 = 0.11 
42B 69 1 d = 0.28 d = 0.05 
42B 70 2 w = 0.69 = 2.18 w = 0.12 = 0.37 
428 71 3 w = 0.07 = 0.36 w = 0.01 = 0.06 
42B 72 1 d = 0.30 d = 0t5 
428 73 2 w = 0.13 1 = 0.25 w = 0 02 1 = 0.04 
42B 74 3 w = 0.10 1 = 0.56 w = 0.02 1 = 0.09 
42B 75 2 w = 0.17 l = 0.40 w = 0.03 1 = 0.07 
42B 76 3 w = 0.08 1 = 0.27 w = 0.01 1 = 0.05 
42B 77 3 w = 0.04 1 = 0.60 w = 0.01 1 = 0.10 
42B 78 3 w = 0.07 l = 0.64/ W = 0.01 1 = 0.11 
428 79 3 w = 0.06 1 = 0.54 w = 0.01 , ~ 0.09 
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FRACTURE FLAW FLAW FRACTOGRAPH ACTUAL 
SPECIMEN 1.0. TYPE FLAW PARAMETERS FLAW PARAMETERS 

0 NUMBER (cm) (1111l ) 

43C 1 1 d = 0.10 d .. 0.02 
43C 2 1 d = 0.08 d A O.Ol 
43C 3 1 d = 0.16 d ,. 0.03 
43C 4 2 w = 0.39 l = 0.48 W .. 0.07 1 = 0.08 
43C 5 3 W .. 0.18 1 :: 0.71 W ,. 0.03 1 ::: 0.12 
43C 6 2 W = 0.23 l = 0.52 W .. 0.04 1 ::: 0.09 
43C 7 3 W ::: 0.04 1 :: 0.28 W :: 0.01 1 ::: 0.05 
43C 8 3 W = 0.06 1 = 0.27 W :: 0.01 1 = 0.05 
43C 9 3 W ::: 0.06 l = 0.49 w':: 0.01 1 = 0.08 
43C\ 10 3 W ::: 0.05' l = 0.27 W :: 0.01 l = 0.05 
43C 11 1 d :: 0.12 l d :: 0.02 

62A 1 2 W :: 0.12 1 = 0.17 \ W :: 0.05 1 = 0.07 
62A 2 3 W :: 0.04 1 = 0.26 W :: 0.02 1 :: 0.11 
62A 3 6 d :: 0.44 d :: 0.18 
62A 4 2 W :: 0.13 1 = 0.30 W = 0.05 , :: Q.12 
62A 5 2 W .. 0.28 1 = 0.-61 w :: 0.12 , = 0.25 
62A 6 1 d ::: 0.14 d :: 0.06 
62A 7 6 d ::: 0.76 d :: 0.31 
62A 8 2 W :: 0.10 l = 0.19 W :: 0.04 = 0.08 
62A 9 2 W :: 0.10 l = 0.14 w :: 0.04 = 0.06 
62A 10 3 W :: 0.08 l = 0.32 w=0'.03 = 0.13 
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 l = 0.18 W :E 0.03 , = 0.07 
62A 14 2 W :: 0.12 l = 0.26 w :: 0.05 l ::: 0.11 
62A 15 2 W :: 0.10 1 = 0.19 'il :: 0.04 1 = 0.08 
62A 16 1 d ::: 0.15 d :: 0.06 
62A 17 2 W :: 0.08 = 0.19 'il :: 0.03 = 0.08 
62A 18 1 d :: 0.13 d :: 0.05 
62A 19 1 d :: 0.12 d :: 0.05 
62A 20 2 'il :: 0.07 l = 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 91 :: 90° n :: 2 91 :: 90° 

wl :: 0.06 '1 :: 0.27 wl :: 0.02 11 :: 0.11 
w2 = 0.04 '2 :: 0.29 w2 ::: 0.02 12 ;: 0i12 

62A 23 3 'il ;: 0.10 1 = 0.33 W :: 0.04 1 = O. 4 
62A ". 24 6 d :: 0.35 d :: 0.15 
62A 25 1 d :: 0.08 d :: 0.03 
62A 26 3 W :: 0.06 l :: 0.39 W :: 0.02 1 = 0.16 
62A' 27 2 W :: 0.08 1 =,0.27 W :: 0.03 1 = 0.11 
62A 28 2 W :: 0.11 , 

? 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 :: 0.04 1 = 0.48 W :: 0.02 l = 0.20 
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FRACTURE FLAW FLAW FRACTOGRAPH ACTUAL 
SPECIMEN I.D. TYPE FLAW PARAMETERS FLAW PARAMETERS 

C NUMBER (cm) (mm) 

"-
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 1 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 ::: 0.07 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 = 0.04 1 ::: 0.12 
62A 38 3 w = 0.12 l :: 0.34 w ::: 0.05 l ::: 0.14 
62A 39 1 d ::: 0.15 d ::: 0.06 
62A 40 1 d ::: "0.16 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 l ::: 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 î = 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 l ::: 0.14 
p2A 49 6 d = 0.42 d ::: 0.17 
62A 50 2 w ::: 0.14 l = 0.70 w = 0.06 1 = 0.29 
62A 51 2 w = 0.15 l = 0.24 w = 0.06 1 ::: 0.10 
62A 52 2 w = 0.10 l = 0.34 w = 0.04 1 = 0.14 -
62A 53 2 w ::: 0.09 1 = 0.30 w = 0.04 1 = 0.12 

V 62A 54 2 w = 0.14 l ::: 0.61 w = 0.06 1 ::: 0.25 
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FRACTURE FRACTOGRAPH CONVERSION 
SPECIMEN MAGNIFICATION FACTOR 

(mn/cm) 

128 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 24 X 0.417 

( 
---./ 

~i Table 5.11 Conversion f~ctors for fractographic 
overviews of fracture surfaces. 
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SAMPLE 
CONSTITUENT 
ELEMENT 

ALUMINUM 

CARBON 

CHROMIUM 

COPPER 
1 

, MANGANESE 

MOLYBDENUM 

NICKEL 

PHOSPHORUS 

SILICON 

SULPHUR 

11 23 ,24 34 44 

0.034% 0.036% 0.036% 0.036% 0.034% 

0.39% 0.38% 0.31% 0.39% \ __ 0.38% 

0.86% 0.85% 0.85% 0.86% 0.85% 

0.14%' 0.13% 0.13% 0.14% 0.1~% 

0.81% 0.79% 0.76% 0.80% 0.79% 

0.21% 0.21% 0.20% 0.21% 0.22% 

1.8Î% 
l 

1.89% 1.83% 1.86% 1.84% 

0.021 % 0.024% 0.018% 0.022% 0.019% 

0.52% 'Ü .53% o • 50%' 0.55% 0.53% 

0.0241. 0.029% 0.016% 0.026% 0.0231. 

Table 5;12 Chemical composition at six loc~tions 
in cast ring gear. 

216 , 
- -, 

) 

1 

\ 

, 

66 

0.041% 

0.36% 

0.85% 

0.13% 

0.77% 

0.21% 

1.83% 

0.021% 

0.51% 

0.022% 

'\ 
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CONSTITUENT MINIMUM COMPOSITION MAXIMUM COMPOSITION ~ VAR IATION 
ELEMENT SAMPLE % COMP. SAMPLE % COMP. Max.-Mi n. x 100 

BLOCK( S) SY WEIGHT SLOCK(S) SY WEIGHT Max. 

ALUMINUM 11,"44 0.034 66 0.041 22.7 

CARBON 24 0.31 Il,34 0.39 20.5 

CHROMIUM 23,24,44,66 0.85 11 ,34 0.86 1.1 

COPPER 23,24,66 0.13 11,34,44 0.14 7.1 

MANGANESE 24 0.76 11 0.81 6.2 

MOLYBDENUM 24 0.20 44 0.22 9.1 

NICKEL 23 1.81 II 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 
fv 

Table 5.13 Maximum and minimum chemical Gomposition 
for elernents investigated. 

o 
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BLOCK 
SIZE 

CATEGORY 

1 

2 

3 

X-RAY X-RAY SINGLE BLOCK NUMBER OF 
DIRECTIO~ 1 DIRECTIO~ 2 X-RAY ~REA BLOCKS PER 
AREA (cm) AREA (cm) (cm) CAJEGORY 

196.0 231.0 427.0 11 
u 

252.8 262.3 515.1 5 

272.3 272.3 544.6 4 

TOTAL 
CATEGORY 
AREA 

Table 5.14 Radiographie inpsection area for 
black size categories 1, 2 and 3. 

• 218 

~ 

CATEGORY 
ARE~ 
(cm) 

4,697,.0 

2,575.5 

2,178.4 

9,450.9 



o 

o 

: BLOCK X-RAY X-RAY X-RAY 
IDENTIFICATION DIRECTION 1 DIRECTION 2 DIRECTION 3 

NUMBER AREA (cm2) AREA (cm2) AREA (cm2) 

1 

23 267.3 198.9 --' 
23L 251.0 151.5 122.6 

64 115.5 270.5 

66 155.0 231.0 

67 2'13.2 204.4 

TOTAL 
BLOCK 
AREA 

~ ,. 

Table 5.15 Radiographie inspection area of steel 
sample blocks nct conforming to three 
size categories. 

'. ~.,._~.jdeWn 
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TOTAL 
AREA PER 

BLOCK (cm2) 

466.2 

525.1 

386.0 

386.0 

417.6 \ 

2,180.9 

~ 
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RADIOGRAPHIC ' NUMBER PROBABILITY* 
INSPECTION OF FLAW OF 
FLAW TYPE 1 ND 1 CAT IONS OCCURRENCE 

1 2 1. 72 x 10-4 

2 8 6.88 x 10-4 

3 25 2.15 x 10-3 

4 11 9.46 x 10-4 

5 9 7.74 x 10-4 

* \ Probability 'calculated on the basis of 11,632 unit 
ar~s radiographically inspected. 

Table 5.16 Probability of occurrence of radiographie 
inspection flaw types. 
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BLOCK 
SIlE 
CATEGORY 

1 

2 

3 

N 
N ...... 

. ~ 

ULTRASONIC INSPE~TION SINGLE BLOCK NUMBER OF 
FACE AREA (cm) ULT. INS~. BLOCKS PER 

A B C AREj(-(cm ) CATEGORY 

196.0 231.0 231.0 658.0 11 

252.8 262.3 262.3 777.4 5 

272 .3 272.3 272 .3 816.9 4 

r~ TOTAL ',! 
CATEGORY 
AREA 

Table 5.17 Ultrasonic inspection area for black 
size categories l, 2. and 3 • 

o 

AREA INSPECT.EO 
PER C~TEGO RY 

(cm) : 

7,238.0 
~ 

3,887.0 

3,267.6 

14,392.6 

~ , 



0 

( BLOCK ULTRASONIC INSPECTION TOTAL 
IDENTIFICATION FACE AREA (cm2) AREA PER 
. NUMBER A B C 0 E BLOCK (1lIT12) 

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 

" TOTAL 
1 BLOCK 3,177.3 

AREA 
JI-

t 

Table 5.18 Ultrasonic Inspection area of steel sample blocks .J not conforming to three size categories. 

" 

D 

.' 

, . 

- '.. 

\. 
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ULTRASONIC NUMBER * PROBAB 1 L1TY 
INSPECTION OF FLAW , OF_ 
FLAW TYPE INDICATIONS OCCURRENCE 

1 47 2.67 x 10-3 

2 84 4.78 x 10-3 

3 73 4.15 x 10-3 

4 37 2.10 x 10-3 

5 17 9.68 x 10-4 

6 26 1.48 x 10- 3 

7 11 6.26 x 10-4' 

8 11 6.26 x 10-4 ' 
-- - -

" 

* ' Probability calculated on the basis of 17,570 
ft unit are'as ultrasonically lnspected • 

. , 

Table 5.19 Probability of occurrence of ultrasonic 
inspection flaw types • 
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-
PROBAB 1 l 1 TV OF % fLAW* PROBABILITY O~ 

TYP,E OCCURRENCE FRO OCCURRENCE FROM VARIATION 
RADIOGRAPHIC INSPECTION ULTRASONIC INSPECTION 

RAO 1 l.72,x 10-4 2.10 x 10-3 
ULT 4 

RAD 2 6.88 x 10-4 9.68 x 10-4 
UlT 5 

RAO 3 2.15 x 10-3 1.48 x 10-3 
ULT 6 

RAO 4 9.46 x 10-4 6.26 x 10-4 
ULT 7 

'-, 

RAD 5 7.74 x 10-4 6.26 x 10-4 
ULT 8 

* RAD = RADIOGRAPHIe INSPECTION DEFECT TYPE, 
UlT = ULTRASONIC INSPECTION DEFECT TYPE 

-::. 

Note: % VARIATION is ealeulated with radiographie inspection 
probabillty assumed as true va1ue. ' 

Table 5.20 Comparison of probability of occùrrence of 
the five common defeet types. 
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FRACTURE FRACTOGRAPH FRACTOGRAPH CONVERSION ACTUAL 
SPECIMEN MAGNIFICATION SURFACE AREA 

(cm2) 
FA~TOR 

(nm Icm2) 
AREA 
(nm2) 

" 

12B 30X 81.6 o .1l10 9.06 

13A 24X 185.4 0.1740 3Z.30 

25B 24X 167.0 0.1740 29.00 

42B 58X 161.5 0.a~96 4.78 

• 43C sax 81.3 0.0296 
/' 

2.41 . 
62A 24X 81.3 0.1740 14.10 

TOTAL 
ACTUAL 91. 70 

, AREA 

. 
Table 5.21 Surface area investigateQ to construct 

microscopie inspection defeet histogram. 

r 

1 

o 
225 



c. 

c 

. . 

MICROSCOPIC NUMBER PROBABILITY* 
INSPECTION OF FLAW OF 

FLAW TYPE INDICATIONS OCCURRENCE 

l 153 1.67 x 10-1 

2 143 1.56 x 10-1 

3 90 9.80 x 10-2 

4 17 1.80 x 10-2 

5 4 4.00 x 10-3 ' 

6 4 4.00 x 10-

* Probability calculated on the bas;s of 917 unit 
areas viewed under the SEM. 

. 
Table 5.22 Probability of occurrence of microscopie 

inspection flaw types • 

.. 

226 

T 



o ~;.\ o 
RADIOGRAPHIC ULTRASONIC COMBINED FLAW DESCRIPTIgN FLAW COMBINED HISTOGR~ 

INSPECTION INSPECTION HISTOGRAM AND PARAMETERS PARAMETER PROBABILITY Ot-
FLAW TYPE FLAW TYPE FlAW TYPE RANGE (cm) OCCURRENCE 

1 1 circular, d d < 0.10 2.67 x 10-3 

2" 2 circular, d 0.1 ~ d < 0.15 4.78 x 10-3 

J 3 3 ciruclar, d 0.15 ~ d < 0.2 4.15 x 10-3 
.-

1 4 4 circular, d 0.2 ~ d < 0.3 2.10 x 10-3 

circular, d 0.3 ~ d < 0.4 9.68 x 10-4, 
~ 

2 5 5 ~ 

-3 6 6 circular, d 0.4 ~ d 2.15 x 10-3 

N 4 7 r rectangular 0.1 ~ w ~ 0.5 9.46 x iQ-4 
N round ends, w, 1 0.2 ~ 1 ~ 0.8 '" 

5 8 k rectangular 0.1 ~ w ~ 0.5 7.74 x 10-4 
round ends, W J l 0.8 < l 

* Circular: -Q-d 

Rectangular round ends: ( )J(w 
\ Fl-i 

Table 5.23 Combined defect histograrn flaw types ~ 
and their probabtlity of occurrence • 

. "-
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.. 
RAD IOGRAPHIC /1 FLAWS /1 FLAWS 

INSPECTION RECORDED RECORDED ... 
FLAW TYPE X-RAY DIR. 1 X-RAY DIR. 2 

1 0 2 

2 0 8 

3 4 21' • 

4 . 3 8 

5 2 6 
J" 

Table 5.24 Number of flaws recorded in the 
two X-ray directions. 
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ULTRASONIC /1 FLAWS /1 FLAWS • ·11 FLAWS 
INSPECTION RECORDED RECORDED RECOROEO 
FLAW TYPE FROM FACE 'A FROM FACE B ·FROM FACE C 

\ 

C. 
'"" 

<f. 1 23 14 10 ., 
2 42 17 25 

3 38 15 20 

4 23 8 6 ( 
,.ft' 

5 5. 12 0 

6 4 8 14 
r 

7 .. 0 3 8 

8 3. 8 0 

/' 

Table ~.25 Number of flaws recorded in the three 
ultrasonic inspection directions. 

.. 

, , 

o 
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èOMBINED 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 o . 100.0 29.4 70.6 0 

6 16.0 84.0 15.4 30.8 . 53.8 

7 27.3 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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APPENDIX A 

CAST STEEL SAMPLE BLOCKS HEAT TREATHENT DETAILS 

Heat Treatment Descriptions - Normallze "and temper 25 cast steel 68225 
sample blocks. 

Heat Treatment: 

1. Charge into cold furnace (one of the two pit furnaces at shop #1). 
Load in 2 or 3 batches. 

2'. Heat at a rate of 100°F /hour maximum up to 1,6500 F 

3. Soak for 7 hours at 1,650 25°F. 

4. Ai r cool to room tempe rature • 

5. Charge lnto cald furnace (shop #l). 

6. Heat at a rate of lOOoF/hour up ta l,200°F. 

7. Soak for 10 hours at 1,200 2SoF. 

8. Air cool to room temperature. 

~l 
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APPENDIX 8 

c LOCATION AND ORIENTATION OF THE FRACTURE SPECIMENS 

a Il ---- -" 
b Q 
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,L _______________ J ______ - ------oi':- -
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Fig. B.1 Sa,mple black 12 fracture specimens. 
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Fi g. B.2 Sample block 13 fracture specimens. 
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Fig. 8.3 Sample block 21 fracture specimens. 
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Fig. 8.4 Sample block 24 fracture specimens. 
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Fig. B.5 Sample black 25 fracturê"-specimens. 
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Fig. B.6 Sample black 32 fracture specimens • 
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Fig. B.7 Sample block 33 fracture specimens. 
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Fig. 8.9 Sample black 43 fracture specimens. 

240 



1 

o 

62 

,J. - - - - - - - - - - - - - - - - - -'- r - - - - - - - - - - - -

r-~-~-~-~-~-~-~-~-~ ~-=-~-:-~-~-:- ~~ 
", 

)- -------------.. ---- ---- -----------
'" '" , / 

: / , / 

:/ 
< 
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APPENOIX C 

STEP-BY-STEP FRACTURE TEST PROCEDURE 

In the follow;ng procedure, it is assumed that the static and 

dynamic cal ibratfons have been performed for all- the el ectronic modu1 es 

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 fa 11 ows: 

-~~/ 
Step 1: Turn the POWER switch of the 436 CONTROL UNIT ta the on 

pos i t f on. 

Step 2: Turn on the POP 11/04 COMPUTER CONSOLE, the TEKTRONIX 410 
1 

GRAPHICS DISPLAY MONITO~, {he DIGITAL OECWRlTER, and the 

TEKTRONIX HARD COPY UNIT. 1 

Step 3: Place the HALT/CONT switch on the POP 11/04 COMPUTER CONSOLE 

to the CONT pos it ; on. 

Step 4: Mount the floppy disk containing the program PULTlM in DRIVE 0 

of the OISK DRIVE unit. 

Step 5: Press the BOOT/INIT switch on the POP 11/04 COMPUTER CONSOLE 

Step 6: 

~ 

to the INIT position, then release ft. 

Verify that the LINE/LOCAL switch of the TEKTRONIX 410 

GRAPHICS OISPLAY MONITOR is in the UNE position. 
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Step 7: Type "OX" on the TEKTRONIX GRAPHIeS OISPLAY MONITOR keyboard. 

Step 8: Type in the current date. (The date must bé input in the 

following form: "DATE 02-FEB-86".) 
~ 

Step 9:' Type "R BASIC". 

Step 10: Type "A" in response to the star. Thi s 10ads a 11 of the 

optiona 1 funct i ans i nta the POP 11/04. Type "NII in response 

ta "DIAGNOST ICS?" if th(!=' hardware di agnostics are not 
0' 

requi red. 

Step 11: When "USER FNS LOADEO" i s di sp 1 ayed on, the TEKTRONIX GRAPHICS 

OISPLAY MONITOR fo11 owed by IIREAOy lI
, load the cpntrol1 ing 

program.PULTlM by typing "0LO PULT1M Il
• The program is ready. 

ta run when the "READY" signal is di'Sp1ayed. 

J 

Step 12: Turn on the cool ing water supply of the HYDRAULIC PRESSURE ,~ 
\ . 

SUPPL Y (HPS). 
, 

.' 

. Step 13: Turn on the power of the HPS. 

• 1 

Step 14: Move the ERROR SWITCH of the 442 CONTROLLER into the O.C'. 

ERROR POSITION. 
1' 

• 
1 

Step 15:·--Adjust the ZERO dial on the OC lOAO CONDITIONER ta 500. 
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Step 16: Select RANGE 1 on the D.C. LOAD CONDITIONER. 

Step 17: Select 100% STROKE CONTROL by depressing the STROKEt% FS 

buttan on the 442 CONTROlLER and selecting RANGE 1 on the A.C. 

STROKE CONOITIONER. 

Step lS: Adjust the SET POINT d;~l on the 442 CONTROLLER ta null the 

O.C. ERROR METER. (THIS ENSURES NO DRIVE SIGNAL IS SENT TO 

THE SERVOVALVES WHICH CONTROL THE HYDRAULIC FLUIO FLOW OF THE 

ACTUATOR. THIS STEP MUST BE FOLLOWEO EVERY TIME THE HYORAULIC 

SYSTEM IS ACTI VATED.) Press the INTERLOCK RESET button on the 

442 CONTROLLER. 

Step 19: Dep~ess the LO~ buttan on the 436 'CONTROL UNIT ta activate the 

HPS LOW PRESSURE • 

. Step 20: Depress the HIGH button on the 436 CONTROL UNIT to act i v~te 

the HPS HIGH ·PRESSURE. 

Step 21: Select a 1 Hz sine wave on the 436 CONTROL UNIT. 

<' 

Step.22: Adjust SPAN 1 on the 442 CONTROLLER ta O. Depress the RUN 11 

butto" on the 436 CONTROL UNIT and slowly increase the SPAN 1 

di alto 100. let the hydraul; c system warm up for 30 minutes. 

If the SPAN 1 cannot be increased ta 100 without the lower 

gr i P con t-a c t i il 9 , the u pp. erg ri p, the n the cr a s s h e a d mus t b e 

raised. Ta raise the crasshead execute Steps 33 through 37 
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and proceed ta step 23. 

Step 23: Return the SPAN 1 dial ta 0 and depress the STOP switch on the 

Step 24: 

Step 25: 

Step 26: 

S'tep' 27: 

Step 28: 

Step 29: 

Step 30: 

,'" , 

Step. 31: 

1 Step 3l: 

436 CONTROL UNIT. 

Press the LOW button ta move the HPS ta low pressure. 

Turn the HPS off by d~pressi ~ the HYD OFF button on the 436 

CONTROL UNIT. 

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 ta null the D.C. ERROR METER. 

Depress the INTERLOCK RESET buttan on the 442 CONTROLLER. 

'-

Activate the HPS low pressure by depressing the LOW button on 

the 436 CONTROL UNIT. 

Acti vate the HPS high pressure by depressing the HIGH button 

on the 436 CONTROL UNIT. \<> 

-~ .. "-
Adjust the SET POINT to 500. (The stroke, as indicatèd 

thr.ough input 3 of the DIGITAL DISPLAY, should read 0.00; 

otherwise, the servovalve electronic balance procedure must be 

245 
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followed. ) 

Ste,p 33: Close the UP and DOWN hand val ves on the CROSSHEAD LIFT , 

CONTROL MANIFOLD. 

Step 34: $witch the CROSSHEAD LOCK control to the UNLOCK POSITION. 

Step 35: Wait at least 5 seconds to allow the hydraulic fluid in the 

HYDRAULIC LOCKS to return to a condition of zero pressure. 

Step 36: Open the UP hand va l ve to move the' CROSSHEAD up 50 that the 

_ UPPER GRIP is 5ufficlently far away from the LOWER GRIP to 

fac il i tate speci men mount i ng. Once the CROSSHEAD i 5 a t the 

appropriate height, close the UP hand valve. 

Step 37: Sw;tch the CROSSHEAD LOCK CONTROL to the LOCK POSITION. 
, 

, 

Step 38: Ope n t h e~ U P P ERG R 1 PRE L E AS E val v e 0 n thé -. H Y DRA U LIe GR 1 P 
o 

~RESSURE SUPPLY CONSOLE, leave open for approximately 5 

seconds then close. Thi5 ensures the grip is fully open. 

Step 39: Insert the specimen i nto the UPPER GRIP wi th at l east 3.0 cm 

of the specimen in the grip. 

Step 40: Open the UPPER GRIP PRESSURE VALVE, 1 eave open for 

approximately 10 seconds then ClOS] 

, 

\ 
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Step 41: Select INPUT 1 on the 430 DIGITAL DISPLAY to determlne if the 

LOAD CELL i s zeroed. 1 f the readout i s not 0.00, the 10ad 

cell must be zeroed fol10wlng the procedure in Step 42. If 

the LOAD CELL i s al ready zeroed, se 1 ect 1 NPUT 3 on' the 430 
\ \ DIGITAL DISPLAY, turn the HPS qff, and proceed to Step 43. 

Step 42: Zero the LOAD CELL using the fol~owing 'procedure: 

a) Return the HPS to LOW pressure. 

b) Turn the HPS off. 

c) Select LOADt% FS range on the 442 CONTROLLER. 

d) Note the settlng of GAIN 1 on the FEEDBACK SELECTOR. 

Turn GAIN 1 ta maximum. 

e) Reduce the commands of the SPAN controls to O. 

f) Adjust the SET POINT to 500. 

g) AdJust the ZERO dial on the D.C. LOAD CONDITIONER to 

zero the digltal readout whlle monltorlng lnput 1. 

h) Return GAIN 1 on the FEEBACK SELECTOR to lts ilJitial 

settlng. 

i) Select INPUT 3 on the 430 DIGITAL DISPlAY. 

1tep 43: Wi th the HPS off, se 1 ect 10% STROKE CONTROL by press; ng the 

STROKEi% FS button on the 442 CONTROLLER and selectlng RANGE 

4 on the AC STROKE COND 1 T 1 ONER. 

Step 44: AdJust the SET POINT to null the D.C. ERROR METER. 
1 

Step 45: Depress the INTERLOCK RESET button • 
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Step 46: Activate the HPS LOW pressure. 
, " 

Step 47: Activate the HPS HIGH pressure. 

Step 48: Adjust the SET POINT 50 that the STROKE readcut (INPUT 3 on 

the DIGITAL DISPLAY) is 0.00. The SET POINT should indicate 

500. 

Step 49: Open the Lm.zER GR 1 P RELEASE V AL V E on the HYDRAULI C GR 1 P 

PRESSURE SUPPL Y CONSOLE, leave open for approximately 5 

seconds to fully open th~ grip, then close. 

Step 50: Switch the CROSSHEAD LOCK ~ONTROL ta the UNLOCK p~sition. 

. . 
Step 51: Open the DOWN hand val ve to lower the crosshead 50 that at 

Step 52: 

Step 53: 
..J 

least 3.0 cm of the specimèn will be ,in the lower grip. 

Switch the CROSSHEAO LOCK control to the LOCK POSITION. 

Close the LOWER GRIP by opening the-LOWER GRIP PRESSURE VALVE 
, , 

on the HYORAULIC PRESSURE CONTROL CONSOLE, leave open for 
, , 

" l, 

approximately 5 seconds ta ensure the- grip is fullV closed, 

then close the valve. 

Step 54: Return the HPS ta low pressure then off~ 
, 

1 
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Step 55: Move the system into 100% LOAD CONTROL by pressing the LOAD 

:%FS RANGE button on the 442 CONTROLLER. 

Step 56: Be su re the D.C. ERROR METER i s nu l l ed and pres s the 1 NTERLOCK 

RESET button. 

Step 57: Select INPUT l on the 430 DIGITAL DISPLAY. 

Step 58: Activate low, then high pressure of the HPS. 

Step 59: Open the ALIGNMENT RELEASE VALVE for 5 seconds then close. 

Step 60: 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 (lkN = 0.10 volts). 

Step 61: Open the ALIGNMENT Pr.ESSURE VALVE with the lkN tensile load 

applied. Leave open for 5 seconds then close. 

Step 62: Adjust the load back ta 0 by turning the SET POINT whi 1 e 

monitoring INPUT 1 of the DIGITAL DISPLAY. 

Step 63: 

Step 64: 

( 

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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readout is not 0.00, the STROKE TRANSDUCER must be zeroed 

fo 11 owi ng the procedure in Step 65. Tf the STROKE TRANSDUCER 

1s zeroed then proceed ta Step 66. 

Step 65: Zero the STROKE TRANSDUCER in the fol1owing manner: 

a) With the system in 10% STROKE CONTROL, note the setting 

of GAIN 3 on the FEEOBACK SELECTOR, then adjust to 

maximum gain. 

b} Reduce the SPAN controls on the 442 CONTROLLER to O. 

c) Adjust the SET POINT ta 500. 

d} AdJust the ZERO control on the A.C. STROKE CONOITIONER 

to ZERO the STROKE readout. (INPUT 3 on the DI.GITAL 

OISPLAY) • 

e} Return GAIN 3 back to its imtial value. 

Step 66: AdJust the UPPER and LOWER STROKE LIMITS on the' LIM'!'T DETECTOR 

to 800 and se 1 ect the 1 NTERLOCK pos i t i dn of the STROKE 

1 NTERLOCK/INDICATE/ PROGRAM togg 1 e swi tch. A 1 sa, mo v e the 

STROKE UPPER POLARITY toggle switch to the +VE position. Move 

the STROKE LOWER POLARITY toggle switch ta the -VE position. 

Step 67: Move the REMOTE/LOCAL sWltch on the FEEDBACK SELECTOR to the 

REMOTE positlon and verify that al1 the FEEDBACK SELECTOR 

GAINS are back to their initial values. 

Step 68: Oepress the INTERLOCK RESET button. 
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~vate the HPS LOW pressure. 

Step 70: Activate the HPS HIGH pressure. 

Step 71: With the HPS in the high pre~sure mode, adJust the SET POINT 

ta 500 ta zero the STROKE readout lndicated on the DIGITAL 

DISPLAY. 

Select INPUT Ion the DIGITAL READOUT. With full hydraulic 

pressure applied, the SET POINT at 500, and the SPAN controls 

at.O" adjust the ZERO on the A.C. STROKE CONDITIONER ta ZERO 
. '" \ 

the LOAD on the specimen as indlcated by the INPUT 1 readout. 
1 

This w; 11 not affect the zero of the STROKE transducer as long 

as the HPS is activated. 

Step 73: Select INPUT 3 on the DIGITAL DISPLAY. 

Step 74: Record the initial stroke readings in terms of the STROKE 

TRANSDUCER output voltage (INPUT 1 of the DIGITAL DISPLAY) and 

the actua1 physica1 position. 

Step 75: Type "RUN II on the TEKTRONIX GRAPHIeS MONITOR KEYBOARD to 
, ~ 

ihitlate execution of PULTIM. 

Step 76: When the test is completed record the flnal stroke position of 

the lower grip and the output of the STROKE TRANSDUCER. 

Step 77: Return the HPS to LOW pressure. 
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Step 78: Depress the STOP but ton on the 436 CONTROL UNIT. 

Step 79: Turn off the HPS. 

Step 80: Return the REMOTEf.LOCAL sw;tch on the FEEOBACK SELECTOR to the 

LOCAL pos it i on. 

Step 81: Select 100% STROKE CONTROL by depressing the STROKE~% FS 

button on the 442 control 1er and selecting RANGE 1 on the A.C. 

STROKE CONDITIONER. 

Step 82: AdJust th~ SET POINT ta null the D.C. ERROR METER and depress 

the INTERLOCK RESET button. 

Step 83: Set SPAN 1 TO O. 

Step 84: Activate LOW pressure of the HPS. Activate HIGH pressure of 

the HP S. 

Step 85: Increase the SET POINT to move the LOWER GRIP down. 

Step 86: Open the HEAD ALIGNMENT RELEASE VALVE, 1 eave open for 

approximately 5 seconds, then close. 

Step 87: Open the LOWER GRIP RELEASE VALVE and remove the lower half of 

the fractured specimen then close the valve. 
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Step 88: Open the UPPER GRIP RELEASE VALVE an.d remove the upper ha l f 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 

coo 1 i ng wat~ rand proceed to Step 90. 

. 
Step 90: Remove the f1 oppy disk from the disk dri ve. Turn off the 

components listed in Step 2. 

'\ 

253 

) 

. , 

"-.. 
\ 



APPENDIX D 

4t: MiS CONTROL PROGRAM PUlTl" AND INTERACTIVE TEST OUTPUT 

0.1 MTS CONTROL PROGRAM. 

~UlTIH Ol-FEB-86 HT5 onSle V01B-02C 

lO COMMON rd (400) ,R~(400) ,R3(400) ,lOl,EOS,SOS,A\}'5,DOS,GO,Ti,lH, T 1 ,';'? .. ,I, 1 

!O COHMON DO,1\9 
100 PF\INT 'THIS H,OOI'AM ['EFOr-MS ,i TEST ITE:.M IN leAD OR SH,UI\F CnIHF\OL" 
:10 PRINT 'F"ON ,iN INITI,îl lOAD 0'': STI;OI\E OF ZERO TU A MAXIMUM lU(')}I • 
l20 FR 1 N r 'or, S TkOI\E SElEC Tnl BY THE Of- ERA rOh ( UF TO FULL ~C{\l[ UJnll' 
':30 F'RINT 'Of, S TkOI\E ) IN n TIME SI- r:r.IFIED [iY THE OF'EhIHOh,' 
140 PRINT 'THI'OUGHOUr THE TEST, LOAD AND STROI\E DnTA POINTS' 
l50 PRINT 'A"E STORED. AT THE CONCLUSION OF THE TEST, THC GIU"l LI LotH", 
l60 PRINT 'FOINTS ARE PI;INTED IN A TABLE; lOAD I-OINTS AhE lllVIfIDI bY" 

170 PRINT "SPECIMEN AREA AND DISPlAYE[r IN UNITS Dr srRESS.rHI: IJfLW"rIII,' 
t80 F'RINT "MAY REOUEST TH,H THE DATA [jE 5TOF\ED ON DISI\ ANII HF HiiS Jill. • 
190 PRINT "OPTION Ta CHAIN THIS r"IWGf\AM Ta THE:. GR.il'HIC f'I,()(,I'AM 'PUl l," , 

200 F'RINT 'WHICH WILL FEI;rUl~M A DETAILECI tiNAlYSlS 01' IHC LIAI,) 1)FII,dJ,-I' • 
210 PRINT "IN THIS FROGh~M,"FRINT \FRlNT 
~20 PF.INT '*****-* SHOULV )OU f-'RnTr; NOT UII'dtHNG WIll! 'f-IJLl2' ~'ff'tH' 

!30 PRINT 'U***1r: BE su!.!: l'OU F\EllUE3T STUUNb OF rHL li"II', I:Hi'''' 
'31 PRINT '****** [r" FurdHEf, ANI~LYSlS IS rd:':l1IJIhCli .1.t"': " 
!3:5 01 $: 'STILL HAS AN OFrs[ T OF '\I:I\INT 
..'41 fRINT 'YOU MAY TUF\N ON THL HYDI--:()ULI(.S, ZEI,Ll TH[ SlhlJl\C.' 
242 FRÜH 'TI;ANSDUCCI" MlllliH 'JF[(.LHlN rN Uf H." l.rdl • lI'dl Till:.' 
'45 H.INT 'LOAfI CEU, ,iNI' t'I r.Mf SF-ECI/1EN IN LUWII, "idl' / 
~4'; FFd/F \IRHH 'Tur,N ON HAhD cor (IHl(l,',lIltJI \/,II';IH' ',,'1\) 

'ÔO [IIM ':(3) 
'IC) FFdrH "'IHER [lATE 01- lEST (Dr''tY-MUlHH-YL,'\fd';\IUlIII 11,"1 

2t:lO FF.INT '[IATE IS ';r.o,,;', IS TH,'\T Cllld,lLI (1'[!J-IW,';\[NIIII ,,', 
:'>'0 IF s, 'YESo THI'.N IF:,$ 'NU' rH[r~ 200 
100 IF S'='NO' HIEN 270 
\10 F'RINT '[10 YOU F';EFr:h III CllNl.UI r Ti~L H'31 IiJ '-in,III,! l.ùlHhOL' :\lNI'L' l'''' 
320 IF MS 'NO' THEN IF ,'10 "tl'J' ;~IIU ,1\',[1 MS")' " IIIHI 1,1I',IIl' ,,,),, 
330 los-='t\r~' 

HO t't;INT 'ENTEr; LOAD R,~NGE (IN I\N)';\UJFUT L1 
360 SO'~'MM'\EO$='MM/MM' 
\70 PRINT 'ENTER STI\Ol\rvrr-ANGE (IN MM,)',\lWlJl SI 
')20 PF\ 1 NT 'EN rEr, NOT CH ,'\kE,i (~JlUr.l" MM,,'; \ 1 NI III L'v 
1JO Ao~~'sa,M.'\AI-VO/l,00000E.06 
160 FfdNT \rRINT 'TIME MAY ~.~N(jE FrdJM ('.:" ro :':04/ ~I,L, ' 
170 S$=' 5T1\0I,E '\IF M'='NO' THEt~ MSW1(O>'h"·" lO,il1 ' 
500 PI\'INT 'I:.NTU, TIME Fur, "Mil· Fh.IJM 0 TU M,î>';~,i;,·(SI:.L)' ;\lNl-IJI fl 
~10 T=INr<r1l200*100)\IF M$"'-'NO' TUEN MSWl(ù) 
:;20 C(1)~INT(4095/C:!*T1) ,\T1-=4.)'7'·;/_'/(:( 1) 

;JO IF C( 1) ""1 THEN ';50 
:;40 PRINT 'I\AMF' TIMI'. rua UJN(,'\GO ra 460 
ï50 IF C (1) 40<J6 Tlll:.N :j70 
,60 Ph IN T 'I,AMF T IME TOU ',HOR T' ',GU TU 460 
;70 f-'RINT 'RANF' TINE WILL BI'.'; ft; 'SEeOlHlS· 
S70 F'RINT \f'RINT 'PlEASE ZERll ALl TRAWWUI;E,,~; rîT IH1'3 Tll1f:" 
sao PI\INT 'TO ASSIST YOll IN VOING TIliS l WILL f kItH UJI'tli ANll ' 
~90 F'fi.INT 'Srr,OI\E ABOUT E.VERY SECONII FOI, 1 0 ~l',I;IJi'HlS' 

100 PRINT \1 RrNT ' lOAD',' 5TROI\[' 
110 F'fi.INT ' (VOLTS)',' (VOLTS)" 
120 fOI--: J =1 10 10 
'JO DACU(O,ll,0,0)\UAEO(O,lJ,~.0) 
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, 

0 

740 
7:50 
770 
790 
790 
1310 
t3::?O 
860 
870 
890 
900 

PRINT Zl*10/~047,l3.10/2047 
fOR J=l Ta 1000\NEXT J\NE~r 
PRINT 'WOULD YOU LII\E la T"Y lH,~T ,"IG.~lN (YE~-NO) ';\INF'IJI SOS 
IF S$='YES' THEN 700 
IF ABS(Zl) -20 THEN GOSUD 8000\ll~.5 
IF AUS(Z3)'20 THEN GOSUB 8020\lt~,~ 
IF Zl .5 THEN 890 

!' 

Pf;.INT 'ARE YOU SURE YOU WANT TO STIiRT TESTING (YES-NIl) ';'dNlUI :'~ 

IF S$='NO' THEN 700\IF S'f> 'YES' rHEN B60 
Fl=2047\IF M$='YES' THEN GOSUD 7020\Ml~~\GO rn ~~O 
Ff\INT '[JO YOU WANT THE h:i'IMP ro sru~ l<ErUf'E l'l, LO,~lI';\[NfU' 'd, 

910 
920 
'130 
940 

IF S$ 'NO' THEN FldtH 'uwur /'\,'\X LUAII (I\(n';\H~I'Ul ~L\~'l ..!<)ol:"1 i/I' 
PfdNT 'PUSH 'f;.UN' SW[TCH ON CUNThOL UtHl AND A[lllJ~r 'srM~' ID lO,O') 
Pf\INT 'SET SAFETY INTEf'LOCI\S ,~i~(r' kErUI,N rn Ch:r' ;\INllIl 'i$ 
C(2)=Pl\C(3)=Pl\C'3\QUIT\FGl(O) 

950 DACO(3,Rl,0,T)\UACO(6,f'3,~,0) 
970 CN rf;. (3) \F HYL ( 100, 'i' 75, ~~, -",ïO) 

980 CNTR(5)\PRINT ,'SFELIMEN : 'S9'r., 'l't\fC : '1I0'~ 

990SCALCO,0,Sl,O,Ll) 
1000 LABL('ST~O~E,MM·,'kOAD.~N·,Sl/5,Ll/~,0) 
1010 LABL(Sl/10,Ll/10,3)\scnL(0,O,~0~1,0,2047)\IF Ml~O THEN ~UrN(JOoo.l) 
1030 EDMP\FG1(C,1,7,7) 
1070 TIME(100)\BUrNCl)\STA~\I=0 
lu75 IF [,3=1 THioN to7Lj\~Lùr(ld("1)rfd("1»\I-IH 

1080 IF rdH/IOO 1.0S'Hl IHEI~ r.'-Il,uO III HIO 
1090 IF "1 400 THt.:N S[lMI d,L'n'''1 L,?=.) IHU-- 1')/~1 

1100 T~=Rl*r/l00 
1110 OUIT\[IUrN(-t)\GOSU!.1 <,,,)OO\LNT"( ~I,H MI-2 rHl:.tJ 1.!11 
1120 FRINT 'r WILL MAINrMr. CUIHI,LlL r.r rHE CUh"lNr V"LIJ1' 
1130 FRINT '[ID YOU W/~NI rD RFrUhtl ru 1I11~ ',II"1hlING ltJ''\1I V'lLllL " 
1140 INFur So 
11::10 Ir S$~'NO' rHEN L!\O\lI- 3$ 'YF',' IflFN llW 
II 70 ','1SW 1 «()\C ( 1 ) - ( 1 1 2* ,2'» *40 • ?'j ,L ( ...: \ -O\C ( J l ,0 d':- S 
l~OO FG1(CrI,7,7) 
1:'10 [IUI1(XldF X =0 fHlfl,l"':lO 
1211 FOI, 1'1 ro Rl\rd<L)-U(ll~l.l/"':()'ll 

f\3(I)=hJ(I)*Sl/2047\NEXI l L~l~ 
1215 
1~16 

L218 
1220 
1230 
12UO 
1290 
1300 
1310 
1320 
L330 
L340 

FfdNT 'WllUL[I YOU '-1"[ ro IIFCI,III!,l rHI SfA,! III, THE SThOI\,' 
Pf;. IIJf 'SCALE ON THE UJAD I)S. 5 T~lII\E f- LlI; • ; \ J ::F U 1 ~ $.0 
IF l'd ~'NO' THEN 1230\ iF ho; • fC:~i' THEN l::l~ 
GOSU[' 80JO 
FOh 1-1 Ta rd\"l(I) fd(1\/,"Il\NI:.XI 
FFdNr '~)[l.[Cf 'LOC'IL' ON IHl: 'LlJri1L-LINL' ',W(TLH rllCN f-Id-',~ LI, 
Ff;.INr 'rELETYFE rD UE'rAIN IH~ fAIlLI UI IIAfI! 1I11NTj';dNllJT ~$ 

PhINT 'SPECIMEN : ';S9S\F'ldNT \l'fdNl • r lM!::', 
P~INT ' srhESS'.'Sff;.O~~' 
FFdNf ' <',EC,I','('Xl.ù'f,X.'I'M\O$li')','('li~,()$li')'\l-ldNI 

FO" I=l rD 'i\FrdNT ;l*T/IOO,ld(l),ld<!l\HE,<T l 
FOf;. I=10 ra hl STEF :';\lldNl ;Ucf/lt)O,h1(l),ld'II\NI:xr 1 

lm' 

13~O IF 1 f;.1 rHEN FFdNT ir,Uf/lOOrfd(ld),,,S(fd)\H l,Y () IIHN Jo\1') ~ 

1370 
1380 
1385 
1390 
1410 
,420 
1430 
144ü 
14'30 
1460 
1470 
l480 
l520 
L540 
'570 
,51"'0 

f'f;. INT 'CON n,DL WAS ~w [ ru Il':[1 1 U S T~UIŒ AF TEl, ' ; T / 1')0*1\';; • su Illlllb, ' 
r~INr 'Ar THIS TIMË, LOt'\lI WAS';CO*Ll/:?()4nLO~, 
FRINT " srr-ESS WAS';rd("';),LO$&'/'~t'hH;', , 
Ff;.INT 'ST"O~E WAS'iC~*Sl/~047iSO$; 
F'f;.INr 'rOr,"IL lIUf,ATllll~ or rEST WI)S'; [:'-i'C,[LIltIllS, , 
Ff;.INf \FldlH 'NOW bU [IAC,I\ Tû '1 IHL' THI:.N 1'''loS!'' Il. "N IIIL 1Er,MIN/iL • 
WF UT 51-
rr,INT 'SHOULl' 1 F!.!]I rHf: [IArt, • ;\IIH-UT l,,\> 
Fil fl (100,'1/'..1,3:::..7::'0) 
L9'-O\S9=0 
FOI' 1=1 ra rd 
IF l'I ~hl('r) HIEN l:';..!O\L'/'''I! [) 
IF S9 -;Id{l) rHEN 1510\:,'/-okS,:, 
NEXT I\L8-'L'7~,U \IF r t; -'~I(j' fliEN 1 ,,;Ji) 

N9=L9\GOSUB ~800\L9 ~y 
N9=S'7' Gosur. 'Jlloo\sr,> -llY 
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, 
1 

1600 
1610 
1620 
1630 
1640 
1675 
1680 
1690 
1700 
1710 
Ino 
1730 
1760 
1850 
3000 
JOI0 
30::!0 
:JOOO 
'j010 
5300 
':;310 
j-100 
::;410 

.:i4::!O 
.~430 
':i450 
':;470 

SCAL<0,0,SY,0,L9) 
C:NTfHJ)\CNTR(~)\prdNT ,"SPECIMEN: ';S9$,"DATE:";DOS 
L~L("ST~OKE ,",SO$,"STRESS ,"~LO~&"I"'AO$,S9/5,L9/S,0) 
LABL(S9/10,L9/10,3) . 
FOR 1=1 Ta Rl\PLOr(R3(I),Rl(I»\NEXT I\GOSU~ 6000 0 
PRINT.'SHOULD 1 SAVE THE DATA 'j\INPUT [1$ 

IF [lS='NO' THEN 1700 
IF [1$ 'YES' THEN 161::;\TS~"YES"\GOSUB 5400 
F'Ii:INT "DO YOU WANT TO CHAIN THIS PROGRAM WHH' 
PRINT 'THE GRAPHIC Pr-OGRAM ~PULr::!'";\rNPUr S$ 
IF 5$ 'YES" THEN IF 5$' "NO' THEN 1700 
If Sl='YES' THEN 18~0 
STOf' 
CHAIN 'UXO:PULT::!.BAS" LINE ~O 

BUTNC-l)\MSWl(~,C2)\Hl=~ 

cc 1 )"'Irlr(40'1~/(2HU( l-(C:YJO'//») )\I,GIIC.J ,7,7) 

- . 

R9 -:R 1 \{; 0-=" 1 (R 1 ) \ ri' III (10 ~,,9+409::;1 ~ 1 IN T (C (1 ) 1 \lllJ rN 
PRINT~"WHEN YOU HAVE LOMFLETED_ rHIS, rY~E ~ CARI\[AGE 
INF'UT S.5\RETU"-N 

"1-.1 ur,N .; 

PRINT "ENTER SPECIMEN NAHE (FIRST CHAI\ACrEh LS A F,"; 
f'''INT "6 CHA'" MAXIHUM)';\INf-Ur S9S\hETUI\N 
PRINT 'INsrALL A DAT() [1151\ IN OX1' i\INFIIf ~1J.. 
OF EN "[IX 1: 'iS9~ FOh OUTE lJ r AS FILE n nounLE BUl­
F~INr tl:fil\FOR I~l ru ~1 

l 

FJ;INT tl:'Rl(I)\fRINT U:fi2({)\f-I,lNI tl:h3([)\NE:<T 1 
IF Ml=O THEN RY~fil 
FRINT 'l:LO~\rfiINT tl:EOt\rr;.INT ~1:S0$\f-filNr Jl:AO$ 

< 
'J480 PRINT "tl!['O'l\Fr;.INr Il:C(''f'ldNT n: T$\Fr;.Il~l Il:rl 
··S48~ FRINT 1 1:L8\FfiINT tl:r.O'f-'ldNr t1:f<'l\I.LU~1:. Il'fŒTl/f\1J 

:Jaoo N9=lNr(N9lJlO-(INr(1-LOGl()UN»)~,'J)/(10 (INTCI-LllI,ll1(N'I») 
~810 N9=N9~(10-IINr(LOGI0IN9»»\hErURN 
6000 CNTr- ( 4) 

6010 FOr;. I~l ru 800\J=SINII)\NE)T 1 
6020 CNTh(3)\hErURN 

-,7000 prd~r ·SwrrCH IIYft/;'AULIC OFF fO Fur HACH[NL IN smOhE COI'IThUL • 
7005 Fr. 1 NT ° AND FEEDI:'ACh SELEC fUr;. ra "EMO TE ° ; \ 1 NF UT S$ \l'h; NI 
701V.F'~INr 'rlJ~N HYI'hAULIC ON°;\lNF'UT S$\hI:.IUhN 

.. 

10::!0 PI\HH 'FUSH °RUN' ON l':OrHI\OL UNIT, AlIJUSf 5PAi~ / (IR M(,XIIIIIM ~>lI\UI\E' 

.7030 F f\ INT • [lES I1\E[I AN[I INI-'U T SF AN VALUE (i; UF S rr;.Ol\E I.ANGI·) ~ • 
7040 INfUT F~\RETUr;.N 

8000 I-RINT 'LOA[I "&nl.iZl*10/~047i"VOLTS"\RETUI\N 

80::!0 FI\INT 'STI\Ol\E "&Ul$;ZJ*10IJ041;"VOLTS"\I\ETUhN 
80~0 PHYL(100,975,5~,1~O) 

8060 L9=0\S9=0 
8070 FOR I~l Ta RI 
8080 IF L9 =hl(I) THEN 80~0\L9=hl(1) 
8090 IF 59 ~rd ( 1) THF N ')<)OO\~;') h.3 ( 1 ) 
9000 NExr r,LH-L? 
9010 N9=L 9\GOSUB ~800\t:Y"!.N9 -- -- - - -
'}020 N9=S9\GOSUB 5800\5', -d'Y 
9030 SCAL(0,0,S9,O,L~) 
9040 CNTf\(3)\CNTh(~,',.i'[,~r ,"SfECINEIJ: ";S'IS;'UnrE :';l/O" 
9050 LABL("STRO~E,HH','LOAU,hN",S9/~.LY/5,ù) 
9060 LABL(S9/10,L9/10,3) 
9070 FOR 1=1 Ta Rl\FLOrIR3([),Rl(I»\NExr I\G0~UU 6000 
9080 RETURN 

F;EAO'( 
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RUN 

PUL T Hl 10-FEB-86" NTS BHS 1 C U018-02C 
, , 

,TH 1 S PROGRAM OEFOR~lS H TES T l Tr:~l i t ~ LOHO OR ~,TROVE eOt npOL 
iFPON AN INITIAL LOHD OR STROf':E OF ZERO TO HI t1fi~';It'lUf'1 LOfiO 
1 OF~ S TROKE SELECTED B'; THE OPEF'H TOP ( UP TO FULL ~;CfiLE LOHO ~ 

OP. STROkE ) IH À TI~lE SF'ECIFIEO E! .... THE OPEPi-fTOP. 
THP.OUGHOUT THE TEST .' LOAD i-ft ~[I S TROVE OH TA PO 1 HTS 
~PE STOREO. AT THE CONCLUSION OF THE TEST, THE STOPEO DATA 
püI~~T::' tiRE PRIHTED IN A TABLE; LOAD po It H<;;; HÂE OIUIOED B'.' 
'3PEC Ir'lEt~ AREA AND DISPUi'l'ED I~~ IJtnr:; Of STP.E~.s THE OPEPHTOP 
t'lHY RE[~!,JEST THAT THE DATR BE ~.TOPE[t Ot4 Olt," Ht~9: HE HA':. THE 
OPTIOt~ 'rO .CHHIN THIS PROGF.:HM TO THE GRAPHI C ,PF'OGPAf1 'F'UL T2' 
!·JHICH l·JILL PERFORN H OËTHILED HNHt'(SI~, OF THE DfiTH OBTHIt~ED 
U~ THI S; PROGF:AN, ,;' ,.,., \' 

.t:,*,*t*-* SHOULO 'l'OU F'REFEf;;' HOT CHf-tltfING ~,HTH 'PULT2'-

.f,:*;t.;t:f,*., BE SURE 'l'OU ~'EOUEST ~:TOF.'ING Of: THE OHTH 
**:t..t:* tIF FUF~THE~: fit ~fiL ".''=,1 SI:' PEaU 1 RED .. 

" 

'* ~ .t . .tfl 
**~:.t '*,'* 
~;.t *-* *'*. 

YOU r'1~rt' ACT 1 lJ~.lTE THE HYDRfiULI CS . NOU~~T SPEC 1 ~lEN It·~ UPPER 
GR'! P J ~p.o THE LOH[I CELL., CLANF' SPEC U'lEH It-.l LOWEP G~' 1 P , 
TURt-4 OFF THE H~t(JRAUL 1 CS" ZERO THE STROKE TF.:ANSOUCEF', REAC TIl JF-tTE 
THE HVORAULICSJ AND ZERO THE HPPLIED LOAD USING THE STF'O.~E' Z:ERO 

, 

TURN ON HARD COPY UNIT, . 

~NTEP ~PECIMEN NAMË (FIRST CHARACTER 18 H P/6 CHAR MAXIMUM~?P24~ 
Et~TER DATE OF TEST <: OAY-t10NTH-'IEAR )?03-FEB-86 
DATE IS 03-FEB-86. 19 THAT CORRECT (YES-NO)?YES 
DO YOU PREFER TO CONoueT THE TEST IN STROKE COHTROL?YES 
SW 1 TeH H\t:DRAUL 1 C OFF TO PUT t'lACHI NE 1 N STROI<Ë CO~HROL 

,AND FEEOSACK SELECTOR TO REf10TE? 
f u a 

, J ..... 
'rJ , 

• 
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( , 

, .' 

1) , 

" 

TURt~ HYDRAUL 1 C Ot~·~ 
Et~TER LOAO RAHGE ( It ~ n~ Y:L ~30 
ENTER STROKE RANGE 1.. 1 N ~m. >7'1 ü 
Et~TER HOTCH AREA CSQUHF:E ~1f,t. '?58, 8 

TINE r'lA'i' RAHGE FROl'l 0 5 TO 2047 ~:EC 

".j -. 

ENTER TIME FOR RAMP FPOM (1 TO M~~ STRO~E (SEC)?30 
F:Af'lP TIt'lE WILL BE 30. l1e13' SEC Otm':, " 
. 

PLEHSE ::ERO t-iLL TRHNSDUCE~:S ~T THI~. TU1E ' 
TO ASSI~=.T 'tOU· IN DOING TH!':' 1 l,JILL PF~Hn LORD Htm 
-:;TF:(W.~ HBOUT E' JEF'Y SfCOt'ID FOF~ 1 (1 SECOtmS , 

LORD STPOKE 
.:. l,IOL TS :-- ( 'JOL T8 .> 
o -4. 88520E-03 
a et 
o -(1 
4,88520E-03 488520E-03 
0' 0' 
8 0 
4 , 88520E-03 '3 
4 . 88520E -03 a 'c! 

4 88520E -03 0 
'4 . 88520E -03 '.3 

. HOULD YOU LIKE TO T~:,( THAT AGAIN (~tES-~~O) ?t~O 
PUSH IIRUNII ON COt·~'rROL Ut~IT.1 AO-.JUST SPA~~ FOR MA~~H1ur1 
DES 1 RED At·m 1 t'~PUT SPAN lJALUE( % OF STRO~~E ~:HNGE )"(30 
SET SAFETY INTERLOCKS AND RETURN TO CRT? 

. .. 

2'59 
, 
, 

1 

. J 
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'C 

'. 

j 

... ~ 
'~OUL[t 'YOU LI~E TO DECREA:3E THE SF'HN OF THE ~.TF'Ot'E - () 
AND LOAO SCHLEI,3 ü~~ THE LOf-tO ',as ';TROVE PLOT':"' ,'ES 

SELEC T Il LOCAL I~ ON THE Il LOCAL -L 1 NE Il S~JI TeH THEN PRESS < CR > ON 
TELET~"PE TO oeTAIN THE TABLE OF DATA POINTS? 
SHOULO 1 PLOT THE DATA 1YES 

SHOULD l SA~'E THE DATA -;'NO 
00 l'OU l~HNT TO CHHIN THIS PROGRHl'l- l~ITH 
THE GRAPHIe PROGRAr1 1 PULT2' :'NO . 

STOP HT LINE 1760 

REtiD)' 

\ 
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o 
~ 

SF'ECIMEN P:!4A 

TIME STRESS 5 rhOt>.E 
( SEC. ) ("N/sa.M. ) (MM) 

• 15 3323.26 0 
.3 27416.9 9.77040E-0.5 
.45 56495.5 .02'13112 
.6 83081.6 .048852 
.7!i 10717'5 .\)683928 
.9 1.32100 .0781632 
1.05 159517 .087'7336 
1.2 182780 .107474 , 1.35 208535 .12213 
1.5 2.31798 .1319 
~.25 352266 .210064 
3 461934 .293112 
3.75 571601 .351734 
4.5 67462.3 .4298'17 
5.~5 766843 .50317::; 
6 849094 .5764:J.l 
6.75 ''l105è4 ./:,4'7711 
7.5 ~t59592 .718124 
8.25 996148 .186:J17 
9 1. 0..!855E +06 .86Y::i6~ 

9.75 1 .0'559 7E HM • .,. J l<J:;iH 

10.5 1 • 08006E 1-06 1 • ,) 161..! 
11.25 1 • 09668E 1-06 1.0134'5) 
12 1.11329E+06 1.16268 
1:!.75 : 1 • 12492E +06 1.23596 
13.5 1.13074E+06 1.30923 
14.25 1.125761:.+06 1 • .5874 
15 2492.45 1.480·~! 

15.75 3323.26 1.55349 
16.5 830.816 t.6'2677 
17.25 d30.816 1.70982 
18 0 1. 77133 
18.75 830.816 1.85149 • 19.5 0 1 .9:2965 
20,~5 830.816 2.00293 
21 830.IH6 2.07621 
:: t • 7':i 8JO.816 2.1 :':;431 
22.5 830.816 2. '2:!27 1 
23.25 830.816 , ::!.29604 
24 830.816 '2.37421 
24.75 830.816 '2.4426 
"1<" .,. 
_.J,..J 830.816 :2.5.:!O76 
26.~5 830.816 2 • 5'~404 
::7 1661.63 ::. '072:: 
27.7':i 0 2".7406 
~8,5 830.816 '2.8138/ 
:!9.~5 830.816 :: .89204 
30 830.816 .2 • 9702 
30.75 0 .3.04348 
31. :5 830.816 3.04348 
31.1,5 0 3.043<18 

faTAL DUF.A fION OF fEST WAS 30.1103 '5ECONDS. 

NOW GO BAC" ra 'LINE' fHEN Ff'ESS CR ON rHE rEf'MINi'iL> 
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r 

;r-

I 
.0 

~ 
6 :3 D 

1 45 0
/0 DAC 

3 a 

1 , . 
1 

3.8 D 1 
I!SO·/.DAC 63 1 

1 

" 
5 1 510 

50~. 
1 

DAC 6 7 

44 3 5 0 4 8 
40% 
DAC : 

3 5 2 2 l " , 

1" 16 !5 ~ '1 . 
f e 

, 
<, 

ALI.. DIMENSIONS IN CM 

BlOCK NO. 25 FACE C DATE SEPT 12.1985 

INSPECTION TECHNIQ'UE ASTM A 609- 83 (~~~ FLAT 80TTOM HOLE: 

INSPECTION FIRM CRAWFORD MclEISH NOE INC 

·c. TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRICK 
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~ 
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l' 
79 

~ 
-

t> 

l' 
G :5 

'" 

44 
a b 

1· 31 

1 
2 5 T 25 

25 19 31 

~ 

60 1 5 10 
1 

50 '1. DAC 290 250 440 540 
1 67 50% f40 .'. GO% ~5%DAC 
1 44 5.7 DAC DAC DAC 

19 

1 

60 44 

cD 60 • 2 20 
1 

1"- 50'1. DAC 

5 10 1 
51 75 ·I.DAC 190 57 

1 
50% 130 
DAC 50'/. 2 2 D 1 

DAC GO·/. DAC 

1 

44 ~70 
50% 

2 2 5 ID 
D~C 

1 ..-(. 

100"/. DAC .n 
~ 

2 50 . 
1 

7Q% OAC 4" -

1 , , 
1 

- 1 

'" 1 . 70 1 
1 

1 1 . 1 

1 

380 :3 
. 

50% , , 
4 8 440 DAC 1 

100'/. DAC 
! 

- 19 31 1 

1 
d 1· 165 lç 

'-, 

- ,') 

AL.L.. DIMENSIONS N CM 

BLaCK NO. 26 FACE A DATE SEFIT 12,1985 

INSI;ECTION TECHNIQUE ASTM A 609-83 ~.~ FLAT 80TTOM HOlE \ 

IN~ECTION FIRM CRAWFORD McLEISH NOE INe 

o TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRiCK 
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c 
. 

- -, 
~ , 

b c . / . . 
13 190 

19 120·/. DAC 

4 8 

60 
4 0 570 1J 

150·/. DAC p 
~ 
1 .. -
1 ~ i 

1 

35 1.30 

\ 
Il O-t. DAC -

.() . '!! 
1 

1 . 
. 1 

~ 1 

1 . r 
~ ; , 

1 
~ 1 

i 

1 
0 , 

--. 1 

1 
0 l 1 

f /-t 16.5 
1 ., 

g . -

" -
ALL OIMENSIONS N CM 

0 

BLOCK NO. 2-6 FACE 8 DATE SEPT. 12,1985 

INSPECTION TECHNIQUE ASTM A 609-83 (!9"ç; FLAT BOTTOM HOl E ; 

INSPECTION FIRM CRAWFORD McLEISH NDE INC 

c TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK 
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r 

. 
~ 

-d 
1 .. 19 --1 

C 

- . I06 

440 -, - 40% . DAC 
~ 

-- J 
41 .. 

l' 
~ 

" , :14 380 
45% 1 
DAC 

- 13 , 
38 D 22 -

70°/. DAC 

- , . 
- ~' 

. ;' 
on 

, 
~ . : 

. 440 
40% DAC l 

16 ", 
1 . 
1 . 
1 

..3.:1 0 . , 
30% r 

29 DAC 
, , 

8.2 1 

41 

2 50 - ~ 
1 

r 

13 30% 
1 DAC . ~ 

13 - 1 -- . 
1- IS:S 

, ·1 f e 

t 

ALL DIMENSIONS ,N CM . 

8LOCK NO 26 FACE C DATE SEPT 12.1985 

INSPECTION TECHNIQUE ASTM A 609-83 U6'!Î FLAT 80TTOM HOlE: 
- . 

INSPECTION FIRM CRrAWFORD McLEISH NOE INe 

TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRICK 
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\....J 

( . , . 

~ 
51 ~I b a 

, 

( , 

3.~ 5.1 4.4 

,.J 

70 3.10 , 
3~·/. DAC 09 - 44 UL:---. G5~~OAC 

4 40 1 
4 0·/. DAC 2 5 

, 

0\ 
2 5 440 

45·/. DAC 1 51 . 
r 

.9 
<T \ 

4 40 3.50 '\ 35·/. 3 0·1. DAC . 
DAC -

57 . 
57 

. 
t> ; 

d la 140 ~ C 
à 

.. 

Al.l. QIMENSIONS IN CM 

BLOCK NO. 31 FACE A DATE SEPT 12,1985 

INSPECTION TECHNIQUE ASTM A 609-83 (.~j'~ FLAT BOTTOM HOlE) 

INSPECTION FIRM CRAWFORD McLEISH NOE INC 

c TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRICK 
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0 -
, 

~ r 
5 1 

- - -

Il ~ 1· ~ 1 l' 
41 

2 5 
~ 1· 29 

r- b C 

~,-~. , 

8.2 2 !5 0 54 144 
90.". DAC 51 7G 

13,25.38 0 
3 !5 ~ 25·I.OAC 6Q-/.OAC , 70 -

3.50 
30·1. DAC -

44 1 
l 

2 2 J 
1 

86 
1 09 

" 
!5 ro 410 

_1..- 13 GO.".OAC !50·I.DAC 111 

2 50 <JJ 
40·I.DAC 290 -

3.1 50.". DAC 1 

2 2 0 
40·I.OAC , 

70 . 
8.9 

, 

-
'" 

2~ 1 9 
GO·I.DAC 

1 9 

f 
l' 140 "1 .... 9 

"", . 

ALL DIMENSIONS IN CM 

BLOCK NO. 31 FAÇE B DATE s.e:~T 12. 1985 

INSPECTION TECHNIQUE ASTM A 609- 83 Ug"~ F'LAT 80TTOM HOlE) 

INSPECTION FIRM CRAWFORD McLEISH NDE lNC 

o TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRICK 
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c 

d 

e 

, 

"-
~1.~2~~ ____ *'1,~!~9 __ ~.1 c 

~----------r-------------'-~~~~~---'r 

~,_:' 

41 

130 
8~% DAC 

19 _ij-r-
2.2' -, 

44 

89 
8.2 

--- 13 D 
220·/. DAC 

~--------------~~ 
2 ~D • ~ '. '. ID 
40·1. DAC 

~1::::::::==::::::::~~:'4~OD-=-=-=-=-=-::-=-=-=-=-=~-=-=-=-=-=-=-=-=-=~~' ~ f 

ALL DIMENSIONS IN CM 

BLaCK NO. 31 FACE C DATE SEPT. 12, 1985 

INSPECTION TECHNIQUE ASTM A 609- 83 ()fj~ FLAT BOTTOM HOLE) 

INSPECTION FIRM CRAWFORD McLEISH NOE. INC 

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK 
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.. 

o 

a b 
\ ~------------------------------------------------~I--, .-

• 

• 

1 
1 

1 \ 

l 
tll::::::::::::::::::::::=-I-~-9-_----------------------~'i 

d 

) 
J 

c 
NO DEFECTS INDICATEO· 

A!.!. DIMENSIONS IN CM 

BLOCK NO. 32 FACE A DATE SEPT. 12, 1985 .. 

INSPECTION TEéHNIQUE ASTM A 609- 83 Ué'~ FLAT 80TTOM HOlE:) 

INSPECTION FIRM' CRAWFORD McLEISH NDE:. INC 

o TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRICK 
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0 

c b 
, 

r ,," , 

. 

0 -

-. , . 
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. . V .n 
~ , ) 
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< 

, r . 
, 

35C F . 
30". DAC 1 -- - 1 

38 5,' 0 1 
1 

30 el. DAC 

( 
35 ! , 

2 5 

l 
f 1" IS 9 1 9 

. 
$" ALL DIMENSIONS IN CM . . " 

BLOCK NO. 32 FACE 8 DATE SEPT. 12,1985 
1 

INSPECTION TECHNIQUE ASTM A 609-83 (!g"~ FLAT BOTTOM HOLE) 

INSPECTION FIRM CRAWFORD Mc\.,.EISH NOE INC -
c TECHNICIAN M ESKAMEL DRAWN 8~'KENDRICK 
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d c 

, . 
2.9 

3.8 3 Il 

3!1D~ 
2!1~/.OAC 06 

• LoI 
v 

950 57 . 
50"1. DAC -- --
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" À 

Î 

, 

II') 

~ 

v 

, , 

- ---
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\ 
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.. i 

1 . 1 
1 
1 

"'1 
. 

1 

l ,./- " 
;' 

1- --~-~- .\ f e 1 
1 , -
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ALlo DIMENSIONS IN CM 

BLOCK NO. 32 FACE C DATE SEPT 12,1985 

INSPECTION TECHNIQUE ASTM A 609-83 (!h'i1 FLAT BOTTOM HOl ~) 

INSPECTION FIRM CRAWFORD McLEISH NOE INe 

o TECHNICIAN M ESKAMEL ORAWN 8Y A KENDRICK 
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/ 

l' 
44 

:1 
, 

1-
19 b a 

13 

3.5 
290 

30·/. 
DAC 

7.3 
9 :5 0 

6.3 50"1. D~C 

P 
. 

16 

440 

19 40·1. DAC 
3 50 

25% DAC 0 

! 
1 3 3.80 

30·/. DAC 

380 
40·/. DAC 57 

1 4 4 

l 5.7 \j 13.10 
1 19 

2 5 ~38D 
40% . 3 30·1. 13 DAC ' DAC 

d 1- 140 -l C . 

ALL DIME.NSIONS 1 N CM 

BLOCK NO. 33 FACE A DATE SEPT. 12, 1985 

INSPECTION TECHNIQUE ASTM A 609-83 (~""FLAT BOTTOM HOLE) 

INSPECTION FIRM CRAWFORD McLEISH NDE INe 

( TECHNICIAN M.ESKAMEL DRAWN BY A KENDRICK 
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as 

I-__ --:::..~.:...I _____ 4 40 

4.5% DAC 

_,,--13 460 
40% DAC 

09 
~ 220 

35 % 0 AC 

54 

70 

140 -f I~'----------------

~ 

2 20 
~:5 el. DAC 

70 

16 

": 4 1 :l 

89 79 

k< 50% DAC 

5 4 
6 00 
40%OAC 

3 8 

3 
t"tD 
35% 
DAC 

\ 

"1 

ALI.. DIMENSIONS IN CM 

BLOCK NO 33 FACE B DATE SEPT. 12, ,985 

1 
1 
1 

l 
g 

INSPECTION TECHNIQUE ASTM A 609-83 (~"~FLAT 80TTOM HOLE) 

INSPECTION FIRM CRAWFORD McLEISH NOE INe 

TECHNICIAN M ESKAMEL DRAWN 8Y A :<ENDRICK 
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G 1 

, 
2 5 ·1 

'-~ 
c d 

l, 2.5 .. 1. 

2 ~ 
0 

'-- , -
2.90 

,1 

. 
- . 

. 
1 

- . .() 

<J) -
• .' 

1 

1 

1 

C"""" 
. 

, 
"' ,) 

(' 
1 

, 
0 

'f'" L-

l' f . e 140 l 1 

) 

ALL DIMENSIONS IN CM 

8LOCK NO. 33 FACE C DATE SEPT 12, 1985 

INSPECTION TECHNIQUE A STM A 609- 83 (~!Î FLAT 80TTOM HOlE) 

INSPECTION FIRM CRAWFORD McLEISH NOE IN C 

c TECHNICIAN M ESKAMEL ORAWN BY A KENDRICK 
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\ 

o J . . , 

.. 

( a b 
,-.--

--
. \j\, 

-, 

1 

- .. 
, , 

1 

. ' 

- 1 ,. 
.m 
il . 

1 
~ 

-

-
, 

1 

. 
~ 

Jf>:1 j 

5./' - ~ 

t l 
14 I~ 9 '\ , . 

d c 
NO DEFECTS IND1CATED 

/. 
, 

ALL DIMENSIONS IN CM 

8LOCK __ NO. 34 FACE A DATE SEPT. 12,1985 

INSPECTION TECHNIQUE ASTM A 609- 83 Uè"~ FLAT BOTTOM HOlE) 

INSPECTION FIRM CRAWFORD McLEISH NDE INe 

o \T;ECHNICIAN M ESKAMEL DRAWN BY A KENDRICK 
.( 
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c , 

. " . 

c b 

T . 

- " - - . - . - -- .. ~~ ~ .. -. ,~ ... , 

j 

1 , 

. 

.. 
. 

1 ..... -'. . 
10 . ~ 

\ 

1 1 

« 
1 . 
1 

-

1 
1 
1 

• 1 

u ! 
~ . 1 , 

1 . 1 
1 

~ 

1 

. 1 
I- I:! 9 .\ 

f g . NO OEFECTS INOICATED 
, 

AI..I.. DIMENSIONS IN CM 

BLOCK NO. 34 FACE B DATE SEPT 12,1985 

INSPECTION' TECHNIQUE ASTM A 609-83 ~'si FLAT BOTTOM HOlE) 

INSPECTION FIRM CRAWFORD McLEISH NOE. INC 

( TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK 
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d c 

-

1 

. - ~ ~ ~ -- ~ - - - - - . . 
, . 

~ 

-, 

. . , 

, 

. . 

, 
.() - -1) 

, -

, 1 

-

• ~ 

1 

- 1 , 
1 

1 
1 

1 . l 
I~ 15 9 -1 , 

e f 
NO DEFECTS INDICATED 

c 

\. 

-
ALL DIMENSIONS IN CM 

BLOCK NO 34 FACE C DATE SEPT 12. :985 

INSPECTION TECHNIQUE ASTM A 609-83 <!â'(6 FLAT 80TTOM HOL::: ï 

INSPECTION FIRM CRAWFORD McLEISH NDE INe 

o TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRICK 
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c 
, 

"\ 

~I 
b -a 

1· 
79 

1 , 

\ 31 . 
) 1 -

1 - , 
2 ~ 0 1 

30"/. DAC 

1 

7.0 
\ 

8.6 
63 

. 
) 2.90 315 '"1. OAC 0 ( 

1 73 D 40'"1. DAC 1 

2 2 i 38 D 30·I.oAC 

89 D 60·1. DAC 1 

!l7 .Cl 

~.I D ~ 
315"1. OAÇ c. 

13 290 - 3!1% DAC 
1 

63 1 

!II 1 

1 

! 

2. 5 2 ~ 0 
290 

.. 
lOG 2' !5 0 

30% DAC 4!1"/. 5 1 " . 16 DAC 
1 (j 40"/. 

1140 1 2 5 
DAC 

~ 4 aD r 
1 10O·/.DAC 

48D~ 
1 

3 a 
40-1" 

:3 ~ 
25 

3 8 360 5!1"I. DAC t91 - 70·;' 
DAC 13 DAC 

1-dr 16 !5 '\ c 
, .' 

, 

AJ...1.. DIMENSIONS 1'" CM 

8LOCK NO. 41 FACE A DATE SEPT 12. 1985 

INSPECTION TECHNIQUE ASTM A 609-83 (4i'~ FLAT 80TTOM HOlE: 

INSPECTION FIRM CRAWFORD McLEISH NDE INC 

c TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRICK 
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o 
C b .. 

l' 
76 ., 

16 

_ ..... 10 LONG 30 
- 730 

1 
3 5 7so/.DAC 1 

50 1 . 3 10 
, 
1 

50·/. DAC 1 
1 , 

50 l' - IOO%OAC 1 - 440 ! 57D 1 . 100% 54 1 
DAC / 

1 

. 
t 1 

"\. 1 
1 

1 i 
,0 

~ 

, 79 
~ 

54 67 

2 5 ! 
-

1 

09 760 : 
,,~ 45 0/0 

1170 
290 

, 
DAC 100% QAC 630 19 -110·/. 

. 35"/. DAC 
1270 DAC 
50·/0 r-101 

730 
DAC 

, 40°/. DAC 

4 1 32 
29 38 

1 44 440 1 

)1 3!5"1. DAC 
1 

1 
06 -L 

14 /65 -, 
f 1 g 

ALL DIMENSIONS IN CM 

BLOCK NO. 41 FACE B DATE SEPT 12,1985 

INSPECTION TECHNIQUE ASTM A 609- 83 ~~ FLAT 80TTOM HOlE ~ 

INSPECTION FIRM CRAWFORD McLEISH NDE INC 

o TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK 
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( / ~ 

d c 
\ 

, 0.6L 1 1140 0.9 
!!IO-/_ 

31 ~ 

DAC 

1 
5.4 1 

~ 380 ! 
06 30-/. DAC .. 

1 
1 

. - i 
1 

1 

44 0 . 
38 

I!!I!!I"I. DAC . 

- .- 1 

.0 
67 

~ ~ 

, 3.7 

1,30 06 1 . 
440 .......... 1 

!5 1 190 45-/_ 
45~. ! 50% DAC DAC 

DAC 
7.60 1 
55-/_ 
DAC 

41 510 
140'/_ 51 

DAC 
48 51 1 

: 

35 
44 

1 

1 
1" 16!5 . , 

e f 

, , 
AL..L.. DI~ENSIONS N CM 

BLOCK ~O. 41 FACE C DATE SEPT 12.1985 
k 

INSPECTION TECHNIQUE ASTM A 609-83 (!6"~ FLAT BOTTOM HOLE: 

INSPECTION L FI RM CRAWFORD McLEISH NOE INC 

c TECHNICIAN M ESKAMEL DRAWN BY ,A KENDRICK 
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o 

1 

a l' 2 2 " 

-

5.7 44 

570 
150·/. DAC 

'<) 13 
1 . 3.8 0 

2~·1. DAC 

, 

~-

73 

44 4.1 

630 
~~"'.OA~ 8 

8.60 
7!5 e4 DAC 41 

l 

./ 
. 

t 
\ 

0 

~ 

1 

1 

d 

13 
25% DAC 

13 40% 

1 350;440.600 ~ 6 00 
1 3 40.". DAC 

DAC 
~1 

~----~~----------~--------------~~J 
~~--~.---------------140----------------------~~ 

ALL DIMENSIONS IN CM 

BL.OC K NO. 42 FACE A DATE SEPT 12, i985 

b 

INSPECTION TECHNIQU E ASTM A 609-83 (!(j'il FLAT 80TTOM HOLE) 

INSPECTION FIRM CRAWFORD McLEISH NOE INe 

TECHNICIAN M ESKAMEL ORAWN 8Y A KENDRICK 
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c 

1· 
a 6 ·1 r- b C 

• 

.. , 
) 

6.7 
~14 1 

9.2 7.3 -_J -

600 

2.2 D 
120"1.OAC 41 

-
63 380 • 

3 aD- 30".DAC 30"'. DAC , '10 'o~.ooc , ! 60 D .n 

, f 150·/. DAC <.0 
46 -

--
630 

SO·/.DAC 3.5 

6.00 76 440 
3 a 40% DAC .. 120.". DAC 

3.50 
f-

150~/.DAC 6 a 
~ 

570 63 

54 32 130·/. DAC 

45 

25 
440 . 

5 4 30.". DAC 3.80 
2!W.DAC 5 7 

1 1.6 
1.3 , 

f 
1 

g 
1 140 

ALL DIMENSIONS IN CM --
BLOCK NO. 42 FACE B DATE SEPT. 12,1985 

INSPECTION TECHNIQUE ASTM. A 609-83 (~"91 FLAT 80TTOM HOlE) 

INSPECTION FIRM CRAWFORD McLEISH NOE INe 

c TECHNICIAN M E'SKAMEL DRAWN 8Y A KENDRICK 
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-, 

d c 
'-r-

~ -

32 

3.!! D . 
~.4 140"1. DAC 

- " 

C! 

d' . 
, 

. 
. . . 

I/'l . 
~ - . ) 
. 

J 

~ 
, 

,S 4 C , 
7 0 2 S ". CAC , r--,.. 22 

, 
r--' 6 00 . 

0 55% DAC 

220 
, 

45 
130'10 DAC 5 1 

48 44 , \ -
.' 

-
2,5 

" . 
. 

f e 
j~ 

. -j .: 140 
, 

-
~ 

" 

" , 
At..L OIMt;NSIONS IN CM . 

BLOCK NO. 42 FACE C DATE SEPT. 12.1985 ' 
• 

INSPECTION TECHNIQUE ASTM A 609-83 Uâ~ FLAT BOTTOM HOLE) 
, 

INSPECTION FIRM CRAWFORD McLEISH NDE INe 

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK 
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. , 
t ... 

- .. . 
. 

, 
, Q 

j' 
6.7 :j b a 

1 • 
60 

'r, T , 

48 3.8 44 31 

41 e 7 
22 

3 ~ 0 
30"/.OAC 

380 
2 ~ 4 40 .- 70·/.DAC ~ 

60~.OAC 2 ~ 0 3 e 
6 3 D l 85% DAC 

, 30-/. DAC 

4.4 3.80 
4e"Y. DAC 

1· 
(Il 

, '!2 

. 
::-

... 

----
1 • v 

./ 
600 

1 13 ~IO \ eO·/.DAC 19 
1 " 

~ 
[, . 

• t 

.. ! u 

30 "Y. DAC /f 41 ; 
1 , 

, . 
1 41 5 1 D 

:3 , ~!5.,..DAC 1 

lB l ,. 159 -, d . c 
, 

~. 

\. " .. • 
~ 

~ ALL DIMENSIONS IN CM 

BLOCK NO. 43 FACE oA - DATE SEPT 12'; 1985 

r . 

/ 

fè / 
1 

1 

INSPECTION TECHNIQUE ·ASTM A 609-83 (!f;'~ FLAT BOTTOM HOLE) 

INSPECTION FIRM CRAWFORD McLEISH NDE. INC 

TECHNICIAN M ESKAMEL DRAWN BY A K:ENORICK a 
, 

f 
1" , 

341 
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, . 

c b 
, 

r ~ 
\ 2.5 

32 35 

ro S?DAC .3 ao 44 
1 

:riO·I.D~ 

51 l""~" 89 6.3 

1 
060 ~ . 

54 80"1. DAC 05 
1 

1 

70 
, . 

1 700 ~ 

1 10 G 3D 
30 ·I.DAC \ 95"1. DAC 

. 
1 -

\(~ -t 
...-~ 

. , , 
- .0 . 

• 6.30 7 0 . ~ 

40-1. DAC 630 
7 3 40-'. DAC 

, 

73 ! 
i 

2.20 5.7 1 

70% DAC " 1 

1 

2 5 l , 

f 
1- ... 15 9 • ! g 

. 

,,,\ ALL DIMENSIONS IN CM 

BLaCK NO. 43 FACE B DATE SEPT. 12, \985 

INSPECTION TECHNIQUE ASTM A 609-83 .Uâ'çi FLAT BOTTOM HOLE) 

INSPECTION FIRM CRAWFORD McLEISH NDE. INC 

o TECHNICIAN M ESKAMEL DRAWN 8Y A KENDRICK -
\(' ..... \ 
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342 
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.. 

c 

.u 

/ 

C 

d ~----~----~----------~r-----------------llï 

. 
5.7 

8.2 
A 

. . 
350 

48 140"1. DAC 

~ ____________________________ -" 38D 

9.5 

...... ..;:,2..;:,2_ .... 51 D 
135·/. DAC 

45-/. DAC 

1 

2 5 0 
70-/. DAC 2 9 

1 

) , 1 

1 \ 

4. ~ i 

~ ____ ~4 __ 1, __ ~ _______ ~ ___ '~_' ___ c-~ ____________ ~ __ ~_-_~_._~~_~~~ 
eI1..4------------- 159 -1 f. 

ALL DIMENSIONS IN CM 

BLOCK NO. 43 FACE C DATE SEPT. 12, 1985 

INSPECTION TECHNIQU E ASTM A 609- 83 (!{j'~ FLAT BOTTOM HOLE) 

INSPECTION F1RM CRAWFORD McLEISH NOE INC 

TECHNICIAN M ESKAMEL DRAWN BY A KENDRICK 
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1. 

57 

4 4 

1: 
9 ~ 

"\ 
L 31 

a ~I ~I 1 2 5 b 
~ 

T 22 25 
19 

31 31 . 41 

S2.§.: \ 6.7 60 440 
2 50 \ 

3~% 
1 100·/. DAC 4.4 440 09 DAC 

2~ ~I 440 
3:) ./. 

1 30"/. DAC 40"/. 
. 

DAC DAC 
/ 

3.' 0 
630 

31 60". DAC 50·/. 

G 3D DAC 

80".OII.C 

3 8 3.10 
45"1. DAC 

380 , 
50%OAC 

. 
01 

.l.J 

1 

-
2 2 57055% DAC 7.00 45·/. DAC 

1-.-- 860 45 ·1. DAC 
~ 5 ID 40·I.oAC - 5 I- I 

~D •• 50%DAC 63 
1 

2 9 i 
7 3 8.20 i 

I~ 
65% DAC' 700 

1 
70% DAC 

- 1 
) 

<t 10 <t (1) 
1 

Itl <t r<l 6 70 
4.1 40%oAC 57 1 

1 

1 3 , 

-L 
I~ 

,. 
15 9 -1 d c 

. 
-1 " 1 

" ALL DIMENSIONS IN CM 

BLOCK NO. 44 FACE A DATé: SEPT. 12.1985 

INSPECTIOI'J. TECHNIQUE ASTM A 609-83 _Uâ'~ FLAT 80TTOM HOlE) 
, 

INSPECTION FIRM CRAWFORD McLEISH NOE INC 
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APPENDIX H 

FRACTURE SPECIMEN RADIOGRAPHIe INSPECTION RESULTS 

Fig. H.l Direction 1 X-ray results of 
type A fracture specimens. 

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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